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1. Ground-state Raman spectra of curcumin and vibrational assignments 

Figure 1 show the ground-state Raman spectra of curcumin in polar solvent of chloroform, 

methanol, and dimethyl sulfoxide (DMSO). 

 

 

Figure S1. Ground-state Raman spectra of curcumin in CHCl3, methanol, and DMSO solutions 

obtained with 785 nm conventional Raman setup. The solvent peaks were removed by subtracting 

the solvent spectra. The vibrational assignments for the major vibrational bands of curcumin was 

also displayed. 
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The vibrational assignments of the major ground-state vibrational bands of curcumin were 

based on the density functional theory (DFT) simulations at B3LYP/6-311G(d,p) level with the 

polarizable continuum model of DMSO. The Raman spectrum of curcumin in a DMSO solution 

was obtained with the optimized structure of curcumin in the ground state. The Gaussian 09 

software1 was used for all DFT simulations and all the vibrational frequencies were rescaled with 

a scaling factor of 0.967.2, 3 Figure S2 shows the major vibrational normal modes of curcumin in 

the ground state in DMSO solution.   
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Figure S2. Vibrational normal modes of curcumin in the ground state obtained from the DFT 

simulations at the B3LYP/6-311G(d,p) level with PCM-DMSO. The vibrational frequencies 

represent the experimental values. 
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Figure S3 compares the 8a and C=C, C=O bands of curcumin in the ground state dissolved in 

several solvents of varying polarity. The 8a band of curcumin consists of the corresponding modes 

of one phenyl ring and the other, which appears as the combined asymmetric bands in polar 

solvents DMSO and methanol and is separated into two vibrational modes in less polar solvents 

of 1,4-dioxane, benzene, and chloroform. The C=C, C=O bands of curcumin appear as the broad 

combined bands in all the solvents while the C=C, C=O bands appearing at 1631 cm-1 in DMSO are 

blue-shifted to 1636 cm-1 in chloroform. The negative signals in the 8a bands of curcumin appear 

at 1599-1600 cm-1, which is slightly blue-shifted from the ground state maximum position (1597 

cm-1). The negative 8a bands of curcumin do not show considerable peak shifts with the decay 

although the excited-state Raman band appearing at 1599 cm-1 shows a spectral overlap with the 

negative 8a bands. On the other hand, the negative C=C, C=O bands appearing at 1633 cm-1 at early 

time delays are red-shifted to 1626 cm-1 with the decay. 
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Figure S3. Ground-state Raman spectra of curcumin in the frequency range for 8a and C=C, C=O 

modes (bottom) in DMSO, 1.4-dioxane, toluene, and chloroform solutions were compared with 

time-resolved Raman spectra (top) from FSRS measurements with 403 nm excitation. The solvent 

peaks were removed by subtracting the solvent spectra. The intensities of the time-resolved Raman 

spectra (top) were inversed for easy comparison.  
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2. Transient absorption results of curcumin in 1,4-dioxane and methanol 

 

 

 

 

 

 

Figure S4. Transient absorption results of curcumin in 1,4-dioxane obtained with 403 nm 

excitation; (a) surface plot, (b) kinetics of the ESA band (580 nm) and SE band (485 nm) of the 

LE state, and the ESA band (785 nm) of the triplet state. 
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Figure S5. Transient absorption results of curcumin in methanol obtained with 403 nm excitation; 

(a) surface plot, (b) kinetics of the ESA band of the LE state (600 nm), ESA band (490 nm) and 

SE band (630 nm) of the ICT state. 
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3. Background subtraction of time-resolved Raman data for kinetic analysis 

The fluorescence backgrounds in the FSRS results were removed by the low-order polynomial 

fit lines connecting several points of 570, 860, 1142, 1360, 1700 cm-1, where no apparent Raman 

band does not exist. Figure S4(a) shows the representative polynomial fit lines at time delays of 

0.1, 1, 2, 5, and 100 ps, and the resulting stimulated Raman spectrum of curcumin in DMSO at 

each time delay was shown in Figure S4(b). 

 

 

 

 

Figure S6. The fluorescence backgrounds in (a) transient Raman spectra of curcumin in DMSO 

were removed with the polynomial fit functions through several points at 570, 860, 1142, 1360, 

and 1700 cm-1, (b) transient Raman spectra without the fluorescence backgrounds. 
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The difference FSRS spectra obtained with the polynomial background lines, shown in Figure 

3, may contain the fluctuating signals originating from the fluorescence signals. Especially, the 

polynomial fluorescence backgrounds in the frequency ranges for the strong CSC and S=O modes 

of DMSO appear inappropriate for the accurate analysis of the ultrafast solvation dynamics upon 

the ICT of curcumin. Instead, the background signals for these vibrational modes were further 

determined using the linear functions in the narrower frequency ranges containing these vibrational 

modes of interest than the polynomial functions covering all the frequency ranges. Figure S7 shows 

examples of the linear backgrounds for the CSC and S=O modes of DMSO, which shows clear 

difference from the polynomial background lines. 

 

 

 

Figure S7. The fluorescence background of the transient Raman spectra of curcumin in DMSO in 

(a) the CSC and (b) S=O modes of DMSO were removed with the linear functions over a wide 

frequency ranges. The linear (solid lines) and polynomial (dotted lines) backgrounds at several 

time delays were compared. 
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4. Kinetic analysis of ground- and excited-state Raman bands 

Transient Raman bands of the CH modes at 767 and 815 cm-1 and CH3, CH mode at 1330 cm-1 

of curcumin, shown in Figure 4(b), were fit with the instrument response function (IRF) Gaussian-

convoluted exponential functions, 
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where Ai represents amplitude, τi exponential lifetime, and  the width (variance) of a Gaussian 

function. The excited-state dynamics of the CH and CH3, CH modes were analyzed in the global fit, 

where all the lifetimes τi, the Gaussian variance , and the time zero t0 were shared over all the 

species. The fit results displayed in Figure 4(b) were summarized in Table S1. 

 

Table S1. Excited-state dynamics of the CH and CH3, CH modes of curcumin in FSRS results 

a The ICT lifetime is too long to be determined from FSRS results. 

 

 

 

shared parameters (ps) 

 ω t0 τ1 τ2 τ3 τ4 

0.067 ± 0.014 -0.034 ± 0.016 0.064 ± 0.017 0.79 ± 0.19 6.2 ± 1.9 inf. a 

individual parameters 

vibrational mode A1 A2
  A3

  A4
  

CH (767 cm-1) 

CH (815 cm-1) 

CH3, CH (1330 cm-1) 

0.037  0.018 

0.014  0.010 

-0.018  0.006 

0.003  0.001 

0.008  0.001 

0.005  0.001 

0.003  0.001 

0.004  0.001 

0.003  0.001 

0.016  0.010 

0.017  0.008 

0.001  0.001 
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Transient Raman bands of the C=C + 8a at 1564 cm-1 and 8a + CH at 1485 cm-1 of curcumin 

were also fit similarly with the Gaussian-convoluted exponential functions. The strong dispersive 

pattern in the kinetics of 8a + CH mode originating from the cross-phase modulation was 

additionally fit with an additional sinusoidal exponential function,4, 5 
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where Ad represents the amplitude and ωd the variance (width) of the Gaussian function, f the 

oscillation frequency and d the phase of the oscillation for the dispersive signal from the cross-

phase modulation. The fit results displayed in Figure 4(c) were summarized in Table S2. 

 

Table S2. Excited-state kinetics of the C=C + 8a and 19a + CH modes of curcumin in FSRS 

results 

a All the amplitudes Ai and Ad are displayed in thousandths. 

 

 

 

 

shared parameters (ps) 

 ω t0 τ1 τ2 τ3 τ4 

0.067 ± 0 -0.034 ± 0 0.03 ± 0.02 0.49 ± 0.11 9.0 ± 5.4 602 ± 619 

individual parameters a 

vibrational mode A1 A2
  A3

  A4
  Ad ωd (ps) f (ps-1) d (ps) 

C=C + 8a (1564 cm-1) 

19a + CH (1485 cm-1) 

-41  16 

- 

11  2 

-11  2 

- 

-6  2 

2  0 

14  2 

- 

-8  1 

- 

0.20  0.03 

- 

2.4  0.3 

- 

0.05  0.00 
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The ground-state Raman bands of curcumin, the 8a at 1601 cm-1 and C=C, C=O at 1631 cm-1 

were also fit with the sum of the Gaussian-convoluted exponential functions and the sinusoidal 

exponential functions for the CPM signals. The fit results displayed in Figure 5 were summarized 

in Table S3. The peak shifts of the C=C, C=O mode of curcumin were also fit with a bi-exponential 

functions, where the fast (0.23  0.05 ps, 45%) and slow (9.0  1.1 ps, 55%) components were 

found. 

 

 

Table S3. Photoinduced kinetics of the (ground-state) 8a and C=C, C=O modes of curcumin in 

FSRS results 

a All the amplitudes Ai and Ad are displayed in thousandths. 

 

 

 

  

shared parameters (ps) 

 ω t0     

0.067 ± 0 -0.044 ± 0.037     

individual parameters a 

vibrational mode A1 1 (ps) A2
  2 (ps) A3 3 (ns) 

8a (1601 cm-1) 

C=C, C=O (1631 cm-1) 

- 

-6  3 

- 

1.3  0.8 

-11  1 

-10  3 

8.4  1.2 

7.1  2.9 

4  1 

-1  1 

0.6  1.3 

0.17  0.35 

 Ad ωd (ps) f (ps-1) d (ps) 

8a (1601 cm-1) 

C=C, C=O (1631 cm-1) 

-9  2  

-70  inf. 

0.31  0.05 

0.22  0.04 

1.5  0.1 

0.06  10.7 

0.84  0.10 

-0.25  0.16 
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The solvent Raman bands of DMSO, the CSC (centered at 667 cm-1) and S=O modes (centered 

at 1043 cm-1) show ultrafast changes with the ICT of curcumin in the excited state. First, the 

population changes in the CSC and S=O modes were evaluated at each peak center with a wide 

bandwidth of 25 cm-1 not to include any inter-band changes. Due to strong CPM signals contained 

in both the solvent vibrational modes, the kinetics of the CSC and S=O modes were fit with the 

sum of the Gaussian-convoluted exponential functions and the sinusoidal exponential functions 

for the CPM signals. The peak shifts of the CSC and S=O modes of DMSO were also fit with a bi-

exponential functions. The fit results for the population changes and peak shifts of the CSC and 

S=O modes displayed in Figure 6(c) were summarized in Table S4.  

The population changes of the CSC and S=O modes between the sub-bands such as “free”, 

“aggregated”, and “hydrogen-bonded” species of DMSO were evaluated at 657 and 678 cm-1 for 

the CSC mode, and at 1027 and 1058 cm-1 for the S=O mode, as shown in Figure 6(d). The kinetics 

of both sub-bands in the CSC and S=O modes of DMSO were also fit with the sum of the Gaussian-

convoluted exponential functions and the sinusoidal exponential functions for the CPM signals. 

As shown in Figure 6(d), both sub-bands show population transfers in 0.2 ps 
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Table S4. Solvation dynamics of DMSO in the CSC and S=O modes observed in FSRS of 

curcumin 

 

  

(a) Population dynamics 

shared parameters (ps) 

 ω a t0 a 1 2 3 

0.040 ± 0.002 -0.038 ± 0.002 0.72  0.02 4.44  0.43 163  7 

individual parameters 

vibrational mode A1 A2 A3
   

CSC (667 cm-1) 

S=O (1043 cm-1) 
-0.349  0.005 

-0.053  0.002 

-0.078  0.005 

-0.023  0.002 

-0.141  0.002 

-0.017  0.001 
 

 Ad ωd (ps) f (ps-1) d (ps) 

CSC (667 cm-1) 

S=O (1043 cm-1) 

-0.146  0.017 

-0.022  0.002 

0.295  0.012 

0.326  0.031 

3.07  0.06 

3.06  0.10 

-0.06  0.02 

-0.71  0.02 

(b) Frequency shifts 

vibrational mode t0 (ps; fixed) A1 1 (ps) A2 2 (ps) 

CSC (667 cm-1) 

S=O (1043 cm-1) 
-0.038 ± 0.002 

11.74 0.97 

12.79  0.63 
0.11  0.01 

2.56  0.21 

3.89  0.26 
1.80  0.22 
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Table S5. Solvation dynamics of DMSO in the sub-bands of CSC and S=O modes observed in 

FSRS of curcumin 

a Time constants in the population decays of the CSC (667 cm-1) and S=O (1043 cm-1) modes were used 

as fixed parameters. 

  

shared parameters (ps) 

2 
a 3 

a 4 
a    

0.72 4.44 163    

individual parameters 

vibrational mode  ω (ps) t0 (ps) A1 1 (ps) 

CSC (657 cm-1) 

CSC (678 cm-1) 
0.063 ± 0.007 0.016 ± 0.005 

1.18  0.20 

-0.90  0.20 
0.049  0.007 

S=O (1027 cm-1) 

S=O (1058 cm-1) 
0.076 ± 0.029 0.035 ± 0.071 

0.214  0.759 

-0.345  1.85 
0.020  0.090 
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