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 ABSTRACT: An adamantane-linked tetracene dyad (Tc–Ad–Tc) undergoes exergonic intramolecular singlet fission (SF), producing long-
lived (t = 175 µs) and high-energy (2 ´ 1.03 eV) multiexciton. Time-resolved absorption, fluorescence decay, and electron paramagnetic 
resonance (EPR) spectroscopic analysis revealed that the long-lived triplet species is generated in this system via correlated triplet pair having 
singlet and quintet characteristics. Time-resolved EPR analysis revealed formation of syn- and anti-conformers in the quintet, i.e. 5(3Tc–Ad–
3Tc)*. The quintet generation requires small conformational motion to induce singlet-quintet spin relaxation. The presence of aliphatic 
linkages, like the rigid adamantane group, may enable effective conservation of intrinsic high S1 and T1 levels of the original monomers, 
moderate bridge-mediated s–p interaction leading to exergonic intramolecular SF involving 1Tc*–Ad–Tc  ® 1(3Tc–Ad–3Tc)*, and 
prevention of undesirable triplet–triplet annihilation, finally result in long-lived and high-energy multiexciton.   

INTRODUCTION 
The Singlet fission (SF) is a photophysical process in which 
interaction between one singlet-excited state (S1) and ground state 
(S0) species generates two triplet-excited species (T1 + T1).1–3 
Efficient SF requires that the energy level of the lowest excited 
singlet state (ES) be larger than twice that of the excited triplet state 
(2ET). Importantly, SF enables the maximum yield of triplet 
excitons to be 200% different from simple intersystem crossing 
(ISC) and, thus, it could be employed to improve the efficiencies of 
organic photovoltaics,4,5 organic light-emitting diodes,6 
photodynamic therapies7,8 and other applications.  

SF requires strong interaction between neighboring molecules 
in the S1 and S0 states, thus typically occurs in the solid or 
aggregated states.9–12 Typical SF description is displayed in eq 1,  

S1 + S0 ® 1(TT) ® 5(TT) ® T1 + T1  (1)  
where S1 and S0 form two independent T1, via the correlated triplet 
pairs13 1(TT) and 5(TT), having respective singlet and quintet 
multiplicities, that serves as key precursors of the independent T1 
molecules.  

Construction of dyad of two p-systems using linker is a 
promising strategy to control interaction between them providing 
highly-efficient SF systems. Several studies have shown that 
intramolecular SF occurs in dyads of p-systems that contain linkers 
composed of conjugated14–21 and/or nonconjugated22–28 groups. 
Highly efficient intramolecular SF is reported using pentacene 
derivatives, owing to the presence of relatively large energy gaps 
between ES (≈ 1.9 eV) and 2ET (≈ 1.6 eV).29 On the other hand, 
efficient intramolecular SF of tetracene derivatives are rarely 
known30,31 because the energy gap is smaller (ES ≈ 2ET ≈ 2.4 eV). 
The use of conjugated linkages often results in a decrease the 
energies of S1 and T1, which prevents exergonic SF. Also, 
achievement of high ET level is important subject for practical use 
of SF, as a driving force of photoenergy conversion systems (1.1 eV 
for Si solar cell, 0.97 eV for 1O2 generation). Nonconjugated 
linkages including sp3-hybridized atoms are effective for 
maintaining the intrinsic high energies of S1 and Tl and enabling 
moderate interactions needed to trigger intramolecular SF. The 
sp3-hybridized atoms also enable three-dimensional control of 
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interaction between two  p-conjugated systems. Additionally, 
nonconjugated linkages can potentially prevent undesirable 
triplet–triplet annihilation (TTA), which is the reverse of SF. Thus, 
the use of nonconjugated linkages can enable formation of long-
lived and high-energy excitons needed for practical applications of 
intramolecular SF.  

In the investigation described below, we explored the SF 
behavior of two types of dyads, which contain tetracene moieties 
linked by an adamantane (Ad) moiety (Fig. 1). One dyad, Tc–Ad–
Tc, possesses 5,12-bis((triisopropylsilyl)ethynyl)tetracene (Tc) 
moieties that are bonded to the 1- and 3-positions of Ad and the 
other, PTc–Ad–PTc, has phenyl-tetracene (PTc) moieties also at 
1- and 3-positions of Ad. The pathway for SF in these dyads, 
exemplified by Tc–Ad–Tc, is shown in eq 2.  

1Tc*–Ad–Tc ® 1(3Tc–Ad–3Tc)* ®  
5(3Tc–Ad–3Tc)* ® 3Tc*–Ad–3Tc*   (2) 

Time-resolved absorption and EPR studies were carried out to 
characterize the intramolecular SF behavior of these dyads. The 
results show, that long-lived (t = 175 µs) and high-energy (2 ´ 1.03 
eV) triplet excitons are formed in Tc–Ad–Tc, which demonstrates 
the occurrence of exergonic intramolecular SF.  
 

 
Fig. 1. Structures of Tc–Ad–Tc and PTc–Ad–PTc and the 
corresponding monomers. TIPS = triisopropylsilyl.  
 
Experimental Section 
General. Melting points (Mp) were obtained with a Yanaco MP-
500 apparatus or differential scanning calorimetry (DSC) on 
Rigaku Thermo plus EVO II/DSC8230. 1H and 13C NMR spectra 
were recorded at 400 and 100 MHz, respectively, on a JEOL 
ECS400 spectrometer. Chemical shifts (d) were reported in ppm 
using the signal of tetramethylsilane as an internal standard. IR 
spectra were recorded on a JASCO FT/IR 4100 spectrometer 
using attenuated total reflection (ATR) method. Atmospheric 
solid analysis probe (ASAP) mass measurements were carried out 
with a Shimadzu LCMS-2020 and LabSolutions LCMS software. 
Elemental analyses were carried out at the Research and Analytical 
Center at Kanazawa University.  
 
Preparation of Substrates. Dyads Tc–Ad–Tc and PTc–Ad–PTc 
were synthesized according to Scheme 1. The structurally-related 

monomers Tc32 and PTc12 were also synthesized according to the 
literature.  
 

Scheme 1. Synthetic Routes for Tc–Ad–Tc and PTc–Ad–PTc  

  

(i) NBS, BPO, CCl4; (ii) 1,4-Naphthoquinone, KI, DMF; (iii) 
(Triisopropylsilyl)ethyne, n-BuLi, followed by sat. SnCl2•2H2O in 10% aq. 
HCl; (iv) K2CO3, Pd(dppf)Cl2, THF/H2O.  

 
1,3-Bis(3,4-bis(dibromomethyl)phenyl)adamantane (2). A 
CCl4 (30 mL) solution of 1,3-bis(3,4-
dimethylphenyl)adamantane (1, 3.44 g, 10 mmol), N-
bromosuccinimide (NBS, 7.55 g, 42 mmol), and benzoyl peroxide 
(BPO, 246 mg) were stirred at reflux (85 °C) under an argon 
atmosphere for 5 h in the dark. Additional NBS (7.26 g, 41 mmol) 
and BPO (246 mg) were added to the mixture, which was then 
stirred at reflux for 15 h in the dark. The mixture was cooled to 
room temperature and filtered. The precipitate was washed with 
CH2Cl2. The combined filtrates were washed with water (30 mL  ́
2) and sat. aq. NaHSO3 (30 mL), dried over Na2SO4, and then 
concentrated under reduced pressure to give crude 2 (5.84 g), 
which was used in the next reaction. 
1,3-Bis(tetracen-5,12-dion-8-yl)adamantane (3). A dry N,N-
dimethylformamide (DMF, 50 mL) solution of 2 (5.84 g), 1,4-
naphthoquinone (1.87 g, 12 mmol) and KI (7.97 g, 48 mmol) was 
stirred at 110 °C under argon atmosphere for 24 h. The mixture was 
cooled to room temperature and poured into 300 mL of CH3OH. 
The precipitate was collected by filtration, washed with CH3OH 
and dissolved in CHCl3. The CHCl3 solution was washed with 
water (100 mL ´ 2), sat. aq. NaHSO3 (100 mL) and brine (100 
mL), dried over Na2SO4, and then concentrated under reduced 
pressure. Re-precipitation of the CHCl3 solution into CH3OH of 
the solid gave 3 (2.17 g, 3.35 mmol, y. 61% for two steps) as brown 
powder. Mp = 294 °C (DSC); 1H NMR (400 MHz, CDCl3) δppm 
1.93 (br, 2H), 2.13–2.19 (m, 8H), 2.28 (s, 2H), 2.50 (br, 2H), 7.81–
7.88 (m, 6H), 8.05 (s, 2H), 8.08 (d, J = 8.8 Hz, 2H), 8.38–8.41 (m, 
4H), 8.83 (s, 2H), 8.85 (s, 2H); 13C NMR (100 MHz, CDCl3) δppm 
29.5 (2C), 35.8, 38.1 (2C), 42.0 (4C), 48.4, 125.5 (2C), 127.6 (2C 
+ 2C), 128.0 (2C), 129.3 (2C), 129.6 (2C), 129.8 (2C), 130.0 
(2C), 130.2 (2C), 133.9 (2C), 134.2 (2C + 2C), 134.69 (2C), 
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134.72 (2C), 135.6 (2C), 152.0 (2C), 183.2 (2C + 2C); IR (ATR) 
n / cm–1 2902, 1675, 1279, 965, 711; LR-mass (FAB, 3-nitrobenzyl 
alcohol (NBA)) m/z = 648 (M+). 
1,3-Bis(5,12-bis((triisopropylsilyl)ethynyl)tetracen-8-
yl)adamantane (Tc–Ad–Tc). To a solution of 
(triisopropylsilyl)ethyne (2.7 mL, 12 mmol) in dry 
tetrahydrofuran (THF, 15 mL) at –78 °C under argon was added 
n-BuLi in hexane (1.55 M, 6.5 mL, 10 mmol). The resulting 
solution was stirred for 1 h and warmed to –20 °C before adding a 
THF (10 mL) solution of 3 (1.30 g, 2 mmol). The solution was 
then allowed to warm to room temperature before adding an excess 
of sat. SnCl2•H2O in 10% aq. HCl. After stirring for 2 h at room 
temperature, the mixture was extracted with CH2Cl2 (30 mL  ́3). 
The CH2Cl2 extracts were dried over Na2SO4 and concentrated 
under reduced pressure. The residue was subjected to silica-gel 
column chromatography (n-hexane/CH2Cl2 = 4/1), followed by 
recrystallization from 2-butanone to give Tc–Ad–Tc (376 mg, 0.29 
mmol, y. 14%) as red powder. Mp  ≈ 260 °C (decomp., DSC); 1H 
NMR (400 MHz, CDCl3) δppm 1.29–1.38 (m, 84H), 1.95 (br, 2H), 
2.19 (m, 8H), 2.30 (s, 2H), 2.52 (br, 2H), 7.52–7.54 (m, 4H), 7.66 
(d, J = 9.2 Hz, 2H), 7.89 (s, 2H), 8.00 (d, J = 9.2 Hz, 2H), 8.60–8.63 
(m, 4H), 9.26 (s, 2H), 9.29 (s, 2H); 13C NMR (100 MHz, CDCl3) 
δppm 11.75 (6C), 11.77 (6C), 19.1 (12C + 12C), 29.7 (2C), 36.2, 
37.7 (2C), 41.7 (4C), 48.0, 104.2 (2C + 2C), 105.77 (2C), 105.81 
(2C), 118.5 (2C), 118.7 (2C), 122.8 (2C), 125.2 (2C), 125.8 (2C), 
126.2 (2C), 126.6 (2C), 126.7 (2C), 127.5 (2C + 2C), 128.5 (2C), 
130.4 (2C), 130.7 (2C), 131.3 (2C), 132.5 (2C + 2C), 132.7 (2C), 
147.9 (2C); LR-mass (FAB, NBA) m/z = 1310 ([M+H]+). Anal. 
Calcd for C90H116Si4: C, 82.50; H, 8.92; Si, 8.57. Found: C, 82.14; 
H, 9.02; N, 0.13. 
1,3-Bis(4-(5,12-bis((triisopropylsilyl)ethynyl)tetracen-8-
yl)phenyl)adamantane (PTc–Ad–PTc). A THF/water (50 
mL/5 mL) solution of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-6,11-bis((triisopropylsilyl)ethynyl)tetracene32 (4, 1.57 g, 2.2 
mmol), 1,3-bis(4-bromophenyl)adamantane (450 mg, 1.0 mmol), 
(1,1'-bis(diphenylphosphino)ferrocene)palladium(II) dichloride 
(81 mg, 0.11 mmol) and K2CO3 (2.43 g, 18 mmol) was stirred at 
reflux (75 °C) under argon atmosphere for 24 h in the dark. After 
filtration through Celite pad, the mixture was extracted with CHCl3 
(80 mL ´ 3). The CHCl3 extracts were dried over Na2SO4 and then 
concentrated under reduced pressure to give a residue that was 
subjected to silica-gel column chromatography (n-hexane/EtOAc 
= 20/1), followed by recrystallization from n-hexane to give PTc–
Ad–PTc (1.10 g, 0.75 mmol, y. 75%) as red powder. Mp ≈ 250 °C 
(decomp., DSC); 1H NMR (400 MHz, CDCl3) δppm 1.31–1.39 (m, 
84H), 1.88 (br, 2H), 2.09 (br, 8H), 2.22 (s, 2H), 2.42 (br, 2H), 
7.53–7.56 (m, 4H), 7.61 (AA’BB’, J = 8.4 Hz, 4H), 7.77 (d, J = 9.2 
Hz, 2H), 7.80 (AA’BB’, J = 8.4 Hz, 4H), 8.09 (d, J = 9.2 Hz, 2H), 8.19 
(s, 2H), 8.63 (dd, J = 6.8, 2.7 Hz, 4H), 9.32 (s, 2H), 9.34 (s, 2H); 13C 
NMR (100 MHz, CDCl3) δppm 11.8 (6C + 6C), 19.1 (12C + 12C), 
29.8 (2C), 36.1, 37.4 (2C), 42.5 (4C), 49.2, 104.1 (2C + 2C), 
105.97 (2C), 106.05 (2C), 118.6 (2C), 118.8 (2C), 125.7 (2C), 
125.8 (4C), 126.2 (2C), 126.6 (2C + 2C), 126.8 (2C), 126.9 (2C), 
127.3 (4C), 127.6 (2C + 2C), 129.3 (2C), 130.6 (2C), 130.8 (2C), 
131.5 (2C), 132.6 (2C), 132.7 (2C), 132.9 (2C), 138.3 (2C), 

138.5 (2C), 150.4 (2C); LR-mass (FAB, NBA) m/z = 1462 
([M+H]+); Anal. Calcd for C102H124Si4: C, 83.77; H, 8.55. Si, 7.68. 
Found: C, 83.50; H, 8.59. 
 
Spectroscopic Measurements 
UV–Vis absorption and photoluminescence spectra were 
recorded on JASCO V-570 and FP-8500 spectrophotometers, 
respectively. Absolute fluorescence quantum yields were 
determined by utilizing the integrating sphere method with a 
Hamamatsu Photonics C9920-02. Fluorescence lifetime were 
determined by using a HORIBA Jobin Yvon FluoroCube time-
correlated single photon counting photometer and analyzed using 
Igor Pro software. Phosphorescence spectra were measured at 77 K 
on a HORIBA Jobin Yvon Fluorolog-3 spectrophotometer with a 
VT CBL-LR/RM12 Dewar adopter and a DSS-IGA020L near-
infrared detector with visible cutoff filter. 
 
Time-resolved Absorption Spectroscopic Measurements. 
Subnanosecond transient absorption studies were carried out 
using a UNISOKU picoTAS spectrophotometer, which is based 
on a recently-developed randomly-interleaved pulse train (RIPT) 
method.33 The pump source is a picosecond YAG laser (355 nm, 
EKSPLA PL-2210A, 1 kHz, fwhm = 25 ps) equipped with an 
optical parametric generator (EKSPLA PG403, 410–700 nm, 50 
µJ pulse–1 @500 nm), and the probe source is a supercontinuum 
radiation source (410–2000 nm, LEUKOS SMHP-20.2, 20 MHz, 
fwhm = 50–100 ps). The reliability has been demonstrated by its 
use in many studies of photoinduced electron transfer and artificial 
photosynthetic systems.34–37 Time-resolution of the system was 
estimated to be ≈ 80 ps. Measurements were conducted by using a 
sample solution with an optical density (OD) = 0.6 at excitation 
wavelength in a vessel of 2 mm thickness under argon flow 
conditions. Spectroscopic data were analyzed by using Glotaran 
software.38 Nano–micro–millisecond transient absorption was 
measured on a UNISOKU TSP-1000 setup with YAG laser (355 
nm, Spectra Physics Quanta-Ray GC-100, 10 Hz, fwhm = 8 ns, 15 
mJ pulse–1) excitation and Xe arc monitoring lamp (150 W). 
 
Time-resolved EPR Measurements. Continuous wave time-
resolved EPR measurements were performed using a Bruker 
EMXplus spectrometer. The detailed experimental settings have 
been described previously.39 Photoexcitations were performed by 
using the second harmonics of a Nd:YAG laser (532 nm, 
Continuum Minilite II, 10 Hz, fwhm = 5 ns). A light depolarizer was 
placed between the laser output and the optical window of the EPR 
cavity.39 
 
Theoretical Calculations. Density functional theory (DFT) 
calculations were carried out using Gaussian 09W program40 using 
B3LYP functional and 6-31G(d) or 6-31G(d,p) basis set. To 
reduce the computational costs, TIPS groups were replaced by 
trimethylsilyl (TMS) groups, noted as Tc’ for the ground states. 
Optimized geometries of the quintet states were obtained both for 
Tc–Ad–Tc and Tc’–Ad–Tc’. It was confirmed that the 
conformations of the aromatic-rings were unaffected by the Tc’ 
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replacement. Geometries and orbitals were plotted by using an 
Avogadro41 or Gaussview42 program. 
 
RESULTS AND DISCUSSION 
Theoretical Study. Theoretical studies were carried out on the Ad-
linked dyads, Tc’–Ad–Tc’ and PTc’–Ad–PTc’, using models in 
which TIPS containing Tc moieties are replaced by the more 
simple TMS containing Tc’ analogs. Geometries of the dyads and 
the corresponding individual components Tc’ and PTc’ were 
optimized by using DFT calculations at the B3LYP/6-31G(d) 
level of theory (Fig. 2). At least two local energy minimum 
geometries, corresponding to anti- and syn-conformers, were 
obtained for Tc’–Ad–Tc’. The anti-conformation, having a lower 
energy, is displayed in Fig. 2a while the syn-conformation (+1.6 kcal 
mol–1 in S0, +0.31 kcal mol–1 using CAM-B3LYP) will be discussed 
later. Distances between C2 atoms of Tc’–Ad–Tc’ and PTc’–Ad–
PTc’ were found to be 5.1 and 12.2 Å, respectively. In the minimum 
energy anti-conformer of Tc’–Ad–Tc’, the planes of one of the 
tetracene moieties is tilted by ≈ 90° with respect to the other, but it 
is nearly freely rotatable on the NMR timescale at room 
temperature. Recently, Shigeta et al. reported that the distance 
between two p-conjugated systems needs to be shorter than 10 Å 
in order for efficient TTA to take place.43 Also, Liang et al. showed 
that SF is not enhanced in system that have co-facial orientations of 
the two p-systems but it is in those that have these moieties in J-
aggregate orientation.44 The results of our calculations show that 
only Tc’–Ad–Tc’ and not PTc’–Ad–PTc’ has a geometry that 
satisfies these conditions. Thus, Tc’–Ad–Tc’ is expected to display 
efficient intramolecular SF. 
 

 

Fig. 2. Optimized geometries of (a) Tc’–Ad–Tc’ in anti-type 
conformation and (b) PTc’–Ad–PTc’ in the S0 states with the 
distances between the C2 atoms in tetracene moieties (B3LYP/6-
31G(d)). 
 
Determination of Excited Energy Levels. UV–Vis absorption, 
fluorescence, and phosphorescence spectra of Tc and Tc–Ad–Tc 
in methylcyclohexane (MCH) were measured (Fig. 3a). The 
results show that Tc and Tc–Ad–Tc have p,p* absorption maxima 
at 531 and 532 nm, respectively, and that the molar absorption 
coefficient (e) of Tc–Ad–Tc is almost twice that of Tc (3.6 ´ 104 
M–1cm–1). Similarly, Tc and Tc–Ad–Tc display respective 
fluorescence maxima at 539 and 545 nm. The emission maximum 
of Tc–Ad–Tc is slightly red-shifted and broadened as compared 
with that of Tc, indicating that weak exciton coupling takes place 
between two Tc moieties in the dyad. That the shift is small 
suggests that Tc–Ad–Tc has an ES that is as high as that of Tc, a 

likely consequence of the fact that the angle between the transition 
dipole moments in the Tc moieties is sufficient to suppress the 
Davydov splitting in both the anti- and syn-conformations. The 
fluorescence quantum yield (FFL) of Tc–Ad–Tc was determined 
to be 0.26, a value which is remarkably smaller than that of Tc 
(0.72).45 Phosphorescence maxima of both Tc and Tc–Ad–Tc in 
frozen (77 K) MCH solutions were observed at 1220 nm. Thus, 
respective ES and ET for Tc–Ad–Tc are 2.28 and ≈ 1.02 eV (Table 
1). These results suggest that SF of Tc–Ad–Tc (ES > 2ET) finally 
providing 3Tc*–Ad–3Tc* is exergonic. Note that ET of Tc is lower 
than the value reported in literature (≈ 1.2 eV),45 suggesting that 
stabilization of T1 is caused by the presence of silylethynyl groups, 
a proposal that is supported by the results of DFT calculations.46  

PTc–Ad–PTc displays absorption, fluorescence, and 
phosphorescence maxima at 541, 547, and 1200 nm, respectively 
(Fig. 3b, Table 1). The magnitude of the shift in fluorescence 
maxima between PTc–Ad–PTc and PTc are slightly smaller than 
those between Tc–Ad–Tc and Tc pair. ES and ET of PTc–Ad–PTc 
were determined to be 2.27 and ≈ 1.03 eV, respectively, values that 
satisfy conditions of ES > 2ET needed for exergonic SF. The 
respective FFL values of PTc and PTc–Ad–PTc were determined 
to be 0.33 and 0.30. The results suggest that the Ad linkage in the 
dyads prevents unnecessary stabilizations of ES and ET leading to 
effective conservation of intrinsic ES and ET of the p-conjugated 
components.  
 

 

Fig. 3. UV–Vis absorption (dotted), fluorescence, and 
phosphorescence (solid) spectra of (a) Tc (blue) and Tc–Ad–Tc 
(red) and (b) PTc (blue) and PTc–Ad–PTc (red) in MCH. 
Phosphorescence spectra were measured using MCH matrices at 
77 K. 
 
Fluorescence Decay Profiles. Fluorescence decay profiles for Tc 
and Tc–Ad–Tc in degassed MCH at room temperature were 
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measured by using the time-correlated single photon-counting 
method. The fluorescence decay profile of Tc against time (t), 
displayed in Fig. 4a, easily fit by using a single exponential function, 
shows that it has a lifetime (tFL) of 11.5 ns. On the other hand, 
fitting of fluorescence decay curve of Tc–Ad–Tc (Fig. 4c, red) 
requires the use of the triple exponential functions, given in eq 3.  

I(t) = A1exp(–t/tFL1) + A2exp(–t/tFL2) + A3exp(–t/tFL3) (3) 

This treatment gives tFL values of 4.0 (91.3%, tFL1), 10.1 (8.4%, 
tFL2), and 435.4 ns (0.3%, tFL3). The presence of the fastest 
components suggests the occurrence of SF for 1Tc*–Ad–Tc. Note 
that the tFL3 component was not detected when an aerated 
condition was used (Fig. 4c, blue), suggesting that it is associated 
with a triplet species that is readily quenched by molecular oxygen. 
Owing to concentration considerations, intermolecular TTA of 
two free 3Tc*–Ad–Tc would be negligible on this short timescale. 
Thus, 1Tc*–Ad–Tc is regenerated by intramolecular TTA in 3Tc*–
Ad–3Tc*.This delayed fluorescence behaviour of Tc–Ad–Tc is 
similar to the results of tetracene derivatives reported by 
Thompson and co-workers.17 Although this TTA process of 3Tc*–
Ad–3Tc* should be endergonic by 0.24 eV, reverse ISC47–49 is 
widely known as an example where such an endergonic process 
occurs within 100 ns timescale. The energetic difference of 0.24 eV 
is reasonable, because a threshold whether reverse ISC occurs at 
room temperature is empirically estimated to be ≈ 0.3 eV.  

Rate constants for fluorescence emission (kFL), nonradiative 
deactivation (kNR), and ISC (kISC) of Tc and PTc, obtained by using 
eqs 4 and 5, are listed in Table 1. 

FFL = kFL/(kFL + kNR + kISC)  (4) 

kFL + kNR + kISC = kS = 1/tFL  (5) 

The fluorescence decay profile of PTc–Ad–PTc (tFL = 6.8 ns,  Fig. 
4b) is almost the same as that of PTc (tFL = 6.9 ns, Fig. 4d), showing 
that PTc–Ad–PTc does not undergo remarkable intramolecular 
SF even though the relationship ES > 2ET is satisfied. The absence 
of SF is likely a consequence of the relatively long distance (12.2 Å) 
between the two Tc moieties in PTc–Ad–PTc. Moreover, PTc–
Ad–PTc and PTc have almost the same kFL and kNR values, 
supporting that kNR, kFL, and kISC for Tc–Ad–Tc can be estimated 
by using those of Tc. Note that no delayed fluorescence was 
observed for PTc and PTc–Ad–PTc (Fig. 4b,d), even if kISC of them 
are higher than that of Tc.  
 

 
Fig. 4. Fluorescence decay profiles of (a) Tc, (b) PTc, (c) Tc–Ad–
Tc, and (d) PTc–Ad–PTc in (red) degassed and (blue) aerated 
MCH detected at respective lFL maxima. Black curves are fitted 
lines. The values for tFL are listed in Table 1. [Tc] = [PTc] = 20 µM, 
[Tc–Ad–Tc] = [PTc–Ad–PTc] = 10 µM.  
 
Time-resolved EPR Measurement. Time-resolved EPR 
measurements were made in order to identify the species generated 
by fluorescence quenching of 1Tc*–Ad–Tc. The results show that 
photoexcitation of a frozen 2-methyltetrahydrofuran (MTHF) 
solution of Tc–Ad–Tc (50 µM) at 110 K leads to production of 
multiple EPR resonance lines centered around g = 2.002 (340 mT), 
which are displayed in black in Fig. 5a. Splitting of peaks between 
the largest emission/absorption (E/A) polarization intensities was 
15 mT, which is similar to that of the quintet EPR signals as the 
strongly correlated multiexciton.10 However, additional inner A/E 
polarized peak splitting is observed together with a broad A/E 
polarized larger splitting of ≈ 40 mT, suggesting the occurrence of 
multiple spin–spin interactions in the correlated triplet pairs. 
Moreover, contributions to the EPR line-shapes from non-
correlated triplet species (3Tc*–Ad–Tc and weakly coupled 3Tc*–
Ad–3Tc*) are absent in the spectrum under frozen conditions. 
Thus, spin-orbit coupling-assisted ISC is negligible in this system. 

200150100500200150100500

200150100500200150100500

C
ou

nt

C
ou

nt

t  / ns t  / ns

(a) (b)

C
ou

nt

C
ou

nt

t  / ns t  / ns

(c) (d)

Tc

Tc–Ad–Tc
degassed

air

PTc

PTc–Ad–PTc

Table 1. Photophysical Properties of Tc, Tc–Ad–Tc, PTc, and PTc–Ad–PTc Measured in MCH at Room Temperature 

Compounda lAB  e lFL lPH
b FFL tFL

 / ns kFL  kNR kISC ES  ET 
/ nm  / 104 M–1cm–1 / nm / nm (ratio / %) / 107 s–1 / 107 s–1 / 107 s–1 / eV / eV 

Tc 531 3.6 537 1220 0.72      11.5 (100) 6.3 0.7 1.7 2.31 1.02 
Tc–Ad–Tc 532 6.5 543 1220 0.26      4.0 (91.3) 

    10.1 (8.4) 
  435.4 (0.3) 

(6.3)c (0.7)c (1.7)c 2.28 1.02 

PTc 539 3.5 545 1195 0.33         6.9 (100) 5.4 1.5 7.6 2.28 1.04 
PTc–Ad–PTc 541 7.1 547 1200 0.30        6.8 (100) 5.0 1.4 8.3 2.27 1.03 

a[Tc] = [PTc] = 20 µM, [Tc–Ad–Tc] = [PTc–Ad–PTc] =10 µM. bAt 77 K. cEstimated from the values of the corresponding monomers.  
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Fig. 5. (a) Time-resolved EPR spectra of Tc–Ad–Tc (5.0 ´10–5 M) 
in degassed MTHF at 110 K. Microwave frequency was 9.542 GHz 
and the delay time after the flash was 3 µs. Black and red lines are 
experimental and simulated spectra, respectively. Blue and purple 
lines are computed spectra corresponding to conformers with 
respective tilt angles of 89° and 56° between the two out-of-plane 
principal Z axes of the ZFS tensor of the individual tetracene 
moieties (respective upper and lower structures in (b)). Fitting 
parameters are given in Table S7 in the Supporting Information. 
(b) Geometries of the anti- and syn- conformers of 5(3Tc–Ad–
3Tc)* calculated by using B3LYP/6-31G(d,p) with respective 
principal Z axes of Di tensor. The Cartesian coordinates are given 
in Tables S8 and S9 in the Supporting Information. 
 

In a previous effort, we observed SF-born quintet EPR signals 
arising from solute aggregates, prepared by freezing 10–4 M CH2Cl2 
solutions of 6,13-bis((triisopropylsilyl)ethynyl)pentacene and 
PTc. This finding demonstrated that intermolecular SF produces 
the quintet pair 5(TT) within the aggregates.12 However, the 
absence of quintet EPR signals from a solution of Tc in frozen 
MTHF excludes the possibility that Tc aggregates form. Also, no 
aggregation-induced line broadening is present in the absorption 
spectrum of Tc–Ad–Tc in MTHF at 77 K (Fig. S2 in the 
Supporting Information). Thus, it is reasonable to conclude that 
the multiple-line EPR signals (Fig. 5a) are not caused by 
intermolecular SF in Tc–Ad–Tc. 

Previous reports10,12,50–53 described a simulation method for 
treating strongly correlated triplet pairs that involves diagonalizing 
the spin Hamiltonian from the nine basis spin functions from the 
quintet, triplet, and singlet TT pairs. By using this method, the spin 
Hamiltonian composed of the Zeeman interaction (HTTZ), spin–
spin dipolar coupling (HTTzfs), and an exchange interaction (HTTee 
= 2J S1S2, where J is exchange coupling constant) was diagonalized 
to obtain quintet sublevel eigenvalues for creation of a simulated 
EPR spectrum. In HTTzfs = hS1D1S1 + hS2D2S2, h is the Planck 
constant, Si is the i-th (i = 1, 2) triplet spin operator in the dimer, 
and Di represents the zero-field splitting (ZFS) tensor of the 
individual triplet Tc. As a result, the matrix of the HTTzfs tensor is 
dependent on the orientation of the principal axes in the D2 tensor 
(X2, Y2, Z2) with respect to the principal axes in D1 tensor (X1, Y1, 
Z1). Therefore, the D2 orientation could affect the EPR pattern in 
the quintet. As was done in the previous study,12 the geometries of 
the second Tc groups were generated by using relative Euler 

rotation angles with respect to the principal axes in Di. In order to 
assign the time-resolved EPR peaks, two different conformers were 
considered. When two different D2 tensors, whose principal Z2 axes 
are tilted by 89° and 56° with respect to the Z1 axes (Fig. 5b) of D1, 
are considered, two different time-resolved EPR spectra are 
produced (respective blue and purple lines in Fig. 5a). The sum of 
these spectra, indicated by a red line in Fig. 5a, well reproduces the 
experimental spectrum as the strongly coupled 3Tc*–Ad–3Tc*s. 
The spin polarization calculations and fitting parameters are given 
below and in Table S7 in the Supporting Information. This finding 
strongly supports the proposal that S1 quenching takes place by the 
intramolecular SF. 

The results of B3LYP/6-31G(d,p) level calculations on the 
geometries of the quintet multiexciton indicated the presence of 
two optimized conformers of 5(3Tc–Ad–3Tc)* that have similar 
total energies (DE = 0.13 kcal mol–1). The tilt angles between the 
Z2-axes of the tetracene moieties in the optimized conformers were 
observed to be 90° and 64° and correspond to the respective anti- 
and syn-conformers of 5(3Tc–Ad–3Tc)* (Fig. 5b). These angles are 
almost identical to the Euler angles used for the spectral simulations 
shown in Fig. 5a.  

To examine the mechanism for quintet generation following 
SF, the time-profile of the transient EPR signal was obtained at 348 
mT (Fig. S3 in the Supporting Information). The rises in the EPR 
signals were much slower (time constant = 0.9 µs) than the 
instrument response time, although SF needs to occur within the 
nanosecond regime shorter than the fluorescence lifetime (12 ns) 
of 1Tc*. This observation suggests that the quintet states 5(3Tc–
Ad–3Tc)* are populated by spin-relaxations of the long-lived 
1(3Tc–Ad–3Tc)* (eq 2). Thus, the spin-relaxation would be 
accompanied by small conformational dynamics54 in the anti- and 
syn-conformers (Fig. 5b) at 110 K in MTHF glass,55,56 rather than 
by triplet exciton diffusion to create chemically induced dynamic 
election polarization12 within the multiexciton in the aggregates. 
Because singlet–triplet (S–T0) relaxation processes are reported to 
take place by modulations of J in radical pairs at cryogenic 
temperatures,39,57 a fluctuation in J associated with the above 
conformation motions could promote singlet–quintet relaxation 
through HTTzfs in the present system, even though the energy 
difference between quintet and singlet states are dominated by 
intramolecular J. 

In the simulation (Fig. 5a), the spin polarization patterns were 
well reproduced when quintet sublevel populations at mS = –2, –1, 
0, +1 and +2 were dependent of the magnetic-field direction in the 
multiexciton in accordance with the direction dependence of 
HTTzfs.12 The quintet sublevel populations were computed by eq 6  
𝑊"# =

%
ℏ𝟐
< Q"*

|𝑯--./0|S >% %34
5678*

9 349
	   (6) 

as the spin-lattice relaxation rate constants,58 where Q"*  and S 
represent 5(3Tc–Ad–3Tc)* and 1(3Tc–Ad–3Tc)*, respectively. The 
term 𝜔"* denotes the singlet-quintet energy gaps in the 
multiexciton dominated by the Zeeman splitting and J (≈ –25 
GHz). The value tC = 100 ps was assumed as the correlation time 
of the J-fluctuations. The fitting result strongly supports that the 
quintet generation is governed by probability finding 1(3Tc–Ad–

400360320280
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3Tc)* mixed though HTTzfs, in 5(3Tc–Ad–3Tc)* in the presence of 
the field and J. 
 
Transient Absorption Spectroscopic Analysis. Subnanosecond 
to microsecond transient absorption spectroscopic analysis was 
conducted on Tc–Ad–Tc and Tc using RIPT and CW probe 
methods. Photoexcitation of Tc at 531 nm in degassed MCH at 
room temperature produced an absorption profile in the <10-ns 
regime (Fig. S6 in the Supporting Information) that contains a 
positive absorption band at 425 nm assigned to 1Tc*. If 
contributions of stimulated emission and absorption of 1Tc* can be 
disregarded in  the 495-nm bleaching band, De of 1Tc* at 425 nm is 
estimated to be 1.32 ´ 105 M–1cm–1. A slight increase in the 
intensity of a long-lived band 505 nm band occurs after 10 ns, 
which is assigned to 3Tc* that is generated by ISC, and decayed with 
single exponential manner with  t = 45  µs (Fig. 6c, blue). If the 
495-nm bleaching bands is exclusively attributed by ground-state 
absorption, De of 3Tc* at 505 nm is estimated to be 4.71 ´ 104 M–

1cm–1.31,45 The results of multi-wavelength global analysis show that 
these profiles can be explained in terms of two components 
corresponding to decay of 1Tc* and, rise and decay of 3Tc*. Rate 
constants for decay of 1Tc* and rise of 3Tc* were determined to be 
8.7  ́107 and 1.7  ́107 s–1, respectively. The value of FT = 0.19 for 
Tc was determined by using these rate constants.  

Photoexcitation of Tc–Ad–Tc using the same conditions also 
gave transient absorption profiles in the <10-ns regime that contain 
a decaying band at 420 nm, a rising then decaying band at 515 nm, 
and a negative band at 535 nm (Fig. 6a,b). Results of an earlier study 
with an adamantane-linked pentacene23 suggest that the 
absorption spectra of 3Tc*–Ad–Tc, 1or5(3Tc–Ad–3Tc)* and 3Tc*–
Ad–3Tc* should be nearly indistinguishable. If De for 1Tc* and 3Tc* 
moiety in Tc–Ad–Tc are identical to those in Tc, FT= 0.92 for Tc–
Ad–Tc, at 15 ns after laser excitation. Decay of the 505-nm 
absorption band takes place in two steps (t = 188 ns and 175 µs 
(Fig. 6c, red)), which is typical for efficient SF systems. The faster 
component is shorter than the triplet lifetime of Tc (45 µs) due to 
the existence of TTA process. On the other hand, the slower 
process is sufficiently long to enable export of triplet excitons to 
outside of the system. Note that kT for Tc–Ad–Tc (5.7 ´ 103 s–1) is 
smaller than that of Tc (2.1 ´ 104 s–1), which is typical for the dyad 
system,15,30 probably due to delocalization of exciton. 

 
Fig. 6. 3D-Subnanosecond transient absorption spectra of (a) Tc–
Ad–Tc in degassed MCH (40 µM). Positive and negative 
absorption are designated using the color profiles shown in the side 
bar. (b) Time-profiles observed at (red) 420, (blue) 515, and 
(purple) 535 nm with (black) fitted curve. (c) Nano-to-
millisecond decay profiles for (red) Tc–Ad–Tc and (blue) Tc 
traced at 505 nm using RIPT and CW probe methods for the 
region shorter and longer than 200 ns, respectively. DOD values 
were normalized at 200 ns. Two-components of the decay profile 
possessing time constant of 188 ns and 175 µs for Tc–Ad–Tc. 
 

Kinetic Analysis Based on Various Spectroscopic 
Measurements. A combined energy profile and kinetic model was 
constructed to describe intramolecular SF occurring in Tc–Ad–Tc 
(Fig. 7). In this model, 1(3Tc–Ad–3Tc)* and 5(3Tc–Ad–3Tc)* are 
in a rapid equilibrium. Following its formation by photoexcitation, 
1Tc*–Ad–Tc undergoes fluorescence emission, nonradiative 
deactivation, ISC and SF to form 1(3Tc–Ad–3Tc)*, with rate 
constants of kFL, kNR, kISC and kSF, respectively. The sum of kFL, kNR 
and kISC, is represented by kS (Fig. 7). Similarly, 1or5(3Tc–Ad–3Tc)* 
undergoes TTA, deactivation and dissociation with respective rate 
constants of kTTA, kQ and kDIS. Dissociated 3Tc*–Ad–3Tc* 
undergoes association and deactivation, with respective rate 
constants of kAS and kT. The kS value is replaced by 8.7 ´ 107 s–1, a 
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value derived from analysis of Tc. The value kT = 5.7  ́103 s–1 is the 
reciprocal of the lifetime (t2 in Fig. 6c) of the slowest component of 
the transient decay profile. When taken together, these 
relationships lead to the simultaneous differential equations 
displayed in eqs 7–9. The solution of the these equations, in the 
form of rate constants given in Fig. 7, are obtained by using the 
results of arising from analysis of the fluorescence decay profile 
(Table 1).59,46 Time-dependent population of the excited species 
are displayed in Fig. 8. The sum of signals of triplet excitons well 
reproduced transient absorption trace at 515 nm, where signal of 
singlet species is negligible.  

This analysis strongly demonstrates that the magnitude of kSF 
of 1Tc*–Ad–Tc is not as large as those of other pentacene dyad 
systems.23,24,29 However, the quantum yield of SF (FSF = kSF/(kSF + 
kS) = 63%) in this system is larger than those for SF in other 
tetracene-based systems. The high efficiency probably results from 
a small kTTA and large kDIS, which are a consequence of weakening 
of electronic coupling between 3Tc* moieties by the 
nonconjugated Ad linkage. The Ad linkage brings about weak 
electronic coupling that enables export of triplet excitons generated 
by SF via intermolecular energy transfer (eq 10).  

3Tc*–Ad–3Tc* + Tc–Ad–Tc ® 2 3Tc*–Ad–Tc (10) 
 

 
Fig. 8. Time-dependent population of 1Tc*–Ad–Tc (blue), 
1or5(3Tc–Ad–3Tc)* (green), and 3Tc*–Ad–3Tc* (red), obtained by 

kinetic analysis. The sum of triplet species (black) and time-
dependent change of transient absorption at 515 nm (pink) were 
also added.  

 
As described above, the distance and orientation of the Tc 

moieties are crucial factors in determining the efficiency of SF. The 
observation that a “flexible C3-linkage strengthens interactions 
between p-systems to form intramolecular excimer”, is widely 
known as the Hirayama n = 3 rule.60 Ad in Tc–Ad–Tc behaves like 
a C3-linkage, but being rigid it avoids undesirable formation of 
intramolecular excimer between the Tc moieties. However, the 
small spin density at C2 of Ad in 5(3Tc–Ad–3Tc)* (Fig. 9) indicates 
that interactions between the s-orbitals of the Ad spacer and p-
orbitals of Tc are possible in conformations that enable s–p 
overlap. The existence of these types of conformers is well 
supported by the quintet geometries (anti and syn-conformers, Fig. 
5b) characterized by using EPR line-shape analyses. Thus, mixing 
of s (and s*) and p (and p*, respectively) may play a crucial role 
in governing the efficiency of intramolecular SF and subsequent 
quintet generation by J-modulation. Consequently, substituting 
the C3-linkage by an Ad linker in dyads is an effective strategy for 
promoting rapid intramolecular SF to afford long-lived excitons. 
 

 
Fig. 9. Spin density distribution of anti-conformation of 5(3Tc’–
Ad–3Tc’)* and its enlarged view, obtained by B3LYP/6-31G(d). 
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CONCLUSIONS 
The observations made in the investigation described above show 
that the Ad-linked tetracene dyad Tc–Ad–Tc undergoes exergonic 
intramolecular SF, while its analog PTc–Ad–PTc does not. The 
combined results demonstrate that the distance and relative 
orientation of the Tc moieties in the dyad play crucial roles in 
promoting intramolecular SF. By employing time-resolved EPR 
spectroscopy, we characterized geometries of the two 
distinguishable conformers in the quintet correlated triplet pairs 
5(3Tc–Ad–3Tc)*. Formation of the long-lived triplet species is 
caused by weak electronic coupling between Tc moieties occurring 
through Ad-linker-mediated moderate s–p interaction. 
Modulation of s–p coupling, which enables incoherent singlet–
quintet conversions, is governed by molecular motions of the Tc 
moieties and results in the formation of long-lived quintets that 
causes separations of the triplet species. Incorporation of rigid 
aliphatic linkages in dyads provides a way to control the 3D-
orientations of p-conjugated systems while leaving the intrinsic S1 
and T1 levels of the original monomers so that exergonic 
intramolecular SF can take place and undesirable TTA can be 
prevented. Long-lived (175 µs) and high-energy (1.03 eV ´ 2) 
triplet excitons serve as a promising driving force for charge 
separation in organic photovoltaics and luminescence organic 
light-emitting diodes.  
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