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ABSTRACT

The influence of the 1,2-benzopyrone (BP) and 2,5-diphenyloxazole (PPO, DPO) additives on the formation,
separation, motion and recombination of charge carriers in the poly(3-dodecylthiophene):[6,6]-phenyl-Cg;-
butanoic acid methyl ester (P3DDT:PCs;BM) organic photovoltaics was investigated by the light-induced elec-
tron paramagnetic resonance (LEPR) and NIR-Vis-UV spectroscopy within the wide temperature and photon
energy range. These processes were interpreted in the framework of the exchange interaction of spin ensembles
differently distributed in bulk heterojunctions of the P3DDT:PC4;BM composite. The concentration, composition
and dynamics of spin charge carriers were shown to be determined by the modification degree of the sample
with small molecules, the energy of the light photons as well as the number, spatial distribution and energetic
depth of spin traps formed in the disordered polymer matrix. Electronic functionality of the composite becomes
better after its doping with BP and PPO additives up to optimal weight levels of 0.03 and 0.06, respectively. Such
modification can improve the morphology/ordering of the composite that increases the number of highly mobile
charge carriers due to the release of a part of carriers captured by energetically deep spin traps. This increases an
exchange interaction between spin ensembles, reduces the number and depth of electron spin traps that, in turn,

prevents the recombination of charge carriers and accelerates the power conversion.

1. Introduction

Organic polymer semiconductors with unique electronic properties
have attracted great attention due to the prospects of their use as active
matrices of various molecular devices, e.g, field effect transistors,
photodiodes, sensors, and solar cells [1]. Such devices are characterized
by simple manufacturing, low cost with, however, high functionality
and efficiency. Solar cells normally consist of m-conjugated polymer/
copolymer and fullerene derivatives which act as electron donating and
accepting groups, respectively, and convert solar illumination into
electrical energy with the efficiency of 10-17 % [1-3]. Light photons
generate in bulk heterojunctions (BHJ) of such solar cells coupled
singlet excitons, the subsequent dissociation of which leads to the for-
mation of positively charged polaron on the polymer chain and nega-
tively charged fullerene radical anion between the polymer chains [2].
This light conversion process consists of several elemental stages: i)
exciton generation upon absorption of light photon; ii) exciton diffusion
to the boundary of the donor and acceptor phases in BHJ; iii) formation
of a coupled electron-hole pair at the interface of these phases, and its
subsequent dissociation into a pair of free charge carriers; and, finally,
iv) transport of charge carriers in the direction of the corresponding
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electrodes. At each of these stages, bimolecular geminal or mono-
molecular non-geminal recombination of charge carriers can occur,
depending on the structural and morphological properties of a com-
posite. Optimizing the morphology can shift the balance of initiation
and recombination of spin charge carriers, and thus increase the effi-
ciency of solar energy conversion.

A fundamental problem of real organic photovoltaic (OPV) elements
is the formation in their BHJ of energetically deep spin traps due to the
disordering of their backbones. Because both charge carriers formed
from initial excitons possess spin S = ', such traps capture the cor-
responding charge carriers till they are fully filled and decrease the
effective rate of spin transport. Immobilized carriers can be detrapped
to the free state due to their interaction with lattice phonons [4]. Then
they can either be trapped by vacant trap sites or recombine with
trapped counter charges. Earlier it was showed [5] a significant influ-
ence of the number, depth and spatial distribution of spin traps on
electronic properties of various polymer:fullerene composites.

Interaction of spin charge carriers with other spin ensembles and
own magnetic or/and dipole microenvironment also plays a key role in
the charge transport in OPV systems. Various factors can influence the
intrinsic magnetic resonance properties of spins in organic solids, the
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strongest of which are their magnetic dipole-dipole and Heisenberg
exchange interactions [6]. Because both the charge carriers photo-
initiated in a polymer:fullerene system exchangeable spin-flip, this
process becomes dependent on their concentration, dynamics, polar-
ization and mutual separation. In some cases, exchange interaction may
convert the state of spin pairs from singlet to triplet [7]. The lifetime of
triplet pairs is longer than singlet one, so then such species have a better
chance to dissociate in BHJ. So, spin interaction accelerates the re-
combination of the resulting charge carriers, originating a balance of
the excited and recombined spin pairs. This should affect the electronic
properties of the respective composite and thus the efficiency of its
conversion of the light energy. The knowledge of structure and prop-
erties of composite is required to improve its electronic properties. So,
the efficiency and functionality of such systems should be determined
by their structure and morphology which governs spin-assisted se-
paration, coupling and recombination of free charge carriers formed in
their BHJ. However, the relationship between structural and spin
properties of these compounds still remains unknown.

It was pointed out that the adding of small molecules, e.g., pyrrole
derivatives [8,9] or di-iodooctane [10], into polymer OPV systems
improves the mixing and packing of its components at the molecular
level, reduces the number of electron traps and optimizes its mor-
phology. This prolongs separation of the charges, accelerates their dy-
namics, suppress their recombination and thereby improve their effi-
ciency of the energy conversion. On the other hand, such improvement
can be reached by the flipping interaction of spin charge carriers with
paramagnetic adduct, e.g., radical galvinoxyl [7], introduced as dopant
into a polymer:fullerene system. In this case, the recombination of spin
pairs should be suppressed by resonant exchange interaction between
such spin adducts and charged acceptors, which converts the singlet
state of spin pairs to triplet one. Therefore, neither clear explanation of
the influence of molecular additives on the system structural and
morphological properties nor the correlation of these parameters with
the properties of spin charge carriers has been obtained.

1,2-Benzopyrone (BP, coumarin), 2,5-diphenyloxazole (PPO, DPO)
and their derivatives are relatively cheap and easy to synthesize stable
dispersants, anticoagulants, converters of electron energy excitation
can also be considered as prospected materials for appropriated mole-
cular devices. This stimulated their extensive study and creation of
nonlinear optical elements, lasers, scintillators, fluorescent probes,
sensors, other electronic and photonic devices with respective func-
tional matrices [11]. Undoubtedly, these additives should also provoke
the improving of molecular and electronic properties of molecular
elements in which the charges are transferred by spin carriers.

Despite the widely using of organic nanomaterials as active matrix
in molecular devices, however, surprisingly little is known about the
exact roles that different experimental parameters have in tuning their
final functionality and electronic properties. It is hereby of crucial im-
portance to understand the connection between these properties and
their lowed-dimensional structure, morphology and composition.

For the study of OPV systems can be used various methods, in-
cluding femtosecond time-resolved optically- and absorption-detected
magnetic resonance methods [12]. However, these indirect methods
able only determine an effective number of different carriers formed
from excitons. Spin nature of these carriers plays a crucial role in the
main properties of organic devices. Because both charge carriers pos-
sess spin S = V2. the processes carrying out in such systems can be study
more accurately by continuous wave (cw) and pulse magnetic re-
sonance methods. However, the latter often provide ambiguous results
concerning spin coupling, relaxation and dynamics in some spin-labeled
[13] and m-conjugated polymer systems [14-16], including OPV com-
posites [17]. This is why the direct cw electron paramagnetic resonance
(cw EPR) spectroscopy is widely used for detailed investigation of spin-
assisted processes in various organic polymer systems [15,16,18,19].
Multifrequency cw EPR method was used to analyze the magnate, re-
laxation and dynamics properties of spin charge carriers stabilized in a
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variety of an initial and doped n-conjugated polymers [20]. Light-In-
duced cw EPR (cw LEPR) spectroscopy was used for the study of charge
photoexcitation, separation, transfer, and recombination in various
polymer:fullerene composites [2,[5],21]. It was found that the g-factors
of both charge carriers photoinitiated in these systems are close to the g-
factor of the free electron, g. = 2.00232. This causes partial or complete
overlapping of their contributions to the effective cw LEPR spectra.
Therefore, for a more accurate determination of the main magnetic
resonance parameters of all spin ensembles (concentration, linewidth,
g-factor, etc.) and analysis of their change upon experimental condi-
tions, the deconvolution of the cw LEPR spectra should be made
[5a,18,22,23]. This allows us to determine the main magnetic re-
sonance parameters separately for all mobile and captured spin charge
carriers and control them upon variation of environmental parameters.
Such procedure allowed also to estimate the composition, spatial dis-
tribution, local concentration of spin charge carriers photoinitiated in
different OPV composites [5a]. It was shown that BHJ formed by the
chains of regioregular poly(3-dodecylthiophene) (P3DDT) with the
fullerene derivative [6,6]-phenyl-Cs;-butanoic acid methyl ester
(PCs1BM) are the most convenient model system for studying spin-as-
sisted properties of respective photovoltaic systems. The extended alkyl
substituents of P3DDT act as insulating envelopes of its st-conjugated
chains, so then preventing an interaction of far separated spins situated
on the adjacent chains.

In the present work, we report the first results of a detailed com-
parative cw LEPR study of spin-assisted photoexcitation, relaxation,
dynamics, and recombination of charge carriers photoinitiated in the
P3DDT:PC¢;BM BHJ doped with the BP and PPO molecules using
variable photoexcitation energy at wide temperature range in combi-
nation with spectral simulations. The data obtained allowed us to de-
termine the correlations of the main parameters of photoinitiated spin
charge carriers with the structure, composition of the initial and dif-
ferently doped BHJ. This made it possible to conclude the key role of
small molecules in structuring the polymer:fullerene BHJ, which in-
creases the stability of spin charge carriers and energy-converting
functionality.

2. Experimental details
2.1. Ingredients used in experiments

In the work, regioregular P3DDT with the HOMO = —5.29eV,
LUMO = -—3.55eV [24] and lattice constants of a = 2.583nm, b
=0.775nm, and ¢ =0.777 nm [25] distributed by the Aldrich (USA),
[6,6]-phenyl-Cq;-butanoic acid methyl ester (PCg;BM) with the HOMO
= -6.10eV, LUMO = —3.75eV [26] distributed by the Solenne BV
(The Netherlands), were used without additional rectification as elec-
tron donating and accepting groups, respectively. 1,2-Benzopyrone,
CoHeO, (BP, coumarin) with the bandgap of E; =3.99eV [27], 2,5-
diphenyloxazole, C;sH;;NO (PPO, DPO) with the bandgap of Eg
=3.79eV [28], distributed by the Aldrich® (USA) were used for the
doping of the P3DDT:PC¢;BM BHJ. The chemical structures of these
components are shown schematically in Fig. 1.

2.2. Preparation of the samples

In order to prepare the P3DDT:PCq;BM composite with a 1:1 wt.
ingredient ratio, first 6 mg of P3DDT and 6 mg of PCs;BM were solved
in 1.1 mL of dichlorobenzene. This solution was treated in ultrasonic
cleaner DADI DA-968 (50 W) for 10 min with the following warming at
T =333K for 10 min and further ultrasonic treatment within 10 min.
Then 2.6 mg of the BP additive was additionally solved in 1mL di-
chlorobenzene and added to the above P3DDT:PCq,BM chlorobenzene
solution at 3 %, 6 %, 9 %, and 21 % by weight and the respective
P3DDT:PCs;BM solutions were each casted 7 times by 5L into both
sites of a separate ceramic plate with subsequent drying in air until they
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Fig. 1. Chemical structures of poly(3-dodecylthiophene) (P3DDT), [6,6]-
phenyl-Cg;-butanoic acid methyl ester (PCs;BM), 1,2-benzopyrone, coumarin
(BP), and 2,5-diphenyloxazole (PPO) used in this study.
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Fig. 2. X-band (9.5 GHz, 334 m T) LEPR spectra of charge carriers background
initiated in the P3DDT:PCs;BM/PPOy os BHJ at T =77 K by chromatic light
with the photon energy of hv,, =1.88 eV. Lorentzian LEPR spectrum best fitting
the effective experimental LEPR one with contributions caused by polarons and
methanofullerene radical anions immobilized in a polymer matrix, Pj,. and
mFj., respectively, as well as by highly mobilized radical pairs, P}y, < mFpy,
with g7 = 2.00182, g7 = 1.99983, AB}, = 0.158 m T, AB;' = 0.110m T and
relative concentrations nf.: nbo: n/m5: 0" = 2.20:2.28:2.28:1.00 are shown as
well. In the top are schematically shown the structural BHJ formed in the
polymer nanocomposite. The transfer of an elementary negative charge from
polymer chain to methanofullerene molecule accompanied by the formation on
the former of polaron P** (hole) with an elementary positive charge and spin S = %
is shown as well. The orientation of the principal axes of the polaron's g-tensor is also
given.
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were formed as double-sided films, both with the size of ca. 4 X 8 mm?
and thickness of ca. 0.1 mm. As a result of this procedure, except of the
initial donor-accepter P3DDT:PCs;BM composite (shown in the top of
Fig. 2), the samples with the weight doping level of y = 0.03, 0.06,
0.09, and 0.21 were obtained.

2.3. NIR-Vis-UV absorption spectra of polymer composites

Optical absorption spectra of the samples were obtained by using
spectrophotometer Specord-250 plus (Analytik Jena) at their scanning
within the band 1.13-6.53eV (1100—190nm) at T = 298 K. Low-en-
ergetic 1.24-3.6eV (1000 —344nm) spectral regions of the P3DDT
matrix as well as the initial and optimally doped P3DDT:PCe;BM
composites are shown in Fig. 3a. The composition and positions of the
spectral components were determined accurately by using the differ-
entiation of experimental absorption spectra.

2.4. Photoinitiation of spin charge carriers

The samples situated in the center of the MW cavity of the EPR
spectrometer were illuminated trough the quartz cylindrical light guide
by the 5—10 W Luxeon LED monochromatic sources with the photon
energy hvy,/wavelength App/luminous emittance I of 1.34 eV/923 nm/
3541x, 1.49eV/834nm/5001x, 1.75eV/707 nm/9631x, 1.90eV/
653nm/48701x, 1.99eV/622nm/19301x, 2.11eV/587 nm/7621x,
2.38eV/522nm/1026 1x, 2.49eV/497 nm/11801x, 2.82eV/439nm/
27401x, 2.76eV/450 nm/74301x, 3.02eV/411nm/16601x, 3.15eV/
394nm/14501x, 3.29eV/377nm/17501x, and 3.40eV/365nm/
2070 1x, as well as achromatic, white sources with the correlated color
temperature (CCT) of T, = 15000, 5500, 3700, and 3300 K and lumi-
nous emittance I} = 2620, 4960, 4020, and 3220 Ix, respectively. The
light of was passed to the spectrometer through a quartz fiber accu-
rately reproducing a similar process at the EPR MW cavity. The radia-
tion spectra of these LED sources were previously measured by the
spectrometer FSD-9 (“Optofiber”) equipped with a 16-bit analog-to-
digital converter and connected to a computer with respective software.
The I, values of the sources were determined using the IMO-2N
broadband bolometric light emission power meter and LX-1010BS di-
gital luxmeter and were used for further normalization of the number of
spins photoinitiated in the composites under study.

2.5. LEPR spectra measurements and processing

CW EPR measurements were performed using PS-100.X spectro-
meter operating at 3-cm waveband (9.7 GHz) with a 150 mW maximal
MW power and 100 kHz synchronous detection. Dark and photoinduced
LEPR spectra of the initial and doped P3DDT:PC4;BM nanocomposites
were obtained at 77 K being inserted into a quartz Dewar filled with
liquid nitrogen and placed into a center of the MW cavity of EPR
spectrometer. For EPR measurements at temperature range of
T = 90-320 K, the samples were situated in a quartz flow Dewar cell
and centered in a stream of dry nitrogen, whose temperature was sta-
bilized by the BRT SKB IOC controller, equipped with a platinum
temperature sensor pt100. The signal-to-noise ratio of registering sig-
nals was improved by their accumulation during their multiple field
scanning. The processing and simulation of the spectra were performed
using the EasySpin [29] and OriginLab programs. Spectral contribution
and concentration of spin charge carriers were determined separately
by decomposing of effective EPR spectra registered far from their MW
saturation combined with the “light on-light off” procedure described
earlier [5a,30]. Landé g-factors of spin charge carriers were determined
using the N,N-diphenyl-N'-picrylhydrazyl (DPPH) standard with
g =2.0036 = 0.0002 [31]. The accuracy of estimating the intensity I,
g-factor of the line and the distance between its positive and negative
spectral peaks AB,, was determined to be 5%, + 2 x 10~ and =+ 2

x 1073 mT, respectively. The times of spin-lattice T; and spin-spin T,
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Fig. 3. (a) The NIR-Vis-UV absorption spectra of the initial P3DDT backbone (4), its composites P3DDT: PCq;BM (3), P3DDT:PCs;BM/BPg o3 (2) and P3DDT:
PCg1BM/PPOy o6 (1) obtained at T = 298 K. (b) Spin concentrations of the captured polarons P (filled points) and mobile methanofullerene radical anions mFy,;
(open points) photoinitiated in the initial P3DDT: PCq;BM BHJ (1) as well as in the optimally modified P3DDT: PCs;BM/BP o3 (2) and P3DDT:PCg;BM/PPOy o6 (3)

P,

samples as function of the energy of initiating photons hvy,. (¢) The n;

P,mF

,mF /., P
ob /ndark and M mob

/nE, (insert) rations determined for the mobile and captured polarons P**, as

well as for methanofullerene anion radicals mF~" photoinitiated in the initial P3DDT: PCs;BM BHJ (1) as well as in the P3DDT:PCq;BM/BPy o3 (2) and P3DDT:
PCgBM/PPOy o6 (3) samples as function of the energy of initiating photons hvpy,. The dashed lines are drawn arbitrarily only for illustration to guide the eye.

relaxation of spin ensembles were determined upon their steady-state
MW saturation regime according the method earlier described [32].

3. Results and discussion
3.1. Spin composition and magnetic resonance parameters

The darkened initial and modified P3DDT: PC4;BM composites de-
monstrate typical weak EPR spectra shown in Fig. 2. The observed spins
can be attributed to charge carriers excited by infrared phonons irra-
diated by active internal elements of the EPR spectrometer and cap-
tured by energetically deep spin traps formed in the polymer backbone
due to its disordering. No features of radical species involving BP and
PPO were observed. Once the samples are illuminated by the light
photons, paramagnetic polarons, P**, and methanofullerene radical
anions, mF~*, are photoinitiated in their internal BHJ. The first pho-
toinitiated carriers fill the remaining above-mentioned spin traps and
become localized, whereas the subsequent carriers transfer the charge
along and between polymer chains. Besides, polarons initiated on ad-
jacent polymer chains can merge into mobile diamagnetic P}, < Pip
or immobilized paramagnetic P, < P}, bipolarons with equal g-factors
[33], the double arrows mean the formation of such polaron pairs. The
balance polaron < bipolaron can also to change the experimental LEPR
spectra. Fig. 2 exhibits an exemplar effective X-band (9.5 GHz, 334 m T)
LEPR spectrum of charge carriers background initiated in the
P3DDT:PC¢;BM/PPOyos BHJ at T =77K by monochromatic light
source with the photon energy of hu,, =1.88eV. In order to separate
the contributions of the free and captured charge carriers into the sum
LEPR spectra and to control their changes at different experimental
conditions, they should be deconvoluted according the procedure de-
scribed earlier [23,34]. Lorentzian LEPR spectrum best fitting the ef-
fective experimental LEPR one with own contributions caused by po-
larons and methanofullerene radical anions immobilized in a polymer
matrix, Pj,zand mFj,., respectively, as well as by highly mobilized ra-
dical pairs Phyy, < mFoe,, with gf =2.00182, g™ =1.99983,
AB}, = 0.158mT, ABJF = 0.110mT and relative concentrations np:
np oy nME: ™ = 2,20:2.28:2.28:1.00 are also shown in the Fig. 2. The
structures of BHJ formed in the polymer nanocomposite are

schematically shown in the top of the Figure as well. The values of
magnetic resonance parameters obtained lie near those determined for
the other thiophene-based composites [23,34]. An analysis of LEPR
spectra showed their dependence on modification of the sample by both
the BP and PPO small molecules. Concentration, relaxation and dy-
namic parameters of both spin charge carriers photoinduced in the
P3DDT:PC¢;BM BHJ with different, e.g., BP content are presented in
Table 1. These parameters were analyzed to change strongly as the
sample is doped with the BP and PPO up to y = 0.03 and 0.06, re-
spectively (see below). In order to achieve the better simplicity and
clarity, in the next paragraphs are discussed mainly the comparative
results obtained in the study of the initial, P3DDT:PCgBM,
P3DDT:PCg¢;BM/BPg o3 and P3DDT:PCgBM/PPQy o cOomposites.

3.2. Optics and paramagnetic absorption

Fig. 3a shows effective spectra of the initial P3DDT matrix,
P3DDT:PC¢;BM  composite as well as the exemplar composites
P3DDT:PCg¢;BM/PPOg o6 and P3DDT:PCs;BM/BPg o3. These spectra are
a superposition of spectral contributions of respective ingredients and
contain the bands registered in the UV and Vis regions of the sum
spectra. Their UV spectral contributions (not shown in the Figure) are
characterized by a set of peaks registered at 3.69, 4.66 and 5.74 eV
(336, 266 and 216 nm), which can be attributed to the Cgo fragment of
methanofullerene PCg;BM [35]. The BP adduct brings into UV region
an additional bands lying near 3.88 and 4.43 eV (320 and 280 nm) [36].
On the other hand, the PPO band contribution without pronounced
spectral extremes lies in the 3.91-4.09 eV (317 to 303 nm) absorption
region [37]. Its Vis-peak situated near 2.38 eV (522 nm) was attributed
to the HOMO &t — LUMO n* transition of the P3DDT backbone [38].
These values correlate with the energy of the s—nt* interband transition,
that should to indicate a pronounced planarity of the chains of P3DDT
backbone. This is due to a decrease in the number of possible con-
formations of the polymer chains with the side lengthy alkyl substitutes,
which prevents rotating of thiophene units around C—C bonds [39]. The
weak broad absorption contribution with maxima of about 2.06 and
2.20eV (602 and 564nm) observed in the region 1.85-2.82eV
(670 — 440 nm) can be attributed to the forbidden first order transitions
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Table 1

The concentration ratio n/"5
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gyl nioe, linewidth AB, ad BJIF, spin relaxation times Ty, T; and T;"F, Ty, diffusion coefficients Df},, D3, and D determined for polarons

P** and methanofullerene radical anions mF~" excited in the P3DDT: PCs;BM/BP, BHJ with different BP-doping weight level y upon illumination by photons with the

energy (wavelength) of hv,, =1.88eV (Ap, =660nm) and T =77 K.

y Parameter 0.00 0.03 0.06 0.09 0.21
n./dark 2.874 3.596 3.330 3.451 2.588

nIE nP 1.115 1.471 1.503 0.786 1.065
ABL,, mT 0.156 0.159 0.158 0.162 0.140
ABMF, mT 0.107 0.110 0.110 0.109 0.102

P)'s 6.1 x 1077 3.6 x 1077 1.4 x 1077 3.4x1077 1.9%x 1077
2,5 42x1078 42 x10°8 4.16 x 1078 41x10°8 44x10°8
TmF s 5.9 x 1077 6.5x 1077 4.0 x 1077 8.1x1077 45x 1077
T s 6.2x 1078 6.0 x 1078 59x%x10°8 6.0x 108 6.0 x 1078
DR, rad/s 1.37 x 102 9.56 x 10! 5.55 x 10'° 3.31 x 10" 1.14 x 10"
DY, rad/s 4.21 x 10° 5.42 x 10° 1.45 x 107 1.68 x 10° 7.59 x 10°
DJIF, rad/s 6.72 x 10'° 6.43 x 10'° 1.01 x 10! 4.98 x 10%° 8.99 x 10'°

in the Cgo fragment of methanofullerene [40].

Fig. 3b shows how changes the number of polarons P} and pairs of
highly mobile charge carriers, P}, < mFp.,, photoinitiated and re-
combined in the exemplary P3DDT:PCg;BM/PPOg o6 BHJ. Previously, it
was shown [5a] that the number and composition of such paramagnetic
centers photoinitiated in organic polymer:fullerene composites are de-
termined by their structure, morphology as well as by the energy of the
initiating light photons and temperature. Similar peculiarities are ex-
pected also for the composites under study. However, the comparison of
the data presented in Fig. 3a and b evidence that the number of photons
absorbed by the samples does not correlates with the number of re-
sulting spin charge carriers. One can note only a close change of the
number of localized polarons and absorbed photons within the energy
range hu,, = 2.0-2.5eV. Such discrepancy can be due to the above
mentioned formation of localized bipolarons with equal g-factors in
adjacent polymer chains [33]. The control of these parameters should
to be simpler if one analyzes the ratio of the concentrations of mobile
charge carriers to the immobilized paramagnetic centers. Indeed, the
data presented in Table 1 evidences that the higher concentration ratio
of mobile methanofullerene radical anions (and polarons) to that of
localized polarons, n™5/nf. = nl,/nt, excited in the
P3DDT:PC¢;BM/PPOg o6 BHJ the easier and faster the charges are
transferred between the chains and, therefore, the better efficiency of
energy conversion should be realized for the respective photovoltaic
system.

Fig. 3c depicts the n27F/nf, . and n27F/nf . (in the insert) rations
determined for the mobile and captured polarons P**, as well as of
methanofullerene radical anions mF~* photoinitiated in the initial
P3DDT:PC¢;BM BHJ as well as in the P3DDT:PCgBM/PPO ¢¢ and
P3DDT:PC¢;BM/DA o3 samples as function of the energy of initiating
photons hvyy,. It is seen from the Figure that the addition of a certain
number of molecules PPO or BP to the initial composite causes a sig-
nificant increase in the number of both mobile charge carriers, which is
accompanied by a corresponding decrease in these carriers excited by
lower-energy photons. The other main feature of the data presented is a
significant decrease of the ratio n5"F/nf,, at hvy, = 2.3eV. More
clearly this effect is demonstrated in the insert of Fig. 3c, where the
dependence of the n?™/nf ratio on the frequency of initiating pho-
tons is shown. Such dependences with more and less pronounced ex-
tremeness near characteristic photon energies hvy, = 1.89 and 2.86 eV
were obtained for the n>F/nP  ratios of all samples under study. The
analogous feature were registered in the study of low-bandgap copo-
lymer OPV [41]. It was explained as a result of inhomogeneous dis-
tribution of high-energetic spin traps and different energy levels occu-
pied by spins in these systems with specific morphology and band
structure as well as a realization of some immobilized polarons out the
spin traps under the action of photons of a corresponding energy. The

results obtained evidence that interaction between spin ensembles
governs the zone, molecular structures and effective electronic prop-
erties of such multispin composite. This effect can be used, e.g., for
creation of light band-converters, optic filters and amplifiers.

Temperature dependences of the concentration ratio n>"F/nk . de-
termined for both charge carriers photoinitiated in the initial and op-
timally doped nanocomposites are shown in Fig. 4. The data presented
evidence that the number of mobile polarons and methanofullerene
radical anions decrease exponentially with the temperature growth,
however, demonstrating an extreme temperature dependence with a
characteristic point at T = 107 K. The analogous dependence was ob-
tained for spin susceptibility of some poly(3-alkylthiophene):Cgo
polymer composites characterizing with the ferromagnetic<>anti-
ferromagnetic balance [42] and low-bandgap copolymer:methanoful-
lerene system [34]. Such effect was shown to be realized in some other
multispin polymer systems [5a] due to an implementation of regimes of
strong and weak spin coupling realizing at lower and higher tempera-
tures, respectively [43]. This may mean the disbalance of these regimes
upon the sample heating which realizes additional charge carriers lo-
calized in high-energetic spin traps.

According to the Miller-Abrahams tunneling model [44], the po-
laron diffusing between initial i and destinated j sites of a single
polymer chain spends the difference of their energies AE; In real
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Fig. 4. Temperature dependences of concentrations (insert) as well as the re-
spective concentration ratios n5%"/np. obtained for mobile methanofullerene
radical anions mFy,,, and captured polarons Pj,. photoinitiated in the initial
P3DDT:PCs;BM BHJ (1) as well as in the P3DDT: PCs;BM/BPg o3 (2) and
P3DDT:PCq;BM/PPOy o6 (3) samples. The dependences calculated from Eq. (1)
with the energetic parameters summarized in Table 2 are shown by dashed

lines.
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polymer systems with closely spaced chains, it expectably interacts with
the other spin packages that should also be taken into account [45,46].
The value of such interaction is determined mainly by the spin density
on each polymer unit and the rate of spin intrachain diffusion with the
expenditure of energy AEj;. Generally, the relation for the effective
paramagnetic susceptibility of polarons with spin S = %2 can be written
as [43,47]

2(1 + o?)

(AE;;, E,) A +
i» Ba) = xexp| ——
X ij> La X.€Xp ke T X2 2 a

where x; and x are constants, & = (3/2)Jex/hvhop, Jex is the amplitude
of spin exchange during their collision and intrachain hopping diffusion
with the rate vy, = v}?opexp(—Ea/ kg T) and activation energy E,, kg is
the Boltzmann constant, and h is the Plank constant. If the ratio J,/h is
higher/less the frequency of spin collision, then the regime of strong/
weak interaction is realized in the system. According to the spin ex-
change approach [45], the extremal character of resulting temperature
dependency with characteristic temperature T. should evidence the
realization of both types of spin-spin interactionat T < T.and T = T,
respectively.

Temperature dependences calculated for the parameter n 27 /n, of
charge carriers photoinitiated in the initial and optimally PPO- and DA-
modified P3DDT:PCs;BM composites under study are also shown in
Fig. 4. It can be seen from the Figure that the data obtained experi-
mentally for these samples are well approximated by the dependences
calculated within the framework of the above approach from Eq. (1)
with the energetic parameters summarized in Table 2. The value of
amplitude of spin exchange J, lies near Jo; =0.110 eV determined for
P3DDT:PCe;BM BHJ [43], and consistent with the energy typical for
polaron formation in s-conjugated polymers, E, = 0.1 eV [48].

3.3. Recombination of spin charge carriers

Fig. 5 shows how change effective LEPR spectra of the initial
P3DDT:PC¢;BM  and slightly doped P3DDT:PCg;BM/PPOg ¢ and
P3DDT:PC4:BM/DAy o3 composites excited at hu,, =1.88eV and T
=77 K with the time after switching off the light. Decomposing these
spectra becomes it possible to separate decay processes of mobile and
captured spin charge carriers photoinitiated in these polymer matrices.
The data presented evidence a significant decrease in the rate of re-
combination of mobile charge carriers in optimally doped samples
originating their higher parameter n"5 /nP . This fact may be inter-
preted in terms of sequential polaron hopping between spin traps
formed in disordered polymer matrix. Localized polarons can either be
retrapped by vacant trap site or recombine with opposite guest charge.
Trapping and retrapping of a polaron reduces its energy that leads to its
localization into energetically deeper trap and to the increase of
number of localized polarons with the time. This process can be

Table 2

Synthetic Metals 267 (2020) 116462

Spin Concentration (a.u.)|

10° 10° w
Time (3) ]

Spin Concentration (a.u.)

Time (h)

Fig. 5. The decay of the methanofullerene radical anions photoinitiated in the
initial P3DDT: PCgBM (1), P3DDT:PCs;BM/BPy o3 (2) and P3DDT:PCe;BM/
PPOgos (3) bulk heterojunctions by photons with hv,, =1.88eV (Apy
=660nm) at T =77 K. Dashed lines show the dependences calculated from Eq.
(2) well-fitting experimental data with E, summarized in Table 2.

described in terms of the Tachiya’s approach [49] proposed for re-
combination of the charges during of their repeated trapping into and
detrapping from trap sites with different energetical depth formed in
disordered semiconductor. Such multiple trapping-detrapping model
predicts the following law for decay of free charge carriers photo-
initiated in polymer system with spin traps characterized by different
energy depth [49]:

n(t)  mad(l+ a)y s
ne  sin(ma) 2)

where 8 is the gamma function, a = kgT/Ey, vq is the attempt jump
frequency for polaron detrapping, Ey is distribution of energy depth of
spin traps.

Fig. 5 shows that experimental data obtained for the initial
P3DDT:PC¢;BM as well as slightly doped P3DDT:PCg;BM/DAg o3 and
P3DDT:PC¢;BM/PPOQg o6 composites at T =77 K can be described in
terms of this approach implying E, summarized in Table 2. It is evident
that the doping of the initial P3DDT:PCs;BM composite by the DA and
PPO molecules leads to the increase in the E, value that impedes re-
combination of mobile charge carriers. Therefore, the decay of long-
lived charge carriers photoinduced in the polymer:fullerene bulk het-
erojunctions can indeed be described in terms of the above mentioned
model in which the low-temperature recombination rate is strongly
governed by the number and width of energy distribution of spin trap
sites. This effect can be used to construct, e.g., organic devices accu-
mulating electric energy.

The energetic values of E,, AEj;, Jox determined from Eq. (1), Eo from Eq. (2), Ey, from Eq. (3), E;, from Eq. (6), Ees from Eq. (7), Ey, from Eq. (8) for polarons P** and
methanofullerene radical anions mF~" photoinitiated in the initial P3DDT: PC4;BM, as well as in the P3DDT:PCg;BM/BP o3 and P3DDT:PCs;BM/PPOg o cOmposites.

Sample P3DDT:PC¢;BM P3DDT:PCq; BM/BPg 03 P3DDT:PCq;BM/PPOy o6

Carriers Pt mF~* mF~"* pt+* mF~* mF~"* P+ mF™* mF~ "%
Parameter

E, eV 0.1329 0.1278 0.0941 0.1527 0.1165 0.0667 0.1667 0.1288 0.0997
AE;;, eV 0.0216 0.0555 0.0472 0.0257 0.0516 0.0531 0.0272 0.0650 0.0477
Jexs €V 0.1235 0.2566 0.1458 0.3707 0.2277 0.1076 0.3548 0.2164 0.1103
Eo, eV - 0.0117 - - 0.0173 - - 0.0275 -

Ey, eV 0.0031 0.0009 - 0.0030 0.0012 - 0.0038 0.0008 -

Ep, eV 0.1033 - - 0.0977 - - 0.0855 - -

Ees, €V 0.0293 - - 0.0249 = - 0.0285 - -

Ey,, eV - 0.4543 - - 0.3462 - - 0.2061 -

Notes: *Determined for the ratio n2"F/nf .
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mF

Fig. 6. Effective linewidth of polarons O** and methanofullerene radical anions [ E~*, ABlfp and ABg", respectively, photoinitiated in the P3DDT:PCs;BM (1),
P3DDT:PCs1BM/BPy o3 (2) and P3DDT: PCg;BM/PPOy 6 (3) composites as function of photon energy hvp, at T =77 K (a) and temperature at hv,, =1.88eV (Ap,
=660 nm) (b). The dashed lines in (a) are drawn arbitrarily only for illustration to guide the eye. The dashed lines in (b) show dependences calculated from Eq. (3)

with respective E, summarized in Table 2.

3.4. Linewidth of spin charge carriers

Fig. 6 shows how changes the peak-to-peak linewidth of polarons
P+, AB), and methanofullerene radical anions mF~", ABJIY, in the
P3DDT:PCq;BM, P3DDT:PCs;BM/PPOg s and P3DDT:PCs;BM/BPg g3
composites at variation of the energy of photons and temperature. It is
seen from the data presented that this parameter of both charge carriers
excited in the initial composite weakly depends on the energy of pho-
tons. This situation obviously changes upon its doping with the PPO
and BP additives. The linewidth of polarons initiated in the
P3DDT:PCg;BM/PPOy o6 composite also demonstrate weak dependency
on the photon energy. On the other hand, the AB;T,F value first increases
with huyy, up to 1.85 eV, then decreases as the energy of photons reaches
2.2 eV and then returns to approximately its previous value at higher
photon energy (Fig. 6a). One should to note that the value of positive
extremum lies near that registered for the respective dependence of spin
susceptibility mentioned above (see Fig. 3c). Meanwhile, such para-
meters obtained for the P** and mF~ charge carriers excited in the
P3DDT:PC¢;BM/BPg o3 composite were appeared to be changed nearly
symbatically with the increase in photon frequency demonstrating
maximum at 1.90 and 1.75eV, respectively (Fig. 6a). This should to
indicate a significant change in the morphology of the initial composite,
originating an increase of the exchange interaction between their spin
ensembles. Such interaction, however, seems to be weaker than in the
case of other polymer multispin composites demonstrating more com-
plex temperature dependences [5a,34,50]. The line of charge carriers
should also be broadened due to interaction with the neighboring spins
and lattice phonons. Fig. 6b exhibits temperature dependences of
linewidths obtained for both the spin carriers transferring a charge in
the P3DDT:PCs;BM, P3DDT:PC;BM/PPOyos and P3DDT:PCs;BM/
BPg o3 composites. Such dynamics can be described in terms of activa-
tion hopping of the carriers through a polymer backbone of composites
and follow the following law:

B
AB,, (T) = ABY + ABY ex (—)
pp pp pp €XP e T 3)

where AB;’}f = 2//37, T is the linewidth of a single spin which randomly
diffuses and hyperfine interacts with environmental nuclear spins of

inhomogeneous polymer backbone, v, is the hyromagnetic ratio, T, is
the spin-spin relaxation time, ABy), is prefactor, and E, is the energy

required for the translational hopping of polarons in polymer backbone.

Fig. 6b shows the linewidths of both the charge carriers P and
mF ¢, photoinitiated in polymer composites vs. temperature. As it is
seen from the Figure, these values obtained for all BHJ follow well Eq.
(3) with the E, summarized in Table 2. The energetic parameters ob-
tained evidence low interaction of these spins with own environment.

3.5. Spin relaxation and dynamics

LEPR spectrum shape also changes at its saturation regime which
arises starting with a critical intensity of MW field at the location place
of the sample. This allows to estimate spin-lattice T; and spin-spin T
relaxation times separately for both spin charge carriers in different
polymer systems [5a,20] including P3DDT-based composites, e.g.,
[43,51]. These parameters provide information about the interaction of
spin charge carriers with other paramagnetic centers and their en-
vironmental dipolar groups. Mobile spin carriers induce at their loca-
tion an additional magnetic field whose strength is determined by their
relaxation, number and dynamics. Because both the charge carriers
possess different magnetic resonance parameters, it becomes to be
possible to determine separately their translative and rotating dynamics
parameters using the steady-state MW saturation method adopted for
low-dimensional systems [32].

Fig. 7a depicts temperature dependences of spin-lattice, ¥ and T;"F,
and spin-spin, Tf and Ty, relaxation times determined for polarons P**
and methanofullerene radical anions mF~", respectively, photoinitiated
in the initial sample P3DDT:PC4;BM as well as in the BP- and PPO-
doped composites on the energy of initiating photons hvp,. The data
presented evidence a weak change of the Ty(hvp,) values of both the
charge carriers excited in all samples under study. On the other hand,
their spin-lattice relaxation exhibits higher sensitivity to the photon
energy. It is seen from the Figure that the T value of the polarons
photoinitiated the initial sample changes extremely with the photon
energy reaching a maximum at 1.90 eV. Its doping with the BP and PPO
small molecules leads to the appearance in the dependences of the
corresponding composites of the couple extrema located at 1.75,
2.72eV and 1.70, 3.16 eV, respectively. At the same time, the spin-
lattice relaxation of methonofullerene radical anions initiated in the
initial and BP- and PPO-doped composites are characterized by the T;"™"
(hvpn) dependences with characteristic points lying near 2.26 and
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Fig. 7. Spin-Lattice and spin-spin relaxation times of mobile and captured polarons O**, T{ (filled points) and T¥ (open points), respectively, as well as methano-
fullerene radical anions L E[ },, T (semi-filled points) and T"F (open crossed points), respectively, photoinitiated in the P3BDDT:PCs;BM (1), P3DDT:PCs1BM/BPg 03
(2) and P3DDT: PCs;BM/PPOy o6 (3) composites as function of photon energy hvp, at T =77 K (a) and temperature at hvp, =1.88 eV (A, =660 nm) (b). The dashed

lines are drawn arbitrarily only for illustration to guide the eye.

3.06 eV, 2.23 and 3.19 eV, 1.74 and 3.32 eV (Fig. 7a). This effect can be
associated with the m-n* transition of the samples with close optical
bandgap and arises due to the changes in morphology, as well as in
exchange interaction between different spin ensembles formed in
polymer composites.

Fig. 7b shows the change in spin-spin and spin-lattice relaxation
times of both the polarons P**, and methanofullerene radical anions
mF o, at the heating of the samples. As can be seen from the Figure, T,
value of both charge carriers in all composites slightly monotonically
increases with increasing temperature without any unusual features,
which is typical for organic disordered semiconductors [20], including
polymer:fullerene composites [5a]. Spin-lattice relaxation times of
these charge carriers were expectable appeared to be more dependable
on the temperature. This parameter of polarons decreases with the
heating exponentially with different slope. As can be seen from the
Figure, a well-pronounced bell-like contributions with characteristic
point lying near 170 K appears in the dependences of the initial and BP-
doped samples. This maximum is shifted to near 260 K as BP adduct is
replaced by the PPO one (Fig. 7b). Such a change in the dependences’
slope and shape can be explained by the above-mentioned difference in
the structure and crystallinity of the initial and nanomodified samples
that governs interchain spin interaction, polaron<-bipolaron balance
or/and realizing of some polarons out of high-energetic spin traps upon
their interaction with lattice phonons. Indeed, the bell-like contribution
is absent in the T/™ (T) dependences which simply decrease ex-
ponentially with the temperature. Besides, the T;"F value increases at
the doping of the initial P3DDT:PCs;BM composite analogously to that
occurring, e.g., in fullerene-modified poly({4,8-bis[(2-ethylhexyl)oxy]
benzo[1,2-b:4,5-b'ldithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)
carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) with 1-pyrenebutyric
acid butyl ester (PyBB) [9].

Polarons diffusing along and between the polymer chains with dif-
fusion coefficients DJ}, and D)y, respectively, as well as rotational li-
brations of methanofullerene globe near own main molecular axis with
coefficient DJ'f induce additional magnetic fields that accelerates
electron relaxation of whole spin ensemble. This allows to determine
dynamics parameters of different spin ensembles from the relation
connecting relaxation and dynamics parameters [52].

Tf1 (we) = <°-)2> [2](0%) + 8](20.)e)] @

T3 (we) = (@H[37(0) + 57 (we) + 27 (2w.)] 5)

where <02 = 1/10 y‘e‘hz S(S+1)nx; is a constant of a dipole-dipole
interaction in powder-like sample, n is a spin density in each backbone
unit, X; is the lattice sum for powder-like sample, J(w,) = (2 Dip we) Y
2 (at Dip > > e > > D) and J(we) = 7t/(1+12w?) are spectral
density functions for Q1D longitudinal and rotational libration spin
hopping with correlation time <., respectively [16,53], Dip, = 4 Djy,/L?,
. is angular resonant frequency of an electron spin precession, and L is
a factor of spin delocalization along polaron equal to 4-5 monomer
units in regioregular poly(3-alkylthiophenes) [54]. The value L = 5 was
used for calculation of dynamics parameters of polarons in the initial
and nanomodified composites under study.

Dynamics parameters calculated for both the charge carriers pho-
toinitiated in the samples under study from Eq. (4) and (5) using the
data presented in Fig.7 are shown in Fig. 8 as functions of the photon
energy and temperature.

It is seen from the Fig. 8a that intrachain dynamics of polarons in
the initial and BP-containing P3DDT:PCg;BM composites is governed by
the energy of initiated photons accelerating significantly around hvp,
=1.80¢eV. The same dependence obtained for PPO-modified sample is
somewhat shifted to the higher energy band and demonstrates a similar
tendency. The rate of polarons hopping between the chains of the initial
BHJ first decreases with the increase of photon energy, reaches
minimum at hy,, =1.92eV and then continues to increase at higher
photon energy. Such dependence becomes more complex upon its na-
nomodification (Fig. 8a). In the same time, the coefficient of libration
dynamics of methanofullerene globes DJ7F was appeared to feel weaker
the energetic of phonons. Because DJF « 1/nT{"F (see Eq. (4)), this
parameter may be affected by changes in concentration of radical an-
ions due to recombination with the opposite polaron charges and in-
teraction with other spin ensembles. The analogous conclusion may be
made for the polaron intrachain hopping dynamics characterizing with
the stronger relation D) « (nLTF)2.

Spin-assisted processes carrying out in the composites depend also
on the spin charge carriers with the lattice phonons. Fig. 8b depicts the
temperature dependences of dynamics parameters obtained for po-
larons, DY, and D), and methanofullerene radical anions, DJ pho-
toinitiated by photons with hv,, =1.88 eV in the samples under study.
The analysis of experimental data has shown that the intrachain charge
dynamics can be described in terms of its activation hopping through
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Fig. 8. Translational diffusion coefficients of intrachain, D}, (filled points) and interchain (DJ,, open points) hopping of polarons O** as well as of libration rotational
of methanofullerene radical anions l E;,, (D{7¥, semi-filled points) photoinitiated in the P3DDT: PC¢;BM (1), P3DDT:PCg;BM/BP o3 (2) and P3DDT:PCg;BM/PPOg o6
(3) composites as function of photon energy hvy, at T =77 K (a) and temperature at hv,, =1.88 eV (A, =660 nm) (b). The dashed lines in (a) are drawn arbitrarily
only for illustration to guide the eye. The up-to-down series of dashed lines in (b) show dependences calculated from Eq. (6)—(8), respectively, with Ey, Ee, and Ej,,

energies summarized in Table 2.

the energy barrier Ey, [44].

E
D = DO e b
1D 1D XP(TBT ©)

where D/}, is a constant. Charge hopping between the chains of polymer
backbone seems more likely to be described within the framework of
polaron activation hopping through respective BHJ [55],

E
Dip = Dy TPwiexp| —=
3D 3D 1 “WeEXP ke T

)

where s = 1 — njkgT/Ees, n; is a constant, and E is the energy for ac-
tivation of charge carrier to the extended states. Finally, libration dy-
namics of methanofullerene radical anions can be described according
the low

oi = e )

kg T (C))

where DJ) is a constant and Ey, is the energy required for initiation of
libration dynamics of these charge carriers.

As follows from the Figure, the data obtained experimentally can be
fitted well by the Egs. (6) to (8) with respective energetic parameters
summarized in Table 2, so then spin-dependent dynamics processes
carrying out in the composite studied can, therefore, be described
within the above approaches.

4. Conclusions

The effect of addition of the BP and PPO small molecules on spin-
assisted initiation, relaxation, dynamics and recombination of charge
carriers in organic photovoltaic blends formed by P3DDT as electron
donor and PC¢;BM as electron acceptor was investigated by direct LEPR
method. It was shown that the concentration, composition and dy-
namics of spin charge carriers are determined by the structure and
morphology of P3DDT:PCs;BM photovoltaic system as well as by the
density and energy of the initiating light photons. The electronic and
functional properties of such BHJ are governed by the number, spatial
distribution and energy depth of spin traps formed in the polymer
matrix due to its disordering. These properties were interpreted in the
framework of exchange coupling of mobile and localized spins

differently distributed in BHJ. Such interaction provokes higher over-
lapping of their wave functions which accelerates electron relaxation of
all spin ensembles formed in the system under study. This eliminates
the selectivity of the composite to the photon energy, controls the range
of optical photons absorbed and, therefore, allows to create on their
base a more efficient and functional electronic and spintronic elements.
The results experimentally obtained showed that the stability and dy-
namics parameters of spin charge carriers photoinitiated in the BHJ
become better after its optimal slight doping with BP and PPO mole-
cules. At higher concentrations, these additives can form domains,
which does not improve the functionality of the polymer composite.
Such modification increases the number of free charge carriers due to
the release of part of the localized carriers from energetically deep spin
traps and an exchange interaction between these spin ensembles.
Optimal number of the nanoadditives is less considerably than that of
methanofullerene molecules in the initial OPV. This means that the
nanoadditives used disenable somewhat improve the electronic prop-
erties of the whole acceptor phase in the system under study. They
rather play role of a mediator of structuring/crystallization of the
composite, analogously with the boiling of superheated (or crystal-
lization of supercooled) liquids when adding some foreign nano-
particles. Such an effect may, probably, be additionally used in the
novel fullerene-free molecular devices, in which small two-dimentional-
molecules are used not only as electron acceptors but also as structural
mediators. The method described can be used also to improve the
electronic and functional characteristics of different donor-accepter
systems.
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