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Abstract: We newly synthesized a series of homo- and hetero-
tetracene (Tc) oligomers to propose a molecular design strategy for 
the efficient exciton-transport in linear oligomers by promoting 
correlated triplet pair (TT) dissociation and controlling sequential 
exciton-trapping process of individual doubled triplet excitons (T+T) 
at terminal positions by intramolecular singlet fission. First, entropic 
gain effects on the number of Tc units are examined by comparing Tc-
homo-oligomers [(Tc)n: n = 2, 4, 6]. Then, a comparison of (Tc)n and 
Tc-hetero-oligomer [TcF3-(Tc)4-TcF3] reveals the vibronic coupling 
effect for entropic gain. Observed entropic effects on the T+T 
formation indicated that the exciton-migration is rationalized by 
number of possible TT states increased both by increasing the 
number of Tc units and by the vibronic levels at the terminal TcF3. 
Finally, we successfully observed high-yield exciton-trapping process 
at terminal units [i.e., 3TcF3

*-(Tc)4-3TcF3
*] (trapped triplet yield: ΦTrT = 

176 ± 8%). 

Introduction 

Exciton generation and subsequent transport processes in 
molecular assemblies are associated with various photoenergy 
utilization processes such as photosynthetic light-harvesting 
complexes,[1] photovoltaics and photocatalysis,[2] light-emitting 
diodes[3] and quantum information science.[4] One of the ways for 
improving exciton-transport process is to design and synthesize 
the one-dimensional linear oligomers or polymers. Among them, 
many singlet exciton-transport processes have been widely 
reported.[5] In contrast, the utilization of long-lived excited triplet 
states is required for long-range exciton-transport process 
because the exciton-diffusion length is associated with the 
lifetimes of the excited states.[6] However, the formation of efficient 
triplet excitons is extremely difficult because intersystem crossing 
(ISC) is generally a spin-forbidden reaction.  

A solution to the above problem is the utilization of singlet 
fission (SF).[7] SF is a spin-allowed photophysical process which 
is able to generate two individual triplet states (T+T) from one-
photon absorption through a correlated triplet pair (TT) in two 

nearby chromophores.[8] For example, 5,12-
bis((triisopropylsilyl)ethynyl)tetracene (TIPS-tetracene) meets the 
energy level matching condition between the lowest-lying singlet 
excited state (E(S1) = 2.3 eV) and two triplet excited states (E(T1) 
= 1.25 eV) [i.e., E(S1) ≥ 2E(T1)], and our group reported the 
quantitative individual triplet generation by intramolecular SF 
(ISF) utilizing biphenyl linker-bridged Tc dimers.[9]  

A few recent ISF systems demonstrated the effects of the 
spatially separated and conformationally disordered T+T 
geometries on the enhancements of ISF utilizing linear oligomers 
(i.e., ‘‘energy cleft’’ model).[10] It is spatially dependent, but also 
electronically biased energy diffusion towards the terminal 
acceptor units. Note that these simply demonstrated the 
improvement of TT dissociation process from the strongly coupled 
exciton pair in either homo-oligomers or hetero-oligomers. It is 
desired to molecularly understand the exciton-transport 
mechanism in connection to vibration-induced process by ISF, but 
no such case has been reported.  

It should be further emphasized that we already succeeded 
in the generation of weakly correlated TT and observation of the 
efficient TT dissociation process by utilizing 2,2‘-biphenyl linker-
bridged tetracene dimer in which specific vibration motions play a 
role.[11] This is distinguished from the above energy cleft model by 
simple exciton hopping in oligomers during the dissociation. In 
addition to the entropic effect for the hole-dissociation after 
primary photoinduced charge-separation in a series of poly(3-
hexylthiophene)–fullerene linked dyads,[12] we reported the 
enthalpy-entropy compensation effect on the TT dissociation 
process in a series of pentacene and hexacene dimers, 
suggesting importance of the specific vibrations for 
dissociations.[13] Therefore, it is expected that the mechanisms of 
the TT dissociation and exciton-transport processes can be 
clarified by determining the thermodynamic parameters utilizing a 
series of homo-and hetero-oligomers with a variety of number of 
the linking chromophores (Figure 1). 

Based on the above concepts, we propose a molecular 
design strategy for the efficient exciton-transport process in 
molecular assemblies by promoting TT dissociation in linear 
oligomers and controlling subsequent exciton-trapping processes 
at terminal position of oligomers. 

mailto:ykobori@kitty.kobe-u.ac.jp
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Scheme 1. Conceptual schemes (A) for the TT dissociation in a Tc-homo-oligomers and (B) for the exciton-migration including TT dissociation and exciton-trapping 
in a Tc-hetero-oligomer.  
 

 
Figure 1. Chemical structures of Tc-oligomers and reference compounds in this 
study.  
 
We newly synthesized a series of Tc-oligomers bridged by 2,2’-
biphenylene spacers (Figure 1). First, entropic gain effects on the 
number of Tc units are examined by comparing Tc-homo-
oligomers [(Tc)n: n = 2, 4, 6]. Then, a comparison of Tc-homo-
oligomers [(Tc)n] and Tc-hetero-oligomer [TcF3-(Tc)4-TcF3] 
reveals the vibronic coupling effect for entropic gain (Figure 1). As 
described above, a systematic comparison of homo-oligomers 
and hetero-oligomer enables to clarify the effect of 
oligomerization on the TT dissociation. Finally, we discuss the 
exciton-trapping process at terminal units in Tc-hetero-oligomer. 
In our present system, unlike the above reported systems,[10] T+T 
is efficiently generated from the weakly correlated TT, and the TT 
dissociation and subsequent exciton-transport of T+T can be 
discussed independently. Regarding the design of TcF3-(Tc)4-
TcF3, 3,4,5-trifluorophenyl group modified-Tc (TcF3) units were 
linked at the terminal positions instead of the bis-
triisopropylsilylethynyl (TIPS) groups in Tc. The three specific 
roles for TcF3 are as follows: energy acceptor, exciton marker and  

 
vibronic promotor (i.e., torsional motion of trifluorophenyl) 
(Scheme 1).  

Results and Discussion 

Synthesis of Tc-oligomers.  
Scheme 2 summarized the synthetic procedures of TcF3-

(Tc)4-TcF3. It was successfully obtained by repeating Suzuki-
Miyaura cross-coupling as a key reaction. The synthetic details of 
related compounds including Tc-oligomers are described together 
with their characterizations in experimental section (Schemes S1-
S4, Figures S1-S50) in Supporting Information (SI). Considering 
the linkage form between the Tc and biphenyl spacer units, 
several structural isomers are possible. However, since the exact 
isolation was impossible, they were used as is. According to the 
recent results of tetracene-based oligomers and polymers,[14]  no 
differences of the photophysical processes were observed in 
different isomers. The temperature-dependent 1H NMR spectra of 
TcF3-(Tc)4-TcF3 and (Tc)6 also demonstrated no spectral change 
(Figures S51-S52). This suggested the linear conformation of 
TcF3-(Tc)4-TcF3 and (Tc)6 in solution together with the optimized 
structure by DFT calculation (Figure S53). 
 
Steady-state Spectroscopies of Tc-oligomers.  

Absorption spectra of Tc-homo-oligomers [(Tc)6, (Tc)4 and 
(Tc)2] became broadened and red-shifted together with the 
increased molar absorption coefficients as compared to Tc-ref 
because of the oligomeric forms (Figure 2A). The spectra of TcF3-
ref and TcF3-(Tc)4-TcF3 were similarly broadened and red-shifted 
as compared to Tc-ref and (Tc)6 because of the introduction of the 
electron-withdrawing 3,4,5-trifluorophenyl units (Figure 2A and 
Figure S54). The fluorescence spectral trends are similar to the 
corresponding absorption spectra (Figure 2B and Figure S55).  
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Scheme 2. Synthetic Scheme of TcF3-(Tc)4-TcF3. The grayed TIPS-ethynyl groups indicate that isomeric mixtures. 

 

 
Figure 2. (A) Steady-state absorption spectra of (a) TcF3-(Tc)4-TcF3, (b) (Tc)6, 
(c) (Tc)4, (d) (Tc)2 and (e) Tc-ref in toluene. (A) Steady-state fluorescence 
spectra of (a) TcF3-(Tc)4-TcF3, (b) (Tc)6, (c) (Tc)4, (d) (Tc)2 and (e) Tc-ref in 
toluene (λex = 470 nm).  

 
Theoretical calculations support that TcF3 acts as the energy 
acceptor relative to Tc (Figure S56, Table S1). Furthermore, the 
HOMO and LUMO of TcF3-ref are both delocalized at the 
trifluorophenyl substituents as compared to Tc-ref (Figure S56). 
Therefore, vibronic coupling of trifluorophenyl unit can be 
considered. This is because the torsional motions in the 
trifluorophenyl units can cause the increased number of the T+T 
dissociated state, as a result of the coupling between the vibration 
levels and the electronic orbital distributions, i.e., the vibronic 
coupling. In addition, the number of TT activation states can also 
be increased by this torsional disorder to weaken the electronic 
couplings in the TT state, contributing to the activation entropy. 
Moreover, we calculated the difference of the potential energy 
with rotating 3,4,5-trifluorophenyl units (Figure S57). The 
calculated rotational barrier was small enough for the vibronic 
motion. This suggests TcF3-ref is a useful unit promoting the 
vibronic motion in the exciton-transport process. 
 
Transient Absorption Spectroscopies of Tc-oligomers. 

To investigate ISF, first, femtosecond transient absorption 
(fsTA) measurements were performed in toluene. The excitation 
wavelength was 470 nm to populate the higher vibrational level of 
the lowest excited singlet state of Tc. Separately, triplet-triplet (T-
T) and singlet-singlet (S-S) absorption spectra of Tc were 
measured (Figures S58-S63). The S-S absorption of Tc were 
confirmed by fsTA of Tc-ref (Figure S63). The corresponding 
molar absorption coefficients of T-T absorption (εT) were 
determined for the calculation of individual triplet quantum yields 
(ΦT) (Figures S58-S62, Tables S2-S5). Note that T-T absorption 
spectrum of TcF3-ref is rather different form that of Tc-ref (Figure 
3, Figures S58 and S63). This indicates that TcF3 is a good 
exciton marker for directly evaluating the exciton-trapping at 
terminal positions in TcF3-(Tc)4-TcF3 (vide infra). 
 
 



RESEARCH ARTICLE    

4 
 

Table 1. Summarized Kinetic Parameters at 293 K. 

Compound 
kISF0 [a] 

(1011 s−1) 

kISF [a] 

(109 s−1) 

kTTA [a] 

(108 s−1) 

kDiss [b] 

(107 s−1) 

kRec [b] 

(106 s−1) 

kBack 
[b] 

(106 s−1) 

kT [c] (103 s−1) 

[τT [c] (ms)] 

kTrap [b] 

(106 s−1) 

kTrT [d] (103 s−1) 

[τTrT [d] (ms)] 
ΦT (%) ΦTrT (%) 

(Tc)2 1.5 6.2 3.0 5.5 16 4.7 3.7 (0.27) − − 165 ± 6 [e] − 

(Tc)4 1.5 6.3 3.0 6.5 13 3.7 3.0 (0.33) − − 173 ± 9 [e] − 

(Tc)6 1.4 6.9 2.9 7.2 10 2.6 2.7 (0.37) − − 182 ± 10 [e] − 

TcF3-(Tc)4-TcF3 1.9 5.4 3.0 9.2 9.0 1.6 2.9 b 9.8 3.3 (0.30) − 176 ± 8 [e] 

Tc-ref − − − − − − 3.4 (0.29) − − 5 ± 3 [f] − 

TcF3-ref − − − − − − 3.2 (0.31) − − 5 ± 5 [f] − 

[a] Estimated by target analysis of fsTA. [b] Estimated by target analysis of psTA. [c] Calculated by kT = (τT)−1. τT was estimated by nsTA. [d] Calculated by kTrT = 
(τTrT)−1. τTrT was estimated by nsTA in TcF3-(Tc)4-TcF3. [e] Estimated by psTA. [f] Estimated by nsTA. 

 

 
Figure 3. Sensitized T-T absorption spectra of Tc-ref (λex: 355 nm, sensitizer: 
anthracene) and TcF3-ref (λex: 355 nm, sensitizer: C60) in toluene.  

 
fsTA of Tc-homo-oligomers in toluene are shown in Figures 

S64-S66. Here we discuss (Tc)6 as a typical example. S-S 
absorption bands initially appeared in the range of ca. 400-450 
and 600-750 nm (Figure S64B) through the higher singlet excited 
states, namely, ‘hot S* state’ after photo-excitation. Then, the T-T 
bands appeared at 500-530 nm together with the decreased S-S 
bands (Figure S64B). Such a fast singlet-triplet conversion should 
be attributable to ISF. Note that a competitive reaction between 
SF and triplet-triplet annihilation (TTA) occurred in the present 
systems.[11, 15] fsTA of (Tc)2 and (Tc)4 also suggest ISF (Figures 
S65-S66). 

To confirm the direct evidence of TT generation and 
dissociation, time-resolved paramagnetic resonance (TREPR) 
study was performed (Figure 4, Figure S67, Table S6). 
Consequently, the electron spin polarization (ESP) of the 
microwave absorption (A) and emission (E) in the quintet state 
5(TT) and the dissociated states were observed in (Tc)6 and TcF3-
(Tc)4-TcF3. The E/A/E/A pattern polarization in the quintet was 
explained by vibronic effects considering the varying exchange 
interaction (J) in TT  coupled to the TT conformation after ISF, as 
shown by the red line in Figure 4,[15b, 16] indicating that vibration 
motions play a role for the quintet 5(TT) generations caused by 
modulation of the J rather than by the exciton-hopping from the 
5(T+T)0 back to 5(TT)0 with the assist of the SQ0 mixing (Figure 
4B).[17] Nevertheless, structural difference between the 
orthogonal 5(TT) configuration and the distorted T+T was 
explained by the hopping dissociation leading to the ~104 fold 
decrease in the magnitude of J in Table S6. 
 

 
Figure 4. (A) TREPR spectrum of (Tc)6 (λex: 532 nm) at 0.3 µs showing the 
quintet TT state at the center field and dissociated T+T as the spin correlated 
triplet pair at the outer fields at T = 80 K in 2-methyltetrahydrofuran. Simulated 
electron spin polarization with the varying exchange coupling model is shown 
by the red line. (B) Calculated electron spin polarization by the model of the 
singlet-quintet conversion during the triplet diffusion and subsequent 
reencounter processes in the multiexciton without considering the vibration 
motions coupling to the exchange interactions. 
 

 
Figure 5. (A) psTA spectra of (Tc)6 in toluene (λex: 355 nm). (B) Species-
associated spectra (SAS) of (Tc)6. The inset shows decay profiles of TT (green) 
and T+T (blue). (C) psTA spectra of TcF3-(Tc)4-TcF3 in toluene (λex: 355 nm). 
(D) SAS of TcF3-(Tc)4-TcF3. The inset shows decay profiles of TT (green), T+T 
(blue) and 3TcF3*+3TcF3* (orange). 
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Table 2. Summarized Thermodynamic Parameters regarding TT Dissociation. 

Compound 
∆H‡ [a] 

(kJ·mol–1) 

∆S‡ [a] 

(J·mol–1·K–1) 

∆G‡ at 293 K [b] 

(kJ·mol–1) 
∆∆W‡ [c] 

∆H [d] 

(kJ·mol–1) 

∆S [d] 

(J·mol–1·K–1) 

∆G at 293 K [e] 

(kJ·mol–1) 
∆∆W [f] 

(Tc)2 3.09 ± 0.09 −86.2 ± 0.3 25.7 ± 0.1 1.00 ± 0.03 1.00 ± 0.10 23.7 ± 0.3 −6.00 ± 0.14 1.00 ± 0.02 

(Tc)4 3.12 ± 0.07 −84.2 ± 0.2 25.1 ± 0.1 1.28 ± 0.03 1.00 ± 0.08 27.7 ± 0.3 −6.98 ± 0.12 1.62 ± 0.04 

(Tc)6 3.16 ± 0.07 −83.0 ± 0.3 24.7 ± 0.1 1.46 ± 0.03 1.00 ± 0.10 31.9 ± 0.4 −8.21 ± 0.15 2.70 ± 0.07 

TcF3-(Tc)4-TcF3 3.33 ± 0.03 −80.8 ± 0.1 24.1 ± 0.1 1.90 ± 0.04 0.78 ± 0.07 36.2 ± 0.2 −9.85 ± 0.10 4.52 ± 0.10 

[a] Estimated by the Eyring plots (Figure S92A). [b] Calculated by ∆G‡ = ∆H‡−T×∆S‡. [c] Calculated by ∆S‡−∆S‡(Tc)2 = kB·ln∆W‡−kB·ln∆W‡(Tc)2 = kB·ln∆∆W‡. (W is 
number of states. ∆W‡ = W‡/WTT, ∆∆W‡ = ∆W‡/∆W‡(Tc)2). [d] Estimated by the plots of ∆G vs. Temperature (Figure 6B). [e] Calculated by ∆G = −RT ln(kDiss/kBack). [f] 
Calculated by ∆S−∆S(Tc)2 = kB·ln∆W–kB·ln∆W(Tc)2 = kB·ln∆∆W. (W is number of states. ∆W = WT+T/WTT, ∆∆W = ∆W/∆W(Tc)2). 
 

We can propose the kinetic model in Tc-homo-oligomers 
(Scheme 3A). The rate constant of initial transition process from 
hot S* to S1 is denoted as knr. Then, the direct ISF from hot S* to 
TT (kISF0), deactivation process from S1 (k0), endergonic ISF (kISF) 
from S1 to TT, and TTA (kTTA) from TT to S1 are included. In 
addition to the recombination process (kRec) from TT to the ground 
state and deactivation process (kT) from T+T to the ground state, 
the TT can generate the T+T by dissociation process (kDiss) 
together with the reverse process of TT dissociation (kBack). To 
carefully discuss these kinetic processes, we analyzed the 
species-associated spectra (SAS) of fsTA (Figures S64C-S66C). 
SAS and corresponding rate constants were obtained as a result 
of target analysis (Table 1, Table S7, Figures S68-S69).[18] The 
kTTA of all systems were an order of magnitude smaller than kISF. 
These results indicate that the oligomeric forms maintain the 
larger rate constants of TT generation relative to the reverse TTA. 
 

 
Scheme 3. Proposed Kinetic Schemes for (A) Tc-Homo-Oligomers and (B) 
TcF3-(Tc)4-TcF3.[19] 
 

To evaluate the dissociation of TT in Tc-homo-oligomers, 
picosecond transient absorption (psTA) of (Tc)6 were measured 
in toluene with 355 nm excitation (Figures 5A-B, Figure S70). We 
observed the appearance and prompt decay of TT in the range 
from 400-450 nm (ca. 1-8 ns) together with (Tc)4 and (Tc)2 
(Figures S71-S72). The kDiss was 7.2 × 107 s–1 for (Tc)6 and these 
values increases with increasing the number of Tc (Table 1). 
Similarly, the individual triplet yields (ΦT) were 182% for (Tc)6, 
173% for (Tc)4 and 165% for (Tc)2, respectively (Table 1, Table 
S3), which indicates that the ΦT increases with increasing the 
number of Tc. Although the direct observation of exciton-
migration was unclear, we successfully observed the high-yield 
ΦT in (Tc)6 and oligomeric effect in Tc-homo-oligomers. 

Next, fsTA of TcF3-(Tc)4-TcF3 was measured (Figures S73-
S75) together with the kinetic model (Scheme 3B). The 
differences from the above Tc-homo-oligomers are the exciton-

trapping process (kTrap) from T+T to 3TcF3
*+3TcF3

* and the 
deactivation process from 3TcF3

*+3TcF3
* to the ground state (kTrT). 

Similarly, we analyzed the SAS of fsTA (Figure S73C). The kISF0 
(1.9 × 1011 s−1) and kISF (5.4 × 109 s−1) are approximately similar 
to those of Tc-homo-oligomers, indicating that fast ISF occurs 
even though the energy acceptors are attached at the terminal 
positions. Then, to evaluate the exciton-migration including TT 
dissociation and exciton-trapping, psTA of TcF3-(Tc)4-TcF3 were 
examined (Figure 5C-D, Figure S76-S77). In contrast to Tc-homo-
oligomers, the following three SAS corresponding to TT, T+T and 
3TcF3

*+3TcF3
* were required in TcF3-(Tc)4-TcF3 (Figure 5D). This 

TT should include the 3TcF3
* species because of the difference in 

the green-lines between Figure 5D and 5B indicating that the 
major configuration of TT is populated at the terminus position 
[3Tc*-3TcF3

*] in the time range of a few to 200 nanoseconds. In 
contrast, the spectral shape of T+T is rather similar to the spectra 
of 3Tc-ref* and T+T in (Tc)6 (blue-line in Figure 5D). Thus, T+T is 
mostly composed of the separated 3Tc*+3Tc* at the core (Tc)4 unit 
in TcF3-(Tc)4-TcF3, indicating that the major pathway of 
intramolecular dissociation occurs from the strongly coupled 
TcF3-(Tc)3-3Tc*-3TcF3

* at the terminus positions. More importantly, 
comparing the orange and blue SASs in Figure 5D, the peak at 
ca. 420 nm increased with time compared to that at ca. 540 nm, 
indicating that the two triplet excitons are likely to eventually reach 
the terminal TcF3 units (Figure S76). Thus, the localized triplet 
excitons at the terminal positions of TcF3-(Tc)4-TcF3 
(3TcF3

*+3TcF3
*), i.e., the exciton-trapping process, was finally 

confirmed. The kTrap (9.8 × 106 s–1) is 103 times greater than that 
of kT together with efficient trapped triplet yield (ΦTrT = 176 ± 8%) 
(Table 1). These results should provide strong evidence for the 
exciton-migration of TT dissociation (Scheme 1). Additionally, the 
kDiss (9.2 × 107 s–1) for TcF3-(Tc)4-TcF3 is larger than those in Tc-
homo-oligomers. This may suggest that a vibronic effect by TcF3 
promotes the TT dissociation, as detailed below. Additionally, we 
also measured and analyzed fsTA and psTA spectra of TcF3-
(Tc)4-TcF3 in benzonitrile (PhCN) (Figures S75-S77) to examine 
solvent polarity-dependent photophysical processes. In the case 
of PhCN, thermal equilibrium between S1 and CT exists due to the 
proximity of the energy levels of S1 and CT states as we already 
reported in tetracene dimers.[20] This resulted in the smaller ΦTrT 
in PhCN (ΦTrT = 132 ± 6%) (Table S3) as compared to that in 
toluene. The rate constants (kTrT) of 3TcF3

*+3TcF3
* deactivation 

was finally calculated from the lifetime: τT ≈ 0.3 ms by nsTA, which 
is quite similar to kT of (Tc)n (Table 1, Figures S78-S83). The 
similar lifetimes of TcF3-(Tc)4-TcF3 (τTrT) and TcF3-ref (τT) also 
suggested the final exciton trap process (Table 2). These values 
of τTrT and τT (Table 1) are longer than those of related molecular 
systems such as tetracene dimers (τ < 5 µs) and perylene 
oligomers (τ ≈ 0.1 ms) reported by Korovina et al.[10b, 21] 

To examine the plausible reasons for the improved kDiss and 
ΦT, we further performed the temperature-dependent psTA to 
estimate the thermodynamic parameters for the TT dissociations 
(Figures S84-S94). The activation enthalpy (∆H‡) and the 
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enthalpy change (∆H) for TT dissociation are represented in the 
enlarged potential surface (Figure 6A). The detailed discussions 
for the thermodynamic parameters for the activation state of TT 
dissociation (∆G‡, ∆H‡, ∆S‡ and ∆∆W‡) are described in SI (Figure 
S94). The thermodynamic parameters for the activation state of 
TT dissociation are listed in Table 2. 

Then, we also estimated the thermodynamic parameters for 
TT dissociation (Figure 6B). The thermodynamic parameters for 
∆G (∆H and ∆S) are listed in Table 2. ∆H ≈ +1 kJ mol-1 were 
obtained for Tc-homo-oligomers and TcF3-(Tc)4-TcF3 (Table 2). 
This endothermicity reflects that the TT is stabilized with respect 
to the T+T due to the charge-transfer (CT) character in the 
strongly coupled multiexcitons of 3Tc*-3Tc* and 3TcF3

*-3Tc*, as 
reported by our previous studies.[16, 20] Moreover, ∆H‡ > ∆H 
(Figure 6A) reveals that conformation changes are essential for 
the activations. The exergonicity of the TT dissociation (∆G < 0) 
in Table 2 is thus originating from the entropy change, i.e., the 
increased number of the states in the T+T with respect to TT. 
Accordingly, the ∆S increased as increasing the number of Tc 
units. Surprisingly, the ∆S of TcF3-(Tc)4-TcF3 is much larger than 
that of (Tc)6 as well as ∆S‡ (Table 2), indicating an important role 
of the molecular vibration at the trifluorophenyl-substituted 
tetracene at the terminal positions. Consequently, the ∆G 
decreased as increasing the number of Tc and the ∆G of TcF3-
(Tc)4-TcF3 is smaller than that of (Tc)6. The intramolecular 
dissociation (kDiss) is thus preferential in TcF3-(Tc)4-TcF3 due to 
the increase of ∆S by introduction of trifluorophenyl-substituted 
energy-acceptors at the terminal positions. This demonstrated the 
larger entropic gain effect of the trifluorophenyl units relative to 
the biphenyl linker units. 
 

 
Figure 6. (A) Enlarged potential surface forcusing the TT→T+T dissociation 
with ∆H‡ and ∆H. (B) The plot of ∆G vs. temperatures. (C) The plot of kDiss vs. 
∆∆W.  
 

To examine the reason for larger ∆S in (Tc)6 and its 
enhancement in TcF3-(Tc)4-TcF3, we obtained the change of 
number of T+T with respect to TT by using Boltzmann’s equation 
(∆S = kB·ln∆W).[22] For comparison, ∆∆W, the relative values of 
∆W in other Tc-oligomers to ∆W in (Tc)2, were calculated (Table 
2). The increased number of T+T for TT dissociation in TcF3-(Tc)4-
TcF3 is approximately four times larger than that of (Tc)2. 
Moreover, we observed a good linear correlation between ∆∆W 

and kDiss (Figure 6C). Therefore, we successfully demonstrated 
that the number of activated states increased in (Tc)6 and TcF3-
(Tc)4-TcF3 due to the increase in the number of Tc and 
introduction of energy-acceptors at the terminal positions. The 
enhanced ∆∆W and ∆∆W‡ in TcF3-(Tc)4-TcF3 are attributable to 
the increased numbers of separated and activated states in the 
T+T at -3Tc*-Tc-3TcF3

* compared with those in (Tc)6 only by 3,4,5-
trifluorophenyl groups replaced with the aliphatic TIPS groups. 
This is thus attributed to vibrational motions of the aromatic 
substituent to weaken the CT binding (Figures S56-S57) at TT, as 
was discussed in the exergonic charge-dissociation processes in 
organic photovoltaics.[12, 23] This was supported by the vibronic 
model analysis of TREPR considering the terahertz motions 
(Figure S67, Table S6).[16, 20] Further discussions about the 
vibronic coupling of trifluorophenyl unit and other thermodynamic 
parameters are provided in SI (Figures S93-S94). These 
thermodynamic parameters strongly support the exciton-
migration of ISF and validity of the terminal TcF3. 
 

Conclusion 

In conclusion, this work demonstrates the efficient 
generation of two individual triplet excitons and exciton-migration 
process including TT dissociation and exciton-trapping in (Tc)n 
and TcF3-(Tc)4-TcF3. The ΦT of (Tc)n increased up to182 ± 10% 
with increasing the number of Tc. More importantly, in TcF3-(Tc)4-
TcF3, the localized triplet excitons at the terminal TcF3 positions 
are observed (ΦTrT = 176 ± 8%, τTrT = 0.30 ms) after the exciton-
migration. The thermodynamic parameters were carefully 
considered. The increased number of possible TT states due to 
the increased number of Tc moiety and of the vibronic levels by 
the rotation of the trifluorophenyl group at the terminal TcF3, 
leading to the increase in ∆S. Initial singlet exciton-migration 
would mainly produce the TT states generated by the coupling 
between 3Tc* and 3TcF3

* and causes ultimate exciton-trapping by 
the terminal TcF3 moieties. Therefore, we successfully 
demonstrated a molecular design for the efficient exciton-
transport process in linear oligomers by promoting TT dissociation 
and controlling sequential exciton-trapping process. Such 
thermodynamic control for the exciton-migration associated with 
SF will provide a new perspective for novel photo-functional 
systems such as quantum information science and 
photovoltaics.[4b, 24] 

Experimental Section 

General and Materials. All solvents and reagents of the best grade 
available were purchased from commercial suppliers such as Tokyo 
Chemical Industry, Nacalai Tesque, FUJIFILM Wako Pure Chemical 
Corporation and Sigma-Aldrich. All commercial reagents were used 
without further purification. Column flash chromatography was performed 
on silica gel (Fuji Silysia Chemical LTD., 40-50 μm or 100-210 μm). 
Preparative recycling gel permeation chromatography was performed with 
an HPLC apparatus (Japan Analytical Industry LC-9204) by using 
chloroform as eluent at room temperature. This system is equipped with a 
pump (JAI PI-60, flow rate 3.0 mL min−1), a UV detector (JAI UV-3740), 
and two columns (JAIGEL-2H and JAIGEL-1H, both 40 × 600 mm). 1H 
NMR, 13C NMR and 19F NMR spectra were recorded on a ECS-400 or 
ALPHA-400 spectrometer using the solvent peak as the reference 
standard, with chemical shifts given in parts per million. CDCl3 and 
toluene-d8 was used as a NMR solvent. MALDI-TOF mass spectra were 
recorded on Shimadzu MALDI-7090. TcQ-Br, Tc-Br and TcQ were 
synthesized by using reported method.[25] Br-Tc-Br was synthesized by 
using reported method.[14a] Tc-ref was synthesized by using reported 
method.[26] (Tc)2 was synthesized by using reported method.[11]  
 



RESEARCH ARTICLE    

7 
 

Spectroscopic Measurements. UV-VIS absorption spectra were 
recorded on Agilent (8453) UV-VIS-NIR spectrophotometer. Fluorescence 
spectra were recorded on JASCO (FP-8600) spectrofluorophotometer.  
 
Femtosecond Pump-Probe System. The transient absorption 
spectroscopy measurements were carried out using a femtosecond 
pump–probe system. A Libra F laser system (Coherent Inc.) was used to 
create fundamental light pulses at 800 nm at a repetition rate of 1 kHz. The 
pulse energy was 1 mJ, and the pulse duration was approximately 100 fs. 
The fundamental beam was split in two, and the majority of the beam 
energy (roughly 90%) was directed to a Topas C optical parametric 
amplifier (Light Conversion Ltd.) to produce excitation pulses at the desired 
wavelength. The rest of the fundamental beam was delivered to a white 
continuum generator (sapphire crystal) for sample probing. The probe 
beam was split in two to record reference and signal responses. The 
measurement system (ExciPro, CDP Inc.) was equipped with a silicon 
CCD array for measurements in the visible part of the spectrum. The 
measurements were carried out by comparing responses with and without 
excitation using a chopper synchronized with the fundamental laser pulses. 
The spectra were typically acquired by recording 5000 shots, i.e. averaging 
over 5 s. Excitation energies were sufficiently low to avoid multiple exciton 
generation; this was verified by recording a series of measurements with 
different excitation energies for the same sample. No excitation energy 
dependence of the response was observed. 
 
Picosecond Transient Absorption Measurement. Picosecond transient 
absorption measurements were conducted using the device manufactured 
by Unisoku Co., Ltd. Measurement method used in this instrument was 
Randomly Interleaved Pulse Train Method.[27] Temperature-dependent 
psTA measurements were measured by using CoolSpek USP-203-SH-ST 
(Unisoku Co., Ltd). 
 
Time Resolved Electron Paramagnetic Resonance Measurement. The 
X–band TREPR measurements were performed using a Bruker EMX Plus 
system in which a modified wide-band preamplifier was equipped in the 
microwave bridge. The field modulation was not employed. The second 
harmonics (532 nm) of a Nd:YAG laser (Continuum Minilite II, fwhm = 5 
ns) were used to light excitation. A laser de-polarizer (SIGMA KOKI, DEQ 
1N) was placed between the laser exit and the microwave cavity for the 
depolarized TREPR data. Transient EPR signals were averaged by a 
Tektronix DPO3054 500 MHz digital phosphor oscilloscope at 201 different 
external magnetic field positions. Temperature was controlled by a 
cryostat system (Oxford, ESR900) by using liquid nitrogen as the cryogen. 
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We newly synthesized a series of homo- and hetero-tetracene (Tc) oligomers to propose a molecular design strategy for the highly 
efficient exciton-transport process in linear oligomers by promoting correlated triplet pair (TT) dissociation and controlling sequential 
exciton-trapping process of individual doubled triplet excitons (T+T) by intramolecular singlet fission. 


