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In this study, the most important kinds of pigments (chlorophylls, bacteriochlorophylls, phycobilins, and
carotenoids) from various photosystems were explored. For the most stable conformations, electronic transitions
were determined at the TDDFT/6-31+G(d) level with the B3PW91 functional and compared to measured
spectra. The group of carotenoids was also investigated at the TDA/TDDFT level with the BLYP functional.
The energies of Qy transitions are systematically blue-shifted by about 50-100 nm in the case of (bacterio)-
chlorophyll and pheophytin molecules. Nevertheless, the correct relative order of the Q lines among various
chlorophyll types was obtained through comparison with experimental results. Much better agreement was
obtained for the Soret band, for which the differences between calculated and measured transitions were at
most 35 nm. In the case of phycobilins, the first transition line was estimated to be at lower frequencies
(around 500 nm) with a very similar blue shift of about 100 nm from experimental values. The influence of
anchoring cysteine side chain(s) was found to be marginal. A dominant effect of the linear polyene chain on
the determined spectral lines was found in the case of carotenoids. Nevertheless, the impact ofâ-cycles and
epoxy and keto groups is clearly visible as well. The high intensity of the first allowed transition matches
different characters of the HOMO and LUMO. In the case of fucoxanthin, the TDA method also predicts the
Bu

- state to lie below the 1Bu+ state. Because the shift of electron transitions is approximately proportional
to the size of theπ-conjugated system, the shift of the calculated transitions compared to experimental values
is practically constant for the same excitations of (bacterio)chlorophyll and phycobilin molecules. However,
this is not true for carotenoids, for which both the transition energy and the shift of the transition vary with
the number of conjugated double bonds.

Introduction

Photosyntetic pigments represent the lifeblood of all photo-
authotrophic organisms. There are basically three classes of
photosynthetic pigments: (bacterio)chlorophylls, carotenoids,
and the smaller but still important phycobilins.1 These pigments
have been studied for many years, and several investigators have
been recognized with Nobel Prizes in the distant and even recent
past for elucidating the importance of the subject. Despite the
great effort devoted to this subject, there is still much room for
further exploration. We decided to examine the electron
transition spectra of individual structures and the relationship
between structure and transition energy in the above-mentioned
pigment classes.

Experimental electronic spectra of these compounds can be
found in many papers, monographs,2 and spectral encyclope-
dias.3 Because this work has a computational character, we
concentrate here mainly on the theoretical studies dealing with
spectra predictions (or estimations) performed on the chosen
pigments and their models, using measured spectra for com-
parison and approximate error estimation.

For (bacterio)chlorophylls, the very first calculations were
performed by Gouterman and co-workers4-6 on the porphyrin
ring, introducing the four-orbital model. Following these initial
efforts, many other researchers have performed calculations at
various levels using different models frequently based on free-

base porphyrin; see, for instance, refs 7-24. These calculations
are usually used for method-testing purposes, and up to now,
they have usually been too demanding for larger pigment
molecules or their aggregates. The electronic spectra of chlo-
rophyll a have been explored in many studies, including those
of Hasegawa et al.,25 who used the relatively high-accuracy
SAC-CI (symmetry-adapted cluster-configuration interaction)
method, and Parusel and Grime,26 who compared chlorophyll
a and pheophytin. The orientation of two porphyrin rings in a
dimeric arrangement was investigated and compared with
experimental data (Raman spectroscopy) by Jeong et al.27

Spectroscopic properties of some bacteriochlorophylls (a, b,
c1-3, andd) were studied using a semiempirical approach by
Linnato et al.28,29Later, they extended the explored systems to
self-organized aggregates of bacteriochlorophylls30 and the LH
II antenna structure.31 Cory et al.32 determined semiempirically
electronic excitations in larger aggregates of bacteriochloro-
phylls. Accurate TDDFT (time-dependent density functional
theory) calculations of chlorophylla and bacteriochlorophyllb
spectra have been published by Sundholm.33,34

In the case of (bacterio)chlorophyll molecules, for a com-
parison with experimental data, we used measurements of
absorption spectra,35,36 circular dichroism,37 and fluorescence
and absorption spectra.38,39

Phycobilins belong to the second group of pigments that are
present in photosynthetic complexes. Phycobilins are linear
open-chain tetrapyrrole systems anchored in proteins. An* Corresponding author. E-mail: burda@karlov.mff.cuni.cz.
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interesting recent study40 addressed the spectral characteri-
zation of phycoerythrin in combination with quantum chemical
calculations. Another study investigated regulation of the
absorbed excitation energy by chlorophyll and phycobilin. Their
models are based on X-ray structures of PS I, PS II, and
allophycocyanin.41

Carotenoids are the last family of photosynthetic pigments
that we examine in this study. Molecular structures of selected
carotenoids were previously calculated semiempirically (AM1)
by Hashimoto et al.42 The obtained structures were compared
with geometries from X-ray crystallography. Similarly, in the
work of Wang et al.,43 structural characteristics and (stacking)
stabilization energies were explored using the MP2 approach.
The role of beta-carotene in the quenching of singlet oxygen
was examined in a study44 using the DFT method. Great effort
has also been devoted to calculations of electronic spectra. In
the study of He et al.,45 the complete active space SCF
(CASSCF) technique was employed on the low-lying excited
states of the carotenoid rhodopin glucoside (RG). The results
showed that the lowest triplet state energy of the RG is below
0.78 eV. The authors also found a significant blue shift of the
energy of the second excited singlet state (S2) in this carotenoid
under the influence of bacteriochlorophylls. In another work,46

theoretical and experimental approaches were combined to
demonstrate some correlations between AM1 calculations and
NMR spectroscopy. A large number of studies on carotenoid
spectra have been published by the Fleming group,47-61 who
used both experimental and theoretical tools. Their quantum
chemical calculations were done in collaboration with the group
of Head-Gordon.62-64 In one recent studies,60 TDDFT and TDA/
TDDFT (Tamm-Dancoff approximation)65 calculations were
used for the exploration of the energy transfer from the S1 state
of peridinin to chlorophyll in photosystem (PS) I.

Although the TDA cannot generally be considered superior
to the full TDDFT method, in carotenoids, it performs better
because of the fact that full TDDFT overestimates the interac-
tions of close-lying states, as pointed in a study by Hirata and
Head-Gordon.65

Failures of the TDDFT method applied to dimers of pigments
from photosystems and their models have been published, e.g.,
by Dreuw et al.66 The problem results from unphysical charge
transfer, which generates low-lying “ghost states”. A remedy
was recently suggested by Cai et al.67

In the present study, a systematic determination of TDDFT
electronic spectra was performed for the most common (bac-
terio)chlorophylls, phycobilins, and carotenoids. The main goal
of this study was a comparison of pure electron transition
energies of isolated (optimal gas-phase) structures without any
influence of neighboring peptide molecules, other pigments, or
solvation effects using the same method and basis set. In this
way, all undesired shifts can be suppressed, and genuine
characteristics of individual structures can be elucidated.

Computational Details

First, several conformers of each pigment were chosen to find
a global minimum. A structural database [Protein Data Bank68

(pdb)] was used to obtain appropriate initial structures.
This selection was important in the case of the various

conformers of chlorophyll (typesa, b, c1-3, d) and bacterio-
chlorophyll (typesa, b, c, d, e, g), whose structures are presented
in Figures 1 and 2, respectively. Usually, several arrangements
were possible, and it was not completely clear which could be
excluded based on an exploration of the structural database
because the described conformations usually depend strongly

on the corresponding biological environment. Also, several
structures of a given (bacterio)chlorophyll type were found to
have similar total energies. One of the rare exceptions, for which
several high-resolution X-ray structures are available, is the
molecule of chlorophylla. Our model structures were adopted
from 1DOP pdb structure. In all investigated (bacterio)-
chlorophyll conformers, the phytyl chain was excluded from
consideration. Instead, the methyl ester anchoring group was
used in the models. This can be assumed to be a reasonable
approximation, as it follows from our preliminary calculations
as well as from other studies (e.g., ref 69). For the other
chlorophyll types, the original chlorophylla ligands were
replaced by appropriate substituents to create the required
models. In the determination of pheophytina, the structure of
chlorophylla was taken as a starting point, with the Mg2+ cation
substituted by two protons.

In the case of the phycobilin group, two representatives were
considered, as shown in Figure 3. The initial structures were
obtained from the Protein Data Bank.68 Because phycobilins
can adopt many spatial conformations, the crystallographic
structure of phycocyanobilin was chosen as a starting point to
preserve the biologically relevant arrangement of the pigment.
The models of phycoerythrobilin originate from the same
starting structure with replacement of the different substituents
and reduction of the double bond between the C and D pyrrole
rings. In the case of phycoerythrobilin, two forms were
considered: anchored through a single covalent bond to the
sulfur atom of cysteine side chain and/or with a pair of covalent
bonds as depicted in Figure 3.

In the case of carotenoids, nine pigments were chosen; they
are displayed in Figure 4. Selection of these pigments allows
for clarification of the influence of different structural elements
on spectral characteristics. The all-trans conformation was used
for linear carbon chains. The other substituents (e.g., xanthophyll
andâ-cycles) were constructed according to the basic “hybrid-
ization” rules, and the lowest-energy conformers were chosen
for subsequent analysis.

Because all of the conformers represent quite an extended
set of large molecules, several subsequent geometry optimiza-
tions were performed, making the selected set of conformers
gradually smaller. The lowest-energy structures were finally
reoptimized at the B3PW91/6-31G(d) level of theory. For these
molecules, absorption spectra were determined with time-
dependent density functional theory (TDDFT) using the same
functional and the 6-31+G(d) basis set. The B3PW91 functional
and basis set were chosen on the basis of our previous
calculations on free-based porphine systems.70,71 The diffuse
functions were found to be of key importance for the determi-
nation of electron transitions, as described in many other studies
(e.g., refs 72 and 73).

All calculations were performed using the Gaussian 03
program package.

Pigment Isomers/Conformers. Many relevant structures
were considered in the first optimization step (HF/3-21G). In
the next step, reduced sets of conformers (usually fewer than
five) were considered, and the lowest-energy structures were
reoptimized at the B3PW91/6-31G(d) level.

In the case of chlorophyllb, a pair of conformers with cis
and trans orientations of the C7dO carbonyl bond in the
formaldehyde group with respect to the C8 site (for the atom
numbering, see Figure 5) exhibits a small energy difference
(about 1 kcal/mol). Global minimum of chlorophyllb represents
conformer with the oxygen from the-COH group in a trans
arrangement with respect to the C8 atom. In this orientation,
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the COH group is slightly less repelled by the surrounding pro-
tons and is better “incorporated” into theπ-electron-conjugated
system of the porphyrin ring. All lines in the spectrum of the
cis conformer are mildly blue-shifted in comparison to those in
the spectrum of the trans conformer (see Figure 6).

Electron Transition Spectra. For the global minima of the
selected pigments, six electron singlet-singlet transitions were
computed with the TDDFT method. In the discussion, usually
three lines corresponding to visible (allowed) transitions are
compared with experimental data. The full sets of transition lines
are drawn in Figures 7-11 for chlorophyll molecules, bacte-
riochorophylls, pheophytin, bilins, and carotenoids, respectively.
Numerical values together with intensities and experimental data
are collected in Tables 1-4. In the case of carotenoids, it is
known from many studies (for instance, refs 54, 63, 74, and
75) that the TDDFT approach does not give the correct order
for the S1 and S2 states. Therefore, TDA methods (as
implemented in Q-Chem 3.076) were used with the same basis
set and the non-hybrid functional BLYP.

Spectral characteristics

Chlorophylls. The spectra of chlorophyll molecules consist
of two basic absorption bands. A most complex band, located
in the blue region, is called the Soret band and is composed of
several electron transitions. The other(s), called Q band(s), can
usually be found in the red region. Their typical positions and
intensities can be seen in the experimental spectra in Figure

12a. Such a distribution of electron transitions is responsible
for the typical green or blue-green color of most chlorophyll
pigments.

The calculated values of spectral lines are systematically blue-
shifted in comparison to the experimental values by about 60-
80 nm for the band Qy and about 20-30 nm for the Qx and
Soret bands. Nevertheless, it is clear that a fairly good qualitative
agreement with experimentally measured spectral lines has been
obtained. In particular, the relative positions of spectral lines
depending on various structural parameters (ligands) are in a
very good accord with measured data for all chlorophyll types
(both Chl and BChl).

Chlorophylla is the most common chlorophyll pigment, and
its spectrum is well established. The calculated values of the
Qy, Qx, and B lines (B lines represent an edge of the Soret band)
lie at 583, 539, and 398 nm, respectively. The measured intensity
of the Qy band (about 0.23) is in good accord with our results.
However, we failed to reproduce the intensity of the Soret band
of about 1.1 (similarly to some other researchers, e.g., ref 69).
Nevertheless, in another measured spectrum (cf. Figure 12a),
the intensities of both the Qy and Soret bands are much closer
to each other, in accord with our calculations.

From an analysis of molecular orbitals (MOs) and individual
transitions it follows that the four-orbital model of Gouterman
and co-workers can be still recognized as a reasonable ap-
proximation even within the TDDFT model. The first two
transitions of chlorophylls (and also of bacteriochlorophylls and

Figure 1. Structural formulas of the selected types of chlorophyll molecules.
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pheophytins) are always based primarily on these four MOs.
The individual electron transitions can be compared with spectra
of the Mg-porphin molecule.70,71It can be noticed that HOMO
has features of the a1u HOMO - 1 orbital in symmetrical Mg-
porphin and, inversely, HOMO- 1 has the character of a2u of

the Mg-porphin HOMO (for the shapes of frontier orbitals,
see Figure 13a-d). This can be generalized for all chlorophylls
and bacteriochlorophylls with the exception of the Chl c family,
in which the same order of frontier MOs as in Mg-porphin
was found. However, these three systems have closer structural
relationships to Mg-porphin than to the chlorin molecule (see
below). Also, the near-degeneracy of the Mg-porphin HOMO
and HOMO- 1 can be traced in the smallest energy difference
of the HOMO and HOMO- 1 orbitals (less than 0.1 eV) in
the case of chlorophyllc. The other frontier orbitals preserve
the same character in all of the kinds of chlorophyll molecules
considered herein. In structures without theD4h symmetry of
Mg-porphin, the LUMO and LUMO+ 1 are no longer
degenerate. This is in accord with the older theory, according
to which such an MO crossing results from the removal of
symmetry in passing from porphin to chlorin and bacteriochlorin
models, as depicted in Figure 14. However, such a simple theory
is not able to explain in detail the differences between individual
types of chlorophylls and bacteriochlorophylls that are known
from measured spectra and are computationally reproduced here.

Chlorophyllb differs from chlorophylla in the C7 substituent
group, where the methyl group of chlorophylla is replaced by
the formyl group.

In comparison with Chl a, a ligand variation causes a blue
shift of the Qy band of about 10 nm and a red shift of the Soret
band of about 25 nm. From the orbital energies, it can be seen
that the formyl group with the CdO double bond affects the
conjugated system of chlorophyllb, decreasing the HOMO
eigenvalue by about 0.3 eV. Otherwise, its character remains

Figure 2. Structural formulas of the selected types of bacteriochlorophyll molecules.

Figure 3. Structural formulas of the investigated phycobilins.
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the same as in the Chl a molecule. However, the elongation of
the π-conjugated system in the presence of the formyl group
influences not only one MO. The-CHO group causes an energy

shift of both the occupied and virtual frontier orbitals toward
lower values, resulting in an actual blue shift of the first Qy

line with a reduced intensity. The red-shifted transitions in the

Figure 4. Structural formulas of the investigated carotenoids.
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Soret band exhibit practically doubled intensities. The ratio of
oscillator strengths of the Qy band to the Soret band is markedly
smaller for chlorophyllb than for chlorophylla. This result is
in very good agreement with the experimental data.77 The
analogous-CHO group is also present in bacteriochlorophyll
e, displaying a similar blue shift of the Qy band within the BChl
c-e family.

Chlorophyll c molecules exhibit larger variability than the
other chlorophylls. The isoprene tail, which is usually used for
anchoring in the protein matrix, is not present. The pyrrole D
ring is not reduced and thus the chlorophyllsc more closely
resemble the porphyrin system of the Mg-porphin molecule,
whereas the other chlorophylls are derived from the chlorin
system instead. This higher symmetry of theπ-electron system
explains why the spectral properties of chlorophyllsc deviate
from those of the other chlorophyll types. Also, as mentioned
above, the order of the HOMO and HOMO- 1 corresponds to
the electronic structure of Mg-porphin. These modifications
of chlorophyllsc substantially influence the spectral transitions.
They are responsible for stronger absorption in the Soret band
(390-440 nm) and a reduction of the two Q bands in the visible
region above 500 nm. The Qy band is substantially reduced,
and its intensity is almost eliminated.

Mutual differences between chlorophyllsc correspond to
different substituents on carbons C7 and C8, as can be seen
from Figure 1. Whereas typesc1 andc2 exhibit the most blue-
shifted Qy band of all of the chlorophyll systems, both ligands
of chlorophyll c3 have double bonds that interact with the
π-electron system of the porphyrin ring, causing a visible red
shift of the Qy transition (by about 13 nm) in comparison to
that of thec1 andc2 molecules. The energy of this spectral

line is very similar to that of the Qy line of chlorophylla. The
Qx transition lies relatively very close to the Qy band for all
three structures, less than 10 nm. This is again a consequence
of the higher symmetry of the porphyrin ring.

Chlorophylld differs from chlorophylla in the C3 position,
where the formyl group is present instead of the vinyl group.
In this way, chlorophylld can be considered as an intermediate
between chlorophylla and bacteriochlorophylla (in terms of
both spectral transitions and structure). The Q absorption lines
exhibit a larger red shift than in any other chlorophyll. This is
the only chlorophyll with a calculated Qy transition over 600
nm. The explanation lies in the fact that the formyl group
influences all frontier orbitals (both occupied and virtual),
shifting their orbital energies to lower values. In particular, the
eigenvalue of the LUMO displays the lowest energy among the
whole set of examined chlorophylls. Theπ orbital of the formyl
group is incorporated into theπ-conjugated system of the
porphyrin (or chlorin) ring where an elongation of the appropri-
ate lobe is clearly visible (cf. Figure 13e). The same effect of
the formyl group can be also seen in the case of bacteriochlo-
rophylls a andb.

Bacteriochlorophylls. The electronic spectra of the bacte-
riochlorophylls are depicted in Figure 8 and in Table 2. The
basic structural difference between chlorophyll and bacterio-
chlorophyll groups lies in the reduced B and D pyrrole rings
(whereas in chlorophylls, only the D ring is reduced). Therefore,
bacteriochlorophylls have a more perturbedπ-electron system
than chlorophylls. This should seemingly lead to the absorption
of light with shorter wavelengths. However, this conclusion is
not completely correct because the consequences of the per-
turbed conjugated ring are not so simple and straightforward.
Moreover, the shortening of wavelengths can be observed only
in the case of the Soret band. In contrast, the Qy band displays
a red shift in accordance with the experimental spectrum (cf.
Figure 12b). The explanation of this red shift can be sought in
the fact that, in the HOMO- 1 (with a1u character) of Mg-
porphin, the pz atomic orbitals (AOs) of carbons C7, C8, C17,
and C18 (for atom numbering, see Figure 5) are involved. A
reduction of these C7-C8 and C17-C18 bonds causes this MO
to become increasingly less stable in passing to chlorin (or
chlorophylls) and bacteriochlorin (or bacteriochlorophylls) (see
Figure 14). Because the original HOMO (a2u) of Mg-porphin
is not affected by the reduction of the C-C bonds, the order of
the HOMO and HOMO- 1 is exchanged in chlorophyll and
bacteriochlorophyll molecules. Similarly, only one of the
original eg virtual orbitals contains the pz AO of the same carbon
atoms (C7, C8, C17, C18). Thus, only this virtual orbital is
destabilized in an analogous manner. Therefore, the LUMO is
practically unaffected, whereas the energy of the LUMO+ 1
increases when a reduction of these two carbon bonds occurs
(cf. Figure 14). This means that the gap between the HOMO
and LUMO is actually smaller in bacteriochlorophyll than in
chlorophyll systems, leading to Qy absorption at longer wave-
lengths in bacteriochlorophylls.

It is interesting to notice that the position of the Qx band is
fairly stable, between 530 and 560 nm, regardless of whether
chlorophylls, bacteriochlorophylls, or pheophytins are consid-
ered. Only the intensity is noticeably higher in the case of
bacteriochlorophyllsa andb.

All of the spectra of the bacteriochlorophylls calculated at
the TD-B3PW91/6-31+G(d) level are collected in Figure 8.
Generally, the computed transitions are blue-shifted from the
measured absorption spectra, with an average shift of about
80 nm.

Figure 5. Chlorophyll a: atom numbering according to IUPAC
conventions.

Figure 6. Lines of electron transitions of the chlorophyllb model
molecules: positions of the COH group for the trans conformer (solid
lines) and the cis conformer (dashed lines).
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Bacteriochlorophylla is the most abundant chlorophyll-
type pigment in the majority of anoxygenic photosynthetic
bacteria and its spectrum is well-known (see Figure 12b). The
increase of the intensity of the Q bands relative to the Soret
band in comparison to the chlorophyll spectrum can be seen in
both the measured (Figure 12) and calculated spectra (Figures
7 and 8).

A red shift of the Qy band of more than 80 nm can be seen
when transition energies are compared to the analogous spectra
of chlorophyll a. Nevertheless, the position of the Soret band
is practically the same (or slightly more blue-shifted). In accord
with the four-orbital model, the calculated Q band is constituted
predominately only by the HOMOf LUMO transition; the
contribution from the HOMO- 1 f LUMO + 1 transition is
markedly reduced (to the value of about 0.2) in comparison to
that in chlorophylls (where this contribution is usually about
0.4). This is due to the increased gap of the unaffected orbital
with a1u character and the destabilized (because of the reduced
C17-C18 bond) LUMO + 1 with egy character. A similar

destabilization can also be observed in the HOMO with a2u

character (compare the energies of the HOMO at-0.188 au
for BChl a vs-0.195 au for Chl a). Moreover, the LUMO with
egx character is further stabilized by the presence of the formyl
group, as also mentioned in the case of chlorophylld. That is
why the Qy band is so strongly red-shifted.

Bacteriochlorophyllb contains an ethylidene (dCHsCH3)
group at the C8 site, which further extends theπ-conjugated
system (the HOMO energy is further decreased slightly to
-0.185 au, preserving the eigenvalues of the other frontier
orbitals), resulting in an additional red shift of the Qy band.
This pigment absorbs at the longest wavelength of any known
chlorophyll type, i.e., according to our results, at about 700 nm
(the experimental value is 794 nm). In comparison to BChl a,
the Soret band is accordingly also red-shifted (the edge starts
at about 400 nm). The B line is constituted mainly by the
HOMO f LUMO + 1 electron transition.

Bacteriochlorophyllsc-e form an “exceptional” group similar
to chlorophyllsc. The porphyrin ring is reduced only partially

Figure 7. Computed (TDDFT) electron transitions of chlorophyll molecules.
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(C7-C8 bond), in the same way as in chlorophyll systems.
Therefore, the structural and spectroscopic characteristics of
these bacteriochlorophylls also resemble those of chlorophylls
more closely. The Qy band is positioned just below 580 nm
and is composed of both the HOMOf LUMO and HOMO-
1 f LUMO + 1 transitions with weights very similar to those

in the electron spectra of chlorophylls. Also, the intensities of
the Q bands in relation to the Soret band are substantially lower.

The role of the formyl group in the case of BChl e can be
clearly recognized from even more reduced Qy intensity because
the pz AO of the formyl carbon is visibly present in the HOMO
and LUMO+ 1 but not the HOMO- 1 and LUMO. Thus, the

Figure 8. Computed (TDDFT) electron transitions of bacteriochlorophylls.

Figure 9. Comparison of calculated electron transitions of chlorophylla and pheophytina.

J. Phys. Chem. A, Vol. 111, No. 26, 20075871



overlap of the relevant orbitals in the transition dipole moment
formula is decreased. The additional small blue shift of the first
transition line is related to a larger stabilization of the HOMO
again as a consequence of the incorporation of the formyl pz

AO into theπ-conjugated system.
Some changes also occur in the Soret band, which is formed

predominately by the HOMOfLUMO + 1 transition. Because
the formyl pz AO is involved in both of these MOs, the in-
tensity of this band is increased accordingly. An apparent shift
toward longer wavelength can be noticed. Moreover, at the
edge of the Soret band, another transition appears in which
the HOMO - 1 f LUMO + 1 transition dominates (its
character is based on an inverse combination of the excitation
weights of the Qy line). All of the energies and intensities are
in agreement with the experimental data obtained for all three
bacteriochlorophylls.77

Bacteriochlorophyllg has a vinyl group located at the C3
position as in chlorophylla. Moreover, an ethylidene group is
present at the C8 site. Bacteriochlorophyllg was found to be
relatively unstable; it can be easily reduced by saturation of
the ethylidene double bond and converted into chlorophylla.
In its spectrum, the Qy band is positioned at about 680 nm with
a prevailing HOMOf LUMO transition similar to Qy of
bacteriochlorophylla. Comparing Qy with the analogous band
of chlorophylla, a red shift of about 98 nm can be noticed, in
accord with an analogous experimental difference of ca. 105
nm. The edge of the Soret band is also made up of two
transitions. In addition to the usual HOMO- 1 f LUMO line
(at 388 nm), another less intense line at 396 nm can be observed.

Pheophytina. All chlorophylls and bacteriochlorophylls have
their own pheophytin or bacteriopheophytin variants. Structur-
ally, the only difference lies in the absence of the magnesium
cation in the center of the porphyrin ring. In this study, the
electron spectrum of only the pheophytina molecule was
explored for the purpose of comparison with the most common
chlorophyll a. In Figure 9 and Table 1, the spectrum of
pheophytina is presented. The spectra of chlorophylla and
pheophytina exhibit prominent similarities. Small but significant
differences are in good agreement with analogous differences
found in the measured spectra in Figure 12a. The Q transitions
are more intense in chlorophyll than in pheophytin. The
oscillator strengths for the first and second transitions of
chlorophyll are more than 30% larger. Similar results were also
published by Hasegawa et al.,25 Parusel and Grime,26 and
Sundholm.33 Because the AOs of the magnesium cation are not
involved in any of the frontier MOs of theπ-conjugated system,
the small differences between the chlorophyll and pheophytin
spectra can be readily understood. Also, an approximately 2
times larger intensity of the Soret band with respect to the Qy

band was obtained for pheophytin, which is in agreement with

the experimental spectra in Figure 12a. Our calculations failed
to describe the relative difference of the Qx position compared
to the Qy band, which is about 30 nm in the measured spectra
but less than 10 nm in the TDDFT results (see Table 1).

Phycobilins. These pigments can be characterized by open-
chain tetrapyrrole structures covalently bound to proteins (cf.
Figure 3). Their structures are very flexible, giving fairly
different spectral bands. This feature is partially described in
several textbooks, such as ref 78. Therefore, the relevant
“biological structures” were taken from the Protein Data Bank.

Phycoerythrobilin and phycocyanobilin were chosen for a
study of the influence of structure on spectral properties. The
basic difference between these two molecules lies in the
chromophore length. Whereas phycoerythrobilin has one satu-
rated bridge (sCH2s) and two unsaturated bridges (sCH)),
phycocyanobilin has all bridges unsaturated. A longer conju-
gated chromophore chain in phycocyanobilin is clearly visible
in the spectral differences between the two molecules (cf. Figure
10 and Table 3), in accordance with the experimental results
depicted in Figure 15. However, the unsaturated chromophore
chain is far from being planar, and thus, theπ-conjugated system
is severely perturbed, as can be seen in Figure 16 where the
optimized structure of phycoerythrobilin is shown. From Figure
3, another difference can be noticed, namely, the number of
bonds to proteins. Whereas phycocyanobilin is attached to the
peptide through a single covalent bond, in the case of phyco-
erythrobilin, both ends are fixed in the protein matrix. However,
this fact has no substantial effect on the electronic spectra. We
also examined the single-anchoring phycoerythrobilin. It was
confirmed that the number of anchoring bonds has no substantial
influence on the transition spectrum, as can be seen in Figure
10 and Table 3. The predicted spectral lines are in good
agreement with the measured data. The estimated position of
the first line is blue-shifted by about 100 nm from the
experimental values. Comparing the two phycobilins, the relative
positions of spectral lines also agree well with experiment. The
first spectral line in phycoerythrobilin is blue-shifted by about
44 nm from the corresponding line of phycocyanobilin, in fairly
good accord with the experimental shift of 53 nm. The intensities
of these lines are not of great concern because they depend
strongly on the structure. Moreover, the effect of the environ-
ment is also more important in these molecular systems.

Carotenoids.The common feature of carotenoids is a linear
chain with a varying length of unsaturated conjugation. Caro-
tenoids have relatively simple absorption spectra. They usually
have three absorption bands corresponding to transfers from the
lowest vibration level of the ground state to the three lowest
vibration levels of the first excited state.79 Because the vibration
problem was not considered in our study, only the position of
the first spectral line can be compared to experimental data.

Figure 10. Computed (TDDFT) electron transitions of selected phycobilins. Phycoerythrobilin: dotted lines for the complex with one cysteine
molecule and solid lines for the pigment with two cysteine molecules.
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Figure 11. (a) TDDFT and (b) TDA electron transitions of the most frequent carotenoids.
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In the computational model, only all-trans isomers were
considered. All obtained spectra exhibit a systematic red shift
relative to the experimental data that is roughly proportional to
the number of unsaturated double bonds. For the reddest line,
the shift varies from 13 nm, for phytoene with three double
bonds, to 119 nm, for lycopene with aπ-conjugated system
formed by 11 double bonds. The average shift is about 70 nm.
This variation is an unpleasant property and makes the spectral

analysis somewhat more complicated than in the previous case
of tetrapyrrole systems. Nevertheless, comparing the relative
positions of the spectral lines, acceptable agreement with the
measured spectra is achieved. The electron transition lines for
the complete set of chosen carotenoids are presented in Figure
11 and Table 4. In the TDA spectrum of phytoene, the molecule
with the shortestπ-conjugated system, some problems can be
noticed. Whereas a pronounced intensity for the excitation to
S2 state can be seen in the full TDDFT(B3PW91) results, in
the results obtained by the TDA method, the intensity of this
transition is too low. However, a very similar spectrum was
also obtained at the TDDFT(BLYP) level, demonstrating that
this particular problem is instead related to the BLYP functional.

TABLE 1: Experimental Data and Computed (TDDFT)
Electron Transitions for Chosen Chlorophyll Structuresa

a Experimental data on gray background taken from Scheer.2

TABLE 2: Experimental Data and Computed (TDDFT)
Electron Transitions for Bacteriochlorophyll Moleculesa

a Experimental results on gray background taken from Scheer.2

TABLE 3: Experimental Data a and TDDFT Computed
Electron Transitions for Phycobilins

a Results on gray background were taken from the Prozyme
PhycobiliproteinsWeb page.81

TABLE 4: Experimental Data a and Computed Electron
Transitions at the TDA/TDDFT(BLYP)/6-31+G* and
TDDFT(B3PW91)/6-31+G* Levels for Carotenoids

a Results on gray background were taken fromCarotenoids.79
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S1 and S2 States.In all determined spectra, a remarkably
strong absorption (with high intensity) of the first visible
transition was found. This line is related to the excitation from
the HOMO to the LUMO, which have opposite symmetry
according to the classification of unsaturated chains within

Hückel theory. According to this concept, “gerade” and “un-
gerade” MOs alternate regularly. This feature is largely pre-
served in more accurate calculations as well. Therefore, large
transition dipole moments can be expected for the excitation
between the HOMO and LUMO, resulting in a high intensity

Figure 12. Experimental absorption spectra of (a) chlorophylla (s) and pheophytina (- -) and (b) bacteriochlorophylla. All spectra measured
in diethyl ether.2

Figure 13. (a-d) Frontier MOs of chlorophylla: MOs from 165 to
168; the 166th MO is the HOMO. (e) LUMO of chlorophylld.

Figure 14. Changes in frontier orbital eigenvalues in going from a
free-base porphin such as chlorophyllc to bacteriochlorophyll mol-
ecules.
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of this transition. The second singlet1Bu
+ excitation is predicted

as the first one at the TDDFT level, whereas the TDA approach
correctly inverts the order of the excited states, placing the
S1(21Ag

-) excitation at longer wavelengths. The Ag
- line is

associated with an electron transition from the HOMO- 1 to
the LUMO with some admixture of the HOMOf LUMO + 1
transition. This excitation has a very low intensity (invisible in
spectra), which again follows from simple Hu¨ckel theory.
Because the two MOs have the same gerade symmetry, there
is always a very small transition dipole moment between such
orbitals. When the character of the unsaturatedπ-conjugated
system is substantially perturbed, as in peridinin, fucoxanthin,
and antheraxanthin, an increase in the intensity of this spectral
line can be noticed.

Effect of the Chromophore Chain Length. As the chro-
mophore chain elongates, electrons are increasingly delocalized,
decreasing the excitation energy. Therefore, the increasing length
of the conjugated chain strongly correlates with a longer
wavelength for electron transitions in the following order:
phytoene, neurosporene, and lycopene, i.e., in carotenoids
without any other structural features such asâ-cycles. In the
case of phytoene, only three conjugated double bonds are present
(with the first absorption at about 310 nm at the TDDFT level);
neurosporene has nine (about 550 nm) and lycophene has 11
conjugated double bonds (with excitation energy of about 620
nm). Also, the intensity of the line increases with the elongation
of the chromophore chain. The extension of theπ-conjugated
chain by two double bonds causes an increase in the wavelength
of about 80 nm. This is slightly larger than the corresponding
experimental shift (62 nm). As mentioned above, the length of

the conjugated system influences the size of the deviation
between the computational and experimental values.

Effect of â-Cycles.Lycopene andâ-carotene containπ-con-
jugated systems of the same length. However, in the carotene
molecule, two additionalâ-cycles are present on the two ends
of the linear chain where the edge double bond is incorporated.
Comparing the two carotenoids, the effect of theâ-cycle can
be elucidated. It causes a blue shift of the S2 transition lines
from 608 (621) nm according to the TDA (TDDFT) method
for lycopene to 585 (566) nm forâ-carotene. Similar shifts can
be seen for other spectral lines ofâ-carotene as well. A smaller
oscillator strength of this transition is visible in for this molecule.
The experimentally observed difference between lycopene and
â-carotene in the first absorption peak is practically the same
(24 nm) as predicted by the TDA methods. On the other hand,
the question of whetherâ-carotene should still be considered
as a system with 11 conjugated double bonds remains in dispute
because two of the bonds (one at each end) are involved in
â-cycles. Because these cycles deviate from the plane of theπ
system, they represent a perturbation of the conjugation.
Moreover, the spectrum ofâ-carotene is closer to the spectrum
of neurosporene, in terms of not only the frequencies of the
lines but also the intensity of the first visible transition.

Effect of the C3 Hydroxyl Group. Another comparison
involves zeaxanthin andâ-carotene. The zeaxanthin molecule
is a derivate ofâ-carotene in which two hydroxyl groups are
located on the C3 carbons of theâ-cycles. The experimental
spectra of these two pigments are practically identical. This
means that hydroxyl groups have no substantial effect on the
spectrum. This can be explained by the fact that a hydroxyl
group cannot be incorporated intoπ-electron conjugation. This
was also confirmed by the analysis of frontier MOs. Practically
no expansion coefficients for the AOs of oxygen were detected
within the five highest-occupied and four lowest-energy virtual
MOs. The estimated electron transitions are in fairly good accord
with the experimental spectra.

Effect of Epoxy Groups and Xanthophyll Cycles. The
formation of xantophyll cycles is an important feature present
in regulation processes that control the wavelength of light
absorption (rather than the intensity). In Figure 11, the blue shift
of the S2 transition is visible passing from zeaxanthin through
antheraxanthin to violaxanthin. The shift is nearly equidistant
in both the experimental and calculated values and originates
from the replacement of the double bond present in theâ-cycle
by an oxygen insertion to form an epoxy group. This causes a
shortening of theπ-conjugated system by one double bond on
each side of the chain. Nevertheless, the change in energy of
the first allowed transition (S2), about 25 (15) nm by TDA
(TDDFT), is not fully comparable to the above-discussed effect
of the length of the chromophore chain because these double
bonds are already involved inâ-cycles. Nevertheless, the
computed energy differences for transition to the S2 state
between the three xanthines are still substantially larger than
the corresponding experimental values as a consequence of the
overestimated dependence of the transition lines on the length
of theπ-conjugated system (as mentioned above). The intensity
of the S2 transition increases during the epoxidation from
zeaxanthin to violaxanthin at the TDA level, in contrast to the
TDDFT results, according to which the intensity remains
practically constant. The red shift of the S2 spectral line, going
from violaxanthin to zeaxanthin, could be related to the
possibility of starting a nonphotochemical quenching (NPQ)
mechanism, expecting that the de-epoxidazed zeaxanthin forms
an “energy sink” as suggested in ref 1. However, another

Figure 15. Absorption spectra of phycoerythrobilin (PE), phycocy-
anobilin (PC), and allophycocyanin (APC).

Figure 16. B3PW91/6-31G(d)-optimized structure of phycoerythrobilin
anchored to two cysteine molecules.
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possibility of NPQ should be stressed. The TDA results exhibit
a larger difference between the S1 and S2 states in the
violaxanthin spectrum (about 60 nm) than in the zeaxanthin
spectrum, where only a 40 nm gap was found. This means that,
in zeaxanthin, the S1 and S2 energy levels are substantially
closer, which can clearly play a key role in NPQ mechanism.

Effect of Other Groups. Peridinin and fucoxanthin can be
used to elucidate another structural feature of carotenoids. Both
contain the allenic group (sCHdCdCHs). The presence of
this group plays an important role in plants such as algae that
do not contain chlorophyllb in their antenna complexes. In
addition, fucoxanthin contains one carbonyl group at the C8
position, and peridinin contains a lactone group near the C8
position, which makes the analysis of various structural groups
more complicated. The carbonyl group together with the allenic
moiety makes the spectrum slightly red-shifted compared to the
spectrum of violaxanthin. From Table 4, it can be seen that the
experimental red shift of 5 nm qualitatively differs from the
computed blue shift of 7 nm (using the TDDFT method) or 30
nm (at the TDA level). However, it can be guessed that the
relative error in the estimation of spectral lines is more than 10
nm. In the TDA-predicted spectra, another state (11Bu

-) was
localized between 11Bu

+ and 21Ag
-. This state is mainly made

up of the HOMO- 2 f LUMO transition and lies slightly
higher in other carotenoids.

The experimental spectral bands of peridinin are slightly red-
shifted in comparison to the corresponding bands of fucoxanthin
(by about 10 nm). The calculated results obtained by TDA match
this trend well. From the comparison of the similar spectra of
fucoxanthin and peridinin, the superior performance of TDA
over the full TDDFT method is apparent in this particular case
of carotenoids. Some additional support for the better perfor-
mance of TDA can be also seen in the work of Dreuw et al. on
increasing the length of polyene chains, in which results from
more sophisticated ADC(2) (algebraic diagrammatic construc-
tions to the second order) are compared.74 The TDDFT results
do not reproduce the relative positions of peridinin spectral lines,
whereas the TDA approach fits the experimental values
substantially better.

Error Estimation of the Electron Transitions. The pre-
dicted first spectral lines of (bacterio)chlorophyll and phycobilin
molecules are usually shifted by up to 100 nm toward longer
wavelengths in comparison to the experimental results. Smaller
differences can be seen for higher excitation energies. In the
blue region, the error usually drops to below 40 nm. The
differences between measured and computed lines vary for every
group of pigments. However, the effect caused by various
ligands within a group of pigments is easily visible. It can be
mentioned that the error in the spectral line determination is
inherent in the chosen method, basis set, and system (here,
π-conjugated systems of tetrapyrrole structures with similar
sizes) and is therefore practically constant for these particular
pigment groups. Another source of deviations between experi-
mental spectra and calculated lines is related to different
environments or surrounding molecules. Our calculations at this
stage were performed for the in vacuo model. Considering these
aspects, a very good accuracy (small relative error for the each
given spectral line) with experimental data was achieved for
the TDDFT(B3LYP) method and the chosen basis set.

In contrast to chlorophyll/phycobilin systems, the determi-
nation of the electron absorption spectra of carotenoids is related
to a fundamental problem. That is, the error in spectra
determination is dependent on the examined systems and
exhibits a dependence on the size of theπ-conjugated system,

as mentioned above. Therefore, it is more difficult to estimate
even relative positions of various spectral lines.

Conclusion

In this study, various pigments from photosystems were
explored. The most stable conformations were chosen based
on a database search, with subsequent geometry optimization
performed in several steps at different computational levels.

For the global minima, electronic excitations were determined
using the TDDFT method at the B3PW91/6-31+G(d) level. For
the group of carotenoids, the TDA approach with the non-hybrid
BLYP functional and the same basis set was compared.

In the spectra of chlorophylls and pheophytin transition lines,
lower intensities were determined for the Q bands than for the
Soret band. Spectral energies of the Qy lines were systematically
blue-shifted by about 50-80 nm. Nevertheless, the correct order
of these Q lines among various chlorophyll types can be noticed
from a comparison with experimental results. A much better
agreement was obtained for the edge of the Soret band
represented by B transitions, for which the difference was at
most 35 nm in the case of chlorophylld.

Similar conclusions also hold for bacteriochlorophylls. The
Qy line is slightly more shifted, on average, in comparison to
the experimental transitionsby about 85 nm. For the bacterio-
chlorophylls, a correct higher intensity of the Qy band compared
to the Soret band was obtained.

In the case of phycobilins, the large flexibility of the open
tetrapyrrole system can lead to quite artificial electron transi-
tions. Therefore, obtaining the proper molecular conformation
from the structural database was very important. The first
transition line of phycobilins occurs at substantially lower
wavelengths (by around 500 nm) and has a dominant character
(high intensity). The influence of anchoring a cysteine side chain
was found to be relatively small.

Spectral lines of carotenoids are based on linear polyene
chains, which have a dominant influence on the spectra.
Nevertheless, other structural elements such asâ-cycles and
epoxy, carbonyl, and allenic groups were also investigated. It
was found that the first allowed excitation to the S2(11Bu

+) state
has a very high intensity because of the different characters of
the HOMO and LUMO. According to simple Hu¨ckel theory,
the even and odd characters of the MOs alternate. Therefore, a
large transition dipole moment can be expected for this spectral
line. In contrast, the transition to S1(21Ag

-) is, according to
the same arguments, forbidden. Because simple Hu¨ckel theory
is not completely valid (carotenoids do not exhibit the symmetry
of the simplified polyene model), some small intensities can
be noticed. The largest values appear in the cases of peridinin,
fucoxanthin, and antheraxanthin, where the influence of allenic
and xantophyll groups is notable.

In the case of fucoxanthin, the 11Bu
- state was found to lie

between the 21Ag and 11Bu+ states; it usually lies above this
state in the other investigated carotenoinds.

In contrast to the first visible transition lines of chlorophyll
molecules, in the case of carotenoids, the S2 transition lines
are overestimated (red-shifted) by about 70 nm on average.
Nevertheless, because various groups influence the electron
transitions to different extents, the error in spectral determination
is relatively larger, and so, this red shift varies markedly between
individual caroteniod molecules. Recently, an experimental study
on the solvent effects of carotenoid spectra was reported in
which shorter wavelengths should be expected for transitions
in environment with dielectric constantε ) 1.80
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