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Introduction
Electron transfer is the most basic form of a chemical 

reaction: the electron is spontaneously transferred from 
a donor to an acceptor center1, 2. The understanding of the 
photophysics related to the photoinduced electron transfer 
is fundamental for the comprehension of certain natural 
processes, such as light harvesting, making feasible the 
developing of artificial systems for solar fuel production3.

In the study of photocatalytic processes, computational 
quantum mechanics has made significant contributions4-7. 
Jono and coworkers, for example, demonstrated the 
occurrence of interfacial charge transfer from an organic 
compound to the surface of titanium dioxide, using visible 
radiation8. 

Among the possible applications of such phenomenon 
stands out the use of solar energy in visible region to 
trigger photocatalytic processes (solar energy conversion, 
environmental remediation and photocatalytic production 
of hydrogen are some examples) since that a large part 
of the known semiconductor oxides with photocatalytic 
activity are active only in the ultraviolet. Thus, this has 
attracted the attention of several researchers around the 
world9-20.

Considered as the energy source of the future 
the hydrogen, in addition of being a renewable font, 
concentrates a large amount of energy per unit mass 
(1.0 kilogram of hydrogen contains about the same 
energy supplied by 2.7 kilograms of gasoline), enabling 
the portability of energy21,22. Experts have pointed out 

three major obstacles to the expansion of hydrogen 
consumption, taking into account the currently available 
technology: clean production, low cost and the storage 
and transportation. As a result, many efforts to expand 
the use of hydrogen as cheap energy supply has been 
based on the development of efficient processes free of 
fossil fuels16,19,20. 

The photocatalytic degradation of water to produce 
hydrogen under the solar irradiation is a promising way 
to obtain clean and cheap hydrogen. Despite the advances 
in photocatalysis using ultraviolet radiation, the use of 
visible radiation is yet a theme of intense studies16,20. 

Studies show that the incorporation of photosensitizing 
dyes to the surface of a photocatalyst is a viable option 
to increment the H2 production23-24. TiO2 is the most 
studied photocatalyst since it is stable, usually presents 
photocatalytic activity, of low-cost and versatile. However, 
this semiconductor has a negligible photocatalytic activity 
in almost all the visible spectrum. So, much effort has 
been directed to work around this problem16,20.  One of the 
alternatives found are the dye-sensitized photocatalysts16,25. 
These systems are capable to minimize the recombination 
of the charge carriers and the red shift of the absorption 
spectrum enabling the use of visible radiation16.

In the present study, we evaluate the role of functional 
groups on the photoinduced charge transfer in four 
complexes based on the chemical association between 
Ru(II) phthalocyanines and a cluster of anatase (TiO2), 
continuing the study started by Gomes et al. (2015)26. 
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Methods    
To  optimize the structure of the complexes 1-diethyl-1- 

carboxyl-RuPc-Anatase (1), 2-diethyl-1-carboxyl-RuPc-
Anatase (2), 2-diethyl-2-carboxyl-RuPc-Anatase (3), 
and  3 -diethyl -1- carboxyl – RuPc-Anatase (4),  and 
calculate their vibrational frequencies, we used the hybrid 
functional B3LYP and the basis set LANL2DZ ECP 27-29 
with the corresponding pseudo- potential for Ru and Ti, 
and the basis set def2-TZVP30 for the other elements. 
The functional CAM-B3LYP31 was used in the TDDFT 
approaches for predicting the fi rst sixty singlet excited 
states for the construction of the electronic spectrum of 
each studied derivative. 

The nanocluster of anatase used in the calculation was 
based in a structure described by Jono and co-workers8, 
being kept frozen in all calculations. 

All calculations were done considering the derivatives 
solvated in acetonitrile. This was done using CPCM 
(Polarizable Conductor Calculation Model)32.

The contribution of the molecular orbitals on 
electronic state was calculated using Chemissian33. 
GaussSum34 was used to calculate the contribution of the 
most important electronic transitions and to build energy 
diagrams and graphs of states densities.

Structural optimizations, infrared frequency 
calculations and simulations of excited states were done 
using the software Gaussian 0935.

Results and Discussion

Figure 1. Optimized structures: (1) 1-diethyl-1- carboxyl-RuPc-Anatase (2) 
2-diethyl-1-carboxy- RuPc-Anatase (3) 2-diethyl-2-carboxyl-FtRu-Anatase 
(4) 3 -diethyl -1- carboxyl – RuPc- Anatase

The vibrational spectra calculated for the derivatives 
did not have imaginary frequencies, indicating that the 
stationary point found on the optimization corresponds 
to global minima.

The values of the geometric parameters of each 
structure show good agreement with typical bonds and 
angles observed of similar structures36-38.

The simulated spectra of these complexes exhibit the two 
characteristic absorption bands typical of phthalocyanines39. 
This suggests that the light absorption properties observed for 
the ruthenium phthalocyanines under study are preserved in 
these complexes. The maintenance of these properties may 
represent a signifi cant advantage for use of these complexes 
in applications based on sunlight absorption40-43.

The shifts observed in the Q-bands suggest that the 
nature, position, number of substituents in the macrocycle, 
and chemical bonding with TiO2 exert great infl uence on 
the electronic structure of the complexes. The complexes 
(2) and (4) that have a greater number of donor substituents 
present a red-shifted Q-band. 

Complexes (2) and (4) have both absorption bands 
red shifted relative to the others. These complexes present 
in general expressive values of oscillator strength for the 
fi rst fi ve excited states, typical of electronic transitions of 
high probability. They are related to photoinduced charge 
transfer from donor groups, and are in the range of the 
Q-band. Differently, for complexes (1) and (3) the most 

Figure 2. Simulated electronic absorption spectra of the complexes (1) 
to (4) solvated in acetonitrile.
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intense electronic transitions are related to states S4 and S5. 
Different combinations and weights of the molecular orbitals 
in the range between HOMO-2 and LUMO+3, excluding 
the LUMO, are involved in the transitions that constitute the 
five first electronic states of these four complexes.

The Soret (B) band in these complexes is of high 
probability, involves high electronic states and practically 
does not suffer electronic shift. However, the intensity of the 
bands varies, being the most intense related to complex (3). 
This complex possesses donor and acceptor groups linked 
to the macrocycle. The analysis of the orbital structure of 
this band suggests that it is mainly of charge transfer from 
the macrocycle and metallic center of phthalocyanine to the 
semiconductor. 

Table 1 presents the contribution of main molecular 
fragments (Ru(II), the TiO2 cluster -  TiO2, the free base 
phthalocyanine - Mcycle, the donor groups - Donor, and the 
axial pyridines - Py) in the molecular orbital composition of 
each complex.

The data from Table 1 shows that the TiO2 cluster 
does not contributes with the occupied orbitals. However, 
this contribution is very significant in the virtual orbitals, 
according to the verified in the analysis of the molecular 
orbitals involved in photoinduced charge transfer. 

Ru(II), as well as, the free base phthalocyanine type 
structure and the donor groups have expressive contribution 
in the occupied orbitals, mainly HOMO-2 and HOMO-
1  in all complexes, and HOMO-4 in the complex (4). 
Such orbitals are important in the Q-band, as observed 
in the electronic spectra (Figure 2), and in the electronic 
delocalization in these phthalocyanines.

The analysis of the DOS (Figure 3) corroborates with the 

Figure 3. Density of states (DOS) diagram calculated for the complex 
(4), presenting the partial DOS corresponding to Ru(II), macrocycle 
and anatase.

MO
Contribution (%)

Ru(II) TiO2 Mcycle Donor Py

1

H-5 - - 98 - 2
H-2 54 - 41 - 5
H-1 24 - 70 3 3
H 10 - 71 18 1

L+1 - 99 1 - -
L+3 - 100 - - -
L+23 8 6 83 - 3
L+28 - 100 - - -

2

H-7 1 - 97 1 1
H-6 1 - 96 1 2
H-2 35 - 56 7 2
H-1 31 - 48 19 2
H 3 - 85 - 12

L+1 - 100 - - -
L+3 - 99 1 - -
L+23 - 99 1 - -
L+24 - 95 5 - -

3

H-6 - - 96 4 -
H-2 34 - 56 7 3
H-1 30 - 48 19 3
H 4 - 85 11 -

L+1 - 100 - - -
L+2 - 100 - - -

4

H-7 12 - 82 1 5
H-4 49 - 51 - -
H-2 26 - 51 20 3
H-1 23 - 50 25 2
H 2 - 82 16 -

L+1 - 100 - - -
L+2 - 100 - - -
L+3 - 98 2 - -
L+13 - 99 1 - -
L+14 - 100 - - -
L+23 - 99 1 - -
L+25 - 100 - - -

Table 1. Contributions of molecular orbitals in the main areas of each 
complex
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data of Table 1. The partial DOS of anatase predominates 
above – 4 eV, in the range of virtual states, showing that 
the electronic transitions governed by the Q-band tend to 
induce electron transfer from phthalocyanine to 3d states of 
the fivefold coordinated titanium atoms44. Additionally, the 
involvement of 4d orbitals of Ru(II) in these transitions is 
evidenced by two bands in the DOS diagrams calculated for 
these complexes.

Conclusions  
The photophysical characterization of four complexes 

formed by chemical association between derivatives of 
Ru(II) phthalocyanine and anatase nanocluster showed, 
through electronic structure analysis, that the electronic 
excitation of the Q-band of such complexes results in the 
efficient electron transfer from phthalocyanine to TiO2 

(anatase).  Also, the number of donor groups, peripheral to 
the macrocycle, favors this process and is responsible for 
a red shift of the Q-band, and that this band should occur 
in the visible, above 500 nm. This opens the possibility of 
applications of such complexes to enhance photocatalytic 
processes by sensitization of photosensitizers based on TiO2 
using sunlight. 

The DOS diagram shows that the most effective 
contributions in the sensitization process are due to the 
macrocycle and Ru(II).

Acknowledgments
The authors are grateful for the support given by 

FAPEMIG, CNPq and CAPES.

References
1.	 Zhang, M. J., Guo, Y. R., Fang, G. Z., and Pan, Q. J., Comput. 

Theor. Chem., 1019, 94, (2013).

2.	 Agnihotri, N. and Steer, R. P., J. Porphyr. Phthalocya., 18, 475 (2014).

3.	 Scholes, G. D., Fleming, G. R., Olaya-Castro, A., van Grondelle, 
R., Nature Chemistry, 3, 763 (2011).

4.	 	Zhang, C. R., et. al.,. Comput. Theor. Chem., 1017, 99, (2013).

5.	 Ueno, L. T., et. al., J. Brazil Chem. Soc., 23, 2237, (2012).

6.	 Risplendi, F., Cicero, G., Mallia, G., and Harrison, N. M., Phys. 
Chem. Chem. Phys., 15, 235, (2013).

7.	 Manzhos, S., et. al., J. Phys. Chem. C., 115, 21487, (2011).

8.	 Jono, R., et. al., J. Phys. Chem.  Lett., 2, 1167, (2011).

9.	 Xie, P. H. and Guo, F. Q., Curr. Org. Chem., 11, 1272, (2007).

10.	 Bernede, J. C., J. Chil. Chem. Soc., 53, 1549, (2008).

11.	 Valdes, A., et. al., Phys. Chem. Chem. Phys., 14, 49, (2012).

12.	 Ni, M., et. al., Renew. Sust. Energ. Rev., 11, 401, (2007).

13.	 Patel, M., et. al., Phys. Rev. B, 86, (2012).

14.	 de la Calle, et. al., Int. J. Hydrogen Energ., 37, 10549, (2012).

15.	 Yang, H. H., Guo, L. J., Yan, W., and Liu, H. T., J. Power Sources, 
159, 1305, (2006).

16.	 Machado, A. E. H., et. al., Solar Radiation. 2012.

17.	 Hisatomi, T., Kubota, J., and Domen, K., Chem. Soc. Rev., 43, 
7520, (2014).

18.	 Liao, C. H., Huang, C. W., and Wu, J. C. S., Catalysts, 2, 490, 
(2012).

19.	 Huang, C. W., et. al., Sol. Energ. Mat. Sol. C., 107, 322, (2012).

20.	 Machado, A. E. H., et. al, A. Méndez-Vilas, Editor., Formatex. 
867 (2013).

21.	 Smith, B. and Shantha, M. S. Int. J. Chem. React. Eng., 5, 1542, 
(2007).

22.	 Neto, E.H.G. Brasil H2 Fuel Cell Energy, Curitiba. 2005.

23.	 Biswal, N., Das, D. P., Martha, S., and Parida, K. M.,. Int. J. 
Hydrogen Energ, 37,  6118, (2012).

24.	 Yang, M., Men, Y., Li, S. L., and Chen, G. W., App. Catal. a-Gen., 
433, 26, (2012).

25.	 Pankaj, C., Hassan, G. and Ajay, K. R. American Chemical 
Society, 1124, 231, (2013).

26.	 Gomes,W. R., Ueno, L. T. Cabecione, D. R., Araújo, D. M. S., 
Patrocínio, A. O. T., Machado, A. E. H., In preparation.

27.	 Wadt, W. R. and Hay, P. J., J. Chem. Phys., 82, 284, (1985).

28.	 Hay, P. J. and Wadt, W. R., J. Chem. Phys., 82, 299, (1985).

29.	 Hay, P. J. and Wadt, W. R., J. Chem. Phys., 82, 270, (1985).

30.	 Rappoport, D. and Furche, F., J. Chem. Phys., 133, 134105 
(2010).

31.	 Yanai, T., Tew, D. P., and Handy, N. C., Chem. Phys. Lett., 393, 
51(2004).

32.	 Cossi, M., Rega, N., Scalmani, G., and Barone, V.,J. Comp. 
Chem., 24, 669, (2003).

33.	 Chemissian, A Computer Program to Analyse and Visualise 
Quantum-Chemical Calculations (L. Skripnikov, 2012).

34.	 O’Boyle, N. M., Tenderholt, A. L., Langner,  K. M., J. Comp. 
Chem., 29, 839 (2008).

35.	 Frisch, M. J., et al., Gaussian 09 Revision D.01. 2013, Gaussian, 
Inc.: Wallingford, CT, USA.

36.	 Koppen, S. and Langel, W., Phys. Chem. Chem. Phys., 10, 1907, (2008).

Artigo Geral 14

Revista Processos Químicos                                                 Edição Especial XVIII  SBQT Jul / Dez de 201576



37.	 Enakieva, et. al.,. Mendeleev Commun., 14, 193, (2004).

38.	 Ueno, L. T., Machado, A. E. H., and Machado, F. B. C., 
THEOCHEM, 899, 71, (2009).

39.	 Kobayashi, N., et al., Inorg. Chem., 41, 5350, (2002).

40.	 Goncalves, L. M., et al., Energ. Environ. Sci., 1, 655, (2008).

41.	 Gratzel, M., Inorg. Chem., 44, 6841, (2005).

42.	 Ngoh, S. K. and Njomo, D., Renew. Sust. Energ. Rev., 16, 6782, 
(2012).

43.	 Simon, J. J et al., Int. J. Mater. Prod. Tech., 34, 469, (2009).

44.	 Diebold, U., Surf. Sci. Rep., 48, 53, (2003).

D. M. S. Araújoa*, L. T. Uenob, 
A. O. T. Patrocinioa & A. E. H. 
Machadoa

a Laboratório de Fotoquímica e Ciência de Materiais, Instituto de 
Química, Universidade Federal de Uberlândia, P.O. Box 593, CEP 
38400-902 Uberlândia, MG, Brasil
E-mail address: diesleymartins@yahoo.com.br,
b Faculdade de Ciências Integradas do Pontal, Universidade Federal de 
Uberlândia, CEP 38302-074 Ituiutaba, MG, Brasil

*E-mail: diesleymartins@yahoo.com.br

Jul / Dez de 2015 Edição Especial XVIII SBQT                                                 Revista Processos Químicos 77


