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Light-Induced EPR Spectroscopy of Charge Transfer
in Low-Band-Gap PCDTBT:PC;;BM
Bulk Heterojunctions

Victor I. Krinichnyi and Evgenija I. Yudanova

Abstract—The light-induced electron paramagnetic resonance
(LEPR) study of spin charge carrier steady-state initiated by
IR-Vis photons in an organic composite of a low-band-gap
poly(N-9’-heptadecanyl-2, 7-carbazole-alt-5, 5-(4°, 7°-di-2-thienyl-
2’, 1°, 3’-benzothiadiazole)) with a [6, 6]-phenyl-C7, -butyric acid
methyl ester is reported. LEPR spectra of the composite were
deconvoluted, and the main resonance parameters of polarons
and anion radicals of methanofullerene were determined. The
reversible formation in polymer backbone of spin traps, whose
number, distribution, and depth is governed by the photon en-
ergy, has been shown. Part of the photoinduced charge carriers is
pinned by such traps, resulting in the formation in the composite
of polymer and fullerene domains with different band gaps and
photon sensitivity. Relaxation and dynamics parameters of spin
charge carriers were shown to depend on the energy of exciting
photons. The mechanisms of polaron diffusion along and between
polymer chains, as well as librations of methanofullerene cages in
a polymer matrix, were proposed. Our results suggest that the use
of C;o-counterions as an electron accepter in the composite pro-
vokes its layered morphology. This hinders the formation of spin
traps, increases the path length for charge carriers, and, therefore,
accelerates their spin-assisted relaxation and dynamics through
bulk heterojunctions within the visible and infrared regions of the
sun spectrum with comparable effectiveness.

Index Terms—Magnetic susceptibility, millimeter wave mea-
surements, organic photovoltaics (PV), paramagnetic resonance,
polaron, polymer- and small-molecule-based organic PV, relax-
ation.

I. INTRODUCTION

HE discovery of the photovoltaic (PV) effect in an or-

ganic composite of an electron-donating conjugated poly-
mer and an electron-accepting fullerene and its intensive study
clearly demonstrated the formation upon light illumination of
excitons which can be transformed into donor—acceptor com-
plexes collapsing into radical pairs, positively charged po-
larons delocalized along polymer chains, and negatively charged
fullerene anion radicals embedded into polymer matrix [1]. This
evidenced a breaking down of strongly bound neutral excitons
on a picosecond time scale into spin-charge-carrying quasi-
pairs due to photoinduced electron hopping from the conju-
gated polymer to the fullerene cage. This effect can be used
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for the realization of low-cost printable, portable, and flexible
renewable energy sources [2]. Previous research has mainly
focused on bulk heterojunctions (BHJ) formed by conjugated
polymers and fullerene derivatives. One key characteristic for
such compounds is the nanophase separation between polymer
and fullerene subsystems, which leads to a large interface for
charge dissociation, and bicontinuous pathways for charge trans-
port. The soluble poly(3-hexylthiophene) alias P3HT and [6,6]-
phenyl-Cg -butyric acid methyl ester alias PCs; BM mainly used
for such purposes as electron donor and acceptor, respectively,
allowed reaching a power conversion efficiency of 4-5% [3].
The efficiency becomes so small because of the relatively large
band gap of P3HT (~1.9 eV) limiting the fraction of the solar
spectrum and the relatively small energy difference between the
highest occupied molecular orbital (HOMO) of P3HT and the
lowest unoccupied molecular orbital (LUMO) of PCs; BM. In
order to improve the light power conversion efficiency, these
energies defined by the polymer band gap and HOMO should
be decreased.

Recently, several low-band-gap copolymers based on
poly(2,7-carbazole) derivatives were developed to absorb the
wider solar spectrum with deeper HOMO [4], [5]. These poly-
mers are characterized by the internal charge transfer from
an electron-rich unit to an electron-deficient moiety within
each repeating unit. Tuning of their light-absorption abil-
ity and energy levels foredoomed extensive development and
study. Among them, poly[[9-(1-octylnonyl)-9H-carbazole-2, 7-
diyl]-2, 5-thiophenediyl-2, 1, 3-benzothiadiazole-4, 7-diyl-2, 5-
thiophenediyl] alias PCDTBT (shown schematically in Fig. 1)
with a band gap near 1.88 eV [6] was discovered [7] to be one of
the most efficient matrices for organic plastic field-effect tran-
sistors and solar cells [8]-[11]. The light conversion efficiency
of the PCDTBT:PC7; BM composite layer was recently reached
6-7% [12], [13] because of a relatively deep HOMO of ac-
tive matrix and maximal internal quantum efficiency approach-
ing. The higher light absorbance is due to the lower spherical
symmetry of the fullerene in PC7; BM cage, as compared with
PCs:BM globe in appropriate PCDTBT:PC,;BM BHJ [14].
However, it should be noted that the extended spectral range
of absorption may be overbalanced by recombination losses
or, alternatively, by wasteful triplet formation [15]. Higher ef-
ficiency was reached due mainly to ultrafast charge separation
in the PCDTBT:PC7; BM composite before localization of the
primary excitation to form a bound exciton in contrast with con-
ventional polymer:fullerene systems [16]. Besides, morphology
of the PCDTBT:PC;; BM BHIJ becomes laterally oriented with a
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Fig. 1. Dark and background irradiated by white light with the color tem-

perature 7. = 5500K at 7" = 77K 3-cm waveband LEPR spectra of the

PCDTBT:PC71 BM composite (1), attributed to localized methanofullerene

anion radicals mF * and polarons Pl*; :, as well as mobile radical quasi-

pairs Pjn;b —mF_*° . The main values of their g-tensors g;; and isotropic

g-factors gis, are shown as well. The spectrum calculated using giI;O = 2.0024

and g/’ ;‘OF = 2.0036 determined from the fitting for PI};b and mF_* . respec-
P P

tively, fixed shifts gizo —Gpr =-73x 1074, Giso ~9yy = 7.0%x 1072, Fiso —
g:: =61 %1074, gnF — g =-237x 1073, gF — g, =83 x 107,

g F —g.. = 1.53 x 107, determined at D-band EPR for P * and mF, ®

loc?

respectively, immobilized in the PCDTBT:PC71 BM BHIJ (see the text), and con-

centration ratio for these charge carriers [PI):]:[Pjn;b ][mFl’O'C ]:[mF:n.ob] =

1.00:1.39:2.37:1.39 is shown by dashed line. Spectral terms calculated for P;'

ob
and mF :n‘ub are shown by dotted and dash-dotted lines, respectively. At the top,
the formation of polaron and methanofullerene charge carriers accompanying by
the transfer of an electron from the PCDTBT chain to the PC7; BM cage is also
shown schematically. It should be noted that a polaron is normally delocalized
on nearly three PCDTBT units [26].

“column-like” bilayer ordered polymer backbone [17], [18] that
improves the intralayer carrier mobility. Higher m-overlapping
in such a 2-D polymer backbone hinders its torsional twisting
and, therefore, decreases the energy of its band gap [19]. This
also accelerates charge hopping along and between PCDTBT
bilayers. This is evidenced that charge dynamics also affects
the efficiency of device light conversion. Understanding the
charge separation, transport, and recombination in such materi-
als at a molecular level is crucial for improving the electronic
properties and efficiency of appropriated elements of molecular

electronics. However, the link between the quantum efficiency,
dynamics of charge carriers, and energy of photons within the
BH]J absorption spectrum has yet to be established.

Opposite charge carriers are characterized by spin S = 1/2;
therefore, their magnetic, relaxation, and dynamic properties can
be undoubtedly studied in detail by inter alia light-induced elec-
tron paramagnetic resonance (LEPR) spectroscopy [2], [20]-
[22]. The method appeared to be a very efficient tool for
studying electronic transfers within BHJ on the molecular scale
because it allows in situ detection of the paramagnetic species
resulting from such transfers. LEPR measurements, especially
at millimeter wavebands [23]-[26], revealed the existence of
polarons and fullerene counterions with different line shapes,
EPR parameters, and saturation properties. The method al-
lowed detecting electron relaxation in combination with the
microwave (MW) power saturation method and lifetime [27],
as well as recombination processes [28], [29] of spin charge
carriers in various polymer:fullerene systems. Niklas ef al. [26]
determined by using the D-band (130 GHz) LEPR method the
main values of g-tensors, g,, = 2.0032, g,, =2.0024, g.. =
2.0018 for polarons and g,, = 2.0060, g,, = 2.0028, g.. =
2.0021 for methanofullerene anion radicals photoinduced in
the PCDTBT:PC7;BM composite at 7" = 50 K. Main proper-
ties of charge carriers in molecular electronic materials were
proved to be spin-dependent [30]. This means that their spin
origin can play a key role in the controlling and handling of
electronic properties of photovoltaic devices by the EPR spec-
troscopy. Composition, relaxation, and dynamics of charge car-
riers photoinduced in organic semiconductors are governed by
spin-dependent exciton-charge interactions and consistent with
the model of spin-assisted recombination of polaron pairs [31].
Therefore, the study of photoinitiated electronic processes in
polymer:fullerene systems under spin resonance could help us
in creation of novel organic photovoltaic and spintronic devices.
However, the dynamics and interaction of different spin ensem-
bles affecting conversion efficiency of such and other poly-
mer:fullerene BHJs are under debate, and there are no simple
picture cleaning spin-resonance-assisted processes in organic
photoexcited systems.

It was shown that a part of polarons formed after exciton
initiation under irradiation of polymer backbone is pinned by
spin traps whose number and depth are governed by the com-
posite morphology and photon energy [32], [33]. Spin relax-
ation and charge carrier dynamics were shown to be governed
by spin exchange and by the photon energy [32]-[35]. Forma-
tion, relaxation, and dynamics of these charge carriers in the
PCDTBT:PCy; BM BHJ were studied in wide photon energy
and temperature ranges [36]. The essential LEPR response of
this composite appeared to be registered upon its irradiation
even by IR photons with the energy (wavelength) of 1.32 eV
(940 nm), where the optical absorption band is reset. This means
that the spin concentration in the sample does not definitely cor-
relate with the number of optical quanta reached and absorbed
by the sample. This does not confirm the conclusion made by
Tong et al. [37] that the efficiency of carrier initiation in the
fullerene-modified PCDTBT should be essentially independent
of the excitation photon energy within the sun spectrum.
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Here, we use direct LEPR spectroscopy combined with the
MW steady-state saturation method to study the magnetic, re-
laxation, and electronic properties of charge-separated states of
the PCDTBT:PC71BM BHJ upon wider range IR—Vis illumina-
tion. It is demonstrated that the use of the PC7; BM counterions
instead of the PC4) BM ones in an appropriate composite leads
to an arrangement of polymer matrix that increases its planarity,
decreases the number of spin traps, and, therefore, accelerates
spin dynamics in BHJ. The composite with PCDTBT matrix was
confirmed to converse photons into spin charge carriers not only
under visible light but at infrared irradiation with comparable
effectiveness as well.

II. MATERIALS AND METHODS
A. Materials

In the study, poly[N-9’-heptadecanyl-2, 7-carbazole-alt-5, 5-
(4°,7°-di-2- thienyl-2’, 1’, 3’-benzothiadiazole)] (PCDTBT) dis-
tributed by the St-Jean Photochemicals Inc. and 99.5% [6, 6]-
phenyl-Cy;; -butyric acid methyl ester (PC7; BM) obtained from
Solenne BV without further purification were used. The insert
of Fig. 1 shows schematically chemical structures of these in-
gredients. First, 0.7 mg of PCDTBT was diluted in 0.5 ml of
chlorbenzene:di-chlorbenzene (3:1) mixture. This solution was
treated in ultrasonic bath LT-05C (60 W) for 5 min with follow-
ing heating at 7" = 333 K within 5 min. Fullerene derivative was
added to the so-treated solution amounting PCDTBT:PC7; BM
ratio to be 1:4, after which the resulting solution was addition-
ally maintained at 7" = 333 K within 20 h for PC7; BM complete
dissolution. The prepared solution was serially casted into both
sites of ceramic plate and dried until polymer:fullerene compos-
ite was formed as double-sided film, both with the size of ca.
8 x 4 x 0.1 mm?3.

B. Methods

1) Light sources: The sample was permanently irra-
diated by the solid-state polychromic LXHL-LW3C
(white, color temperature 7. = 5500K, 5800 Ix) and
monochromic YT-5WIR850-H (1.32 eV/940 nm, 860 1x),
HH-5WP2TR8502112-M-P (1.46 eV/850 nm, 1160 1x),

HH-5WP2TR7702112-M-P (1.61 eV/770 nm, 1280
1x), HH-SWP2XR2112-T-P (1.91 eV/650 nm, 1180
Ix), LXHL-LD3C (1.98 eV/625 nm, 5150 Ix),
LXHL-LL3C (2.10 eV/590 nm, 2500 Ix), LXHL-
LM3C (2.34 eV/530 nm, 3130 Ix), LXHL-LE3C
(246 eV/505 nm, 6200 1x), HH-5WP2AG2112-
TP (253 eV/490 nm, 6000 Ix), LXHL-LR3C

(2.73 eV/455 nm, 6150 Ix) LED light sources with a
spectral half bandwidth of ca. 15 nm/0.1 eV directly in
the MW cavity through quartz light guide. Integral illumi-
nance (/, 1x) of these sources was estimated using a broad-
band IMO-2N output power light irradiation bolometer,
in combination with a digital luxmeter LX1010BS for the
further normalization of spin concentration. In order to
decompose overlapping signals for estimation more pre-
cisely their parameters, the “light on-light off” method
with subsequent annealing was applied.
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2) EPR measurements: All spectra were obtained using an
X-band (3-cm, 9.7 GHz) PS-100X spectrometer with
maximal MW power of 150 mW and 100-kHz field ac
modulation for phase-lock detection. The former allowed
reaching magnetic term B; of MW field up to 0.48 mT.
“Dark” and photoinduced EPR spectra of the composite
were obtained at 77 K in quartz Dewar filled with liquid
nitrogen and at 90-340 K in dry nitrogen flow using a
BRT SKB IOH temperature controller. In the latter case,
the temperature is controlled by calibrated Cu/Cu:Fe ther-
mocouple with high sensitivity (15 ¢V/K at 20 K) and
stability (0.5 K) situated around the sample. Gaseous ni-
trogen flow with the stability of 0.1% makes it possible
to vary temperature in the EPR cavity center with the
error of 0.3 K. All the spectra were recorded under the
same gain, modulation, accumulation times, accumula-
tion number, and MW power. The signal-to-noise ratio
of the LEPR spectra was improved by signal averaging
at several (typically four to six) acquisitions. The num-
ber of all paramagnetic centers stabilized and photoiniti-
ated in the composite was determined using comparable
double integration of their contributions accurately de-
convoluted from effective LEPR spectra and that of 2,2,6,
6-tetramethylpiperidine-1-oxyl (TEMPO) nitroxide radi-
cal registered far from their MW saturation when the value
of B; and amplitude of ac modulation B,, in the cavity
center did not exceed 0.005 and 0.1 mT, respectively. Op-
erating conditions were chosen to avoid significant power
saturation and modulation broadening, whereas electron
relaxation parameters of both type charge carriers were
determined separately using the steady-state saturation
method [38] at B; < 0.048 mT. Processing and simula-
tions of the EPR spectra were performed with the Bruker
SimFonia and OriginLab softwares. The error of determi-
nation of the spectral amplitude, width, and position does
not exceed +3.8%, £1.2, and +0.11%.

III. RESULTS AND DISCUSSION

A. Spin Composition and Electron Paramagnetic
Resonance Parameters

Fig. 1 exhibits EPR spectra of the PCDTBT:PC7; BM com-
posite obtained without and with its background irradiation
by polychromic (white, 5500 K) light at 7' = 77K directly
in the cavity of EPR spectrometer. Normally, shadowed poly-
mer:fullerene samples demonstrate weak-single EPR spectra
attributed to intrinsic paramagnetic defects (see, e.g., [23], [26],
and [39]). The dark EPR spectrum of the composite under study
presented in Fig. 1 was analyzed to be also due to its interaction
with few IR photons inside the spectrometer (see below). LEPR
spectra consist of lines contributed from paramagnetic centers
with different concentration, mobility, and EPR parameters.

PCDTBT contains some S and N heteroatoms with perceptible
nuclear magnetic moment, therefore characterizing by different
hyperfine constant. Weak spin—orbit interaction of an unpaired
electron delocalized on a polaron with such heteroatoms was
shown by the high-field EPR spectroscopy [40], [41] to provoke
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rhombic symmetry of spin density and, therefore, anisotropic
g-factor and linewidth. Since the backbone of a conjugated
polymer is preferably parallel to the film substrate [3], the low-
est principal g-value, i.e., g.., is normally associated with the
polymer backbone. This parameter is governed by the structure
and morphology of polymer matrix, hyperfine interaction of a
polaron spin with a heteroatom nuclear, etc. EPR parameters
of a fullerene anion radical are also weakly anisotropic. How-
ever, in contrast with a polaron, unpaired electron is localized
rather on its C,o-cage and weakly interacts with side groups
[25]. If these spins move in condensed media, these parame-
ters are averaged shifting to an effective (isotropic) g-factor,
Giso = (9ux + 9yy + 9--)/3. The linewidth of these charge car-
riers is also averaged.

In order to obtain and analyze these parameters, one should
deconvolute such spectra using the “light on-light off” pro-
cedure [25], [26], [33]. Each light photon initiates a priori a
pair of opposite mobile charge carriers with averaged mag-
netic parameters. The part of these carriers is captured by spin
traps; therefore, anisotropy of their LEPR spectra becomes
more obvious. Using under these assumptions the main val-
ues of g-tensors determined for charge carriers initiated in the
PCDTBT:PC;; BM at 130-GHz waveband EPR by laser photons
with the energy/wavelength of 2.33 eV/532 nm [26], one can
obtain separately their magnetic resonance, relaxation, and dy-
namics parameters. Therefore, sum experimental LEPR spectra
of the system under study as in the case of other PC7;; BM-
based polymer composites [25], [26], [33] were assigned to
mobile radical quasi-pairs of the positively charged polarons
Pf* moving along polymer chains and methanofullerene an-
ion radicals mF_°, pseudorotating near own main molecular
axis within polymer matrix, as well as respective paramagnetic
centers Pjn;b and mF| ¢ captured by spin traps reversibly pho-
toinduced in this matrix. Spectral contributions of these spins
are also presented in Fig. 1. All terms of the sum spectra were
analyzed to be characterized by Lorentzian line shape. As in the
case of the P3HT:PC4; BM [32], [42] and PCDTBT:PCs, BM
[36] composites, this argues in favor of a smaller number of
spin traps and faster spin dynamics in the sample under study.

Normally, photoinitiation of such charge carriers occurs in
the femtosecond time scale, whereas electron back transfer with
charge annihilation is much slower due to relatively fast dy-
namics and slow structural relaxation in such a system [43],
[44]. This is why an effective number of spin charge carriers
should inversely depend on the probability of their recombi-
nation. Such a process is determined by spin multistage acti-
vation diffusion along a polymer chain and tunneling from a
chain to a fullerene anion [45]. The decay of mobile charge
carriers photoinitiated in a polymer:fullerene system consists of
temperature-independent fast and exponentially temperature-
dependent slow contributions [32], [35], [46]. These processes
are, respectively, ascribed to bimolecular recombination of mo-
bile and less-mobile charge carriers trapped in deeper states
[47]. As in the case of PCDTBT:PCs; BM BHIJ [36], the illumi-
nation of the composite under study, however, leads to drastic
decrease in spin concentration in its BHJ. This is the evidence

for fewer spin traps in this matrix that can also improve the
electronic properties of this system.

B. Spin Concentration

Effective concentration of all spins photoinduced in the
PCDTBT:PC;; BM BHJ under permanent illumination by white
light was determined to be N = 3.3 x 10'Y spin/gat T' = 77 K.
This value is less than that by a factor of ~3 determined for
PCDTBT:PCgs; BM composite at analogous experimental con-
ditions. This fact may indicate, e.g., the formation of a smaller
number of trapped charge carriers and their faster recombi-
nation in the system under study. Because spin concentration
is a function of spin traps [47], the number of charge carri-
ers depends on the energy of initiating photons hv,y, as it is
shown in Fig. 2(a). This can be explained by the reversible
formation of spin traps in polymer matrix upon its light illumi-
nation. The number, depth, and distribution of such traps were
shown [33], [36] to depend on the structure of polymer ma-
trix and energy of the light photons. It is seen from Fig. 2(a)
that the number of localized methanofullerene anion radicals
obtained at hvpy /A, ~ 2.25eV /550 nm is slightly more than
that determined for white light. Such an effect may be due
to simultaneous formation of spin traps with different distri-
bution and depth. In this case, a series of spin location and
dislocation can be realized; therefore, one can detect only ef-
fective number of localized spins not obviously equal to that
registered under monochromatic illumination. A more signifi-
cant change of spin concentration with a frequency occurs for
mobile quasi-pairs P** —mF_* . Rather extreme dependence
of spin number on the photon energy is registered for pho-
ton of visible light band at hvyy, /Apn ~ 2.7eV/460 nm lying
around characteristic extremes registered in both the optical and
photon-to-current efficiency spectra of morphologically opti-
mized PCDTBT:PCr; BM films [37], [48].

Two main features should be noticed from an analysis of
the data presented. One of them is the initiation of spin charge
carriers not only by photons of visible light photons (whose
right subbands are restricted by horizontal dashed segments)
but also by near-IR ones (left sub-band) analogously to that as
it was detected in the case of the PCDTBT:PCs; BM system
[36]. Thus, one can conclude that the weak spectrum obtained
in the absence of light irradiation and shown in Fig. 1 might be
attributed to the same paramagnetic centers originated due to
interior IR irradiation of different scheme warmed elements of
EPR spectrometer. Besides, the number of photons absorbed by
the polymer:fullerene system does not correlate with an effective
number of spins initiated by these photons.

Once the temperature of the composite rises, the number of
spin charge carriers decreases, as it shown in Fig. 2(b). Such
spin decay can be explained in terms of its recombination with
opposite charge carrier during polaron quasi-1-D (Q1D) motion.
When such carrier diffuses in polymer backbone between initial
i and final j sites, it spends the energy AFE;;. This follows
by its recombination with opposite charge on fullerene globe.
Therefore, the decay of both spin charge carriers should follow
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Fig.2. (a) Concentration of immobilized charge carriers Plt : ,mF % and mobile quasi-pairs P;:b —mF_*° . photoinduced in the PCDTBT:PC71 BM composite

at T' = 77 K as a function of photon energy hvy,;, (wavelength A}, ) normalized to illuminance 7 of light sources. Respective values determined for these centers
initiated in the system by white light are shown by the bottom, middle, and top horizontal dashed sectors, respectively. These sectors are limited by the emission
band of a white light source. Top dashed-dotted lines show the spectra of polychromic white and monochromic light sources. Dashed lines connecting the
experimental points are painted arbitrarily only for illustration to guide the eye. (b) Temperature dependence of concentration of these charge carriers photoinduced
in the composite by photons of white light with 7. = 5500 K. Up-to-down dashed lines show the dependences calculated from (1) with AE;; = 0.015, 0.002,

and 0.012 eV, respectively.

the Miller—Abrahams energy-dependent equation [49]:

N(AE;;) = Ny exp (if;) (1)
where Ny is an initial number of spins, kp is the Boltzmann
constant. It is seen from Fig. 2(b) that the dependences cal-
culated from (1) with AE;; =0.002, 0.012, and 0.015 eV
fit well with the experimental data obtained for the Pf;:,
mF, % and P$;b —mF_ %, charge carriers, respectively. Pandey
et al. have shown [50] that the charge is transferred through
PCDTBT:PC;; BM BHJ mainly by holes. This fact may explain
the higher value of AE;; obtained for opposite charge carriers.

C. Light-Induced Electron Paramagnetic
Resonance Linewidth

Generally, linewidth of paramagnetic centers in solids is
governed by their hyperfine interaction with neighboring nu-
clei. Interaction between electronic spins should also acceler-
ate their relaxation and, therefore, broaden EPR spectra. An
additional line broadening can be due to spin translational
or/and reorientational dynamics. Immobilization of paramag-
netic centers by spin traps should also broaden their effective
EPR line. The linewidths of both charge carriers photoinduced
in the PCDTBT:PC;;BM BHIJ by photons of different energy
at T'= 77K are summarized in Table I. The analysis of the
data presented allows concluding the notable monotonic line

broadening with increasing photon energy. This evidences that
the number and depth of such traps are governed by the energy
of initiating phonons.

A polaron P;;b hopping along the polymer chain with
the rate 14,, can interact with unpaired electrons of
methanofullerene anion radicals, quasi-rotating or captured by
the spin traps, considering as more fixed centers as com-
pared with diffusing polarons. This process should additionally

broaden individual line by the value [51]

2 .
5(Aw) _ Q"hopNy

C2(1+a?) @

where a = (3/2)2n.J/huy,,p, J is the constant of exchange in-
teraction of spins in a radical pair, & is the Plank constant,

Vhop = Vflgi) exp(—FE, /kpT), prefactor y}(lg)p is the hopping at-
tempt frequency, F, is the activation of polaron motion along
polymer chain, and »; is a number of radicals per polymer unit.
Weak and strong exchange limits can be realized in such a multi-
spin system. In the case of weak or strong exchange, the increase
of 14,0, may result in the decrease or the increase in exchange
frequency, respectively.

Isotropic widths of both contributions into an effective LEPR
spectrum of the PCDTBT:PC;; BM composite are shown in
Fig. 3 as a function of temperature. The concentration of re-
spective spins per polymer unit n; is also governed by the tem-
perature. Therefore, in order to analyze real spin exchange on
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TABLE I
PEAK-TO-PEAK LINEWIDTH ABl(,l,J,) , SPIN-LATTICE 7', SPIN-SPIN 7% RELAXATION TIMES, AND ANISOTROPY OF SPIN DYNAMICS, A = D1p /Dsp,
DETERMINED FOR CHARGE CARRIERS INITIATED IN THE PCDTBT:PC7; BM BHJ BY PHOTONS WITH DIFFERENT ENERGY hv,y, / WAVELENGTH hpn ATT =T77K

hvpn /Apn,eV/nm

Parameter White  1.32/940  1.46/850  1.61/770  1.91/650  1.98/625 2.10/590  234/530  246/505  2.53/490  2.73/455
ABY)Y Y mT 0174 0.221 0.149 0.166 0.182 0.203 0.233 0.213 0.197 0.196 0.252
ABS)Y P mT 0147 0.183 0.168 0.189 0.171 0.162 0.172 0.229 0.251 0.242 0.231
591070 2.30 2.91 1.93 1.71 1.52 1.51 1.33 1.03 1.16 1.28 2.21
mE910°0s 067 0.51 0.79 1.03 2.05 2.15 1.66 0.69 0.71 0.93 1.02
P9 10%s  0.04 1.29 1.03 0.83 0.83 0.58 0.27 0.31 0.31 0.25 0.16
7y v 1078 3.78 244 2.63 2.68 2.89 2.85 2.94 3.09 3.34 3.35 2.74
TyE P 108s 572 3.59 3.91 4.02 4.10 4.11 3.86 2.86 2.61 2.72 2.84
A, 10° 49 66 34 21 7.6 6.3 2.1 0.78 0.82 1.9 47

Notes: ¥determined for polarons P**, Y determined for methanofullerene anion radicals mF ~*, ©determined for immobilized polarons P ;;: , Ddetermined for immobilized

methanofullerene anion radicals m F; * , ©determined for mobile methanofullerene anion radicals mF _®
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Fig. 3. Temperature dependence of the effective peak-to-peak linewidth

ABZ(,?,) determined for the polarons P (circles) and methanofullerene an-
ion radicals mF 1’ (triangles) photoinduced in the PCDTBT:PC71 BM com-
posite by photons of white light with 7. = 5500 K. The upper (0) symbol

in ABI(,(;,) means that this parameter is measured far from the spectrum MW
saturation. The same values divided by the number of appropriate charge car-

riers per a polymer unit ABZ(,(;,) /n are shown as function of temperature. The

0 = 2.9% 107571, E, = 0.008¢V
10D

and ") = 3.3 x107s"! , E, = 0.009eV are shown by the top and bottom

hop
dashed lines. The error margins do not exceed the symbol size.

dependences calculated from (2) with v,

linewidth, one should consider the AB;)?,) /m; ratio. Taking into
account such a relation, the dependences calculated from (2)
with £, = 0.008 and 0.009 eV are also shown in the insert
of Fig. 3. This evidences the applicability of the approach pro-
posed above for spin interactions realized in the composite under
study. It is seen from the figure that the linewidth of polarons
and methanofullerene anion radicals differently depends on the
temperature. As in the case of the PCDTBT:PCq; BM BHI [36],
it can be due to the different nature and the mechanism of motion
of spin charge carriers in domains inhomogeneously distributed
in the composite under study. Such inhomogeneity is more

mob "

characteristic for methanofullerene cages than for the polaronic
phase, possibly due to more ordered layer morphology of the
composite matrix [52]. This possibility causes a difference in
activation energies obtained for both charge carriers. An oppo-
site temperature dependence of their linewidths can be explained
by different interaction with nearest environment analogously to
that as itis realized in other BHJ [22], [53]. The energies F, nec-
essary to activate the motion of polaronic and methanofullerene
charge carriers in the PCDTBT:PC7;; BM BHJ were appeared
to be considerably smaller than those (0.028 and 0.013 eV, re-
spectively) obtained for the PCDTBT:PCy; BM composite at the
same experimental conditions [36]. This is additional evidence
of a more ordered structure of the composite under study.

D. Spin Relaxation and Dynamics

With the increase of magnetic term B, of MW field, the inten-
sity of LEPR spectra of polarons and methanofullerene anion
radicals stabilized and photoinitiated in the PCDTBT:PC;; BM
BHI first linear increases, plateaus starting from some B; value,
and then decreases due to manifestation of an MW saturation
effect [38]. Because the saturation behavior of the LEPR of
polymer:fullerenes BHJ indicates a different relaxation mech-
anism of both charge carriers [54], this allows us to determine
separately the spin—lattice 77 and spin—spin 75 relaxation times
of these paramagnetic centers at wide regions of the temperature
and photon energy hv,);,. Relaxation times obtained for charge
carriers photoinduced in the system under study at different
hvpy and T' = 77 K are summarized in Table 1.

On analyzing of the data obtained, one can conclude that the
spin-lattice relaxation of charge carriers P} * and mF_*, accel-
erates rather monotonically with the increase of huy,, . The inter-
action of immobilized polaron with own environments, however,
decreases at hi,, = 2.73 eV. The same relaxation parameter of
mF_ ¢ increases remarkably only at hvy,, =~ 1.9-2.1eV, chang-
ing weakly at the lower and higher photon energy. All the centers
demonstrate weak T3 (hrpy, ) dependence within all the energy
region used (see Table I). The temperature also slightly affects
spin—spin relaxation of all spin packets (not presented). The 7}
value of immobilized polarons changes weakly within the tem-
perature range 77-160 K. On the other hand, opposite charge
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(Drot, semi-filled points), of the methanofullerene anion radicals mF %~ determined for the PCDTBT:PC71 BM composite at different photon energy/wavelength
hvpn /Apy and T = 77 K. Respective values determined for these centers initiated in the system by polychromaic white light with 7, = 5500K are shown by
horizontal top, botton, and middle dashed sectors, respectively. These sectors are limited by the emission band of a white light source. Top dashed-dotted lines show
the spectra of polychromic white and monochromic light sources. Dashed lines connect experimental points only for illustration to guide the eye. (b) Temperature
dependence of the above charge carriers parameters determined upon illumination of the PCDTBT:PC7; BM composite by white light with 7,. = 5500 K. Top-to-

bottom dashed lines show the dependences calculated from (7) with w,. ¢

() — 83 %102 rad-s~!

-eVand E; = 0.010eV, (5) with D') = 363 rad - s~ ! - K~

and B, = 0.124eV, and (6) with D;‘g =044s 1 K2 w, =6.1x10"" rads~!, and B} = 0.072eV.

carriers are characterized by much faster energy exchange with
own environment, which accelerates their spin—lattice relax-
ation. The heating of the composite additionally steps up such
exchange of mF ?.

Spin relaxation is governed not only by the structure and mor-
phology of the system but also by various spin-aided dynamics
processes occurring in the PCDTBT:PC7; BM BHJ, e.g., the po-
laron diffusion along Q1D and quasi-three-dimensional (Q3D)
between polymer chains with coefficients D;p and Dsp, re-
spectively, and pseudo-rotating libration of methanofullerene
anion radicals near own main molecular axis with coefficient
D,o. These processes lead to the appearance of an additional
magnetic field in the whereabouts of electron and nuclear spins
that accelerate electron relaxation of both charge carriers. There-
fore, the following equations can be written for spin—lattice and
spin—spin relaxation rates [55]:

T = (Aw?) [2J(we) + 87 (2w, )]
Ty = (Aw?) [3J(0) + 5J(w,) + 27 (2w, )]

“
where (w?) = 1/107/h*S(S+1)n),; is a constant of a
dipole—dipole interaction for a powder with the lattice sum
Xij. 7e is the gyromagnetic ratio for electron, i = h/2m.n; =

Nioe + Nmob/ V2 is the probability of localized ny,., and mobile
Nmob SPIN situation on a lattice unit, J(w,) = (2D‘1 pwe) V2

3

at D}, > w, > Dsp or J(0) = (2D}, Dyp) "2 at D}, >
we > Dsp is a spectral density function for Q1D motion,
Dl1 p =4D1p/L?, w, is the resonant angular frequency of
electron spin precession, and L is the spatial extent of the po-
laron wave function equivalent to approximately three units for
PCDTBT [26]. The spectral density function for rotational li-
brations with correlation time 7., is J(w,) = 27, /(1 + 720?).
Spin diffusion coefficients calculated from (3) and (4) for
charge carriers photoinitiated in the PCDTBT:PC;;BM BHJ
using appropriate the spectral density functions, spin concentra-
tion, and relaxation data are presented in Fig. 4(a) as a function
of the initiated photon energy hv,y,. The figure shows that the
rates of polaron diffusion along and between polymer chains are
governed by the energy of photons demonstrating extreme de-
pendences with characteristic hi4,;, =~ 2.4eV. Dynamics param-
eter of methanofullerene anion radicals also extremely depends
on the photon energy with characteristic hi;,, ~ 1.8eV. This
value lies near the band gap of the PCDTBT matrix, 1.88 eV [6].
It is seen from Table I that the anisotropy of polaron dynamics,
A = Di1p/Dsp,inthe PCDTBT:PC7; BM composite decreases
nearly exponentialy with the increase of h1/,}, up to 2.5 eV with-
out an extremum at 2.1 eV characteristic for PCDTBT:PC4s; BM
BHJ [36]. This is evidence for more ordered BHJ under study
at a wider intermediate hrp,, region. An analogous strong
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decrease in the anisotropy of polaron dynamics was registered
in the study of charge transfer in MW-treated P3HT:PCs; BM
composite [56]. This effect was explained by the ordering of
polymer matrix and methanofullerene clusters under composite
modification that facilitates spin mobility and decreases interac-
tion of charge carriers in photoinduced radical quasi-pairs. The
formation of appropriate crystallites in an amorphous polymer
matrix extends a diffusion of charge carriers and increases an
efficiency of light conversion.

Dynamics parameters of charge carriers photoinduced by
wide-range white (7, = 5500 K) light are presented in Fig. 4(b)
as a function of the temperature. A more strong temperature-
dependent characteristic for intrachain polaron dynamics can be
described, as in the case of PCg BM-modified PCDTBT [36],
in terms of polaron scattering on the phonons of crystalline
lattice domains embedded into an amorphous polymer matrix
[57]. According to this model, such scattering should accelerate
polaron intrachain diffusion by the value

Dip(T) = D12 [sinh (Eph ) - 1} 5)
kT

where E,;, is the energy of lattice phonons. Indeed, it is seen
from Fig. 4(b), where dependence calculated from (5) with
E,, = 0.124 eV is also presented, that this approach satisfacto-
rily describes the experimental data obtained. The latter value
lies near the energy of lattice phonons of various conjugated
polymers (0.09-0.32 eV) [58] and plastic solar cells [22]; how-
ever, it is sufficiently less than that evaluated for polaron dy-
namics in the PCDTBT:PC4; BM BHJ [36].

Spin nature of charge carriers might be expected to have a
large effect on ac mobility of polymer systems [59]. There-
fore, as in the case of other conjugated polymers [60], [61]
and polymer:fullerene composites [22], the interchain spin dy-
namics in the PCDTBT:PC7;,BM BHIJ can also be explained
in the frames of the Pike [62] and Elliott [63] models based
on the carrier hopping over the energy barrier . Such an ap-
proach predicts the following diffusion coefficient for Q3D spin
mobility:

B,
Dsp (w.T) = DYk T?w? exp | — (6)
kpT

where k; is a constant, and s = 1 — 6k T/ E), is the parame-
ter reflecting polymer system dimensionality. As Fig. 4(b) evi-
dences, this parameter indeed follows (6) with E;, = 0.072eV
atw, = 6.1 x 10'rad - s~1. It should be noted that the obtained
Ey is nearly the same (0.079 eV) as necessary for polaron inter-
chain diffusion in this matrix modified by PCs; BM [36].
Libration mobility of the PC7;;BM cages can possibly be
described in the framework of a semiclassical Marcus theory
adopted for conjugated polymers [64], [65]. According to this
approach, methanofullerene ion radicals should reorientate be-
tween polymer layers with the rate of
i ) ™

1
—————exp | —
VAE T p( g
where F, is both the inner- and outer-sphere reorganization
energy of charge carriers due to their interaction with the

(0)

Wrot = Wrot

lattice phonons. Indeed, such dynamics of the PC7; BM cages
is realized according to the Marcus theory with £, = 0.010eV
[see Fig. 4(b)]. This parameter is considerably lower than that
obtained for the PCDTBT:PCs;BM BHJ [36] due to a more
ordered composite under study [52]; however, it lies near to
that determined for activation of reorientation of PCs; BM an-
ion radicals in poly(3-alkylthiophenes) [35], as well as Cg(- and
Crg-anions in polymethylmethacrylate and cyclohexane [66].
Fullerene reorientational hopping or rotation in pure Cgg re-
quires much more activation energy (0.224 eV) [67]; therefore,
the interaction of such charge carriers with own environment af-
fecting their relaxation and dynamics should also be taken into
account.

Therefore, one may conclude that spin charge carriers are
initiated in the PCDTBT:PC7; BM BHIJ within the visible and
infrared regions of the sun spectrum with comparative quantum
efficiency. This is not consistent with the data obtained by op-
tical methods that pointed out a dramatic decrease in external
quantum efficiency of this [13], [17], [48] and other [14], [48],
[68] C7p-modified composites at near-IR sun spectrum. The use
of PC71BM counterion instead of PCs; BM one as an electron
accepter deepens overlapping of molecular orbitals in appropri-
ate BHJ [26] that provokes lateral morphology of the composite
[17]. This hinders the torsional twisting of polymer backbone
and formation of spin traps in polymer matrix that increases
the path length for charge carriers and, therefore, accelerates
their relaxation and dynamics. This significantly extends the
scope of respective elements with spin-assisted electronic prop-
erties.

IV. CONCLUSION

In summary, we have presented the first results of the com-
prehensive LEPR study of photoinitiation, relaxation, and dy-
namics in PCDTBT:PC;; BM composite of polarons diffusing
along and between polymer chains and methanofullerene anion
radicals librative moving between polymer lies. These processes
are governed by the interaction of charge carriers with own mi-
croenvironment and other spin ensembles. The light photons
also initiate spin traps in the polymer backbone, which capture
part of these charge carriers. The number and depth of such
traps are governed by the energy of photons. This originates the
spin- and trap-assistance of all main magnetic resonance, re-
combination, relaxation, and dynamics processes carried out in
the PCDTBT:PC7, BM composite. The use of C7(-cage instead
of Cgp-globe as an electron accepter accelerates own pseudoro-
tation electron relaxation in appropriate BHJ. This hinders the
formation of spin traps and provokes the more ordered (crys-
talline) structure of the PCDTBT:PC;; BM composite with the
layered morphology accelerating spin-assisted charge transport
through BHJ. Such a composite converses energy of photons
of visible light, as well as infrared irradiation into spin charge
carriers that significantly extend the scope of energy conver-
sion of such cells. The method can be efficiently used for the
respective detailed study of analogous organic composites with
low-band-gap matrices for the further creation of novel elements
of organic electronics and spintronics.
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