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T2FC: X2=F, X1=X3=X4=H; T3FC: X1=F, X2=X3=X4=H 

T26FC: X2=X4=F, X1=X3=H; T35FC: X1=X3=F, X2=X4=H 
Scheme SD 1: Synthestic route of T2FC and T3FC from [1], and the accordingly proposed synthetic route 

for the designed dyes T26FC and T35FC. 

 

2. COMPUTATIONAL DETAILS 

2.1 Isolated dyes 

The excited state lifetimes have been computed using the Einstein transition probabilities [2]: 

  𝜏 =
𝑐3

2(𝐸𝑓𝑙𝑢)
2

𝑓
 (1) 

Where c is the speed of light (in a.u. c = 137.036),
fluE is the fluorescent energy and f is the oscillator 

strength (in a.u. unit). Note that, 1 a.u. of time = 2.419 × 10−17sec.  

A series of organic solar cell devices employing 26 polymer donor moieties having a common acceptor 

and different HOMO levels have been investigated [3]. Based on [3], An empirical equation to obtain 

the theoretical value of open−circuit voltage (𝑉𝑜𝑐) has been proposed. It is to be noted that the 𝑉𝑜𝑐 loss of 

0.3 V indicated is empirical and the actual loss could be greater or smaller than 0.3 V. In this study, the 

0.3 V is chosen to predict the trend in the 𝑉𝑜𝑐 variation among the four dyes studied and the emphasis is 

not on finding the exact 𝑉𝑜𝑐 values: 

𝑉𝑜𝑐 =  |𝐸𝐻𝑂𝑀𝑂
𝐷𝑜𝑛𝑜𝑟(𝐷𝑦𝑒)

− 𝐸𝐿𝑈𝑀𝑂
𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟(𝑇𝑖𝑂2)| − 0.3 (2) 

𝐸𝐿𝑈𝑀𝑂
𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟(𝑇𝑖𝑂2)

 is energy condition band −4.0 eV. To quantify the light harvesting efficiency (𝐿𝐻𝐸), 

Lambert–Beer's law  is used [4]:  

𝐿𝐻𝐸 = 1 − 10−𝑓𝑚𝑎𝑥
𝑎𝑏𝑠

 (3) 
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Where 𝑓𝑚𝑎𝑥
𝑎𝑏𝑠  is the oscillator strength of the maximum absorption band. The driving force ∆𝐺𝑖𝑛𝑗 of 

electrons injected was calculated according to the following equation [5]: 

∆𝐺𝑖𝑛𝑗 = 𝐸𝐷∗
− 𝐸𝐶𝐵 (4) 

Where 𝐸𝐷∗
is the oxidation potential energy of the compound in the excited state and 𝐸𝐶𝐵 is the reduction 

potential of the conduction band of the semiconductor surface. The oxidation potential energy is given 

by: 

𝐸𝐷∗
= 𝐸𝐷 − 𝐸   (5) 

Where 𝐸𝐷 is the oxidation potential energy of the dye in the ground state (i.e. −𝐸𝐻𝑂𝑀𝑂
𝐷 ) and 𝐸 is 

electronic vertical transition energy. Also, using the oxidation potential energy the driving force for dye 

regeneration  ∆𝐺𝑟𝑒𝑔 can be calculated as:  

∆𝐺𝑟𝑒𝑔 = 𝐸𝐼3
−/𝐼− − 𝐸𝐷  (6) 

Where 𝐸𝐼3
−/𝐼− is redox potential energy of 𝐼3

−/𝐼− redox electrolyte (−4.8 eV) [6]. The driving force (𝐷𝐹) 

is calculated using the following equation [7]: 

𝐷𝐹 = |𝐸0 − ∆𝐸 − 𝐸𝐶𝐵| (7) 

Where ∆𝐸 is the vertical excitation energy and 𝐸0 is the redox potential of the ground state. The redox 

potential is determined by the following equation: 

𝐸0 =
∆𝐺𝑠𝑜𝑙 − ∆𝐺𝑁𝐻𝐸

𝑛𝐹
 (8) 

Where 𝐹 denotes the Faraday constant (23.06 kcal mol−1 V−1), 𝑛 is the number of electrons involved in 

redox couple (here, 𝑛 = 1), ∆𝐺𝑁𝐻𝐸 is Gibbs free energy change of normal hydrogen electrode, 

(−4.43 eV) [8], and ∆𝐺𝑠𝑜𝑙 is Gibbs free energy change due to the oxidation of dye in solvent (here it is 

DMF). It can be calculated according to the Born–Haber cycle (as shown in Scheme SD 2: Born–Haber 

cycle that used to computed redox potential 𝑬𝟎, reproduced from [9]. 

) as follows: 

∆𝐺𝑠𝑜𝑙 = ∆𝐺𝑔𝑎𝑠 + ∆𝐺2 − ∆𝐺1 (9) 

 

Scheme SD 2: Born–Haber cycle that used to computed redox potential 𝑬𝟎, reproduced from [9]. 
The total electronic energies of neutral, cationic, and anionic forms of these compounds were used to compute the 

reorganization energy ( ronhole/elect ), according to the following equations: [10, 11] 

)]()([)]()([ronhole/elect MEMEMEMEo     (9)  
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Where, )(ME
is the energy of cation/anion with neutral structure,

 
)(  ME  is the energy of cation/anion 

with cationic/anionic structure, )( ME is the energy of neutral structure at cationic/anionic state, )(ME is the 

energy of neutral structure.  
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Table SD 1: Selected optimized parameters of the ground state (S0) in its nuetral, cationic and anionic 

forms (regular font) and first excited state (S1) (bold font) in DMF solvent of the four invistigated dyes as 

calculated at the PCM/CAM-B3LYP/6-31G+(d) level of theory. Note: bond lengths r1, r2, and r3  are in 

angstrom (Å) units, bond angle 𝜽, and dihedral angles 𝝋1, 𝝋2, and 𝝋3  are in degrees (o) units. 

Dye Form 

Bond length Bond angle Dihedral angle 

r1 r2 r3 𝜃 𝜑1 𝜑2 𝜑3 

T2FC 
Neutral 

1.465 1.454 1.442 120.34 25.94 4.38 0.35 

 1.413 1.406 1.404 121.28 3.17 1.14 0.10 

 aΔ 0.052 0.048 0.038 -0.94 22.77 3.24 0.25 

 Cation 1.425 1.457 1.448 121.49 4.82 11.02 0.31 

 bΔ 0.040 -0.003 0.006 -1.15 21.12 -6.64 0.04 

 Anion 1.464 1.453 1.409 120.06 22.96 7.64 0.15 

 bΔ 0.00 0.001 0.033 0.028 2.98 -3.26 0.20 

T26FC 
Neutral 

1.465 1.454 1.448 120.33 25.63 5.07 28.79 

 1.411 1.406 1.404 121.30 2.71 1.74 10.35 

 aΔ 0.054 0.048 0.044 -0.97 22.92 3.33 18.44 

 Cation 1.427 1.459 1.454 121.44 4.21 15.44 32.53 

 bΔ 0.038 -0.005 0.006 -1.11 21.42 -10.37 -3.74 

 Anion 1.464 1.452 1.411 120.09 23.24 9.85 13.60 

 bΔ 0.001 0.002 0.037 0.24 2.39 -4.78 15.19 

T3FC 
Neutral 

1.466 1.462 1.453 120.22 26.38 46.24 1.04 

 1.405 1.411 1.406 121.31 7.12 27.36 1.07 

 aΔ 0.061 0.051 0.047 -1.09 19.26 18.88 -0.03 

 Cation 1.426 1.463 1.457 121.56 7.81 47.79 1.68 

 bΔ 0.040 -0.001 -0.004 -1.34 18.57 -1.55 -0.64 

 Anion 1.466 1.462 1.416 120.00 24.62 48.37 0.26 

 bΔ 0.000 0.000 0.037 0.22 1.76 -2.13 0.78 

T35FC 
Neutral 

1.467 1.462 1.455 120.28 26.67 49.34 0.40 

 1.415 1.412 1.405 121.38 1.41 29.87 0.27 

 aΔ 0.052 0.050 0.050 -1.10 25.26 19.47 0.13 

 Cation 1.429 1.463 1.458 121.44 4.56 50.23 0.33 

 bΔ 0.038 -0.001 -0.003 -1.16 22.11 -0.89 0.07 

 Anion 1.467 1.462 1.415 120.12 24.42 53.22 0.24 

 bΔ 0.000 0.000 0.040 0.16 2.25 -3.88 0.16 
a Δ = 𝑟/𝜃/𝜑 (S0)− 𝑟/𝜃/𝜑 (S1) 

b Δ = 𝑟/𝜃/𝜑 (neutral)− 𝑟/𝜃/𝜑 (cationic/anionic) 

 

 

 

Table SD 2: Maximum absorption/emission wavelengths 𝝀𝒎𝒂𝒙
𝒂𝒃𝒔 /𝝀𝒎𝒂𝒙

𝒆𝒎  (nm/eV), absorption/emission oscillator 

strengths (𝒇𝒂𝒃𝒔/𝒇𝒆𝒎), the  Stokes shift 𝝀𝒔𝒔 (/nm) and excited state lifetimes τ (/ns) of the four invistigated 

dyes as calculated at the TDCAM-B3LYP/6-31G+(d) in the gas phase. 

Dye 
Absorption Emission 

λss 𝜏 
λmax

abs  𝑓𝑎𝑏𝑠 Assign 𝐿𝐻𝐸 𝜆𝑚𝑎𝑥
𝑒𝑚  𝑓𝑒𝑚 Assign 

T2FC 
411 

/3.02 
1.503 

H−1→L (31%); 

H→L (57%); 

H→L+1 (21%) 

0.969 
485 

/2.55 
1.696 

H−1←L (19%); 

H←L (64%); 

H←L+1 (17%) 

75 2.05 

T26FC 
396 

/3.13 
1.420 

H−1→L (30%); 

H→L (56%); 

H→L+1 (25%) 

0.933 
482 

/2.57 
1.448 

H−1←L (21%); 

H←L (63%); 

H←L+1 (18%) 

84 2.03 

T3FC 
398 

/3.12 
1.177 

H−1→L (32%); 

H→L (56%); 
0.962 

480 

/2.58 
1.671 

H−1←L (18%); 

H←L (64%); 
84 2.37 
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H→L+1 (21%) H←L+1 (18%) 

T35FC 
404 

/3.06 
0.928 

H−1→L (32%); 

H→L (57%); 

H→L+1 (19%) 

0.882 
496 

/2.50 
1.283 

H−1←L (21%); 

H←L (64%); 

H←L+1 (17%) 

92 2.84 
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Table SD 3 :Photovoltaic properties and ground state oxidation potential 𝑬𝒐𝒙, 𝑬𝒐𝒙
∗  (/eV) in DMF as 

computed at the PCM/CAM-B3LYP/6-31G+(d) level of theory. 

Dye 𝑉𝑜𝑐 𝐸𝑜𝑥 𝐸𝑜𝑥
∗  ∆𝐺𝑖𝑛𝑗 ∆𝐺𝑟𝑒𝑔 

T2FC 2.146 6.446 3.616 −0.384 1.646 

T26FC 2.160 6.460 3.540 −0.459 1.660 

T3FC 2.149 6.448 3.401 −0.598 1.649 

T35FC 2.173 6.473 3.402 −0.598 1.673 
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Table SD 4: Gibb’s free energy values (/a.u.), the redox potential of the ground state E0, and driving force 

𝑫𝑭 (/V) of the invistigated dyes in DMF as computed at the CAM-B3LYP/6-31G+(d) level of theory. 

Dye ∆𝐺1 ∆𝐺2 ∆𝐺𝑔𝑎𝑠 ∆𝐺𝑠𝑜𝑙 𝐸0 𝐷𝐹 

T2FC 0.0232 0.068 0.236 0.281 3.240 5.499 

T26FC 0.0243 0.070 0.238 0.285 3.331 4.206 

T3FC 0.0240 0.068 0.235 0.278 3.132 4.016 

T35FC 0.0245 0.068 0.235 0.279 3.166 4.101 
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Table SD 5: Reorganization energies, adiabatic and vertical ionization potentials and electron affinities, 

hole and electron extraction potentials, and absolute hardness (/eV) of the four investigated dyes in DMF as 

calculated at the PCM/CAM-B3LYP/ 6-31+G(d) level of theory. 

Dye 
Hole transfer Electron transfer aΔ𝜆 b𝜆𝑖𝑛𝑡 ℎ 

𝜆ℎ𝑜𝑙𝑒 𝐴𝐼𝑃 𝑉𝐼𝑃 𝐻𝐸𝑃 𝜆𝑒𝑙𝑒𝑐 𝐴𝐸𝐴 𝑉𝐸𝐴 𝐸𝐸𝑃 

T2FC 0.332 5.176 5.321 0.183 0.428 3.402 3.184 0.133 0.096 0.760 0.887 

T26FC 0.322 5.186 5.326 0.184 0.560 3.422 3.131 0.136 0.238 0.882 0.882 

T3FC 0.350 5.157 5.306 0.182 0.488 3.416 3.171 0.134 0.138 0.838 0.871 

T35FC 0.325 5.172 5.315 0.183 0.514 3.528 3.273 0.139 0.189 0.840 0.822 
a Δ𝜆 = |𝜆ℎ𝑜𝑙𝑒 − 𝜆𝑒𝑙𝑒𝑐|; b 𝜆𝑖𝑛𝑡 = 𝜆ℎ𝑜𝑙𝑒 + 𝜆𝑒𝑙𝑒𝑐

 

 

 
 

 

Table SD 6: The Fermi energies, gab energies 𝑬𝒈, energy condition band 𝑬𝒄𝒃, and 𝑬𝑪𝑩 shift compared to 

bare (TiO2)24 cluster ∆𝑬𝑪𝑩 (in eV), and adsorption energies 𝑬𝒂𝒅𝒔 (in kcal/mol) for the adsorption systems. 

Isolated/system Fermi energy 𝐸𝑔 𝐸𝐶𝐵 ∆𝐸𝐶𝐵 𝐸𝑎𝑑𝑠 

Clean TiO2 −6.656 2.950 −5.164 − − 

T2FC@TiO2 −4.147 0.071 −4.135 1.029 −4.197 

T26FC@TiO2 −4.156 0.074 −4.142 1.022 −4.289 

T3FC@TiO2 −4.234 0.067 −4.224 0.940 −8.140 

T35FC@TiO2 −4.294 0.067 −4.285 0.879 −5.673 
 

 

 

Table SD 7: Ti–O bond distances (/Å) and dihedral angles (/o), and adsorption energies 𝑬𝒂𝒅𝒔 (in kcal/mol) 

for the adsorption systems. 

System (Ti−O)1 (Ti−O)2 
a𝜑1 a𝜑2 a𝜑3 b𝜑4 b𝜑5  𝐸𝑎𝑑𝑠 

T2FC@TiO2 1.994 2.097 16.11 6.28 1.00 154.00 154.55 −4.197 

T26FC@TiO2 2.040 2.011 15.92 2.51 24.27 116.21 153.64 −4.289 

T3FC@TiO2 2.099 2.003 21.81 39.95 2.13 172.64 128.43 −8.140 

T35FC@TiO2 2.028 2.065 24.00 41.58 3.73 164.21 99.54 −5.673 
a Refer to Error! Reference source not found. for the definition of dihedral angles 𝜑1, 𝜑2, and 𝜑3. 
b 𝜑4 (Ti−O −C−C)1; 𝜑5 (Ti−O −C−C)2. 
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Figure SD 1: The calculated maximum absorption wavelengths (𝝀𝒎𝒂𝒙

𝒄𝒂𝒍 ) for T2FC as a represnative 

example using different TDDFT XC-functionals and different solvation models with 6-31G+(d) 

basis set in gas phase and DMF solvent. Note: numbers beside bars represnting the %deviation 

(= 
(𝝀𝒎𝒂𝒙

𝒄𝒂𝒍 −𝝀𝒎𝒂𝒙
𝒆𝒙𝒑

)

𝝀𝒎𝒂𝒙
𝒆𝒙𝒑 ) from the experimental value (𝝀𝒎𝒂𝒙

𝒆𝒙𝒑
= 420 nm from [1]). 

 

 
Figure SD 2: % fragment contribution to the HOMO and LUMO orbitals of the four investigated 

dyes in DMF solvent as calculated at the PCM/CAM-B3LYP/6-31+G(d) level of theory. Note: TPA: 

triphenylamine, DHO: dihydrothieno-dioxine, FP: fluorophenylene,  and CA: cyanoacrylic acid. 
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Figure SD 3: Simulated UV−Vis absorption and emmission (a)  in the gas phase, (b) in DMF as 

copmuted at the TDCAM-B3LYP/6-31G+(d) and PCM/TDCAM-B3LYP/6-31G+(d) levels of 

theory, respectively. 
 

 

 

Dye T2FC T26FC T3FC T35FC 

(+) 

regio

n 
    

(−) 

regio

n 
    

(+&−

) 

regio

n     

Figure SD 4: 3D-visualization of electron density difference map (EDDM) upon the ground state to 

first excited state transition as calculated in the PCM/TDCAM-B3LYP/6-31+G(d) level of theory. 

Note: blue cloured region indicating electron density depletion region and cyan colored region 

indicating electron density gaining region. 
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Solid view Mish view 
Figure SD 5: Illustration of centroids of charge (𝑪+/𝑪−, isoconour 0.004 a.u.) of T3FC dye as a 

represntative example. 
 

 

 
Figure SD 6: TDOS of T26FC@TiO2 as a representative example as calculated by Dmol3 using 

PBE functional with DNP basis set. 
 
  



14 | P a g e  

 

 

 

Refrences: 
 

 

 

1. Chen, B.-S., et al., Donor–acceptor dyes with fluorine substituted phenylene spacer for 

dye-sensitized solar cells. Journal of Materials Chemistry, 2011. 21(6): p. 1937-1945. 

2. Hilborn, R.C., Einstein coefficients, cross sections, f values, dipole moments, and all that. 

American Journal of Physics, 1982. 50(11): p. 982-986. 

3. Scharber, M.C., et al., Design Rules for Donors in Bulk-Heterojunction Solar Cells—

Towards 10 % Energy-Conversion Efficiency. Advanced Materials, 2006. 18(6): p. 789-

794. 

4. Fan, W., D. Tan, and W.Q. Deng, Acene‐Modified Triphenylamine Dyes for Dye‐
Sensitized Solar Cells: A Computational Study. ChemPhysChem, 2012. 13(8): p. 2051-

2060. 

5. Zhang, J., et al., How to design proper π-spacer order of the D-π-A dyes for DSSCs? A 

density functional response. Dyes and Pigments, 2012. 95(2): p. 313-321. 

6. Zhang, G., et al., Employ a bisthienothiophene linker to construct an organic 

chromophore for efficient and stable dye-sensitized solar cells. Energy & Environmental 

Science, 2009. 2(1): p. 92-95. 

7. Chen, P., et al., High open-circuit voltage solid-state dye-sensitized solar cells with 

organic dye. Nano letters, 2009. 9(6): p. 2487-2492. 

8. Reiss, H. and A. Heller, The absolute potential of the standard hydrogen electrode: a new 

estimate. The Journal of Physical Chemistry, 1985. 89(20): p. 4207-4213. 

9. Li, W., et al., Theoretical investigation of triphenylamine-based sensitizers with different 

π-spacers for DSSC. Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy, 2014. 118: p. 1144-1151. 

10. Chi, W.-J. and Z.-S. Li, The theoretical investigation on the 4-(4-phenyl-4-[small alpha]-

naphthylbutadieny)-triphenylamine derivatives as hole transporting materials for 

perovskite-type solar cells. Physical Chemistry Chemical Physics, 2015. 17(8): p. 5991-

5998. 

11. Chitpakdee, C., et al., Theoretical studies on electronic structures and photophysical 

properties of anthracene derivatives as hole-transporting materials for OLEDs. 

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2014. 125: p. 

36-45. 

12. Pearson, R.G., Chemical hardness and density functional theory. Journal of Chemical 

Sciences, 2005. 117(5): p. 369-377. 

13. Kumar, P.S., et al., Quantum chemistry calculations of 3-Phenoxyphthalonitrile dye 

sensitizer for solar cells. Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy, 2010. 77(1): p. 45-50. 

14. Cai-Rong, Z., et al., DFT and TDDFT study on organic dye sensitizers D5, DST and DSS 

for solar cells. Journal of Molecular Structure: THEOCHEM, 2009. 899(1–3): p. 86-93. 

15. Garza, A.J., et al., Photochromic and nonlinear optical properties of fulgides: A density 

functional theory study. Computational and Theoretical Chemistry, 2013. 1022: p. 82-85. 
 


