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q Global analysis of the femtosecond time-resolved absorption spectra of Rebapo using a 3-
components sequential model. 
 

 
Fig. S1. (a) The result of the global analysis for Reβapo using a 3-components sequential model. 
Residuals (the first (solid black line) and second (solid red line) right singular value vectors) of 
this fitting is also shown at the bottom. (b) Comparison of the transient absorption spectrum 
recorder at 170 ps after excitation and the fitting curve. (c) A 3-components sequential model used 
for the global analysis. 
 

The measured transient absorption spectra also show signals at delay times longer than 100 
ps (see the middle panel in Fig. S1). However, the 3-components sequential model cannot cover 
this long-lived component, and hence the fitting result is not satisfactorily judging from the 
amplitude of the residuals (see Fig. S1(a)). Furthermore, the EET efficiency from β-apo-8'-
carotenal to B880 Bchl a is calculated to be 0% using kic values determined by β-apo-8'-carotenal 
in acetone (kic(S2) = (0.09 ps)-1, kic(S1/ICT) = (15.4 ps)-1)). This is because the both S2 (0.13 ps) 

and S1/ICT (25.7 ps) lifetimes of β-apo-8'-carotenal in Rebapo is longer than those in acetone. 
Therefore, this model cannot explain the total EET efficiency (80%) from β-apo-8'-carotenal to 
B880 Bchl a. 
  



q Global analysis of the time-resolved absorption spectra of Rebapo using a 4-components 
sequential model. 
 

 
Fig. S2. (a) The result of the global analysis for Reβapo using a 4-components sequential model. 
Residuals (the first (solid black line) and second (solid red line) right singular value vectors) of 
this fitting is also shown at the bottom. (b) A 4-components sequential model used for the global 
analysis. 
 

The spectral fiiting shows good agreement with experimental observation judging from the 
shape and amplitde of the residual spectrum. However, the relaxation time from the S2 state is 
relatively short and determied to be 0.07 ps. The total EET efficiency from β-apo-8'-carotenal to 
B880 Bchl a was calculated to be 47% (22% EET from S2 to Qx B880 Bchl a and 25% EET from 
S1/ICT to Qy B880 Bchl a) using kic values ((0.09 ps)-1 for S2 and (15.4 ps)-1 for S1/ICT) 
determined for β-apo-8'-carotenal in acetone. The EET from hot S1/ICT state does not take place, 
since the lifetime of this state (0.81 ps) is longer than that in acetone (0.61 ps). The 47% total EET 
efficiency does not agree with the value dermined by absorption and fluorescence excitation 
spectroscopy (80%). Therefore, this model should be ruled out. Nevertheless, even in this model, 
it should be noted that the EET efficiency from the S1/ICT state of β-apo-8'-carotenal to B880 
BChl a is still as high as 25%, which is almost equivalent to that from the S2 state of β-apo-8'-
carotenal (22%). 
  



q Evaluation of the quality of the spectral fittings using a target model shown in Fig. 6(b). 
 

 
Fig. S3. Comparison of the experimentally observed kinetic traces of transient absorption of 
Reβapo at selected wavelengths and the results of the fittings using (a) a target model shown in 
Fig. 6(b) in visible spectral region and (b) a sequential model shown in Fig. S6 in near infrared 
spectral region. The time trace at 572 nm represents the change of the ‘S1-like’ excited state 
absorption and that at 612 nm represents the change of the ICT excited state absorption of β-apo-
8'-carotenal in Reβapo, while the time trace at 840 nm represents the change of the transient 
absorption and that at 892 nm represents the bleaching of the Qy band of B880 Bchl a. (c) 
Experimentally observed transient absorption spectrum of Reβapo recorded at 0.50 ps after 
excitation. Vertical color bars show the positions of the selected wavelengths. 
 

Fig. S3(a) and S3(b) show that spectral fittings using a target model shown in Fig. 6(b) is quite 
successful. 
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q Estimation of Neff of β-apo-8'-carotenal. 
 

 
Fig. S4. Relationship between the 0-0 transition energy in cm-1 of the S0 ® S2 absorption and the 
inverse of the number of conjugated C=C bonds (1/N). The 0-0 transition energies of 
spirilloxanthin, lycopene, spheroidene, and neurosporene in n-hexane are reported to be 19050, 
19920, 20660, and 21410 cm-1, respectively 1,2. 
 

According to this plot, the effective conjugated chain length Neff of β-apo-8'-carotenal can be 
determined to be 9.8, which is slightly less than spheroidene (N = 10) but greater than 
neurosporene (N = 9). 
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q Support for the presence of EET from the red-form S1/ICT state of β-apo-8'-carotenal to the 
Qy state of B880 Bchl a. 
 

 
Fig. S5. Upper panel shows the normalized temporal profiles of the population of the S2 (0.08 ps 
component in Fig. 6(a)) and red-form S1/ICT (1.21 ps component in Fig. 6(a)) components of β-
apo-8'-carotenal in Reβapo determined by the target analysis shown in Fig. 6(a), where the 
convolution is carried out by taking the instrumental response function into consideration. Lower 
panel shows the time trace of the transient absorption spectrum of Reβapo experimentally 
observed at 892 nm, where bleaching of the Qy band of B880 Bchl a is observed. 
 

The rise of the time trace at 892 nm, which corresponds to the bleaching of the Qy band of the 
B880 Bchl a, is relatively slow and is seen to be bi-phasic. The fast-rise bleaching component that 
is observed before 0.4 ps after excitation shows good agreement with the decay of the S2 
component of β-apo-8'-carotenal in Reβapo, while the slow-rise bleaching component observed 
after 0.4 ps after excitation and last until 2 ps after excitation shows good agreement with the 
decay of the red-form S1/ICT component of β-apo-8'-carotenal in Reβapo. This is a good 
indication that the EET from both the S2 state (0.08 ps component) to the Qx state of B880 Bchl 
a and the red form S1/ICT (1.28 ps component) to the Qy state of B880 Bchl a is taking place in 
Reβapo. 
 
 
  



q  Global analysis of the time-resolved absorption spectra of Reβapo in the near infrared 
spectral region. 
 

 
Fig. S6. The result of the global analysis of the time-resolved absorption spectra of Reβapo in the 
near infrared spectral region using a 4-components sequential model. Residuals (the first (solid 
black line) and second (solid red line) right singular value vectors) of this fitting is also shown at 
the bottom. 
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q  The details to calculate the EET efficiency (quantum yield) of singlet-singlet energy transfer 
from β-apo-8’-carotenal to B880 Bchl a.  
 

The EET efficiency (Φ!!"
#! ) from the S2 state of β-apo-8’-carotenal to B880 Bchl a Qx is 

calculated to be 11% according to the following formulae. 
 

Φ!!"
#! =

𝑘!!"
#!

𝑘$%
#! + 𝑘!!"

#! 	× 	100 =
(0.08	𝑝𝑠)&' − (0.09	𝑝𝑠)&'

(0.08	𝑝𝑠)&'
× 100 = 11% 

 

Here, 𝑘!!"
#!  is the rate of EET from the S2 state of β-apo-8’-carotenal to B880 Bchl a Qx in 

Reβapo and 𝑘$%
#! is the rate of internal conversion of the S2 state of β-apo-8’-carotenal in acetone. 

The radiative rate constant of the S2 state of β-apo-8’-carotenal is omitted since the fluorescence 
from the S2 state of β-apo-8’-carotenal is negligible.  
   The EET efficiency (Φ!!"

( ) from the red-form S1/ICT of β-apo-8’-carotenal to B880 Bchl a 
Qy is calculated to be 92.1% according to the following formulae. 
 

Φ!!"
( =

𝑘!!"(

𝑘$%
#"/$%" + 𝑘!!"(

	× 	100 =
(1.21	ps)&' − (15.4	ps)&'

(1.21	ps)&'
× 100 = 92.1% 

 
Here, 𝑘!!"(  is the rate of EET from the red-form S1/ICT state of β-apo-8’-carotenal to B880 Bchl 

a Qy in Reβapo and 𝑘$%
#"/$%" is the rate of internal conversion of the S1/ICT state of β-apo-8’-

carotenal in acetone. The radiative rate constant of the S1/ICT state β-apo-8’-carotenal is omitted 
since the fluorescence from the S1/ICT state of β-apo-8’-carotenal is negligible. 
   The EET efficiency (Φ!!"

* ) from the blue-form S1/ICT of β-apo-8’-carotenal to B880 Bchl a 
Bchl Qy is calculated to be 21.4% according to the following formulae. 
 

Φ!!"
* =

𝑘!!"*

𝑘$%
#"/$%" + 𝑘!!"*

	× 	100 =
(12.1	ps)&' − (15.4	ps)&'

(12.1	ps)&'
× 100 = 21.4% 

 
Here, 𝑘!!"*  is the rate of EET from the blue-form S1/ICT state of β-apo-8’-carotenal to B880 

Bchl a Qy in Reβapo and 𝑘$%
#"/$%" is the rate of internal conversion of the S1/ICT state of β-apo-

8’-carotenal in acetone. The radiative rate constant of the S1/ICT state β-apo-8’-carotenal is 
omitted since the fluorescence from the S1/ICT state of β-apo-8’-carotenal is negligible. 
   Since the total EET efficiency from β-apo-8’-carotenal to B880 Bchl a was determined to be 
80.0% by the absorption and fluorescence excitation measurements, supposing the 𝐴% and 𝐵% 
of the S2 energy of β-apo-8’-carotenal is transferred, respectively, to the S1/ICT states of the red- 



and blue-forms of β-apo-8’-carotenal, the following simultaneous equations hold true. 
 

𝐴 + 𝐵 = 100 − 11 = 89% 

11 + (100 − 11) × 9
𝐴
100

×
92.1
100

+
𝐵
100

×
21.4
100

: = 80% 

 
By solving these equations, we can determine 𝐴 to be 82.7% and 𝐵 to be 6.3%. Therefore, the 
true EET efficiencies from red- and blue-forms S1/ICT of β-apo-8’-carotenal to B880 Bchl a Qy 
are turned out to be 67.8% and 1.2%, respectively, according to the following formula. 
 

(100 − 11) ×
82.7
100

×
92.1
100

= 67.8% 

(100 − 11) ×
6.3
100

×
21.4
100

= 1.2% 

 
Using these values, the total EET efficiency from β-apo-8’-carotenal to B880 Bchl a can be 
recalculated as follows, which agrees with the experimentally determined value. 
 

11 + 67.8 + 1.2 = 80.0% 
  



q  The details of the calculation of what percent of the S1 B880 Bchl a transforms into the T1 
state and the rates of intersystem crossing from the S1 B880 a to T1 B880 a (𝑘+,-) and the radiative 
and non-radiative relaxation (𝑘() from the S1 B880 Bchl a to the ground state. 
 
   According to the Global analysis against sub-nanosecond time-resolved absorption spectra, 
we could determine the rate of intersystem crossing from the S1 B880 Bchl a to T1 B880 Bchl a 
to be 
 

𝑘' = 𝑘+,- + 𝑘( = (431	ps)&'. 
 
Here, 𝑘+,- is the true rate of intersystem crossing from the S1 B880 Bchl a to T1B880 Bchl a, 
and 𝑘( is the rate of radiative and nonradiative relaxations of the S1 B880 Bchl a. Based on the 
amplitudes of EADS shown in Fig. 9, the rate of excitation that is delivered to the T1 B880 Bchl 
a from S1 B880 Bchl a is calculated to be 
 

1.00
1.00 + 10.2

× 100 = 8.9	(%). 

 
Therefore, the rate of 𝑘+,- and 𝑘( can be determined as shown below. 
 

𝑘+,- = (431	ps)&' × 0.089 = (4.84	ns)&' 
𝑘( = (431	ps)&' × 0.911 = (473	ps)&' 

 


