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The geometries, electronic structures, polarizabilities and hyperpolarizabilities, and UV-vis
spectra of metallophthalocyanine dyes and metallophthalocyanine-fullerene supramole-
cules are investigated by using density functional theory (DFT) and time dependent density
functional theory (TD-DFT) calculations. The results reveal that the metal and the tertiary
butyl groups of the dyes are electron donors, and the phthalocyanine rings are electron
acceptors. The electron donating power of (La) is significantly greater than that of (Sc).

I;ﬁ{mﬁz‘i&anme For dyes, the highest occupied molecular orbitals (HOMOs) are 7 orbitals localized over
Fullereng the phthalocyanine rings, away from the tertiary butyl groups, and the lowest unoccupied
Dye sensitizers molecular orbitals (LUMOs) are n* orbitals localized over the central metal atoms. The
Solar cells HOMOs of the dyes fall within the (TiO,)sp and Ti3gO07¢ band gaps, and support the issue

of typical interfacial electron transfer reaction. The resulting potential drop of the supra-
molecule LaPc.Cgg increases by ca. 22.86% under the effect of the tertiary butyl groups. This
significant increase in the potential drop indicates that the tertiary butyl complexes could
be a better choice for the robust operation of the molecular rectifiers. The introduction of
metal atom and tertiary butyl groups to the phthalocyanine moiety leads to a stronger
response to the external electric field, and induces higher photo-to-current conversion effi-
ciency. This also shifts the absorption in the dyes and makes them potential candidates for
harvesting light in the entire visible and near IR region for photovoltaic applications. It is
also observed that the high spin state complex Sc(4)Pc could not be a potential candidate
for harvesting light in the former region of spectrum.

© 2012 Elsevier B.V. All rights reserved.

DFT calculations

1. Introduction

Dye sensitized nanocrystalline semiconductor based
solar cells (DSSC) developed by Hagfeldt and Gratzel [1]
are of immense interest as energy sources. DSSCs are
promising in terms of efficiency and low cost [2]. In a
dye-sensitized solar cell, an organic dye adsorbed at the
surface of an inorganic wide band gap semiconductor is
used for absorption of light and injection of the photoexcit-
ed electron into the conduction band of the semiconductor.
The research on dye-sensitized solar cells gained consider-
able impulse, when Hagfeldt and Gratzel [3] greatly
improved the interfacial area between the organic donor
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and inorganic acceptor by using nanoporous titanium diox-
ide (TiO,). On the other hand, there has been considerable
effort to find dye sensitized solar cells based on organic
donor and fullerene acceptor. Many fullerene-based supra-
molecules have been proposed as potential organic photo-
voltaic devices, with their electrochemical and photo
electrochemical properties measured under light illumina-
tion m-electron system, whereas fullerene is good m-elec-
tron acceptor which can be connected with other organic
molecules. A phthalocyanine-fullerene-based supramolec-
ular system is therefore a potential material candidate for a
photovoltaic cell due to its large and flexible absorption
combined with electrical properties similar to an inorganic
semiconductor.

As far as theoretical investigations of dye sensitized solar
cells are concerned, Mizuseki et al. [4] investigated the
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geometric and electronic structure of phthalocyanine-
fullerene supramolecule by using ab initio quantum
mechanical calculations. Their results suggest that the low-
est unoccupied molecular orbital (LUMO) state of this
supramolecule is localized on the fullerene and the highest
occupied molecular orbital (HOMO) state is localized on
half of the phthalocyanine. Majumder et al. [5] investigated
theoretically several donor(n-type)-spacer-acceptor(p-ty
pe) polyphenyl-based conjugated molecules. Their results
suggest that the potential difference of the di-substituted
rectifier complex is greater than that of the mono-substi-
tuted. Rong et al. [2b] investigated the geometries, elec-
tronic structures, polarizabilities and hyperpolarizabilities,
and UV-vis spectra of several organic dye sensitizers by
using DFT and TDDFT calculations. They reported that the
polarizabilities of the dyes depend on the length of the con-
jugated bridge, the UV-vis spectra are assigned to 7= — 7*
transitions, and the interfacial electron transfer is due to
an electron injection processes from excited dyes to semi-
conductor conduction band. Mosurkal et al. [6] modeled
acridine dyes in an attempt to clarify the effects of chemical
structure on the longest wavelength absorption and provide
insight into the performance of the dyes as sensitizers in
DSSCs. Sun et al. [7] studied the geometrical structures, ion-
ization potentials, electron affinities, reorganization energy,
and UV-vis spectra of benzothiadiazole-based linear and
star molecules by using DFT methods. They reported that
the diethynyl groups improve the charge transfer character
and extend the absorption wavelength towards the range
with the maximum photon flux. Zhang et al. [8] carried
out DFT and TD-DFT calculations to comparatively describe
the molecular structure, molecular orbital energy gaps,
atomic charges, Infrared (IR) and Raman (R), and UV-vis
spectra of 1,6,15,22-tetra phthalocyanine-lead complexes.
They found that substitution of bulky alkoxy groups at the
nonperipheral positions of the phthalocyanine ring adds
obvious effect to the molecular structure of phthalocyani-
nato lead compounds by deflecting the isoindole units in
the direction that the isoindole units extends and distorting
them in the C4 axis direction due to the steric hinderance.

Phthalocyanine has good electron-donating properties
and fullerene is a good m-electron acceptor. Both molecules
can be connected together [9]. In the present study the
geometries, electronic structure, polarizabilities and hyper-
polarizabilities, and UV-vis spectra of phthalocyanine,
metallophthalocyanine, and metallophthalocyanine tetra
substituted tertiary butyl dyes as well as phthalocyanine-
fullerene, metallophthalocyanine-fullerene, and metall-
ophthalocyanine tetra substituted tertiary butyl-fullerene
supramolecules are investigated by using DFT and TD-DFT
calculations in order to understand the sensitized mecha-
nisms and the factors that control the photo conversion
efficiencies. Phthalocyaninato scandium and lanthanum
compounds are selected to be representatives of transition
metal and rare earth complexes.

2. Computational details

The self consistent field Hartree-Fock level (HF) with
the smaller (LANL2MB) basis set were used for the

optimized geometries of structural variables of the dyes,
and for optimizing the distances between the dyes and ful-
lerenes in the supramolecules to save computation time.
The computations were then refined by single point energy
calculations with the larger (SDD) basis set, and the DFT le-
vel for property predictions. The LANL2MB basis set places
STO-3G on first row atoms, and Los Alamos ECP plus MBS
on Na-La, Hf-Bi. The SDD basis set places Dunning/Huzina-
ga full double zeta D95 up to Ar, and Stuttgart/Dresden
ECPs on the remainder of the periodic table.

The density functional theory calculations were per-
formed by using Becke’s three-parameter exchange func-
tional B3 with LYP correlation functional [10]. The B3LYP
hybrid functional has been chosen since it provides a
rather accurate description of metal interactions. Hybrid
functionals such as B3LYP provides a fair indication of
the relative energies, and in some cases the resulting dif-
ferences between the experimental values and the calcu-
lated ones can be considered a systematic error [11].
B3LYP correctly reproduce the thermochemistry of many
compounds including transition metal atoms [12] and en-
sures a correct description of the electronic ground state of
first row transition metal atoms and a reasonable descrip-
tion of the energy difference between low lying electronic
states with different spin multiplicity [13].

We investigated the localization of the frontier orbitals.
The spatial distribution of the frontier orbitals (HOMO) and
(LUMO) provides a strategy by which the photovoltaic
properties of phthalocyanine-fullerene supramolecule
can be understood. We have opted to use hybrid functional
(B3LYP) over Hartree-Fock (HF) method, as it can account
for correlation effects also. Although (HF) describes ex-
change exactly, it results in unbound LUMO states. In the
present calculations, well descriptions of the LUMO states
are important, as the incoming electrons are assumed to
pass through it. Therefore, the use of hybrid functional in
DFT formalism is justified.

The definitions [14] for the isotropic polarizability is:

1
O‘Zg(“xer‘xyy*“zz) (1)
The polarizability anisotropy invariant is:

1
2 2 213
Ao — (Ot — Otyy )™ + (Otyy ;OCZZ) + (0tzz — Olux) 2

and the average polarizability is:

1 )
B = gZ(ﬁiiz + B + Bi) (i from x to 2) (3)

Several successful applications using hybrid functionals
have been reported [15]. The electronic absorption spectra
require calculation of the allowed excitations and oscillator
strengths. These calculations were carried out using
TD-DFT with the (SDD) basis set and exchange correlation
functional in vacuum. All calculations are of spin
unrestricted type and carried out by using Gaussian 98 sys-
tem [16]. The figures were generated by using the corre-
sponding Gauss View software.
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3. Results and discussions
3.1. The electronic structure and charges

The optimized geometries of the dyes D1-D5 are shown
in Fig. 1 and the supramolecules S1-S5 are shown in Fig. 2.
The optimal vertical distances between the donor (phtha-
locyanine) and acceptor (fullerene) in the supramolecules
S1-S5 were calculated to be 4.18°, 2.57°, 2.56°, 2.57°, and
2.89A¢°, respectively. This order of distances implies that
the strongest interaction between phthalocyanine and ful-
lerene is assigned to the supramolecule S1, while the
weakest interaction is assigned to the supramolecule S5.
The peripheral tertiary butyl groups, with no « type elec-
trons, are clearly not coplanar with the phthalocyanine
ring. Since conjugation is very helpful for efficient electron
transfer, the contribution of the peripheral tertiary butyl
groups of a phthalocyanine ring to the process of electron
transfer is restricted to their electron donating power.

Mulliken population analysis was performed in order to
analyze the charge populations of the donor and acceptor
units of the dyes and supramolecules. For this purpose
we have performed single-point energy calculations on
the optimized structures as the starting configurations.
The charges on the phthaocyanine ring, metal, four tertiary
butyl groups, and fullerene of the dyes D1-D5 and supra-
molecules S1-S5 are given in Table 1. The given data reveal
that the metal and the four tertiary butyl groups of the
dyes are the effective electron donor units, and the phtha-
locyanine rings are the effective electron acceptor units.
The electron donating power of (La) is significantly greater
than that of (Sc). While a negative charge is assigned to
each N atom bonded to the metal in the metallophthalocy-
anine tertiary butyl ring, a positive charge is assigned to
each N atom not bonded the metal in the same ring. Simi-
lar trends are observed for the supramolecules, but with a
smaller transfer of electronic charge to the buckminster
fullerene acceptor. However for the phthalocyanine-fuller-
ene superamolecule, it is evident that no appreciable
charge transfer occurs between the two building subunits.
This indicates that there are some electrons transferred
from the electron donor groups to the electron acceptor
groups leading in turn to the formation of electron-hole
pairs.

3.2. Frontier orbitals

The spatial distribution of the frontier orbitals provides
a strategy by which the photovoltaic properties of molecu-
lar systems can be understood. Frontier orbitals isosurface
plots are shown in Fig. 3 for the dyes, and in Fig. 4. for the
supramolecules. The corresponding frontier orbital ener-
gies are given in Fig. 5 and Table 2. For dyes, while the
highest occupied molecular orbitals (HOMOs) are 7 orbi-
tals localized over the phthalocyanine rings, away from
the tertiary butyl substituent groups, the lowest unoccu-
pied molecular orbitals (LUMOs) are 7* orbitals localized
over the central metal atoms. The HOMO-LUMO energy
gap of the phthalocyanine ring becomes narrower under
the effect of metal and tertiary butyl groups. This implies

D1

Pc

'] a
D2(Sc), D3(La)
Metallophthalocyanine
Me-Pc (Me=Sc,La)

D4(Sc),D5(La)
Metallophthalocyanine tetra- substituted tertiary- butyl
D3:MePc(CsHy)s (Me=Sc,La)

Fig. 1. Ball and stick representation of phthalocyanine dyes D1-D5:
(Me),,Pc(C4Ho)m. Me:Sc,La; Pc: Phthalocyanine; C4Hg: tertiary butyl; n =0,
1,m=0,4.

that the density of states become more abundant near fer-
mi levels. While the calculated HOMO and LUMO energies
of the bare Ti3gO7s cluster as a model for nanocrystalline
material are —6.55 and —2.77 eV, respectively, resulting
in a HOMO-LUMO gap of 3.78 eV, the lowest transition is
reduced to 3.20 eV according to TDDFT, and this value is
slightly smaller than typical band gap of TiO, nanoparticles
with nanometer size [15]. Moreover, the HOMO, LUMO,
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Pc.Cso

S2(Sc), S3(La)
Metallophthalocyanine-Buckminster Fullerene supramolecule
MePc.Cq (Me=Sc,La)

S4(Sc), S5(La)
Metallophthalocyanine-Buckminster Fullerene tetra substituted tertiary butyl supramolecule
MePc(C4Hg)4.Cm (Me=Sc,La)

Fig. 2. Ball and stick representation of Phthalocyanine-fullerene supramolecules S1-S5: (Me),,Pc(C4Hg)m.CsoMe:Sc,La; Pc: Phthalocyanine; C4Hg: tertiary

butyl; n=0,1; m=0, 4.

and HOMO-LUMO gap of (TiO,)gg cluster is —7.52, —2.97,
and 4.55 according to B3LYP/VDZ, respectively [17]. As
shown in Fig. 6, the HOMOs of the dyes fall within the
(TiO3)eo and TizgO06 gaps. This data suggest the sensitized
mechanism to be: interfacial electron transfer between

the semiconductors (TiO;)s and TizgO-¢ electrodes and
the dye sensitizers are electron injection processes from
excited dyes to the semiconductors conduction bands. This
is a kind of typical interfacial electron transfer reaction
[18]. For the supramolecules Pc.Cgo, ScPc.Csp, and
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Table 1

Total charges of the dyes (Me),Pc(C4Ho),, and superamolecules (Me),Pc(C4Ho)m.Coo Subunits computed at the B3LYP/SDD level of theory. Me:Sc,La; Pc:

Phthalocyanine C4Hg: tertiary butyl; n=0, 1; m=0, 4.

ScPc ScPc(C4Hg)4 LaPc LaPc(C4Hg)4 Pc.Cso ScPc.Cso ScPc(C4Hog)4.Coo LaPc.Cgo LaPc(C4Hg)4.Coo
Pc -1.55 -1.23 -1.88 -1.52 0.00 (0.002) -1.56 -1.21 -1.47 -1.29
Me:Sc,La 1.55 1.53 1.88 1.85 1.80 1.77 2.07 2.08
(C4Ho)4 - -0.30 - -0.33 - - -0.29 - -0.26
Coo - - - 0.00(—0.002) 0.22 -0.16 -0.60 -0.52

Values between round brackets are calculated at the M06/SDD level of theory for better description of non bonded interaction.

ScPc(C4Hg)4.Ceo the HOMOs are localized on the donors
subunits and the LUMOs are localized on the acceptors
subunits. However, for the supramolecules LaPc.Cgq and
LaPc(C4Hg)4.Coo, both the HOMOs and LUMOs are localized
on the donors and acceptor subunits simultaneously. The
HOMO-LUMO energy gap of the supramolecule becomes
narrower under the effect of metal and tertiary butyl
groups. This implies that the density of states of the phtha-
locyanine-fullerene supramolecule become more abun-
dant near the fermi level.

To understand the electron transport through the
supramolecules, we have analyzed the frontier orbitals
which provide a strategy by which the rectifying properties
of these molecular systems can be understood. It has been
suggested [19] that the potential drop AE ymo across each
molecular rectifier is determined from the difference be-
tween Eyymo and Epymo-k for an unoccupied orbital local-
ized on the opposite (donor) side of the molecule from
the LUMO. It is generally accepted that while the HOMO
is localized on the donor, the LUMO is localized on the
acceptor. Therefore, in a rectifying diode, the electrons
are injected from the cathode to the LUMO state on the
acceptor side. The incoming electron on the acceptor
LUMO is then transferred to the lowest unoccupied orbital
localized on the donor ring. Therefore if one can apply a
bias voltage, the potential of which is Ejymo (do-
nor) — E;ymo (acceptor), then the tunneling of electrons
from one end to the other is possible [5]. From Fig. 4, it is
clear that for the supramolecules, LaPc.Cgo and
LaPc(C4Hg)4.Coo, the LUMOs are localized on the donors,
thereby resulting in potential drops (AEiuymo = Erumo (do-
nor) — Elymo (acceptor)) of 1.05eV for LaPc.Cgo, and
1.29 eV for LaPc(C4Hg)4.Coo. The resulting potential drop
of LaPc.Cgp thus increases by ca. 22.86% under the effect
of the tertiary butyl groups. This significant increase in
the potential drop indicates that the tertiary butyl com-
plexes could be a better choice for the robust operation
of the molecular rectifiers. In addition, the localized LUMOs
on the donor, and the La atom also provide more channels
for the electron transport from one side to the other.

3.3. Polarizability and hyperpolarizability

Polarizabilities and hyperpolarizabilities characterize
the response of a system in an applied electric field. They
determine the strength of molecular interactions as well
as the cross sections of different scattering and collision
processes. The potential of semiconducting organic mate-
rials to transport electric current and to absorb light in
the UV-vis part of the solar spectrum is due to the

sp?-hybridization of carbon atoms. The electron in the
p,-orbital of each sp?-hybridized carbon atom will form
n-bonds with the neighboring p, electrons. These m-elec-
trons are of a delocalized nature, resulting in high elec-
tronic polarizability. Another important potential of
semiconducting organic materials to transport electric
current and to absorb light in the UV-vis part of the solar
spectrum is the relatively small diffusion length of exci-
tons [20]. These excitons are an important intermediate
in the solar energy conversion process, and usually strong
electric fields are required to dissociate them into free
charge carriers, which are the desired final products for
photovoltaic conversion. The relationships among the
strong 7-electron delocalization, high polarizability, strong
electric field response, and photovoltaic conversion may
now be clearer.

The present results indicate that the introduction of
tertiary butyl groups to phthalocyanine leads to a simulta-
neous increase in polarizabilities, decrease in hyperpolariz-
abilities, and a higher photo-to-current conversion
efficiency (red-shift of the UV maximum absorption bands).
At one hand, this may be due to the fact that the length of
the conjugated 7 bridge is not affected by the introduction
of the tertiary butyl groups. At the other extreme, Anbara-
sau et al. [21] investigated the geometric, electronic
structures, and electronic absorption spectra of silicon
dichloride substituted phthalocyanine for dye sensitized
solar cells. They found that the longer the length of the
conjugate bridge in similar dyes, the larger the polarizabil-
ity of the dye molecule, and the lower the photo-to-current
conversion efficiency. They reported that this may be due to
the fact that the longer conjugate 7 bridge enlarged the
delocalization of electrons, thus it enhanced the response
of the external field, but the enlarged delocalization may
not be favorable to generate charge separated state effec-
tively. So it induces the lower photo-to-current efficiency.
We may note that Koyama et al. [22] examined the mecha-
nisms of suppression and enhancement of photo-to-current
conversion efficiency in dye sensitized sola-cells using
carotenoid and chlorophyll derivatives as sensitizers. They
found for a set of shorter polyene sensitizers having
different polarizabilities, that the one with the highest
polarizability (the highest trend of aggregate formation)
exhibited the higher performance (photocurrent conver-
sion efficiency) toward the lower dye concentration and
the lower light intensity.

In order to investigate these relationships, the polariz-
abilities and hyperpolarizabilities of the dyes were calcu-
lated. Finite filed, sum over states method, and coupled
perturbed Hartree-Fock method could be used to compute
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HOMO

D3(La-Pc)
HOMO

HOMO

D4(SC-PC-(C4H9)4)
LUMO

D5(La-Pc-(CyHy),
HOMO

D5(Sc-Pe-(CaHy)s))
LUMO

Fig. 3. Frontier orbital isosurface plots (isodensity contours = 0.02 a.u) of Phthalocyanine dyes computed at the B3LYP/LANL2MB level of theory.

polarizabilities and hyperpolaizabilities. However, the use
of the previous methods with large sized basis sets for
the dye molecules are too expensive. Here, we compute
the polarizabilities and the first hyperpolarizabilities as a
numerical derivatives of the dipole moment using B3LYP/
SDD.

Table 3 lists the polarizabilities and hyperpolarizabili-
ties of the dyes. In addition to the individual tensor
components of the polarizabilities and the first hyperpolar-
izabilities, the isotropic polarizability, polarizability anisot-
ropy invariant and hyperpolarizability are also calculated.
The data of Table 3 suggest that the introduction of metal
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SI(PC-CGQ)
LUMO

HOMO LUMO

$3(La-Pc.Cq)
LUMO

S4(Sc-Pc-(C4Hy)y Ceo)
OMO

$5(La-Pc-(CsHo)s Ceo) $5(La-Pc-(CsHa)s Cn)
HOMO LUMO

2069

Fig. 4. Frontier orbital isosurface plots (isodensity contours = 0.02 a.u) of supramolecules S1-S5 computed at the B3LYP/LANL2MB level of theory.
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LaPc

LaPcBu.C60 Cg0

ScPcBu  ScPcBu.C60 60

Energy (V)

AT

VTR

Fig. 5. Orbital energies(in eV) of the dyes (Me),Pc(C4Hg)m, superamolecules (Me),Pc(C4Hg),»,.C60,and fullerene (C60) computed at the B3LYP/SDD level of
theory. Me:Sc,La; Pc: Phthalocyanine; C4H9: tertiary butyl; n=0, 1; m =0, 4. (C4H9)4: Bu.

Table 2

Frontier orbital energies(in eV) of the dyes (Me),Pc(C4Hg)m, superamolecules (Me),Pc(C4Hg)m.Cso,and fullerene (Cgo) computed at the B3LYP/SDD level of
theory. Me:Sc,La; Pc: Phthalocyanine; C4Hg: tertiary butyl; n=0, 1; m =0, 4. (C4Hg)4: Bu.

60 Pc Pc.Coo ScPc ScPc.Cgo LaPc LaPc.Cgo ScPcBu ScPcBu.Cgo LaPcBu LaPcBu.Cgg
LUMO -3.758 -3.04 —3.648 (-3.46) -3.013 —3.886 -2.709 -4.09 -2.811 -3.799 -2.468  -3.762
HOMO —6.743 -5398 -5419(-5.58) —4.523 -4.502 -4.16 —4.513 -4312 -4315 -3.918 —4.154
Band gap 2.985 2358  1.771 (2.12) 1.51 0.616 1451 0.423 1.501 0.516 145 0.392

Values between round brackets are calculated at the M06/SDD level of theory for better description of non bonded interaction.

0+ (MO (TixgOrg) Pc PcSc  PcLa PcScBu PcLaBu

2 — —

.4 =

E(eV -
(e)_5

6

-7 4 —

8

Fig. 6. HOMOs and LUMOs of (TiO2) and (Ti38076) clusters, and the five
HOMOs and five LUMOs of the dyes (Me),Pc(C4Ho),, computed at the
B3LYP/SDD level of theory. Me: Sc, La; Pc: Phthalocyanine; C4H9: tertiary
butyl; n=0,1; m = 0,4. (C4H9)4: Bu.

atom and tertiary butyl groups to the phthalocyanine ring
leads to a stronger response to the external electric field,
and induces higher photo-to-current conversion efficiency.

3.4. The electronic absorption spectra

In order to understand the electronic transitions of the
dyes, TD-DFT calculations on electronic absorption spectra
in vacuum were performed, and the 10 lowest spin-al-
lowed singlet-singlet transitions were taken into account.
The results are shown in Table 4. The calculations were
carried out at the B3LYP/SDD level of theory.

Primarily, the HOMO-LUMO energy gap of the phthalo-
cyanine dye gets smaller under the effect of inserting the
metal atoms and the tertiary butyl groups, Table 2, so it

induces the red-shifts of the corresponding absorption
bands, Table 4. The absorption in visible and near-UV re-
gions is the most important region for photo-to-current
conversion, so only the singlet to singlet transitions of
the absorption bands with the oscillator strength larger
than 0.01 and the wavelength longer than 300 nm were re-
corded in Table 4. The absorption band that corresponds to
the maximum absorption of the phthalocyanine ring is red
shifted by 474 and 347 nm under the effect of inserting Sc
and La atoms respectively. The insertion of tertiary butyl
groups causes additional red shifts of 31 and 20 nm to Sc
and La complexes respectively. The present results indicate
that the absorption bands of phthalocyanines are red
shifted under the effect of substituents in consistence with
pervious experimental data published for PcCu [23,24],
PcFe(Il) [25] and PcSi [26]. The maximum absorption bands
near 573 and 920 nm of the simulated spectra of Pc and
LaPc dyes, respectively, resulted from the electronic transi-
tions from the initial states that are mainly contributed by
the HOMOs to the final states that are mainly contributed
by the LUMOs. These two absorption bands in the visible
region are typical n—-n* transitions. In these transitions,
while the initial and final states are related to the MOs that
are localized in the phthalocyanine ring of the Pc dye, the
initial state is localized in the phthalocyanine ring and
the final state is localized in the central region of the metal
of the LaPc dye, Fig. 3. The maximum absorption bands
near 1047, 1078, and 940 nm of the dyes ScPc, ScPc(C4Hg)a4,
and LaPc(C4Hg),4, respectively resulted from the electronic
transitions from the initial states that are mainly contrib-
uted by the HOMOs — 1 to the final states that are mainly
contributed by the HOMOs. All other absorption bands of
the dyes resulted from the electronic transitions from the
initial states that are mainly contributed by the HOMO-
s — n. Usually, if the absorption bands are close to infrared
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Table 3
Polarizabilities (o) and hyperpolarizabilitie(B) of the dyes (Me),Pc(C4Ho),, computed at the B3LYP/SDD level of theory. Me:Sc,La; Pc: Phthalocyanine; C4Ho:
tertiary butyl; n=0,1, m=0, 4.

Oxx Oxy Oyy Oxz Olyz Olzz o A

Pc 771.2 0.0006 758.5 0.0323 —0.0091 141.9 557.2 623.0
ScPc 887.8 -0.0122 794.1 —0.7504 0.0139 162.6 614.8 683.1
LaPc 791.5 0.059 849.3 —0.0044 5.0 199.6 613.5 622.8
"ScPc(C4Ho)4

LaPc(C4Hg)4 1036.3 -13 1164.3 -0.374 0.6313 342.2 847.6 766.2

Bxxx Bxxy Bxyy Byyy Pxxz Bxvz Byvz Bxzz Byzz Pzzz Bu

Pc 8447.6 —-0.011 4341.7 0.6346 038 -0.0694 0.1321 8.7 0.0004 —0.005 0.304
ScPc 16676.5 -2.1 962.2 —0.4851 274.7 —0.0029 196.6 —-6.4 0.0004 197 401
LaPc -23  -490.1 2.4 97442 881.2 0.043 613.7 -0.033 72.8 411.2 1144
"ScPc(C4Ho)4

LaPc(C4Ho)4 2.7 -19.7 -5.2 25.8 —555.8 26.0 —873.3 —0.8231 25 —366.2 -1077

* Convergence criterion is not met.

Table 4
Computed excitation energies, electronic transition configurations and oscillator strengths (f) for the optical transitions with f > 0.01 of the absorption bands in
visible and near UV region for the dyes (Me),Pc(C4Ho),, computed at the B3LYP/SDD level of theory. Me:Sc,La; Pc: Phthalocyanine C4Hq: tertiary butyl; n=0,1;
m=04.

State Excitation energy (eV/nm) Configuration composition with 1CI Coeff.l > 0.2 f
(corresponding transition orbital)

Pc

1 0.689 (133 — 134) 2.17/573 0.3343

2 0.688 (133 — 135) 2.22/560 0.3816

3 —0.348 (130 — 135); 0.564 (132 — 135) 3.38/367 0.0816

7 —0.421 (131 > 135); 0.486 (132 — 134) 3.45/359 0.0476

8 —0.340 (130 — 135); 0.445 (131 — 134); —0.264 (132 — 135); 0.280  3.54/351 0.0318
(133 - 136)

HOMO is No. 133 orbital

ScPc

2 0.981 (137B — 138B) 1.18/1047 0.0936

6 0.808 (137A — 139A); —0.462 (137B — 139B); —0.207 2.08/595 0.1628
(137B - 140B)

8 —0.220 (137A — 140A); 0.787 (138A — 143A); 0.501 (138A — 148A) 2.36/525 0.0170

9 —0.632 (138A — 141A); 0.742 (138A — 145A) 2.38/522 0.0121

HOMO is No. 138 orbital

LaPc

2 —0.291 (147A — 150A); 0.947 (146B — 147B) 1.35/920 0.0849

5 0.835 (147A — 150A); 0.460 (147A — 152A); 0.204 (146B — 147B)  2.08/597 0.0895

6 0.702 (146A — 148A); 0.652 (147A — 151A); —0.222 (146B — 148B) 2.16/575 0.0484

7 —0.458 (146A — 148A); 0.656 (147A — 151A); —0.209 2.30/540 0.2307
(145B — 147B); 0.444 (146B — 148B)

8 —0.352 (147A — 150A); 0.861 (147A — 152A) 2.31/538 0.1465

HOMO is No. 147 orbital

ScPc(C4Hog)4

2 0.983 (201B — 202B) 1.15/1078 0.1095

6 0.822 (201A — 203A); 0.474 (201B — 203B) 2.04/608 0.1922

9 —0.417 (201A — 204A); —0.379(202A — 206A); 0.564 2.35/527 0.0177
(202A — 207A); 0.530(202A — 208A)

10 —0.565 (202A — 205A); 0.777 (202A — 209A) 2.36/525 0.0101

HOMO is No. 202 orbital

LaPc(C4Hg)y

2 0.960 (210B — 211B) 1.32/940 0.1244

5 0.909 (211A — 214A); 0.207 (211A — 215A); 0.321(211A — 216A) 2.01/617 0.0298

8 0.659 (210A — 212A); —0.421 (211A — 215A); 0.230 2.31/537 0.3801
(209B — 211B); 0.500(210B — 212B)

9 0.858 (211A — 216A); 0.221 (211A - 217A) 2.37/524 0.2613

HOMO is No. 211 orbital

region, it is expected that the dyes have higher photo-to- efficiencies. The given data indicate that the absorptions
current efficiency. On this basis, the ScPc and ScPc(C4Hg)4 are photoinduced electron transfer processes. This implies
dyes are expected to have the highest photo-to-current that the corresponding excitations generate charge sepa-
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Table 5
Theoretical data of free Sc atom and ScPc phthalocyanine dye. Ne: number of unpaired electrons. H: High spin. L: Low spin.
Spin multiplicity Spin state Energy (a.u.) AE;'t;an
Sc 2 L —46.67411 1.083
4 H —46.63432
Energycomplex (a.u.) AEIc—io;lll-plex
ScPc 2 L —1713.73235 0.740
4 H —1713.70517

Table 6

computed excitation energies, electronic transition configurations and oscillator strengths (f) for the optical transitions with f > 0.01 of the absorption bands in
visible and near UV region for the dyes ScPc in the high (4) and low (2) spin states computed at the B3LYP/SDD level of theory.

State Configuration composition with ICI Coeff.1-0.2 (corresponding transition orbital) Excitation energy (eV/nm) f
Sc(4)Pc

4 0.62 (138A — 141); 0.83 (139A — 142) 1.98/625 0.0103
10 0.71 (138A — 142A); 0.31 (139A — 141A); —0.56 (133B — 137B); 0.24 (136B — 139B) 2.25/551 0.0325
HOMO is No. 139 orbital

Sc(2)Pc

2 0.981 (137B — 138B) 1.18/1047 0.0936
6 0.808 (137A — 139A); —0.462 (137B — 139B); —0.207 (137B — 140B) 2.08/595 0.1628
8 —0.220 (137A — 140A); 0.787 (138A — 143A); 0.501 (138A — 148A) 2.36/525 0.0170
9 —0.632 (138A — 141A); 0.742 (138A — 145A) 2.38/522 0.0121
HOMO is No. 138 orbital

rated states, and contribute to the sensitization of photo-
to-current conversion processes. Insertion of metal atoms
and substitution of tertiary butyl groups on the phthalocy-
anine moiety further shifts the absorption in these dyes
and makes them potential candidates for harvesting light
in the entire visible and near IR region for photovoltaic
applications.

3.5. Magnetic spin quenching and UV-vis spectrum

The magnetic behavior of metals results from a compe-
tition between chemical bonding and magnetism, and is
important to understand the role of the support. For exam-
ple, the reactivity of adsorbed metal atoms will be different
depending on whether the magnetic moment is quenched
or not. When the free metal atom electronic configuration
is d"s?, the resulting electronic configuration of the metal
adatom may be expressed as d™'s' or even d™2 The
strength of the metal-support interaction varies with the
resulting d-population. This change in the electronic
configuration of the metal in the support may result in a
concomitant spin quenching with respect to the ground
state multiplicity of the isolated metal atom. While the
magnetic property of spin quenching in insulators has been
investigated in some details [27] it is clearly overlooked for
dye sensitizers in relation to the concept of photo-to-cur-
rent conversion efficiency.

All of the previous calculations were carried out for the
low spin state (2) of Sc and La in the phthalocyanine moi-
eties. Sc is a representative of group IIIA transition metals
with completely filled s-shell [Ar] 3d'4s?, and La is a repre-
sentative of group IIIA lanthanides with completely filled
s-shell [Ar] 5d'4s. We have considered two electronic
states for Sc, as a test case, to examine the spin quenching
of this metal under the effect of the phthalocyanine ring, as

well as the effect of the high spin stae (4) on the corre-
sponding transition energies and UV-vis spectrum of the
ScPc dye sensitizer. The Sc high spin state is (4), and the
low spin is (2). The high (H) to low (L) spin transition en-
ergy of the free Sc atom was calculated from the relation:

AEH?L = EH - Ele;tom (4)

atom atom

where E,onm is the electronic energy of the free Sc atom. In
Table 5, the theoretical electronic configuration of Sc in the
gas phase is given together with the corresponding
number of unpaired electrons, spin multiplicity, spin state,
electronic state, total electronic energy and the high to low
spin transition energy. The present result of the high to low
spin transition energy of free Sc atom at the B3LYP level of
theory and SDD basis set is 1.083 eV. The positive sign indi-
cates that the low spin state is favored. In other words, the
low spin state of free Sc metal is more stable than the high
spin state.lt is interesting to compare the high-to low-spin
transition energy of the free metal with the corresponding
high-to low-spin transition energy of the metal in the pht-
alocyanine moiety. This comparison provides information
on the change in the transition energy induced by the
phthalocyanine ring, i.e., the energy required to go from
the high to low-spin state when the support is present.
Consequently our next discussion will be concerned with
the spin transition energy of Sc in the selected ScPc dye
sensitizer as well as the effect of the high spin state (4)
on the transition energies and the UV-vis spectrum.The
high (H) to low (L) spin transition energy of the Sc atom
in ScPc complex was calculated from the relation

AEH?L = EH - E%omplex (5)

complex complex

where Ecompiex IS the total electronic energy of the complex.
As shown in Table 5, upon interaction of Sc with the phtha-
locyanine ring, the sign of the high to low spin transition
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Fig. 7. Frontier orbital isosurface plots (isodensity contours = 0.02 a.u) and orbital energies(in eV) of the Phthalocyanine dye ScPc in the high (4) and low (2)

spin states computed at the B3LYP/LANL2MB level of theory.

energies AES - calculated from relation (2) is still positive
indicating that the spin states are preserved, and the low
spin state is favored, i.e., the ground state of ScPc is dou-
blet. However, the high to low spin transition energies
was reduced by ca. 0.343 eV. The effect of the phthalocya-
nine ring is therefore significant, but still not enough to fa-
vor the high spin state.

In order to compare between the electronic transitions
in the high (4) and low (2) spin states of the dye ScPc,
we calculated the 10 lowest spin-allowed singlet-singlet
transitions of the high spin state complex Sc(4)Pc. The re-
sults are shown together with the results of the low spin
state complex Sc(2)Pc in Table 6, contour plots and energy
levels in Fig. 7. The HOMO-LUMO energy gap of the Sc(4)Pc
complex is —2.099 eV, compared with —1.294eV for
Sc(2)Pc complex, so it induces a blue shift to the corre-
sponding absorption bands. The absorption band that cor-
responds to the maximum absorption of the high spin state
complex Sc(4)Pc is blue shifted by 44 nm relative to the
low spin state complex Sc(2)Pc. The maximum absorption
band near 551 nm of the simulated spectrum of the high
spin state complex Sc(4)Pc resulted from the electronic
transitions from the initial state that is mainly contributed
by the HOMO to the final state that is mainly contributed
by the LUMO + 1. Other absorption bands resulted from
the electronic transitions from the initial states that are
mainly contributed by the HOMO — n. Since the absorption
bands of the high spin state complex Sc(4)Pc are far from
the infrared region, relative to the low spin state complex
Sc(2)Pc, it is expected that the high spin state complex
Sc(4)Pc has lower photo-to-current conversion efficiency.
It turns out that the high spin state complex Sc(4)Pc is
not a potential candidate for harvesting light in the visible
and near IR region for photovoltaic applications.

The present results indicate that when the spin transi-
tion energy is significant, but not enough to quench the
spin and favor the high spin state, the corresponding
photo-to-current conversion efficiency is low. This result
may be compared with the result of Koyama et al. [22] that
the higher performance toward the lower dye concentra-
tion and the lower light intensity is ascribed to a decrease
in the singlet-triplet (low spin to high spin) annihilation
reaction. This result may also be compared with the find-
ing of Shakaya et al. [28]. They examined the effect of ap-
plied magnetic field on photocurrent generation in poly-
3-hexylthiophene:[6,6]-phenyl C61-butyric acid methyl
ester photovoltaic devices, and found that the increase in
photocurrent was attributed to an increase in the rate of
intersystem crossing, between the singlet (low spin) and
triplet (high spin) states leading to a high net efficiency
of exciton dissociation.

4. Conclusions

The geometries, electronic structures, polarizabilities
and hyperpolarizabilities, and UV-vis spectra of metall-
ophthalocyanine dyes and metallophthallocyanine—fuller-
ene supramolecules are investigated by using DFT and
TD-DFT calculations. The calculated geometric characters
indicate that the peripheral tertiary butyl groups, with no
7 type electrons, are not coplanar with the phthalocyanine
ring. Since conjugation is very helpful for efficient electron
transfer, the contribution of the peripheral tertiary butyl
groups of a phthalocyanine ring to the process of electron
transfer is restricted to their electron donating power.
The sensitization mechanism is supported, and the intro-
duction of metal atom and tertiary butyl groups induces
higher photo-to-current conversion efficiency The high
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spin state complex Sc(4)Pc is not a potential candidate for
photovoltaic applications. In our opinion, the best
candidate as a dye sensitizer for solar cells would be the
electronic structure. The effect of present substituents
(tertiary butyl groups, and metal atoms) on dye sensitiza-
tion is reflected on the magnitudes of the band gaps and
is confirmed by the calculated UV-vis spectra. It turns
out that improving the nanoscale morphology together
with the development of novel low band gap materials is
still required to improve the power conversion efficiencies.
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