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Abstract: In this work, we make use of a model chemistry within Density Functional Theory (DFT) recently presented, which is called
CHIH-DFT, to calculate the molecular structure of 3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-thiadiazoline 1,1-dioxide (Tpheno), as well to
predict its infrared (IR), ultraviolet (UV-Vis) and fluorescence (Fluo) spectra, the dipole moment and polarizability, the free energy of
solvation in different solvents as an indication of solubility, and the chemical reactivity parameters that arise from Conceptual DFT. The
calculated values are compared with the available experimental data for this molecule as a means of validation of our proposed model

chemistry.
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1. INTRODUCTION

Nanotechnology is an intersection - a confluence at the heart of
contem-porary science. It is where the latest breakthroughs in
chemistry, physics and biology merge, mix with engineering and
medicine, and produce chips, diagnoses and therapies that no se-
questered specialist would generate. Nanotechnology produces
convergent thinking when representative of various mind-sets
meet, learn one anothers languages, and gather the ideas that result
when paradigms collide [1].

Most of the solar cells used in the terrestrial applications are
bulk-type single- or multi-crystalline silicon solar cells. The typi-
cal cell structure is a thin (less than 1 gm) n-type emitter layer on a
thick (about 300 um) p-type substrate. Photo-generated electrons
and holes diffuse to the space charge region at the interface where
they are separated by the internal electric field. The effective
charge separation results from long diffusion length of electrons
and holes in crystalline silicon. Although it is aimed to reduce the
solar cell module manufacturing cost, the drastic reduction of cell
cost and increase of the conversion efficiency cannot be expected

*To whom correspondence should be addressed:
Email:daniel.glossman@cimav.edu.mx

361

by using the conventional materials and solar cell structures.
Moreover, the shortage of the feedstock of high-purity silicon is
predicted in the near future although it depends on off-spec silicon
of electronics industry. Therefore, research and development of
solar cells with low production cost, high conversion efficiency
and low feedstock consumption are required [2].

An important concept to reach this goal is to use nanostructured
materials instead of bulk materials. The motivations to employ
nanostructures in solar cells are largely divided into three catego-
ries as follows: 1) To improve the performance of conventional
solar cells; 2) To obtain relatively high con-version efficiency from
low grade (inexpensive) materials with low production cost and
low-energy consumption; 3) To obtain a conversion efficiency
higher than the theoretical limit of conventional pn junction solar
cell [2].

Organic solar cells are based on a heterojunction resulting from
the con-tact of a donor (D) and an acceptor (A) material. Absorp-
tion of solar photons creates excitons, Coulombically bound elec-
tron-hole pairs, which diffuse to the D/A interface, where they are
dissociated into free holes and electrons by the electric field. D/A
heterojunctions can be created with two types of architectures,
namely, bilayer heterojunction and bulk heterojunction (BHJ) solar
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cells. BHJ cells combine the advantages of easier fabrication and
higher conversion efficiency due to the considerably extended D/A
interface. Recent years have seen the emergence of an alternative
approach based on the re-placement of polydisperse polymers by
soluble, conjugated single molecules as donor materials in BHJ
cells. In fact, molecular donors present specific advantages in terms
of structural definition, synthesis, and purification [3].

Quantum chemistry calculations can be helpful in predicting the
be-haviour of organic compounds, such as the physicochemical
properties and the chemical reactivity, and thus they can be and aid
in rationalizing the photovoltaic properties associated to this class
of compounds.

The objective of this work is to perform a detailed calculation of
the molecular structure of 3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-
thiadiazoline 1,1-dioxide (Tpienor), as well as to predict its infrared
(IR), ultraviolet (UV-Vis), fluorescence (Fluo) spectra, some physi-
cal properties related to solubility and the chemical reactivity, by
using a model chemistry within Density Functional Theory (DFT)
[4] specially tailored to study heterocyclic systems [5] and to vali-
date the calculated results by comparison with the available experi-
mental data related to the molecular structure for this molecule.
This compound has several desirable characteristics related to its
use in Organic Photovoltaics and OLEDS: i) it contains the 1,2,5-
thiadiazoline 1,1-dioxide group, with molecular parameters similar
to the thiophene 1,1-dioxide deriva-tives that have been shown to
be useful as nanostructured molecular materi-als ; ii) the z-
conjugated derivatives are generally efficient fluorophores, and as
such, useful for the fabrication of nanobiosensors; iii) it can be used
as an attractive building block for organic molecular materials that
could be applied in photovoltaics.

2. THEORY AND COMPUTATIONAL DETAILS

All computational studies were performed with the Gaussian 03
series of programs [6] and the CHIH-DFT model chemistry, which
uses our em-pirically modified functionals [5, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18]. The implementation is a slightly different
version of the PBEQ hybrid den-sity functional [19]. Our proposed
density functional model, which we have called PBEg, is the same
as PBEOQ, but with the mixing coefficient g which adopts different
values depending on the number of heteroatoms in the stud-ied
molecule, or, in turn, of its molecular structure, according to an
empirical formula previously defined [S]. Thus, in our case for the
3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-thiadiazoline 1,1-dioxide
(Tphenor), the value of the mixing will be g=0.50, implying that 50%
of Hartree-Fock (HF) exchange is mixed with 50% of DFT ex-
change. The correlation part is taken as the PBE correlation func-
tional with coefficient equal to one [20].

In order to define our model chemistry, we have coupled the
proposed density functional with several basis sets. In this way, the
new model chem-istry that we have called CHIH DFT can be rep-
resented by the expression CHIH = PBEg/basis set. A detailed
description of the model can be found in the original paper [5]. The
CHIH DFT model chemistry has been already validated for the
case of antiparasitic drugs [7, 8, 9], flavonoids [10, 11, 12], organic
corrosion inhibitors [13, 14, 15], alkaloids [16, 17] and antitubercu-
lar drugs [18].

The equilibrium geometry of the studied molecule was deter-
mined by means of the gradient technique. The force constants and
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Figure 1. Interatomic bond distances (A) and bond angles (deg) for
3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-thiadiazoline 1,1-dioxide
(Tphena/)

vibrational fre-quencies were determined from calculation using
the FREQ keyword on the stationary points obtained after the opti-
mization to check if there were true minima.

For the purpose of comparison, the molecular structure of the
molecule has been computed using different model chemistries.
Additional density functionals used in this study, are LSDA or
SVWN [21, 22], BLYP [23, 24], B3LYP [25, 24], B3PW91 [25,
26], PBEPBE [20], PBEO [19], TPSSTPSS [27] and TPSSh [28]. A
suitable description of these density functionals is provided in some
of the most important Computational Chemistry recent books [29,
30, 31, 32].

The calculation of the ultraviolet (UV-Vis) and fluorescence
(Fluo) spectra of 3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-
thiadiazoline 1,1-dioxide (T,eno) has been performed by solving
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Figure 2. Infrared spectrum (IR) of the T, molecule calculated
with the CHIH-DFT model chemistry

the time dependent Kohn-Sham equations according to the method
implemented in Gaussian03W [29, 33, 34, 35]. The equations have
been solved for 10 excited states.

The infrared (IR), ultraviolet (UV-Vis) and fluorescence (Fluo)
spectra were calculated and visualized using the Swizard program
[36]. In all cases the displayed spectra show the calculated frequen-
cies and absorption or emission wavelengths.

3. RESULTS AND DISCUSSION

The results for the equilibrium conformation of the neutral mole-
cule of 3,4-diphenyl-4-(4-hydroxyphenyl)-1,2,5-thiadiazoline 1,1-
dioxide (or Tppeno, for short) calculated with the CHIH(small)
model chemistry are presented in Figure 1 through a representation
of the molecular structure showing the atomic labelling and num-
bering as well as the interatomic bond lengths and angles. The re-
sults have been compared with the experimental X-ray crystallogra-
phy determination of the molecular structure of T,pen [37]. The
agreement is generally good: the standard error of the differences
between the experimental and the calculated bond lengths and bond
angles being very low. Although not shown in Figure 1, an analysis
of the torsional angles reveals that the heterocycle is not planar, as
expected, given the different hybridization of the N and C atoms.
The good agreement with the experimental data is more noticeable
for the heterocyclic ring, because the model have been parameter-
ized for this kind of systems [5].

The infrared spectrum (IR) for the T, molecule calculated
with the CHIH(small) model chemistry is displayed in Figure 2.
The experimental spectrum taken in KBr has been reported in the
literature [37]. The vibra-tional band assignments have been done
using the ChemCraft for Windows molecular visualization pro-
gram. By comparison with the experimental IR spectrum, an aver-
age scaling factor of 0.97 could be estimated. Thus, it is be ex-
pected that the model chemistry used in this work could reproduce
the experimental spectrum of the T, molecule with a certain
degree of accuracy.

The ultraviolet spectrum (UV-Vis) of the T,eno; molecule calcu-
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Figure 3. UV-Vis and fluorescence spectra of the Tpeno; molecule
calculated with the CHIH-DFT model chemistry

lated with the CHIH(small) model chemistry is displayed in Figure
3. The wavelength belonging to the HOMO-1-LUMO transition
will take place at 235 nm, while the HOMO-LUMO transition will
take place at 265 nm. As the HOMO-LUMO transition takes place
in the ultraviolet region, close to but out of the visible zone, it can
be predicted that this molecule will be colorless or slightly colored.
In order to calculate the fluorescence spectrum of the studied mole-
cule, the first excited state was optimized by using the CIS/3-
21G(d) model chemistry. The results of a TDDFT calculation at the
CHIH(small) model chemistry on the optimized excited state are
also displayed in Figure 3, dubbed as the fluorescence (Fluo) spec-
trum. The wavelength belonging to the HOMO-1-LUMO transition
now takes place at 257 nm, while the HOMO-LUMO transition
takes place at 292 nm, although this last signal is very weak. This
means that the studied molecule will not present fluorescence in the
visible region.

The molecular dipole moment is perhaps the simplest experimen-
tal mea-sure of charge distribution in a molecule. The accuracy of
the overall dis-tribution of electrons in a molecule is hard to quan-
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tify, since it involves all the multipoles. The polarizability a
contributes t the understanding of the response of the system when
the external field is changed, while the number of electrons N is
kept fixed. The polarizability is calculated as the average of the
polarizability tensor < g >= l(a“ +a, +a.) - From the present
calculations, the total energy, the total dipole moment and the iso-
tropic polarizability of the ground state with the CHIH(small)
model chemistry are -1503.771 au, 7.9407 Debye and 79.80 Bohr’
for the T,penor molecule. These results could be of interest as an
indication of the solubility and chemical re-activity of the studied
molecule, not only for it synthesis but for the potential polymeriza-
tion as a step in its use in organic electronics and photovoltaics.

The free energy of solvation AG(solv) of the molecule have been
calcu-lated for T,eno by resorting to the CHIH(small) model chem-
istry coupled with the Integral-Equation-Formalism of the Polar-
ized Continuum Model (IEF-PCM) for different solvents as imple-
mented in Gaussian 03.

The solubility of a molecule will depend on several kinetic and
thermodynamic factors. However, it can be said that the magnitude
and the sign of AG(solv) could be a good approximation as an in-
dex of solubility. In this way, a negative sign and a large magnitude
will be an indication of increased solubility. The results of these
calculations for the studied molecule are presented in Table 1.
These values could be an indication that the studied molecule will
be mostly soluble in ethanol, methanol and acetone, and this can be
related to the results obtained for the dipole moment and polariza-
bility. However, the calculated results indicate that 3,4-diphenyl-4-
(4-hydroxyphenyl)-1,2,5-thiadiazoline 1,1-dioxide (Tuenor) Will be
more soluble in most solvents that its analogue 3,4-diphenyl-4-(4-
metoxyphenyl)-1,2,5-thiadiazoline 1,1-dioxide (T suisor)-

The HOMO and LUMO of T calculated with the
CHIH(small) model chemistry are displayed in Figure 4. The
HOMO density corresponds to the heterocycle and the 4-
hydroxyphenyl substituent, while the LUMO density is over the
heterocyclic ring and the two phenyl rings. This can give us an idea
of the reactivity of the molecule.

The reactive sites can be identified through an analysis of the
total and orbital densities. The representation of the calculated
HOMO and LUMO densities in Figure 4 show that the electrophilic

Table 1: Free energy of solvation (in Kcal/mol) for Ty calcu-
lated with the CHIH(small) model chemistry coupled with the
Integral-Equation-Formalism of the Polarized Continuum Model
(IEF-PCM) for different solvents

Solvent AG(solv) Solvent AG(solv)
Acetone -16.76 Diethylether -6.64
Acetonitrile -9.38 DMSO -13.94
Aniline 3.46 Ethanol -18.47
Benzene -2.05 Heptane -5.08
CCl4 -0.57 Methanol -19.10
Chlorobenzene -8.72 Nitromethane -14.28
Chloroform -8.72 THF -9.89
Cyclohexane -3.81 Toluene -3.71
Dichloroethane -12.42 Water -12.21
Dichloromethane -13.90
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Figure 4. HOMO and LUMO of the T,jenos molecule calculated
with the CHIH-DFT model chemistry

attack would occur preferentially at the nitrogens and the nucleo-
philic attack at the heterocyclic ring carbons.

Within the conceptual framework of DFT [4], the chemical po-
tential x, which measures the escaping tendency of electron from
equilibrium is defined as:

where y is the electronegativity.
The global hardness n can be seen as the resistance to charge
transfer:
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Using a finite difference approximation and Koopmans’ theorem
[29, 30, 31, 32], the above expressions can be written as:

I+4 H+L
/t=+=+ 3)

N=—F—=—5— “4)

where H and L are the energies of the highest occupied and the
lowest unoccupied molecular orbitals, HOMO and LUMO, respec-
tively.

The electrophilicity index w represents the stabilization energy
of the systems when it gets saturated by electrons coming from the
surrounding:

u> (I+4)  (H+L)

CT oy T2 -4) 2(H -1)

©)

The validity of the Koopmans’ theorem within the DFT approxi-
mation is controversial. However, it has been shown [38] that al-
though the KS orbitals may differ in shape and energy from the HF
orbitals, the combination of them produces Conceptual DFT reac-
tivity descriptors that correlate quite well with the reactivity de-
scriptors obtained through Hartree-Fock calculations. Thus, it is
worth to calculate the electronegativity, global hardness and global
electrophilicity for the Tpjen,; molecule using both approximations
in order to verify the quality of the procedures.

The results for the vertical IP and A of the T, molecule ob-
tained through energy differences between the ionized and the neu-
tral state, calcu-lated at the geometry of the neutral molecule are IP
=8.285eV and A = 1.066 eV. The HOMO and LUMO energies are
-7.623 eV and 1.549 eV, re-spectively. It can be seen that there is a
good qualitative agreement between both results. The calculated
values of the electronegativity, global hardness and global electro-
filicity using the IP and A are y =4.676 eV, n=3.610eV and v =
3.028 eV. Using the HOMO and LUMO energies, within the
Koopmans’ theorem, the corresponding values are y = 4.586 eV,
=3.037 eV, and w = 3.463 eV. Again, there is a good qualitative
agreement for the reactivity parameters calculated through both
procedures. It can be con-cluded that for the particular case of the
Tpjenot molecule, the CHIH-DFT model chemistry is able to predict
the Conceptual DFT reactivity indices calculated through HOMO
and LUMO energies as well as from the IP and A obtained through
energy differences with qualitative similar good accuracy.

The condensed Fukui functions can also be employed to deter-
mine the re-activity of each atom in the molecule. The correspond-
ing condensed functions are given by f;" = qu(NV +1) gu(N) (for nu-
cleophilic attack), fi = qi(N) gi(IN 1) (for electrophilic attack), and
12 =[qu(N + 1) gN 1)]/2 (for radical attack), where g is the gross
charge of atom £ in the molecule.

It is possible to evaluate the condensed Fukui functions from
single-points calculations directly, without resorting to additional
calculations involving the systems with N-1 and N+1 electrons,:

1=+, S, (where i = LUMO)
ack | b#a J
- 2 .
fk = Z c,;+ Cm.z Cbl.SM,7 (where i = HOMO)
aek | b#a i

with ¢, being the LCAO coefficients and S,, the overlap ma-
trix. The condensed Fukui functions are normalized, thus 2./ =1
and fi =(f +/,)/2 . The results from the calculation ‘of the
condensed Fukui functions for nucleophilic, electrophilic and
radical attack have been obtained by resorting to the AOMix mo-
lecular analysis program [39] and are presented in Table 2.

The sites for electrophilic attack will be those atoms bearing a
negative charge and where the Fukui function f; is a maximum.
These values confirm that the sites for the electrophilic attack is the
N6 atom. The site for potential nucleophilic attack would depend
on the values of ;" on the atoms with a positive charge density. The
results form Table 2 show that the site for nucleophilic attack will
be the C31 atom. Finally, the sites for radical attack, governed by
the values of f;” will be the C8 and C31 atoms. The benzenic rings
are not very reactive in this context.

4. CONCLUSIONS

In this work, our model chemistry within DFT (the CHIH-DFT
chemistry model) has been presented and the methodology has
been applied to the study of a molecule which is potentially useful
for molecular photovoltaics. The molecular structure for the Tpjenor
molecule has been determined by using the CHIH(small) model
chemistry. A comparison has been made with the results from the
experimental X-ray crystallography for this molecule. The agree-
ment is generally very good. It is worth noting that the results ob-
tained with the (faster) CHIH(small) model chemistry are very
similar to those obtained using the PBEO functional with a CBSB7
basis set, thus implying that equally accurate results could be ob-
tained in a reasonable time in the study of heterocycles. A general
comparison with the results from the optimization of the molecular
structure using several different density functionals have also been
performed and the conclusion is that the CHIH-DFT is a good al-
ternative to other model chemistries based on hybrids GGA and
meta-GGA functionals for the prediction of molecular structures.

The shape of the frontier orbitals of this molecule were displayed
as well as some electronic parameters like the total energy, the
dipole moment and the polarizability. Moreover, the calculation of
the condensed Fukui functions can be useful to obtain an idea of
the chemical reactivity of the studied molecule. This is of special
importance if we consider that the studied molecule could be the
starting point for a polymeric material of potential application in
organic electronics and photovoltaics, and that the chemical reac-
tivity indices could assist the experimentalists in planning and
guiding the synthetic and polymerization processes.

The infrared (IR) and ultraviolet (UV-Vis) and fluorescence
(Fluo) spectra for T, molecule have been predicted according to
the CHIH(small) model chemistry, and an assignment of the princi-
pal peaks have been achieved. The shape of the UV-Vis spectrum
and the maximum absorption wavelength belonging to this mole-
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cule have been presented and this have been compared with the
fluorescence spectrum. The results showed that the studied mole-
cule could be an useful starting point for the preparation of materi-
als of use in organic electronic and photovoltaics.

The free energy of solvation AG(solv) of the molecule have been

Table 2. Condensed Fukui functions (X 100) calculated by using
the CHIH(small) model chemistry and through the AOMIX mo-
lecular analysis program

Atom Charge 'y fy 2
1S 1.33 0.19 2.09 0.96
20 -0.52 0.04 1.02 0.52
30 -0.50 0.31 0.57 0.43
4N -0.58 1.38 0.09 0.72
SH 0.29 0.12 0.01 0.07
6N -0.53 1.23 19.26 9.96
7C -0.10 0.63 0.38 0.50
8C 0.19 0.92 26.23 13.05
9C 0.03 0.52 7.40 3.39
10C -0.10 0.69 10.52 5.13
11C -0.10 0.07 10.09 6.14
12C -0.14 0.18 1.29 0.66
13H 0.12 0.04 0.10 0.07
14C -0.14 0.62 1.39 0.66
15H 0.18 0.01 0.09 0.07
16C -0.11 0.32 14.33 8.45
17H 0.14 0.00 0.01 0.01
18H 0.14 0.01 0.01 0.01
19H 0.15 0.00 0.15 0.08
20C -0.01 0.23 0.75 0.47
21C -0.11 0.32 0.09 0.18
22C -0.12 0.03 0.47 0.23
23C -0.13 0.12 0.06 0.08
24H 0.15 0.06 0.01 0.03
25C -0.13 0.22 0.03 0.12
26H 0.14 0.00 0.16 0.06
27C -0.12 0.05 0.02 0.03
28H 0.14 0.01 0.02 0.02
29H 0.14 0.00 0.01 0.01
30H 0.14 0.00 0.01 0.01
31C 0.10 26.42 0.77 13.01
32C -0.11 6.38 0.25 3.96
33C -0.14 345 1.01 1.40
34C -0.17 8.43 0.27 3.70
35H 0.18 0.03 0.03 0.04
36C -0.13 13.50 0.25 7.58
37H 0.13 0.02 0.03 0.02
38C 0.23 19.06 0.58 9.10
39H 0.13 0.05 0.00 0.03
40H 0.14 0.08 0.01 0.05
410 -0.48 14.10 0.10 7.97

42H 0.28 0.17 0.00 0.16

calcu-lated for Ty, molecule by resorting to the CHIH(small)
model chemistry coupled with the Integral-Equation-Formalism of
the Polarized Continuum Model (IEF-PCM) for different solvents
and the results gave an indication of ethanol as the solvent in which
this molecule could be potentially soluble.

The ionization potential IP and the electron affinity A have been
calcu-lated through energy differences between the ionic and the
neutral states, all at the geometry of the neutral molecule, and they
have been compared well with the results obtained from the
HOMO and LUMO energies obtained through the Koopmans’
theorem procedure. Several reactivity indices de-rived from Con-
ceptual DFT like the electronegativity y, the global hardness #, and
the global electrophilicity w have been obtained using the IP and A
values, as well as the HOMO and LUMO energies, and the results
indicate a qualitative good agreement, which can be consider an
indication of the goodness of the proposed model chemistry.

The CHIH-DFT model chemistry appears to be a useful tool for
the study of the molecular structure and electronic properties of
heterocycles and the nanostructures derived from them, and further
applications to several molecular systems are being pursued in our
laboratory.

5. ACKNOWLEDGEMENTS

This work has been partially supported by Consejo Nacional de
Ciencia y Tecnologia (CONACYT, Mexico) and by Fondo Mixto
del Estado de Baja California (FOMIX-BC) through Project 69363.
N.F.H. and D.G.M. are researchers of CONACYT and CIMAV.
L.M.R.V. is a researcher of CONACYT and UACh.

REFERENCES

[1] T. Sargent, The Dance of Molecules - How Nanotechnology is
Changing our Lives, Thunders Mouth Press, New York, 2006.
[2] Nanostructured Materials for Solar Energy Conversion, T. Soga
(Ed.), Elsevier B.V., Amsterdam, The Netherlands, 2006.
[3] J. Roncali, Accounts of Chemical Research 42, 1719 (2009).
[4] R.G. Parr and W. Yang, W. Density Functional Theory of At-
oms and Molecules, Oxford University Press, New York, 1989.
[5] Daniel Glossman-Mitnik, Theoretical Chemistry Accounts,
117,57 (2007).
Gaussian 03, Revision E.01, M.J. Frisch, G.W. Trucks, H.B.
Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, J.A.
Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M.
Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene,
X. Li, J.LE. Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev,
A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala,
K. Mo-rokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G.
Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas,
D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.
V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A.

[6

—_



Nanomaterials for Photoelectrochemical Solar Cells: Computational Molecular Characterization of 367
3,4-Diphenyl-4-(4-Hydroyphenyl)-1,2,5-Thiadiazoline 1,1-Dioxide / J. New Mat. Electrochem. Systems

Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W.
Chen, M.W. Wong, C. Gonzalez, and J.A. Pople, Gaussian,
Inc., Wallingford CT, 2004.

[7] N. Flores-Holguin and D. Glossman-Mitnik, J. Mol. Struct.,
THEOCHEM, 681 (2004) 77.

[8] N. Flores-Holguin and D. Glossman-Mitnik, J. Mol. Struct.,
THEOCHEM, 717 (2005) 1.

[9] N. Flores-Holguin and D. Glossman-Mitnik, J. Mol. Struct.,
THEOCHEM, 723 (2005) 231.

[10JA.M. Mendoza-Wilson and D. Glossman-Mitnik, J. Mol.
Struct., THEOCHEM, 681, 71 (2004).

[11]JA.M. Mendoza-Wilson and D. Glossman-Mitnik, J. Mol.
Struct., THEOCHEM, 716, 67 (2005).

[12]JA.M. Mendoza-Wilson and D. Glossman-Mitnik, J. Mol.
Struct., THEOCHEM, 97, (2006).

[13]L.M. Rodriguez-Valdez, A. Martinez-Villafafie and D. Gloss-
man-Mitnik, J. Mol. Struct., THEOCHEM, 681, 83 (2004).
[14]L.M. Rodriguez-Valdez, A. Martinez-Villafaiiee and D. Gloss-
man-Mitnik, J. Mol. Struct., THEOCHEM, 716, 61 (2005).
[I5]L.M. Rodriguez-Valdez, W. Villamisar, M. Casales, J.G.
Gonzélez-Rodriguez, Alberto Martinez-Villafafie, L. Martinez,

Daniel Glossman-Mitnik, Corr. Sci., 48, 4053 (2006).

[16]D. Glossman-Mitnik, J. Mol. Model., 13, 43 (2007).

[17]D. Glossman-Mitnik, Spect. Acta Part A, 66, 208 (2007).

[18]A. Favila-Pérez, M. Gallo-Estrada and D. Glossman-Mitnik, J.
Mol. Model., 13, 505 (2007).

[19]C. Adamo and V. Barone, J. Chem. Phys., 110, 6158 (1999).

[20]J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett., 77,
3865 (1996).

[21]J.C. Slater, Quantum Theory of Molecular and Solids, Vol. 4:
The Self-Consistent Field for Molecular and Solids, McGraw-
Hill, New York, 1974.

[22]S.H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys., 58, 1200
(1980).

[23]A.D. Becke, Phys. Rev. A, 38, 3098 (1988).

[24]C. Lee, W. Yang and R.G. Parr, Phys. Rev. B 37 (1988) 785.

[25]A.D. Becke, J. Chem. Phys., 98, 5648 (1993).

[26]1.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R.
Pederson, D.J. Singh, C. Fiolhais, Phys. Rev. B, 46, 6671
(1992).

[27]J. Tao, J. Perdew, V. Staroverov, and G.E. Scuseria, Phys. Rev.
Lett., 91, 146401 (2003).

[28]V.N. Staroverov, G.E. Scuseria, J. Tao and J.P. Perdew, J.
Chem. Phys., 119, 12129 (2003).

[29]E. Lewars, Computational Chemistry - Introduction to the The-
ory and Applications of Molecular and Quantum Mechanics,
Kluwer Academic Publishers, Norwell, MA, 2003.

[30]D. Young, Computational Chemistry: A Practical Guide for
Applying Techniques to Reald-World Problems, John Wiley &
Sons, New York, 2001.

[31]F. Jensen, Introduction to Computational Chemistry, John
Wiley & Sons, Chichester, England, 2007.

[32]C.J. Cramer, Essentials of Computational Chemistry - Theories

and Models, John Wiley & Sons, Chichester, England, 2002.

[33]R.E. Stratmann, G.E. Scuseria and M.J. Frisch, J. Chem. Phys.,
109, 8218 (1998).

[34]R. Bauernschmitt and R. Ahlrichs, Chem. Phys. Lett., 256, 454
(1996).

[35]M.E. Casida, C. Jamorski, K.C. Casida and D.R. Salahub, J.
Chem. Phys., 108, 4439 (1998).

[36]S.1. Gorelsky, SWizard program, http://www.sg-chem.net/.

[37]M.F. Rozas, O.E. Piro, E.E. Castellano, M.V. Mirifico, and E.J.
Vasini, Synthesis, 16, 2399 (2002).

[38]A. Toro-Labbé and J. Zevallos, J. Chil. Chem. Soc., 48, 39
(2003).

[39]S.1. Gorelsky, AOMix program, http://www.sg-chem.net.



