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a b s t r a c t

The recently synthesized high-performance triarylamine dyes with the dithienosilole p-conjugated
spacer for efficient organic solar cells are calculated at the density functional theory (DFT) level with the
Bader approach for the quantum theory of atoms in molecule (QTAIM) analysis. The presence of stabi-
lizing intramolecular hydrogen bonds and Van der Waals interactions in the dye molecules is predicted
and the energies of these interactions are estimated. The electronic bands nature in absorption spectra of
the dyes is determined by the time-dependent DFT calculations with a linear response methodology
using B3LYP and BMK hybrid functionals. Relations between incident light absorption intensity in the
first long-wavelength band of the dye, its polarization, HOMOeLUMO orbital nature and the driving force
of electron injection to the semiconductor are discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Triarylamine-dithienosilole dyes [1,2] represent a new class of
sensitizing dyes for the high efficient solar cells of Grätzel type [3].
Some recently synthesized representatives of this class of dyes are
the 2-cyano-3-{50-{2-{4-[N,N-bis(4-(2-ethylhexyloxy)-phenyl)ami
no]phenyl}-3,4-ethylenedioxythiophene-5-yl}-3,30-di-n-hexylsilyl
ene-2,20-bithiophene-5-yl}acrylic acid [1] (C219, Fig. 1a) and the 3-
[5[N,N-bis(phenylamino)phenyl]-3,30-diphenylsilylene-2,20-bithio-
phene-50-yl]-2-cyanoacrylic acid [2] (TPCADTS, Fig. 1b)

The TPCADTS and C219 dyes are typical supramolecular struc-
tures constructed by the donorebridgeeacceptor type (called the
DepeA structure). The diphenyl-dithienosilole (DD) group is used
as a bridge in the TPCADTS dye and in the C219 dye the di-n-hexyl-
dithienosilole (DHD) group is used, which is conjugated with eth-
ylenedioxythiophene (EDOT) moiety. The usage of such bridging
groups allows to obtain the high charge separation upon photo-
excitation, which provides the better efficiency of the incident
photoneelectric conversion (IPEC), and therefore e the high effi-
ciency of solar cells. Efficiency of solar cell, based on the TPCADTS
dye is about 7% [2] and the efficiency of the devices, sensitized by
x: þ38 0 472 354463.
nikov).

All rights reserved.
the C219 dye is about 10e10.3% [1] under the standard global air
mass 1.5 (AM 1.5G); this is an absolute record for organic solar cells
(without use of the Ru-based dyes). The previous record belongs to
the indoline dye D205 [4], which gives the efficiency of solar cells at
the level of 9.52%. An important role in the efficiency increase of the
solar cells is determined by two phenyl substituents in the DD
group in the TPCADTS dye. In the C219 dye this role can be attrib-
uted to the bulky alkyl substituents (in DHD and in the triarylamine
groups). They perform the role of “molecular dielectrics” and
prevent recombination between electrons from the conduction
band of the semiconductor with the redox pairs of the electrolyte,
which occupy the inner space of the solar cell.

The spectral properties of thesedyeshavebeenproper studiedby
experimentalmethods of UVevisible and IR spectroscopy. However,
a number of questions on the electronic structure of thesemolecules
and the nature of their electronic absorption spectra remain far from
being fully described in the literature. In this connection we have
performed quantum-chemical calculations of the electronic struc-
ture and spectral properties of the investigated dyes.

2. Computational details

The structures of the TPCADTS and C219 dyes were optimized at
the B3LYP/6-31G(d) [5e7] level of DFT using GAUSSIAN 03 package
[8]. With the same method the IR spectra were calculated by the
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Fig. 1. Molecular structures of the C219 (a) and TPCADTS (b) dyes.
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gradient approach to determine the true minimum of the total
energyandvibrational frequencies. All vibrationalmode frequencies
are real, which indicates the true minimum of the total energy
location. Themolecular orbitals (MO) of the dyesweremapped from
the single point energy calculation (iso-density surface values are
fixed at 0.03 a.u.). While the B3LYP density functional is well known
for its strong performance and reliability of the calculatedmolecular
structures [5,9,10], its weakness to deal with the non-covalent
interactions should be mentioned. There is also a concern that
B3LYP functional is not well suited to treat charge separation states.
Charge-transfer (CT) excited states are obtained in the studied dyes,
thus we used also other functionals. The electronic excited state
properties of the investigated dyes were calculated by the TD DFT
method [9,10] using B3LYP and BMK (Boese-Martin for Kinetics [11])
hybrid functionals with the same 6-31G(d) basis set. The BMK
method is parametrized for transition state treatment including
redox processes, thuswebelieve itfits better for CTstate calculation.
The solvent effect on the electronic absorption spectra was taken
into account using the polarized-continuummodel (PCM) [12] with
the acetonitrile as a model solvent. Fitting the electronic absorption
spectra curves of the dye molecules was performed using the Gauss
distribution function and a half-width of 3500 cm�1 with the SWi-
zard 4.6. program package [13].

For the equilibrium geometry calculated by the B3LYP/6-31G(d)
method we also analyzed the electron density distribution function
r(r) by the Bader method of quantum theory “Atoms in molecules”
(QTAIM) [14]. Energy of intramolecular non-valence contacts in the
dyes molecules are calculated by the formula of Espinosa [15,16].

E ¼ 313:754,VðrÞ (1)

where E is the energy of interatomic interaction (kcal/mol), V(r)
e potential energy density (a.u.) in the corresponding critical point
(3, �1) [14]. According to Bader method, the critical point (3, �1)
corresponds to the inflection of the electron density distribution
function, that is an “indicator” of the chemical bond presence.
Implementation of QTAIM method allows to describe chemical
bonding at the qualitative level based on the characters of the
Laplacian of electron density ðV2rÞ in the critical point and the
CremereKraka energy density H(r)[17e19]:

1) V2r < 0, H(r) < 0 e weakly polar covalent bonds;
2) V2r > 0, H(r) < 0 e polar covalent bonds, strong hydrogen

bonds;
3) V2r > 0, H(r) > 0 e interaction between closed-shells:

hydrogen bonds and Van der Waals interaction.

The CremereKraka energy density H(r) is equal to the sum of
potential energy density V(r) value and kinetic energy density value
in Lagrangian form G(r):

H(r) ¼ G(r) þ V(r)

There is also a direct correlation between the Laplacian of the
electron density and V(r) and G(r) values [14]:

1
4
V2r ¼ 2GðrÞ þ VðrÞ

Equation (1) is valid for all types of hydrogen bonds, Van der
Waals interactions and weak contacts such as HeH and CHeO
interactions (second and third conditions).

Topological analysis of the electron density distribution function
r(r) by the QTAIM method was made using the AIMQB program,
which is implemented in theAIMAll package [20]. All DFTcalculations
were performed on a PDC supercomputer at the KTH (Stockholm).
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3. Results and discussion

3.1. Electronic structure and Bader analysis of r(r) function

Calculation of the equilibrium geometry of the C219 dye (Fig. 2a)
reveals that the EDOT, DHD and cyanoacrylic acid groups are situ-
ated in the same plane. This is due to the presence of stabilizing
intramolecular O(1)eH(2), S(3)eO(4) and O(5)eH(6) bonds
(Table 1, Fig. 2a). The O(1)eH(2) and O(5)eH(6) contacts represent
the weak hydrogen bond interactions. The S(3)eO(4) contact is
a closed-shell Van der Waals interaction. The total stabilization
energy of these contacts in the stable C219 dye molecule confor-
mation estimated by Eq. (1) is equal to 7.81 kcal/mol.

The cyanoacrylic acid fragment and DD group are also situated
in the same plane. Their relative position is stabilized by the weak
O(1)eH(2) hydrogen bond (Table 1, Fig. 2b).

Using the characters of the Laplacian of the electron energy
density and the CremereKraka energy density ðV2r > 0; HðrÞ > 0Þ
at the critical points we have found that all intramolecular bonds
correspond to electronic interactions of the closed-shells, i.e.
density is concentrated in the atomic space. This is also confirmed
by the low value of electron density r(r) (Table 1) in the corre-
sponding critical points.

3.2. Electronic absorption spectra

Comparison of results obtained by the TD DFTeB3LYP method
with the experimental data indicates that they are considerably
different. For this reason, we have calculated excitation energies by
exchangeecorrelation BMK functional, whose results have demon-
strated the better agreementwith experimental data than theB3LYP
(Table 2). The Ref. [21] indicates that the B3 exchange functional
yields a large error in calculating the triphenilamineerhodanine dye
Fig. 2. Optimized configuration structures of the TPCADTS (b) and C219 (a) dy
exited states compared to experiment and other exchange func-
tionals. Regarding the difference between the calculated and the
experimental absorption spectra, it matters considerably less if the
difference is consistent for all bands and compounds in order to
make qualitative assignments. Indeed, the Table 2 indicates that all
calculated vertical electronic transitions have similar assignments
and almost consistent energy shifts between methods and
compounds. In a consistent manner the B3LYPeTD DFT method
strongly overestimates the absorption wavelengths in gas phase
(and even more e in solvent). The BMK functional provides much
better agreement with experiment (Table 2). Therefore we will
describe the optical properties basedon theBMK functional (Table 2,
Fig. 3). Even in this case the charge-transfer states (visible band
wavelengths) are overestimated for the long-bridge (C219) mole-
cule. Such long-distance charge-transfer transition is a great chal-
lenge for any functionals. Involvement of non-covalent interactions
in the C219 molecule (Fig. 2) provides additional problems for
charge-transfer state description.

The absorption spectrum of the C219 dye calculated with the
PCM solvent model (Fig. 3) shows two bands; the first one (short-
wavelength) in the near UVevisible region of 350e470 nm
(350e430 nm for TPCADTS) peakes at 377 (386) nm (experimental
data are: 387 nm for C219 and 336 nm for TPCADTS) and the second
one (long-wavelength visible) in the region of 470e700 nm
(430e650 nm for TPCADTS) peakes at 571 (521) nm (experimental
data are: 493 nm in for C219 and 495 nm for TPCADTS). The peak at
571 (521) nm is caused by a singletesinglet pep* transition, which
corresponds to the single-electron excitation from the highest
occupied MO (HOMO) to the lowest unoccupied (LUMO), Fig. 4.
Similar frontier orbitals have been obtained in Refs. [1,2], presented
with a larger iso-density surface value (0.04). This transition is
accompanied by charge-transfer from triphenilamine donor frag-
ment to the cyanoacrylic-acid acceptor group through the DHD and
es. 2-Ethylhexyl and n-hexyl substituents are replaced by methyl groups.



Table 1
Parameters of non-valent interactions in the TPCADTS and C219 dyes.

Dye Bond r(r), e� a�3
0

a V(r), a.u. G(r), a.u. H(r), a.u. V2r; e� a�5
0 E, kcal/mol

TPCADTS O(1)eH(2) 1.01 � 10�2 �5.41 � 10�3 7.29 � 10�3 1.88 � 10�3 3.67 � 10�2 �1.70
C219 O(1)eH(2) 1.03 � 10�2 �5.53 � 10�3 7.41 � 10�3 1.88 � 10�3 3.72 � 10�2 �1.74

S(3)eO(4) 1.23 � 10�2 �9.25 � 10�3 9.99 � 10�3 7.40 � 10�3 4.29 � 10�2 �2.90
O(5)eH(6) 1.34 � 10�2 �1.01 � 10�3 1.13 � 10�3 1.20 � 10�3 4.97 � 10�2 �3.17

a a0 e Bohr radius (0.529 Å).

Table 2
Absorption properties of C219 and TPCADTS (parameters in parenthesis corresponds to gas phase calculations).

PCM/B3LYP/6-31G(d) PCM/BMK/6-31G(d) lexp, nm

l, nm f Assignment l, nm f Assignment

C219
732 (657) 1.045 (0.990) 91% HOMO / LUMO (88%) 571 (533) 1.838 (1.748) 73% HOMO / LUMO (74%) 493a

538 (503) 0.917 (0.896) 84% HOMO � 1 / LUMO (80%) 433 (411) 0.165 (0.152) 71% HOMO � 1 / LUMO (73%)
451 (433) 0.228 (0.190) 84% HOMO / LUMO þ 1 (78%) 377 (366) 0.316 (0.280) 76% HOMO / LUMO þ 1 (77%) 387a

372 (365) 0.232 (0.198) 90% HOMO / LUMO þ 2 (87%) 321 (316) 0.278 (0.284) 35% HOMO / LUMO þ 2 (44%)
306 (306) 0.288 (0.188) 81% HOMO / LUMO þ 5 (87%) 275 (274) 0.294 (0.322) 51% HOMO / LUMO þ 5 (71%)

TPCADTS
638 (569) 0.957 (0.933) 89% HOMO / LUMO (86%) 521 (482) 1.422 (1.347) 80% HOMO / LUMO (79%) 495b

456 (432) 0.651 (0.528) 81% HOMO � 1 / LUMO (78%) 386 (365) 0.173 (0.107) 78% HOMO � 1 / LUMO (79%) 336b

398 (379) 0.06 (0.05) 86% HOMO / LUMO þ 1 (80%) 338 (327) 0.116 (0.09) 77% HOMO/LUMOþ1 (77%)
337 (335) 0.140 (0.270) 46% HOMO / LUMO þ 2 (81%) 300 (297) 0.419 (0.397) 48% HOMO / LUMO þ 2 (52%) 298b

309 (311) 0.112 (0.132) 65% HOMO / LUMO þ 6 (67%) 278 (278) 0.271 (0.195) 76% HOMO / LUMO þ 6 (73%)

a Experimental data are taken from Ref. [1].
b Experimental data are taken from Ref. [2].
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EDOT (DD for TPCADTS) spacers (Fig. 4). Note that this electronic
transition is a productive process in the generation of electric
current in the circuit. Relaxation of the excited state occurs by
electron injection into the conduction band of the semiconductor.
The efficiency of this process (IPEC) is more than 95% (80% for
Fig. 3. Experimental (a) and theoretical spectra of C219 (top) and TPCADTS (bottom)
dyes in gas phase (b) and with the PCM model (c). The experimental curves are taken
from Refs. [1,2]. The theoretical curves were calculated by the BMK/6-31G(d) method.
TPCADTS). Thus, the main efficiency losses are due to the recom-
bination of electrons from the conduction band of a semiconductor
with the redox pairs of the electrolyte (dark current). It gives a total
efficiency of a solar cell at about 10e10.3% (6.65% for TPCADTS)
under AM 1.5G condition using the highly volatile electrolyte [1,2].

An electron injection from the excited dye into the conduction
band of the semiconductor occurs from the dye LUMO, which has
ahighdensityon the cyanoacrylic-acid acceptor group. By this group
the dye is adsorbed on the TiO2 semiconductor surface, thus the
injection is induced by strong overlap between LUMO and the
conduction band wave function. At the same time the ionized dye
reduction by the electrolyte is determinedmostly by the dye HOMO
and its overlap with the redox pair orbitals of the electrolyte. Really,
the reduction of the ionized dye (the cationic state of the dye) by the
electrolyte involves the singly occupiedmolecular orbital (SOMO) of
the dye cation [22],which is not necessarily the same function as the
HOMOof the dye in the ground state. Our calculation of the C219dye
cation by spin-restricted B3LYP method indicates that the SOMO
(Dyeþ) andHOMO(Dye) are very similarly shaped.Wehope that the
same analogy would be true for the TPCADTS dye, thus we can
analyze and compare just theHOMOsof the dyes, presented in Fig. 4.
In fact the HOMO of both dyes is localized not only on the triphe-
nilamine donor group, but also on a big part of the linker (Fig. 4). In
C219 this part is longer and provides better possibility for the dye-
eelectrolyte interaction and electron transfer to the singly occupied
HOMO of the excited dye. Thus its reduction by the redox pair of the
electrolyte is more efficient.

The peak at 377 (386) nm is caused by a singletesinglet pep*
transition which corresponds to the HOMO / LUMO þ 1
(HOMO � 1 / LUMO for TPCADTS) excitation. Short-wavelength
band has a relatively low intensity but causes the absorption in
the near UV range, which is present in the solar irradiation spec-
trum. In the experimental absorption spectrum of the TPCADTS dye
is also observed the band peaked at 298 nm. According to calcu-
lated data, this band has a peak at 300 nm and corresponds to the
HOMO / LUMO þ 2 excitation.



Fig. 4. Frontier molecular orbitals of C219 (top) and TPCADTS (bottom) dyes.
Iso-density value 0.03 a.u.
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As mentioned above the HOMOeLUMO excitation in C219
corresponds to electron transfer from triphenilamine to the
cyanoacrylic-acid acceptor group through the EDOT and DHD
conjugated spacer bridges (Fig. 4). At the same time the both
orbitals have some nonzero electron density in the common
molecular fragments: this concerns just the EDOTand DHD spacers.
This is wrong to say that there is an overlap between two orbitals
(as it is used to be sometimes [23]) since they are orthogonal being
eigen-functions of self-consistent field method. Nonzero values of
the HOMO and LUMO wave-functions in the same common part of
molecular space is a very important property of the efficient dye-
sensitizer for solar cell; it provides a large electric dipole transi-
tion moment for light absorption and also represents the main
driving force for electron transfer from the dye to semiconductor.
The C219 dye is adsorbed at the TiO2 surface by the terminal
deprotonated carboxy-group (right part at the top of Fig. 4). The
HOMOeLUMO transition dipole moment vector is strongly
oriented along the direction from donor to acceptor. Intermolecular
interaction between the dye and the semiconductor can be
expressed in terms of perturbation theory as a coupling of two
transition dipole moments inside both particles [24]. Orientation of
the vectors is also important. Transition moment between the
ground and excited states inside the semiconductor can be
considered as an entire property of the TiO2 nanocrystal; it also can
be enhanced (or induced) by the dye adsorption and interaction
with the excited dye. Intermolecular dipoleedipole (or dipole-
induced dipole) interaction has a pure quantum nature since we
consider here quantum transition dipole moments, which are not
observable values. (Only a square of this value enter the expression
for the transition probability or intensity of light absorption [24]).
Similar analysis can be applied for the TPCADTS dye and its analogs
[2] (Fig. 4).

4. Conclusions

Triarylamine dyes with the dithienosilole p-conjugated spacer
recently used in very efficient dye-sensitized solar cells [1,2] are
studied by DFT approach and their absorption spectra are inter-
preted with the time-dependent DFT method. We explain a high
intensity of the incident light absorption in the long-wavelength
band of the dye and predict its polarization. Analysis of the tran-
sition dipole moment vector and HOMOeLUMO orbital nature
allow us to understand the reason of the high incident photon-to-
collected electron conversion efficiency and the driving force of
electron injection to the semiconductor. The better performance of
the C219 dye is explained by the longer bridge between the donor
(D) and acceptor (A) moieties. The HOMO and LUMO being
orthogonal orbitals, are mainly localized at the D and A parts; they
do not overlap, but still have large contributions at the common
atoms of the linker. This provides large transition dipole moment
highly oriented on the long molecular axis and strong virtual
dipoleedipole (dispersion) interaction between molecule and the
semiconductor surface. Thus the length of the linker in the C219
dye correlates with electron injection rate andwith efficiency of the
dyeeelectrolyte interaction, which depends on HOMO delocaliza-
tion through the bridge.

For the ground state equilibrium geometry we also analyze the
electron density distribution function by the Bader method
(QTAIM). In this way we explain the planarity of the studied dyes
accounting the stabilizing intramolecular hydrogen bonds and Van
der Waals interactions based on the characters of the Laplacian of
the electron density in the critical points and the CremereKraka
energy density.
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