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a b s t r a c t

To examine the strengths and limitations of the time-dependent density functional theory in calculating
the absorption wavelengths of dye, 130, non-radical, radical and biradical coloured organic compounds,
including perylenimide, porphyrin, azobenzene, quinone, croconaine, squaraine and push–pull-type
colorants, were randomly selected. The first intense electronic transitions were satisfactorily calculated
using time-dependent density functional theory. Whilst polymethine dyes behaved exceptionally, the
calculated transition energies for cyanines, oxonols and various related dyes were systematically too
large. Broken-symmetry unrestricted density functional calculations revealed the biradical character of
several quinoid compounds derived from p-quinodimethane as well as that of some non-Kekulé-type
structures.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Current dye applications extend far beyond their use for the
coloration of bulk materials. As functional dyes they are utilised as
optical switches, light emitting diodes, photovoltaic devices, dye
lasers and are applied in reprographics, photodynamic therapy and
in many other fields of application [1,2]. These functional dyes
enrich the many well-studied conventional and natural dyes. But
independent of their occurrence or application all the dyes have
one property in common: They display light absorption in the long-
wavelength region of the electromagnetic spectrum. The field of
application was broadened by compounds absorbing light beyond
the visible region which are called near infrared absorbing dyes
(NIR-dyes) [3,4]. NIR functional dyes have attracted increasing
interest in recent years.

Numerical calculations of spectral data of dyes were first per-
formed at the semi-empirical level of theory. Theoretical models in
p-approximation found early wide application in dye chemistry
[5,6]. As shown by Griffiths the Pariser-Parr-Pople (PPP) method is
well suited for excited state calculations of different classes of dyes
[7,8]. If calculations are done by few well-defined parameters the
.de
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calculated transition energies may be competitive with those at
a higher level of theory [9]. Nishimoto derived a modified equation
for the calculation of two-centre repulsion integrals needed for PPP
calculations [10]. This improved PPP approach allows the calcula-
tion of accurate absorption wavelengths of dyes in vinylogous and
homologous series, for examples of cyanines [11]. Severe short-
comings of the PPP method, however, are the restriction to planar
or nearly planar chromophores.

This limitation was removed by all-valence-electron methods
[12]. Recent extensive studies on different dyes revealed that NDDO
(neglect of nonbonded differential overlap) based calculations such
as AM1 (Austin model 1), PM3 (parameterized model 3, PM5 etc.)
including singly excited configurations (CIS) or calculations using
the RPA (random phase approximation) are superior to calculations
based on the semi-empirical CNDO and INDO Hamiltonian, such as
CNDO (complete neglect of differential overlap)-CIS and INDO
(intermediate neglect of differential overlap)-CIS methods [13-15].
A benchmark set of basic dyes used in a comparative study at the
CNDO-CIS and INDO-CIS level was defined [16] to test the perfor-
mance at this level and at higher levels of theory [14,17]. This test
series consists of representative classical dyes of the indigo, azo-
benzene, anthraquinone, naphthoquinone, triphenylmethine and
hydrazone structure. NDDO-based methods work well despite of
the fact that the parameters were originally defined for ground state
calculations. In this manner useful calculations at semi-empirical
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levels can be performed with very low computational expenditure.
These methods are therefore generally suited in search of ‘‘tailored
dyes’’ calculating properties of dyes over large series of compounds
before more expensive higher-level methods are done.

In contrast to the above-mentioned semi-empirical methods
time-dependent density functional theory (TDDFT) is a first-prin-
ciples method without any empirical spectroscopic parameters
[18]. It has successfully filled the gap between semi-empirical and
ab initio methods in recent years. TDDFT methods are computa-
tionally more expensive than semi-empirical methods but allow
easily studies of dye molecules of medium size. Full TDDFT calcu-
lations become more time-consuming with dyes of more than 100
atoms of second row elements. The approximate TDDFTB method,
however, also allows the calculation of large chromophores [19].
TDDFT studies are not restricted to dyes in their singlet excited
states. Moreover, this method allows one to study more complex
photophysical processes following spectral excitation, such as
deactivation processes [20]. Guillamount and Nakamura early
tested the performance of TDDFT [17] with the above mentioned
test series of semi-empirical calculations [16]. Except for triphe-
nylmethine dyes experimental absorption wavelengths of low-
energy electronic transitions were well reproduced.

The parent compounds of dyes in Scheme 1 stand for classes of
dyes intensely investigated recently by TDDFT. Porphin (A) and
porphyrin dyes belong to the natural dyes early studied by Sund-
holm [21] and Grimme [22]. Extensive studies were done on
various classical dyes of industrial interest. Jaquemin et al. reported
results of TDDFT calculations of conventional dyes with a series of
publications. They studied indigo (B) [23], thioindigo (C) [24],
naphthoquinone (D) [25] and anthraquinone (E) [26] and a large
number of their derivatives. Taking solvation effects into account
the calculations resulted in remarkably accurate transition ener-
gies. The numerical data within series of related compounds were
additionally improved by least square fits adjusting theoretical to
experimental data. The mesoionic croconaines F and squaraines G
(R]aryl, heteroaryl) are functional dyes that absorb either in the
visible or in the near infrared region of the spectrum. These dyes
were also broadly studied by TDDFT [27]. The calculated excitation
energies, however, were in less good agreement with the experi-
mentally determined values.

Disappointing results were reported with first calculations of
polymethine dyes [9,28]. Unexpectedly the TDDFT failed to repro-
duce the spectral data of the intense long wavelength absorption of
streptopolymethine cyanines. The transition energies of these most
simple polymethine dyes absorbing in the NUV, Vis or NIR region
were grossly overestimated. The calculated absorption wavelengths
are therefore much too low. The same problem was encountered
with some heterocylic cyanines [29] and with triphenylmethine
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Scheme 1. Natural, classic and functional dyes extensively studied by TDDFT.
dyes [17]. Apart from cyanine-type dyes erroneous results were
noticed for anionic oxonol-type polymethine dyes [9], and for
colored hydrazones [14] and polyacenes [30].

The practical users of quantum chemical methods are interested
to know the range of applicability of TDDFT in calculating dyes. An
extensive comparison of calculated and measured observables will
increase the confidence in the method. The aim of this study is to
unveil strengths and limitation of TDDFT in calculating different
types of colored compounds. No attempts have been made,
however, to reproduce spectral data as accurately as possible but
rather to detect stronger deviations between theory and experi-
ment. In addition to some conventional dyes the study includes
colored compounds of non-Kekulé, mesoionic and biradicaloid
character and compounds twisted about double bonds. In contrast
to former studies recently carried out on classical dyes the series of
dyes is heterogeneous.

2. Computational

To calculate ground state geometries and excitation energies the
Kohn–Sham density functional theory (DFT) and time-dependent
DFT (TDDFT) were employed, respectively [18]. Calculating the
frequency dependence of a time-dependent electrical field
perturbation excitation energies and transition probabilities are
obtained without calculating the excited states themselves. The
performance of TDDFT depends on the approximate exchange and
correlation functional (xc-functional) and the basis set.

Numerous functionals have been proposed for DFT calculations.
The well-known and broadly used Becke3–Lee–Yang–Parr hybrid
functional (B3LYP) was favored in this study over the parameter-
free Perdew–Burke–Enzerhof hybrid functional (abbreviated as PB0
or PBE1PBE). The PB0-functional was recommended by Jaquemin
et al. in studies of classical dyes. In critical cases, however, both
functionals were used in this study.

The most frequently employed Pople-type Gaussian-type basis
sets in DFT calculation is the valence double-x basis set 6-31þG*.
Smaller basis sets are generally less suited. To achieve convergence
in the calculated p / p* transition energies more extended basis
sets were used by Jacquemin et al. The standard basis set 6-31þG*
was generally employed in the calculation of the optimum geom-
etry and the spectral excitation and more extended basis sets only if
the results were unsatisfactory. Since the aim of this study was not
to accurately reproduce numerical values but rather to screen
a large number of different chromophoric compounds the simpli-
fied theoretical model appears adequate. Solvent effects were dis-
regarded although the calculation may improve the transition
energy of dyes calculated at too short wavelengths. However, the
solvents used in the spectroscopic studies of the selected dyes vary
greatly. As far as possible, spectral data were selected in less polar
solvents. According to former studies the mean absolute error
(MAE) of the calculated TDDFT excitation energies without
consideration of the solvent effect amounts to about 0.21 eV [9,17].

DFT calculations were generally carried out with the spin-
restricted RDFT approach for closed shell and with the spin-unre-
stricted UDFT approach for open shell compounds. Mixing of the
HOMO and the LUMO in the initial approximation may destroy the
a/ß-spatial symmetry resulting in spin-broken symmetry (BS)
solutions. The expectation value <S2> of the S2 spin operator
calculated by BS-UDFT serves as a diagnostic parameter [31]. This
value is generally zero or very low, e.g. for long chain polymethines.
If appreciably larger than 0 the biradicaloid character of the dye is
indicated. For <S2> values of about 1 the singlet and triplet states
are close in energy. In this case typical spectra of triplet species are
recorded [32]. Michl introduced the term biradicaloid for
compounds with approximately degenerate non-bonding
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molecular orbitals that are occupied by two electrons [33]. Due to
the low HOMO–LUMO gap NIR dyes are potentially biradicaloid. In
this case doubly excited configurations in addition to the singly
excited configurations are at least required for the proper
description of the biradical species. However, TD-DFT is essentially
a single-configurational approach. Therefore a strong biradical
character of dyes may result in poor excitation energies.

The routinely calculated electronic transitions are vertical
transitions. They approximately correspond to experimental band
maxima in low-resolution electronic spectra. Since the absorption
range over a large wavelength region in going from the visible to
the near infrared, the spectral data and errors are preferably given
in eV. In critical cases the bulk solvation effect was considered by
the well-known polarizable continuum model (PCM).

For comparison spectral data were also calculated by the
semi-empirical PPP (Pariser–Parr–Pople) and by Zerneŕs spec-
troscopy oriented INDO-CIS (ZINDO/S, Intermediate Neglect of
Differential Overlap) [12] taking into accounts up to 225
configurations and all singly excited configurations, respectively.
The geometry of the semi-empirical calculations is the same as
Fig. 1. Spectral data of natural, conventional and functional dyes: calculated and experim
experimental lge values in parentheses) and calculated excitation energies and deviations b
f-values (in parentheses) of semi-empirical calculations are added [4,6,9,43,47,89–106].
in TDDFT calculations. PPP calculations were only performed for
compounds with strictly planar conjugated systems. TDDFT and
INDO-CIS calculations were carried out by the GAUSSIAN03 suit
of programs [34] and PPP calculations by the WFPPP program,
Version 2009,01 [35]. CIS and SAC-CI (symmetry adapted cluster)
calculations [36] were preformed by GAUSSIAN03 [34] and
TDDFT/TDA (Tamm–Dancoff approximation) and SORCI (spec-
troscopy oriented configuration interaction) calculations [37] by
the ORCA program package [38].

3. Results

To extend knowledge concerning the scope and limation of
TDDFT 130 chromophoric compounds were randomly selected and
calculated. The performance of TDDFT in calculating transition
energies varies considerably. Classical and functional dyes are dis-
cussed first. Less common colored compounds of multiple charge
and higher multiplicity are finally considered. The results of the
calculations were collected in the Figs. 1–3. The lowest-energy
transitions are only listed. The are intense in most cases.
ental absorption wavelengths in nanometers (theoretical oscillator strengths f and
etween theory and experiment in eV (TDDFT)a. For comparison transition energies and
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3.1. Conventional chromophoric compounds

The dyes 1–42 involve representatives of polyene, acene, rylene,
perylene, quinone, porpyrin, indigo and azo dyes (Fig. 1). These
dyes are either mostly natural dyes occurring in plants, classic
synthetic dyes used for coloration or functional dyes studied for
innovative applications. The mean absolute error (MAE) of the
calculated TDDFT transition energies with respect to the experi-
mental energies amounts to 0.14 eV. An error of this order of
magnitude was expected in view of the simplified theoretical
model and the neglect of the solvent effect [23–26].

Whereas the calculated excitation energies are frequently larger
than the experimental ones u,u0-diphenylpentaene (1) behaves
different. In this case the calculated excitation energy is too low by
0.34 eV. Since the B3LYP functional overestimates the electron
delocalization [39], the real bond length alternation (BLA) has to be
considered. This was approximately done by TDDFT calculations
using the BH and HLYP functional with a stronger amount of Har-
tree–Fock exchange and by ab initio HF calculations. The error is
reduced to 0.19 eV and 0.03 eV, respectively. The same problem
encountered with other polyenic structures [40]. However, in
general the B3LYP functional is useful.

The first transition of the red pentacene (2) is well reproduced in
this study. Satisfactory TDDFT results were obtained for oligoacenes
[41] but a more close examination of the lowest-energy transitions
revealed shortcomings [30]. Acenes and rylenes display absorp-
tions up to the NIR [5]. Rylene (3) was accurately calculated. Non-
alternant hydrocarbons, such as 4–6, exhibit long wavelength
absorptions. Examining the blue azulene (4) Michl and Thulstrup
revealed the origin of its deep color [42]. The extremely low
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transition energy of 6 corresponds to a weak absorption recorded in
the NIR (1630 nm). TDDFT was also well suited to calculate rylene
derivatives, such as 1,8-naphthalimide dyes, which are particularly
stable functional dyes, e.g. 7 and 8. The deeply colored 9 may be
considered as a derivative of naphthalimide [43]. A series of 39 dyes
of this structure have been recently investigated by TDDFT [44].

The compounds 10–15 are amino-substituted anthraquinone,
naphthoquinone and benzoquinone dyes. The naphthoquinone 10
was one of the early prepared NIR absorbing quinone dyes. The
lowest-energy transition of 2,5-diaminoquinone (13) is dipole
forbidden. This is no longer the case for the related more extended
compound 14. Jacquemin et al. investigated a large number of
substituted naphthoquinone [25] and anthraquinone dyes [26].
Anthraquinone dihydroxy derivatives were recenly studied in
detail [45]. The spectral data of these compounds were well
reproduced with extended basis sets and consideration of the
solvent effects. The colored compounds 16–21 are also of quinoid
structure. Compound 17 is sterically crowded. The structures 18, 20
and 21 may be considered as derivatives of para-quinodimethane.
The synthetic compound contains eight tert-butyl groups. These
groups were replaced by hydrogens in the calculation. The calcu-
lated transition energies agree well with the experimental values.
The violet compound 19 is called Chichibabin’s hydrocarbon. The
detection of paramagnetic species suggested a biradicaloid
compound [46]. The unusual experimental behavior of this
hydrocarbon was attributed to the presence of a thermally acces-
sible higher energy paramagnetic state, separated by 2–3 kcal/mol
from the diamagnetic singlet ground state. According to BS-UDFT
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calculations the compounds is singlet/triplet unstable with an
expectation values <S2> of 0.50 (single point calculation using the
basis set 6-31þG*). Without consideration of doubly excited
configurations the transition energy is overestimated by 0.27 eV.
The compounds 20 and 21 [47] are also biradicaloid (<S2>-values
of 0.35 and 0.30, respectively). In good agreement with the
experiment these compounds absorb at longer wavelengths than
19. The greenish-blue 21 is known to exist mainly in the singlet
ground state and is paramagnetic in solution to 0.1% [47,48].

The lowest-energy transitions of the four deeply colored
acceptor-substituted quaterthiophenes 22–25 are very well repro-
duced (cf. Fig. 1). The wavefunctions of the quinoid oligomers 22
and 25 are again biradicaloid. Single point BS-UDFT calculations of
22 and 23 provided <S2>-values of 0.39 and 0.26, respectively. The
formulas of these compounds of Fig. 1 do not visualize the bir-
adicalic nature of the compounds. Interestingly, the solution of
a substituted 22 is discolored to a faint gray [49]. No noticeable
absorptions were actually found in the visible region. In good
agreement with this result the TDDFT calculation 22 exhibits only
very weak transitions in the visible region (f< 0.05). Higher
homologs of 22 display equilibria between the quinoid singlet
ground state molecules and ESR active species. A theoretical study
of long chain quinoid oligothiopenes end-capped with dicyano-
ethylene reveiled a rapid increase of the biradicaloid character and
energetic stabilization of the spin-contaminated open-shell struc-
ture relative to the closed shell singlet structure [50].



Fig. 2. Spectral data of polymethine dyes. See heading and footnotes of Fig. 1 [4,6,55,58,94,97,105,107–118].
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Porphin and porphyrinoids are exemplified with 26–30. The
deeply red free-base porphin is the most simple representative of
this series. The weak low-energy Qx and Qy transitions of porphin
(averaged excitation energies denoted as Q in Fig. 1) and the intense
Bx and By (averaged as far as resolved, denoted as B) are reasonably
well calculated by TDDFT. A good agreement was also found in
previous studies [21,22]. In contrast to porphin and related
compounds and in disagreement with the theory the long-wave-
length absorption of the puckered cylo[8]pyrrol 29 is intense (cf.
Fig. 1). Such cases are rare und not yet understood. The dication of
the tetrathiaporphyrin 30 is a bowle-shaped molecule giving rise to
a deep green color in solution.

Spectral data of indigo and thioindigo dyes are well reproduced
by TDDFT [23,24]. The dyes 31 and 33–38 are closely related to
indigo (32) and 37 and 38 to thioindigo (36). The deviations of the
calculated from the experimental values are small. The color band
of the vinylogous indigo 33 is correctly calculated to be blue-shifted
relative to indigo 31. In contrast, substitution of the carbonyl groups
of indigo by cyanoimino groups to 35 brings about a marked
red-shift. The experimental transition energies of isomeric pyr-
enoindigo dyes 37 and 38 are also well reproduced. In contrast to
the cis-isomer the trans-isomer absorbs in the infrared. The dyes
39-40 are mono azo dyes absorbing in the visible region whereas
the bisazo dye 41 absorbs in the NIR [51]. Theory and experiment
differ by only 0.07 eV on average. Satisfactory results were also
reported for a large number of azo dyes [52]. Although the devia-
tions of the compounds 28, 29, 31 and 35, are nearly 0.3 ev, the
mean absolute deviation of the compounds 1–41 amounts to only
0.15 eV. A poor result was, however, obtained for the cationic azo
dye 42D. But this compound is not an intrinsic azo dye but rather
a diaza-substituted cyanine dye. Cyanine dyes are considered in the
following section.

3.2. Problematic cases: polymethine dyes

In sharp contrast to the above reported results spectral data of
polymethine dyes are very poorly predicted by TDDFT. These dyes
exhibit a strong systematic error. TDDFT calculations of the cationic
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cyanine dyes 43D–56D provide considerably too low excitation
energies (Fig. 2). The bad performance of the method was first
realized with the most simple cationic chain compounds known as
streptopolymethine cyanines [9,28]. TDDFT calculations of parent
cyanines studied experimentally up to the tridecamethine were
performed by different theoretical models varying both the func-
tionals and basis sets (Table 1). The effect of the theoretical model
was very small. The calculated absorption wavelengths are severely
underestimated in all cases. The calculated TDDFT transition
energies are about 0.5–0.8 eV too large. For example, the non-
amethine streptocyanine 43D was predicted at 2.80 eV (443 nm)
whereas the experimental excitation energy amounts to 1.95 eV
(635 nm). The error in wavelengths increases from 7 nm for mon-
omethine to 294 nm for tridecamethine (cf. Table 1). Absorptions of
parent polymethine cyanines in the visible region are predicted in
the ultraviolet and those in the near infrared are predicted in the
visible region. The experimentally found ‘‘vinylene shift’’ of about
100 nm is not reproduced.

The simplified so-called Tamm–Dancoff approximation to
TDDFT and the approximate TDDFTB method [53] obviously inherit
the disadvantages of the full TDDFT. According to Table 1 the results
of the TDDFTB calculations are just as bad as the result obtained by
full TDDFT. Studies by double-hybrid density functional theory
using the B2LYP functional also failed [54]. It should be mentioned
that PCM-TDDFT calculations of the solvent effect did not remove
the discrepancy. Undecamethine cyanine, for example, undergoes
a solvent-induced red shift from 501 nm (gas phase) to 544 nm (in
CH2Cl2). The shift is not sufficient to reproduce the experimental
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absorption wavelength of 735 nm. Plotting calculated versus
experimental absorption wavelengths revealed, however, that the
strong deviations from the experiment are systematic. Surprisingly
good absorption wavelengths resulted from the last square fit
(cf. Table 1).

The shortcomings in calculations of the parent cyanines are
not observed at the ab initio level of theory. Apart from the well-
known failure at the RHF level higher level ab initio calculations
such as SCS (spin-component scaled)-CI(D) or CASPT2 (complete
active space with second-order perturbation theory) predicted
considerably longer wavelengths of the color band than TDDFT
and vinylene shifts more close to the experimental 100 nm shift.
Estimates by the multiconfigurational methods SAC (symmetry-
adapted-cluster)-CI and SORCI (spectroscopy oriented CI) were
promising with useful results already obtained by small basis
sets (cf. Table 1).

The discrepancy found with the most simple chain compounds
is similarly encountered with more complex cyanine dyes. The
bispyrido trimethine (44D) and diaminophenyl monomethine
(45D) contain the nonamethine chain of 43D as substructure. The
dyes therefore absorb at similar wavelengths. Almost equal wave-
lengths were also calculated for both compounds but again the
transition energies are about 0.65 eV in error. Thus the deviation is
again systematic. As shown with 46D–51D TDDFT fails more
generally in calculating polymethine dyes with heterocyclic end
groups. The dye 50D is one of the most bathochromic cyanine dyes.
The calculated wavelength, however, amounts to only 920 nm in
the l-scale, corresponding to an error of 0.58 eV.
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An overestimation of the transition energy is not only found for
symmetric dyes but also for less symmetric ones, such as 52D and
53D. Furthermore, the transition energies were overestimated for
cationic triphenylmethine dyes 54D–56D. This finding is in agree-
ment with previous studies [14,17]. The compounds 58D–61D are
related to cyanine dyes. The hemicyanines 59D and 60D were the
only dyes of the cyanine series calculated with a reasonably good
accuracy. The results of calculations of hemicyanines with the
pyridine nucleus, such as 59D, were performed with consideration
of the solvent effect by PCM and application of the linear regression
approach [55]. The result of the calculation of the carbopolyme-
thine 62D is again unsatisfactory.

Apart from previous TDDFT calculations of parent cyanines
[9,28] few studies dealt only with cyanine dyes so far [29,56].
Deviations between 0.38 and 0.53 eV were reported in the litera-
ture for heterocyclic cyanines [29]. In view of poor results on
indocyanine dyes the B3LYP functional was replaced by BLYP [56]. A
thiacarbocyanine has also been calculated by the BHandHLYP
functional [57]. However, as shown in Table 1 for the streptopoly-
methine cyanines neither BLYP nor BHandHLYP can overcome the
dilemma.

Interesting cases are the related carbomethines 63D and 64�.
These dyes contain the same conjugated system but differ in their
molecular charge. Inspite of the different charge the experimental
as well as the calculated transition energies are nearly the same.
However, the calculated and experimental values differ again by
0.5 eV. Thus the error of the calculation of the cyanine dyes is
obviously not due to the molecular charge. TDDFT also fails for
negatively charged polymethine dyes (oxonol dyes). Compound
65� is a representative of the vinylogous parent oxonol dyes
whereas 66�–69� are more complex heterocyclic oxonols. The
deviations of 65�–69� are again large and amount to 0.5 eV on
average. A similar error was found for the related anionic dye 57�.
Replacement of the carbonyl groups of 65� by dinitrilomethylene
groups results in 70�. The error of this compound amounts to
0.69 eV and is therefore nearly as large as for the related oxonol
parent dye 65� (0.81 eV).

The transition energy of 71 which exemplifies a neutral azadi-
pyrromethene boron complex [58] is overestimated by 0.5 eV.
A similar deviation was reported for a related laser dye [59].
Consideration of the solvent effect did not remove the discrepancy.
The error was considerably less for the aryl-subsituted azadi-
pyrromethene boron complex 72. A strong bathochromic effect of
0.38 eV by dimethylamino groups was predicted relative to the
unsubstituted tetraphenyl azadipyrromethene boron complex. This
result is supported by the experiment (0.36 eV). A close agreement
beween theory and experiment was reported for dyes of this
structure tested as photodynamic therapy agents [60]. The TDDFT
calculation of the borine-type oxonol dye 73� again failed. The
calculated transition energy is strongly overestimated by 0.7 eV.
Considering the whole series of polymethine dyes (42D–73�) the
mean absolute deviation amounts to 0.51 eV (32 data). Thus, TDDFT
in the routinely used approximations is not suited to predict
absorption wavelengths of cyanine dyes.

The doubly charged compounds 74DD and 73�� may be
considered as coupled cyanines and oxonols, respectively rather
than as substituted quinones. The longest-wavelength absorptions
of these compounds are well reproduced by TDDFT calculations.
Apparantly this also holds for the bichromophoric dye 76DD. In this
case two heterocyclic pentamethines are weakly coupled giving
rise to a weak longwave and an intense short wavelength band
(exitonic splitting). A closer inspection revealed, however, that the
good agreement between theory and experiment is fortunate.
The calculated excitonic-type splitting is three times larger than the
experimental one compensating the above-mentioned error in
calculating cyanines.

Merocyanine-type dyes take an intermediate position in
structure between polymethines and polyenes. The error in the
series 77–82 is considerably lower than for cyanines or vanishes
entirely. The failure of the calculated transition energy of the
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parent nonamethine merocyanine (77) and of the simple poly-
enic push–pull carotenoid (80) amounts to about 0.1 eV only. The
transition energies of indamine dyes 83–85 are likewise well
reproduced by TDDFT. These dyes are distorted in relation to the
planarity. The compound 86 can be considered as a mer-
ocycanine. Campaigne et al. studied heterocyclic merocyanines
and found systematic deviations. The last square fit reduced the
error to 0.09 eV [61]. As similarly reported for CT-type nitro-
diphenylamine dyes [62] no substantial error was observed for
CT-type merocyanines.

3.3. Assorted chromophoric compounds

The error for the remaining compounds 87–130 is variable
(Fig. 3). Whereas the transition energy of 87 is only slightly
overestimated a fatal error occured with 89–91. The MAE amounts
to 0.57 eV. These compounds are push–pull-substituted para-qui-
nodimethanes. Recalculation of 89 with the extended basis set
6-311þG(2d,p) and consideration of the bulk solvent effect
(chloroform) by PCM-TDDFT reduced the excitation energy from
2.69 to 2.40 eV. Thus, the excitation energy remains to be 0.48 eV in
error corresponding to 177 nm in wavelengths. Calculations with
the approximate TDDFTB method show the same defect [53]. The
experimental data of 89–91 appear reliable. Closely similar exper-
imental data are mentioned in other studies of 88. The CT-type dye
89 is of blue color in CH2Cl2 displaying a fine structure with
absorption maxima at 548 and 641 nm (2.12 and 1.92 eV, respec-
tively) and 90 is a green–black compound of faint yellow color in
solution absorbing s in the near infrared with absorption maxima of
957 and 1045 nm (1.30 and 1.19 eV, respectively). The CT-type
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quinarene 91 is also considerably in error whereas the simpler
compound 92 exhibits a low deviation.

A large charge transfer upon excitation is known for betainic
dyes. The spectral data of the prototype betaine dyes 94þ/�–95þ/�

measured in non-polar solvents are satisfactorily reproduced. The
deviation amounts to about 0.2 eV. Reichardt’s dye 95 displays an
extremely strong positive solvatochromism [63]. The experimental
value of 795 nm measured in dioxane was taken to compare theory
and experiment. The excitation energy of 4-pyridiniumphenolate
94þ/� was estimated [64] from experimental value measured in
a polar solvent.

Whereas the deeply colored mesoionic compounds 96þ/� and
97þ/�were accurately calculated the spectral data of the mesoionic
croconaine NIR-dyes 98þ/� and 99þ/� and of the squaraine dye
100þ/� are in error by about 0.3 eV. The calculation of 99þ/� and
100þ/� with the same heterocyclic substituent groups, however,
correctly predicted croconaine dyes as more bathochromic than
squaraine dyes. An overestimation of the transition energies of
croconaine and squaraine dyes has been reported by Bhanuprakash
et al. [27]. The study of the singlet–triplet gap and the consideration
of additional criteria let them to conclude that the croconaine dyes
are biradicaloid in nature. Therefore these dyes are not well
described by TDDFT that is essentially of single excitation character.

The more recently synthesized NIR absorbing open chain
compound 101 is related to the cyclic squaraine and croconaine dyes
but its absorption band is about 300 nm red-shifted. This compound
belongs to the p,p-biradicaloid dyes (<S2>¼0.40). Like the cyclic
croconaine compounds the NIR dye 101 contains the hypothetical
oxyallyl biradical fragment. Ab initio SAC-CI calculations revealed
that double excitations actually play an essential role in the
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Table 1
Absorption wavelengths of the lowest-energy transitions in nanometers of strep-
topolymethine cyanines: Me2N–(CH)n–NMe2

D.

Method n

1 3 5 7 9 11 13

Time-dependent DFTa

B3LYP/6-31þG(d) 204 264 330 390 443 499 551
B3LYP/6-311þG(d,p) 206 266 332 391 445 501 553
B3LYP/6-311þG(3df,p) 207 267 333 393 446 502 554
B3LYP/aug-cc-pVTZ 208 267 333 – – – –
PBE0/6-311þG(d,p) 203 263 329 389 442 498 550
BLYP/6-311þG(d,p) 217 275 340 399 436 507 554
BHandHLYP/6-311þG(d,p) 170 255 321 381 436 492 545
TDDFT/TDAa,b 192 241 293 337 376 418 –
TDDFTBc 213 280 348 409 467 522 575

Ab initio
RHFa 170 225 284 337 386 435 481
SCS-CIS(D)d 220 303 411 526 647 776 –
SAC-CIe 210 292 411 571 – – –
SORCIf 204 282 371 460 546 642 728
CASPT2g 187 284 385 484 585 – –

Calculated from linear correlations
B3LYP/6-311þG (d,p)a 205 312 430 536 633 738 826
1/De (DFT)a 213 313 424 530 629 731 840
1/Dx (HMO)a 214 317 420 525 630 735 839

Semi-empirical approaches
PPPh 221 317 408 497 595 627 761
PPP ‘‘new g’’i 226 318 420 522 623 724 823
INDO-CISj,m 260 334 414 489 561 625 687
INDO-RPAj,m 273 353 439 519 594 664 730
AM1-CIS k,m 227 347 431 517 602 684 759
PM3-CISk,m 309 372 456 541 627 710 787

Experimental datan

in CH2Cl2 224 313 416 519 625 735 848

a This study, B3LYP/6-31þG* optimum geometries [34].
b This study, 6-31G [38].
c [19,53].
d [83].
e This study, SAC-CI/6-31G*,Level 2 [36];
f This study, 6-31G [37].
g [28].
h [84].
i Full CIS [85].
j [86].

k This study CIS (10� 10); results with two extended configuration interactions,
n¼ 9: AM1-CISD (18,18):572 nm and AM1-CAS (18,18): 558 nm [87].

m AM1 optimum geometries.
n [88].
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lowest-energy transitions [27]. According the TDDFT calculation the
error in the case of 101 is comparable with that of the related
croconaine dyes. Replacement of 6-31þG* by 6-311þG(2d,p) shifts
the transition energy closer to the experiment by 0.25 eV. In the
sensitive wavelength scale the calculated wavelengths of 900 nm
corresponds to 1100 nm in experiment. SAC-CI calculations
predicted the absorption of 101 at shorter wavelengths at 716 nm.

The compounds 102–105 are doubly charged. In two of four cases
the transition energies are markedly overestimated. The transitions
energies calculated for the long-wave absorbing oligothiophene
dications are too large [65]. These compounds are again biradicaloid.
However, according to the BS-TDDFT calculations the <S2> value
of the quinquethiophene dication 102 amounts to only 0.18.

The following compounds comprise potential anti-aromatic ring
structures (106–110) and non-Kekulé-type structures (111–113).
Additionally these structures are considerably twisted around an
essential double bond (115–117). The neutral cycl[3.3.3]azine (106)
with a bridged antiaromatic 12p perimeter exhibits a low-lying
electronically excited state giving rise to an absorption maximum at
1290 nm (cf. Fig. 3). In agreement with the experiment an elec-
tronic transition was calculated at about 100 nm lower
wavelengths in the NIR region. The compounds 107–110 contain
a local ring system which is related to monocylic antiaromatic 5- or
6-membered rings with 4p electrons. Using the nucleus-indepen-
dent chemical shift (NICS) at the centre of the ring as a diagnostic
probe of the magnetic shielding [66] the antiaromatic character of
these compounds is indicated by positive values of NICS. The value
is relatively large for 108 (þ29.2 ppm) and less for 107, 109 and 110
(about þ10 ppm). The transition energies of the NIR absorbing
species 105 and 106 are surprisingly well reproduced. The blue
heterocycle 111 belongs to the N-ylids and is a non-Kekulé-type
structures. A biradical formula is suggested alternatively to the
ylidic formula presented in Fig. 3. However, the biradical character
was not verified by the BS-DFT calculation.

The calculated weak electronic transition of 3,4-dimethylene-
thiophene (112) obviously corresponds to the experimentally
observed absorption maximum at 572 nm [67]. The non-Kekul _e-
type heterocycle is a derivative from the well-studied disjoint
singlet biradical tetramethyleneethene (TME). Sulfur replaces two
hydrogen atoms of TME. For simplicity the l4s2 tetravalent formula
of 112 [68] is presented in Fig. 3. According to previous studies
compounds of this structure are a biradicaloid singlet compounds
with a low singlet–triplet gap [68–70]. In agreement the BS-UDFT
calculation 112 revealed singlet–triplet instability. The <S2> value
is relatively large (0.72 without and 0.92 with geometry optimi-
zation). The TDDFT calculation resulted in the transition energy
1.9 eV to compare with 2.17 eV measured by cold matrix isolation
technique. Because TDDFT is essentially a single-configurational
approach, a strong error was expected. An implicit coverage of
multi-reference effects by DFT [71] may explain the reasonable
prediction. Because of the strong biradical character of 112,
simplified multiconfigurational ab initio calculations were per-
formed by the SORCI method [37] using Gaussian- and Dunning-
type basis sets. The calculations resulted in 2.21 eV with 6-31þG*
and 2.03 eV with aug-cc-pVDZ basis sets. Thus the transition
energies calculated by SORCI are close to the experimental finding.
The hexaphenyl-substituted sulfur heterocycle 113 is a derivate of
the disjoint 1,2,4,5-tetramethylenebenzene biradical. This non-
classical compound 113 and the more recently prepared compound
114 [72] of classical structure absorb at more than 700 nm. The
transition energies of these relatively large compounds are well
calculated.

The orange to blue colored compounds 115–117 are heavily
twisted around the double bond for steric reasons. The mostly
distorted structure is 115 with a twist angle of 49.7� and is expected
to be slightly biradicaloid (<S2>¼ 0.18). Nevertheless, the devia-
tion of the calculated transition energy from the experimentally
determined value is surprisingly low with 0.13 eV, on average.

Less is known about the TDDFT calculations of spectral absorp-
tions of dye radicals. The results of the lowest-energy transitions of
the radicals 118�þ–124�þ were promising. The long-wavelength
absorptions of the radicals are due to p / p* transitions. The
electrochemically generated Weitz-type radicals 118�þ–120�þ are
predicted to absorb weakly at long wavelengths whereas the Wur-
ster-type radicals 121�þ–124�þ are intensively absorbing in NIR.
These experimental findings are well reproduced. Piccard early
assumed that colored compounds prepared by oxidation of benzi-
dine diamines led to NIR dyes when extending the chain. The
observed change of color was due to the red-shift of the shorter
wavelength absorption band (‘‘color of higher orders’’) [73]. As was
subsequently revealed experimentally Piccard’s dye salts contain
radical cations, such as the blue 117�þ. The neutral dithiazolyl radical
125� is a black–green liquid displaying a weak absorption band near
730 nm. The calculated p / p* transition energy is overestimated
by 0.34 eV. Extension of the basis set had only a minor effect on the
result.
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The color of the compounds 126–128 absorbing at long wave-
lengths is due to non-p / p* transitions of relatively weak in
intensity. The first two repesentatives exhibit np* (sp*) chrom-
phores. The theoretical results are satisfactory. The color deter-
mining weak lowest-energy absorptions of thiocarbonyl [74]
nitroso [75] and azo compounds [76] were extensively studied by
Jacquemin et al. The experimental data are generally very well
reproduced in these studies. The weak absorptions of the cyclic-
conjugated disulfide 128 and 129 are of the p / s*-type [9,77]. In
the case of the tetrasulfide 123 the transition is dipole forbidden
but allowed in the folded yellow-orange 1.2-dithiin (129). The
electronic transition of the red natural dye thiarubrine (130),
however, exhibit both the characteristics of the p / s* and p / p*
transition.

Many of the colored compounds considered in this section are
less well characterized than conventional dyes and information
about the structure are rare to check the calculated geometries.
Uncertainty in the structure will contribute to the deviations.
However, the large number of compared data should provide
realistic conclusion about strength and limitation of the TDDFT
method and inspire confidence on the method in the scope of
applicability. The mean absolute deviation of the heterogeneous
series of dyes 74–130 of structure including three cases consider-
ably in error (89–90) amounts to 0.21 eV (57 data) and is therefore
larger the deviation of the more homogeneous series 1–41 (0.15).

3.4. Comparative calculations at semi-empirical levels

In many cases semi-empirical calculations are informative. For
comparison, semi-empirical calculations at the INDO-CIS all-
valence electron and PPP p-level were executed. The results were
added to the Figs. 1–3. DFT-optimized molecular geometries were
used in all these calculations. Since parameters of boron are not yet
contained in the INDO-CIS program, transition energies of the
compounds 71–73 are missing. The parent cyanines are reasonably
well calculated. The results of the INDO-CIS calculations were clearly
inferior to TDDFT results (MAE¼ 0.29 eV, 110 data). In thecase of
indigoid dyes 31–38 the method fails seriously (MAE¼ 0.83 eV, 8
data). These dyes were excluded from the forementioned statistics.
In the case of disulfides the failure of INDO-CIS is due to the fact that
p / s*- type transitions are not calculated in the visible region.
This failure was discussed elsewhere for the 1,2-dithiin parent
compound (129) [9].

In contrast to TDDFT and INDO-CIS the PPP method works
reasonably well for all dyes with planar conjugated system. The
error (MAE¼ 0.24, 63 data) is somewhat larger than the error in the
previous study (0.20 eV [9]). The present study included very
different structures that need a larger number of heteroatomic
parameters. The results of the PPP calculations with the ‘‘new g’’-
approximation are in excellent agreement with the experimental
data (cf. Table 1). The theoretical and experimental absorption
wavelengths differ for the monomethine (in the near UV absorp-
tion) by 3 nm (0.04 eV) and for tridecamethine (near infrared
absorption) by 25 nm (0.05 teV).

Finally it should be mentioned again that the popular fitting
methods plotting theoretical against experimental absorption
wavelengths within related dyes series allow favorably good
presentation of the results (see Table 1). In the case of the Hückel
MO method the plot of the inverse HOMO-LUMO gaps 1/Dx�ß�1

against the experimental data provided accurate absorption
wavelengths and ‘‘vinylene shifts’’ of about 100 nm in going from
one to next vinylogue (Table 1). Furthermore, the inverted Kohn–
Sham orbital energies 1/De (DFT) and the erroneous calculated
absorption wavelengths of streptocyanines plotted versus the
experimental data resulted in a close correlation (B3LYP/6-311þG
(d,p) approximation). The absorption wavelengths calculated from
the linear correlations agree well with the experimental results
(Table 1). Thus the error between TDDFT transition energies and
experimental excitation energies is systematic.

4. Discussion

A unexpected finding of this study is the fact that TDDFT works
satisfactorily well in cases where it was not expected but failed in
seemingly trivial cases. Examples of the first kind are biradicaloid
compounds and of the second kind are cationic and anionic poly-
methine dyes. The transition energies of most simple cyanines and
oxonols and of many more complex derivatives are strongly over-
estimated. A few erroneous cases were also encountered among
charge-transfer-type compounds which undergo a characteristic
transfer of charge upon excitation.

Some drawbacks of TDDFT are already known [78,79]. The
presently used functionals suffer from ‘‘short-sightness’’ because of
the short-range behaviour of the hybrid functionals. Functionals
were developed to take into account long-range effects (DFT-LR-
functionals [80]). However this error concern polymers and large
aggregated compounds and is not relative to small dye molecules.
Calculations on streptopolymethine cyanines with long-range
functionals did actually not solve this problem [28,80]. Another
critical aspect concerns the neglect of higher-excited states.
However, ab initio CASPT2 calculations of streptopolymethine
cyanines revealed that the second excited state but not the first
color-determining exited state has multiconfigurational character
[28]. Promising approaches for future studies of the electron
excitation of polymethines are the DFT-based multireference
configuration interaction (DFT/MRCI) [81,82]) and the simplified
multirefernce ab initio method SORCI.

5. Summary

Time-dependent density functional theory calculations on
spectral excitation of numerous colored compounds of different
charge and multiplicity and of quite different structure unveiled the
scope and limitation of the method. In general, the performance of
the method is very satisfying (MAE¼ 0.18 eV, 102 data), however,
calculated transition energies of cationic cyanines, of anionic oxo-
nols and various related dyes are much too high (MAE¼ 0.52 eV, 32
data) and the absorption wavelengths are correspondingly too low.
Refinement of the theoretical model and consideration of the
solvent effect did not basically improve the results in erratic cases.
The transition energies of cationic hemicyanines, neutral mer-
ocyanines and push-pull polyenes are well predicted. Caution is
advisable in the case of push-pull-substituted quinoid CT-type dyes
although only three cases were found to be strongly in error.
Broken-symmetry UDFT calculations revealed the biradical char-
acter of some quinoid compounds derived from p-quinodimethane
and of some non-Kekulé-type structures. Unexpectedly the calcu-
lated excitation energies of compounds of biradicaloid or anti-
aromatic character were not much more in error than those of
conventional dyes. Calculations of dye radicals were also promising.

If the limitations are considered the TDDFT method favorably
enriches the arsenal of theoretical methods in estimating the
position of spectral absorptions. The results of the TDDFT calcula-
tions of dyes proved to be clearly superior to those of semi-
empirical INDO-CIS and PPP calculations.
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(b) Perpète EA, Lambert C, Wathelet V, Preat J, Jacquemin D. Ab initio studies
of the lmax of naphthoquinone dyes. Spectrochim Acta A 2007;68:1326–33.

[26] (a) Jacquemin D, Assfield X. 116:6549; 2002. (b) Jacquemin D, Preat J,
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