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Singlet fission (SF) is expected to exceed the Shockley—Queisser theoretical limit of efficiency of organic
solar cells. Transport of spin-entanglement in the triplet—triplet pair state via one singlet exciton is
a promising phenomenon for several energy conversion applications including quantum information
science. However, direct observation of electron spin polarization by transport of entangled spin-states
has not been presented. In this study, time-resolved electron paramagnetic resonance has been utilized
to observe the transportation of singlet and quintet characters generating correlated triplet—triplet (T +
T) exciton-pair states by probing the electron spin polarization (ESP) generated in thin films of 6,13-
bis(triisopropylsilylethynyl)pentacene. We have clearly demonstrated that the ESP detected at the
resonance field positions of individual triplet excitons is dependent on the morphology and on the
detection delay time after laser flash to cause SF. ESP was clearly explained by quantum superposition of
singlet—triplet—quintet wavefunctions via picosecond triplet-exciton dissociation as the electron spin
polarization transfer from strongly exchange-coupled singlet and quintet TT states to weakly-coupled

spin-correlated triplet pair states. Although the coherent superposition of spin eigenstates was not
Received 1st October 2019 directly detected. th tint tati f th . lati f th ted T + T it .
Accepted 30th December 2019 irectly detected, the present interpretation of the spin correlation of the separate exciton pair
may pave new avenues not only for elucidating the vibronic role in the de-coupling between two

DOI: 10.1039/c95c04949¢ excitons but also for scalable quantum information processing using quick T + T dissociation via one-
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photon excitation.

Introduction

Recent remarkable advances in organic materials of organic
semiconductors have achieved power conversion efficiencies
(PCE) close to 17% (ref. 1-3) for single junction organic solar
cells (OSCs), although the PCE is still lower than the recent
developments of 22-23% in solar cells employing organolead
halide perovskites.* Solid-state organic thin films composed of
electron donor (D) and acceptor (A) organic materials have been
utilized for generating photocarriers from the photoactive layer
of OSCs.” Singlet fission (SF)® is expected to exceed the Shock-
ley-Queisser theoretical limit” with PCE ~ 33% because two
separated triplet excitons (T + T) can be produced from one
excited singlet state (S;S,) sharing its excitation energy with
a neighboring ground-state chromophore.® Subsequent two
charge-separation (CS) processes® at the D:A domain interface
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after individual triplet-exciton diffusion may boost the photo-
current density of OSCs in the solid state. Application of SF-
induced triplet generation is also promising for boosting the
organic light emitting diode (OLED) efficiency." Several studies
clarified the initial multiexciton (TT in Fig. 1) generation
mechanism from the S;S, state.**""” More importantly, eluci-
dation of the TT — T + T dissociation mechanism is highly
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Fig. 1 Schematic representation of the spin-correlated triplet pair
(SCTP) state of “*5(T + T) generated by the SF in thin films of TIPS-Pn
by the triplet energy transfer via the TT state.
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desired. Dissociation time constants ranging from sub-
picosecond to microsecond regions are reported.'*> However
little is known about how the T + T dissociation or the decou-
pling*>'®** occurs from the strongly coupled TT state.

In Fig. 1, the strongly coupled singlet TT state is known to be
initially generated from the S;S, state. Generation of the quintet
state in the triplet-triplet pair'”*>****% has been reported and is
thought to be essential for preventing the loss of the SF-born
multiexciton through the singlet channels. Using the time-
resolved electron paramagnetic resonance (TREPR) method
for TIPS-tetracene thin films, Weiss et al.?® characterized the SF-
induced strongly-coupled quintet of *(TT) in Fig. 1. Quintet
electron spin polarization (ESP) was detected as the microwave
absorption (A) and emission (E) in *(TT) for frozen aggregates of
SF-materials.”® ESP was interpreted using the sublevel-selective
quintet conversion by the zero-field splitting (ZFS) interaction at
the singlet-quintet level-crossing in the presence of negative
exchange coupling (/) during triplet exciton-diffusion and
subsequent re-encounter in the highly disordered region,
causing modulation of the j-coupling to result in spontaneous
’(TT) generation.” Interestingly, transport of spin-entangled
multiexcitons®***?** by the dissociative exciton diffusion has
been observed using ultrafast transient absorption imaging of
pentacene crystals** and by the magnetic field effect on the
fluorescence time-profiles. Although such transportation of
spin-entanglements is key to elucidate the dissociation mech-
anism and to apply in quantum information science,*** no
direct evidence for the transportation of spin-entanglements
has been found in the separated T + T state with the singlet
and quintet characters.

The present study thus focuses on how spin-entanglements
develop and affect the direct TREPR detection of the T + T
state. As shown in Fig. 1, when the triplet excitons are separated
from each other to result in a negligible magnitude of exchange
coupling (J = 0), spin correlations in the triplet-triplet pair may
occur to induce diagonalized nine spin-states as the quantum
superpositions of the singlet-triplet-quintet character through
the spin-spin dipolar couplings of individual triplet species.
This is quite similar to the spin-correlated radical pair (SCRP)
model**#**¢*> in the photoinduced long-range charge-
separation system generated by singlet or triplet precursors,
causing the superpositions of the singlet-triplet characters
when the J-coupling is small in the radical pairs. We herein
demonstrate that the transportations of the SF-induced *(TT)
and '(TT) characters can be distinguished on the T + T disso-
ciation using the ESP of the correlated T-T state by applying
TREPR  spectroscopy to thin films of 6,13-bis(-
triisopropylsilylethynyl)pentacene (TIPS-Pn).

Methods

Chemicals and sample preparation

TIPS-Pn (Sigma-Aldrich) was used as received without further
purification. 60 pL of 60 mM TIPS-Pn solution in chloroform
was spin-coated on thin cover-glasses of 1 cm? size using a spin
coater (Mikasa MS-A100) with two different spinning rates of
300 rpm and 2000 rpm for 120 and 30 seconds, respectively.

This journal is © The Royal Society of Chemistry 2020
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Each fabricated thin film was manually cut within a medicine
paper to produce many small films of ca. 0.3 mm? and they were
placed in EPR sample tubes with a 5 mm diameter. EPR tubes
containing small pieces of films produced with different spin-
ning rates are shown in Fig. S1 of the ESL{*' This quantity of
powder-like samples ensured an optical density of ca. 1 by the
532 nm laser and powder-pattern EPR analyses for the fabri-
cated thin films, because the laser irradiation spot area was ca.
10 mm? which is much larger than one cut piece of the film. The
films were then deaerated using a vacuum line under a vacuum
pressure of 10 ° Pa to remove solvent and oxygen in the films.
Nitrogen gas was then introduced into the tube through the
vacuum line to ensure the film temperature for the EPR
measurements.

Time-resolved EPR measurements

The X-band TREPR measurements were carried out using
a Bruker EMX Plus system without using field modulation, as
reported previously.** The microwave power was 1.0 mW. Light
excitations were performed by the second harmonic (532 nm) of
a Nd:YAG laser (Continuum, Minilite II, fwhm ~5 ns with 0.5 mJ
mm™?). A laser de-polarizer (SIGMA KOKI, DEQ 1N) was placed
between the laser exit and the microwave cavity. Temperature
(80 K) was controlled by a cryostat system (Oxford, ESR900)
using liquid nitrogen as the cryogen with a temperature
controller (Oxford, ITC5035S).

Results and discussion
TIPS-Pn film morphology

Fig. 2 shows ground-state absorption spectra of the as-spun
blend films. The absorbance obtained for each film was
normalized by the strongest band intensity in the spectrum.
When the spinning rate was high at 2000 rpm, the spectrum
shape was similar to a TIPS-Pn solution spectrum, although the
band widths were slightly broader in the film than in solution,
indicating a weak chromophore interaction to form disordered
morphology. On the other hand, the 300 rpm film (red line in
Fig. 2) exhibits broader band shapes with an additional 700 nm

Normalized Absorbance

0.0
500 550 600 650 700 750 800:f
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Fig. 2 Ground-state absorption spectra of as-spun TIPS-Pn thin films
prepared with the spinning rates of (a) 2000 rpm (black) and (b)
300 rpm (red), representing that disordered and self-organized
morphologies are dominant, respectively. dss represents site-to-site
separation for the stepwise energy transfer.
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band. This was explained by a strong chromophore coupling
originating between the TIPS-Pn molecules indicating that the
self-organized crystalline phase of TIPS-Pn is predominant, as
reported previously.>*~*

TREPR spectra

Fig. 3 shows the TREPR data obtained by the 532 nm-laser
excitation of the TIPS-Pc films at T = 80 K. At 0.2 us after the
laser irradiation, an A/E/A/E spin polarization was detected at
the resonance field positions from the fine structures for the
isolated triplet excitons of TIPS-Pn in Fig. 3a and b. As for the
film spun at 2000 rpm, an additional E/A polarized splitting was
imposed on the broad A/E/A/E pattern, as marked by asterisks
and is explained by the strongly exchange-coupled *(TT) signals,
as reported previously**” (vide infra).

The broad A/E/A/E pattern was explained along with the T+ T
separation®**® from >(TT) in Fig. 1 to cause a dominant sublevel
population at my = 0 among mg = +1, 0 and —1 sublevels in the
isolated triplet exciton. This is probably because *(TT),, —, may
initially be populated during the modulation of the J-coupling;
the initial geminate triplet-dissociation to /= 0 in T + T and the
subsequent re-encounter to a large J with the spin decoherence
by the exciton migration result in the *(TT),, _, populations.>>*
However, the A/E/A/E signals immediately disappeared, while
the inverted ESP pattern of E/A/E/A polarization emerged after
delay times larger than 0.4 ps in Fig. 3. Notably, the contribution
from the E/A/E/A polarization in Fig. 3b is stronger when the
self-organized crystalline phase is predominant for the film
spun at 300 rpm (Fig. 2b) than in the disordered film in Fig. 3a.
In our previous report, the absorptive ESP in the strongly
exchange-coupled °(TT) state was explained by sublevel-
selective quintet populations and decoherences at *(TT)_,,

a) 2000 rpm b) 300 rpm
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Magnetic Field / mT

300 320 340 360 380
Magnetic Field / mT

Fig. 3 Delay time dependence of the TREPR spectra after the 532 nm
laser irradiation of the as-spun TIPS-Pn thin films prepared with the
spinning rates of (a) 2000 rpm and (b) 300 rpm. Detection temperature
was 80 K. Computed EPR spectra (red lines) were obtained by spin
polarization calculations of the correlated T + T (Fig. 4 and 5) by the
electron spin polarization transfer with the quintet and singlet
precursors causing A/E/A/E and E/A/E/A patterns (Fig. S21t),
respectively.
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3(TT)_; and *(TT), by the singlet-quintet mixing through the
zero-field splitting interaction (Hyr,) in the presence of the
negative J during triplet exciton-diffusion and subsequent re-
encounter in highly disordered regions.***® Thus, the strong
absorptive feature in the initial A/E/A/E signals in Fig. 3a is
consistent with T + T dissociation from *(TT)_, and *(TT)_, in
the disordered film spun at 2000 rpm, because these sublevels
possess the PBB-spin characters while the ao-characters are
absent (see eqn (4) and (5) below). The minor initial A/E/A/E
contribution in Fig. 3b denotes the existence of such a disor-
dered area in the as-spun sample for the high crystalline film. It
is reported that the triplet exciton migration is significantly
quick after the SF in pentacene crystals,*® suggesting that *(T +
T) dissociation may occur before the '(TT) — °(TT),,_ decoher-
ences in the crystalline film. Thus, the singlet character would
be preserved as the transport of the spin-entanglement of the
'(TT) in the high crystallinity sample (Fig. 2b), while *(T + T)
characteristics may also be transported from >(TT) in the
disordered film (Fig. 2a). Therefore, in the following, we
consider the spin correlation in the (T + T) state, as the spin-
correlated triplet pair (SCTP).

Modeling electron spin polarization of the T + T state

To interpret the ESP (A/E/A/E and E/A/E/A polarizations) in the T
+ T dissociated character, spin eigenfunctions were obtained.
The quintet, triplet and singlet basis functions of the triplet-
triplet states are represented, as follows at the high field limit,*”

P(TT),,) = ++) (1)
[(TT).0) = 5 (40) +0+4) @)
F(TT)) = 7= (2400) +1+=) +1=+) )
FTT).)) = = (-0} +10-) (@
FTT),) = 1) @

P(TT)..) = 50} =10+) ©)
PTT)) = 5(1+-) = 1-+) o)
(TT).)) = 55 (1-0) = o) (s
[(TTh) = —(000) = +=) = =+) o

where |+), |0), and |—) are the triplet basis spins of |aa),
(|oB) + |Ber))/v/2, and |BB), respectively.

Under a very strong magnetic field, the energy levels of these
wavefunctions are depicted as shown in Fig. 4a in the absence of
zero-field splitting (ZFS) interactions of triplet excitons. As was

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Schematic representation of the sublevels of SCTP, as the
weakly coupled multiexciton in (b) caused by the ZFS interactions (D4
= D, = 1080 MHz) of *TIPS-Pn. The energy shifts in the SCTP levels in
(b) are shown with respect to the levels in (a) with D; = D, = 0 in the
presence of the external magnetic field (340 mT) for highly separated T
+ T (Dss = 0 and J = 0). The wavefunctions were computed for the
field direction (Bg) parallel to the out-of-plane axes of the aromatic
rings.

previously performed to obtain the eigenfunctions for strongly
J-coupled multiexcitons,” the nine spin eigenvalues can be
computed in the presence of the Zeeman interaction and of the
ZFS interactions of triplet excitons to obtain the quintet, triplet
and singlet TT states. Concerning the T + T dissociation, one
may also obtain the nine eigen energies and corresponding
eigenfunctions as shown by |1), |2), ..., |9), in Fig. 4b.

The numerical computations of the nine eigenvalues were
performed by diagonalizing® the spin Hamiltonian (Hryr)
composed of the Zeeman interaction (Hryrz), the spin-spin
dipolar couplings (Hrr.g) in the individual triplets, the spin-
spin dipolar coupling between the triplets represented by Hrrss
= Dgg(cos® Op — 1/3)(35128:z — $:1S,)," and the exchange inter-
action (Hrpee = —2/51S5). In Hypygs (=S1D1S1 + S:D5S,), S; is the i-
th (i = 1, 2) triplet spin operator in T + T and in TT, and D;
represents the zero-field splitting tensor of the individual
triplet. Because the matrix of the Hrr,g tensor is dependent on
the orientation of the principal axes in the D, tensor (X,, Y,, Z,)
with respect to the principal axes in the D; tensor (X, Y3, Z;), the
geometries of the second TIPS-Pn groups were generated by
using Euler rotation angles («, 8, v) with respect to the principal
axes in D;. The D, principal axes were set to be collinear; i.e. (a,
8, v) = (0°, 0°, 0°) with respect to (X3, Yy, Z;). Direction (ds_g) for
the second triplet-state position in TT was set by the polar
angles (#, = 40°, ¢, = 30°) with respect to the (X, Y3, Z;) prin-
cipal axes. The direction of the external magnetic field (B,) was
set by the polar angles (8, ¢).** Thus, cos” fp, in Hyyg, is defined
for each B, direction, as reported previously.* Because the
anisotropy in Hrrz is much smaller, we assumed isotropic g-
tensors (g = 2.002) for an external magnetic field strength
around 340 mT in Fig. 3. When the B, direction is set to be
parallel to both the Z; and Z, principal axes for the collinear T +
T (Z41]|1Z,), the nine eigenvalues were obtained together with the
wavefunctions, as shown in Fig. 4b. These levels are influenced
by the anisotropic Hyr,gs causing energy shifts depending on the
field direction (dotted arrows), and thus may produce the fine
structure by the EPR transitions. For small J, sixteen of the
allowed EPR transitions (|1) < |2), [1) < |3}, |2) < [4), [2) <

This journal is © The Royal Society of Chemistry 2020
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15), 12) < 16), [3) < [4), [3) < [5), [3) < [6), [4) < [7), |4) <
18), [5) < 17),15) < 8),16) < [7),16) < [8),7) < |9),and |8)
< |9) in Fig. 4b and 5e) may contribute to the TREPR spectrum.

EPR line-shape analysis using the TT — T + T jump
dissociation model

Details on the computation method of the 9 x 9 matrices of the
spin Hamiltonians were reported previously.”® The wave-
function |i) (=1, 2, ..., 9) of the diagonalized T + T state (J = 0)
is represented as follows,

9
i) = Z | TT);
J

In eqn (10), j (=1, 2, ..., 9) represents an eigenstate in the
presence of the strong J coupling shown in eqn (1)—-(9) where
each equation number corresponds to the number of j. The
transformation matrix can be described as,

(10)

€l €1 €31 €4 G510 Ce1 €71 €81 Coy
Clo Cxn €3 Cgnp Cp Cop C2 Cg Co
C13 €3 €33 €43 €53 Ce3 C73 (€83 (o3
Cl4 €4 C34 C44 Cs4 Cosa C74 Cg4 Cog
Urir=| cis 5 ¢35 C5s €5 Cs €15 g5 Cos
Cle €6 €36 Ca6 Cs6 Co6 C16 Cg6 Co6
Ci7 €7 €31 C47 Cs71 Ce1 C77 Cg7  Co7
Clg (28 (€33 C48 Csg Ceg C78 Cgg  Cog
Cl9 €9 (€39 C49 Cs9 Ce9 C79 Cg9 Co9

(11)

The EPR transverse magnetizations represented by
Tr(S,p)*>*° are proportional to factors determined by S(S + 1) +
mg (ms F 1). Thus, the EPR intensities are proportional to 4, 6,
and 2 for the transitions of >TT., < >TT.,, °TT, <> >TT,,, and
*TTy, < °TT,, respectively. Additionally, the transverse
magnetizations are proportional to probabilities of finding the
corresponding allowed transition characters® of >TT., <
STTy,, °TTy < °TT.q, and *TT,,; < °TT, in the mixed wave-
functions of eqn (10). Therefore, the EPR-transition intensity of
Int(i,k) between the |i) < |k) eigenstates (Fig. 5e) is formulated
as follows:

: 2. 12 2. 12 2, 2 2. 2

Int(i,k) = 4leallcral” + 4ol lenl” + 6lenl ew|” + 6les| lexl

2 2 2 2 2 2 2 2

+ 6lcal leral” + 6lcal lexsl” + Aleallewsl™ + dless| lexal

+ 2eislewr + 2eallersl” + 2leallensl® + 2leslle”  (12)

Consequently, the EPR line-shape (SP) of the SCTP is

computed as a function of the external magnetic field strength,
as,

(b = ")

SP(i, k) =
(i.6) 14+ (6 — e — €1\/1W)2Tz2

—Int(i, k)

(13)

where T, represents the phase memory time. ¢yw denotes the
angular frequency of the microwaves. The density matrix (p™")
of the T + T state will be detailed below. The spectrum
computations can be performed by the powder pattern inte-

gration of ZSP(I', k) from all possible field directions (6, ¢) to
ik

obtain the EPR spectra of T + T in Fig. 5.

Chem. Sci., 2020, 11, 2934-2942 | 2937
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Fig. 5 Computed EPR spectra after the powder-pattern integrations
of the T + T states (Fig. 4b) with Dss = 0 and J = 0 in (a—c) and of the
strongly-coupled >(TT) in (d) using the ZFS interaction of *TIPS-Pn. (a)
5(TT)o-precursor SCTP showing the A/E/A/E pattern and (b) (TT)-
precursor case (Fig. 4b) resulting in the E/A/E/A pattern by the
sequential ESPT model (green line in Fig. 7). (c and d) SCTP and strongly
coupled 3(TT) polarization computed with eqn (13) from the spin-state
populations pdb =0.75, pT1_1 =0.19,and p'5_, = 0.07in >(TT) in (e). (e)
Computed T + T populations by egn (15) are shown by red circles to
explain the absorptive ESP in (c) and (d) corresponding to the 0.2 ps-
spectrum in Fig. 3a. Sixteen allowed EPR transitions are shown to
obtain the T + T spectra in (b) and (c) with the sublevel populations by
the X(TT) precursor (green) and by the >(TT) precursor (red) from the
blue circles, respectively.

When the spin-entangled '(TT) character is immediately
transported to *(T + T) in Fig. 1 by the dissociation, one can
expect that the populations occur in |4), |5), and |6) with pyy =
pss = pes = 0.33 (green populations in Fig. 4b) as the singlet
characters from the corresponding coefficients of the wave-
functions. Therefore, the state mixings in Fig. 4b would enable
the ESP detection as SCTP polarization even if the EPR-silent
singlet TT is the precursor, as was observed in the singlet-
precursor SCRP after the photoinduced charge-separation.®®
When the *(TT), state dissociates to form *(T + T) in Fig. 1, on
the other hand, one expects overpopulation in pgs = 0.66 while
pas = pss = 0.17 in Fig. 4b, resulting in different ESP from the
singlet-precursor polarization.

We performed powder pattern integrations of the polarized
EPR transitions to obtain the EPR spectra with the *(TT),

2938 | Chem. Sci, 2020, M, 2934-2942
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precursor. For this, the density matrix (p™") of the multiexciton
was computed for the T + T system (Fig. 4b), as follows. Hy
(=Hrrz + Hrpggs + Hyree + Hyrss) Was first diagonalized to obtain
the nine eigenfunctions of the strongly-coupled TT using J =
—60 GHz, the ZFS parameters® of D = +1080 MHz with E = —18
MHz for TIPS-Pn molecules with the collinear TT conformation,
and Dgs = —280 MHz from an inferred contact T-T separation™
of 0.6 nm for the disordered regions (Fig. 2a). ] = —60 GHz is
one assumed value to compute the EPR spectrum for the
strongly coupled TT state. Another input parameter of / = —30
GHz, as an example, will not affect the computation results. On
the basis of the diagonalized quintets (|TT);—; = °TT,,, |TT);,
= STT+1’ |Tr>j:3 = STTO! |Tr>jz4 = STT*D |TT>J':5 = S’Isz):
triplets (|TT);_ = *TT.q, |TT);—; = *TT,, |TT);_g = *TT_,) and
singlet (|TT);_o = 'TT), the density matrix p"" was considered,
as the initial conditions. Using this basis system, Hr.t = Hrrz +
Hyr,ss was then diagonalized to obtain the 9 x 9 diagonal
eigenvalues matrix and the eigenvectors matrix (Ursp) in the
absence of J, so that the following relation is satisfied:

€1

& ='"U; 1HrirUrir (14)

For the diagonal system in Fig. 4b, the following density
matrix is thus obtained as

- T+T ! TT
P = kgspr' Ur+tp " Urst

(15)
and is thus used to describe the spin-state populations (pj;'") in
eqn (13) where i = 1, 2, ..., 9 in the dissociated multiexciton,
when the TT — T + T dissociation is treated to be a jump with
rate constant represented by kgspr from J = —60 GHz to J = 0.
This treatment is the same as the model of electron spin
polarization transfer (ESPT).* In p"", pss = 1 (where S repre-
sents 'TT in Fig. 6) can be set as the singlet population while the
other 80 elements were set to be zero for the singlet-
dissociation. In the >(TT),-precursor case, pag = 1 was consid-
ered where subscript 0 represents >TT,. In the previous report,
the quintet-state EPR spectrum was explained by isotropic
sublevel populations at *TT,, *TT_y, and °TT_, in the disor-
dered TIPS-Pn aggregates.* Thus, we also computed the quintet
EPR spectrum of °TT and the spectrum of the T + T state by
using common quintet populations of pgg = 0.75, p™1_; = 0.19,
and p”5_, = 0.07 (blue populations in Fig. 5¢) generated by the
spin-conversion by the exciton-diffusion and the subsequent TT
re-encounter.

Fig. 5a-c show the calculated SCTP polarization spectra
obtained by the powder-pattern integration for the field
directions in Fig. 4b. In Fig. 5a and b, § = 0° was assumed,
while 8 = 82° is set in Fig. 5c. § = 82° reflects that the
molecular conformation of the second triplet exciton (D,
tensor in Hrr,g) is changed by the T + T dissociation after SF
because of the disordered morphology in Fig. 2a, while D, =
D, is preserved upon the T + T dissociation in the crystalline
region when 8 = 0°. Thus, Fig. 5c is applicable for the
2000 rpm film (Fig. 3a). When the T + T dissociation mainly

This journal is © The Royal Society of Chemistry 2020
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occurs from *(TT),, the A/E/A/E pattern is obtained in Fig. 5c
and coincides with the initial ESP spectra at 0.2 ps in Fig. 3. It
is noteworthy that the inverted E/A/E/A pattern (Fig. 5b) is
obtained when the T + T dissociation is considered from *(TT)
and that this ESP is consistent with the experimental results
for the delay times larger than 0.2 ps in Fig. 3 as detailed
below. On the quintet-precursor computations, the absorptive
ESPs were obtained both for T + T and for *(TT) in Fig. 5¢ and
d, respectively when the additional populations were consid-
ered in °TT_; and >TT_,. These are well explained by the spin-
state populations in Fig. 5e in which the ESPT by eqn (15) also
creates pas . = paa’ =0.15, pee’ =0.30, p22T = pag T = 0.08, and
pssT = 0.06 in the SCTP levels for B, parallel to the Z axis.

Spin correlated triplet pair polarization via SF

A sum of the spectra of Fig. 5c and d was obtained as shown by
the red line in the initial TREPR spectrum at 0.2 ps in Fig. 3a
observed for the disordered morphology film (Fig. 2a) spun at
2000 rpm. Even though several parameters are used to compute
the quintet precursor EPR spectra, all parameters are justifiable
and invoke reasonable values: pea = 0.75, p~5_, = 0.19, and
pT5_, = 0.07 in *(TT) are explained by the dominant singlet-
quintet mixing>® with ms; = 0 for J/ = 0 during the geminate
exciton diffusion together with the minor mixings at my = —1
and at —2 by the level-crossing for J < 0.>> The ZFS parameters (D
and E) were taken from the reported values in TIPS-Pn.** ¢, =
40° and ¢, = 30° were taken as final adjustable parameters to fit
the line-shape at 0.2 ps at the asterisk signals (Fig. 3a), because
the quintet EPR spectrum shape (Fig. 5d) became narrower for
0, = 0° while the spectrum was too broad for ¢, = 90°. Although
a unique fit using inexact parameters would be very difficult, ¢,
=40° and ¢, = 30° also represent a reasonable parameter set for
the disordered film. From all utilized parameters above, the
agreement of the computed spectrum at 0.2 us in Fig. 3a
strongly indicates that the T + T dissociation occurs by electron
spin polarization transfer (eqn (15)) to the spin correlated triplet
pair from the quintet TT state. The quick decays of these
quintet-induced signals in Fig. 3a denote that the spin-lattice
relaxation time (7;) is short due to the fluctuations in the Hypygs
during the exciton diffusion. This easily coincides with the
dominant disordered morphology in Fig. 2a because the
anisotropic spin dipolar coupling may be modulated via the
exciton diffusion to cause molecular conformation changes.
Such an initial A/E/A/E polarization is also detected in Fig. 3b
for the high crystallinity film (Fig. 2b). The very weak A/E/A/E
signal intensity contribution at 0.2 ps in this film denotes that
such a disordered region is minor in the 300 rpm film. We also
confirmed that non-zero J-couplings with |J| > 10 MHz produced
highly deviated peak positions and polarization patterns in the
T + T spectrum. Also, |Dss| > 50 MHz for the T + T state produced
a stronger A/E/A/E symmetric polarization effect rather than the
net absorptive effect, suggesting that the inter-spin separation
is larger than 1.2 nm estimated from the point-dipole
approximation.

After the quick decays of the A/E/A/E polarization in Fig. 3,
inverted E/A/E/A polarizations were detected. The E/A/E/A

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

contribution is significantly higher in the 300 rpm film than
in the 2000 rpm film. This strongly supports the singlet-
precursor SCTP scheme in Fig. 4; the dominant crystalline
phase causes immediate T + T dissociation from the '(TT)
initially populated by SF in Fig. 1 before the interconversion
dominated in the disordered region.*® Furthermore, the long-
lived E/A/E/A signals indicate that T;s are significantly large.
This is rationalized by the scheme that '(TT) — T + T dissoci-
ations preferentially occur in the ordered crystalline region as
shown in Fig. 1, because the fluctuations in Hrr,g are highly
restricted even if the triplet exciton diffusion is fast compared to
primary T + T dissociation. The slower rise in the E/A/E/A
polarizations than those of the A/E/A/E is also explained by
the above slow spin-relaxation characteristics resulting in large
phase memory time (73).** For the delay times larger than 0.4 ps,
the TREPR spectra were reproduced (the red lines in Fig. 3a and
b) by using combinations of the green spectrum component in
Fig. 5b and minor red spectrum components in Fig. 5¢ with
different intensity ratios, supporting the jump T + T dissocia-
tion mechanism. Decomposed contributions of the quintet- and
singlet-precursor SCTP spectra are presented in Fig. S2 of the
ESIL. T Highly sharp signal contributions were also observed in
the center regions in Fig. 3b. This would be caused by the
motional narrowing effect due to inter-microcrystalline domain
triplet-diffusion for the 300 rpm as-spun film.

Sequential electron spin polarization transfer model by
stepwise singlet dissociation

In eqn (15), the '(TT) — T + T dissociation is treated to be an
immediate jump toJ = 0. It is not likely that the singlet-quintet
(SQ) coherences (p”;;gl) are initially generated because of the
strong J-coupling at the initial event. Here, S and Q; represent
'(TT) and *(TT); where [ = +2, +1, 0, —1, —2 in the presence of the
strong J. On the other hand, when the stepwise exciton diffusion
(Fig. 1) occurs slower than the 10 ps time scale, the SQ coher-
ences are allowed to develop at the T-T separation where the J-
coupling is comparable to the ZFS interaction. Thus, a modified
stepwise model was examined to highlight how the T + T
dissociation affects the SQ, coherences and resultant ESP
during the SF-induced triplet exciton diffusion, as shown in
Fig. 6.

From the scheme in Fig. 6, the elements of the density matrix
in the T---T state were computed on the basis spin system of
"TTiy, °TTiw, "TTo, *TT_y, "TT_;, *TTu, *TTy, *TT_y, 'TT

5(T-+T)g gele)
SF $Q mixing { it 135(T + T)
S1Sp—— 1(TT)A_k’ W(T-The ﬁ
Strongly Y Dgg = -190 MHz P Dgs =0
coupled TT J =-11 MHz J=0

Fig. 6 Sequential ESPT model for generation of the SCTP via the
intermediate T---T state at site B followed by the T + T dissociation by
the exciton diffusion. Note that X(TT) — 3(TT) conversion is not caused
by the ZFS interaction and thus is neglected when kg is large.
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including the SQ; coherences by numerically solving coupled
stochastic-Liouville equations (SLE) to obtain the populations
for the nine diagonalized eigenstates in Fig. 4e. We thus finally
computed the diagonal elements pj;'* as the populations in the
SCTP levels by p™*" = kp'Upirpss Urir-*>% 8, = 90° and ¢, = —5°
were considered in the intermediate T---T as shown by geometry
in Fig. 37 based upon the crystal structure.® j = —11 MHz was
assumed for the T---T state. See ESIf for more details. Fig. 7
shows the dependence of the sequential triplet energy transfer
rate constant (kp) on the SCTP polarization by the triplet
diffusion. Since D and J are both in the range of 10'° rad s~ " in
the intermediate T---T in Fig. 6, it is anticipated that the SQ,
coherences can be generated when the residence lifetime of the
T---T state is larger than 10 ps and thus be transferred to the
sublevel populations in the SCTP levels by the unitary transform
of ‘Upsrpg Ursr. As expected, the ESP is stronger when the
residence time (tr = 1/kp) becomes longer in Fig. 7. This E/A/
E/A effect is relevant to the ESP by the chemically induced
dynamic electron polarization®**** in radical pairs creating the
multiplet patterns (A/E and E/A, depending on J and Dss)*® by
the development of the S-T, coherences (psr, and prs) in the
singlet-triplet radical-pair system.*

The experimental E/A/E/A antiphase spectra in Fig. 3 agreed
with the sequential model as shown in Fig. S2.T Because the
green spectrum (Fig. 7) computed with kp = 5 x 10" s™* only
explains the experimental results 7r of the T---T state is
concluded to be short (1/kp = 20 ps). In the crystalline phase
of the TIPS-Pn film, the site-to-site separation (dss) between
the TIPS-Pn molecules was estimated to be 0.4 nm from the
crystal structure in Fig. 2a. The one-step site-to-site energy
transfer rate constant may correspond to kp (=1/77) in Fig. 6.
Thus, 7 can be related to the diffusion constant (D) assuming
that one-dimension diffusion®” through the w-stacking

"}

3c|>o 350 3;10 360
Magnetic Field / mT

Fig. 7 kp dependence of the EPR spectra for the T + T state with J =
0 computed by the sequential ESPT model (Fig. 6) via the intermediate
T---T state. k; was fixed to be 10t s,

380

Relative Magnetization (a.u.)
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interaction is dominated by the Dexter-type energy transfer in
Fig. 1, as follows,*®

2
_ dss

Dr = (16)

T

From eqn (16), Dy = 10~ * cm® s~ is estimated from 71 = 20
ps to explain the antiphase ESP in Fig. 3b at 80 K. In a previous
report, the triplet diffusion motion was investigated in the TIPS-
Pn films by monitoring the triplet-triplet annihilation (TTA)
kinetics.'® In this, Dy = 2.7 x 107> cm? s~ was obtained for
a high crystallinity film at room temperature. The TTA rate
constant may become smaller at 80 K to result in Dy < 107> cm?
s~ % One should note however that the geminate T + T disso-
ciative diffusion (Fig. 1) via the SF is quicker than the diffusion
for the encounter of the free excitons in the TTA process. This is
because, for the TTA, the exciton migration occurs via three-
dimensional motion and thus is hindered in the minor disor-
dered area during the long-distance diffusion (L, > 30 nm, as
the diffusion length).* In contrast, the exciton-exciton separa-
tion (ca. 1 nm) in the primary T---T state (Fig. 6) is much shorter
than Ly and thus exciton migration is free from the exciton-
trapping® in the crystalline phase. The above SF-induced T---T
— T+ T spin-transportation with t = 20 ps is compatible with
the previous reports of the corresponding dissociation
dynamics (3.2 ps) in the crystalline TIPS-Pn film observed by the
ultrafast spectroscopic measurements'' and with a recent
magnetic field effect studied by Yago and co-workers® on SF-
induced geminate triplet hopping kinetics (9 ps) in the fluori-
nated diphenyl-hexatriene crystals that form parallel stacking
structures. From these reported picosecond dissociations at
room temperature and from the present ps-dissociation at 80 K,
the SF-induced geminate hopping dynamics is roughly
temperature independent.*” Note that the hopping dynamics
does not correspond to the initial dissociation kinetics k; but kp
in Fig. 6.

Conclusion

We have established SF-induced electron spin polarization
models for the weakly-coupled T + T state as the quantum
superposition (Fig. 4) of singlet-triplet-quintet wavefunctions
by ZFS via the jump from the strongly coupled TT and via the
sequential ESPT through the intermediate T---T state (Fig. 6) in
TIPS-Pn thin films. From the ESP analysis, it is concluded that
the SF-induced singlet TT character is transferred to the sepa-
rated T + T spin-state as quick transport of spin-entanglements
with preserving the S-Q, coherence by picosecond jumps in the
crystalline TIPS-Pn film, generating the E/A/E/A antiphase EPR
spectra. Both of the singlet and quintet entanglements are
revealed to be transported even in the amorphous film denoting
the coexistence of ordered and disordered regions. This result is
in line with the detection of the SF-induced quintet EPR signal
at 0.2 ps in Fig. 3a, because a minor crystalline region is
required to generate quintet multiexcitons in amorphous
aggregates, as reported in our previous study.*

This journal is © The Royal Society of Chemistry 2020
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From the present data and the reported optical studies,*®"**>
the primary T + T hopping dynamics (kp in Fig. 6) is suggested to
be temperature independent. The picosecond-dynamics in the
respective 'T--“T — T + T step in Fig. 6 strongly indicates that
de-coupling of the J in the 'T---T state (Fig. S3)" plays a role in
the T + T separation. From the temperature-independent
dissociation kinetics,?* it is found that quick nuclear reorgani-
zation in T---T by high-frequency vibration motions* may play
a role in the de-coupling, as previously proposed for pentacene
dimers," resulting in significant reduction of the orbital overlap
between the triplet chromophores. This mechanism is also
relevant to our recent low-temperature TREPR study for charge-
separation geometries (distance = 3 nm) in the bulk-
heterojunction interfaces of organic solar cells; it was
concluded that the high-frequency in-plane stretching reorga-
nization within aromatic polymer backbones promoted 1D
charge-dissociation at the D:A domain interfaces.** The present
SCTP spin polarization mechanism may thus pave new avenues
to understand the nature of ultimate de-coupling and dissoci-
ation of two excitons for energy conversion. Although the
coherent superposition of spin eigenstates was not directly
detected, the present SCTP may be applicable to scalable
quantum information processing via one-photon excitation
because the sixteen possible EPR transitions from the nine
sublevels (Fig. 5e) can be taken into account, which is signifi-
cantly more scalable than the four EPR transitions®** in SCRP.
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