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ABSTRACT 

In the present investigation, density functional theory with Grimme correction and time-dependent semi-empirical 

ZINDO/S approaches have been employed to scrutinized supra-molecular triad system as a dye sensitizer and also 

effect of insertion of Li atom into the C60 cavity. The impacts of the kind of transition metal in the Porphyrin ring 

and insertion of Li atom in the C60 fullerene on the energies of frontier molecular orbital (FMO) and UV–Vis 

spectra have been considered. Structural optimizations of supra-molecular triad and quantum molecular descriptor 

(QMD) have been carried out through the SIESTA package. We have analyzed charge transfer between two 

interacting species trough well-known Mulliken, Hirshfeld and Voronoi charges analysis. In addition light-

harvesting efficiency (LHE), electronic transitions, chemical hardness (η), electrophilicity index (ω), electron 

accepting power (ω+) have been obtained with using the Orca package. We can learn that supra-molecular triad 

complexes Li@C60–Porphyrin–Metalloporphyrine (M = V, Cr, Ni and Cu) with low energy gap, highest light-

harvesting efficiency (LHE) are outstanding efficient as Dye-sensitized solar cell (DSSC) industry. 
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http://www.ijnc.ir/


 International Journal of New Chemistry, Vol. 9, Issue 2, pp. 102-128  Ghahramanpour et al 

103 

Introduction 

The DSSC is usually composed of three section including of a sensitizer, semiconductors such as 

TiO2, a conductive substrate, electrolytes and a counter electrode[1, 2]. The central part of a 

DSSC is the dye or the sensitizer and to yield significant efficiency, dyes must have (i) a high 

absorption range in UV/Vis to the near-IR region with a remarkable molar extinction coefficient 

to acquire most of the sunlight, (ii) a notable intramolecular charge transfer (iii) appropriate 

energy levels (iv) Chemical and physical solidity [2-3]. In DSSC the highest occupied molecular 

orbital (HOMO) moiety of the dye must be suited below the redox couple of   I−/I3−electrolyte 

while the lowest unoccupied molecular orbital (LUMO) of the dye must be placed above the 

conduction band (CB) of TiO2 semiconductor[4]. The first high-efficiency ruthenium-based 

sensitizer namely cis-di (thiocyanato)-bis-(2, 2′-bipyridyl)-4, 4′-dicarboxylate Ruthenium(II) 

(N3), announced by Grätzel[1c]. Many efforts have been devoted to designing novel and 

impressive sensitizers suitable for practical use. In this regards organic sensitizers without metal 

atoms or with cheap metal have been considered comprehensively due to their low cost, ease of 

synthesis, significant molar extinction coefficient as well as adequate stability[4c]. Up till now, 

several organic dyes demonstrating relatively high DSSCs performance have been designed and  

established including coumarin[5], polyene [6], hemocyanin[7], thiophene-based[8], indoline[9], 

perylene[10], squaraine[11], phthalocyanine[12]. It worth mentioning that sensitizers composed 

of a porphyrin entity have received notable consideration owing to several main features such as 

photochemical and electrochemical stability, high molar extinction coefficients in the visible 

region, low cost and environmental friendly[13]. Furthermore various porphyrins dyes are 

discovered with a donor–π–acceptor (D–π–A) structures[14]. Yella et al. synthesized a D-π-A 

based zinc porphyrin dye (YD2-o-C8) and yielded a power conversion efficiency of 12.3% [15]. 

In 2014, Grazel et al. offered a benzothiadiazole as the auxiliary acceptor to the D-π-A type 

porphyrin sensitizer SM371 leading to the D–A–π–A kind sensitizer SM315, and the SM315-

based solar cell attained the PCE of 13% compared to 12% of SM371-based cell, which is 

amongst one of the remarkable power conversion efficacy (PCE) for DSSCs[4c, 16].  

Additionally Porphyrin sensitizers including a fluorine-substituted benzothiadiazole as auxiliary 

acceptor and thiophene as π bridge for implementation in DSSCs were explored both of 
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experimentally and theoretically by Jie and co-worker[2]. In addition time-dependent DFT (TD-

DFT) computations have been previously exhibited to be impressive for the estimate and 

evaluate of electronic transfers in free base and meso replaced porphyrins[17].  

As one of the most exciting explorations in fullerene knowledge, encapsulation of metal atoms 

into fullerene cages can tune the attributes of fullerenes and therefore has been expanded into a 

quite new feature of chemistry, with subsequences in such diverse areas such as 

superconductivity and materials chemistry[18]. The theoretical investigations of electronic 

structures on the C60 cavity and its endohedral complexes were presented by Cioslowski et al. in 

1991[19]. The theoretical calculations of Li@C60 by Pavanello et al. revealed that when Li atom 

is inserted into the C60 cage, a charge of approximately 1 e is transferred to the surface yielding a 

structure with Li@C60−electron configuration. Besides, it has been found that the fullerene cage 

acts as an electron buffer and incorporates excess electrons[20]. The electron acceptor ability of 

Li@C60 was considerably increased as compared to pure C60 fullerene[21].  

In present research, theoretical study were utilized to anticipate the photovoltaic characteristics 

of supramolecules triad systems including of C60-P-MP and Li@C60-P-MP (M= V, Cr, Ni and 

Cu) and to assess their potential efficiency in solar cell applications. We hope our consequences 

may prepare new vision into the DSSC industry.  

Computational Details 

Computational approaches are strategic method for molecular design and conclusions drawn 

from evaluations are the best guidelines for the synthesis of new materials especially novel 

supra-molecules triad complexes. In this regards, the structural optimizations and electronic 

structure of triad systems are carried out utilizing SIESTA open source package[22]. In this 

package, the Kohn–Sham orbitals are expanded by using the linear composition of numeric 

pseudo atomic orbitals for the valence electron wave functions. The Perdew–Burke–Ernzerhof 

(PBE) functional[23] according to the generalized gradient approximation (GGA) was utilized to 

consider the exchange and connection effects of electrons and the standard norm-conserving[24]. 

The computations are carried out by a split-valence double-zeta plus polarization function (DZP) 
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functions. We applied a cut of the energy of 200 Ry for grid integration. The relaxation was 

employed to optimize the geometry until the Hellmann–Feynman force on each atom is less than 

0.02 eV/Å. Moreover, we utilized the semi-empirical Hartree–Fock-based single configuration 

interaction method ZINDO utilizing ORCA software[25] which can employed to figure out the 

electronic transmission for selected complexes and the outcomes acquire vision on the orbitals 

responsible for vertical transitions[25a] but it’s not suitable for geometry optimization[26]. The 

visualization of data were achieved through Gabedit software[27] which it capability to 

examination UV-Vis spectra. DFT and TD-semiempirical methods are reputable computing 

approaches often implemented for dyad/triad complexes as a solar cell. DFT approach for 

geometry optimization while TD-ZINDO/S was performed for the theoretical investigation of 

vertical excitation energies, electronic and absorption spectra as well as LHE[28]. The Mulliken, 

Hirshfeld and Voroni population analysis of all complexes were performed at the DFT level of 

theory. Furthermore, to evaluate the change of electronic structures in interacting entities was 

computed by means of Mulliken [29], Hirshfeld [30] and Voronoi [31] approaches. As depicted 

in Table. 1, Li@C60– Porphyrin –V Porphyrin complex as a promising candidate, based on the 

Mulliken, Hirshfeld and Voronoi population, 0.557 e, 0.412 e and 0.443 e have been transferred 

from Li@C60 to Porphyrin and V-Porphyrin moieties respectively. We can see the similar trend 

for other triad complexes. The obtained results of respectively Mulliken, Hirshfeld and Voronoi 

approaches suggest that 0.466 e, 0.320 e, 0.344 e and 0.209 e, 0.056 e, 0.077 e as well as 0.275 e, 

0.133 e, 0.144 e are transferred from Li@C60 to Porphyrin and Cr-Porphyrin, Cu-Porphyrin, Ni-

Porphyrin as shown in Table. 1 

Results and discussion  

Molecular Geometry 

In this section supra-molecular triad complex comprising encapsulated Li in C60 fullerene cavity 

(Li@C60) and Porphyrin and Metalloporphyrine are carried out to capturing photon of light. 

Calculations approach such as DFT and TD-ZINDO/S have been utilized for scrutinizing these 

supra-molecular triad complexes. In this consideration after optimization of the geometric 

components by using the SIESTA code, the situation of the bands in absorption spectra for triad 
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systems was assessed by utilizing the semi-empirical ZINDO/S approach. The triad complexes 

including inserted Li atom in   C60 fullerene cavity and Porphyrin and Metalloporphyrine and are 

Table 1. Comparison of charge population via Mullikene, Hirshfeld, Voronoi approaches 

capable of capturing the photon of light. It is determined that the center-to-center (Ct-to-Ct) 

distances were somewhat larger between Metalloporphyrine and Porphyrin compared to the 

distances between Porphyrin and C60 fullerene moieties.  The Ct-to-Ct distances the metal center 

of Metalloporphyrine (M = V, Cr, Ni and Cu) and Porphyrin for complexes C60 – Porphyrin – 

Metalloporphyrine was assessed by SIESTA code to be 19.23, 19.10, 19.06, 19.20 Å while Ct-

to-Ct between porphyrin and the center of C60 fullerene were 19.18, 18.98, 18.98, 18.90 Å, 

respectively. The Ct-to-Ct distances the metal center of Metalloporphyrine and Porphyrin for 

complexes Li@C60 – Porphyrin – Metalloporphyrine (M = V, Cr, Ni, and Cu) were obtained by 

SIESTA code to be 19.08, 19.12, 19.06, 19.08 Å while Ct-to-Ct between Porphyrin and the 

Voronoi Hirshfeld Mulliken Triad 

Li@C60-P-VP 

-0.443-0.412-0.557Li@C60= 

0.2770.3020.324P= 

0.1220.1250.224VP= 

Li@C60-P-CrP 

-0.344-0.32-0.466Li@C60= 

0.350.328 0.37P= 

-0.01-0.0180.095CrP= 

Li@C60-P-NiP 

-0.144-0.133-0.275Li@C60= 

0.1130.1160.145P= 

0.0360.0190.132NiP= 

Li@C60-P-CuP 

-0.077-0.056-0.209Li@C60= 

0.3260.3110.364P= 

-0.254-0. 259-0.155CuP= 
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center of Li@C60 were 19.02, 18.93, 18.88, 18.88 Å respectively. As we can see from Table. 2 

the main structural parameters such as bond length, bond angle, center to the center and edge to 

edge distances of triad complexes. Furthermore, the edge-to-edge distance is assessed for the 

mentioned triad systems. As can be seen from Table 2 the edge-to-edge distance for triad 

Li@C60 fullerene between Porphyrin and Metalloporphyrine (M = V, Cr, Ni, and Cu) were 

14.14, 14.10, 14.18, and 14.21 Å whereas edge-to-edge distance for Li@C60 fullerene and 

Porphyrin were15.41, 15.39, 15.32, and 15.37 Å respectively and also the edge-to-edge distance 

for triad complex  C60 fullerene cavity between Porphyrin and Metalloporphyrine (M = V, Cr, 

Ni, and Cu) were 14.03, 13.86, 14.18, and 14.24 Å, and edge-to-edge distance for C60 fullerene 

and Porphyrin were 15.30, 15.46, 15.44, and 15.33 Å respectively. In the optimized structures, 

the bond length of the metal atom (M = V, Cr, Ni, and Cu) and nitrogen atoms and the bond 

angle of N–M–N were attained as depicted in Table 2. Besides the M-N bond lengths for Li@C60 

– Porphyrin – Metalloporphyrine systems (M = V, Cr, Ni, and Cu) were predicted to be 2.05,

2.04, 1.98, and 2.04 Å respectively which are in good agreement with theoretical and 

experimental data[28, 32].  

Spectral Analysis 

To scrutinize a higher light to energy conversion efficiency a sensitizer with great molar 

extinction coefficients and absorption in whole visible/near-IR regions is essential. UV–Vis 

spectra are the important criteria to assess as a sensitizer for DSSC. As we know among the 

different semi-empirical methods the ZINDO/S is the vital approach for describing electronic 

spectra which parametrized for a large numeral of atoms containing transmission metals, very 

effective, practical and low cost methods[33]. The mentioned method exhibited better outcomes 

for the transition energies to the greater excited states[34]. 

Table 2. The geometry parameters (bond length/Å and bond angle/°), center to the center and edge-to-

edge distances of system using DFT level of theory 
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The absorbance maximum wavelength (λabs) for C60 – Porphyrin – Metalloporphyrine (M = V, 

Cr, Ni and Cu) triads are around 370-700 nm while for Li@C60 – Porphyrin – Metalloporphyrine 

(M = M = V, Cr, Ni and Cu) triads is around 500 - 600 nm, and for C60 – Porphyrin – Cu 

Porphyrin and Li@C60 – Porphyrin – Cu Porphyrin triads is 1194.6 and 2117.2 nm respectively 

as shown in Table 3 and Fig. 1. In present research maximum wavelength (λabs) with Li atom 

encapsulated into the C60 fullerene is indicated, and it is essential to scrutinize that all signals of 

maximum wavelengths (λmax) match the HOMO to LUMO (H–L) transfers, which are depicted 

in Table 3.  

Triad M-N1/M-N2/M-N3/M-N4 <N1-M-N2 <N3-M-N4 Dc1-c1 Dc2-c2 De1-e1 De2-e2 

C60- Porphyrin -V Porphyrin 2.05 / 2.04 / 2.05 / 2.05 178.79 178.85 19.23 19.18 14.03 15.30 

C60- Porphyrin -Cr Porphyrin 2.04 / 2.04 / 2.03 / 2.03 179.35 179.21 19.10 18.98 13.86 15.46 

C60- Porphyrin -Ni Porphyrin 1.98 / 1.98 / 1.97 / 1.97 177.99 178.07 19.06 18.98 14.18 15.44 

C60- Porphyrin -Cu Porphyrin 2.03 / 2.04 / 2.05 / 2.04 178.78 179.25 19.20 18.90 14.24 15.33 

Li@C60- Porphyrin -V Porphyrin 2.04 / 2.04 / 2.05 / 2.05 179.17 179.63 19.08 19.02 14.14 15.41 

Li@C60- Porphyrin -Cr Porphyrin 2.04 / 2.04 / 2.03 / 2.03 178.99 179.86 19.12 18.93 14.10 15.39 

Li@C60- Porphyrin -Ni Porphyrin 1.98 / 1.98 / 1.97 / 1.97 177.70 177.46 19.06 18.88 14.18 15.32 

Li@C60- Porphyrin -Cu Porphyrin 2.05 / 2.05 / 2.03 / 2.04 179.69 179.48 19.08 18.88 14.21 15.37 
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Figure 1: Simulated absorption of (a) = C60-Porphyrin-V Porphyrin, (b) = C60- Porphyrin -Cr Porphyrin, 

(c) = C60- Porphyrin -Ni Porphyrin, (d) = C60- Porphyrin -Cu Porphyrin, (e) = Li@C60- Porphyrin -V

Porphyrin,   (f) = Li@C60- Porphyrin -Cr Porphyrin, (g) = Li@C60- Porphyrin -Ni Porphyrin, (h) =

Li@C60- Porphyrin -Cu Porphyrin with ZINDO/S method.

The calculated UV–Vis spectra of triad systems were computed at the ZINDO/S approach and 

are represented in Fig. 1. The λmax of Li@ C60 – Porphyrin – V Porphyrin, Li@ C60 – Porphyrin – 

Cr Porphyrin, Li@ C60 – Porphyrin – Ni Porphyrin, Li@ C60 – Porphyrin – Cu Porphyrin, are 

observed at wavelengths 1194.6, 600.5, 559, and 2117.2 nm respectively. 
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In the case of Li@ C60 – Porphyrin – V Porphyrin complex indicated that one excited state 

considered at 1194.6 nm with oscillator strength of 38.16 and the molar absorbance coefficient of 

1500.68. It worth mentioning that H → L (92%) form is responsible for this absorbance while in 

C60 – Porphyrin – V Porphyrin complex revealed that four excited states computed at 559.8 nm 

with oscillator strength of 9.66 and the molar absorbance coefficient of 178.03. In this case the 

H-4→ L+6 (17%), H-6→ L+4 (6%), H-6→ L+3 (5%), H-2→ L+6 (4%) configurations are

responsible for this state. We utilized same trend for Li@ C60 – Porphyrin – Cr Porphyrin 

complex which exhibited that four excited states computed at 600.5 nm with oscillator strength 

of 5.47 and the molar absorbance coefficient of 180.18. 

We can learn that H→ L +4(15%), H→ L +8(11%), H→L +4(10%), H-7 → L +5(6%) 

configurations are responsible for this absorption while C60 – Porphyrin – Cr Porphyrin complex 

revealed that three excited states investigated at 445.1 nm contain oscillator strength of 2.62 and 

the molar absorption coefficient of 38.44. In this evaluation, the H-1→ L+3 (46%), H-2→ L+2 

(27%), H-4→ L+2 (6%) configurations are responsible for this state.  In case of Li@ C60 – 

Porphyrin – Ni Porphyrin system discovered that five excited states calculated at 559.0 nm 

including oscillator strength of 4.77 and the molar absorption coefficient of 87.80. In this 

evaluation, the H → L + 2(14%), H -3 → L + 2 (12%), H - 7→ L + 2 (8%),H → L + 4 (5%), H 

→ L + 19 (5%) configurations are responsible for this absorption whereas C60 – Porphyrin – Ni

Porphyrin complex shows that four excited states computed at 427.6 nm possess oscillator 

strength of 0.78 and the molar absorption coefficient of 10.94. In this case, H -9→ L +1 (12%), 

H-9 → L +9 (9%), H -7→ L +5 (7%), H-9 → L +5 (5%) configurations are responsible for this

absorption state.  In addition, In case of C60 – Porphyrin – Cu Porphyrin system disclosed that 

one excited states computed at 2117.2 nm including oscillator strength of 7.12 and the molar 

absorption coefficient of 496.37. In this investigation, the H → L (95%) configurations are 

responsible for this complex. Additionally, in C60 – Porphyrin – Cu Porphyrin complex 

discovered that four excited states calculated at 594.3 nm with oscillator strength of 2.34 and the 

molar absorption coefficient of 45.77. In this case the H -9→ L +1 (12%), H-9 → L +9 (9%), H -

7→ L +5 (7%), H-9 → L +5 (5%) configurations are responsible for mentioned state as vide in 
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table. 3. It worth noting that, the encapsulation of the Li atom into the C60 cavity can enhance the 

molar absorption coefficient and may be favorable for enhancing solar energy conversion 

efficacy. One of the crucial factor that relate to the productivity of triad systems is their 

efficiency in response to the light. The LHE is the part light intensity absorbed by the dye in the 

DSSC. Here, the LHE is explained as[35]: 

(1) 

In this equation, f is the oscillator strength, which can be derived from TDZINDO/S theoretical 

approach. According to Eq. (1) the LHE can be directly obtained the oscillator strength and 

molar extinction coefficient of the sensitizer. The assessment of LHE for all triad systems are 

observed. As we can see from Table. 3 the greatest value of oscillator strength are related to 

three compounds the Li@ C60 – Porphyrin – Metalloporphyrine (M= V, Cr, Ni and Cu) systems. 

HOMO-LUMO Density Analysis 

The densities of HOMO and LUMO states of triad complexes calculated by means of TD-

ZINDO/S approach are indicated in Fig. 2.  Since charge-separated states are one of the main 

factors efficient solar cell performance. HOMOs must be localized on the donor moiety and 

LUMOs on the acceptor to create an effective charge isolated states[36]. The densities of HOMO 

and LUMO states of C60 – Porphyrin – Metalloporphyrine and Li@ C60 – Porphyrin – 

Metalloporphyrine triad complexes by means of TD-ZINDO/S prospect are shown in Fig. 2. 

From the densities of HOMO and LUMO of the Li@ C60 – Porphyrin – Metalloporphyrine and 

C60 – Porphyrin – Metalloporphyrine triad systems, in case of C60 – Porphyrin – Cr Porphyrin 

triad system the density of HOMO are localized in the C60 portion and linkage group whereas the 

densities of the LUMO are localized on the porphyrin moiety. We carried out same trend in Li@ 

C60 – Porphyrin – Cr Porphyrin triad system for both spin up and down states. The obtained 

outcomes revealed that up states the densities of HOMO are localized in the C60 cage unit while 

the densities of the LUMO are inhabited on the Cr Porphyrin portion and in case of down states 

HOMO are inhabited in the Cr Porphyrin segment while the densities of the LUMO are localized 

in the C60 cage unit. In the case of C60 – Porphyrin – Ni Porphyrin and Li@ C60 – Porphyrin – Ni 
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Porphyrin complexes, achieved results indicated that C60 – Porphyrin – Ni Porphyrin system the 

density of HOMO are centralized in the C60 portion and linkage group while the densities of the 

LUMO are inhabited on the porphyrin unit. When we encapsulated Li atom in mentioned system 

for up state HOMO are residing in Ni Porphyrin moiety and LUMO are localized in the C60 

fullerene segment while for down state HOMO and LUMO are localized on C60 and Ni 

Porphyrin moieties respectively. Moreover, the same research carried out for C60 – Porphyrin – V 

Porphyrin and Li@ C60 – Porphyrin – V Porphyrin configurations. The achieved results show 

that C60 – Porphyrin – V Porphyrin triad systems (spin up and down states) for up state HOMO 

and LUMO are residing mainly in V Porphyrin while for down state HOMO are inhabited in C60 

fullerene portion and linkage group and LUMO are residing in V Porphyrin segment whereas in 

case of Li@ C60 – Porphyrin – V Porphyrin system, HOMO and LUMO are centralized chiefly in 

C60 fullerene and V Porphyrin units. (Vide in Fig.2 a-b-g). In case of C60 – Porphyrin – Cu 

Porphyrin and Li@ C60 – Porphyrin – Cu Porphyrin systems, the achieved outcomes disclosed 

that C60 – Porphyrin – Cu Porphyrin system for up state, HOMO and LUMO densities are 

localized on the porphyrin portion and C60 cage unit respectively while for down state HOMO 

and LUMO are centralized on Porphyrin, for Li@ C60 – Porphyrin – Cu Porphyrin   complex 

HOMO and LUMO are centralized in C60 fullerene and Cu Porphyrin   unit as we can show in 

Fig. 2 (e-f-l).  
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Figure 2.  Calculated electron density for the (a) = C60- Porphyrin -V Porphyrin up, (b) = C60- Porphyrin -

V Porphyrin down, (c) = C60- Porphyrin -Cr Porphyrin, (d) = C60- Porphyrin -Ni Porphyrin, (e) = C60- 

Porphyrin -Cu Porphyrin up, (f) = C60- Porphyrin -Cu Porphyrin down, (g) = Li@C60- Porphyrin -V 

Porphyrin,   (h) = Li@C60- Porphyrin -Cr Porphyrin up, (i) = Li@C60- Porphyrin -Cr Porphyrin down, (j) = 

Li@C60- Porphyrin -Ni Porphyrin up, (k) = Li@C60- Porphyrin -Ni Porphyrin down, (l) = Li@C60- Porphyrin 

-Cu Porphyrin by using DFT-D2 method

Global Reactivity Descriptors 

Quantum chemical calculations have been revealed to be very valuable for the investigation of 

the structural and electronic characteristics of triad complexes. Numerous efforts have been 

utilized to announce electronic concepts which can be exhibited in evaluating the reactivity, 

stability of molecular systems. Energy gap (Eg) one of the main factors in determining the 

electrical conductivity of the materials and can affect the photocurrent of the system. The small 

energy gap complex is causes the ease of transporting electrons. In the other hand, the energy of 

HOMO is a better assessment to the lowest ionization potential of the molecule (EI) whereas the 

energy of the LUMO usually is a poor evaluation to the molecule’s electron affinity[37]. The 

complexes with higher energy gap are generally dielectric, lower energy gap are semiconductors, 

and directing materials have very low or no energy gap[38]. For better insight, we utilize 

ZINDO/S method for these considerations. The assessment of HOMO–LUMO energy-gaps (Eg) 

for C60 – Porphyrin – Metalloporphyrine   systems have the following trend: 

C60 – Porphyrin –V Porphyrin (down)> C60 – Porphyrin –V Porphyrin (up)> C60– Porphyrin –Cr 

Porphyrin > C60– Porphyrin –Ni Porphyrin > C60– Porphyrin –Cu Porphyrin (up)> C60– Porphyrin 

–Cu Porphyrin (down).
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While assessment HOMO–LUMO energy-gaps (Eg) for Li@C60– Porphyrin –Metalloporphyrine 

triad systems have the following trend:  

Figure 3: Schematic energy diagram of (a) = Li@C60- Porphyrin -Cu Porphyrin, (b) = Li@C60- Porphyrin 

-Ni Porphyrin down (c) = Li@C60 Porphyrin -Ni Porphyrin up, (d) = Li@C60- Porphyrin -Cr Porphyrin down,

(e) = Li@C60- Porphyrin -Cr Porphyrin up (f) = Li@C60- Porphyrin -V Porphyrin, (g) = C60- Porphyrin -Cu

Porphyrin down, (h) = C60- Porphyrin -Cu Porphyrin up, (i) = C60- Porphyrin -Ni Porphyrin, (j) = C60-

Porphyrin -Cr Porphyrin, (k) = C60- Porphyrin -V Porphyrin down, (l) = C60- Porphyrin -V Porphyrin up

Li@C60 –Porphyrin –Cr Porphyrin (down) > Li@C60 – Porphyrin –Ni Porphyrin (up) > Li@C60– 

Porphyrin –Cr Porphyrin (up)>Li@C60– Porphyrin –Ni Porphyrin (down)> Li@C60– Porphyrin –Cu 

Porphyrin >Li@C60– Porphyrin –V Porphyrin 

We can learn that the lower energy levels HOMO and LUMO which has happened after the 

encapsulation lithium atom into the C60 fullerene in triad systems. The above mentioned 

compounds are suitable photosensitizer candidate due to these facts that the HOMO level is 

lower the redox potential of the I−/I3− electrolyte (− 4.8 eV) and the LUMO level is greater the 

CB of the TiO2 semiconductor (− 4.0 eV) [100], which confirm electron injection from the dye to 

TiO2 and the regeneration of the triad complexes, take electrons from the electrolyte (see Fig. 3). 

The gap energy computed of Li@C60 – Porphyrin –Metalloporphyrine systems has been 

meaningfully diminished and compared with other triad complexes. As we can see from Fig. 3 

and Table. 4 triad complexes of Li@C60– Porphyrin –Metalloporphyrine (M = V, Cr, Ni, and 

Cu) have the lowest energy gap.  We can conclude that the encapsulation of Li atom into the C60 
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cavity enhance conductivity of the systems such as Li@C60– Porphyrin –Metalloporphyrine[39]. 

Consequently by means of the encapsulation of Li atom into the C60 cage can favorable for the 

solar cell applications. As we know, reduction the HOMO–LUMO energy gap of a system can 

harvest higher sunlight, which reasons a higher, short-circuit current density (JSC)[18d, 28, 32-

40]. We can learn that it is a greater value of JSC is favorable. 

Table 3. Absorption wavelengths (in nm), energies (in eV), oscillator strength (f), molar absorption 

coefficient (ε), orbitals involved in the transitions and light harvesting efficacy (LHE) of triad complexes 

using ZINDO/S method 

LHE 
Electronic transition nature H =HOMO, 

L=LUMO 
ε E (cm-1 ) f λ(nm) Triad 

1 

H-4→ L+6 (17%), H-6→ L+4 (6%), H-6→ L+3 (5%),

H-2→ L+6 (4%)
178.03 17862.7  9.66 559.8   

1 

H-3→ L+4 (24%), H-1→ L+3 (9%), H-6→ L+3 (5%),

H-4→ L+4 (4%), H-1→ L+5 (4%)
154.49 16767.9  7.87 596.4   

0.999 

H-1→ L+5 (6%), H-6→ L+6 (6%), H-5→ L+7 (5%),

H-5→ L+6 (5%), H-5→ L+10 (4%)
93.93 20101.5  5.74 497.5   

0.994 
H-4→ L+6 (6%), H-1→ L+7 (5%), H-3→ L+5 (4%)

27.70 26148.5  2.20 382.4   
C60-

Porphyrin-V 

Porphyrin 

0.988 
H-6→ L+3 (5%), H-15→ L+4 (4%)

24.87 25546.3  1.93 391.4   

0.981 
H-1→ L+4 (6%), H-9→ L+4 (4%)

21.39 26549.8  1.72 376.7   

0.951 H-9→ L+9 (8%), H-7→ L+4 (8%), H-6→ L+9 (5%),

H-5→ L+9 (5%), H-3→ L+9 (5%)
19.92 21726.3  1.31 460.3   

0.998 H-1→ L+3 (46%), H-2→ L+2 (27%), H-4→ L+2 (6%)
38.44 22466.7  2.62 445.1   

C60-

Porphyrin-Cr 

Porphyrin 
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0.224 H→ L+7 (13%), H→ L+11 (11%), H→ L+5 (7%), 

H→ L+13 (6%), H-9→ L+5 (6%) 
1.96 18997.5  0.11 526.4   

0.834 H→L (64%), H-7 → L +1 (6%), -10 →L +10(4%), 

H-6 →L (4%)

10.94 23385.2  0.78 427.6   C60-

Porphyrin-Ni 

Porphyrin 

0.241 H→L +8(12%), H→ L +11(10%), H→L +7(9%), 

H→L +5(7%), H→ L +13(7%), H-8 → L +5(6%) 

2.12 18964.8  0.12 527.3   

0.995 

H -9→ L +1 (12%), H-9 → L +9 (9%), 

H -7→ L +5 (7%), H-9 → L +5 (5%) 
45.77 16825.6 2.34 594.3 

0.992 

H -7 → L +6 (8%), H -15 → L (8%), H -23 → L +4 

(7%), 

H -15 → L +2 (6%), H -2 → L (6%) 

40.14 17423.7 2.12 573.9 C60-

Porphyrin-Cu 

Porphyrin 

0.986 
H -9→ L +2 (9%), H-7 → L +2 (7%), 

H -7→ L +1 (4%), H-15 → L (4%) 
35.95 17124.3 1.87 584.0 

0.842 
H -15→ L +1 (29%), H-15 → L +2 (4%), H -9→ L +9 

(3%) 
17.72 14776.3 0.80 676.8 

1 
 H → L (92%) 1500.6

8 
8371.1  38.16 1194.6  

0.948 
H→ L +25(75%), H→ L +41 (11%), H→ L +39(4%) 

31.93 13221.3  1.28   756.4   
Li@ C60-

Porphyrin-V 

Porphyrin 

0.999 
H→ L +4(15%), H→ L +8(11%), H→L +4(10%), 

H-7 → L +5(6%)
108.18 16652.7  5.47 600.5   

0.999 H-3 → L +4(8%), H-11 → L +4(5%), H-5 →L +7(3%)79.65 20149.6  4.88 496.3   

0.999 
H→ L +23(11%), H→ L +26(9%), H→L +5(7%), 

H→ L +8(5%) 
81.56 18543.2  4.59 539.3   

0.999 
H-5 → L +5(10%), H-5 → L +8(8%), H→L +4(7%),

H-8 → L +4(4%)
51.99 19507.0  3.08 512.6   Li@ C60-

Porphyrin-Cr 
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Porphyrin 

0.997 
H → L +13(4%), H-12 → L +7(4%), H-8 →L +8(3%), 

H → L +5(3%) 
38.46 22257.4  2.60 449.3   

0.986 
H-2 → L +1(30%), H-2 → L (26%), H-1 →L +1(5%),

H-1 → L +16(4%), H-3 → L +3(4%)
26.07 23665.1  1.87 422.6   

0.958 H-7 → L +4(11%), H-12 → L +4(5%), H-3 →L +5(4%),22.97 19847.5  1.38 503.8   

0.917 
H→ L +8(12%), H→ L +24 (10%), H→L +9(9%), 

H→ L +7(6%), H→ L +11(5%) 
20.14 17626.2  1.08 567.3  

0.999 

H → L + 2(14%), H -3 → L + 2 (12%), H - 7→ L + 2 

(8%) 

H → L + 4 (5%), H → L + 19 (5%) 

87.80 17888.2  4.77 559.0   

0.999 
H – 1 → L (11%), H -1 → L + 2 (10%), H - 8→ L (7%), 

H - 10→ L (6%), H → L + 4 (5%) 
63.40 18201.4  3.50 549.4  

0.999 

H – 4 → L + 4(19%), H -6 → L (12%), H - 6→ L + 2 

(6%), 

H - 4→ L + 82 (4%) 

53.36 18325.9  2.97 545.7 

0.983 

H – 4 → L + 9(23%), H -3 → L + 8 (21%), H → L + 8 

(7%), 

H → L + 33 (6%) 

29.22 19864.2  1.76 503.4   
Li@ C60-

Porphyrin-Ni 

Porphyrin 

0.980 

H – 1 → L + 2(20%), H → L + 2 (6%), H → L + 33 

(6%), 

H - 4→ L + 5 (4 %) 

27.70 20313.2  1.71 492.3   

0.967 

H –3 → L + 4 (10%), H -1 → L +10 (9%), H - 1→ L + 6 

(8%), 

H → L +19(8%), H -7→ L + 2 (6%) 

26.96 18127.4  1.48 551.6   

1  H → L (95%) 496.37 4723.2  7.12 2117.2  Li@ C60-

Porphyrin-Cu 

Porphyrin 
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Quantum molecular descriptors (QMD) such as hardness, softness, electrophilicity, and 

electronegativity, which are significantly vital in modeling and insights about the reactivity of 

triad systems[41]. The chemical hardness (η) and softness (S) are one of the main parameters to 

define the stability and reactivity of the systems. It reveals resistance intramolecular charge 

transfer so less chemical hardness is promising whereas global softness is opposite trend to 

hardness[40-42]. Chemical hardness is evaluated by means of Eq. (2). 

(2)   

It can be observed that the chemical hardness of triad complexes are diminished while the 

conversion efficiency enhanced[42b]. Moreover, negligible amounts of η are recommended as 

the greatest triad complex for charge transfer thus a further short circuit current density (JSC). As 

indicated in Table 4, the chemical hardness of Li@C60– Porphyrin –Metalloporphyrine (M = V, 

Cr, Ni, and Cu) complexes.  As seen from the Table 4, the chemical hardness of Li@C60– 

Porphyrin –V Porphyrin (0.221 eV) and Li@C60– Porphyrin –Cu Porphyrin (0.222 eV) is low 

which has lower resistance to intramolecular charge transfer. Consequently the order of chemical 

hardness is: 

Li@C60–Porphyrin –Cr Porphyrin (down)>Li@C60– Porphyrin –Ni Porphyrin (up)>Li@C60– 

Porphyrin –Cr Porphyrin (up)>Li@C60– Porphyrin –Ni Porphyrin (down)>Li@C60– Porphyrin –Cu 

Porphyrin >Li@C60– Porphyrin –V Porphyrin 

Parr and Pearson [63] defined the concept of ω as a global reactivity index which demonstrate 

electrophilic power of a molecule. The global electrophilicity index of a chemical species defines 

the electrophilic behavior of that species and greater value of ω shows higher chemical 

reactivity. The electron accepting power mentioned a higher ability to accept charge[43]. So the 

higher 𝜔and 𝜔+are favorable. Global electrophilicity index (ω) can be assessed from the 

following expression as Eq. (3) and reported in Table 4.       

(3)
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(4) 

In addition, we have considered the ω+ for triad systems as shown in Table 4.  Among of them, 

Li@C60– Porphyrin –Cu Porphyrin and Li@C60–Porphyrin–V Porphyrin complexes had the 

highest ω+ value 32.848 and 23.552 eV respectively. We also observed that same trend in ω 

index. (Vide in Table. 4) The present study indicated that the lower chemical hardness, the 

higher electron accepting power, the better short-circuit current density of the Li@C60– 

Porphyrin –Cu Porphyrin and Li@C60– Porphyrin –V Porphyrin consequently had a better light 

conversion efficiency[44]. 

One of the most important descriptor to define the stability and reactivity of the molecules is 

chemical potential (μ). The tendency of an electron to escape from a complex in equilibrium in 

its ground state is measured by means of the chemical potential concept. If the chemical potential 

is greater, eventually molecule is less stable or more reactive. As can be seen from Table.4 the 

values calculated for Li@C60– Porphyrin –Cu Porphyrin and Li@C60– Porphyrin –V Porphyrin 

complexes (Stable complexes) were -3.930 and -3.337 eV respectively.  

Table 4. The calculated QMD for triad complexes by ZINDO/S method 

ω+ ω ƞ X µ (eV) Gap ELUMO EHOMO Triad 

3.141 5.258 2.169 4.776 -4.7764.337 -2.607UP= -6.944 C60-Porphyrin-V 
Porphyrin 0.883 2.417 3.029 3.827 -3.8276.057 -0.798Down= -6.855 

2.010 3.670 1.984 3.816 -3.8163.969 -1.832-5.801
C60-Porphyrin-Cr 

Porphyrin

2.041 3.705 1.969 3.820 -3.8203.939 -1.851-5.79
C60-Porphyrin-Ni 

Porphyrin

5.430 7.117 0.911 3.601 -3.6011.822 -2.69Up= -4.512 C60-Porphyrin-Cu 
Porphyrin 5.434 7.110 0.900 3.576 -3.5761.799 -2.677Down= -4.476 

23.552 25.194 0.221 3.337 -3.3370.442 -3.116-3.558
Li@ C60-Porphyrin-V 

Porphyrin 

0.971 2.335 2.356 3.318 -3.3184.713 -0.961Up= -5.674 Li@ C60-Porphyrin-
Cr Porphyrin 

1.080 2.578 2.565 3.637 -3.6375.13 -1.072Down= -6.202 

1.141 2.636 2.469 3.608 -3.6084.938 -1.139Up= -6.077 Li@ C60-Porphyrin-
Ni Porphyrin 2.140 3.808 1.91 3.814 -3.8143.82 -1.904Down= -5.724 
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32.848 34.786 0.222 3.93 -3.930.444 -3.708-4.152
Li@ C60-Porphyrin-

Cu Porphyrin 

 Conclusion 

In conclusion, the theoretical methods have been implemented to predict the photovoltaic 

characteristics of triad systems and to assess their potential efficiency in the solar cells 

applications. Detailed study of the geometrical structures and electronic features of all complexes 

such as molecular structures, molecular orbital energy gaps as well as HOMO and LUMO 

densities, UV–Vis spectra, the ground state attributes of systems have been considered by means 

of theoretical computations. The influences of the type of transition metal such as V, Cr, Ni and 

Cu in the Porphyrin ring, and encapsulation of Li atom into the C60 cavity on the energies of 

frontier molecular orbital and UV–Vis spectra have been scrutinized by using DFT ZINDO/S 

method. Additionally, several main parameters such as excitation energies, maximum 

wavelength, oscillator strength, and LHE have been assessed via the semi-empirical ZINDO/S 

method. The spectra for C60– Porphyrin –Metalloporphyrine triad systems have been observed in 

the range 370 –700 nm while for Li@C60– Porphyrin –Metalloporphyrine complexes in the range 

500–2117.2 nm have appeared. The LHE amounts of C60– Porphyrin –Metalloporphyrine triad 

complexes are in the range of 0.224–1% whereas the LHE amount of Li@C60– Porphyrin – 

Metalloporphyrine systems are in the range of 0.917–1%. The obtained results showed that triad 

systems Li@C60– Porphyrin – Metalloporphyrine (M = V, Cr, Ni, and Cu) with low energy gap 

make these potential triad system in photovoltaic applications and are also an excellent efficient 

as DSSC. Among of them, Li@C60– Porphyrin –Cu Porphyrin and Li@C60– Porphyrin –V 

Porphyrin are promising candidate to solar cell industry owing to low energy gap and hardness 

and high electrophilicity and electro accepting power. It worth mentioning that Li@C60– 

Porphyrin –V Porphyrin complex due to its location in the UV-Vis region, it can be a good 

candidate in the solar cell application. 
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