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Abstract The ground-state geometries, electronic struc-

tures, and electronic absorption spectra of symmetrical

squaraine dyes SQ1–SQ4 were investigated using density

functional theory and time-dependent DFT at the B3LYP

level. The calculated geometries indicate that strong con-

jugation effects occur in the dyes. The highest occupied

molecular orbital energy levels were calculated to be

-4.95, -5.22, -5.09, and -5.06 eV, and the lowest

unoccupied molecular orbital energies were -2.72, -3.05,

-2.80, and -2.80 eV for SQ1–SQ4, respectively. Taking

the conduction band energy of TiO2 into account, these

data reveal the sensitized mechanism: the interfacial elec-

tron transfer between the semiconductor TiO2 electrode

and the dye sensitizers SQ1–SQ4 are electron-injection

processes from excited dyes to the semiconductor con-

duction band. The intense calculated absorption bands

are assigned to p ? p* transitions, which exhibit appre-

ciable blue-shift compared with the experimental

absorption maxima due to the inherent approximations in

the TD-DFT.
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Introduction

Increasingly serious energy-demanding and environment-

related new energy systems based on renewable sources are

attracting increasing attention. Over recent years, significant

emphasis has been put on the development and under-

standing of light-driven charge separation in molecular

systems as methods of converting and storing solar energy.

Dye-sensitized solar cells (DSSCs) have attracted wide-

spread interest for conversion of sunlight into electricity,

because of their high efficiency and low cost [1–5]. The most

efficient sensitizers employed in these cells are ruthenium

polypyridyl complexes, yielding solar-to-electric power

conversion efficiencies up to 10–11% under AM 1.5 [4].

However, the ruthenium complexes are unable to make full

use of the solar spectrum because of their lack of absorption

in the far-red/near-IR region. Therefore, great effort should

be made to develop dye sensitizers with extended absorption

and spectral sensitivity into the far-red/near-IR region.

Squaraines are well-known for their extremely high

extinction coefficients, inherent stability, and intense

absorption in the far-red/near-IR region, which make them

attractive for solar cell applications. The ability of squa-

raines to act as sensitizers for large-bandgap oxide

semiconductors has been investigated by several groups

[6–12]. Initial tests showed that commercial squaraines

were capable of electron injection into TiO2, but IPCE

values of only 4–10% were obtained because of the lack of

any anchoring groups in these molecules. Recently, sym-

metrical anilino-squaraines (SQ1–SQ4) containing short

carboxyl anchoring groups were designed and synthesized,

yielding a maximum monochromatic incident photon-to-

current conversion efficiency of 73% at 670 nm [8].

An accepted model for DSSC is as follows: a sensitizing

dye molecule absorbs visible or near infrared light and
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injects an electron into the semiconductor from its excited

state(s) [13]. When the electron is transferred to the TiO2

solid, it proceeds through the semiconductor to an external

circuit. Subsequently, the oxidized sensitizer receives an

electron from an electron donor, such as iodide ion, present

in the electrolyte. Therefore, the performance of DSSC

strongly depends upon the following factors:

1 the absorption efficiency of the sensitizing dye for the

solar light spectrum;

2 the probability of electron transfer from the excited

state of the sensitizing dye to TiO2 (efficiency of the

charge separation); and

3 the probability of electron transfer from the electron

donor to the oxidized dye [3].

All these factors are closely associated with the structure

of the ground and excited electronic states of the sensitiz-

ing dye. From this point of view, it is imperative to

investigate the electronic structures of both ground and

excited states of the sensitizing dye molecule to understand

the mechanisms of charge separation and electron transfer,

which are the key processes in this type of solar cell. In

order to design and synthesize more efficient sensitizing

dyes, it is also necessary to understand the electronic

structures of the existing efficient sensitizing dyes.

Density functional theory (DFT) has emerged as a reli-

able standard tool for theoretical treatment of structures

and electronic and absorption spectra. Its time-dependent

extension called time-dependent DFT (TD-DFT) can give

reliable values for valence excitation energies with the

standard exchange–correlation functionals. The computa-

tional cost of TD-DFT calculation is comparable with that

of a Hartree–Fock (HF)-based single excitation theory, for

example configuration interaction singles (CIS) or the

time-dependent HF (TD-HF) method, and maintains uni-

form accuracy for open-shell and closed-shell systems. In

recent years, TD-DFT has been extensively used to study

the structures and absorption spectra of dye sensitizers for

DSSCs [4, 14–23]. In order to understand the sensitized

mechanism, the geometries and electronic structures of the

dye sensitizers SQ1–SQ4 were studied in detail using DFT,

and the electronic absorption spectra were investigated by

use of TD-DFT calculations in this work.

Results and discussion

Geometric structures

The anilino-squaraine dyes SQ1–SQ4 contain an electron-

withdrawing central four-membered squaric ring, two

electron-donating alkyls, and two short carboxyl anchoring

groups in the form of donor–acceptor–donor (DAD). The

optimized ground-state geometries of the squaraine dyes

SQ1–SQ4 are shown in Fig. 1, and selected bond lengths,

bond angles, and dihedral angles are listed in Table 1. All

the CC lengths in the squaric and the two phenyl rings are

between the distance of a C–C single bond and a C=C

double bond, implying there is extensive delocalization

throughout the molecule. The phenyls serve as two con-

jugation bridges connecting the DAD system. The

delocalization in the conjugation paths is beneficial to

intramolecular charge transfer and to the stability of the

molecule. The C=O bonds in the squaric rings of SQ2 and

SQ4 are slightly shorter than those of SQ1 and SQ3,

because the electron-donating ability of the long alkyl

group (–C4H9) is stronger than that of the short alkyl group

(–CH3). All C–N bonds of SQ2 and SQ4 are longer than

those of SQ1 and SQ3, and the dihedral angles C6–C1–

N7–C8 of SQ2 and SQ4 are larger, which can be attributed

to the greater steric hindrance of the long alkyl group.

Moreover, the C6–C1–N7–C8 angle of SQ2 is much larger

than those of SQ1, SQ3, and SQ4, indicating that the ani-

lino groups of SQ2 are significantly distorted because of

the largest steric hindrance from its long alkyl and carboxyl

groups.

Electronic structures

Natural population analysis was used to characterize

intramolecular charge transfer. The dipole moments for

SQ1–SQ4 are 1.019, 2.987, 0.169, and 0.404, respectively,

which are much lower than the those of the indolines,

because of the symmetrical structures of the squaraines

present [23]. Table 2 lists the values of the quadrupole

moments for SQ1–SQ4, where the average of the diagonal

quadrupole moment tensor elements Qii and the unique

quadrupole moment Q are defined as follows:

Qii ¼ ðQXX þ QYY þ QZZÞ=3

Q ¼ QXX � QYY :

All the diagonal elements of the quadrupole moment

tensors for SQ1–SQ4 are negative, indicating that the nega-

tive charge distribution is farther removed from the molecular

center of the nuclear charges. The off-diagonal tensor ele-

ments Qij vanish whenever the molecule has a plane of

symmetry perpendicular to either of the coordinates i or j. As

the squaraines were placed along the x-axis with C1 at the

origin, the off-diagonal elements Qxy and Qyz of the squa-

raines vanish because of the C1-y-axis, as shown in Fig. 1.

The natural charges of the alkyl, aminocarboxyl, phenyl,

and squaric groups in SQ1–SQ4 are summarized in

Table 3. It is found that the alkyl and phenyl groups are

electron-donor units whereas the aminocarboxyl and

squaric groups are electron-acceptor units. The amino-

carboxyl groups in SQ3 and SQ4 are more negative than
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those in SQ1 and SQ2, because of the stronger electron-

withdrawing ability of short carboxyl group (–CH2COOH)

than long carboxyl group (–(CH2)3COOH). The negative

charge of the squaric ring in SQ2 is much lower than that of

SQ1, SQ3, and SQ4, indicating the weaker electron-with-

drawing ability of the squaraine core in SQ2.

The frontier molecular orbital (MO) energies of the

squaraine dyes SQ1–SQ4 are given in Fig. 2. For SQ1, the

highest occupied MO (HOMO), lying at -4.95 eV, is

delocalized throughout the dye, whereas the HOMO-1,

1.09 eV below the HOMO, is entirely localized within

the squaraine core, both orbitals belonging to the dye p

Fig. 1 Optimized ground-state

geometries of the squaraine

dyes SQ1–SQ4
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framework (Fig. 3). The lowest unoccupied MO (LUMO),

2.23 eV above the HOMO, is a p* orbital delocalized

throughout the dye, whereas the LUMO?1, 2.47 eV above

the LUMO, is localized within the squaric and phenyl

rings. For SQ2, the HOMO, lying at -5.22 eV, is delo-

calized throughout the dye. The HOMO-1, 0.87 eV below

the HOMO, is also a p orbital delocalized throughout the

dye whereas the HOMO-2, 0.98 eV below the HOMO, is

a p orbital mainly localized within the squaraine core. The

LUMO, 2.18 eV above the HOMO, is a p* orbital delo-

calized throughout the dye and the LUMO?1, 2.53 eV

above the LUMO, is localized throughout the dye. For

SQ3, the HOMO, lying at -5.09 eV, is delocalized

throughout the dye whereas the HOMO-1, 1.00 eV below

the HOMO, is entirely localized in the squaraine core. The

LUMO, 2.29 eV above the HOMO, is a p* orbital delo-

calized throughout the dye, whereas the LUMO?1,

2.45 eV above the LUMO, is localized within the squaric

and phenyl rings, with sizable contributions arising from

the carboxylic group. For SQ4, the HOMO is lying at

-5.06 eV and the LUMO is lying at -2.80 eV. The

LUMO?1 consists of sizable contributions arising from the

Table 1 Selected bond lengths (Å), bond angles (�), and dihedral angles (�) of the squaraine dyes SQ1–SQ4

SQ1 SQ2 SQ3 SQ4

C1–C2 1.4289 C1–C2 1.4208 C1–C2 1.4259 C1–C2 1.4276

C2–C3 1.3776 C2–C3 1.3795 C2–C3 1.3780 C2–C3 1.3782

C4–C15 1.4101 C4–C18 1.4134 C4–C13 1.4108 C4–C16 1.4107

C15–C16 1.4703 C18–C19 1.4730 C13–C14 1.4726 C16–C17 1.4728

C16–O34 1.2372 C19–O40 1.2350 C14–O30 1.2365 C17–O36 1.2364

C1–N7 1.3673 C1–N7 1.3981 C1–N7 1.3699 C1–N7 1.3730

N7–C8 1.4670 N7–C8 1.4709 N7–C8 1.4496 N7–C8 1.4499

N7–C14 1.4623 N7–C14 1.4843 N7–C12 1.4623 N7–C12 1.4805

O34–C16–C15 135.2 O40–C19–C18 135.3 O30–C14–C13 135.2 O36–C17–C16 135.2

C16–C15–C18 90.3 C19–C18–C21 90.5 C14–C13–C16 90.4 C17–C16–C19 90.4

C15–C4–C5 121.3 C18–C4–C5 120.9 C13–C4–C5 121.2 C16–C4–C5 121.4

C6–C1–N7 122.6 C6–C1–N7 122.2 C6–C1–N7 121.7 C6–C1–N7 121.5

C6–C1–N7–C8 –4.9 C6–C1–N7–C8 23.1 C6–C1–N7–C8 1.6 C6–C1–N7–C8 8.0

C6–C1–N7–C14 178.8 C6–C1–N7–C14 –119.9 C6–C1–N7–C12 172.0 C6–C1–N7–C12 179.3

C5–C4–C15–C16 0.2 C5–C4–C18–C19 0.3 C5–C4–C13–C14 0.1 C5–C4–C16–C17 0.8

Table 2 Quadrupole moments of the squaraine dyes SQ1–SQ4

Dyes QXX QYY QZZ QXY QXZ QYZ Qii Q

SQ1 -74.510 -203.979 -128.264 -45.093 93.509 -11.128 -135.584 129.469

SQ2 -140.743 -248.693 -204.661 -37.738 63.174 -15.389 -198.032 107.950

SQ3 -46.481 -156.747 -191.519 -4.300 44.836 -4.557 -131.582 110.266

SQ4 -69.061 -194.149 -219.289 13.114 67.372 7.953 -160.833 125.088

Table 3 Natural charges (e) of different groups in the squaraine dyes

SQ1-SQ4

Dyes Alkyl Aminocarboxyl Phenyl Squaric

SQ1 0.215 -0.254 0.362 -0.694

SQ2 0.192 -0.297 0.384 -0.552

SQ3 0.221 -0.290 0.384 -0.632

SQ4 0.257 -0.320 0.377 -0.633
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Fig. 2 Frontier molecular orbital energies of the squaraine dyes

SQ1–SQ4
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carboxylic group, similar to that of SQ3. The better pho-

toelectric conversion properties of SQ3 and SQ4 than SQ1

and SQ2 could be attributed to the charge flow from the

squaraine core to the anchoring groups from the HOMO–

LUMO?1 excitation.

The HOMO–LUMO gap of SQ1–SQ4 is 2.23, 2.18,

2.29, 2.26 eV, respectively. The calculated HOMO and

LUMO energies of the bare Ti38O76 cluster as a model for

nanocrystallinity 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 TD-DFT, and

this value is slightly smaller than the typical band gap of

nm sized TiO2 nanoparticles [4]. Furthermore, the HOMO,

LUMO, and HOMO–LUMO gap of the (TiO2)60 cluster are

-7.52, -2.97, and 4.55 eV (B3LYP/VDZ), respectively

[24]. Usually an energy gap more than 0.2 eV between the

LUMO of the dye and the conduction band of the TiO2 is

necessary for effective electron injection [25]. Taking into

account of the cluster size effects and the calculated

HOMO, LUMO, and HOMO–LUMO gap for the dyes

SQ1–SQ4, and Ti38O76, and (TiO2)60 clusters, it can be

found that the HOMO energies of these dyes fall within the

TiO2 gap. The above data also reveal the sensitized

mechanism: interfacial electron transfer between semi-

conductor TiO2 electrode and the dye sensitizers SQ1–SQ4

are electron-injection processes from excited dyes to the

semiconductor conduction band. This is a kind of typical

interfacial electron-transfer reaction [26]. Relatively large

energy gaps between the LUMO energies of these dyes and

the semiconductor conduction band would be beneficial to

the photoelectric conversion properties.

Absorption spectra

The UV–vis spectra of the squaraine dyes SQ1–SQ4 were

measured in DMSO solution, and have sharp and intense

absorption bands with maxima of 651.5, 655.5, 643.0, and

647.5 nm, respectively. In order to understand electronic

transitions of SQ1–SQ4, TD-DFT calculations on absorp-

tion spectra in DMSO were performed, and the 30 lowest

spin-allowed singlet–singlet transitions were taken into

account.

The vertical excitation energy and oscillator strength

along with the main excitation configuration are listed in

Fig. 3 Isodensity plots (isodensity contour = 0.02 a.u.) of the frontier orbitals of the squaraine dyes SQ1–SQ4
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Table 4. The simulated absorption spectra are shown in

Fig. 4. It was found that the calculated line shape and

relative strength agree well with experimental results.

Major electronic absorption bands are assigned to those

excitations with significant oscillator strengths. The first

optically allowed electronic transitions of SQ1–SQ4

obtained using a 6-31g(d) basis set are predicted to popu-

late the HOMO ? LUMO transitions at 568.2, 592.2,

565.6, and 570.1 nm, respectively, which have appreciable

blue-shifts compared with the experimental absorption

maxima. The absorption spectrum of SQ1 was also simu-

lated with a larger 6-31g?(d) basis set; it has an absorption

maximum at 561.8 nm and is not significantly different

from the results using the 6-31g(d) basis set. Blue-shifted

theoretical values are also found for the other squaraine

dyes [11, 27, 28], which can be attributed to the inherent

approximations in the TD-DFT [29]. The experimental

absorption maximum blue-shift of SQ3 and SQ4 with

respect to that of SQ1 and SQ2, because the electron-

withdrawing ability of the short carboxyl group (–CH2–

COOH) is stronger than the long carboxyl group (–(CH2)3–

COOH), is well reproduced in our calculation. Therefore, it

could be concluded that the TD-DFT calculations are

capable of describing the spectral features because of the

qualitative agreement of line shape and relative strength

with experimental results, although a discrepancy in

absorption wavelength exists.

Conclusion

In this paper, the ground-state geometries and electronic

structures of symmetrical squaraine dyes SQ1–SQ4 in

DMSO were investigated by means of DFT calculations

with hybrid functional B3LYP, and the UV–visible spectra

were studied by TD-DFT methods. The calculated

geometric data indicate that strong conjugation effects

occur in the dyes SQ1–SQ4, which is beneficial to intra-

molecular charge transfer. The HOMO energy levels are

calculated to be -4.95, -5.22, -5.09, and -5.06 eV, and

the LUMOs are -2.72, -3.05, -2.80, and -2.80 eV for

SQ1–SQ4, respectively, indicating that electron transfer

from the excited dyes to the TiO2 conduction band is

available. The first optically allowed electronic transitions

of SQ1–SQ4 are predicted to populate the HOMO ?
LUMO transition at 568.2, 592.2, 565.6, and 570.1 nm,

respectively, blue-shifted compared with the experimental

absorption maxima because of the inherent approximations

in the TD-DFT.

Computational method

All calculations were performed with the Gaussian 03

software package [30]. The ground-state geometries were

fully optimized without any symmetry constraints at the

DFT level of theory with Becke’s [31] three-parameter

hybrid functional and Lee et al.’s [32] correlational func-

tional B3LYP using a standard 6-31g(d) basis set for all

atoms. A full NBO analysis was obtained by using the

POP = NBO keyword. The excitation energies and oscil-

lator strengths for the lowest 30 singlet–singlet transitions

at the optimized geometry in the ground state were

obtained in TD-DFT calculations using the same basis set

as for the ground state. By using the calculated results, the

UV–visible absorption spectra were simulated by a

Gaussian convolution with the full width at half-maximum
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Fig. 4 Simulated absorption spectra of the squaraine dyes SQ1–SQ4

Table 4 Computed excitation energies, electronic transition config-

urations, and oscillator strengths (f) for optical transitions with

f [ 0.01 of the absorption bands in the visible and near-UV regions

for the squaraine dyes in DMSO

Dye Configuration Excitation

energy (eV/nm)

f

SQ1 H ? L (?72%) 2.18/568.2 1.957

H-3 ? L (?89%) 3.57/347.2 0.193

H ? L ? 1 (?84%) 4.22/293.5 0.030

SQ2 H ? L (?74%) 2.09/592.2 1.942

H-3 ? L (?51%);

H-4 ? L (?39%)

3.19/388.5 0.021

H-6 ? L (?88%) 3.55/349.1 0.015

SQ3 H ? L (?73%) 2.19/565.6 1.852

H-3 ? L (?89%) 3.52/352.0 0.177

H ? L ? 1 (?86%) 4.25/292.0 0.034

SQ4 H ? L (?73%) 2.17/570.1 1.951

H-3 ? L (?89%) 3.51/353.6 0.170

H ? L ? 1 (?86%) 4.20/295.3 0.033
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of 0.4 eV (3,200 cm-1) [4]. Solvation effects were intro-

duced by the SCRF method, via the conductor polarizable

continuum model (CPCM) [33, 34] implemented in the

Gaussian software, for both geometry optimizations and

TD-DFT calculations.
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Angelis FD, Grätzel M, Nazeeruddin MK (2007) J Am Chem Soc

129:10320

12. Yum J-H, Moon SJ, Humphry-Baker R, Walter P, Geiger T,
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