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Abstract

Using the stationary and pulsed EPR methods, the ternary composite PCDTBT and
two fullerene acceptors PCDTBT/PCy,BM/ICBA 1:1:1, as well as the correspond-
ing binary composites PCDTBT/PCy,BM 1:2 and PCDTBT/ICBA 1:2, were stud-
ied at a temperature of 80 K. Modeling these spectra allows us to estimate the con-
tributions of PCy,BM and ICBA to the light-induced EPR signal of the PCDTBT/
PCy,BM/ICBA ternary composite as 0.7:0.3. The absence of new lines in the EPR
spectrum of the ternary composite, in comparison with the corresponding binary
ones, means that the mechanism of the molecular alloy of PC,,BM and ICBA, as
previously assumed, is not operative in this system, and the most probable scenario
is the existence of two parallel heterojunctions PCDTBT/PC¢,BM and PCDTBT/
ICBA. This conclusion is confirmed by modeling the decay curves of the light-
induced EPR upon turning off the light, as well as the out-of-phase electron spin
echo from the charge transfer state (the main intermediate of the photoelectric con-
version) in these composites. It is noteworthy that in the ternary composite with the
same fullerene acceptors, but with a different polymer donor (P3HT), the molecular
alloy mechanism of two acceptors is realized (Angmo et al. in J Mater Chem C 3:
5541-5548, 2015). It is likely that the polymer donor has a decisive influence on the
morphology and electron-transport properties of such ternary composites. It should
be noted that the methods of light-induced EPR and out-of-phase ESE were used for
the first time to study ternary donor—acceptor composites.
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1 Introduction

Organic photovoltaics is promising and fast-developing field of solar technology.
Even active layer of several hundred nanometers thickness can absorb substan-
tial part of solar light of visible spectrum, giving an opportunity to make flex-
ible and space-saving organic solar cells. Unlike inorganic devices, mostly silicon
made, production of organic cells is expected to be cheap and environmentally
friendly. Conventional architecture imposes using two-component donor—accep-
tor composites as active layer of a cell. Nevertheless, it limits a cell’s feasible effi-
ciency mostly due to solar light being consumed in a rather narrow spectral band.
One can use more complex architectures, like ternary junction cells, to overcome
this limitation. Active medium of ternary cells consists of three different organic
compounds. Some of such devices based upon conjugated polymers and fuller-
ene derivative or non-fullerene molecules have been already tested by several
research groups. Even though numerous ternary systems reveal high efficiency
factor up to 17% [1], the photovoltaic conversion mechanism behind them is not
understood that well as for binary systems. Complexity of ternary donor—acceptor
composites demands a variety of experimental techniques to be used for elucidat-
ing the mechanism of photoelectric conversion. Since most of the intermediates
of photoelectric conversion are paramagnetic [2-9], EPR is a method of choice
for studying its mechanism. Here, we tested the applicability of CW and pulse
EPR methods, including out-of-phase electron spin echo (ESE) spectroscopy [9,
11, 12], previously used only for binary donor—acceptor composites.

2 Experimental Section

The chlorobenzene solutions of PCDTBT (Poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2',1',3"-benzothiadiazole)], Ossila) and PCyBM
([6,6]-Phenyl-C61-butyric acid methyl ester, Ossila) and/or ICBA (1',1",4",4" -tet-
rahydro-di[1,4]Jmethanonaphthaleno[5,6]fullerene-C60, Ossila) with the proper
weight of the solutes were prepared with total concentration of 30 mg/ml. The
solutions were put in the EPR tube of 4.8 mm outer diameter, and three freeze-
pump-thaw cycles were performed. Chlorobenzene was evaporated in the vacuum
of about 0.1 torr, which resulted in the formation of the polymer/fullerene com-
posite on the inner wall of the EPR sample tube. For all samples the weight ratio
of donor PCDTBT and acceptor (PC.,BM, ICBA or their mixture) was 1:2, which
corresponds to optimal ratio for PCDTBT/ PC4,BM photovoltaic devices [13].

CW EPR and ESE measurements were carried out on an X-band ELEXSYS
ESP-580E EPR spectrometer equipped with an ER 4118 X-MD-5 dielectric cav-
ity inside an Oxford Instruments CF 935 cryostat. Temperature was kept at 80 K
by cold nitrogen gas flow.

To measure the light-induced EPR (LEPR) signal, the samples inside EPR reso-
nator were irradiated by actinic lamp (incident light power density 200 mW/cm?).
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ESE inversion-recovery dependencies were measured usingz — T — /2 — 7 — 7
pulse sequence under continuous light illumination. The mw pulse amplitude was
sufficiently low to excite only the EPR line of PCDTBT™ hole or electron at fuller-
ene acceptor. The duration of z-pulse was 200 ns.

Laser flashes from TECH-laser (Laser-export Co. Ltd., Russia) with wave length
527 nm, pulse duration of about 5 ns, and pulse repetition rate of 1 kHz illumi-
nated the sample in out-of-phase ESE experiments. The laser light was directed to
the refractive lens along its optical axis and gone inside the EPR tube through quartz
light guide. The energy of the flash was about 15 uJ reached the sample.

ESE signal was obtained using a two-pulse mw pulse sequence applied after a
laser flash, Flash — DAF — z/4 — 7 — z-echo, where DAF is the Delay After laser
Flash (200 ns), the z/4- and z-pulses were of 8 ns and 24 ns nominal duration,
respectively, the initial 7 delay was 160 ns. As we noted previously [11], real dura-
tion of mw pulses is slightly shorter than their nominal duration in our pulse EPR
setup. For this reason mw pulses of 8 ns and 24 ns nominal duration with equal
amplitude corresponds approximately to z/4 and = magnetization turning angles,
respectively. The phase for the ESE was adjusted to obtain zero out-of-phase ESE
signal at DAF =990 ps. The pre-saturating z/2-pulse was applied to cancel ESE sig-
nal of the long-living species and to measure the out-of-phase ESE signals of CTS.
The delay between the pre-saturating z/2-pulse with 20 ns duration and laser flash
was 2 ps and this mw pulse affected only the photoaccumulated paramagnetic spe-
cies (electrons and holes in deep traps). The magnetic field B, corresponded to the
deep between the EPR lines of PCDTBT™* and fullerene acceptor, to ensure nearly
homogeneous mw excitation of the EPR spectrum. Overall, the experimental condi-
tions were similar to those in our recent out-of-phase ESE study [14].

3 Results and Discussion
3.1 Light-Induced EPR and Magnetization Inversion-Recovery

Initially, to assign the signals of photogenerated paramagnetic species in the com-
posites, light-induced EPR spectra were recorded. As expected, all the composites
studied (PCDTBT/PC4,BM, PCDTBT/ICBA and PCDTBT/PC,,BM/ICBA) demon-
strated weak dark EPR signal and strong light EPR signal, which is typical for effi-
cient organic photovoltaic blends [15—-17]. The spectra are compared at Fig. 1. For
all the composites the identical broad line at low field is observed which is readily
assigned to PCDTBT?; its g value is close to free-electron g value [18]. The sharp
intense line at higher field for PCDTBT/PC.,BM composite is evidently assigned to
PC¢,BM™. For PCDTBT/ICBA composite the high-field line has similar shape but
much lower intensity. It is assigned to ICBA™. Low g factors for anion-radicals of
Cgyo-based molecules PC,BM and ICBA are caused by Jahn—Teller effect in fuller-
ene moiety [19]. As will be shown below, the dramatic decrease of the intensity of
ICBA™ line is caused by mw power saturation due to its very long spin—lattice relax-
ation time 7. The difference of the relaxation properties allows to distinguish EPR
signals of PC,,BM™ and ICBA™, despite their very close g factors and linewidth.
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Fig.1 Light-induced EPR spectra for PCDTBT/PC¢,BM 1:2 composite (black dotted line), PCDTBT/
ICBA 1:2 composite (red dashed line), and PCDTBT/PCBM/ICBA 1:1:1 composite (thin green line).
Weighted average (0.7:0.3) of the spectra for PCDTBT/PCy,BM and PCDTBT/ICBA thick blue line.
Temperature 80K, microwave power 0.2 mW, modulation amplitude 1 G. The arrows mark spectral posi-
tions at which inversion-recovery experiments (Fig. 2) were performed (color figure online)

This allows us to estimate the contributions of PC(,BM™ and ICBA™ to the light-
induced EPR signal of the PCDTBT/PC,BM/ICBA ternary composite as 0.7:0.3,
since the spectrum of the ternary composite is well approximated by the sum of
the spectra of the corresponding binary composites with the corresponding weights.
The absence of new lines in the EPR spectrum of the ternary composite, in compari-
son with the corresponding binary ones, means that the mechanism of the molecular
alloy PC4,BM and ICBA previously assumed in Ref. [20] is not realized in the sys-
tem under the study, and the most probable scenario is the existence of two parallel
heterojunctions PCDTBT/PCyBM and PCDTBT/ICBA. The smaller contribution
of ICBA to charge separation with the same PCqBM and ICBA content in the com-
posite indicates a more efficient charge transfer in the PCDTBT/PCy,BM transition.
The relaxation properties of light-induced species in these composites were
investigated by the inversion-recovery method in pulsed EPR. The inversion-
recovery curves at 80 K are well approximated by the Kohlrausch function
(stretched exponential, f=A X exp[— (T/Tl)b]), see Fig. 2. Some difference from
the monoexponential recovery of magnetization is explained by the T, value dis-
tribution, which is typical for disordered heterojunctions. Despite some difference
in the exponent b, the characteristic values of T, at 80 K for the PCDTBT™* hole
and ICBA™ electron are close and exceed significantly the value for PC;oBM™
(see Table 1). The difference in the spectra of the light-induced EPR of the com-
posites PCDTBT/PCy,BM and PCDTBT/ICBA is caused by the saturation of the
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Fig.2 Light-induced signal inversion-recovery curves in the PCDTBT/PC60BM composite for the
PCDTBT" hole (upper panel) and PC60BM™ electron (middle panel). The same for the ICBA™ electron
in the PCDTBT/ICBA composite (bottom panel). Temperature 80 K. Red lines approximation of inver-
sion-recovery curves by the Kohlrausch function (color figure online)

Table 1 The parameters of

numerical simulations of ESE Species T (ps) b
inversion-recovery traces PCDTBT* 730 07
(Fig. 2) by the stretched _

exponential functions PCgBM 11 0.53
f~exp(= /T’ ICBA~ 1120 0.74

EPR signal of ICBA™ at 80 K. Due to the fast spin-lattice relaxation, PC,(BM™
avoids saturation and provides large contribution to light-induced EPR signal.
The decay curves of the light-induced EPR on the PCDTBT" signal were
detected when the light was turned off (see Fig. 3). All other conditions were the
same as for light-induced EPR spectra measurement. These curves differ mark-
edly for the three composites PCDTBT/PC.,BM, PCDTBT/ICBA and PCDTBT/
PC¢BM/ICBA. The depth of the initial rapid decline (the first few tens of sec-
onds) for the PCDTBT/PCy,BM composite is much less than for the PCDTBT/
ICBA. This indicates larger effective charge mobility in the PCDTBT/PC,,BM
composite. The EPR signal decay kinetics for the PCDTBT/PCBM/ICBA ter-
nary composite has an intermediate initial decay depth and is again well approxi-
mated by the sum of the kinetics for the PCDTBT/PC.,BM and PCDTBT/ICBA
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Fig. 3 Normalized decay A

kinetics of a light-induced EPR ! -~ PCDTBT/PC,BM
signal in composites PCDTBT/ ‘ ----PCDTBT/ICBA .
PC,,BM 1:2 (black dotted line), PCDTBT/PC, BM:ICBA

weighted sum of PCDTBT/PC_BM
and PCDTBT/ICBA

PCDTBT/ICBA 1:2 (red dashed
line), and PCDTBT/PC¢,BM/
ICBA 1:1:1 (thin green line).
Weighted average (0.7:0.3) of
the decay kinetics for PCDTBT/
PC¢,BM and PCDTBT/ICBA
thick blue line. Temperature
80K, microwave power 0.2
mW, modulation amplitude 1 G
(color figure online)
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composites in weights of 0.7: 0.3, which is further confirmation of the parallel
heterojunction scenario.

3.2 Out-of-Phase ESEEM

The charge transfer state for these composites was studied by the out-of-phase elec-
tron spin echo method in a two-pulse experiment. This method was developed while
investigating light-induced photosynthetic electron transfer [21]. It was realized
that appearance of this signal is a signature of electron spin correlation within pho-
togenerated radical pair [22-24]. The dependencies of the out-of-phase ESE signal
on the interval between microwave pulses are significantly different for PCDTBT/
PC¢BM and PCDTBT/ICBA composites, see Fig. 4. In the latter case, the out-
of-phase ESE signal has the highest modulus (negative) intensity for z interval of
300 ns, and for 700 ns in the first case. The faster evolution of the out-of-phase ESE
signal in PCDTBT/ICBA indicates a greater magnitude of the magnetic interaction
between the electron and the hole within the charge transfer state than for PCDTBT/
PC4,BM. The greater charge transfer distance during thermalization in PCDTBT/
PC¢,BM composite is the likely cause of a more efficient charge separation in this
heterojunction than in PCDTBT/ICBA composite. Similar to the previous cases, the
out-of-phase ESE signal in the PCDTBT/PC¢BM/ICBA composite is well approxi-
mated by the weighted sum of the signals from the corresponding binary compos-
ites, which fits into the model of parallel heterojunctions. This implies the exist-
ence of two different CTSs at donor/acceptor interfaces of the ternary composite,
which both are spin-correlated radical pairs. However, the signal-to-noise ratio does
not allow us to accurately determine the relative contributions of these transitions to
the formation of the with charge transfer state, which can be both 0.7:0.3 (as in the
cases considered above) and 0.5:0.5. Overall, CTS dynamics in the ternary compos-
ite PCDTBT/PC¢BM/ICBA is in accordance with the model of two parallel hetero-
junctions. It is likely that CTSs in a ternary composite are generated with the same
efficiency at two parallel heterojunctions, but geminate recombination more strongly
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Fig.4 The dependence of the out-of-phase ESE signal on the delay between microwave pulses in com-
posites PCDTBT/PC¢,BM 1:2 (black dotted line), PCDTBT/ICBA 1:2 (red dashed line), and PCDTBT/
PC¢BM/ICBA 1:1:1 (thin green line). Weighted average (0.7:0.3) of the decay kinetics for PCDTBT/
PC¢,BM and PCDTBT/ICBA thick blue line. DAF =200 ns. Temperature 80 K. The curves are spaced
apart in height; they approach zero level for long 7 delays. The feature at 7=1.6 ps is caused by an unde-
sired echo from the pre-saturation pulse and the /4 pulse, which creates out-of-phase ESE (color figure
online)

reduces the yield of free charges in the PCDTBT/ICBA transition due to the shorter
initial charges separation distance. This explains the predominance of the PC,,BM™
signal over ICBA™ in the spectrum of stationary light-induced EPR, since it is exclu-
sively the separated charges that contribute to this spectrum. It is noteworthy that in
a ternary composite with the same fullerene acceptors, but with a different polymer
donor (P3HT), the molecular alloy mechanism of two acceptors is realized [20]. For
molecular alloy, the averaging of the properties of two acceptors is expected [25].
The polymer donor probably has a decisive influence on the morphology and elec-
tron-transport properties of such ternary composites.

4 Conclusions

For the first time methods of light-induced EPR and out-of-phase ESE are used to
study ternary donor—acceptor organic photovoltaic composite. For the composite
of conjugated polymer PCDTBT and two fullerene acceptors PCy,BM and ICBA
the difference of spin-lattice relaxation rate of photogenerated electrons PCq,BM™
and ICBA™ allows to distinguish their contributions to light-induced EPR spectra,
despite quite similar g factors and linewidth. The set of data, including light-induced
EPR spectra, light-induced EPR decay curves and two-pulse out-of-phase ESE
traces for ternary PCDTBT/PC,BM/ICBA composite can be reasonably approxi-
mated by the weighted average of the corresponding data for binary composites
PCDTBT/PC4,BM and PCDTBT/ICBA with the same weight proportion 0.7:0.3.
This is a strong argument for existence of two parallel donor/acceptor heterojunc-
tions in this composite, rather than molecular alloy scenario often suggested for
composites with two fullerene acceptors.
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