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Methods 

Theoretical models

To attain high energy-conversion efficiency, the excited electron and hole pairs should 

dissociate into separate positive and negative charges to escape from recombination due to the 

coulombic attraction. To achieve this process, the binding energy must be overcome. That is, 

the dye molecule should possess less exciton binding energy for high-energy conversion. Here, 

the exciton binding energy was calculated using the formula[1,2]:
𝐸𝑏 = 𝐼𝑃 ‒ 𝐸𝐴 ‒ 𝐸𝑜𝑝𝑡 𝑔𝑎𝑝                                (1)

𝐼𝑃 =  ‒ 𝐸𝐻𝑂𝑀𝑂                                                    (2)

𝐸𝐴 =‒ 𝐸𝐿𝑈𝑀𝑂                                                    (3)

where  is ionization energy,  is electron affinity energy and  is the excitation 𝐼𝑃 𝐸𝐴 𝐸𝑜𝑝𝑡 𝑔𝑎𝑝

energy.

To understand the influencing factors of , one calculated the time of electron injection. The 𝐽𝑆𝐶

charge separation process of the sensitizer can be estimated by the Newns-Anderson model[3]. 

When the excited state adsorbate interacts with the energy band of a semicontinuous base 

semiconductor ( ), its energy obeys the following Lorentzian distribution[4]:𝑇𝑖𝑂2

𝐿𝐿𝑈𝑀𝑂(𝐸) =
1
𝜋

(ℏΓ
2 )

(𝐸 ‒ 𝐸𝐿𝑈𝑀𝑂(𝑎𝑑𝑠))2 + (ℏΓ
2 )2

     (4)

The broadening width  is derived from the mean deviation of the LUMO (adsorbate) levels, ℏΓ

which is evaluated as follows[5]:

ℏΓ = ∑
𝑖

𝑝𝑖|𝜀𝑖 ‒ 𝐸𝐿𝑈𝑀𝑂(𝑎𝑑𝑠)|                               (5)

The  of dye’s LUMO level after adsorption in eq 12 is characterized by𝐸𝐿𝑈𝑀𝑂(𝑎𝑑𝑠)

𝐸𝐿𝑈𝑀𝑂(𝑎𝑑𝑠) =  ∑
𝑖

𝑝𝑖𝜀𝑖                                           (6)
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𝑝𝑖 =  

𝐴 ∈ 𝑎𝑑𝑠

∑
𝑖

(𝑐𝐴
𝑖𝑗)2

𝐴 ∈ 𝑎𝑑𝑠@𝑇𝑖𝑂2

∑
𝑖

(𝑐𝐴
𝑖𝑗)2

                                       (7)

where  is the percentage (%) of the electron distribution on the adsorbate in the i-th non-𝑝𝑖

occupied molecular orbital of the dye molecule;  is the energy level (eV) of the i-th non 𝜀𝑖

occupied molecular orbital of the dye molecule. Therefore, the photogenerated electron 

injection time can be calculated by the following formula:

𝜏(𝑓𝑠) =
658
ℏΓ

                                                             (8)

To further estimate , one calculated the lifetime ( ) of the first excited state ( ). Value of 𝐽𝑆𝐶 𝜏1 𝑆1

 is one of the important factors affecting the efficiency of electron transfer [6], which can be 𝜏1

expressed by the following formula[7,8]:

𝜏1 =
1.499

𝑓1.𝐸2
                                                               (9)

where E is the excitation energy of the first excited state ( ) and  is the oscillator 𝑐𝑚 ‒ 1 𝑓1

strength.

          At the same time, the fluorescence lifetime ( ) is an important factor affecting charge 𝜏2

recombination[9]:

𝜏2 =
𝑎.𝑐3.𝑢2

2.𝑓2.𝑒2
2
                                                              (10)

where  is the speed of light,  is the oscillator strength in the fluorescence state, and  is the 𝑐 𝑓2 𝑒2

fluorescence energy.

To quantitatively describe the molecular TIC process, one calculated  the parameters 

DCT, Sr, ∆r, and  for the dye@  model; these parameters can be obtained from the 𝐸𝑐 𝑇𝑖𝑂2

following formula[10–12]:

𝐷𝐶𝑇 = |𝑋𝑒 ‒ 𝑋ℎ|2 + |𝑌𝑒 ‒ 𝑌ℎ|2 + |𝑍𝑒 ‒ 𝑍ℎ|2      (11)

𝑆𝑟 = ∫𝑆𝑟𝑑(𝑟) = ∫ 𝜌ℎ𝑜𝑙𝑒
(𝑟) 𝜌𝑒𝑙𝑒

(𝑟)𝑑(𝑟)                              (12)       



∆𝑟 =

∑
𝑖𝑗

(𝐾𝑗
𝑖 )

2[⟨𝜑𝑗│𝑟│𝜑𝑗⟩ ‒ ⟨𝜑𝑖│𝑟│𝜑𝑖⟩]

∑
𝑖𝑗

(𝐾𝑗
𝑖 )

2
                  (13)

𝐸𝑐 =
𝑒2

4𝜋𝜀0𝜀𝑟

∬𝜌ℎ(𝑟1)𝜌𝑒(𝑟2)
|𝑟1 ‒ 𝑟2|

𝑑3𝑟1𝑑3𝑟2                    (14)

where  is the charge transferred distance between hole and electron centroids;  , , and 𝐷𝐶𝑇 𝑋 𝑌

 represent three-dimensional directions.  and  represent the density of charges at a 𝑍 𝑋𝑒 𝑋ℎ

specific orientation, such as   for electrons and   for holes, 
𝑋𝑒 = ∫𝑥𝜌𝑒(𝑟)𝑑𝑟 𝑋ℎ = ∫𝑥𝜌ℎ(𝑟)𝑑𝑟

respectively. The  index characterizes the overlap extent of the hole and electron,  where 𝑆𝑟

 and    are the density distributions of holes and electrons.  represents the length of 𝜌ℎ𝑜𝑙𝑒
(𝑟) 𝜌𝑒𝑙𝑒

(𝑟) ∆𝑟

charge transfer during electronic excitation.  is the Coulomb attraction,   and  are the 𝐸𝑐 𝑒 𝜀0

elementary charge and vacuum dielectric constant, respectively. 

          In addition, the power conversion efficiency (η) of solar cell is quantified using the 

following formula:

𝑃𝐶𝐸 =
𝑉𝑜𝑐𝐽𝑆𝐶𝐹𝐹

𝑃𝑖𝑛𝑐
                                           (15)

Where  is the open-circuit voltage,  is the short-circuit current density,  is the fill 𝑉𝑜𝑐 𝐽𝑆𝐶 𝐹𝐹

factor, and Pinc is the input power of incident solar light (taking the measurement value of 

 ). 100 𝑚𝑊 𝑐𝑚 ‒ 2

In general,  largely depends on the light-harvesting ability including the optical absorption 𝐽𝑆𝐶

region and intensity of the dye, which can be evaluated using the following equation[13–18]:

𝐽𝑆𝐶 = 𝑒∫𝐼𝑆(𝜆)

𝐸(𝜆)
𝐿𝐻𝐸(𝜆)𝜙𝑖𝑛𝑗𝜂𝑐𝑜𝑙𝑙𝑑𝜆        (16)

where  is defined as unit charge; represents the light absorption efficiency;  and 𝑒 𝐿𝐻𝐸(𝜆) 𝜙𝑖𝑛𝑗

 present electron injection and collection efficiency; and  is the photon flux under 𝜂𝑐𝑜𝑙𝑙 𝐼𝑆(𝜆)

AM1.5 G solar spectrum irradiation;  is the energy of a single photon with wavelength λ, 𝐸(𝜆)

calculated by  [19]. The definition of  is the following[20–23]:1240/𝜆 (𝑚) 𝐿𝐻𝐸(𝜆)



𝐿𝐻𝐸(𝜆) = 1 ‒ 10 ‒ Γ𝜎(𝜆)                      (17)

𝜎(𝜆) = 𝜀(𝜆) × 103                               (18)

where Γ is the molecular adsorption value on the surface of the semiconductor (  ), 𝑚𝑜𝑙 ∙ 𝑐𝑚 ‒ 2

and according to the experimental reference, all molecular adsorption values based on R of 

 where used as a reference; stands for molecular absorption cross-5.2 ×  10 ‒ 8 𝑚𝑜𝑙/𝑐𝑚2 𝜎(𝜆) 

section(  ) and  is the molar absorption coefficient [24,25]. The electron 𝑐𝑚2 ∙ 𝑚𝑜𝑙 ‒ 1 𝜀(𝜆)

injection and electron composited efficiency can be determined as[25]:

𝜙𝑖𝑛𝑗 =
1

1 +
𝜏𝑖𝑛𝑗

𝜏𝑟𝑒𝑙𝑎𝑥

                                   (19)

𝜂𝑐𝑜𝑙𝑙 =
1

1 +
𝜏𝑡𝑟𝑎𝑛𝑠

𝜏𝑟𝑒𝑐

                                  (20)

Where  is the required electron injection time of the dye to the TiO2 surface based on 𝜏𝑖𝑛𝑗

Marcus' theory[10,25], and  is the relaxation lifetime from the experiment (10 𝜏𝑟𝑒𝑙𝑎𝑥

ps)[10,25,26];  is the electron transfer time from TiO2 to the redox couple (5 ps)[25], and 𝜏𝑡𝑟𝑎𝑛𝑠

 is the attenuation time. Based on the Marcus theory, all investigated molecules have 𝜏𝑟𝑒𝑐

relative longer recombination time, and the obtained all molecular  is tending to 1. 𝜂𝑐𝑜𝑙𝑙

According to Marcus' theory, the injection time  and the electron injection rate  is 𝜏𝑖𝑛𝑗 𝐾𝑖𝑛𝑗𝑒𝑐𝑡

given by the following two relations[27,28]:

𝜏𝑖𝑛𝑗 =  
1012

𝐾𝑖𝑛𝑗𝑒𝑐𝑡
                                                                                         (21)

𝐾𝑖𝑛𝑗𝑒𝑐𝑡 =
𝜋

ℏ2𝜆𝑡𝑜𝑡𝐾𝐵𝑇
𝑒𝑥𝑝

( ‒ 𝛽𝑟𝑖𝑛𝑗)
𝑒𝑥𝑝

[ ‒ ( ‒ Δ𝐺° + 𝜆𝑡𝑜𝑡)2

4𝜆𝐾𝐵𝑇 ]
                   (22)

where is the driving force for the reaction of electrons injection;  is the total Δ𝐺° 𝜆𝑡𝑜𝑡

recombination energy;  is the distance between the cyanoacrylic acid and the surface of 𝑟𝑖𝑛𝑗

TiO2;  h is the Planck constant, β is the attenuation parameter (0.7)[10,25]; A is a fixed value 

[25], and  is thermal energy (0.025852 eV). The parameters are obtained using the 𝐾𝐵𝑇

following equations :



∆𝐺° = 𝐸𝐿𝑈𝑀𝑂 ‒ 𝐸𝐶𝐵𝑀                                                                               (23)

𝜆𝑡𝑜𝑡 = [𝐸 +
0 ‒ 𝐸 +

+ ] + [𝐸 0
+ ‒ 𝐸0] + [𝐸 ‒

0 ‒ 𝐸 ‒
‒ ] + [𝐸 0

‒ ‒ 𝐸0]               (24)

where  is the  energy of the dye, and  is the simulated conduction band 𝐸𝐿𝑈𝑀𝑂 𝐿𝑈𝑀𝑂 𝐸𝐶𝐵𝑀

minimum of titanium dioxide, and  is the neutral molecule’s energy in the ground state, and 𝐸0

/   is the cation (anion)’s energy with the geometry of the neutral molecule, and /𝐸 +
0 𝐸 ‒

0 𝐸 +
+

 is the energy of the cationic (anionic) optimized under the cationic (anionic) structure, and 𝐸 ‒
‒

/   is the neutral’s energy with the geometry of the cationic (anionic) state.𝐸 0
+ 𝐸 0

‒

The  is determined by the difference between the quasi-Fermi level of the semiconductor 𝑉𝑜𝑐

(EF, TiO2) and the redox potential of the redox couple ( )[18].𝐸𝑟𝑒𝑑𝑜𝑥

The  can be obtained by the following formula[23,29–33] :𝑉𝑜𝑐

𝑉𝑜𝑐 = 𝐸𝐹,𝑇𝑖𝑂2
‒ 𝐸𝑟𝑒𝑑𝑜𝑥 =

1
𝑒[𝐸𝐶𝐵 + ∆𝐸𝐶𝐵 ‒ 𝐸𝑟𝑒𝑑𝑜𝑥 + 𝐾𝐵𝑇𝑙𝑛(

𝑛𝑐

𝑁𝐶𝐵
)]    (25)

∆𝐸𝐶𝐵 =  
‒ 𝑒𝜇𝑛𝑜𝑟𝑚𝑎𝑙𝛾

𝜀𝜀'
                                                                                       (26)

Where  is the unit charge,  is the conduction band energy level of the semiconductor (− 𝑒 𝐸𝐶𝐵

4.0 eV),  is the displacement of the energy level of the conduction band[28,32,33], ∆𝐸𝐶𝐵

 is the electrolyte  level (− 4.8 eV),   is thermal energy (0.025852 eV),   𝐸𝑟𝑒𝑑𝑜𝑥 (𝐼 ‒ /𝐼 ‒
3 ) 𝐾𝐵𝑇 𝑛𝑐

is the electron number in the conduction band [25,31],  is the electron density of state (𝑁𝐶𝐵

 )[10,25,31];  and  are the dielectric constant of the organic monolayer and 7 ×  1020 𝑐𝑚 ‒ 3 𝜀 𝜀'

the dielectric constant of the vacuum, respectively;  is the dipole moment component 𝜇𝑛𝑜𝑟𝑚𝑎𝑙

perpendicular to the direction of TiO2 surface; and  is the concentration of surface.   can 𝛾 ∆𝐸𝐶𝐵

be calculated by the difference between the intersections of the TiO2 PDOS and pure TiO2 DOS 

lines on the energy axis[34,35].

According to the current density-voltage properties of solar cells, the I-V curve can be depicted 

in the presence of known JSC and [10,17,18,25,25,36,37]:𝑉𝑜𝑐

𝐼 =  𝐽𝑠𝑐 ‒ 𝐼𝑆(exp ( 𝑒𝑉
𝐾𝐵𝑇) ‒ 1)             (27)

𝐼𝑆 =
𝐽𝑠𝑐

exp (𝑒𝑉𝑜𝑐 𝐾𝐵𝑇) ‒ 1
                     (28)



𝐹𝐹 =
𝐼𝑚𝑉𝑚

𝐽𝑆𝐶𝑉𝑜𝑐
                                            (29)

Where  is current;  is photovoltage;   is the reverse saturation current[10,25];   is the 𝐼 𝑉 𝐼𝑆 𝐼𝑚𝑉𝑚

maximum power[10,15,25], and  is the fill factor[10,25,38].𝐹𝐹

Table S1.Calculated maximum absorption wavelengths ( /nm), vertical excitation energy 𝜆𝑚𝑎𝑥

(E), oscillator strengths (f), light-harvesting efficiency (LHE), and main transition 
configuration of the isolated dyes in dichloromethane solution under TD-BHandH/6-31G(d,p) 
level.

Dyes 𝜆𝑚𝑎𝑥(𝑛𝑚)
 

𝐸𝜆𝑚𝑎𝑥
(eV)

𝑓 𝐿𝐻𝐸 Major contribs*

Rd 513.00 2.417 1.4216 0.962 H-2 L (41%), H L (53%)→ →

Tat-
1

538.43 2.3027 1.7729 0.983 H-2 L (47%), H L  (41%)→ →

Tat-
2

594.88 2.8337 1.5780 0.974 H-2 L (44%), H L (46%)→ →

Tat-
3

502.20 2.4688 2.2094 0.994 H-2 L (45%), H L (39%)→ →



Tat-
4

547.87 2.2630 1.8473 0.986 H-2 L (49%), H L (39%)→ →

Tat-
5

559.13 2.9173 1.5809 0.974 H-2 L (46%), H L (44%)→ →

Tat-
6

648.89 1.9107 1.1906 0.963 H-2 L (43%), H L (48%)→ →

                          *H: HOMO; L: LUMO.

Table S2.Calculated transition properties and excited state lifetime of all dyes
Dyes E(eV) Strength 𝑓 𝜏2(𝑛𝑠)

Rd 1.9598 1.4592 4.12
Tat-1 1.8675 1.9526 3.39
Tat-2 1.6331 1.5830 5.47
Tat-3 2.0303 2.4572 2.28
Tat-4 1.8361 2.1011 3.25
Tat-5 1.8110 1.6936 4.16
Tat-6 1.3809 0.9698 12.48

Table S3. Computed charge density difference (CDD) diagram, charge transferred distance 

between hole and electron centroids ( ), extent of overlap between hole and electron 𝐷𝐶𝑇

centroids (Sr), the length of charge transfer during electronic excitation ( ), and attracting Δ𝑟

hole-electron coulomb energy ( ) for the low-lying excited states of each dye.𝐸𝑐



Systems Transition Charge-spectra (Å)𝐷𝐶𝑇 𝑆𝑟(𝑎.𝑢) (Å)Δ𝑟  (eV)𝐸𝑐

S0→S1 3.388 0.644 7.109 2.544

S0→S2 9.982 0.357 6.872 1.496

S0→S3 13.523 0.075 12.030 1.077

S0→S4 9.607 0.426 16.019 1.138

S0→S6 8.037 0.387 7.757 1.259

S0→S7 26.768 0.020 26.758 0.559

Rd@(𝑇𝑖𝑂2)9

S0→S8 26.822 0.012 26.937 0.562



S0→S9 30.154 0.001 28.766 0.499

S0→S10 24.789 0.088 23.733 0.472

S0→S1 5.320 0.4583 9.544 2.213

S0→S2 10.732 0.404 10.872 1.535

S0→S3 15.268 0.057 14.091 0.919

S0→S4 8.753 0.505 14.410 1.624

S0→S5 8.876 0.451 10.277 1.521

Tat-1@
(𝑇𝑖𝑂2)9

S0→S7 25.993 0.084 25.662 0.481



S0→S8 27.504 0.039 26.662 0.467

S0→S9 21.554 0.157 21.691 0.674

S0→S10 29.342 0.00044 28.030 0.507

S0→S1 4.655 0.628 8.892 2.436

S0→S2 11.997 0.353 9.181 1.420

S0→S3 13.847 0.172 12.712 1.145

S0→S4 8.511 0.468 15.087 1.368

Tat-2@
(𝑇𝑖𝑂2)9

S0→S5 7.876 0.452 8.900 1.571



S0→S7 18.050 0.224 18.846 0.771

S0→S8 25.678 0.054 24.714 0.563

S0→S9 26.087 0.037 24.689 0.537

S0→S10 18.380 0.037 21.292 0.780

S0→S1 5.690 0.568 11.244 2.247

S0→S2 13.695 0.339 12.522 1.253

S0→S3 17.136 0.046 16.076 0.866

Tat-3@
(𝑇𝑖𝑂2)9

S0→S4 13.749 0.468 13.936 1.177



S0→S6 25.984 0.060 26.834 0.516

S0→S7 26.588 0.010 26.834 0.539

S0→S8 15.783 0.318 15.450 0.913

S0→S9 29.898 0.001 28.579 0.500

S0→S10 22.82 0.143 23.132 0.595

S0→S1 4.978 0.612 9.127 2.363

S0→S2 12.801 0.320 11.124 1.328

Tat-4@
(𝑇𝑖𝑂2)9

S0→S3 13.877 0.227 12.444 1.141



S0→S4 7.884 0.513 15.273 1.533

S0→S5 9.693 0.435 10.324 1.384

S0→S7 19.581 0.170 20.959 0.613

S0→S8 24.986 0.108 25.234 0.555

S0→S9 20.886 0.117 23.539 0.730

S0→S10 27.835 0.048 26.065 0.491

S0→S1 4.379 0.625 9.190 2.434

S0→S2 10.363 0.400 10.249 1.503



S0→S3 14.177 0.064 13.677 1.024

S0→S4 9.354 0.469 14.887 1.481

S0→S5 8.984 0.411 9.084 1.364

S0→S7 18.242 0.177 19.145 0.745

S0→S8 26.757 0.014 26.500 0.572

S0→S9 26.450 0.042 24.919 0.508

Tat-5@
(𝑇𝑖𝑂2)9

S0→S10 17.415 0.033 21.183 0.910

Tat-6@
(𝑇𝑖𝑂2)9

S0→S1 4.033 0.626 7.837 2.539



S0→S2 12.455 0.294 8.219 1.310

S0→S3 13.091 0.172 11.785 1.246

S0→S4 7.734 0.476 16.862 1.623

S0→S5 6.678 0.463 7.161 1.622

S0→S6 2.539 0.506 5.606 2.579

S0→S7 3.189 0.414 6.324 2.642

S0→S8 16.861 0.163 17.800 0.749

S0→S10 17.636 0.026 21.488 0.899



Table S4. The calculated driving force for electrons injection and reorganization energies. (in 
eV).

Dyes ELUMO ECBM △G0 λtotal

Rd -2.804 -3.231 0.427 0.178

Tat-1 -3.141 -3.231 0.09 0.197

Tat-2 -3.246 -3.231 0.015 0.200

Tat-3 -3.000 -3.231 0.231 0.203

Tat-4 -3.230 -3.231 0.001 0.207

Tat-5 -3.158 -3.231 0.073 0.189

Tat-6 -3.353 -3.231 0.122 0.225

Table S5. The comparison for photovoltaic data of Rd between experiment and theory.
R (mA cm-2)𝐽𝑆𝐶 VOC (V) FF PCE Absorption (nm)

Experiment 19.74 0.957 0.708 13.4%[39] 519
Theory 19.21 0.838 0.865 13.92% 513.83

| △ | 0.53 0.119 0.157 0.52% 5.17



(a)

(b)



(c)

(d)

(e)

(f)
Figure S1. The calculated shift of conduction band (△ECB) of simulated Dye@  (𝑇𝑖𝑂2)9



composites. (a) presents the △ECB of Tat-1; (b) presents the △ECB of Tat-2; (c) presents the 
△ECB of Tat-3; (d) presents the △ECB of Tat-4; (e) presents the △ECB of Tat-5; (f) presents 
the △ECB of Tat-6.

(a) Front view (b) Vertical view (c) Side view
Figure S2. The geometry structure of optimized  cluster. (a) The front view of the 𝑇𝑖𝑂2

optimized structure. (b) The vertical view of the optimized structure. (c) The side view of the 
optimized structure.

(a) (b) (c) (d) (e)
Figure S3. The connection model of carboxylic acid R-COOH group on  clusters. (a) The 𝑇𝑖𝑂2

connection model of monodentate ester. (b) The connection model of bidentate cheating (c) 
The connection model of bidentate bridging (d) The connection model of monodentate H-
bonding (e) The connection model of bidentate H-bonding
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(b)

(c)



(d)

(e)



(f)

Figure S4. The FT-IR spectrum of isolated  (in blue color), dye (in black color) Dye/𝑇𝑖𝑂2

 composites (in red color). (a) The black color presents the dye of Tat-1; The red color (𝑇𝑖𝑂2)9

presents Tat-1@  composites; (b) The black color presents the dye of Tat-2; The red (𝑇𝑖𝑂2)9

color presents Tat-2@  composites; (c) The black color presents dye of Tat-3; The red (𝑇𝑖𝑂2)9

color presents Tat-3@  composites; (d) The black color presents dye of Tat-4; The red (𝑇𝑖𝑂2)9

color presents Tat-4@  composites; (e) The black color presents dye of Tat-5; The red (𝑇𝑖𝑂2)9

color presents Tat-5@  composites; (f) The black color presents dye of Tat-6; The red (𝑇𝑖𝑂2)9

color presents Tat-6@  composites.(𝑇𝑖𝑂2)9
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