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Ab initio molecular orbital (MO) methods were used to examine the monomer and intermolecular charge-transfer 1:1 complexes of six different
itrogen-containing heterocycles with I2. The calculations at the MP2(full)/LANL2DZ* levels in acetonitrile revealed that the �* orbital of diiodine
nteracts with the N lone pair in the heterocyclic ring. The open-circuit photovoltage (Voc) values of a Ru(II) complex dye-sensitized nanocrystalline
iO2 solar cell with an I−/I−3 redox electrolyte in acetonitrile using N-containing heterocyclic additives were compared to the computational
alculations of the intermolecular interaction between the heterocycles and I2. The Gibbs free energy changes, optimized geometries, frequency
nalyses, Mulliken population analyses, and natural bond orbital (NBO) analyses indicated that the Voc value of the solar cell is higher when the
-containing heterocyclic compounds have a stronger interaction with I2. In addition, the Voc increases as the energy of the HOMO level increases

nd becomes closer to the LUMO level of the I2 molecule. Therefore, the intermolecular charge-transfer interaction between the heterocyclic
dditives and the iodine redox electrolyte is an important factor for dominating dye-sensitized solar cell performance.

2005 Elsevier B.V. All rights reserved.
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. Introduction

A typical dye-sensitized solar cell, illustrated in Fig. 1, con-
ists of a nanocrystalline TiO2 film photoelectrode covered with
sensitizing dye such as a Ru(II) complex, a redox electrolyte

ike I−/I−3 , and a counter electrode such as Pt. This type of solar
ell has been intensively studied since Grätzel reported a very
igh solar energy conversion efficiency (η) [1]. One method for
mproving solar cell performance is to add organic bases to the
lectrolyte solution. For example, Frank and co-workers stud-
ed an I−/I−3 electrolyte with ammonia and 4-t-butylpyridine as
dditives in acetonitrile and reported that these additives drasti-
ally increased both the Voc and η [2,3]. Based on these findings,
e examined the effects of five- and six-membered N-containing

∗ Corresponding author. Tel.: +81 29 861 4867; fax: +81 29 861 6771.
E-mail address: h.kusama@aist.go.jp (H. Kusama).

heterocycles as additives in an I−/I−3 redox electrolyte in acetoni-
trile on the (dcbpy)2Ru(SCN)2·2TBA (dcbpy: 2,2′-bipyridine-
4,4′-dicarboxylic acid, TBA: tetrabutylammonium, N719) dye-
sensitized TiO2 solar cell performance. Consequently, we deter-
mined that these heterocycles significantly influenced the per-
formance of the cell. Most of the N-containing heterocycles
enhanced the Voc of the solar cell and semi-empirical MO
calculations indicated that the Voc increased as the ionization
energy of the heterocycles molecules decreased [4]. This finding
is explained by a charge-transfer (or electron donor–acceptor)
complexation between the heterocycles and iodine. The chem-
ical equilibrium in the electrolyte solution is written as
Eq. (1):

Heterocycles + I−3 � Heterocycles I2 + I− (1)

This reaction reduces the I−3 concentration, [I−3 ], but increases
the I− concentration, [I−], which increases the hole collection by

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic description of the charge transfer in a dye-sensitized solar cell.
(1) Excitation of the dye; (2) excited dye decay to ground; (3) electron injection;
(4) electron transport and collection at the conducting glass; (5) recombination
of the electron with electrolyte; (6) recombination of the electron with oxidized
dye; (7) reduction of the oxidized dye by I− ions to regenerate the original one
(I− oxidation); (8) I3

− reduction; and (9) ion transport.

I− [5,6] and improves the Voc of the solar cell. Reducing the [I−3 ]
may also decrease the reaction between the injected electrons
and I−3 at the semiconductor electrolyte junction (Eq. (2)). That
is, the electrons recombine with the electrolyte in Fig. 1(5).

2e−
cb(TiO2) + I−3

ket[I
−
3 ]−→ 3I− (2)

This would elevate the electron concentration in the TiO2 film
and enhance the Voc value (Eq. (3)) [2,6],

Voc =
(

kT

e

)
ln

(
Iinj

ncbket[I
−
3 ]

)
(3)

where k and T are the Boltzmann constant and the absolute tem-
perature, respectively. Iinj is the charge flux due to the sensitizing
dye injecting an electron (Fig. 1(3)) and ncb is the concentration
of electrons at the TiO2 surface, while ket is the rate constant
for the reduction of I−3 by the conduction band electrons. As the
[I−3 ] and/or ket decreases in Eq. (3), the Voc increases [2,7].

Eq. (4) is a simplified form of the intermolecular charge-
transfer 1:1 complexation.

Heterocycles + I2 → Heterocycles I2 (4)

The interaction between the HOMO of the donors (N-containing
heterocycles) and the LUMO of the acceptors (I2) explains the
theory [8]. The greater the overlap and/or the smaller energy dif-
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Although the ionization energy of the N-containing heterocy-
cles is an index for intermolecular charge-transfer complexation
with I2, a detailed understanding of complexation such as the
intermolecular N· · ·I atom distances, which involve electron
transfer from the nitrogen donor lone pair (n) of the heterocyclic
ring to the antibonding molecular orbital �* of diiodine to form
n–� complexes [9–11] and so on, is lacking. The formation of
charge-transfer complexes has been reported, but experimental
data using spectroscopic methods such as UV–vis are not suf-
ficiently present in the literature [9,10]. However, it is possible
to analyze the complexation of N-containing heterocycles with
I2. To aid in the understanding of intermolecular charge-transfer
complexation, computational calculations have been attempted
on pyridine with I2 [12–14]. To the best of our knowledge, the-
oretical computational studies on an intermolecular complex
of other six-membered N-containing heterocycles (azines) and
five-membered ones (azoles) with I2 have yet to be reported. An
ab initio MO method with optimized geometries was used to
investigate the 1:1 charge-transfer interaction between six types
of N-containing heterocycles, which enhanced the Voc of Ru(II)
complex dye-sensitized solar cell, and I2. The aim of the present
work is to identify the intermolecular charge-transfer interac-
tion properties of N-containing heterocycles·I2 and to confirm
the correlation between the Voc of the solar cell and the complex
properties.
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erence of the HOMO of the donor and the LUMO of acceptor,
he larger the stabilization energy, ∆, and the greater the extent
f mixing, which causes more charge transfer from the donor to
he acceptor. Thus, it is easier to form a charge-transfer complex
hen the ionization energy of the donor is small and the electron

ffinity of the acceptor is large. Therefore, the lower the ioniza-
ion energy of the heterocycles, the more efficiently the holes
re collected and/or the electron concentration in the TiO2 film
ncreases, which results in a higher Voc [4].
. Computational details

All ab initio MO calculations were performed using the Gaus-
ian 03 W program [15] on personal computers. The complex
nd monomer geometries were fully optimized at the second-
rder Moller–Plesset (MP2, full) levels. For all systems, a
ANL2DZ* basis set, which includes an effective core potential

ECP) for all atoms except for the first row [16], was used. Hay
nd Wadt proposed the ECP used [17–19] in which the iodine
ncorporates the mass velocity and Darwin relativistic effects.
he LANL2DZ basis set corresponds to a Dunning/Huzinaga

ull double-� basis (D95) [20] for the first-row elements and
n ECP plus double-� basis for the iodine atoms [21]. This
asis set was augmented with one set of six d polarization func-
ion (LANL2DZ*) with the following exponents: αC = αN = 0.8,
nd αI = 0.29 [22,23]. Recently, this basis set was shown to
ield reasonable results for I2 complexes with pyridine [14],
hiocarbonyl derivatives [24], and lactams [25]. The harmonic
ibrational frequencies confirmed that the optimized structures
orrespond to real minima on the potential energy surface
26].

The solvent effects of acetonitrile were modeled using
n integral equation formalism (IEF) polarized continuum
odel (PCM) of Tomasi et al. [23,27,28] within the self-

onsistent reaction field (SCRF) theory. In the SCRF cal-
ulations, the dielectric constant ε of acetonitrile was
6.64.

To understand the nature and magnitude of the intermolec-
lar interactions, NBO analysis [21,29] was conducted on the
ptimized geometries using the NBO 3.1 program [30], which
s included in the Gaussian package program.
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Table 1
The influence of the N-containing heterocycles in the I−/I−3 redox electrolyte
solution on the open-circuit photovoltage (Voc) in a dye-sensitized solar cell

No. Heterocycles Voc (V)

None 0.620
a Pyrazole 0.674
b Imidazole 0.848
c 1,2,4-Triazole 0.692
d Pyridine 0.730
e Pyrimidine 0.666
f Pyrazine 0.672

Conditions: electrolyte, 0.6 mol/dm3 1,2-dimethyl-3-propylimidazolium iodide
+0.1 mol/dm3 LiI +0.05 mol/dm3 I2 +0.5 mol/dm3 additive in acetonitrile; light
intensity, 100 mW/cm2, AM 1.5.

3. Results and discussion

3.1. Correlation between the Voc and the theoretical
calculation of isolated molecules

Table 1 lists the N-containing heterocyclic compounds and
the previous Voc results [4] that are used in this work. Fig. 2
depicts the correlation between the Voc and the calculated
energy of the HOMO level for the heterocyclic monomers.
The Voc increases as the energy of the HOMO level increases
and becomes closer to the LUMO level of the I2 molecule
(−0.01456 a.u.). As mentioned in Section 1, the smaller the
energy difference between the HOMO of the donor and the
LUMO of acceptor, the greater the charge transfer from the
donor to the acceptor and the easier a charge-transfer complex
is formed. Thus, this correlation confirms that a higher Voc
occurs when a more efficient charge-transfer complex between
heterocyclic compounds and I2 is formed. As previously
reported, the energy of the HOMO level for the heterocycles
obtained in this study becomes more negative as the ionization
energy increases [4].

3.2. Correlations between the Voc and the theoretical
calculations of the complexes

Fig. 3 shows the correlation between the Voc and the Gibbs
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Fig. 2. Correlation between the Voc and the energy of the HOMO level for the
isolated N-containing heterocycles molecules. The number of each heterocycles
is defined in Table 1.

the sum of the Van der Waals radii for nitrogen (1.55 Å) and
iodine (1.98 Å) [31], but longer than the sum of the covalent
radii for N (0.70 Å) and I (1.33 Å). These observations also
provide evidence that all the tested N-containing heterocycles
form intermolecular charge-transfer complexes with I2. The
smaller the I1–I2 distance, the more favorable complexation
is. The N· · ·I1–I2 bond angle is almost linear. Fig. 5 represents
the correlation of the Voc with the intermolecular N· · ·I1 and
the intramolecular I1–I2 atom distances in the complexes. The
shorter N· · ·I1 distance, the higher the Voc value is. On the
contrary, as the I1–I2 distance lengthens and becomes further
from the isolated I2 molecule one (dashed line in Fig. 5), the
Voc increases.

Fig. 6 shows the correlation of the Voc with the stretch-
ing frequencies of the intermolecular N· · ·I1 (νN· · ·I1) and
intramolecular I1–I2 (νI1–I2) bonds. Data pertinent to the intra-
and intermolecular stretching degrees of freedom, I1–I2 and
N· · ·I1, which change the most in these complexes [32], is
inspected. The �*-orbital of iodine attracts electrons from the
N lone pair (LP(N)) in a push–pull manner, which lengthens
the intramolecular I1–I2 bond (see Fig. 5) from the monomer
bond during complexation and the corresponding stretching

F
m

ree energy changes (�G) for Eq. (1). Negative �G values were
bserved for all the molecules. A negative �G implies that
he equilibrium of Eq. (1) shifts to the right, which provides
he initial evidence that all the tested N-containing heterocy-
les form intermolecular charge-transfer complexes with I2. The
ore negative the �G value, the more favorable the right side

f the equilibrium in Eq. (1) is, which results in more com-
lexation. Thus, the correlation where the Voc increases as the
G value becomes more negative confirms that a higher Voc

ccurs when a more efficient charge-transfer complex is formed
etween heterocyclic compounds and I2.

Fig. 4 illustrates the optimized molecular structures for the
:1 heterocycle·I2 complexes, which show the most significant
tructure parameters. Compared to the I2 monomer (2.6979 Å),
ll the intramolecular I1–I2 bonds in the complexes are
longated, indicating that the I2 monomer bond is weakened.
he forming intermolecular N· · ·I1 �-bonds are shorter than
ig. 3. Correlation between the Voc and the �G of Eq. (1). The number of each
olecule is defined in Table 1.
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Fig. 4. Optimized geometries of (a) pyrazole, (b) imidazole, (c) 1,2,4-triazole, (d) pyridine, (e) pyrimidine, and (f) pyrazine complexes with I2. Distances are in
Ångström (normal letters) and the angles are in degrees (bold letters).

frequency decreases from the monomer as shown by νI1–I2. The
weakened bond and lower stretching vibration provide more
evidence for complexation. The large gain in the stretching
vibration of the acceptor bond leads to a stronger intermolecular
charge-transfer complex [33]. On the contrary, when a stronger
charge-transfer complex is formed, the larger the stretching
frequency of the N· · ·I1 bond (νN· · ·I1). The Voc increases as
νN· · ·I1 is blue-shifted, but νI1–I2 is red-shifted as the value
becomes further from the isolated I2 molecule (220 cm−1).

Fig. 5. Correlation of the Voc with (©) the intermolecular N· · ·I1 atom distance
and (�) the intramolecular I1–I2 atom distance of the complexes. The number
o

To understand further the nature and magnitude of the inter-
molecular interactions, NBO analysis was conducted on the
optimized geometries in Fig. 4. To complete the span of the
valence space in the NBO analysis [30], each valence bonding
NBO (�AB) must be paired with the corresponding valence anti-
bonding NBO (�*AB)

σ∗AB = cAhA − cBhB (5)

Fig. 6. Correlation of the Voc with (©) the N· · ·I1 stretching frequencies (νN· · ·I1)
and (�) the I1–I2 stretching frequencies (νI1–I2) of the complexes. The number
o
f each complex is defined in Fig. 3.
 f each complex is defined in Fig. 3.
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Fig. 7. Correlation of the Voc with the net charge transferred (qCT) for the com-
plexes (©) by Mulliken population analysis and (�) by NBO analysis. The
number of each complex is defined in Fig. 3.

Namely, in an ideal Lewis structure, the ‘Lewis’-type (donor)
NBOs are complemented by the ‘non-Lewis’-type (acceptor)
NBOs, which are formally empty. The general transformation
to NBOs leads to unoccupied orbitals in the formal Lewis
structure. Consequently, the filled NBOs of the natural Lewis
structure accurately describe the covalency effects in these
molecules. Since the non-covalent delocalization effects are
associated with � → �* interactions between the filled (donor)
and unfilled (acceptor) orbitals, it is natural to describe them
as ‘donor–acceptor’, charge transfer, or generalized ‘Lewis
base–Lewis acid’ type interactions. The antibonds represent
the unused valence-shell capacity and the spanning portions of
the atomic valence space, which are formally unsaturated by
covalent bond formation. The weak occupancies of the valence
antibonds indicate irreducible departures from the ideal local-
ized Lewis picture, i.e., true ‘delocalization effects’.

Therefore, the donor–acceptor (bonding–antibonding) inter-
actions in the NBO analysis are considered by examining all
the possible interactions between the ‘filled’ (donor) Lewis-type
NBOs and the ‘empty’ (acceptor) non-Lewis NBOs. Then their
energies are estimated by the second-order perturbation theory.
These interactions (or energetic stabilizations) are the ‘delocal-
ization’ corrections to the zeroth-order natural Lewis structure.
For each donor NBO (i) and acceptor NBO (j), the stabilization
energy E(2), which is associated with the i → j delocalization, is
estimated by Eq. (6):

E
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t
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Fig. 8. Correlation of the Voc with the occupancy of (©) LP(N) and (�) �*(I–I)
for the complexes. The number of each complex is defined in Fig. 3.

Fig. 7 illustrates the correlation of the Voc with the net charge
transferred (qCT) [14] obtained from the Mulliken population
and NBO analyses. Although the qCT values determined by the
Mulliken population analysis are larger than those by NBO one,
the Voc value increases with qCT.

Fig. 8 depicts the correlation of the Voc with the occupancies
of the �*(I–I) and the LP(N) for the heterocycle·I2 complexes.
These correlations indicate that the Voc increases with the occu-
pancy of the �*(I–I), but decreases with that of the LP(N).

Fig. 9 illustrates the correlation between the Voc and E(2) of
the LP(N) → �*(I–I) interaction in the complexes. The higher
the E(2) value, the larger the Voc of the solar cell.

All these correlations suggest that a higher Voc is obtained
when the N-containing heterocycles and I2 form a more favor-
able intermolecular charge-transfer complex. The larger the
intermolecular charge-transfer complexation and the lower the
[I3

−], the more efficiently the holes are collected [5,6] and/or the
electron concentration in the TiO2 film increases since recombi-
nation of the electron with electrolyte (Fig. 1(5)) is suppressed
[2,6,7], which leads to a higher Voc. Moreover, complexation
between the heterocycles and I2 may prevent the loss of the
thiocyanato ligand (SCN−), which is believed to be important

F
(
c

(2) = �Eij = qi

F2(i, j)

εj − εi

(6)

here qi is the ith donor orbital occupancy. εi and εj are the
iagonal elements (orbital energies), while F(i, j) is the off-
iagonal element associated with the NBO Fock matrix. Hence,
he valence antibond (�*) leads to a far-reaching extension of
he elementary Lewis structure concept and achieves the delo-
alization corrections with simple NBO perturbative estimates
sing Eq. (6) [34]. In the charge-transfer complexation theory
entioned in Section 1, E(2) of the LP(N) → �*(I–I) interaction

orresponds the stabilization energy, ∆.
ig. 9. Correlation between the Voc and the second-order perturbation energy
E(2)) of the LP(N) → �*(I–I) interaction in the complexes. The number of each
omplex is defined in Fig. 3.
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in the reduction of the oxidized dye to regenerate the original
N719 dye (Fig. 1(7)):

(dcbpy)2Ru(SCN)2−
2 + 2I−3 � (dcbpy)2RuI2−

2 + 2I2SCN−

(7)

Eq. (1) will cause equilibrium (7) to move to the left [7]. There-
fore, the theoretical calculations confirm that the intermolecular
charge-transfer complexation between the N-containing hetero-
cyclic additives and I2 in the I−/I−3 redox electrolyte in acetoni-
trile greatly influences the Voc in a Ru(II) complex dye-sensitized
TiO2 solar cell.

Comparing the calculation results of isomers indicates that
the intermolecular interaction in imidazole·I2 is stronger than
that in pyrazole·I2. For azine isomers, I2 prefers the pyrazine
complex to the pyrimidine one. These observations are consis-
tent with the Voc trends mentioned above.

4. Conclusion

Ab initio MO computational calculations were used to theo-
retically investigate the monomer and intermolecular 1:1 charge-
transfer complexes of six different N-containing heterocycles
with I2 where the �* orbital of I–I and the N lone pair in the
heterocycles interact. The computational results were compared
to the Voc values observed for a Ru(II) complex dye-sensitized
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