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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/6-3G(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 QXransitions are systematically blue-shifted by about 500 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 ifpaale$ 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
B, state to lie below the 1B state. Because the shift of electron transitions is approximately proportional

to the size of ther-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 base porphyrin; see, for instance, refsZ4. These calculations

are usually used for method-testing purposes, and up to now,
fthey 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

Photosyntetic pigments represent the lifeblood of all photo-
authotrophic organisms. There are basically three classes o
photosynthetic pigments: (bacterio)chlorophylls, carotenoids,
and the smaller but still important phycobilihhese pigments of Hasegawa et at5 who used the relatively high-accuracy

have been studied for many years, and several investigators hav% AC-CI (symmetry-adapted cluster-configuration interaction)

been recognized with Nobel Prizes in the distant and even recent Ew
past for elucidating the importance of the subject. Despite the method, and Parusel and Gri ho compared chlorophyll

great effort devoted to this subject, there is still much room for a.and'pheophytln. The orlen'tatlon.of two porphyrin rings in a
. . . dimeric arrangement was investigated and compared with
further exploration. We decided to examine the electron experimental data (Raman spectroscopy) by JeongZt al
transition spectra of individual structures and the relationship P ) ) P Py .y 9 )
between structure and transition energy in the above-mentioned SPectroscopic properties of some bacteriochlorophgils,(
pigment classes. c_1—3, andd) were studied using a semiempirical approach by
peLinnato et ak®#Later, they extended the explored systems to

found in many papers, monographand spectral encyclope- self-organized aggregates of bacteriochloropﬁ%;ud th.e.LH
dias? Because this work has a computational character, we !l antenna structur& Cory et al*2 determined semiempirically
concentrate here mainly on the theoretical studies dealing with €!€Ctronic excitations in larger aggregates of bacteriochloro-
spectra predictions (or estimations) performed on the chosenPhYllS. Accurate TDDFT (time-dependent density functional
pigments and their models, using measured spectra for com-theory) calculations of chlorophyd and bacteriochlorophyb
parison and approximate error estimation. spectra have been published by Sundh®i.

For (bacterio)chlorophylls, the very first calculations were  In the case of (bacterio)chlorophyll molecules, for a com-
performed by Gouterman and co-worketson the porphyrin parison with experimental data, we used measurements of
ring, introducing the four-orbital model. Following these initial absorption spectr&;* circular dichroisn?’ and fluorescence
efforts, many other researchers have performed calculations a@ind absorption spect?&3?
various levels using different models frequently based on free-  Phycobilins belong to the second group of pigments that are
present in photosynthetic complexes. Phycobilins are linear
* Corresponding author. E-mail: burda@karlov.mff.cuni.cz. open-chain tetrapyrrole systems anchored in proteins. An

Experimental electronic spectra of these compounds can
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interesting recent study addressed the spectral characteri- on the corresponding biological environment. Also, several
zation of phycoerythrin in combination with quantum chemical structures of a given (bacterio)chlorophyll type were found to
calculations. Another study investigated regulation of the have similar total energies. One of the rare exceptions, for which
absorbed excitation energy by chlorophyll and phycobilin. Their several high-resolution X-ray structures are available, is the
models are based on X-ray structures of PS I, PS I, and molecule of chlorophylb. Our model structures were adopted
allophycocyanirf! from 1DOP pdb structure. In all investigated (bacterio)-
Carotenoids are the last family of photosynthetic pigments chlorophyll conformers, the phytyl chain was excluded from
that we examine in this study. Molecular structures of selected consideration. Instead, the methyl ester anchoring group was
carotenoids were previously calculated semiempirically (AM1) used in the models. This can be assumed to be a reasonable
by Hashimoto et at? The obtained structures were compared approximation, as it follows from our preliminary calculations
with geometries from X-ray crystallography. Similarly, in the as well as from other studies (e.g., ref 69). For the other
work of Wang et al?? structural characteristics and (stacking) chlorophyll types, the original chlorophyk ligands were
stabilization energies were explored using the MP2 approach.replaced by appropriate substituents to create the required
The role of beta-carotene in the quenching of singlet oxygen models. In the determination of pheophyéinthe structure of
was examined in a stuéusing the DFT method. Great effort  chlorophyllawas taken as a starting point, with the Mgation
has also been devoted to calculations of electronic spectra. Insubstituted by two protons.
the study of He et af$ the complete active space SCF Inthe case of the phycobilin group, two representatives were
(CASSCF) technique was employed on the low-lying excited considered, as shown in Figure 3. The initial structures were
states of the carotenoid rhodopin glucoside (RG). The results obtained from the Protein Data BaffkBecause phycobilins
showed that the lowest triplet state energy of the RG is below can adopt many spatial conformations, the crystallographic
0.78 eV. The authors also found a significant blue shift of the structure of phycocyanobilin was chosen as a starting point to
energy of the second excited singlet state (S2) in this carotenoidpreserve the biologically relevant arrangement of the pigment.
under the influence of bacteriochlorophylls. In another wiSrk, The models of phycoerythrobilin originate from the same
theoretical and experimental approaches were combined tostarting structure with replacement of the different substituents
demonstrate some correlations between AM1 calculations andand reduction of the double bond between the C and D pyrrole
NMR spectroscopy. A large number of studies on carotenoid rings. In the case of phycoerythrobilin, two forms were
spectra have been published by the Fleming gréu}, who considered: anchored through a single covalent bond to the
used both experimental and theoretical tools. Their quantum sulfur atom of cysteine side chain and/or with a pair of covalent
chemical calculations were done in collaboration with the group bonds as depicted in Figure 3.
of Head-Gordor¥?"** In one recent studi€$, TDDFT and TDA/ In the case of carotenoids, nine pigments were chosen; they

TDDFT (Tamm-Dancoff approximatiorff calculations were  are displayed in Figure 4. Selection of these pigments allows

used for the exploration of the energy transfer from the S1 state for clarification of the influence of different structural elements

of peridinin to chlorophyll in photosystem (PS) I. on spectral characteristics. The all-trans conformation was used
Although the TDA cannot generally be considered superior for linear carbon chains. The other substituents (e.g., xanthophyll

to the full TDDFT method, in carotenoids, it performs better andg-cycles) were constructed according to the basic “hybrid-
because of the fact that full TDDFT overestimates the interac- jzation” rules, and the lowest-energy conformers were chosen

tions of close-lying states, as pointed in a study by Hirata and for subsequent analysis.

Head-Gordort® . . ' Because all of the conformers represent quite an extended

Failures of the TDDFT method applied to dimers of pigments et of large molecules, several subsequent geometry optimiza-
from photosystems and their models have been published, €.9.tions were performed, making the selected set of conformers
by Dreuw et af® The problem results from unphysical charge gradually smaller. The lowest-energy structures were finally
transfer, which generates low-lying “ghost states”. A remedy yeoptimized at the B3PW91/6-31G(d) level of theory. For these
was recently suggested by Cai efal. molecules, absorption spectra were determined with time-

In the present study, a systematic determination of TDDFT gependent density functional theory (TDDFT) using the same
electronic spectra was performed for the most common (bac- functional and the 6-3£G(d) basis set. The B3PW91 functional
terio)chlorophylls, phycobilins, and carotenoids. The main goal and basis set were chosen on the basis of our previous
of this study was a comparison of pure electron transition calculations on free-based porphine systéhid.The diffuse
energies of isolated (optimal gas-phase) structures without anyfunctions were found to be of key importance for the determi-
influence of neighboring peptide molecules, other pigments, or nation of electron transitions, as described in many other studies
solvation effects using the same method and basis set. In this(e g., refs 72 and 73).

way, all undesired shifts can be suppressed, and genuine A cajculations were performed using the Gaussian 03
characteristics of individual structures can be elucidated. program package.

Pigment Isomers/Conformers. Many relevant structures
were considered in the first optimization step (HF/3-21G). In

First, several conformers of each pigment were chosen to find the next step, reduced sets of conformers (usually fewer than
a global minimum. A structural database [Protein Data Bank five) were considered, and the lowest-energy structures were

Computational Details

(pdb)] was used to obtain appropriate initial structures. reoptimized at the B3PW91/6-31G(d) level.
This selection was important in the case of the various In the case of chlorophyl, a pair of conformers with cis
conformers of chlorophyll (types, b, c1—3, d) and bacterio- and trans orientations of the €D carbonyl bond in the

chlorophyll (typesa, b, ¢, d, e, g), whose structures are presented formaldehyde group with respect to the C8 site (for the atom
in Figures 1 and 2, respectively. Usually, several arrangementsnumbering, see Figure 5) exhibits a small energy difference
were possible, and it was not completely clear which could be (about 1 kcal/mol). Global minimum of chlorophydlrepresents
excluded based on an exploration of the structural databaseconformer with the oxygen from the COH group in a trans
because the described conformations usually depend stronglyarrangement with respect to the C8 atom. In this orientation,
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Figure 1. Structural formulas of the selected types of chlorophyll molecules.

the COH group is slightly less repelled by the surrounding pro- 12a. Such a distribution of electron transitions is responsible

tons and is better “incorporated” into theelectron-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 singisinglet transitions were
computed with the TDDFT method. In the discussion, usually
three lines corresponding to visible (allowed) transitions are

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 abott 60
80 nm for the band Qand about 2630 nm for the Q 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

compared with experimental data. The full sets of transition lines depending on various structural parameters (ligands) are in a
are drawn in Figures 711 for chlorophyll molecules, bacte-  very good accord with measured data for all chlorophyll types
riochorophylls, pheophytin, bilins, and carotenoids, respectively. (both Chl and BChl).
Numerical values together with intensities and experimental data Chlorophyllais the most common chlorophyll pigment, and
are collected in Tables-34. In the case of carotenoids, it is jts spectrum is well established. The calculated values of the
known from many studies (for instance, refs 54, 63, 74, and Q,. Q, and B lines (B lines represent an edge of the Soret band)
75) that the TDDFT approach does not give the correct order jie 4t 583, 539, and 398 nm, respectively. The measured intensity
for the S1 and S2 states. Therefore, TDA methods (as of the Q band (about 0.23) is in good accord with our resuilts.
implemented in Q-Chem 3f) were used with the same basis  However, we failed to reproduce the intensity of the Soret band
set and the non-hybrid functional BLYP. 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 y@nd Soret bands are much closer
Chlorophylls. The spectra of chlorophyll molecules consist to each other, in accord with our calculations.
of two basic absorption bands. A most complex band, located From an analysis of molecular orbitals (MOs) and individual
in the blue region, is called the Soret band and is composed oftransitions it follows that the four-orbital model of Gouterman
several electron transitions. The other(s), called Q band(s), canand co-workers can be still recognized as a reasonable ap-
usually be found in the red region. Their typical positions and proximation even within the TDDFT model. The first two
intensities can be seen in the experimental spectra in Figuretransitions of chlorophylls (and also of bacteriochlorophylls and

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

—Cys— COOH COOH the Mg—porphin HOMO (for the shapes of frontier orbitals,

\s see Figure 13ad). This can be generalized for all chlorophylls
and bacteriochlorophylls with the exception of the Chl ¢ family,

in which the same order of frontier MOs as in Mporphin

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 Mgprphin 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

(@]
I—z »
I—z ©
I—Z O |

)

the case of chlorophylt. The other frontier orbitals preserve
phycocyanobilin the same character in all of the kinds of chlorophyll molecules

considered herein. In structures without thg, symmetry of
—Cys— COOH  COOH —Cys—— Mg—porphin, the LUMO and LUMO+ 1 are no longer
é & degenerate. This is in accord with the older theory, according

to which such an MO crossing results from the removal of
\ Y \ symmetry in passing from porphin to chlorin and bacteriochlorin
— models, as depicted in Figure 14. However, such a simple theory
%\A B \ c is not able to explain in detail the differences between individual
o N AN N VY N/ types of chlorophylls and bacteriochlorophylls that are known
| | from measured spectra and are computationally reproduced here.
H H H Chlorophyllb differs from chlorophylla in the C7 substituent
phycoerythrobilin group, where the methyl group of chlorophglis replaced by
Figure 3. Structural formulas of the investigated phycobilins the formy! group.

' ' In comparison with Chl a, a ligand variation causes a blue
pheophytins) are always based primarily on these four MOs. shift of the Q band of about 10 nm and a red shift of the Soret
The individual electron transitions can be compared with spectra band of about 25 nm. From the orbital energies, it can be seen
of the Mg—porphin moleculé® 11t can be noticed that HOMO that the formyl group with the €0 double bond affects the
has features of the@HOMO — 1 orbital in symmetrical Mg conjugated system of chlorophyt, decreasing the HOMO
porphin and, inversely, HOMG- 1 has the character ofgof eigenvalue by about 0.3 eV. Otherwise, its character remains
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Figure 4. Structural formulas of the investigated carotenoids.
the same as in the Chl a molecule. However, the elongation of shift of both the occupied and virtual frontier orbitals toward

the r-conjugated system in the presence of the formyl group lower values, resulting in an actual blue shift of the first Q
influences not only one MO. TheCHO group causes an energy line with a reduced intensity. The red-shifted transitions in the
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line is very similar to that of the (Jine of chlorophylla. The

Q transition lies relatively very close to the,®and 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, chlorophyld can be considered as an intermediate
between chlorophyla and bacteriochlorophyk (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 ,Qransition over 600
nm. The explanation lies in the fact that the formyl group
influences all frontier orbitals (both occupied and virtual),

chiorophyll a (IUPAC) shifting their orbital energies to lower values. In particular, the
Figure 5. Chlorophyll a atom numbering according to IUPAC  €igenvalue of the LUMO displays the lowest energy among the
conventions. whole set of examined chlorophylls. Theorbital of the formyl
group is incorporated into the-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-
, rophyllsa andb.

c Bacteriochlorophylls. The electronic spectra of the bacte-
; riochlorophylls are depicted in Figure 8 and in Table 2. The
Vo 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,

00 I : bacteriochlorophylls have a more perturbelectron system
L all 1 . ; —l than chlorophylls. This should seemingly lead to the absorption
400 430 el of light with shorter wavelengths. However, this conclusion is
Figure 6. Lines of electron transitions of the chlorophyllmodel not complgtely Corr?Ct because the. consequence§ of the per-
molecules: positions of the COH group for the trans conformer (solid turbed conjugated ring are not so simple and straightforward.
lines) and the cis conformer (dashed lines). Moreover, the shortening of wavelengths can be observed only
in the case of the Soret band. In contrast, théand displays

Soret band exhibit practically doubled intensities. The ratio of & red shift in accordance with the experimental spectrum (cf.
oscillator strengths of the,®and to the Soret band is markedly ~Figure 12b). The explanation of this red shift can be sought in
smaller for chlorophylb than for chlorophylia. This resultis ~ the fact that, in the HOMG- 1 (with &, character) of Mg-

in very good agreement with the experimental datZhe porphin, the patomic orbitals (AOs) of carbons C7, C8, C17,

analogous-CHO group is also present in bacteriochlorophyll @nd C18 (for atom numbering, see Figure 5) are involved. A
e, displaying a similar blue shift of the,®and within the BChl reduction of these C7C8 and C17#C18 bonds causes this MO

c—e family. to become increasingly less stable in passing to chlorin (or
Chlorophyll ¢ molecules exhibit larger variability than the chlorophylls) and bacteriochlqrin (or bacteriochlorophylls) (see
other chlorophylis. The isoprene tail, which is usually used for Figure 14). Because the original HOMO,{pof Mg—porphin
anchoring in the protein matrix, is not present. The pyrrole D IS Not affected by the reduction of the-C bonds, the order of
ring is not reduced and thus the chlorophydisnore closely ~ the HOMO and HOMO- 1 is exchanged in chlorophyll and
resemble the porphyrin system of the Mgorphin molecule, bacFenochI_orophyIl _ molecule_s. Similarly, only one of the
whereas the other chlorophylls are derived from the chlorin Original  virtual orbitals contains the,AO of the same carbon
system instead. This higher symmetry of thelectron system  &toms (C7, C8, C17, C18). Thus, only this virtual orbital is
explains why the spectral properties of chlorophylideviate desta}blllzed in an analogous manner. Therefore, the LUMO is
from those of the other chlorophyll types. Also, as mentioned Practically unaffected, whereas the energy of the LUMQ
above, the order of the HOMO and HOMO1 corresponds to ~ INcreases when a _reducnon of these two carbon bonds occurs
the electronic structure of Mgporphin. These modifications (- Figure 14). This means that the gap between the HOMO
of chlorophylisc substantially influence the spectral transitions. &nd LUMO is actually smaller in bacteriochlorophyll than in
They are responsible for stronger absorption in the Soret bandchlorophyll systems, leading to,@bsorption at longer wave-
(390-440 nm) and a reduction of the two Q bands in the visible 1€Ngths in bacteriochlorophylls.
region above 500 nm. The,@and is substantially reduced, It is interesting to notice that the position of the kand is
and its intensity is almost eliminated. fairly stable, between 530 and 560 nm, regardless of whether
Mutual differences between chlorophylts correspond to  chlorophylls, bacteriochlorophylls, or pheophytins are consid-
different substituents on carbons C7 and C8, as can be seergred. Only the intensity is noticeably higher in the case of
from Figure 1. Whereas typed andc2 exhibit the most blue- ~ bacteriochlorophylls andb.
shifted Q band of all of the chlorophyll systems, both ligands All of the spectra of the bacteriochlorophylls calculated at
of chlorophyll c3 have double bonds that interact with the the TD-B3PW91/6-3+G(d) level are collected in Figure 8.
m-electron system of the porphyrin ring, causing a visible red Generally, the computed transitions are blue-shifted from the
shift of the Q transition (by about 13 nm) in comparison to measured absorption spectra, with an average shift of about
that of thecl andc2 molecules. The energy of this spectral 80 nm.

0.5

oscillator strength (a. u.)
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Figure 7. Computed (TDDFT) electron transitions of chlorophyll molecules.

Bacteriochlorophylla is the most abundant chlorophyll-  destabilization can also be observed in the HOMO with a
type pigment in the majority of anoxygenic photosynthetic character (compare the energies of the HOMO-8t188 au
bacteria and its spectrum is well-known (see Figure 12b). The for BChl a vs—0.195 au for Chl a). Moreover, the LUMO with
increase of the intensity of the Q bands relative to the Soret gy character is further stabilized by the presence of the formyl
band in comparison to the chlorophyll spectrum can be seen ingroup, as also mentioned in the case of chloroptylThat is
both the measured (Figure 12) and calculated spectra (Figuresvhy the Q band is so strongly red-shifted.

7 and 8). Bacteriochlorophyllb contains an ethylideneSCH—CHs)

A red shift of the Q band of more than 80 nm can be seen group at the C8 site, which further extends theonjugated
when transition energies are compared to the analogous spectraystem (the HOMO energy is further decreased slightly to
of chlorophylla. Nevertheless, the position of the Soret band —0.185 au, preserving the eigenvalues of the other frontier
is practically the same (or slightly more blue-shifted). In accord orbitals), resulting in an additional red shift of thg Qand.
with the four-orbital model, the calculated Q band is constituted This pigment absorbs at the longest wavelength of any known
predominately only by the HOMG~ LUMO transition; the chlorophyll type, i.e., according to our results, at about 700 nm
contribution from the HOMO- 1 — LUMO + 1 transition is (the experimental value is 794 nm). In comparison to BChl a,
markedly reduced (to the value of about 0.2) in comparison to the Soret band is accordingly also red-shifted (the edge starts
that in chlorophylls (where this contribution is usually about at about 400 nm). The B line is constituted mainly by the
0.4). This is due to the increased gap of the unaffected orbital HOMO — LUMO + 1 electron transition.
with a;, character and the destabilized (because of the reduced Bacteriochlorophyli€—e form an “exceptional” group similar
C17-C18 bond) LUMO+ 1 with &y character. A similar to chlorophyllsc. The porphyrin ring is reduced only partially
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Figure 9. Comparison of calculated electron transitions of chloropaydihd pheophytira.

(C7—C8 bond), in the same way as in chlorophyll systems. in the electron spectra of chlorophylls. Also, the intensities of
Therefore, the structural and spectroscopic characteristics ofthe Q bands in relation to the Soret band are substantially lower.
these bacteriochlorophylls also resemble those of chlorophylls The role of the formyl group in the case of BChl e can be
more closely. The Qband is positioned just below 580 nm clearly recognized from even more reducgdr@ensity because
and is composed of both the HOM© LUMO and HOMO— the p. AO of the formyl carbon is visibly present in the HOMO
1— LUMO + 1 transitions with weights very similar to those and LUMO+ 1 but not the HOMO- 1 and LUMO. Thus, the
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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.

overlap of the relevant orbitals in the transition dipole moment the experimental spectra in Figure 12a. Our calculations failed
formula is decreased. The additional small blue shift of the first to describe the relative difference of the @sition compared
transition line is related to a larger stabilization of the HOMO to the Q band, which is about 30 nm in the measured spectra
again as a consequence of the incorporation of the formyl p but less than 10 nm in the TDDFT results (see Table 1).

AO into thes-conjugated system.

Phycobilins. These pigments can be characterized by open-

Some changes also occur in the Soret band, which is formedchain tetrapyrrole structures covalently bound to proteins (cf.

predominately by the HOM©LUMO + 1 transition. Because
the formyl p. AO is involved in both of these MOs, the in-

Figure 3). Their structures are very flexible, giving fairly
different spectral bands. This feature is partially described in

tensity of this band is increased accordingly. An apparent shift several textbooks, such as ref 78. Therefore, the relevant
toward longer wavelength can be noticed. Moreover, at the “biological structures” were taken from the Protein Data Bank.
edge of the Soret band, another transition appears in which Phycoerythrobilin and phycocyanobilin were chosen for a

the HOMO — 1 — LUMO + 1 transition dominates (its

study of the influence of structure on spectral properties. The

character is based on an inverse combination of the excitationbasic difference between these two molecules lies in the

weights of the Qline). All of the energies and intensities are

chromophore length. Whereas phycoerythrobilin has one satu-

in agreement with the experimental data obtained for all three rated bridge {CH,—) and two unsaturated bridgesCH=),

bacteriochlorophyllg?

Bacteriochlorophyllg has a vinyl group located at the C3
position as in chlorophyla. Moreover, an ethylidene group is
present at the C8 site. Bacteriochlorophylvas found to be

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

relatively unstable; it can be easily reduced by saturation of depicted in Figure 15. However, the unsaturated chromophore

the ethylidene double bond and converted into chloropéyll
In its spectrum, the (band is positioned at about 680 nm with
a prevailing HOMO— LUMO transition similar to Q of
bacteriochlorophyla. Comparing Q with the analogous band
of chlorophylla, a red shift of about 98 nm can be noticed, in

chain is far from being planar, and thus, theonjugated 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

accord with an analogous experimental difference of ca. 105 peptide through a single covalent bond, in the case of phyco-
nm. The edge of the Soret band is also made up of two erythrobilin, both ends are fixed in the protein matrix. However,

transitions. In addition to the usual HOM© 1 — LUMO line

this fact has no substantial effect on the electronic spectra. We

(at 388 nm), another less intense line at 396 nm can be observedalso examined the single-anchoring phycoerythrobilin. It was

Pheophytina. All chlorophylls and bacteriochlorophylls have

confirmed that the number of anchoring bonds has no substantial

their own pheophytin or bacteriopheophytin variants. Structur- influence on the transition spectrum, as can be seen in Figure
ally, the only difference lies in the absence of the magnesium 10 and Table 3. The predicted spectral lines are in good
cation in the center of the porphyrin ring. In this study, the agreement with the measured data. The estimated position of

electron spectrum of only the pheophytan molecule was

the first line is blue-shifted by about 100 nm from the

explored for the purpose of comparison with the most common experimental values. Comparing the two phycobilins, the relative

chlorophyll a. In Figure 9 and Table 1, the spectrum of
pheophytina is presented. The spectra of chlorophgland
pheophytina exhibit prominent similarities. Small but significant

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

differences are in good agreement with analogous differencesgood accord with the experimental shift of 53 nm. The intensities
found in the measured spectra in Figure 12a. The Q transitionsof these lines are not of great concern because they depend
are more intense in chlorophyll than in pheophytin. The strongly on the structure. Moreover, the effect of the environ-
oscillator strengths for the first and second transitions of ment is also more important in these molecular systems.

chlorophyll are more than 30% larger. Similar results were also

published by Hasegawa et &t Parusel and Grim& and

Carotenoids. The common feature of carotenoids is a linear
chain with a varying length of unsaturated conjugation. Caro-

Sundholm?® Because the AOs of the magnesium cation are not tenoids have relatively simple absorption spectra. They usually

involved in any of the frontier MOs of the-conjugated system,

have three absorption bands corresponding to transfers from the

the small differences between the chlorophyll and pheophytin lowest vibration level of the ground state to the three lowest
spectra can be readily understood. Also, an approximately 2 vibration levels of the first excited statéBecause the vibration

times larger intensity of the Soret band with respect to the Q problem was not considered in our study, only the position of
band was obtained for pheophytin, which is in agreement with the first spectral line can be compared to experimental data.
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TABLE 1: Experimental Data and Computed (TDDFT) TABLE 4. Experimental Data® and Computed Electron
Electron Transitions for Chosen Chlorophyll Structures? Transitions at the TDA/TDDFT(BLYP)/6-31+G* and
TDDFT(B3PW91)/6-31+G* Levels for Carotenoids
Chla A [nm ] in diethyl ether 662 578 430
A [nm] 583 539 416 398 395 391 phytoene A [nm ] in hexan 297 286 276
oscillator strength 0.24  0.03 002 021 0.03 035
TDA A 356 354 352 350 349
Chlb A [nm ] in diethyl ether 644 549 455 []?m ]
A [nm] 573 548 436 423 417 393 oscillator strength 005 0 002 002 0
oscillator strength 0.14 0, 040 005 075 0.02 full A [nm] 310 271 269 265 260
Chl ¢l L [nm ] in diethyl ether 628 578 444 oscillator strength L7 001 001 002 0
A [nm] L Byl neurosporene A [nm ] in hexan 468 440 415
nsctl]am.r sn'lcnglh 0.03 . 034 0.66 0.21 014 TDA A [nm] 507 520 475 468 465
Chl ¢2 & [nm ] in diethyl ether 628 579 448 i fi
A [nm] 571 S68 425 419 410 399 oscillator strength 044 531 o001 0 00
oscillator strength .02 0 067 069 005 002 full A [nm ] 548 463 355 349 343
Chl ¢3 & [nm ] in diethy] ether 626 586 452 oscillator strength 3.83 0.04 008 005 0.
A [nm] 584 579 443 426 419 408 lycopene A [nm ] in hexan 502 470 444
sci ; 5 770 ; :
tm:ll]ato_r str.cnglh of .01 (.55 ' 0.3 .02 TDA A [nm] 694 608 506 488 488
Chld A [nm ] in diethyl ether 668 - 447 ¢
A [nm] 605 562 424 413 406 401 oscillator strength 001 607 094 0 .
oscillator strength 023 005 00l 038 005 0 full A [nm | 621 528 409 393 371
Pheoa A [nm ] in diethyl ether 672 540 416 oscillator strength 450 0 011 0 8I6
A [nm] 580 533 422 391 387 381 P-carotene A [nm ] in hexan 478 450 425
oscillator strength 0.8 003 0. 045 054 03] TDA %] c17 sps a0 a7 ians
aExperimental data on gray background taken from Scheer. oscillator strength ||| e:38 sl || ozl (B0 70
. full A [nm 566 474 383 377 337
TABLE 2: Experimental Data and Computed (TDDFT) Osii”at]m TR el
Electron Transitions for Bacteriochlorophyll Molecules? = i T SR
zeaxanthin A [nm ] in ethanol 478 450 425
BChla A [nm ] in diethyl ether 773 577 358 TDA A [nm] 615 581 470 444 424
L [nm] 668 554 422 415 398 383 oscillator strength 0.05 446 137 0.00 085
oscillator strength 0.37 010 0. 0. 0. 0.13 full A [nm] 565 473 381 375 336
BChlb A [nm ] in diethyl ether 794 578 368 oscillator strength 389 0. 011 002 015
A [nm] 700 559 420 417 414 402 antheraxanthin A [nm ] in ethanol 474 445 412
oscillator strength 033 0.07 0. 0.02 0. .46 TDA A [nm ] 506 552 453 421 410
BChle A [nm ] in diethyl ether 659 = 429 oscillator strength 0.33 452 1.06 0. 025
* [r_']r]" - X ;ﬁ[; ;;'5 4;" 3':; ;‘iz 3";‘; full A [nm ] SS1 459 371 355 326
SEsLaliCStEngt . ' L oscillator strength 385 0.08 0.09 0.0] 0.14
BChld & in diethyl eth 651 423
(oo T diestryLesher violaxanthin A [nm ] in ethanol 470 440 419
A [nm] 575 536 402 398 388 370 " B g
oscillator strength 021 0.02 0. 003 056 036 s [nm ] D08 326, (201 A2 el
BChle A [nm ] in diethyl ether 647 : 458 oscillator strength 008 537 0 053 0
A [nm] 573 557 439 418 401 392 O D
oscillator strength 0.09 001 042 078 0. 0.02 oscillator strength 389 0.0 005 0 016
BChlg A [nm ] in diethyl ether 767 565 404 fucoxanthin A [nm ] in ethanol 475 449 426
& [nm] 681 539 435 409 396 388 TDA A [nm ] 582 565 496 479 428
oscillator strength 034 004 002 007 012 064 oscillator strength 0 124 359 071 0O
a Experimental results on gray background taken from Scheer. full A [nm] 529 431 400 350 328
i oscillator strength 3357 017 0.04 0.02 0.
TABLE 3: Experimental Data? and TDDFT Computed peridinin 7 [ s 485 455
Electron Transitions for Ph ilin
ectro ansitions fo ycobilins TDA A [nm ] 541 498 468 433 429
phycocyanobilin e 617 555 oscillator strength 0.55 428 005 0. 0.
A [nm] S10 424 374 359 354 350 full A [nm ] 528 426 350 335 331
oscillator strength 146 000 006 0. 0, 0. oscillator strength 345 018 005 0. 0.04
phycoerythrobilin - water 565 495
(1AA) A [nm] 466 390 377 348 333 326 aResults on gray background were taken fr@arotenoids’®
oscillator strength 0.86 0. 002 00f o0l 0.0f . . . .
phycoerythrobilin . [nm] 466 378 349 333 332 326 analysis somewhat more complicated than in the previous case
(2AA) oscillator strength 083 002 0. .02 . (.005 of tetrapyrrole Systems_ Neverthelessl Comparing the relative
aResults on gray background were taken from the Prozyme positions of the spgctral _Imes, acceptable agreement Wlth the
PhycobiliproteinsWeb paget measured spectra is achieved. The electron transition lines for

the complete set of chosen carotenoids are presented in Figure

In the computational model, only all-trans isomers were 11 and Table 4. In the TDA spectrum of phytoene, the molecule
considered. All obtained spectra exhibit a systematic red shift with the shortestz-conjugated system, some problems can be
relative to the experimental data that is roughly proportional to noticed. Whereas a pronounced intensity for the excitation to
the number of unsaturated double bonds. For the reddest line S2 state can be seen in the full TDDFT(B3PW91) results, in
the shift varies from 13 nm, for phytoene with three double the results obtained by the TDA method, the intensity of this
bonds, to 119 nm, for lycopene with/aconjugated system  transition is too low. However, a very similar spectrum was
formed by 11 double bonds. The average shift is about 70 nm. also obtained at the TDDFT(BLYP) level, demonstrating that
This variation is an unpleasant property and makes the spectralthis particular problem is instead related to the BLYP functional.
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Figure 14. Changes in frontier orbital eigenvalues in going from a
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Figure 13. (a—d) Frontier MOs of chlorophyla: MOs from 165 to ecules.

168; the 166th MO is the HOMO. (€) LUMO of chlorophyll

S1 and S2 Statesln all determined spectra, a remarkably Huckel theory. According to this concept, “gerade” and “un-
strong absorption (with high intensity) of the first visible gerade” MOs alternate regularly. This feature is largely pre-
transition was found. This line is related to the excitation from served in more accurate calculations as well. Therefore, large
the HOMO to the LUMO, which have opposite symmetry transition dipole moments can be expected for the excitation
according to the classification of unsaturated chains within between the HOMO and LUMO, resulting in a high intensity

€)
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0,8 T T T the conjugated system influences the size of the deviation
between the computational and experimental values.

Effect of #-Cycles.Lycopene angi-carotene contain-con-
jugated systems of the same length. However, in the carotene
molecule, two additiongB-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 fheycle can
be elucidated. It causes a blue shift of the S2 transition lines
from 608 (621) nm according to the TDA (TDDFT) method
4 for lycopene to 585 (566) nm fgt-carotene. Similar shifts can
be seen for other spectral linesftarotene as well. A smaller
oscillator strength of this transition is visible in for this molecule.
The experimentally observed difference between lycopene and
700 [B-carotene in the first absorption peak is practically the same
Figure 15. Absorption spectra of phycoerythrobilin (PE), phycocy- (24 nm) as predicted by the TDA methods. On the other hand,
anobilin (PC), and allophycocyanin (APC). the question of whethgs-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
pB-cycles. Because these cycles deviate from the plane of the
system, they represent a perturbation of the conjugation.
Moreover, the spectrum @i-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 an@-carotene. The zeaxanthin molecule
is a derivate ofs-carotene in which two hydroxyl groups are
located on the C3 carbons of tifiecycles. 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

i group cannot be incorporated inteelectron conjugation. This
Figure 16. B3PW91/6-31G(d)-optimized structure of phycoerythrobilin ~ Was also confirmed by the analysis of frontier MOs. Practically
anchored to two cysteine molecules. no expansion coefficients for the AOs of oxygen were detected
within the five highest-occupied and four lowest-energy virtual
of this transition. The second singlgt,* excitation is predicted M_Os. The estimated electron transitions are in fairly good accord
as the first one at the TDDFT level, whereas the TDA approach With the experimental spectra.
correctly inverts the order of the excited states, placing the Effect of Epoxy Groups and Xanthophyll Cycles. The
S1(2A47) excitation at longer wavelengths. The/Aline is formation of xantophyll cycles is an important feature present
associated with an electron transition from the HOMQ to in regulation processes that control the wavelength of light
the LUMO with some admixture of the HOM& LUMO + 1 absorption (rather than the intensity). In Figure 11, the blue shift
transition. This excitation has a very low intensity (invisible in ~ of the S2 transition is visible passing from zeaxanthin through
spectra), which again follows from simple "Ekel theory. antheraxanthin to violaxanthin. The shift is nearly equidistant
Because the two MOs have the same gerade symmetry, therén both the experimental and calculated values and originates
is always a very small transition dipole moment between such from the replacement of the double bond present irgtiegcle
orbitals. When the character of the unsaturateconjugated by an oxygen insertion to form an epoxy group. This causes a
system is substantially perturbed, as in peridinin, fucoxanthin, shortening of ther-conjugated system by one double bond on
and antheraxanthin, an increase in the intensity of this spectraleach side of the chain. Nevertheless, the change in energy of
line can be noticed. the first allowed transition (S2), about 25 (15) nm by TDA

Effect of the Chromophore Chain Length. As the chro- (TDDFT), is not fully comparable to the above-discussed effect
mophore chain elongates, electrons are increasingly delocalizedof the length of the chromophore chain because these double
decreasing the excitation energy. Therefore, the increasing lengthbonds are already involved ifi-cycles. Nevertheless, the
of the conjugated chain strongly correlates with a longer computed energy differences for transition to the S2 state
wavelength for electron transitions in the following order: between the three xanthines are still substantially larger than
phytoene, neurosporene, and lycopene, i.e., in carotenoidsthe corresponding experimental values as a consequence of the
without any other structural features suchfasycles. In the overestimated dependence of the transition lines on the length
case of phytoene, only three conjugated double bonds are presenf thesr-conjugated system (as mentioned above). The intensity
(with the first absorption at about 310 nm at the TDDFT level); of the S2 transition increases during the epoxidation from
neurosporene has nine (about 550 nm) and lycophene has 1¥Zeaxanthin to violaxanthin at the TDA level, in contrast to the
conjugated double bonds (with excitation energy of about 620 TDDFT results, according to which the intensity remains
nm). Also, the intensity of the line increases with the elongation practically constant. The red shift of the S2 spectral line, going
of the chromophore chain. The extension of theonjugated from violaxanthin to zeaxanthin, could be related to the
chain by two double bonds causes an increase in the wavelengttpossibility of starting a nonphotochemical quenching (NPQ)
of about 80 nm. This is slightly larger than the corresponding mechanism, expecting that the de-epoxidazed zeaxanthin forms
experimental shift (62 nm). As mentioned above, the length of an “energy sink” as suggested in ref 1. However, another

i
-
T

Absorbance

e
3
T

0,2




J. Phys. Chem. A, Vol. 111, No. 26, 2005877

possibility of NPQ should be stressed. The TDA results exhibit as mentioned above. Therefore, it is more difficult to estimate

a larger difference between the S1 and S2 states in theeven relative positions of various spectral lines.

violaxanthin spectrum (about 60 nm) than in the zeaxanthin

spectrum, where only a 40 nm gap was found. This means that,Conclusion

in zeaxanthin, the S1 and S2 energy levels are substantially

closer, which can clearly play a key role in NPQ mechanism. In this study, various pigments from photosystems were
Effect of Other Groups. Peridinin and fucoxanthin can be explored. The most stable conformations were chosen based

used to elucidate another structural feature of carotenoids. Both®" @ database search, with subsequent geometry optimization
contain the allenic group{CH=C=CH—). The presence of performed in several steps at different computational levels.

this group plays an important role in plants such as algae that For the global minima, electronic excitations were determined
do not contain chlorophylb in their antenna complexes. In  Using the TDDFT method at the B3PW91/6+3%(d) level. For
addition, fucoxanthin contains one carbonyl group at the C8 the group of carotenoids, the TDA approach with the non-hybrid
position, and peridinin contains a lactone group near the 8 BLYP functional and the same basis set was compared.
position, which makes the analysis of various structural groups  In the spectra of chlorophylls and pheophytin transition lines,
more complicated. The carbonyl group together with the allenic lower intensities were determined for the Q bands than for the
moiety makes the spectrum slightly red-shifted compared to the Soret band. Spectral energies of thgi@es were systematically
spectrum of violaxanthin. From Table 4, it can be seen that the blue-shifted by about 5680 nm. Nevertheless, the correct order
experimental red shift of 5 nm qualitatively differs from the of these Q lines among various chlorophyll types can be noticed
computed blue shift of 7 nm (using the TDDFT method) or 30 from a comparison with experimental results. A much better
nm (at the TDA level). However, it can be guessed that the agreement was obtained for the edge of the Soret band
relative error in the estimation of spectral lines is more than 10 represented by B transitions, for which the difference was at

nm. In the TDA-predicted spectra, another staftB(1) was most 35 nm in the case of chlorophyll

localized between'B," and 2A4. This state is mainly made Similar conclusions also hold for bacteriochlorophylls. The
up of the HOMO— 2 — LUMO transition and lies slightly Qy line is slightly more shifted, on average, in comparison to
higher in other carotenoids. the experimental transitierby about 85 nm. For the bacterio-

The experimental spectral bands of peridinin are slightly red- chlorophylls, a correct higher intensity of thg kand compared
shifted in comparison to the corresponding bands of fucoxanthin to the Soret band was obtained.
(by about 10 nm). The calculated results obtained by TDA match  In the case of phycobilins, the large flexibility of the open
this trend well. From the comparison of the similar spectra of tetrapyrrole system can lead to quite artificial electron transi-
fucoxanthin and peridinin, the superior performance of TDA tions. Therefore, obtaining the proper molecular conformation
over the full TDDFT method is apparent in this particular case from the structural database was very important. The first
of carotenoids. Some additional support for the better perfor- transition line of phycobilins occurs at substantially lower
mance of TDA can be also seen in the work of Dreuw et al. on wavelengths (by around 500 nm) and has a dominant character
increasing the length of polyene chains, in which results from (high intensity). The influence of anchoring a cysteine side chain
more sophisticated ADC(2) (algebraic diagrammatic construc- was found to be relatively small.
tions to the second order) are compafé@he TDDFT results Spectral lines of carotenoids are based on linear polyene
do not reproduce the relative positions of peridinin spectral lines, chains, which have a dominant influence on the spectra.
whereas the TDA approach fits the experimental values Nevertheless, other structural elements suclB-agcles and
substantially better. epoxy, carbonyl, and allenic groups were also investigated. It

Error Estimation of the Electron Transitions. The pre- was found that the first allowed excitation to the SB({") state
dicted first spectral lines of (bacterio)chlorophyll and phycobilin has a very high intensity because of the different characters of
molecules are usually shifted by up to 100 nm toward longer the HOMO and LUMO. According to simple kel theory,
wavelengths in comparison to the experimental results. Smallerthe even and odd characters of the MOs alternate. Therefore, a
differences can be seen for higher excitation energies. In thelarge transition dipole moment can be expected for this spectral
blue region, the error usually drops to below 40 nm. The line. In contrast, the transition to Sf2;") is, according to
differences between measured and computed lines vary for evenjthe same arguments, forbidden. Because simplekelutheory
group of pigments. However, the effect caused by various is not completely valid (carotenoids do not exhibit the symmetry
ligands within a group of pigments is easily visible. It can be of the simplified polyene model), some small intensities can
mentioned that the error in the spectral line determination is be noticed. The largest values appear in the cases of peridinin,
inherent in the chosen method, basis set, and system (herefucoxanthin, and antheraxanthin, where the influence of allenic
m-conjugated systems of tetrapyrrole structures with similar and xantophyll groups is notable.
sizes) and is therefore practically constant for these particular In the case of fucoxanthin, théB,~ state was found to lie
pigment groups. Another source of deviations between experi- between the Ag and IBu™ states; it usually lies above this
mental spectra and calculated lines is related to different state in the other investigated carotenoinds.
environments or surrounding molecules. Our calculations atthis  |n contrast to the first visible transition lines of chlorophyll
stage were performed for the in vacuo model. Considering thesempolecules, in the case of carotenoids, the S2 transition lines
aspects, a very good accuracy (small relative error for the eachare overestimated (red-shifted) by about 70 nm on average.
given spectral line) with experimental data was achieved for Nevertheless, because various groups influence the electron
the TDDFT(B3LYP) method and the chosen basis set. transitions to different extents, the error in spectral determination

In contrast to chlorophyll/phycobilin systems, the determi- is relatively larger, and so, this red shift varies markedly between
nation of the electron absorption spectra of carotenoids is relatedindividual caroteniod molecules. Recently, an experimental study
to a fundamental problem. That is, the error in spectra on the solvent effects of carotenoid spectra was reported in
determination is dependent on the examined systems andwhich shorter wavelengths should be expected for transitions
exhibits a dependence on the size of theonjugated system, in environment with dielectric constaat= 1.8°
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