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Unique Metal Di-Porphyrin Dyes with Excellent Photoelectronic
Properties for Solar Cells: Insight from Density Functional Calculations
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Abstract A new type of metal di-porphyrin dyes have been designed and characterized by density functional calculations.
Structural optimizations and subsequent frequency calculations for the isolated dyes were performed using the B3LYP hybrid
functional in combination with the all-electron 6-31G(d) basis set. Bulk solvent effects were evaluated by using the contin-
uum solvation model of SMD. Vertical excitation energies were computed by means of time-dependent density functional
theory with CAM-B3LYP functional. The two-dimensional slab model of the most stable anatase TiO, (101) surface was used
to calculate the structural and electronic properties of dye-TiO, system by using the plane-wave technique implemented in
Vienna ab initio simulation package (VASP). The electron injection times from the dye to the semiconductor were estimated
by using a model derived from the Newns-Anderson approach. Calculations show that these novel porphyrin-based sensitiz-
ers have a strong light harvesting ability and an excellent charge separation in the excited states. Their optical and
charge-transfer properties can be well modulated by incorporating different metals and different conjugated macrocycles.
Moreover, the more positive energy level of HOMO orbital of the metal di-porphyrin dye than the bottom of conduction band
of TiO, ensures an effective electron injection from the excited dyes to TiO,, and its energy level of LUMO orbital can nicely
match various redox couples to facilitate regeneration of the oxidized dyes. Accordingly the porphyrin-based complexes are
quite promising for fabrication of the high performance dye-sensitized solar cells. Based on the first-principles calculations,
plausible mechanisms for direct and indirect electron injections from the adsorbed dye to TiO, have been discussed. In the
indirect process, the dye is initially promoted to the excited state with the charge separation under light excitation of rela-
tively short wavelength region, followed by the electron transfer from the excited dye to TiO,. Such electron injection process
is predicted to be very fast and the estimated electron injection times are only about 20 fs. The direct electron injection from
dye to TiO, may occur under optical excitation in relatively long wavelength region.
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Scheme 1 Unique metal di-porphyrin dyes consisting of the metal
di-porphyrin (donor), the m-space bridge-conjugated group, and the
cyanoacrylate group (acceptor)
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Figure 1 Optimized structures and selected molecular orbitals of Ga-cor, Zn-pp and Ga-cor-Zn-pp in the gas phase and solution
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Table 1 HOMO energy levels (Ey), LUMO energy levels (EL), transi-
tion energies (4), and corresponding oscillator strengths (f), the light har-
vesting efficiency (LHE), and the driving force (AGiye) for Ga-cor,
Zn-pp and Ga-cor-Zn-pp dyes in the gas phase and in acetonitrile

A Ginj ecl/

M E[[ EL A/mm (CV) f LHE v
[

Ga-cor-gas  4.72  2.66 541(2.29) 0.4201 0.62 1.57
524 (2.36) 0.5363
454 (2.73)  0.9792
407 (3.05) 0.3683

548 (2.26) 0.5294  0.70 1.54
538(2.31) 0.9414
474 (2.61)  0.8506
410(3.03) 0.4296

447 (2.77)  1.7560  0.98 1.74
411 (3.01) 0.7124
381 (3.01) 0.2385

479 (2.59) 1.7420 098 1.64
426 (2.91) 1.0557
392 (3.16) 0.2957

Ga-cor-Zn-  4.85 2.66 524(237) 0.3745 0.8 1.52
pp-gas 454 (2.73) 1.3449
414 (3.00) 0.5643

Ga-cor-Zn- 4.84 278 530(2.34) 0.6514 0.78 1.50
pp-sol 480 (2.58) 1.4285
418 (2.96) 0.6523

Ga-cor-sol 472 2.78

Zn-pp-gas 5.03 2.66

Zn-pp-sol 495 2.80

2 ; ®-  ®- A)
Ga-cor, Zn-pp  Ga-cor-Zn-pp
Table 2 Selected molecular orbital compositions (%) in Ga-cor, Zn-pp
and Ga-cor-Zn-pp dyes with the donor (D)-bridge (B)-acceptor (A) struc-
ture in the gas phase and in acetonitrile

Dye MO Contributions/%
D B A

Ga-cor-gas HOMO 67.37 31.71 1.92
LUMO 6.47 55.97 37.56

Ga-cor-sol HOMO 61.55 30.78 2.24
LUMO 4.60 54.72 40.69

Zn-pp-gas HOMO 36.91 54.66 8.43
LUMO 4.28 47.64 48.08

Zn-pp-sol HOMO 50.74 45.86 1.23
LUMO 4.47 55.23 40.30

Ga-cor-Zn-pp-gas HOMO 63.99 31.67 1.95
LUMO 7.37 55.38 37.26

Ga-cor-Zn-pp-sol  HOMO 63.87 33.50 2.63
LUMO 451 54.68 40.81
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Figure 3 Calculated electronic transitions and electron density differ-
ences between the first excited state and the ground state of Zn-pp in
acetonitrile (yellow and blue refer to an decrease and an increase of elec-
tron density, respectively; isovalue: 0.00002 au)
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Figure 4 (a) Optimized structure of Zn-pp/TiO, system with the dye Zn-pp adsorbed on the surface of TiO, semiconductor nanomaterial; (b) The total

density of states (DOS) of bare TiO, (on the top) and the total DOS and partial density of states (PDOS) of Zn-pp/TiO, system (at the bottom)
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Figure 5 The band structures and the density of states of the Zn-pp/TiO, system (on the left), the selected occupied molecular orbitals of Zn-pp in the
ground state (at the bottom) and the partial charge densities (isovalue 0.0004 au) for the Gamma point of the 1190, 1191, 1194 1198 bands (on the right)

corresponding to the identified band structures, respectively.
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