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Light-induced charge separation in a P3HT/
PC,;0BM composite as studied by out-of-phase
electron spin echo spectroscopyf

Ekaterina A. Lukina,®® Alexander A. Popov,”® Mikhail N. Uvarov,®
Elizaveta A. Suturina,” Edward J. Reijerse® and Leonid V. Kulik*®°

A composite material of semiconducting polymer P3HT and fullerene derivative PC;0BM was studied by
means of electron spin echo (ESE) spectroscopy. The out-of-phase ESE signal was observed under laser
irradiation of the composite at low temperature. We assume that during the charge separation process
firstly the spin-correlated radical pairs in the singlet-polarized spin state are formed, and then the net
polarization of radical pairs arises due to spin evolution. Both types of polarizations contribute to the
out-of-phase ESE signal in the case of non-ideal microwave pulses. Analytical calculation of the echo
shape for both types of initial polarization revealed that the contribution of the net polarization becomes
zero after averaging over the whole EPR spectrum of the radical pair. This behavior was experimentally
confirmed; thus the analysis of the out-of-phase ESE signal was simplified. Interspin distance
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Introduction

The field of organic photovoltaics is rapidly developing.'™
Organic solar cells have power conversion efficiencies in the
range 8-9%, the largest value obtained so far being 11.2%.°
This technology already has some commercial applications, but
the physics of organic solar cells is still not completely under-
stood. The active layer of bulk heterojunction organic solar cells
usually comprises a semiconducting polymer and a fullerene
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1 Electronic supplementary information (ESI) available: Details of analytical
calculation of time-domain echo shape for singlet and net initial polarizations,
figures showing molecular structures of P3HT and PC,,BM, in-phase and out-of-
phase time-domain echo shapes, time-evolution of the out-of-phase echo-detected
spectrum, the in-phase echo detected EPR spectrum of P3HT/PC,,BM measured
with selective microwave pulses, T; and T, signal decays, out-of-phase ESE signal
comparison of the P3HT/PC,,BM composite and Rhodobacter sphaeroides R26
photosynthetic reaction center, zero-field splitting parameters D and E of the
triplet state of fullerene™/polythiophene” as a function of the distance between
their centers and the electron spin density on fullerene /polythiophene” calculated
by quantum chemistry. See DOI: 10.1039/c6cp05389k
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distance between charges increases from 3.5 nm to 5.6 nm with an increase in Tpag.

derivative, although new promising materials appear.”*° The
key process in organic solar sell operation is charge separation
under light illumination."™ After the active layer absorbs
light, an exciton is formed. It diffuses through the material
until it decays to the ground state or reaches the donor-
acceptor interface where the electron is transferred from the
polymer to the fullerene. Thus the charge transfer (CT) state is
formed. Hereafter the CT state separates into free charges with
a quantum yield of almost unity for many polymer/fullerene
blends."*"™ Due to the low dielectric constant of organic
materials (about 3-4)'® the Coulomb attraction in the CT state
is much higher than the room temperature thermal energy. The
understanding of the charge separation mechanism at organic
donor/acceptor interfaces still remains a challenge."””"® To
address this problem knowledge of the structure and properties
of the charge-transfer state is required.

Studies dealing with the properties of the short lived charge
transfer state in polymer/fullerene systems are scarce. The
methods of choice usually are optical spectroscopy'®*° and
time-resolved EPR.*>' > Time-resolved EPR experiments showed
that the CT state is a spin-correlated radical pair (SCRP). The
comparison of time-resolved EPR spectra of polymer/fullerene
composites and photosynthetic reaction centers revealed that
these systems exhibit similar spectra and therefore the charge

Phys. Chem. Chem. Phys., 2016, 18, 28585-28593 | 28585


http://crossmark.crossref.org/dialog/?doi=10.1039/c6cp05389k&domain=pdf&date_stamp=2016-10-04

Paper

separation mechanisms are supposed to be similar.>®> Recently
a powerful tool for spin-correlated radical pair studies - out-of-
phase electron spin echo (ESE)*®*° - has been applied to the
benchmark composite of poly(3-hexylthiophene) (P3HT) and
fullerene derivative [6,6]-phenyl-Ce;-butyric acid methyl ester
(PC6oBM).>" It was shown that the charge transfer state should
be described by the distribution of the distance between
radicals rather than a fixed distance.">*" Also the delocalization of
positive charge over several monomers in the polymer chain,**?
which is supposed to be an important Coulomb attraction reducing
mechanism,** should be taken into account. Theoretical
consideration of ESE of P3HT'/PCsBM ™~ radical pairs revealed
that not only singlet-polarized radical pairs but also radical
pairs with a net polarization of individual spins can contribute
to ESE.>**° This polarization is supposed to be acquired due to
spin evolution during primary charge separation steps. Another
possible contribution to time-resolved EPR and ESE signals is
the transfer of the net polarization from the SCRP to the third
(observer) spin. In the case of the P3HT/PC4,BM blend the
P3HT" or PC4,BM ™ radicals localized in energy traps can act as
the observer spins. The net electron spin polarization transfer
can be caused by several mechanisms.?”*®* Among them are (i)
the interplay between Zeeman interaction, spin-spin exchange
and dipolar coupling in the three-spin system radical pair/
observer spin and (ii) doublet-triplet interaction between the
observer spin and the triplet that may be formed by radical pair
recombination or by intersystem crossing from a singlet exciton.
These effects complicate the analysis of time-resolved EPR
spectra and in-phase ESE, but usually their influence on out-
of-phase echo is not significant.*®

Here we report on the out-of-phase ESE study of a bench-
mark composite, containing the polymer P3HT used in the previous
study® with a different fullerene derivative [6,6]phenyl-C,,-butyric
acid methyl ester (PC,,BM) (molecular structures are shown in
Fig. S1, ESIf). PC,,BM is a popular fullerene acceptor, widely
used in organic photovoltaics.’™** Its anion has a wide EPR
line**™** that simplifies the spin echo shape in the time domain
whereas the narrow EPR signal of PC¢cBM~ complicates the
time-domain ESE shape.*"

In this work we measured the out-of-phase ESE envelope
modulation (ESEEM) trace at different times after the laser
flash and observed the evolution of the charge transfer state.
We determined the interspin distance distribution using the
modified model previously proposed for P3HT/PC¢BM.?' In
addition we showed that the contribution of the net polarization
to the out-of-phase echo can be caused by partial selectivity of
microwave pulses (non-uniform excitation of the EPR spectrum),
and that this contribution disappears after averaging over the
whole EPR spectrum of the system.

Theory
Analytical calculation of out-of-phase echo intensity

The Hamiltonian of the radical pair comprises Zeeman inter-
actions of both spins with the external magnetic field and the
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magnetic interaction between the spins in the radical pair
(eqn (1))

H = 0,81, + 0,8, + ['$1,55,, »

where w, = g18B, and w, = g,B, are the resonance frequencies
of the two radicals, forming the radical pair (g; and g, are the
corresponding g-factors, f§ is the Bohr magneton, and B, is the
external magnetic field); I is the magnetic interaction between
them (the sum of exchange and dipolar interactions). We
assumed the weak coupling limit |w; — w,| > T.

The calculation of the echo shape for the pulse sequence
o-t-1-(t + t) (Scheme 1) was performed in the rotating frame
using the product operator formalism. The first microwave
pulse with length ¢, and nominal flip angle o was considered
as non-ideal, meaning that the magnetization is rotated around
an effective field B¢, which is determined for each radical as
Begt) = (B1,0,By — wo/gif}), where B, is the amplitude of the
microwave field, w, is the frequency of the rotating frame (the
microwave frequency), g; is a g-factor with index 7 equal to 1 or
2, denoting the radical in the pair, ¢; is the angle between Begj)
and By; in the case of ideal pulses it equals ©/2 meaning that
the magnetization is rotated around B; under the resonance
condition. In the case of non-ideal pulses the magnetization
of an individual spin is rotated around the corresponding
effective field by an angle o; = «|Beg)| /By The interaction between
radicals during the first microwave pulse was neglected.

The second microwave pulse was supposed to be ideal, non-
selective, and having zero length. The assumption of ideality of
the second microwave pulse does not affect the resulting ESE
intensity significantly. However, the calculation becomes
lengthy with a non-ideal second pulse. We also assumed that
the charge recombination and diffusion rates are slow at a low
temperature, ie. their characteristic times are much longer
than the ESE experiment duration 27, therefore all relaxation
effects were neglected.

The calculation of echo shapes was performed with initial
density matrices p(0) = S1,S,, and p(0) = Sy, describing singlet
RP and RP with a net polarization of spin 1, respectively. Note
that the term proportional to the unity matrix is omitted in p(0).
The detailed calculation of the echo intensity can be found in
the supporting information.

For singlet initial polarization the out-of-phase echo shape
contains both the classical out-of-phase signal®®*® proportional
to sin I't and also a signal proportional to cos I't. But at time 2t
after the first microwave pulse (¢ = 0) only the signal proportional
to sin I't remains non-zero:

p ESE

Scheme 1 Pulse sequence used in the calculation.
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SSORP(7) oc [sin @4 sinoy(sin® @, cos a, + cos® @,)
+ sin @, sin ay(sin® @, cos ay + cos® @,)Jsin 't (2)

In the case of ideal pulses (meaning ¢, = ¢, = m/2) this
expression coincides with that reported elsewhere for weakly
interacting spin-correlated radical pairs.>®*®

We calculated the echo shape for the net initial polarization
of spin 1 with the same spin-Hamiltonian (eqn (1)) and
obtained that this polarization also produces an out-of-phase
ESE signal. At time ¢ = 0 this signal exhibits cos I't dependence
which is unusual for the out-of-phase echo:

53¢ oc sin g, cos py(cosoy — 1)cos I't (3)

This contribution to ESE complicates significantly the determination
of the interspin distance in spin-correlated radical pairs from
the out-of-phase ESEEM, because this procedure is based
entirely on the assumption of sinI't dependence of the ESE
intensity.*®*® However the term

. By — if)B
sin @; cos ; = (Bo — wo/gif) By (4)

(By — wo/giff)*+ B2

is antisymmetric with respect to (By — wo/g;f3), while the term
(cos o; — 1) is symmetric. Therefore after averaging over the whole
EPR spectrum of the system this signal becomes zero. This is also
valid for arbitrary single-spin polarization p(0) = p1S;, + p»Ssz-

Thus, in the case of a complex, non-pure singlet initial
polarization of radical pairs and non-ideal first microwave
pulse, averaging the signal over the whole EPR spectrum of
the system will suppress the contribution of the net spin
polarization to the out-of-phase ESE. A similar result was
recently obtained by numerical modeling for specific initial A/E
(absorption/emission) polarization corresponding to p(0) = Sy, —
S,,.>® The singlet spin-correlated radical pair out-of-phase echo does
not disappear after field averaging. Its amplitude is proportional to
sinI't and can be used to determine the interspin distance by
modeling its dependence on .

Experiment
Sample preparation

Regioregular P3HT and PC-,BM were purchased from Sigma Aldrich
and used without further purification. P3HT and PC,,BM (weight
ratio 1:1) were dissolved in chlorobenzene and mixed using an
ultrasonic mixer QSonica Microson XL2000. Several freeze-pump-
thaw cycles were performed, after which the solvent was evaporated
and the sample tube (0.d. 5 mm or 3 mm) was pumped. Samples
were annealed at 10”2 Torr and 150 °C for about 10 minutes.

Zn-Substitution of reaction centers of Rhodobacter sphaer-
oides R26 was performed as described in ref. 47. 60-70% v/v
final concentration of glycerol was added to protect the sample
(quartz tube 4 mm o.d.) from breaking upon cooling.

Pulse EPR experiment

EPR measurements were performed on an X-band EPR spectro-
meter Bruker ELEXSYS E 580 at the Voevodsky Institute of
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Chemical Kinetics and Combustion, Novosibirsk, Russia. An
ER4118X-MD-5W1 dielectric resonator inside an Oxford ESR
900 cryostat was used. The temperature was set using an Oxford
ITC 503 temperature controller and additionally monitored
using a Bruker ER4131VT device. A temperature of 65 K was
achieved by liquid nitrogen overpumping. In some experiments
continuous light irradiation using a halogen lamp was used to
observe the light-induced EPR signal in thermal equilibrium.
The short-lived CT state in the P3HT/PC,,BM composite was
created by second harmonic flashes of a Surelite-10 Nd:YAG
laser with wavelength 532 nm, flash duration 10 ns, repetition
rate 10 Hz, and the incident light intensity on the sample of
about 0.6 m]J.

Some measurements were performed at the Max Planck
Institute for Chemical Energy Conversion, Mulheim an der Ruhr,
Germany, on an X-Band pulse EPR spectrometer Bruker ELEXSYS
580, equipped with an Oxford Instruments CF935 cryostat, an ER
4118X-MS3 split-ring resonator and an ITC4 temperature controller.
The temperature was set using liquid helium. Light excitation was
realized using an Innolas laser system (532 nm, flash duration 5 ns,
repetition rate 10 Hz, 1 m]J light intensity reaching the sample).

After the laser flash and a delay Thar (DAF - delay after flash)
the two-pulse microwave sequence a—-1-n-t-echo was applied to
generate the ESE signal. The nominal duration of the non-
selective microwave pulses was set to 8 ns and 16 ns, and their
amplitude was optimized to maximize the out-of-phase ESE
intensity. It should be noted that the real duration of the pulses
is shorter due to the finite rise-time of the microwave field in
the resonator. Therefore, the turning angle of the first non-
selective pulse was smaller than n/2 (approximately equal to
n/4). This is important for producing out-of-phase echo, since it
has zero intensity if the turning angle of the first nonselective
pulse exactly equals n/2.>®*® In order to suppress resonator
ringing and the free induction decay caused by the second
microwave pulse a two-step phase cycling was applied, i.e. the
measurements with positive (+x) and negative (—x) signs of the
first microwave pulse were subtracted one from another.

The signal at long Tpar = 99 ms was attributed to long-living
species in thermal equilibrium. Therefore this signal was
considered as the background and subtracted from the signals
at shorter Tpar in order to obtain the flash-induced signal.

During the measurements of the signal evolution with
increasing delay between the microwave pulses (ESEEM experiment)
a reproducible variation of the ESE phase of instrumental origin was
observed. This effect was compensated for by recording the t
dependent phase profile at Tphar = 99 ms and correcting the signals
at smaller Tpar with the inverse phase profile. Special care was taken
to avoid the irreproducible drift of the ESE phase caused by the drift
of the resonator temperature. For this reason the temperature was
stabilized at least for 3 hours before measurements. Very similar
out-of-phase ESEEM traces were observed using different spectro-
meters (at Novosibirsk and Muelheim an der Ruhr).

Quantum chemical calculation

We used the ORCA 3.0*® quantum chemistry computational
package for all calculations. The geometry of thiophene polymer
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chains was optimized using the BP86 functional,*>*® with
Ahlrichs polarized basis set def2-TZVP>'>* and Grimme’s dispersion
correction D3.°*°> The resolution of the identity approximation
was employed with the auxiliary basis set def2-TZVP/J in order to
speed up the calculations.’®

Spin-spin contribution to the zero-field splitting of the triplet
state of the radical pair was computed using pure (BP86/def2-
SVP) and hybrid (TPSSh/def2-SVP) functionals with the localized
orbital approximation that gives similar results to the restricted
orbital approximation.”” Both functionals give similar results for
D and E values as a function of the distance between the center of
the polythiophene chain and the center of the fullerene.

Results
Time-domain echo shape

The in-phase and out-of-phase time-domain echo shapes of the
P3HT/PC,,BM composite were analyzed. Fig. S2 and S3 (ESIf)
show the signals measured with Tpar 300 ns and 99 ms and
their difference corresponding to the flash-induced signal at
7 = 120 ns and 400 ns, respectively. The in-phase echo is bell-
shaped for both 7 values in contrast to the complicated echo
shape observed previously for the P3HT/PC¢,BM composite.*!
An integration gate of 80 ns centered at the maximum of the
in-phase echo was chosen for further experiments.

The out-of-phase echo shape at Tpar = 99 ms weakly oscillates
while the integrated echo intensity is almost zero for both
7 values. At Tpar = 300 ns the signal at 7 = 120 ns exhibits a
non-symmetric oscillation giving a small positive signal upon
time-domain integration; at T = 400 ns a negative signal related
to the spin-correlated radical pair contribution appears.

Echo-detected EPR spectra

We measured field swept spectra of the P3HT/PC,,BM compo-
site with delays Tpar = 300 ns and 99 ms between the excitation
laser flash and the microwave pulse sequence. Spectra of P3HT"
and PC,,BM™ strongly overlap due to the small difference in
g-values. However, a small shoulder at the low field side can be
identified as part of the PC,,BM ™~ spectrum (Fig. 1a).**"** The
in-phase flash-induced spectrum has emissive polarization in
low fields and very weak absorptive polarization in high fields,
similar to previously observed flash-induced spectra in composites
of semiconducting polymers and fullerenes.”>*"

In the imaginary parts of the spectrum at Tpar = 99 ms the
signal is approximately zero (Fig. 1b). At Tpsr = 300 ns a
negative signal appears. We ascribe this signal to the spin-
correlated radical pair charge transfer state formed during the
charge transfer process. Evolution of this signal with increasing
delay Tpar between the laser flash and the microwave pulse
sequence is shown in Fig. S4 (ESIf). The spectrum decays
uniformly, without any shape changes.

With the selected microwave pulses the absorptive peaks at
the higher field in the real part of the spectrum can be seen
more clearly (Fig. S5, ESIT) and the out-of-phase signal disappears
(data not shown).
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Fig. 1 In-phase (a) and out-of-phase (b) echo detected EPR spectra of

P3HT/PC;0BM measured at 40 K with Tpar = 300 ns and 99 ms and the
flash-induced signal determined as their difference (green, black and red
lines respectively). A two-pulse microwave sequence with nonselective
pulses and t = 340 ns was used.

Transient nutations

In order to verify that the out-of-phase ESE signal corresponds
to a spin-correlated radical pair, we recorded the spin nutations
for both ESE phases using a three-pulse sequence with a varied
length of the first pulse. After a 1 us delay a two-pulse sequence
with nonselective pulses and t = 280 ns was applied for
detection. Fig. 2a and b shows the oscillations of the flash-
induced signal both in real and imaginary parts of the spectrum.
In order to determine the nutation frequency the Fourier
transformation was applied (Fig. 2c and d). The time-domain
was pretreated with a Gaussian window function of width 0.3 ps
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Fig. 2 In-phase (a) and out-of-phase (b) nutation signal of P3HT/PC;oBM.

Flash-induced signals (difference between measurements with Tpar =
300 ns and 99 ms) are shown. A three-pulse microwave sequence was
used: the length of the first microwave pulse was varied and subsequently
a two-pulse detection sequence with nonselective pulses and t = 280 ns
was applied after the 1 us delay. Measurements were done at the maximum
of the out-of-phase signal (g = 2.0033) at 80 K temperature. The Fourier
representation of the in-phase and out-of-phase nutations is presented in
panels (c) and (d) respectively.
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and subsequently zero-filled to 256 points. This analysis
revealed that the out-of-phase ESE oscillation frequency is twice
as high as that of the in-phase ESE. This situation corresponds
to a spin 1/2 for the in-phase signal and two magnetically
coupled correlated spins 1/2 for the out-of-phase signal®*®
proving our previous suggestion.>’ Note that a similar double
frequency nutation (quantum beats) was previously observed in
a reaction yield detected magnetic resonance (RYDMR) experi-
ment under spin-locking conditions, and also was consistently
explained within the SCRP framework.**

Spin relaxation times

We measured relaxation times at 65 K both in the dark and
under continuous light illumination by a halogen lamp. T, was
determined from the ESE decay as a function of the delay
between the microwave pulses in the two-pulse sequence o—7-.
The light-induced signal decays monoexponentially meaning
that the 7, decay times of P3HT" and PC,,BM ™ are close to each
other and equal approximately 1.5 ps (Fig. S6, ESIt). This time
is almost twice as long as the T), relaxation time reported for the
ESE signal generated by laser flashes in the P3HT/PCq,BM
composite.>"*® The dark signal decay with a characteristic decay
time of 3.5 ps is much longer than that of the light-induced signal
(Fig. S6, ESIt) and cannot be described by exponential decay. The
increase of the relaxation rate under light illumination can be
caused by a high concentration of radicals.

T, was determined from the inversion-recovery experiment with
a pulse sequence m-T-r/2-7-r. The distribution of T relaxation
times is wide, and for light-induced signals there are components
with decay times 1.5 ps, 7 ps, 50 ps and 350 ps (Fig. S7, ESIt). The
T, relaxation time of the dark signal is almost twice longer, and
components with decay times 2.5 s, 10 ps, 100 ps and 700 ps are
present (Fig. S7, ESIt). We attribute the wide distribution in
longitudinal relaxation times to the strong heterogeneity of the
composite and the presence of energetically distributed traps.

The relaxation time and lifetime of flash-induced species
were estimated from measurements of ESE evolution with the
increase of Tpar. The signal in the real part of the spectrum has
an initial rise with a characteristic time of about 2 ps (Fig. 3).
We tentatively attribute it to the spin-lattice relaxation of
some fraction of flash-generated CT states. The real part
Tpar-dependence also has the slow decaying component with
characteristic time 30 ps, presumably corresponding to charge
recombination. The signal in the imaginary part lives for about
9 ps, which is appreciably longer than that in P3HT/PC¢,BM at
65 K.*! This time is the estimation of the charge-transfer state
lifetime in P3HT/PC,,BM.

Out-of-phase ESEEM

We measured the dependence of the out-of-phase ESE signals
on the delay between the microwave pulses for several Tpar
values (300 ns, 1.3 ps, 3.3 s, 99 ms).

The out-of-phase ESE decay measured at the center field
(g = 2.0033) (Fig. 4, left) is positive at the smallest t values,
which contradicts the model for the out-of-phase echo of pure
singlet radical pairs.>® We therefore assume that the initial spin
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Fig. 3 Signal evolution (upper plot — Re part, lower — Im part) with
increasing delay between the laser flash and the microwave pulse sequence.
Measurements were done at 65 K at the maximum of the out-of-phase
signal (g = 2.0033). The red line represents the bi-exponential fitting with
characteristic times 2 us and 30 ps for the Re part and the exponential fitting
with time constant 9 ps for the Im part.

state of the P3HT'/PC,,BM radical pair does not have a pure
singlet character. Presumably the charge transfer is step-wise,
and the primary radical pairs are short-lived; we therefore
propose that the radical pairs observed in the ESE experiments
are formed after several steps of charge separation, during
which the spin polarization is changed.>® We assume that the
ESE signal is formed by spin-correlated radical pairs in which
polarization is a superposition of the initial singlet state p(0) =
S1,55, and the net polarization p(0) = p;Si; + p»Ss,, acquired
during spin evolution.*

According to the analytical calculation of the echo intensity
described above the contribution of the net polarization to the
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Fig. 4 Out-of-phase (Im) echo evolution with increasing delay between
the microwave pulses recorded for different Tpar values at 65 K temperature.
Left-side plots were measured at the maximum of the P3HT/PC,oBM out-
of-phase signal (g = 2.0033); right-side plots represent the field-averaged
signal. The red line shows simulation using egn (6) with distance distributions
shown in Fig. 5.

Phys. Chem. Chem. Phys., 2016, 18, 28585-28593 | 28589



Paper

out-of-phase ESE disappears upon averaging over the whole
EPR spectrum of the system. This behavior was verified experi-
mentally by averaging the out-of-phase echo evolutions over the
12 G magnetic field range symmetric with respect to the
maximum of the out-of-phase echo-detected EPR spectrum.
The averaging was done in steps of 0.5 G. After this procedure
the non-zero signal at the smallest t values disappeared and
the remaining slow negative component is attributed to the
classical out-of-phase signal of singlet radical pairs (Fig. 4,
right). The sign of the first oscillation of the out-of-phase echo
in the P3HT/PC,,BM composite coincides with that of the
well-known photosynthetic bacterial reaction center (Fig. S8,
ESIT). This was checked by setting the ESE phase for both
samples such that the signal under continuous light illumina-
tion is in-phase and absorptive-polarized; the out-of-phase
signal is zero in this case. Subsequently, the evolutions of
the flash-induced out-of-phase echo with increasing delay
between the microwave pulses at Tpar = 300 ns were recorded.
For both samples the first out-of-phase ESE oscillation is
negative. This fact confirms the previously reported similarity
between the charge separation process in semiconducting
polymer/fullerene blends and photosynthetic reaction centers.”
This also implies that the out-of-phase ESEEM for both
systems is dominated by the dipolar rather than the exchange
interaction.

The flash-induced out-of-phase ESEEM in the P3HT/PC,,BM
composite has a minimum at a 7 of about 400 ns at Tpar =
300 ns. With the increase of the delay between the laser flash
and the microwave pulse sequence we observed a slight shift of the
minimum to longer t values; also signal evolution slows down.
This behavior corresponds to an increase of the distance between
the radicals, thus enabling charge separation kinetics analysis.

Discussion
Possible origins of the in-phase ESE signal

Since EPR spectra of P3HT' and PC,,BM strongly overlap,
unambiguous assignment of the flash-induced emissive in-
phase ESE signal seen in Fig. 1a cannot be done. It is possible
that spins of both radicals have a net emissive polarization. The
net polarization can be formed within the P3HT'/PC,,BM™
SCRP via the ST_ mechanism in the case of J < 0 or via the
ST, mechanism in the case of / > 0 at the initial stage of charge
separation, when the strength of the exchange interaction
between the radicals is comparable to Zeeman splitting. Some
hints for positive J in polymer/fullerene systems were obtained
by Kobori et al.***® The sign of polarization depends on the
initial state and recombination rates for singlet and triplet
states of the radical pair.®?

Alternatively, the emissive ESE signal can originate from the
spins of trapped radicals, either P3HT" or PC,,BM, if charge
separation occurs in their vicinity. Such an effect was observed
in an artificial donor-acceptor-observer system, in which reversible
light-induced charge separation with SCRP formation occurs in the
donor-acceptor subsystem, and non-equilibrium spin polarization
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is partly transferred to the observer spin (stable nitroxide radical).®
Interestingly, enhanced emissive polarization of the nitroxide spin
was observed for this case.

The third possible mechanism is the transfer of polarization
to the spins of trapped radicals from triplet excitons. Previously,
this was observed in time-resolved EPR experiments on chloranil
crystals, in which the electron spins of paramagnetic defects were
emissively polarized upon laser excitation due to interaction with
triplet excitons.®* However, no triplet EPR signal is detected in
ESE and time-resolved EPR experiments on the P3HT/PCBM
composite. Therefore, for the system under study this mechanism
is unlikely.

Interestingly, dominating net emissive polarization was
obtained in time-resolved EPR experiments on PCDTBT/PCg,BM
and PTB7/PC¢,BM composites® and in ESE experiment on the
P3HT/PC¢,BM composite.>! Thus, the net emissive polarization
of light-induced radicals seems to be a general feature of polymer/
fullerene blends, although its origin is unclear at present. A more
detailed study is needed to clarify this issue.

Out-of-phase ESEEM modeling

To simulate the T dependence of the ESE we modified the model
proposed for the P3HT/PCqoBM composite.>" The parameters of
the dipolar interaction tensor required for spectral modeling
were obtained from quantum chemical calculations. To simplify
the calculation we represented PC,,BM by a Cg, molecule
and P3HT by an 18 unit polythiophene chain without hexyl
substituents. It is known that PC,,BM has three isomers*® and
for all of them the electron spin density of the anion-radical was
found to be non-symmetric in contrast to PCeoBM.*> However
the peculiarities of the electron spin density distribution on
PC,oBM™ are not essential, because the orientation of the full-
erene molecule with respect to the polymer chain is random and
therefore all peculiarities will average out.

The DFT calculations were performed for the first triplet state
of the fullerene™/polythiophene” pair. The total spin population
on the fullerene™ is the same as that on the polythiophene’ (0.5)
for distances larger than 10 A, and the sum of Mulliken charges is
+1 on polythiophene and —1 on fullerene, corresponding to the
charge transfer state. The values of the zero field splitting
parameters D and E were calculated as a function of distance
between the centers of fullerene and the polythiophene chain
(Fig. S9, ESIt). Fig. S10 (ESIt) shows an example of the calculated
electron spin density on the P3HT'/PC,,BM ™~ radical pair at a
distance of 3 nm between the fullerene molecule and the
polymer chain.

When the zero field splitting parameters D and E of the
dipolar interaction tensor are known, the dipolar frequency can
be calculated:

2D
wp =21 (T(l —3cos?0) + 2Esin” 0 cos go) (5)

where 6 and ¢ are, respectively, the polar and azimuthal angles
of the magnetic field B, in the reference frame determined by the
principal axes of the D tensor. We assume that wp is constant
during the t dependence measurements, i.e. charge hopping is
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slow on the experimental timescale. Also a distance distribution
G(r) is taken into account because of the intrinsic disorder of bulk
heterojunction blends. Within this model the out-of-phase ESE
intensity M,(t) can be calculated by averaging over the distance
distribution and orientation angles of the system with respect to
the external magnetic field:

M, () = e’ZT/TZJG(r) (Jsin[wp(ﬁ, @, r)1]sin 0d6d(p) dr (6)

Eqn (6) is valid for arbitrary shape of the EPR spectrum of
the spin correlated radical pair if it is excited uniformly by
microwave pulses. T, = 2 ps was estimated from the in-phase
echo decay of the ESE signal at Tp,r = 99 ms (data not shown).
Small variations of T, do not change the resulting interspin
distance distribution significantly.

As the distance distribution G(r) we used a simple model
function consisting of two halves of Gaussian distributions:
G(r) = exp(—(r — ro)*/a®) for r < ro, G(r) = exp(—(r — r,)*/b) for
r > r,. Previously the same distance distribution was employed
in the study of the P3HT/PCe,BM composite.”’ A similar
distribution was used in ref. 19. The Gaussian shape of the
distribution is an assumption necessary to simplify fitting,
but the model is very sensitive to the position and width of
the distribution, therefore the function is not essential. The
modeling was done for different T values: 300 ns, 1.3 ps, 3.3 pis.

The fitting was performed for the field-averaged spectra and
the interspin distance distribution with the same parameters
was applied to describe the signal measured in the center field
(Fig. 4). The obtained parameters are listed in Table 1. The
center field and field averaged out-of-phase ESEEM spectra
differ only for short t values (less than 200 ns). This is in
agreement with the fast decay of the out-of-phase ESE originating
from the net polarization of radical pairs.*® In principle, according
to eqn (6), sharp ESEEM features at small 7 values can be caused
by P3HT'/PC,,BM~ SCRPs with small interspin distances below
2 nm. However, such radical pairs would also produce significant
broadening of the time-resolved EPR spectrum of the P3HT/
PCBM blend, which was not observed.?’ Analysis of time-
resolved EPR linewidth allows the estimation of the lower limit
of the charge separation distance of 2.5 nm for the P3HT/
PCoBM blend,> and a similar limit is expected for P3HT/
PC,oBM. This also justifies the use of the weak spin coupling
limit used here for modeling ESEEM traces of P3HT'/PC,,BM .
As can be deduced from Table 1, for the majority of the radical
pairs the strength of the dipolar interaction is weaker than 0.5 G,
which is much smaller than the width of the EPR spectrum of
P3HT'/PC,,BM . Thus, although the EPR spectra of P3HT" and

Table 1 Interspin distance distribution parameters for different Tpap
values, obtained from the simulation of out-of-phase ESEEM traces of
P3HT*/PC;0BM~

Toar To (nm) a (nm) b (nm)  Average distance, r,, (nm)
300 ns 2.1 0.3 4.5 3.5
1.3 ps 2.5 0.5 5.9 4.3
3.3 us 4 2 6 5.6
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Fig. 5 Distance distributions G(r) between the radicals in the charge

transfer state P3HT/PC,oBM™. Green, red and blue lines represent dis-
tributions at Tpar values 300 ns, 1.3 us and 3.3 ps respectively.

PC,oBM™ overlap, weak coupling condition breaks only for a
small fraction of radical pairs. A similar situation is realized for
the SCRP in photosynthetic reaction centers.”®

Fig. 5 shows that G(r) depends significantly on Tpar with the
average distance r,, between charges slightly increasing as Tpar
increases; also the distribution becomes significantly broader
with larger distances prevailing at longer Tpar values. Two
simultaneous processes presumably cause this behavior:
diffusion of the radicals from the interface and geminate
recombination of radicals that remained close to each other.
The low-temperature lifetime of the flash-induced charge-
transfer state of the order of several microseconds has been
previously measured for artificial fullerene-containing donor-
acceptor systems with a distance of 2.8 nm between the
charges.® Thus, it is likely that the decay of G(r) in the range
2-3 nm with increasing Tpar is caused predominantly by the
recombination of CT states.

Previously, the distance between the charges in the charge-
transfer state in the P3HT/PCg,BM composite was derived from
the out-of-phase ESEEM for Tpar = 280 ns and temperature
65 K.** A quite small average distance of about 1.5 nm was
obtained, which is much shorter than the distances obtained in
the present study for a very similar system P3HT/PC,,BM. This
discrepancy is most probably caused by the contribution of the
net spin polarization to the out-of-phase ESE which was not
taken into account for the case of P3HT/PCs,BM in our earlier
work.?! In view of the present results it is clear that the distance
between P3HT' and PCs,BM~ was underestimated.

Close to our present results is the distance of initial charge
separation of 3-4 nm obtained in the work of Barker et al.*’
for the P3HT/PC4,BM composite from the analysis of CT state
recombination kinetics measured by time-resolved optical
absorption spectroscopy for temperatures below 50 K. They
also measured the distance in composites of various semi-
conducting polymers and PC4,BM fullerene acceptor with different
relative amounts of donor and acceptor compounds and obtained
almost the same results for all composites. A 4-6 nm distance
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between charges in the CT state was obtained by Gelinas et al.
at 4 K for the organic BHJ composite consisting of a semi-
conducting small molecule compound p-DTS(FBTTh,), and
fullerene PC,,BM using time-resolved optical electro-absorption
spectroscopy on a sub-nanosecond time scale.”® For both helium
and room temperature a very fast initial charge separation step to
the distance of about 4 nm was observed, with further moderate
increase of this distance.’’ Thus, although charge separation
kinetics at donor-acceptor interfaces appears to be complicated,
our present results implying initial charge transfer over an
appreciable distance of several nanometers are in good agreement
with literature data.

Conclusion

The analysis of the out-of-phase ESE signal and transient
nutation measurements confirm the spin-correlated nature of
the P3HT'/PC,,BM~ charge transfer state. The signal decay
with increasing delay Tpar revealed the estimation of the
charge-transfer state lifetime of 10 ps at 65 K. The in-phase
ESE signal of P3HT'/PC,,BM ™ is caused by an admixture of the
net emissive electron spin polarization. The out-of-phase
ESEEM is affected by this net polarization to a certain extent
if microwave pulses are not completely nonselective. Analytical
calculations of the out-of-phase ESE intensity and shape
showed that the contribution of the net polarization becomes
zero after averaging over the whole EPR spectrum of the system,
while the contribution of the pure singlet spin state to ESE
remains nearly unaffected. This behavior was experimentally
confirmed. From numerical simulation of the singlet radical
pair ESE evolution we obtained the distribution of the distance
between the radicals in the CT state of P3HT'/PC,,BM . With
increasing Tpar from 300 ns to 3.3 ps this distribution becomes
significantly broader and the average distance between charges
increases from 3.5 nm to 5.6 nm, respectively. Two simultaneous
processes are assumed to determine this behavior: diffusion of
the radicals from the interface and geminate recombination of
radicals that remained close to each other.
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