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Theoretical Methods
Four hybrid functionals namely B3LYP,1 CAM-B3LYP,2 MPW1PW91,3 and wB97XD4 were 

initially tested with the 6-31G(d,p) basis set for ground state optimizations and molar absorptivity 

calculations of the reference molecule.5 The optimized system exhibited λmax values of 661 nm 

(B3LYP), 453 nm (CAM-B3LYP), 604 nm (MPW1PW91) and 419 nm (WB97XD). Comparison 

with the experimental λmax 696 nm revealed deviations of 35 nm, 243 nm, 92 nm and 277 nm 

respectively, confirming B3LYP/6-31G(d,p) exhibiting a difference of 35 nm emerged as the most 

suitable functional. Although long-range corrected functionals are often recommended for charge 

transfer excitations, B3LYP has been widely employed in donor-acceptor organic semiconductors 

where the excitation has mixed local and ICT character. In the present study, B3LYP was selected 

based on benchmarking against available experimental absorption data, where it provided the 

closest agreement for the reference molecule. Moreover, the focus of this work is on relative trends 

across a homologous molecular series rather than absolute excitation energies, for which B3LYP 

is known to be reliable. Nevertheless, possible underestimation of long-range charge transfer 

excitation energies is acknowledged as a limitation and does not affect the comparative 

conclusions drawn in this study. The graphical representation of λmax is shown in Fig. S1. DOS 

analysis was conducted using PyMOlyze 1.16 to probe the contributions of donor and acceptor 

fragments to the absorption features. The transition density matrix (TDM)7 maps were generated 

with Multiwfn 3.88 to visualize the nature of electronic excitations. Reorganization energies (λ) 

were computed at the B3LYP/6-31G(d,p) level, separating internal and external contributions.9,10 

Electron (λe) and hole (λh) reorganization energies were calculated using the Marcus theory 

equations:

𝜆𝑒= [𝐸 ‒
° ‒ 𝐸 ‒ ] + [𝐸 °

‒ ‒ 𝐸°] (S1)

𝜆ℎ= [𝐸+
° ‒ 𝐸+ ] + [𝐸 °

+ ‒ 𝐸°] (S2)
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λe and λh is the reorganization energy of an electron and hole, respectively.  is neutral ground 𝐸°

state energy,  and  correspond to optimized anionic and cationic total energies.  and  𝐸 ‒ 𝐸+ 𝐸 °
‒ 𝐸 °

+

are neutral energies computed at optimized anionic and cationic geometries.  and  are single 𝐸 ‒
° 𝐸+

°

point energies of the anion and cation at the neutral geometry.



Fig. S1 Comparison of four distinct functionals (B3LYP, CAMB3LYP, WB97XD, and MPW1PW91) using 6-

31G(d,p) level of theory

Fig. S2 Optimized geometries of reference SM-R and all designed molecules 



Fig. S3 Reduced density gradient plots for the reference and designed donor molecules



Table S1 Percent contributions of the acceptor, π-bridges, and donor core to the HOMO and LUMO for SM-R and designed 
molecules

Molecules Excitation 

Energy States

Percentage 

contribution of 

Acceptor (%)

Percentage 

contribution of 

Bridge (%)

Percentage 

contribution of 

Donor core (%)

SM-R HOMO

LUMO

9.6

37.1

62.5

51.0

27.8

11.9

SM-1 HOMO

LUMO

9.5

55.7

60.6

39.4

29.9 

4.9

SM-2 HOMO

LUMO

10.0

57.2

60.3

38.3

29.8

4.5

SM-3 HOMO

LUMO

9.9 

57.8

60.2

37.8

30.0

4.4

SM-4 HOMO

LUMO

9.7

57.2

58.9

58.8

31.4

4.0

SM-5 HOMO

LUMO

9.1

61.9

57.1

34.9

33.8

3.1

SM-6 HOMO

LUMO

11.8

84.2

61.7 

14.8

26.5

1.0

SM-7 HOMO

LUMO

10.1

65.1

57.0

32.3

32.9

2.7

SM-8 HOMO

LUMO

10.5

83.8

61.0

15.1

28.6

1.0



Table S2 Calculated dipole moments of the reference and designed donor molecules in gas and solvent phases

Table S3 Calculated optical absorption parameters of the reference and designed donor molecules in the gas phase

Molecules
Calculated λmax

(nm)

Excitation energies 

(Ex) 

(eV)

Oscillator strength 

(f)

SM-R 629 1.97 3.70

SM-1 809 1.53 1.71

SM-2 715 1.73 3.05

SM-3 708 1.74 3.21

SM-4 732 1.69 2.86

SM-5 758 1.63 2.58

SM-6 826 1.49 1.65

SM-7 722 1.71 3.17

SM-8 797 1.55 2.31

Molecules

Dipole moment

in gas phase

(D)

Dipole moment in the 

solvent phase

(D)

SM-R 2.2298 2.7584

SM-1 5.7502 5.7849

SM-2 5.5855 6.5461

SM-3 4.7919 4.5499

SM-4 2.6553 3.0861

SM-5 6.7676 8.2140

SM-6 4.9285 6.9554

SM-7 3.6711 11.6833

SM-8 9.2658 6.0512



Table S4 Calculated optical absorption parameters of the reference and designed donor molecules in the solvent phase

Molecules
Exp. λmax 

(nm)

Calculated λmax 

(nm)

Excitation 

energies (Ex)

(eV)

Oscillator 

strength (f)

SM-R 696 661 1.87 3.99

SM-1 - 756 1.63 3.42

SM-2 - 766 1.61 3.28

SM-3 - 774 1.60 3.38

SM-4 - 785 1.57 3.18

SM-5 - 827 1.49 2.59

SM-6 - 874 1.41 2.04

SM-7 - 898 1.38 2.43

SM-8 - 903 1.37 1.90

 

Table S5 Calculated light-harvesting efficiency (LHE) and excited state lifetime (τ) of the reference and designed donor 
molecules

Molecules LHE τ (ns)

SM-R 0.9998 0.107

SM-1 0.9996 0.165

SM-2 0.9995 0.176

SM-3 0.9996 0.173

SM-4 0.9993 0.191

SM-5 0.9974 0.260

SM-6 0.9909 0.369

SM-7 0.9963 0.324

SM-8 0.9874 0.420
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