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Chapter

Electronic Structure of Chlorophyll
Monomers and Oligomers
Juha Matti Linnanto

Abstract

This chapter deals with the electronic structure of chlorophyll molecules and their
complexes. Different theoretical and quantum chemical calculation methods are used
to study the molecular and electronic structure of chlorophylls. Studied spectral region
covers ultraviolet and infrared spectral regions, containing blue side of the Soret band,
as also traditional Qy band region. Thus, there are not only focusing on the traditional
Qy, Qx, and Soret transitions of chlorophylls but also high-energy transitions (in this
region also proteins and nuclei acids absorb light). The aim is to show the effect of
molecular conformation on the electronic states and thus on the absorption and
emission spectra of monomers and oligomers. In chlorophyll-protein complexes, such
conformation effect finetuning the spectral transitions and increases overlap between
donor and acceptor states of energy transfer processes. Also, the role of vibronic
transition in the shape of absorption and emission spectra of the studied systems will
be considered.

Keywords: absorption spectrum, bacteriochlorophyll, B3LYP, CAM-B3LYP,
chlorophyll, conformer, exciton theory, fluorescence spectrum, hydrogen bond,
light-harvesting antenna, vibronic transition, WSCP, quantum chemistry

1. Introduction

Pigment molecules of light-harvesting (LH) antennae and reaction centers, in most
cases noncovalently bound to proteins, are the heart of the photosynthetic apparatus
of all photosynthetic prokaryotes and eukaryotes. Pigments differ from one phylum to
another, and the relative amounts may vary not only from phylum to phylum and
species to species, but even from specimen to specimen. Pigment compositions are
different in shade-adapted and sun-adapted leaves of the same tree, in young and old
cells, in specimens grown in green light and those grown in red light [1–4]. The
chemical structure of a pigment molecule may also change in response to growth
conditions [5–10]. An understanding of the structure and photosynthetic properties of
pigment molecules is a necessary first step to any understanding of antenna and
reaction centers. The primary function of pigment molecules is to absorb a photon of
light quantum, and the color of the pigment indicates the wavelengths of light
reflected. After absorption processes, pigment molecules of light-harvesting antenna
complexes become electronically excited. The excitation is then transferred to a
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reaction center, where the excitation energy is transformed into a stable charge sepa-
ration. And finally, a series of electron and proton transfer and biochemical reactions
convert the energy of the Sun’s photons into chemical energy in the form of sugars,
lipids, and other compounds that sustain cell life [11].

The primary pigments of photosynthesis are chlorophylls (Chls) and bacteriochlo-
rophylls (BChls), they both are cyclic tetrapyrroles. Other photosynthetic pigments,
phycobilins (linear tetrapyrroles) and carotenoids (acyclic conjugated hydrocarbons)
are often referred to as accessory pigments. There are several types of Chl and BChl
molecules (Figure 1 and Tables 1 and 2), but terrestrial plants possess only Chl a and
Chl b molecules. Whereas photosynthetic bacteria possess several types of BChls. For
example, BChls c, d, and e are the main pigments of green sulfur bacteria, and BChls a
and b are the main pigments of purple bacteria. In cyanobacteria and in red and

Figure 1.
General presentation of the chemical structure and IUPAC numbering scheme of chlorophylls (a) and
bacteriochlorophylls (b) (see Tables 1 and 2).

Molecule R2 R3 R7 R8 R17

Mg-C typea

Chl a –CH3 –CH=CH2 –CH3 –CH2–CH3 –CH2–CH2–CO–O–R’c

Chl b –CH3 –CH=CH2 –CHO –CH2–CH3 –CH2–CH2–CO–O–R’c

Chl d –CH3 –CHO –CH3 –CH2–CH3 –CH2–CH2–CO–O–R’c

Chl f –CHO –CH=CH2 –CH3 –CH2–CH3 –CH2–CH2–CO–O–R’c

Mg-P typeb

Chl c1 –CH3 –CH=CH2 –CH3 –CH2-CH3 –CH=CH–CO–OH

Chl c2 –CH3 –CH=CH2 –CH3 –CH=CH2 –CH=CH–CO–OH

Chl c3 –CH3 –CH=CH2 –CO–O–CH3 –CH=CH2 –CH=CH–CO–OH
aIn the Mg-chlorin type of pigment the C17-C18 bond is a single bond
bIn the Mg-porphyrin type of pigments the C17-C18 bond is a double bond
cR0 is phytyl

Table 1.
Substituents of natural chlorophylls. For basic structure see Figure 1a.
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cryptophyte algae, the main pigments are Chl a and phycobilins. Carotenoids have a
role in all photosynthetic organisms.

The Chls and BChls are a group of tetrapyrrolic pigments with common structural
elements and functions. In chemical terms, they are cyclic tetrapyrroles of the por-
phyrin, chlorin, or bacteriochlorin oxidation states, which are characterized by a fifth,
cyclopentanone ring ortho-perifused (ring E in Figure 1) to the pyrrole ring of the
porphyrin, chlorin, or bacteriochlorin nucleus with an attached carbonyl ester group
and a central Mg atom. Coming from different peripheral substituents, these mole-
cules contain several chiral centers. For natural pigments, the most common are 132

and 31 epimers [10, 12–14]. For example, the 132-epimers of Chl a constitute the
primary electron donor of Photosystem I of plants and cyanobacteria, and 31-epimers
of BChl c, d, and e are present in chlorosome antenna elements [10, 13–17]. Conju-
gated tetrapyrrole ring, a chromophore, allows Chl and BChl molecules to absorb
visible light.

The characteristic feature of the ground-state absorption spectrum of monomeric
Chls and BChls in organic solvents are the two bands in the long wavelength region
540-850 nm, which have been assigned as transitions to the two lowest singlet excited
electronic states. The strong absorption bands in the region 300 to 475 nm are

Molecule R3 R7 R8 R12 R13 R17 R20

Mg-BC typea

BChl a –CO–CH3 –CH3 –C2H5 –CH3 –CO–O–CH3 –C2H4–CO–O–R0c –H

BChl b –CO–CH3 –CH3 =CH–CH3 –CH3 –CO–O–CH3 –C2H4–CO–O–R’c –H

BChl g –CH=CH2 –CH3 =CH–CH3 –CH3 –CO–O–CH3 –C2H4–CO–O–R’d –H

Mg-C typeb

BChl c –CHOH–CH3 –CH3 –C2H5 –CH3 –H –C2H4–CO–O–R’d –CH3

–C3H7 –C2H5

–C4H9

–C5H11

BChl d –CHOH–CH3 -CH3 –C2H5 –CH3 –H –C2H4–CO–O–R’d –H

–C3H7 –C2H5

–C4H9

–C5H11

BChl e –CHOH–CH3 –CHO –C2H5 –C2H5 –H –C2H4–CO–O–R’d –CH3

–C3H7

–C4H9

–C5H11

BChl f –CHOH–CH3 –CHO –C2H5 –C2H5 –H –C2H4–CO–O–R’d –H
aIn the Mg-bacteriochlorin type of pigments the C7-C8 bond is a single bond
bIn the Mg-chlorin type of pigments the C7-C8 bond is a double bond
cR’ is phytyl
dR’ is farnesyl.

Table 2.
Substituents of the natural bacteriochlorophylls. For basic structure see Figure 1b.
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transitions to higher singlet electronic excited states of Chls and BChls (See Figure 2).
These absorption bands, as also the corresponding transitions and excited states, are
generally referred to as Qy, Qx, and B (or Bx, By or B1, B2 or Soret), in keeping with the
nomenclature used for porphyrin in earlier studies [18]. Subscripts x and y indicate
transition polarization orientations. In addition, with these characteristic absorption
bands, in the ultraviolet spectral region exist two other strong bands at about 260 nm
and below 200 nm. There is a correlation between the position of the Qy band and
chemical structure of the conjugated chromophore. Pigments with Mg-bacteriochlorin
(Mg-BC) nucleus (BChl a, b, and g) absorb the longest wavelength, and pigments with
Mg-porphyrin (Mg-P) nucleus (Chl c1, c2, and c3) absorb the shortest wavelength in
the Qy spectral region (Figure 2) [19, 20]. Following the Qy state energy order found
from spectroscopic studies of porphyrin, chlorin, and bacteriochlorin molecules
[21, 22]. Also absorption band intensity depends on the chemical structure of the
chromophore. The ratio of the absorption maximum of the Soret band to the maxi-
mum of the Qy band is largest for the pigments belong to the Mg-P group [19, 20]. It is
typically larger than six for the Mg-P-type pigments, whereas it is less than four for
the Mg-chlorin (Mg-C)-type of pigments [19, 20]. For the Mg-BC-type of pigments it
is less than one and a half [19, 20]. Additionally, in pigments belong to the Mg-C
group (Chl a, b, d, and f and BChl c, d, and e) the weak absorbing Qx state overlaps
with the vibronic transition of the lowest singlet excited Qy state, making an accurate
determination of its position in the absorption spectrum of Mg-C-type of (B)Chls
difficult [19, 20]. Whereas in BChl a, b, and g molecules, having Mg-BC nucleus, the
Qx band is clearly visible in the spectrum (See Figure 2) [19, 20].

Coming from different peripheral substituents, pigments belong to the same chro-
mophore group have different transition energies and shapes of spectra. For example,
by considering pigments belong to the Mg-C group. The only difference in the struc-
ture of Chl a and Chl b is substitution at the R7 position (See Figure 1), where Chl a
has a methyl group and Chl b an acetyl group. This small structural difference causes a
blue shift of the Qy absorption from 671 nm in Chl a to 655 nm in Chl b in pyridine at

Figure 2.
Ground-state absorption spectra of Chl a, Chl b, Chl c2, BChl a, and BChl d at room temperature. The main Soret
band is scaled to unity. The solar spectrum was obtained from Jari Kemppi,The Finnish Defense Forces.
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room temperature (RT) [19]. Also, Chl a has a stronger intensity of the Qy band than
that of Chl b as compared to the Soret band. Indicating that peripheral substituents,
especially substituents those increase/decrease (perturb) conjugated length of the
molecule, affect the electronic structure of chromophore nuclei. Similarly, the only
difference in the structures of Chl a and Chl d or Chl f is substitution at the R3 or R2

position, respectively. When a vinyl group (Chl a) at position R3 is replaced with an
acetyl group (Chl d) or a methyl group (Chl a) at position R2 is replaced with an acetyl
group (Chl f). It causes a redshift of the Qy absorption from 671 nm (Chl a) to 697 nm
(Chl d) or 706 nm (Chl f) in pyridine at RT [19, 23], keeping the intensity ratio
between the Soret and Qy bands almost unchanged. When a vinyl group (Chl a) at
position R3 is replaced with a hydroxyethyl group (BChl d), a blue shift of the Qy

absorption from 671 nm to 657 nm in pyridine solution at RT is observed [19]. For
different homologous structures of BChl c, d, and emolecules having different degrees
of methylation at conjugated Cβ carbons of the chlorin nucleus at the positions R8 and
R12 (see Table 2 and Figure 1b) such significant differences for the spectral shapes
and band positions have not been observed. Typically, absorption band positions may
vary only a few nm between the homologs [9, 24, 25]. This means that the length of
saturated hydrocarbon side chains, at least at the positions R8 and R12, does not have
much effect on electronic structures of the lowest states of the chromophore nuclei.
The same is true also for the length of the long hydrocarbon sidechain at the position
R17, (B)Chl, and its (bacterio)chlorophyllide derivatives produce almost similar
absorption spectrum [26, 27]. These observations might indicate that certain periph-
eral substituent perturb electron density of the chromophore nuclei and thus causes
modification on its spectroscopic properties.

Due to the peripheral substituents and the central Mg atom of (B)Chls, the
spectroscopic properties of these molecules are sensitive to the nearest environment
around the pigment. Especially the Qx state has been shown to be very sensitive to the
solvent coordination and type of the coordinated ligand [26, 28–30]. Its position may
change tens of nm between five and six-coordinated Mg complex structures [26, 30,
31]. Also orientation of peripheral substituents, especially orientations of vinyl and
acetyl groups, may have an effect on the transition energies of pigment molecules
[32–35]. In a protein environment, coming from different local environments, interac-
tions with nearest amino acids can favor certain orientations of peripheral substituents
of (B)Chls. Because of that, the Qy absorption band of pigment embedded in protein is
typically much narrower than that of pigment in organic solution. Thus, the local
protein environment can fine-tuning spectroscopic and energy transfer properties of
pigment embedded in protein by favoring certain conformers. Also, in protein com-
plexes due to the short inter-pigment distances, exciton couplings between pigment
molecules may affect transition energies and transition intensities as compared with the
transition energies and transition intensities of isolated pigment molecules [34].

In this work, we create step-by-step the theoretical model for spectral transitions
of Chl monomers and Chl oligomers to explain the role of environment, conformers,
vibrations, and inter-pigment exciton interactions on the electronic structure of the
pigment and pigment complexes. The very first starting model system is an isolated
Chl-ligand complex with electronic transitions only. Finally, a more realistic model,
Chl oligomer with vibronic transitions is considered. Coming from the fact that the
peripheral substituents affect the electronic structure of chromophore, transition
energies and transition intensities of different conformers are investigated by using
quantum chemical density functional calculation methods. We found out that with
the conformer information found from experimental crystal structures and calculated
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transition energies and calculated transition dipoles are able to reproduce experimen-
tal absorption and emission spectra of several studied systems quite nicely. We were
able to explain the unexpectedly high molar extinction coefficient of Chl b found in
the water-soluble chlorophyll protein as also to explain the large spectral shift found
from some LH antenna complexes. Our results suggest that so-called “sergeants and
soldier” principle describes H-bond donor and H-bond acceptor interactions in several
Chl protein complexes.

2. Electronic structure of pigment molecules

Figure 3a and b are shown schematic energy level diagrams (Jablonski diagram) of
monomeric and dimeric (B)Chl molecules, respectively. These diagrams illustrate the
electronic states of a molecule and the transitions between states. These diagrams are
able to explain qualitatively experimentally recorded spectra of the molecule. In
Figure 3a and b, the vibrational ground state of an electronic state is indicated with a
thick black line and the higher vibrational states with thinner black lines. There are
also shown some phonon states with grey dot lines. For clarity, these phonon states are
shown only for a few electronic states [36]. These phonons are vibrations of the
environment (protein, solvent, etc.) that are coupled with the electronic states of
molecules in condensed matter. Figure 3b are also shown some inter-molecular charge
transfer (CT) states with dash lines. In monomeric systems, these inter-molecular CT
states are forming between monomeric pigment and nearest solvent, etc. molecules,
like well-known ligand-metal CT state. Energies of these inter-pigment CT states
shown in Figure 3b are qualitatively in line with quantum chemical calculation results
for strongly coupled BChl a oligomers, lowest inter-molecular BChl-BChl CT states
appear between the Qy and Qx exciton manifolds (the S1 and S2 states in Figure 3b)
[37]. Also, experimental two-photon excitation spectroscopy studies for BChl a oligo-
mers have shown states in this spectral region that are not observable in a normal
ground state absorption spectroscopy method, because usually, CT states are optically
“dark”, i.e., one photon-excitation forbidden transitions [38]. Internal conversion
(IC) and intersystem crossing (ISC) processes are indicated with grey and light-grey
arrows, respectively. IC process occurs when a vibrational state of an electronically
excited state is coupled to a vibrational state of a lower electronic state with the same
spin multiplicity. Whereas ISC occurs between states with a different spin

Figure 3.
Scheme of energy levels of monomeric (a) and dimeric (b) (B)Chl complexes. S0 = electronic ground state, S1-2 =
singlet excited states,T1 = triplet excited state, CT = charge transfer state, Abs = absorption, Flu = fluorescence,
Phos = phosphorescence, IC = internal conversion, ISC = intersystem crossing. Dark yellow arrows indicate
vibration relaxation processes. Red dot lines in the B indicate the effect of environmental shifts and exciton
couplings on excited state energies. See the text for details.
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multiplicity. These non-radiative relaxation processes are dominant processes in the
photophysics of (B)Chls, where the triplet state quantum yield is about 0.20-0.88 and
a phosphorescence quantum yield of only about 2*10�5 or even smaller [23, 39–43].
Dark-yellow arrow indicates vibration relaxation processes. This process involves the
dissipation of energy from the molecule to its surrounding. As can be seen in
Figure 3b, one nondegenerate excited state of a free monomer in dimer corresponds
not to one but to two exciton states. This splitting is usually called Davydov splitting
[44]. The energy gap between the two states of dimer depends on the exciton coupling
strength between the states as also as the energy difference between the coupled
electronic excited states of the individual molecules. Transition energy difference, if
any, between free identical pigments originates from conformation differences as also
from different environmental shifts [45, 46]. In Figure 3b was assumed that environ-
mental shift decreases energies of T1, S1, and S2 states. For larger oligomers the
excitation energy of the oligomer will split up into as many levels of excited states as is
a number of molecules in the oligomer. For crystals, if the unit cell contains N
identical molecules, then the excitation energy of the crystal will split up into N levels
of excited states [44].

2.1 Electronic transitions

The origin of the S1 (Qy) and S2 (Qx) states shown in Figure 3 is qualitatively
explained by the famous Gouterman four orbital model, in which the two highest
occupied molecular orbitals (HOMO-1 and HOMO) and the two lowest unoccupied
molecular orbitals (LUMO and LUMO+1) form the active molecular orbital space
[47, 48]. And spectral transitions (excited states) are described transitions
between these active molecular orbitals. The transition from HOMO to LUMO
(HOMO!LUMO) and the transition from the second HOMO (HOMO-1) to the
second LUMO (LUMO+1) have a transition dipole moment vector parallel with the
y-axis, whereas HOMO-1!LUMO and HOMO!LUMO+1 transitions have transition
dipole moment vector parallel with the x-axis coming from the symmetry of
wavefunctions of (B)Chls. Because of that, the Qy state (transition) can be expressed
by a linear combination of the HOMO!LUMO and HOMO-1!LUMO+1 transitions.
Whereas the Qx state (transition) is expressed by a linear combination of the HOMO-
1!LUMO and HOMO!LUMO+1 transitions. This means that spectral transitions
(excited states) are not described with a single configuration but with several (two in
the four-orbital model) configurations. If only single configuration model is used,
then the calculated Qy transition energy, i.e. energy difference between HOMO and
LUMO, is typically much higher than experimental Qy transition energy. For example,
B3LYP/6-31G* SCRF calculations for five coordinated Chl a – 2-propanol and BChl a –

2-propanol complexes give the molecular orbital energy difference of 2.38 eV and 1.9
eV (see Figure 4), respectively. Whereas experimental Qy transition energy in 2-
propanol solution is 1.87 eV and 1.60 eV for Chl a and BChl a, respectively. Although
the single configuration model overestimates an energy gap between HOMO and
LUMO it gives the correct energy order of the Qy state of Chl a and BChl a. In
addition, it has been observed a linear correlation between the Qy band position and
the energy gap between HOMO and LUMO [34, 49]. But, the single configuration
model is not able to describe higher electronic excited states correctly.

It appears that the four-orbital model is too reduced to explain high energy excited
states and thus to analyze observed spectra in the Soret region. Also, by using larger
active molecular orbital space dimensions is able to produce better the Qy and Qx
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transition energies [34, 50]. To get a more realistic picture, more than four molecular
orbitals are needed to describe the spectral transitions. As an example, in the
Figure 4c is shown the experimental ground-state absorption spectrum of BChl a in
2-propanol at RT with calculated stick spectrum. In the stick spectrum was used
estimated transition energies. These energies were got from plots of time-dependent
(TD) B3LYP/6-31G* SCRF calculated transition energies of five-coordinated BChl a –

2-propanol complex versus experimental solution transition energies (Figure 4b)
[33, 34, 50–52]. Such linear regression for the Qy, Qx, and Soret energies of chromo-
phores has been suggested by Petke et al. [53, 54]. In the model structure, 2-propanol
was coordinated to the central Mg atom of BChl a forming five-coordinated pigment-
solvent 1:1 complex structure. This is in line with experimental spectroscopic data, the
coordination number of the central Mg atom of (B)Chl a in 2-propanol is five [30]. In
Figure 4a is shown molecular orbitals are needed to explain the shape of the spec-
trum. These orbitals are localizing mainly on the Mg-BC nuclei. With the arrays are
shown main configurations of the four lowest singlet excited electronic states (Qy, Qx,
B1, and B2). The origin of the Qy and Qx states (transitions) are in line with the four-
orbital model, whereas some main configurations of the B1 and B2 states (transitions)

Figure 4.
BChl a in 2-propanol. (a) Molecular orbital energy level diagram of BChl a in 2-propanol with the shapes of six
highest HOMO’s and six lowest LUMO’s. Molecular orbital energies from HOMO-16 (H-16) to LUMO+16 (L+16)
are shown. Main configurations of Qy (black arrow), Qx (red arrows), B1 (blue arrows), and B2 (dark yellow
arrows) states/transitions are shown (the thicker arrow is the dominant configuration). In the left-hand side are
shown shapes of LUMO+4, LUMO+2, LUMO, HOMO-1, and HOMO-3 (from top to bottom). In the right-hand
side are shown shapes of LUMO+5, LUMO+3, LUMO+1, HOMO, HOMO-2, and HOMO-4 (from top to bottom).
(b) Linear regression for the Qy, Qx, and Soret energies of BChl a in 2-propanol. Calculated transition energies are
based on TD-B3LYP/6-31G* SCRF method. (c) Experimental and calculated ground-state absorption spectra of
BChl a in 2-propanol at RT. In the calculated stick spectrum, estimated transition energies are used.
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are out of the four-orbital model. As can be seen in Figure 4a, it is easy to understand
why single configuration model is successful in describing the Qy energies. The Qy

state has only one main configuration (HOMO!LUMO). Based on the TD-B3LYP
result, the B1 transition has very weak oscillation strength as compared to the Qy and
Qx transitions of BChl a. Whereas the B2 transition has a large oscillation strength
value. As can be seen in Figure 4c, there are several spectral transitions that produce
the main Soret band. Also, absorption bands in the ultraviolet spectral region at about
260 and 200 nm are composed of several spectral transitions. For the Soret band the
main configurations are transitions:

HOMO-8!LUMO,HOMO-3!LUMO,HOMO-2! LUMO+3,HOMO-1!LUMO+1,
HOMO-1!LUMO+2, HOMO!LUMO+1, HOMO!LUMO+3

The band at about 260 nm is due to the main configurations:

HOMO-16!LUMO,HOMO-15!LUMO,HOMO-14!LUMO,HOMO-5!LUMO+1,
HOMO-3!LUMO+1, HOMO-3!LUMO+2, HOMO-2!LUMO+1,
HOMO-2!LUMO+2, HOMO-1!LUMO+5, HOMO!LUMO+7, HOMO!LUMO+8

And the band at about 200 nm is due to the main configurations:

HOMO-9!LUMO+2, HOMO-9!LUMO+1, HOMO-6!LUMO+3,
HOMO-4!LUMO+4, HOMO-4!LUMO+6, HOMO-4!LUMO+7,
HOMO-4!LUMO+8,
HOMO-4!LUMO+10, HOMO-3!LUMO+3, HOMO-1!LUMO+10,
HOMO!LUMO+11

Calculated electronic transition energies as also transition intensities depend on the
calculation method and quality of model structure used [34]. Very often quantum
chemical methods overestimate the Qy, Qx, and Soret energies. But by using linear
regression for transition energies is able to produce spectral shape more-or-less cor-
rectly and thus to use calculation/theoretical methods to explain experimentally
observed spectroscopic properties of the studied molecule system. In Figure 5 is
shown experimental ground-state absorption spectra of Chl a and BChl a in 2-
propanol at RT with calculated spectra. In calculated spectra, calculated oscillation
strengths were spread over Gaussian line shapes (full width at half maximum (fwhm):

Figure 5
Ground-state absorption spectrum of Chl a (a) and BChl a (b). The main Qy band is scaled to unity. Deeper
information about the spectral bands is shown with the stick spectra base on the TD-B3LYP/6-31G* SCRF results.
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Chl a 1700 cm�1 in 150–500 nm and 400 cm�1 in 500–800 nm; BChl a 2500 cm�1 in
150–500 nm and 750 cm�1 in 500–900 nm). Here are used two different time-
dependent density functional calculation methods, TD-B3LYP/6-31G* and TD-CAM-
B3LYP/6-31G*, with SCRF solvent model and ZINDO/S CIS semiempirical method to
estimate transition energies. In ZINDO/S calculations 75 occupied and 75 unoccupied
molecular orbitals were used to form an active space. Calculated model structures
were five-coordinated Chl a – 2-propanol and BChl a – 2-propanol complexes. For the
TD-B3LYP and TD-CAM-B3LYP calculations, the model structures were optimized by
using B3LYP/6-31G* SCRF and CAM-B3LYP/6-31G* SCRF methods, respectively. But
for the ZINDO/S CIS calculations, B3LYP/6-31G* optimized model structures were
used, because former calculation studies have been shown that ZINDO/S CIS with
B3LYP/6-31G* optimized BChl structures predict transition energies very well [33].
As can be seen, all used methods are able to produce the shape of the spectrum
qualitatively. However, they underestimate total absorbance in the high-energy region
(200–450 nm). If we will focusing only to the main Soret band (300–500 nm) and the
Q (500–850 nm) regions then ZINDO/S CIS overestimates the ratio between inte-
grating intensity (in cm�1 units) in the Soret and in the Q regions whereas density
functional methods give about one and half times too low value as compared with the
experimental ratio. Here must be pointed out, that scattering can affect the measured
absorbance, it will appear as a continuous increase in extinction as are going towards
shorter wavelengths. Thus, people cannot neglect its role in the high-energy spectral
region. As can be observed in Figure 5a and b, the shape of Soret band is different
between Chl a and BChl a molecules. In the BChl a there is a well observable low-
energy tail in the experimental spectrum [19, 20], indicating the presence of addi-
tional electronic state(s) between the Soret and the Qx states or presence of impurities.
Whereas in Chl a such absorbing state seems not to be in present [19, 20]. The
calculation methods for the BChl a gave excited electronic state with almost zero
oscillation strength in this region. Former femtosecond infrared study of monomeric
BChl a in acetone solution has given evidence for the existence of an electronic state
(s) corresponding to one-photon transition(s) around 470 nm in region where the
low-energy tail is observed [55]. Also former quantum chemical calculations for dif-
ferent BChl a solvent complexes have given dark electronic states between the Soret
and the Qx states [34]. Present TD-CAM-B3LYP/6-31G* calculation for BChl a –

pyridine complex gave five dark states between the Qy and Soret states, indicating
that amount of the dark states might depend on the chemical structures of the BChl a -
solvent complexes. A similar tail has been observed also for the other Mg-BC type of
BChls, whereas it is lacking in the Mg-P and Mg-C type of (B)Chls [20].

2.2 Effect of conformers on transition energies and transition dipoles

As is known, electronic transition energies may depend on the conformation of
pigment. Especially orientation of acetyl group at position R3 in BChl a has been
shown to have an effect on the transition energies [34, 35]. Just by analyzing molecu-
lar orbitals shown in Figure 4a, it can be found out that configurations needed to
create the Qy spectral transition possess atomic orbitals in the acetyl group as also
atomic orbitals of conjugated carbons of the ring A (see Figure 1). Giving explanation
why the acetyl group orientation change modifies spectroscopic properties of the BChl
a. The peripheral group is bound to the conjugated skeleton of the nuclei. However,
less is known about the role of conformation on transition dipoles or transition inten-
sities. In Figure 6 is shown an effect of vinyl group (bound to the conjugated carbon
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C3 of the ring A, see Figure 1) orientation on the Qy energy and the Qy transition
dipole moment of four-coordinated Chl a and b molecules by using TD-CAM-B3LYP/
6-31G* method. As can be seen, the orientation of the peripheral group has a strong
effect both on the transition energy and on the transition dipole moment. This means
that the electronic structure of molecule is much more complex than the schematic
energy level diagrams shown in Figure 3. In real picture, the horizontal energy levels
in Figure 3 are multidimensional Born-Oppenheimer energy surfaces. With Figure 6
is easy to understand that if the conformation of pigment embedded in protein is
totally different than conformers dominate in solution, then not only spectral band
positions but also band intensities may differ a lot between these two different sys-
tems. Also, coming from this different conformation distribution between pigments in
protein and in solvent environments, the width of the Qy absorption band of the (B)
Chl embedded in protein is typically narrower than the band of pigment in the
solution.

There are discussions about the origin of unexpectedly high molar extinction
coefficient of Chl b embedded in the water-soluble chlorophyll protein (WSCP) when
compared with the corresponding Chl a-reconstituted complexes [56, 57]. Molar
extinction coefficient of Chl b molecule in the Qy region is about 20–30% larger in the
WSCP system than that of Chl b in ethanol solution. For Chl a molecule embedded in
the WSCP the value is 11% less or equal to the value in Chl a - ethanol solution.
Because of the well-known quadratic relation between the transition dipole moment
and the molar extinction coefficient, the change of the molar extinction coefficient of
Chl b could be explained by analyzing orientations of peripheral functional groups of
Chl b conformers found from the X-ray structure of Chl b-WSCP protein, at least in

Figure 6.
(a) Dependence of the electronic ground-state (GS) and Qy excited-state energy on the 3-vinyl group dihedral
angle in four-coordinated Chl a and Chl b monomers. Energies are compared to the minimum energy of the
electronic ground state and to the first singlet excited electronic state (minimum energy is set to 0 cm�1). (b)
Dependence of the magnitude of the Qy transition dipole moment on the 3-vinyl group dihedral angle in the four-
coordinated Chl a and Chl b monomers as compared to the value of the minimum energy structure of the electronic
ground state. TD-CAM-B3LYP/6-31G* method is used in calculations.
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the lowest level of approximation. For the Chl b molecules of the WSCP protein
(WSCP has four Chl bmolecules) are found dihedral angle values of the vinyl group at
about 15, 194, 198, and 204 degrees [56]. These give change of the Qy transition dipole
moments of about -4.7%, 2.3%, 2.5%, and 0.8%, respectively, as compared with the
values of the minimum energy structure (see Figure 6b). To taking account also
orientation differences of acetyl (R7) and ethyl (R8) groups, the change of the Qy

transition dipole moments are then -2.3%, 2.0%, 3.6%, and 4.5%. For five-coordinated
structures with dihedral angle values found from the X-ray structures, corresponding
values are: -2.7%, 9.5%, 5.9%, and 9.5%, respectively. This result can explain qualita-
tively the high molar extinction coefficient value observed for the Qy transition of the
Chl b-WSCP protein. Also, ground-state energies of these conformers are so high, that
based on Boltzmann distribution they are not dominant conformers at RT. Thus, their
impact on the molar extinction coefficient value for the Chl b in solution at RT is
small. To find out the role of conformers on transition intensities of the Chl b-WSCP
protein, exciton calculation with conformer corrected transition dipole couplings are
needed [58, 59]. Coming from large inter-Chl distances in the WSCP protein (the
shortest Mg-Mg distance is about 9.6 Å), a dipole-dipole approximation can be used to
calculate exciton couplings in this system. Present exciton calculation with the
conformer-corrected Qy transition dipole moment values (-2.7%, 9.5%, 5.9%, and
9.5%), the corresponding Qy transition energies, and the X-ray structure information
produces about 12 % larger oscillation strength value in the Qy spectral region as
compared with the calculation having only identical conformers (optimized ground
state geometry structure). This value is roughly 50% of the experimentally observed
increase of the Qy intensity. Thus, this reduced structure model and TD-CAM-B3LYP
method are able to suggest that conformation difference could be the main origin of
the huge increase of the molar extinction coefficient found from the Qy spectral region
of the Chl b-WSCP proteins.

Conformation difference could also explain a huge spectral shift (50 nm) found
from the LH2 and LH3 antenna complexes of purple bacterium Rhodopseudomonas
acidophila [60, 61]. Based on the X-ray structures of these complexes, there are two
different sets of pigments with the dihedral angle of the acetyl group of about -24 and
16 degrees (B850 pigments of the LH2 complex) and of about -30 and -36 degrees
(B820 pigments of the LH3 complex). In our previous study has been shown the
dependence of the Qy transition energy on the acetyl group orientation of BChl a
molecule (see Figure 6b in Ref. [35]). With this result is able to estimate that the two
different B850 pigment sets have about 170 and 75 cm�1 larger Qy transition energies
than that of the optimized BChl amolecule. For the B820 pigments, the corresponding
values are even larger, about 430 and 320 cm�1. TD-CAM-B3LYP/6-31G* calculated
change of Qy transition dipole moment values are about -3% and -1% for the B850
pigments and about -6% and -4.5% for the B820 pigments as compared to the transi-
tion dipole moment of the optimized structure. Exciton calculations with these Qy

transition dipole moment values, Qy transition energies, and experimental X-ray
structures produce half of the experimentally observed band shift and show that in the
LH3 antenna the energy difference between the highest and lowest Qy exciton state
(Davidov splitting) is about 12 % smaller than the energy difference in the LH2
complex. Based on experimental fluorescence anisotropy studies, it has been shown
that the LH3 complex has about 11% smaller width of the B820 exciton manifold than
that of the LH2 complex [62]. Indicating that such reduce model is able to give
qualitative results. The too weak calculated shift is coming from the too reduced
exciton model used. Dipole-dipole approximation is not good enough to describe
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exciton couplings between pigments with van der Walls contact (there are mixing of
wavefunctions of adjacent pigments), more better is to use so-called supermolecule
approximation [58].

In similar way, different conformers can be used to explain qualitatively the
unusual Qy absorption band red-shift found from different LH1 antenna complexes of
the thermophilic bacterium Thermochromatium tepidum [63]. In the Ca-bound LH1
complex the Qy absorption band appears much lower in energy than that in the Ba- or
Sr-bound LH1 complexes (915 nm vs. 888 nm at RT, difference 330 cm�1). Based on
the experimental X-ray structures, the dihedral angles of the acetyl group of BChl
molecules vary in range of |0–5|, |0–37|, and |2–54| degrees in Ca-, Ba-, and Sr- bound
LH1 complexes, respectively [63, 64]. Coming from the TD-CAM-B3LYP/6-31G*
results [35], BChls with the dihedral angle of acetyl group in range |0–5| degrees have
much smaller Qy transition energies than the pigments with larger dihedral angle
value. For example, the Qy transition energies of pigments with the angle of |0–5|
degrees are approximately about 200 or 400 cm�1 smaller than that for the pigment
with the angle of 20 or 30 degrees, respectively. TD-CAM-B3LYP/6-31G* calculations
indicate also that the Qy transition dipole moment is larger for the pigments with the
angle of |0–5| degrees than for the two other sets of the pigments, suggesting that the
exciton couplings are the strongest in the Ca-bound LH1 complex. Thus, conformer
analyze predicts that the Qy absorption band of the Ca-bound LH1 complex appears in
lower energy than that of the Ba- and Sr-bound LH1 complexes. Very often this kind
of the Qy band shifting processes are explained with the H-bond or with the breaking
of H-bond systems [65]. TD-CAM-B3LYP/6-31G* calculations for the identical BChl a
conformers (the B850 BChl a from LH2 antenna of Rhodopseudomonas acidophila) [61]
with and without explicit H-bond donor ligand (tryptophan) indicate that the “addi-
tional” H-bond effect could decrease the Qy transition energy of about 200 cm�1. This
energy value depends on the type of the H-bond donor as also from the distance
between H-bond donor and acceptor residues, of course. This additional H-bond or
surrounding effect is actually in line with experimental observations, those show that
Chls in gas phase have larger Qy transition energy than Chls in solution [66, 67]. In
addition, calculations for the BChl a complexes where the position of the H-bond
donor was changed indicate that the orientation of the acetyl group (H-bond accep-
tor) follows the position of the donor. There were H-bond complexes with a large
variation of the dihedral angle of the acetyl group from 0 to a few tens of degrees.
Thus, the H-bond itself (i.e. non-zero electron density between H-bond donor and
acceptor ligands) is not the reason for the observed huge band shifts, but the acetyl
group orientation has the main role in the band-shifting processes. This is in line with
absorption spectra of (B)Chl monomers in different nonpolar and polar solvent envi-
ronments, although there are H-bonds complexes a huge Qy band shift is not observed
[30]. Thus, the role of the H-bond donor is like the “sergeants and soldiers” principle,
orientation of the acetyl group (H-bond acceptor) arises from a “sergeants and sol-
dier” effect i.e. from the position of the H-bond donor around the acceptor.

To get the more exact picture about the role of conformer on exciton energies and
transition intensities of pigment-protein complexes, higher resolution X-ray struc-
tures are needed. In addition, as is known, mixing between different exciton states
might borrow intensity [68]. Thus, the exciton model with couplings between the Qy

and other excited states of pigment might give additional information about studied
systems. Also, here was used quite reduced model structure, containing only pigment
with one ligand, lacking the main part of the nearest protein environment. Thus,
chromophore ring distortions observed in the crystal structures of pigment-protein
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complexes were not involved in the calculations, because of geometry optimization.
Such distortions have been shown to have effect on transition energies [69].

2.3 Vibronic transitions

As is seen in Figure 5 the shape of the calculated Qy absorption band differs from
the experimental band shape. The reason is lacking vibration levels, i.e. calculations
were done without vibronic transitions. As can be found in Figures 3 and 7, vibronic
transitions are able to produce transition intensities in the high-energy side of the Qy

absorption band as also in the low-energy side of the emission band [70–72]. This is
well observed in Figure 7a, there are number of vibration levels in the high energy
side of the Qy band that can be the final states of the absorption process. Similarly, in
the emission process, there are lot of vibration states above the vibration ground state
of the electronic ground states those can be the final states of emission transitions as is
well observed from Figure 7c. In Figure 7c is shown experimental fluorescence and
difference fluorescence line narrowing (ΔFLN) [73] spectra of Chl a in 1-propanol at
4.5 K. Shortly speaking, in the ΔFLN method is used a narrow-band laser excitation to
select spectrally identical group of pigments (conformers) to eliminate inhomoge-
neous broadening of the spectral band [74]. The ΔFLN spectrum shows a strong
purely electronic line at 0 cm�1 (so-called zero-phonon line. It originates from the
transition between vibration ground states of the Qy state and the electronic ground
state. This 0-0 transition is shown in the left-hand side of Figure 7a). It appears
along with a broad and asymmetric phonon wing or phonon sideband peaking at

Figure 7.
(a) Energy level diagram of Chl a with and without vibrational states. In the left-hand side is shown only pure
electronic states and in the right-hand side is shown also calculated vibrational states. Here is also shown
experimental ground-state absorption and fluorescence spectra of Chl a in 1-propanol at RT. Absorption and
fluorescence are indicated with blue and red arrows, respectively. Black circles indicate vibration manifolds (For
clarity, only fundamental modes are shown). (b) Distribution in the energy of the vibrational modes in the ground
electronic state of Chl a molecule. In the left-hand side is shown all fundamental modes and fundamentals with
their 20 overtone modes that have energy below 3000 cm�1 are shown in the right-hand side. Vibration states are
calculated by using semiempirical PM6 method. (c) Experimental low-temperature fluorescence and difference
fluorescence line narrowing spectra of Chl a in 1-propanol. Inset of panel C shows the shape of phonon band. For
clarity, only part of the spectrum is shown. See text for further explanations.
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about 20 cm�1 (see inset of Figure 7c) as well as several distinct vibrational bands.
The general shape of the ΔFLN spectrum overlaps nicely with the shape of the
inhomogeneously broadened fluorescence spectrum of Chl a in 1-propanol at 4.5 K.
Vibration modes shown in Figure 7 are calculated with the semiempirical PM6
method. The fundamental mode energies are well in range of energies found from
infra-red absorption spectra of Chl a [75]. Infra-red spectra show bands around 2800
cm�1 and below 1800 cm�1. When also overtones of modes are considered, contin-
uum of the states are observed (Figure 7b). This indicates that overtones of modes as
also combination of modes have role in the IC and ISC processes shown in Figure 3,
because the energy gap between the electronic states could be much larger than the
energy of the highest fundamental mode of vibration. It has been also suggested that
overtones of modes could increase energy transfer efficiency, coming from the fact
that with these transitions overlap between absorbing and fluorescing states will
increase [71]. Based on experimental fluorescence studies, extra-long fluorescence
tails of Chl a and BChl a molecules have been observed as far as 4000 cm�1 from the
main Qy band [71]. At high temperatures, when vibration excited states of the elec-
tronic ground state are populated, vibronic transitions from the thermally populated
hot vibration states of the ground electronic state can produce absorbance also far in
low-energy side of the absorption band. For example, a weak absorption tail has been
observed as far as 2400 cm�1 from the absorption peak in the low-energy side of the
Qy band for Chl a and BChl a molecules at RT [35, 76]. The shape of these tails was
able to explain by using vibronic transitions, mainly with the overtones of modes.
Also, vibronic transitions or better strong vibronic coupling between Qy and Qx states,
have been shown to have role in the position of the Qx absorption band of Chl a
molecule in different solvents [77]. With this information, the Qx state shown in
Figure 7a is coupled with some high energy vibrations of the Qy state and thus the Qx

transition give intensity also in a region where to appear the Qy state vibrations.
To calculate normal modes of vibrations optimized geometries are needed. This

limits the size of the model system used. Very often model system contains only a
single pigment or pigment with one ligand molecule coordinated to the central Mg
atom [35, 70–72, 76–79]. Such models are far away from realistic model structure for a
pigment in real solvent or protein environment. These calculations forget a real con-
former of the pigment and the nearest environment around it. In some case is able to
use experimental ΔFLN spectrum to estimate Franck-Condon (FC) coefficients of
vibrations needed in vibronic calculations. This kind of estimated set of FC coeffi-
cients describes a system only at low temperature, there are lacking transitions (FC
coefficients) from thermally populated hot vibration states those are essentials at
higher physiological temperatures. In Figure 8 are shown experimental and calculated
absorption and non-line narrowed fluorescence spectra of Chl a-WSCP protein at 4.5
K [80]. To obtain realistic shapes of the spectra, the stick exciton spectra were dressed
with Gaussian homogeneous band shapes (fwhm) of 120 cm�1 (fluorescence) and 150
cm�1 (absorption). In the calculations were used vibronic exciton model [79]. The FC
coefficients, i.e. overlap integrals between the vibration wavefunctions of the elec-
tronic ground state and the Qy state, were estimated from the ΔFLN spectrum of Chl a
in 1-propanol at 4.5 K shown in Figure 7c [70]. Here was made such kind of approx-
imations that absorption and fluorescence transitions have identical FC coefficients
and that all vibration peaks of the ΔFLN spectrum are coming from the fundamental
modes of vibrations. Now each peak position gives the energy of the corresponding
fundamental mode (i.e. energy level of vibrations, see Figure 3) and a height of peak
gives the value of the FC coefficient. In the exciton calculation, the FC coefficients

15

Electronic Structure of Chlorophyll Monomers and Oligomers
DOI: http://dx.doi.org/10.5772/intechopen.104089



modulate the magnitude of the electronic transition dipole moment vectors, and thus
exciton coupling strengths between the Chl amolecules of the WSCP protein. Exciton
calculation contains zero phonon line, phonon sideband function, 50 strongest vibra-
tion peaks found from the experimental ΔFLN spectrum, conformer corrected Qy

transition energies (0–0 transition), conformer corrected Qy transition dipoles (+4.5%
and +2.3%), and experimental X-ray structure information of Chl a-WSCP protein
(dihedral angle of the vinyl group: 199.5 and 190.8 degrees. The WSCP has two
symmetrical Chl a dimers) [81]. With the calculated vibronic exciton spectra are
shown also calculated spectra without vibrations (pure electronic exciton model, blue
dash-dot line). To compare these two different calculated spectra can be easily found
out the role of vibrations in the shape of spectra. Also, as can be seen, because the FC
coefficients modulate exciton coupling strengths, absorption band positions and
energy gap between the bands (Davidov splitting) are different in these spectra
(exciton calculation without vibration levels gives two well separated absorption
bands and the gap between these bands are larger than that of the spectrum calculated
with the vibronic transitions). At higher temperatures with thermally populated hot
vibration states (different sets of FC coefficients), these differences could be even
larger. This indicates that exciton couplings estimated from experimental spectra
(contains vibrations) could be smaller than that of calculated by using quantum
chemical methods (pure electronic states). If the shape of the main absorption band is
considered, especially the low-energy side of the band, then we can find out that
conformer corrected exciton parameters produce quite nicely the exciton energies of
the WSCP protein. The lowest Qy exciton state gives a weak shoulder in the red side of
the band and the other exciton state produces the main band, producing the correct
shape of the main Qy band. To compare with the experimental and the calculated
vibronic spectra we can find out that the general shape of the spectrum is well
produced. However, some vibronic transitions in the absorption spectrum have too
strong intensity (in the experimental spectrum there might appear also Qx band(s) in
this spectral region). And, in the fluorescence spectrum, the 0-0 transition has too
dominant role. This result indicates that the used set of the FC coefficients, got from
the fluorescence process of Chl a in 1-propanol complex, are not good enough to
describe the absorption spectrum of Chl a-WSCP protein complex perfectly, but still
good enough to describe qualitatively shape of both spectra of the complex. Thus, as

Figure 8.
Calculated and experimental 4.5 K absorption (a) and nonline-narrowed fluorescence (b) spectra of Chl
a-WSCP complex. The solid blue line shows calculated spectra with vibronic transitions and dash-dot blue line
shows calculated spectra without vibration levels. The main Qy band is scaled to unity. See the text for details.
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the main result of this whole work, it seems that this kind of calculation allows to
produce more-or-less correctly the shape of absorption and fluorescence spectra of the
pigment-protein complex.

3. Conclusions

Modern quantum chemical methods are able to explain the spectroscopic proper-
ties of chlorophylls and their complexes. Very often these methods overestimate
transition energies, but the linear regression method is able to estimate transition
energies and to produce more or less correct shapes of spectra. This allows to use
calculated spectra together with experimental data to get more detailed
picture/information about the studied system.

Spectroscopic properties of monomeric and oligomeric chlorophyll complexes
depend strongly on the nearest environment around the molecule. The environment
can modulate spectral transition energies and transition intensities and can favor
certain conformers. Especially orientation of the H-bond acceptor group of pigment
molecule arises from the position of the H-bond donor around it. Because different
conformers might have totally different physicochemical properties, environment
perturbation as fine-tuning spectroscopic and energy transfer properties of pigment
oligomers. This work suggests that the orientation of certain functional groups of
(bacterio)chlorophylls might have dominant role in pigment-protein complexes.

To produce calculated spectral band shape correctly vibronic transition are needed.
With these vibronic transitions are able to study temperature dependence processes
and to create more realistic light-harvesting and energy transfer model systems.

This work demonstrates that it is a possible to create a theoretical calculation
model/tool, conformer corrected vibronic exciton method, where calculated transition
energy and transition dipole moment data are used as parameters to generate input
parameters needed in exciton calculations.
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Appendices and nomenclature

Chl chlorophyll
CT charge transfer
BChl bacteriochlorophyll
FC Franck-Condon
Fwhm full width at half maximum
HOMO highest occupied molecular orbital
H-bond hydrogen bond
IC internal conversion
ISC intersystem crossing
LH light-harvesting
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LUMO lowest unoccupied molecular orbital
Mg-BC Mg-bacteriochlorin
Mg-C Mg-chlorin
Mg-P Mg-porphyrin
RT room temperature
TD time-dependent
WSCP water-soluble chlorophyll protein
ΔFLN difference fluorescence line narrowing
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