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ABSTRACT: Importance of vibronic effects has been highlighted for the singlet-fission (SF) that
convert one high-energy singlet exciton into doubled triplet excitons, as strongly correlated
multiexcitons. However, molecular mechanisms of spin conversion processes and ultimate de-
couplings in the multiexcitons are poorly understood. We have analyzed geometries and exchange
couplings of the photoinduced multiexcitons in the pentacene dimers bridged by a phenylene at
ortho and meta positions [denoted as 0-(Pc). and m-(Pc)2] by simulations of the time-resolved

electron paramagnetic resonance spectra. We clarified that terahertz molecular conformation



dynamics plays a role on the spin conversion from the singlet strongly coupled multiexcitons 1(TT)
to the quintet state >(TT). The strongly coupled 3(TT) multiexcitons are revealed to possess entirely
planar conformations stabilized by mutually delocalized spin distributions, while the
intramolecular de-coupled spin-correlated triplet pairs generated at 1 us are also stabilized by

distorted conformations resulting in two separately localized biradical characters.
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Singlet fission (SF)* is expected to exceed the Shockley—Queisser theoretical limit? with power
conversion efficiencies (PCE) ~33 % of single junction organic solar cells (OSC) because two
separated triplet excitons (T+T) can be produced from one excited singlet state (S1So) sharing its
excitation energy with a neighboring ground-state chromophore.®® The intramolecular SF (iSF)
dynamics have widely been studied using the transient absorption spectroscopic methods together
with theoretical modeling taking into account the vibronic effects in the ultrafast regimes.>*® The
correlated intermolecular triplet pair }(TT) generated with the singlet character is known to be
converted to the quintet (Q) state as 3(TT).62° These TT pairs separate into individual triplets as
the T+T state. In the previous study, we reported the iSF dynamics and subsequent separations to

T+T in the pentacene dimers (PcD) bridged by a phenylene at ortho and meta positions, as 0-(Pc):



and m-(Pc)2 in Figure 1 by a combination of the ultrafast transient absorption spectroscopy and the
time-resolved electron paramagnetic resonance (TREPR) method.? It was concluded that the
quintet generations play a major role for suppressing the unwanted loss of the TT to the pair of the

ground state (SoSo), as the multiexciton recombination process.

Before the spin-conversions to the 3(TT) state, the initially populated 1(TT) is strongly correlated
in the four unpaired spins of the two triplet excitons, i.e. the entangled spin-state by large spin-
spin exchange coupling (J) with the large orbital overlap produced at femtoseconds regions. The
modulations of the J-couplings are thus thought to be essential for the }(TT) -> 3(TT)
conversions.*6-1": 2127 The quintet electron spin polarization (ESP) was detected as the microwave
absorption (A) and emission (E) in thin films of the SF-materials. The ESPs were interpreted
with the sublevel-selective spin conversions by the zero-field splitting (ZFS) interaction in the
presence of the negative J during triplet exciton-diffusion and subsequent re-encounter, causing
modulation of the J-coupling and the spin decoherences to result in >(TT).1" 2! In an iSF system,
on the other hand, Kobori and coworkers interpreted that the quintet ESPs were caused by the
anisotropic spin conversions due to singlet-quintet spin-relaxations to the five sublevels at ms =
+2, +1, 0, -1 and -2 in accordance with the anisotropy of the ZFS coupling which is highly
dependent on the relative orientation of one triplet exciton (Tg) with respect to the other triplet
(Ta) in the TaTg multiexciton.?’ Internal fluctuations in the J-coupling were concluded to be
crucial on the quintet generations. Moreover, we reported the treatment of the EPR transitions in
the weakly coupled T+T states in the framework of the spin-correlated triplet pair (SCTP) 22 for
the very weak exchange coupling including the state-mixings of the nine basis functions of 3(TT)

—3(TT) - }(TT), as treated in the spin-correlated radical pair model. 2-2°



The above pioneering interpretations of the ESP mechanisms may pave a new avenue to clarify
how the molecular conformations and their motions drive the spin-conversions and the ultimate
T+T generations, both of which are essential but unknown for the photon-to-energy conversion
process. In particular, because the J-coupling is anticipated to be sensitive to the TaTs
conformations, it is expected that the specific molecular motions or phonon modes may play roles
for the ultimate T+T de-coupling, as the vibronic effects. So far, details of the TATs geometries,
the vibration modes and frequencies, and the electronic couplings are unresolved in the iSF

systems for generating the quintet multiexcitons and the subsequent T+T dissociations.

m-(Pc),

Figure 1. Chemical structures of the pentacene dimers linked by phenylene spacers. Principal axes
of the zero-field splitting interactions of the individual triplets are indicated by X, Yi and Zi. The

angle between the Z; and Z> axes are defined as the dihedral angle of S.

We present a novel theoretical tool to analyze the ESPs of the intramolecular multiexcitons of
the quintet state and of the weakly-coupled SCTP state within a framework of the electron spin
polarization transfer (ESPT) based upon the stochastic-Liouville equations. We have successfully
interpreted the reported TREPR spectra of the multiexcitons observed for the dimers of o-(Pc)2
and m-(Pc)2 and clarified that terahertz conformational motions plays a role on generating the

quintet state and the T+T state.



Figure 2 shows the TREPR spectra of 0-(Pc). and m-(Pc)2at T = 77 K in the frozen glass of
toluene. The inner components with a peak splitting of ~15 mT as indicated by the blue arrows
were assigned to >(TT) in the previous report.?® The outer spectrum components possessing the 41
mT separations indicated by the red arrows were attributed to the T+T state in the dimer of m-
(Pc)2. According to the anisotropic spin-relaxation model,? the spin polarization pattern of the
5(TT) state is highly dependent of the TaTs conformation. The difference in the spin polarization
pattern in the quintet states between Figure 2a and 2b thus indicates that the conformation of the

Tg is different with respect to the conformation of Ta in the multiexcitons.
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Figure 2. Delay time dependence of the TREPR spectra obtained by the depolarized 532 nm laser
irradiation of a) o-(Pc)2 and m-(Pc)2 at 77 K in the frozen glass of toluene. The red lines are
computed TREPR spectra as the sums of the transverse magnetizations, eq.(12) by the quintet TT
and the SCTP as the T+T states based on the ESPT model.

To interpret the delay time dependence of the ESP to gain the detailed molecular mechanisms
of the multiexciton dynamics, we now propose a three-site model to numerically compute the spin-
state density matrices (orr1, prr2 and pr+1) Of the intramolecular multiexcitons for the two of the
strongly exchange-coupled multiexcitons (TT1 and TT. states) and one weakly-coupled triplet pair

(T+T state) with different TaTs conformations and the corresponding exchange couplings of 6J as



the singlet-quintet energy gaps in the iSF systems, as shown in Figure 3. In the TT; state, the
primary SF preferentially produces the }(TT) state, as shown by the red singlet population. The 6J
value is now assumed to be very strong, as indicated by the dotted red arrow, so that the }(TT) and
the five of the >(TT)ms States constitute the diagonalized spin Hamiltonian (Hr) in the presence of
the Zeeman interaction (Htrz), the ZFS interactions (Htzss) in the individual triplets, the spin—
spin dipolar coupling between the triplets represented by Hyrss = Dss (c0s?6b —1/3)(3S12S2z —

S1S2),% and the exchange interaction (Hrree = —2J $1S5).%

As for the }(TT) states, one may treat that this multiexciton partially possesses the singlet charge-
transfer (CT) character during the primary SF process by the electronic couplings.* 3! Thus, the
Y(TT) state energy can be stabilized due to the configuration interaction from the high-lying CT
states of Pc**-Pc— and Pc—"-Pc* electronic configurations, as reported by Zang et al.® The above

energy shift of the 1(TT) state is treated as the 6J of the singlet-quintet gap,* as follows,

6] = Tunl+ 1T l” (1)

Err—EcTr

where Tiw and Tre represent LUMOA-HOMOg and LUMOg-HOMOAa transfer-integrals?® between
the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (LUMO)
in the adjacent monomer units (Pca and Pcg), respectively. Ett and Ect denote the energies of the
TT and the CT states. Using Ett — Ect = —4000 cm™ and [Tin| = [Thi| = 400 cm™ estimated from
the previous cyclic voltammetry (CV) measurements,® 26 J; = —220 GHz is estimated for the TT;
state (Figure 3) in 0-(Pc). from eq.(1). J1 = —98 GHz is assumed in the TT; state (Figure 4) for m-

(Pc)2 because of the weaker chromophore coupling than in o-(Pc)2.28



Figure 3. Geometry settings of the multiexcitons to compute the spin sublevel energies in the TTj,
TT, and the T+T states. The 3(TT) levels are not shown in TTy and TT.. The density matrix
elements of the singlet-quintet systems may rapidly be transferred back and forth between the TT;
and the thermally activated TT. state through the molecular motions or vibrations including the
singlet-quintet coherences. The exchange coupling in the activated TT, state may be weaker than
in the TT state due to the distorted conformations. The T+T state corresponds the SCTP state with
a very weak J-coupling. At the bottoms, the spin density distributions were computed with the
B3LYP/3-21G* level molecular orbital calculations for the quintet states.

In Hrrats (= S1D1S1 + S2D2Sy), Si is the i-th triplet spin operator (i = 1 and 2 for A and B moieties,
respectively in the TaTs multiexciton), and Dj represents the ZFS tensor of the individual triplet.
The matrix of the Hrr1 tensor is dependent on the orientation of the principal axes in the D2 tensor
(X2, Y2, Z2) with respect to the principal axes in Dy tensor (X1, Y1, Z1), the geometries of the second
TIPS-Pn groups were generated by using Euler rotation angles (e, S, y) with respect to the
principal axes in Di as shown in Figure 3. In particular, it was reported that the quintet ESP is
highly dependent of the dihedral angle (f) between the Z; and Z, axes in the aromatic

chromophores in Figure 1.2° Direction for the second triplet-state position in TT was set by the



polar angles (& and ¢) with respect the (X1, Y1, Z1) principal axes.?? The direction of the external
magnetic field (Bo) was set by the polar angles (6, ¢).2! Thus, cos?@ where &b is the angle between
Bo and the inter-spin vector in Hrrss = Dss (C0s?éb —1/3)(3S12S2z — $1S2) is defined for each Bo

direction, as reported previously.®?

The vibrionic effect can be treated by setting the three different 6J parameters for the different
geometries corresponding to TTy, TT2, and T+T in Figure 3. After the rapid primary SF to populate
the singlet TT1 state with the strong Ji, it is anticipated that the g angle between the Pc
chromophores is modulated by the molecular motions, as shown in the bottom of Figure 3 resulting
in a weaker J-coupling (J2 = -9 GHz) in the TT2 state than in the TTy state. This weakened J2> may
enable partial instantaneous singlet-quintet interconversions through the anisotropic Hyrzts while
such conversions are prohibited in TT1. Even though the thermally activated TT, state immediately
returns to the original TTy, quick repetitive molecular motions eventually induce the singlet-quintet
decoherences to produce the anisotropic spin sublevel populations as the red quintet populations
in Figure 3, which phenomenon is relevant to the spin-lattice relaxation due to the J-
modulations.®*2® The respective quick equilibrium between TT1 and TT2 and the T+T dissociation
were previously observed by the ultrafast transient spectroscopy.®® This kinetics is computed by

solving the coupled stochastic-Liouville equations, as follows,
Prr1 = _i[ﬁTTlrpTTl] — kizprr1 + k21p112 — kDIssPrr1 + KrecPrm1 (2)
prr2 = —i[Hrrz prr2] + k12Prr1 — K21P112 3)

PriT = _i[HT+TJ pT+T] + kpissprr1 + Kz2prar (4)



In egs (2)-(4), five of the °(TT)ms — }(TT) two-level interconversions are separately treated among
the nine basis functions (singlet, triplets and quintets) that diagonalize Hpr,in the presence of J;
assuming that the spin-conversions within the quintet levels and the conversions from >(TT) to
3(TT) are ignored because the }(TT) —> °(TT) conversions are initially predominant through Hzss.
Kip = —k;(IS){S|p + pIS)S|)/2 is substituted as the singlet deactivation by Y(TT) — (SoSo) in
eqs.(2) and (4).3” Therefore, from egs.(2)-(4), the time dependence of the twelve elements, pssi,
5Q1, PQS1, PQQL, 552, P5Q2, PRS2, PQQ2, PSS(T+T), PSQ(T+T), LRS(T+T), and pooer+m) Where S = 4(TT) and
Q = 3(TT)ms are solved using a matrix form of the time-differential equation of dp/dt = Lp, as
detailed in egs.(S1)-(S7) and Table S1 of the supporting information. The time developments of

the density matrix elements in p are thus computed by the following equation:=®

p(t) = Srrexp(mt)S71 p(t = 0)  (5)

where Str and n are the eigenvectors and the eigenvalues matrices obtained by diagonalizing the
L matrices® in Table S1 with pssi(t = 0) = 1 and with the other terms being zeros as the initial

condition.

From egs. (2), (3) and (5), the time developments of the transverse magnetizations of py; m¢—1

(mg =+2, +1, 0, and —1) are computed both for the 5TTy and >TT states with S = 2 under the very

weak microwave strength (w,) in the rotating frame,* as follows,
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where w,, Ea;i and Eaglzs represent the microwave energy, the eigenenergies of the quintet

sublevels in the respective TT1 and TT; states in the units of angular frequencies. T, denotes the
phase memory time. Thus, the present EPR line-shape analysis reflects the dynamics on the
sublevel populations and on the motional-narrowing effect between the two different quintet
conformations caused by the quick nuclear motions or vibrations. We also regard the TT; state
residing higher by a thermally accessible energy (AE) from the TT; in Figure 3 at 7= 77 K. The

following relation is thus utilized for the inter-exchange process between TT; and TTa:

_AE
ki = kyie *BT (7
where AE = 80 cm™ was assumed in the present analysis. Relaxation time (7) to reach the TT; =
TT> equilibrium populations may thus be related to the wavelength (vy;,) of the vibration motion

in the present model, as follows,

1 1

T= = (8)

- k12+k21 - 27TC1_/Vib

where ¢ represents the speed of light. From egs. (7) and (8), the vibration motions (k12 and k21) are

characterized by a single parameter of Vy,.

When the exchange coupling is weaker than Hrrzss in the dimers, one needs to include the state-
mixings of the nine basis functions of 3(TT) — 3(TT) — }(TT),? as shown by the nine sublevels

(Figure 3) of 235(T+T) computed by diagonalizing Hy,1 in eq.(4):

& = USyrHryrUryr )

10



where & represent nine eigenenegies of |i) in T+T. The transformation matrix is described as,

Ci11 C21 €31 C41 Cs1 Cg1 €71 Cg1 Cop
Ci2 Cyp C3p Cyup Csp Cgp Cyp Cgp Cop
C13 Cp3 (€33 C43 Cs3 Cg3 C73 Cg3z Co3
Ci14 Cp4 C34 Ca4 Cs4 Cgsa C74 Cgg Coy
Ur,r=l C15 C25 C35 C45 Cs5 Cg5 Cys5 Cgs Cos (20)
Ci6 C26 C36 Ca6 Cs6 Ces C76 Cgs Cog
Ci7 Cy7 C37 C47 Cs7 Cg7 Cy7 Cgy Coy
Cig C28 C38 (48 Csg Ceg Cyg Cgg Cog
Ci19 Cy9 (€39 C49 Cs9 Cgg C79 Cgg Cog

with |i) = Z‘j ¢;j |ITT); where |TT),..s corresponds to |TT),5...—2. |TT)e7g COrresponds
to 3|TT)+1’0,_1 . And, |TT)4 equals to }|TT). The spin-state populations (o™ Tij) where i=1, 2, ---,
9 in Figure 3 for the dissociated multiexciton is computed by pT*d = UL, +p™TUr, 1, as detailed

in eq(S8). The transverse magnetization of the SCTP was obtained as a function of the external

magnetic field strength, as,??

T+T_  T+T\T
: T+TY = Int(i k w1(,0” Pl ) 2
imag(pix") (& )—1+(£i_£k_w0)2T%

(11)

with, k=1, 2, ---, 9 and

Int(i,k) = 4lciy|lcal? + 4lciz|?lcka | + 6lcia|?lexzl? + 6lcizlcxz|* + 6lciz | lckal® +
6lcial?lcksl® + 4lcial?leks|? + 4leis| cral? + 2lcigl® iz |? + 2lci7 % leke |* + 2lci7|*lersl® +

2]cigl?les1* (12)

The computations of the time-dependences of the twelve elements, pss1, pso1, Post, £PQQL, OsS2,
0502, QS2, PQQ2, PSS(T+T), OSQ(T+T), LQsT+T), and poger+T) were performed for mg = +2, +1, 0, -1,
and —2 by eq.(5). One may then obtain the TREPR line-shape function (SP) from the egs.(6) and

(11), as follows,

11



SP = —imag {%, (s11%,  + %, ) + Zewres"} (12)

ms,ms—l

In the second term of eq.(12), sixteen of allowed i<k transitions (|1) & |2),]1) < |3), |2) &
14), 12) & [5), [2) & [6), [3) & [4), [B) < [5), [3) «16), |4) < |7), [4) < |8), |5) <
|7), |5) « [8), |6) « |7), |6) < |8), |7) < |9), and |8) « [9) in Figure 3) may contribute
between the eigenfunctions for small J. The powder-pattern integrations of eq.(12) were performed
to compute the delay time dependences of the spin polarization patterns as the TREPR spectra (the

red lines in Figure 2). Decompositions to the components of the quintet states, —imag(pgf;ﬂlms_1 +

pr2<—1) and the T+T state of —imag(p;; ") in eq.(12) are shown in Figure S1.

On the fitting of the TREPR spectra, we first estimated the TaTg conformation of the
multiexcitons in Hrrzss for the TT1 and TT2 states by the Euler rotation angles («, S, ) because
the spin polarization pattern is highly dependent on this orientation of the D> tensor, as reported
previously.?% In o-(Pc),, the strong chromophore interaction was described as mentioned above,
resulting in terahertz range of the 6J: parameter from eq.(1). This may cause planarly folded TaTs
dimer conformation in the TT; state resulting in the small gvalue (£ = 30°) in Figure 3. On the
other hand, #> 30° is anticipated for the transition state (TT2) with AE = 80 cm™ in eq.(7), as
shown by £ =53° in Figure 3, because the orbital overlap is expected to become weaker (J2 = —10
GHz). Because such butterfly molecular motions are expected to be quicker than picosecond
regime, Vyjp = 26 cm’! was considered. In Figure 2a, the quintet state EPR signal immediately
disappeared. With this the very weak broad EPR contribution originating from the T+T state
became dominant at 1 us. Therefore, kpiss = 1.1x10° s™! and krec = 3.0x107 s were utilized to fit

the TREPR spectra.

12



In m-(Pc)2, the chromophore interaction is reported to be weaker than in 0-(Pc)2.2° Thus, it is
anticipated that the TaTgs dimer conformation is more flexible in m-(Pc)2than in 0-(Pc)2. From this,
a planarly extended TaTs conformation with g = 22°is considered for the TT; state, while Tg
aromatic plane is assumed to be rotated by the dihedral angle of £ = 75° with respect to Tain the
TT, transition state in m-(Pc). with V3, = 72 cm™!, as shown in Figure 4. kpiss = 1.0x10° s! and
krec = 3.0x10° 5! were utilized to explain the delay time dependence of the EPR spectra in Figure
2b. The slower singlet recombination kinetics in m-(Pc)2 is essential to explain the longer-lived
quintet signals in Figure 2b than in Figure 2a. Table S2 summarizes full of applied EPR parameters

for computations of the delay time dependences of the EPR spectra (Figure 2).

J; =-90 GHz J, =-14 GHz
r v =72cm"’ ﬁ%‘; &”m
} s ,(4 k. O,
AP G L
\’(‘Y % ki Hf\‘y =

| B=T5°
B =22°
Dgs = 120 MHz

Figure 4. Geometry fluctuation model of the quintet multiexcitons to compute the spin dynamics
between the TT1 (left) and TT2 (right) states in m-(Pc)2 to reproduce the TREPR spectra in Figure
2b. Dss = —120 MHz was utilized representing the inter-spin separations of 0.9 nm in TaTs.
Internal rotations of the methyl groups of the surrounding solvent molecules would couple to the
conformation changes with v, = 72 cm™ at 77 K. The delocalized spin density distributions were
identified by the weakened Hrrzfs in Table S2.

For the de-couplings in the intramolecular multiexcitons to generate the T+T state, it is essential
that the 6J become significantly weak. Thus, it is highly anticipated that dramatical geometry

changes are required to result in the T+T states to reduce both the through-bond and the through-
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space orbital overlaps (|Tun| and [Thi|) in eqg.(1). From this we propose that the one or both of the
Pc units take conformations that the Xi—Y;j planes in Ta or Tg in Figure 1 are orthogonal to the
aromatic planes of the phenylene spacers of the dimers to minimize the superexchange couplings
in [TLH| and [THe| as shown in Figure 5. At the bottom of Figure 5, the SCTP spectra were computed
by the corresponding geometries and exchange couplings, exhibiting that the ESP is highly
affected by the TaTg conformation. Notably, the absorptive and emissive polarization around 320
mT at 1 us, as shown by the red arrows in Figure 2a and 2b, respectively, are both consistent with
the modulation of the A and E polarizations in Figure 5 around 320 mT. This strongly supports
that the large degree of the TaTs conformation changes in Figure 5 accompany to the
intramolecular de-coupling for the T+T state from the planar TaTs geometries in the strongly

coupled multiexcitons of TTy in Figure 3.

As have been discussed previously,'®1" 21 27 the fluctuations of the J-coupling are essential for
generating the quintet multiexcitons. The present model calculations demonstrate that the
intramolecular twisting TaTs conformation changes are linked to the fluctuations. Importantly, the
terahertz vibrations with ¥, = 26 and 72 cm™ in Figures 3 and 4, respectively, are revealed be
crucial to obtain the good agreements with the delay time dependences of the EPR spectra in Figure
2, because the spin-relaxation effects are dependent of the fluctuation frequency.®* This also
coincides with the estimated terahertz range of the 6J; parameter in the TT; state from eq.(1)
because the spin-lattice relaxation generating >(TT) is anticipated to be efficient when the 6J

energy difference between TT1 and TT2 roughly resonate with the frequency of the J-modulation.?°

One may raise next questions about origins of the large degrees of the TT conformation changes

as in Figure 4 and also in Figure 5 for the T+T dissociations, even though the multiexcitons are

14



a)J; = -8.4 MHz b) J; = —4.2 MHz
Dgs =-80 MHz (1.0 nm) Dgg =-30 MHz (1.4 nm)

;3

1.0 nm

280 3é0_ _360 400 280 320 360 400
Magnetic Field / mT Magnetic Field / mT

Figure 5. The geometries, exchange-couplings and spin-dipolar couplings of the T+T
multiexcitons in a) o-(Pc). and in b) m-(Pc)2, respectively. The parentheses denote inter-spin
separations estimated by the point-dipole approximation. Corresponding computed TREPR
spectra of the T+T contribution were obtained from the geometries for 1 us, as shown at the bottom.

dissolved in the bulk frozen solutions. Inherent gas phase low-frequency molecular vibrations must
be small and hindered by the surrounding toluene molecules in Figure 4. Instead, the solvent
dynamics?® may cause the terahertz orientation motions. It is well known that the methyl group of
toluene undergoes the internal rotation in the cryogenic conditions. Tsukushi et al.*® characterized
the molecular motions of the glass matrix of toluene at cryogenic temperature and reported that 80
cm* mode of the vibration originates from the internal rotations. This wavenumber well coincides
with V5, = 26 and 72 cm™' and may trigger the conformation dynamics, as shown in Figure 4. In
addition, several methyl groups are substituted in the terminal substituents in PcD and may assist
the conformation dynamics in 0-(Pc). at the bottom of Figure 3, because the internal rotations of
the bulky triisopropylsilylethynyl groups near the adjacent Pc moiety would probably affect the

electronic coupling within the dimer.?®
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In the TT; states with the very strong J couplings, the TaTg takes on the planar conformations
(Figure 3 and 4) so that the orbital overlap in TaTs is significant. These flat conformations are
consistent with a recent ultrafast study of an iSF system; Korovina et al. reported that the initial
L(TT) state conformation possesses the long-range planar structure in the perylene oligomers lined
by 1,4-dialkynyl-2,5-bis(ethylhexyloxy)-benzene molecular motif, reflecting electronic
delocalized character in the S state.®® This denotes that the strongly-coupled >(TT)s also take on
the initial 1(TT) flat conformations, most likely because the two triplets in the multiexciton are
mutually delocalized in the entire planar geometry in Figure 4 to stabilize the multiexcitons rather
than in the twisted conformers of TT.. The above delocalized feature is very consistent with the
weaker ZFS parameters of the D and E values applied in Hrrzss than in the T+T states, as shown
in Table S2 to explain the line-shapes of Figure 2. The weakened ZFS interaction is well known
for the delocalized triplet spins in the special pair of Rhodobacter sphaeroides R26 of the

photosynthetic reaction center.®® 4

It was also clarified, in the T+T dissociations, that the large degrees of the conformation changes
occurred with kpiss ~ 10° s (Figure 5). This is also in line with the reported proposal that the
torsional disorders resulted to form the two separated triplet excitons in the linked perylene
oligomers.®® After such large degrees of the distortions in Figure 5, the two triplet spins can
separately be localized to form the biradical characters concentrated around the C6 and C13
positions in the pentacene units stabilizing the T+T individual two spins with the significantly
reduced orbital overlap.!* The ultimate T+T dissociations were very slow with respect to the
dissociation kinetics of picosecond regime in the crystalline TIPS-pentacene.? 22 4243 The present
small kpiss values are explained by large barriers for the internal conformation changes (Figure 5)

associated with the rearrangements of the spin densities to reduce the J-decoupling. The present
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molecular level analysis of the spin-state populations in the multiexciton are thus significantly
informative for future designs of the doubled photon-to-energy conversion materials by optimizing
the conformation changes and the electronic couplings in the transient multiexcitons including the

usage for the four-bit quantum computing processing.??
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Electron spin polarization transfer model for the numerical simulation of the TREPR
spectra with the matrix form in Table S1. The full sets of the EPR parameters (Table S2)

and the decomposed quintet and the SCTP spectra are detailed in Figure S1. (PDF)
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