
REGULAR ARTICLE

Quantum chemical excited state calculations on pigment–protein
complexes require thorough geometry re-optimization
of experimental crystal structures

Andreas Dreuw • Philipp H. P. Harbach •

Jan M. Mewes • Michael Wormit

Received: 27 April 2009 / Accepted: 31 October 2009 / Published online: 19 November 2009

� Springer-Verlag 2009

Abstract Calculations of vertical excited states of a

strongly coupled chlorophyll pair and a carotenoid–chlo-

rophyll complex stemming from the light harvesting

complex II of green plants employing the experimentally

determined crystal structures and quantum chemically re-

optimized model complexes demonstrate the need for

preceding re-optimizations of the experimental structures

at quantum chemical level. While in the case of the chlo-

rophyll dimers, the re-optimization step is crucial for a

correct description of the coupling of the excited states, in

carotenoid–chlorophyll complexes the S1 excitation ener-

gies of carotenoids depend strongly on the structure, in

particular on the correct bond lengths alternation pattern of

its conjugated double bond chain, which is not sufficiently

accurately reproduced by experimental structures.
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1 Introduction

Today, many experimental techniques are available to

determine structures of biomolecules, e.g. proteins, protein

complexes, DNA and many more. A short glance at the

protein data base reveals the wealth of available experi-

mentally determined structures. The most prominent

experimental techniques for structure determination are

X-ray crystallography and multi-dimensional NMR spec-

troscopy. These structures very often pave the road for a

deeper understanding of the function of the corresponding

biomolecule, in particular, when the function of the

biomolecule is determined by the overall qualitative struc-

ture. This is typically not the case for enzymes and pigment

proteins, whose functions are to catalyze a chemical reac-

tion or to perform some light-driven processes, which both

are quantum mechanical events. In such cases, small errors

in bond lengths and angles can have an enormous effect on

the energy of the involved molecules and as a consequence

on the molecular mechanisms. Therefore, the accuracy of

crystal structures of enzymes and pigment proteins are

often not sufficient for a detailed molecular understanding

of their function. As a consequence, crystal structures

cannot directly be employed in quantum chemical calcu-

lations, but it is mandatory to re-optimize experimental

structures when quantum mechanical questions are to be

addressed. This is a well-known fact for enzyme catalysis,

and here one usually resorts to QM/MM schemes, which

couple a quantum mechanical treatment of the reactive

region with a classical mechanics treatment of the sur-

rounding protein, and solvent or membrane [1–3].

Although one can take for granted that experimental

structures need to be re-optimized also for meaningful

excited state calculations, it has not yet been demonstrated

and clearly spelled out in the literature. This work may

serve as a warning of what problems may occur, if a

thorough quantum chemical re-optimization of experi-

mentally determined structures of pigment proteins are

omitted prior to excited state calculations (also if the

environment is not properly taken into account).
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One important class of pigment proteins are light har-

vesting complexes (LHC), which contain a large number of

pigments typically chlorophylls and carotenoids. LHCs

have been identified in all organisms performing photo-

synthesis, i.e. plants, purple bacteria and algae [4] being

responsible for efficient absorption of light, the transport of

excitation energy to the corresponding reaction centers

[5, 6] and for quenching excess energy under high-light

conditions [7–11]. Their function is determined by energy

and electron transfer processes. It is obvious that the effi-

ciencies of these processes are dictated by the interactions

of the pigments, which are individually finely tuned by

their relative structural arrangement in the LHCs, see for

example the complex structure of LHC-II of green plants

(Fig. 1) [12, 13]. In general, subtle geometric changes of

the pigment structure and of their relative orientations can

have a large influence on the excitation energies and the

interaction of two pigments and thus on energy and

electron transfer. It is thus crucially important to have a

correct geometrical structure for a meaningful quantum

chemical investigation of these processes, which generally

requires excited state calculations. In particular, the correct

bond length pattern of the conjugated p-systems of the

involved pigments must be given with high accuracy since

they strongly influence excitation energies.

Experimentally determined structures of large proteins

typically exhibit resolutions of 1.5–3 Å, which is suffi-

ciently accurate to determine the relative orientation of the

pigments. Crystal structures are determined from an exper-

imental set of phases, which serve as input for the calculation

of a three-dimensional electron density map of the protein

structure. However, even if an experimental resolution of

1.5 Å is reached, it is usually not unambiguously defined

where to place the atoms. Methods to improve the density

map rely on known structure data of the contained mole-

cules, and typically, molecular modeling programs are used

to refine the structure models using force fields within a

minimization process. However, the obtained structures are

usually affected with errors that are too large for the given

pigment geometries to be directly employed for a mean-

ingful quantum chemical calculation of excited states. Thus,

the pigment structure needs to be re-optimized at reasonable

levels of quantum chemistry. However, if energy or electron

transfer between pigments of a LHC, for example, are in the

focus of the investigation, the relative orientation of the

pigments must be retained in the course of the geometry

optimization, since the latter determines the pigment–

pigment interactions.

In this contribution, the importance of the geometry

optimization for meaningful calculations of excited state

properties of the pigments and the errors that can occur

when the re-optimization step is omitted are highlighted

using two examples: a strongly coupled chlorophyll pair

(Chl2 and Chl7 from LHC-II) and a lutein–chlorophyll

complex (Lut1 and Chl2 also from LHC-II).

2 Theoretical methodology

Since the complete LHCs are too large to be treated

quantum mechanically as a whole, the first step of inves-

tigations of their excitation energy and electron transfer

properties is the construction of reduced molecular models

that contain the relevant pigment–pigment interactions.

Here, the known crystal structure of the LHC-II of green

plants serves as input [10]. The set-up and the resulting

structures of the molecular models are described in detail in

later sections. Of course, it would be highly desirable to

perform QM/MM calculations for the geometry optimiza-

tion step, however, no reasonable force-field parametriza-

tion for light harvesting pigments, in particular for

carotenoids, is currently available. In fact, we are at present

working ourselves on development of a force filed for

carotenoids. Therefore, the protein environment and hence

its direct influence is for now generally neglected within

our calculations unless mentioned otherwise. To include,

however, the steric restrictions of the protein onto the

pigments, selected geometric constraints are introduced

within the geometry optimization to retain the relative

orientations of the pigments in the designed model

complexes. For their optimization, Kohn–Sham density

functional theory has been used in combination with the

well-known BLYP [14], and B3LYP [15] exchange–

correlation (xc) functional and the 3-21G or SVP basis set

as implemented in the Q-Chem 3.0 and Orca packages of

ab initio programs [16, 17]. In the case of the Chl2�Chl7

chlorophyll dimer, the geometry has also been optimized

using the BLYP xc-functional in combination with the

additive dispersion correction devised by Grimme [18].

Fig. 1 Structural arrangement of the pigments in one monomer of the

trimeric light harvesting complexes LHCII of green plants (yellow
neoxanthin, orange violaxanthin, red lutein, dark green Chl b, light
green Chl a)
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The developed model complexes have been used to

calculate the lowest relevant electronic excited states using

time-dependent density functional theory (TDDFT)

[19, 20] and its Tamm-Dancoff approximation [21] in

combination with the BLYP [14] xc-functional. This

methodology has been shown previously to yield reason-

able results for the excitation energies for the S1 state of

carotenoids as well as for the Qy state of Chls [22–24]

owing to fortuitous cancelation of errors [25]. However,

excited charge transfer (CT) states suffer from electron

transfer self-interaction in TDDFT and are given at much

too low excitation energies and with a wrong asymptotic

behavior with respect to a distance coordinate between

electron donating and accepting groups [20, 26, 27].

Therefore, in the discussion of the locally excited pp*

states, i.e. the S1, S2 states of carotenoids and the Q-states

of the chlorophylls, the spurious CT states are generally

discarded.

3 Results and discussion

3.1 Influence of individual geometrical parameters

on the excitonic coupling and static absorption

spectra of coupled chlorophyll dimers

One monomer of the otherwise trimeric LHC-II of green

plants contains 14 chlorophyll and 4 carotenoid molecules,

which are all involved in the light harvesting function of

the pigment protein (Fig. 1). Due to the close packing of

the pigments, it is clear that they are coupled to each other

thus functioning as essentially one antenna. One of the

most strongly coupled pigment pairs in the complex is the

Chl2�Chl7 pair of chlorophyll a (Chl a) molecules. It is

well-known from molecular biological deletion experi-

ments that the Chl2 molecule (or the coupled pair) is the

final acceptor of the harvested excitation energy and that

from there the energy is funnelled further towards the

photosynthetic reaction center. This strongly coupled

Chl2�Chl7 chlorophyll pair serves in the following as an

example to demonstrate that the accuracy of available

crystal structure data is not sufficient to directly calculate

absorption spectra and coupling strengths from the coor-

dinates taken from the corresponding pdb-file (PDB-ID:

2bhw; see [13]).

As a first step in our theoretical calculation, the structure

of the Chl2�Chl7 pair is taken from the crystal structure and

the non-resolved, missing hydrogen atoms are added.

While all other geometrical parameters are kept frozen, the

ones of the newly added hydrogen atoms are optimized

using standard KS-DFT/BLYP/SVP theory. Following this

procedure, a Chl2�Chl7 model complex is obtained that

most precisely reflects the structure of the X-ray data.

As second step, this Chl2�Chl7 model complex serves as

input for a constrained geometry optimization, in which all

individual geometrical parameters of Chl2 and Chl7 are

optimized using the BLYP xc-functional on one hand and

the BLYP functional plus the long-range correction for

dispersion (BLYP-D) on the other. During this step, how-

ever, it is important to preserve the relative orientation of

the chlorophylls since this is crucial for their excitonic

coupling and thus their absorption spectra. It turned out

that the definition of a few intermolecular coordinates

between the central four nitrogen atoms of the two chlo-

rophylls offers a convenient and general way to maintain

the relative orientation between them. Therefore, the dis-

tances N3-N6 (10.45 Å) as well as N2-N7 (8.81 Å), N1-N5

(9.95 Å) and N4-N8 (9.52 Å) are kept constant at the value

of the crystal structure. For the definition of the numbering

scheme see Scheme 1. Also the angles between N6-N7-N2

(94.02�), N3-N2-N7 (107.28�) and N8-N5-N1 (139.88�),

N4-N1-N5 (16.59�) are frozen as well as the dihedral

angles N3-N2-N7-N6 (17.65�) and N8-N5-N1-N4 (68.53�).

The choice of the constraint is not unique, however, the

chosen ones seem to be particularly practical. The results,

however, are not sensitive with respect to the chosen

constraints as long as the relative orientation of the pig-

ments is conserved. Following this procedure, two further

model complexes are obtained, one obtained at BLYP the

other at BLYP-D level of theory. However, all three model

complexes are practically indistinguishable with the naked

eye (Fig. 2). Taking a closer look at the structures, the

dispersion correction leads to a bending of the Chl planes

similar to the crystal structure. This can be seen in Fig. 2

where the planes of the molecules overlap and intermo-

lecular forces come to play. While the yellow and blue

(BLYP-D, PDB) Chls are bending towards each other, the

red (BLYP) structure shows the largest distance forming a

perfect plane. This can be explained by the neglect of the

medium-ranged van der Waals interactions in the original

BLYP functional. The additive dispersion correction

Scheme 1 Definition of the numbering scheme of the central

nitrogen atoms
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re-introduces these attracting effects in an empirical way,

leading to the described changes in the geometry.

As much as the overall geometries of the model com-

plexes differ, the computed vertical excitation energies as

obtained vary at TDDFT/BLYP/SVP level of theory

(Table 1). For all model complexes, a plethora of spurious

charge-transfer states is found, which are all given at much

too low energy due to the well-known charge-transfer (CT)

failure of TDDFT [26, 27]. Nevertheless, the excitation

energies of these false states have also different values for

the three model complexes pointing already out the influ-

ence of the individual geometrical parameters of the

chlorophyll molecules Chl2 and Chl7. For example, the

lowest excited S1 state of all model complexes corresponds

to a long-range CT state, in which an electron is excited

from the highest occupied molecular orbital (HOMO) to

the lowest unoccupied molecular orbital (LUMO), which

are localized on Chl2 and Chl7, respectively, i.e. an elec-

tron is transferred from Chl2 to Chl7 (Fig. 3). The exci-

tation energy of this state is given at 1.41, 1.36 and 1.44 eV

for the PDB-model, the BLYP-model and the BLYP-

D-model, respectively (Table 1). However, all the CT

states have no oscillator strength and they do also not mix

with the locally excited pp* (Qy) states. They do not

contribute to the absorption spectrum and to excitation

energy transfer properties of the Chl2�Chl7 dimer since

those are dominated by the Qy states. In the PDB-model,

the latter are found as S5 and S6 at 2.03 and 2.05 eV,

respectively (Table 1). Analysis of the wavefunctions and

coupling between these states reveals that they are practi-

cally not coupled, since each chlorophyll molecule exhibits

its own Qy state with its original oscillator strength. The

wavefunctions of the Qy states correspond to linear com-

binations of Slater determinants that are only located on

one of the Chl molecules, i.e. neither the molecular orbitals

are de-localized nor are the typical positive and negative

linear combinations of the individual excited states found,

which would be present in the excitonically coupled case.

This manifests itself also directly in the theoretical

absorption spectrum of the PDB-model which is depicted

in Fig. 4. Two peaks with almost identical oscillator

strength are seen, and not one peak carrying the sum of the

Fig. 2 Overlay of the structures of the three different Chl2�Chl7

model complexes: original crystal structure data (blue), re-optimized

with constraints retaining the relative orientation using DFT/BLYP

(red) and DFT/BLYP-D (yellow)

Table 1 Eight energetically lowest vertical excited states of the

strongly coupled Chl2�Chl7 pair of LHC-II at the geometry of the

crystal structure directly taken from the corresponding pdb-file and in

the relative orientation of the crystal structure with geometries of the

individual chlorophylls re-optimized at DFT/BLYP and DFT/BLYP-

D level of theory

State xex [eV] (Osc.) xex [eV] (Osc.) xex [eV] (Osc.)

PDB BLYP BLYP-D

S1 1.41 (0.01) CT 1.36 (0.00) CT 1.44 (0.00) CT

S2 1.57 (0.00) CT 1.53 (0.00) CT 1.56 (0.00) CT

S3 1.66 (0.02) CT 1.66 (0.00) CT 1.62 (0.00) CT

S4 1.89 (0.00) CT 1.82 (0.00) CT 1.72 (0.00) CT

S5 2.03 (0.26) Qy(A) 2.01 (0.00) CT 2.05 (0.41) Qy(?)

S6 2.05 (0.23) Qy(B) 2.07 (0.34) Qy(?) 2.07 (0.03) CT

S7 2.06 (0.02) CT 2.10 (0.00) CT 2.09 (0.02) CT

S8 2.11 (0.01) CT 2.10 (0.06) Qy(-) 2.10 (0.03) Qy(-)

Fig. 3 Relevant molecular orbitals for the assignment of the Qy states

as obtained at the level of DFT/BLYP. In all model complexes, the

orbitals are localized on either one of the chlorophylls and not

delocalized over both. The left and right panel corresponds to the

so-called Gouterman orbitals of Chl2 and Chl7, respectively
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strengths of both states as it would be in a strongly coupled

case. The situation changes drastically for the re-optimized

BLYP- and BLYP-D-models. Here, the Qy states are given

as S6 and S8 at 2.07 and 2.10 eV in the BLYP-model and as

S5 and S8 at 2.05 and 2.10 eV in the BLYP-D-model,

respectively, that is with only minor differences. It is

immediately apparent that the energetically lowest Qy

states of these models have large oscillator strength while

the energetically higher one have practically none. This

already hints at a strong coupling of these states and this is

indeed further corroborated by analyses of the corre-

sponding wavefunctions. In these cases, they are repre-

sented by positive and negative linear combinations of

determinants that are located on different Chls, i.e. they are

linear combinations of the local Qy states, precisely how

one would expect for an excitonically coupled system.

Therefore, they are denoted as Qy(?) and Qy(-) in Table 1

and Fig. 4. Also in the calculated absorption spectra, the

typical pattern of excitonically coupled states is found for

the BLYP- and BLYP-D-model complexes: one peak with

all oscillator strength and one with essentially none. For

comparison, also the excitation spectra of the individual

Chl2 and Chl7 have been computed individually and are

plotted in Fig. 4.

It is worthwhile to note that the Qy states are obtained

with excitation energies of 2.11 and 2.15 eV when the

structure of the chlorophyll dimer is optimized

employing the B3LYP xc-functional, i.e. they are shifted

to slightly larger values. Nevertheless, also in this case,

the lower state is a positive linear combination of the

individual states and exhibits the complete oscillator

strength of both while the one with the higher excita-

tion energy is the corresponding negative combination

having no strength.

Summarizing our findings for the Chl2�Chl7 dimer of

LHC-II, it has been demonstrated that a careful re-opti-

mization of the crystal structure data is essential for the

correct theoretical description of the excited states of the

individual pigments and in particular of their coupling. For

the correct description of the latter, however, great care

must be taken that the relative orientation of the pigments

remains conserved during the structure optimization since

the orientation of the transition dipole moments is crucial

for the coupling of the Qy states. In the case of the

Chl2�Chl7 dimer, re-optimization of the individual pig-

ments has a significant influence on the coupling between

them. While the PDB-model exhibiting the original crystal

structure resembles a system of practically uncoupled Chls,

the re-optimized models describe a strongly coupled pair of

Chls. Since it is experimentally well-known that Chl2 and

Chl7 of LHC-II are in fact strongly coupled, it becomes

now undoubtedly clear that re-optimization of crystal

structures is indispensible for the development of model

complexes capturing the correct excited state properties of

coupled dimers.

3.2 Excited states of the central lutein–chlorophyll pair

of LHC-II

Other useful examples for the importance of quantum

chemical structure re-optimization of experimental crystal

structures prior to excited state calculations are carotenoid–

chlorophyll complexes, which are ubiquitous in LHCs.

Besides absorption of light, carotenoids fulfill important

protective functions. They scavenge singlet oxygen and

quench triplet chlorophyll states as well as excess excita-

tion energy. For a detailed understanding of the molecular

mechanisms of these functions, precise knowledge of the

Fig. 4 Stick representation of

the computed absorption spectra

in the region of the Qy states of

the Chl2�Chl7 model complexes

as obtained from the crystal

structure (black), from the

re-optimized complexes using

DFT/BLYP (red) and DFT/

BLYP-D (blue) as well as for

the individual chlorophylls

optimized with DFT/BLYP-D

(green)
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excited states of the carotenoids and chlorophylls within

their complexes is of utmost importance.

In one monomer of LHC-II of green plants, three dif-

ferent kinds of carotenoids are present: two lutein mole-

cules, one violaxanthin and one neoxanthin. However, here

we focus on the excited states of a complex between lutein

1 (Lut1) (Scheme 2) and chlorophyll Chl2, which was

already topic of the previous section. This complex is at the

core of LHC-II (Fig. 1), and the interaction between these

pigments is known to be important for triplet quenching.

However, lately it has also been suggested that they might

also be involved in excess singlet energy quenching

[28, 29]. Therefore, the calculation of the singlet excited

states of this complex as well as an investigation of the

nature of the interaction of Lut1 and Chl2 is required to

obtain insight into possible molecular quenching mecha-

nisms. However, in this work we aim at demonstrating the

importance of geometry re-optimization for the correct

theoretical description of the excited states and not so much

on the function of Lut1 in LHC-II.

As first step of our theoretical investigation, the xyz-

coordinates of the Lut1�Chl2 complex have been taken

from the pdb-file of the corresponding crystal structure

[13]. Hydrogen atoms have been added and their positions

were re-optimized at the theoretical level of DFT/B3LYP/

6-31G*, while all heavy atoms were kept at their original

positions. This procedure gives rise to our first model

complex, the PDB-model (Fig. 5). Secondly, the PDB-

model serves as input for a structure re-optimization of the

pigments at DFT/B3LYP/6-31G* level of theory resulting

in the second B3LYP-model. Similar to the optimization of

the chlorophyll pair described in the previous section, also

here it is important to preserve the relative orientation of

Lut1 and Chl2 in the course of the re-optimization step.

This is again guaranteed through the introduction of con-

straints on intermolecular geometrical parameters. In gen-

eral, it is more involved to develop reasonable constraints

for a carotenoid-chlorophyll complex than for a chloro-

phyll pair, and it is practically impossible to derive a

generalized prescription. This difficulty is mostly related to

the flexibility of the carotenoid molecule, which adopts a

certain molecular configuration, i.e. bending and twisting

of the conjugated polyene chain, within the protein induced

by spatial restrictions. If one wishes to reproduce those,

too, one needs then to introduce also intramolecular con-

straints on the carotenoid side. The philosophy that we

follow in the derivation of those geometry constraints is to

set up as many as necessary but as little as possible to

conserve the most important features of the complex, i.e.

relative orientation of the pigments and the bending and

twisting of the carotenoid. For the Lut1�Chl2 complex

(Fig. 5), this amounts to altogether six angles and ten

dihedrals. Interestingly, the intermolecular distance

between Lut1 and Chl2 needs not to be restricted. It

changes only negligibly from 4.09 to 4.17 Å upon opti-

mization. An overlay of the structures of the two model

complexes is displayed in Fig. 5. For the Lut1�Chl2 com-

plex, we have chosen to optimize the geometry at DFT/

B3LYP/6-31G* level, since the B3LYP xc-functional has

proven to yield very reasonable geometrical parameters in

particular for the conjugated carbon–carbon bond lengths

of the carotenoid [30], while BLYP tends to overestimate

bond length equilibration [31]. Furthermore, the use of

BLYP-D for the geometry optimization of the Lut1�Chl2

complex leads to a strong bending of Lut1 ‘‘embracing’’

the Chl2 molecule. This is not possible in the LHC due to

steric hinderance by the protein. Therefore, we discard this

structure from further discussions.

In the case of the Lut1�Chl2 complex, the re-optimiza-

tion procedure has a larger influence on the excitation

energies of the pigments than in the case of the Chl2�Chl7

chlorophyll pair described above, which have been com-

puted employing TDDFT/BLYP/3-21G. We have chosen

this xc-functional/basis set combination since it has been

shown previously that it yields S1 excitation energy of

carotenoids in very good agreement with the best known

experimental values [24]. Different xc-functional/basis set

combinations usually fail to give even the correct ordering

of the carotenoid excited S1 and S2 states [22]. Again, a

plethora of intermolecular excited charge-transfer states is

HO

OH

Scheme 2 Molecular structure of lutein

Fig. 5 Overlay of the crystal structure (PDB-model) of the Lut1�Chl2

complex (blue) with the re-optimized B3LYP-model complex (green)

424 Theor Chem Acc (2010) 125:419–426
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found, which are far too low in energy and thus discarded

from the discussion. This phenomenon has been observed

and documented previously several times [24, 32–34].

Surprisingly, when the PDB-model is used for the calcu-

lation of the excited states also several intramolecular

excited charge-transfer states are identified on Lut1. These

states correspond to np*-excitations of an electron from an

oxygen lone-pair orbital and to pp*-excitations of the

p-orbitals of the isolated b-ionone ring double bond into a

p*-orbital of the conjugated chain. However, these states

are also artificially too low by approximately 1–1.5 eV and

can also be discarded from the discussion. Let us thus focus

on the excited states of the complex that are relevant for

excitation energy transfer between Lut1 and Chl2, i.e. those

which correspond to the S1 and S2 states of Lut1 and the Qy

and Qx states of Chl2.

Inspecting the vertical excitation energies obtained at

the theoretical level of TDDFT/BLYP/3-21G for the PDB-

model and the B3LYP-model (Table 2), one recognizes

immediately that the influence of the geometry optimiza-

tion is only small for the Qy and Qx states of Chl2 and for

the S2 state of Lut1. Most notably, however, is the signif-

icant change in excitation energy of the S1 state of Lut1.

For the PDB-structure the vertical excitation energy is only

1.86 eV, while it is increased by 0.21–2.07 eV when the re-

optimized B3LYP-model is employed in the calculation.

This is a very important energetic contribution, since the S1

state of Lut1 is the crucial state for the energy transfer

processes to or from Chl2. The change in the excitation

energy is mostly due to a better description of the bond

length pattern of the conjugated chain of Lut1 with DFT/

B3LYP than is given by the crystal structure. This high-

lights once more the sensitivity of the S1 excited state of

carotenoids with respect to the geometrical structure, in

particular with respect to the conjugated bond length pat-

tern [31]. For such sensitive cases, the accuracies of crystal

structures of pigment proteins are simply not high enough

to allow for a direct application in excited state calcula-

tions. Of course, also the structures optimized at DFT/

B3LYP level of theory exhibit errors, however, they can be

expected to be significantly smaller than the experimental

ones stemming from fitting the experimentally determined

electron density map to common characteristics of known

molecular data and refinement with classical force field

approaches.

4 Concluding remarks

Using the strongly coupled chlorophyll dimer of Chl2 and

Chl7 and the lutein–chlorophyll complex of Lut1 and Chl2

of LHC-II as typical examples, it has been demonstrated that

the accuracy of the experimental crystal structure of LHC-II

is not sufficient for the pigments to be directly employed in

quantum chemical excited state calculations. In the case of

the Chl2�Chl7 complex, the excited state calculations on the

crystal structure yields states that resemble a pair of

uncoupled chlorophylls, while upon constrained geometry

optimization the chlorophylls Chl2 and Chl7 become

strongly coupled, in agreement with well-known experi-

mental findings [35–37]. A similar conclusion can be drawn

for the results of the excited state calculations on the

Lut1�Chl2 complex. Here, the geometry re-optimization has

a large influence on the excitation energy of the S1 state of

Lut1, which is very sensitive with respect to the

detailed structure of the conjugated bond length pattern. Re-

optimization of the geometry improves significantly the

experimental crystal structure and leads to a 0.2 eV shift of

the S1 excitation energy upwards. These educative examples

may serve as a warning what kind of errors can occur when

quantum chemical re-optimization of crystal structures is

omitted prior to excited state calculations.

Very often in quantum chemistry one relies on error

compensation, in particular, when relative energies, i.e.

energy differences are studied. Thus, one might have hoped

that this would also be the case when experimental crystal

structures are directly employed in quantum chemical

calculations, such that the error in the geometries of all

pigments is roughly the same and cancels when excited

states of pigments and pigment pairs are computed. This,

however, seems not generally to be the case, and instead

the errors persist. In view of these findings, re-optimization

of the structures employing quantum chemical methods are

indispensible for a proper description of excited states and

their properties of the involved pigments. In the future, this

methodology needs to be extended to QM/MM calcula-

tions, where the structure of pigment pairs or clusters of

pigments can be re-optimized in the presence of the protein

environment and other surrounding pigments. Then tedious

inclusion of optimization constraints can be avoided and

the direct structural and electrostatic influence of the

environment can be included. However, the changes in

the excitation energies are probably only small since the

interior of LHC-II is highly unpolar.

Table 2 Excitation energies of the locally excited S1 and S2 states of

Lut1 and of the Qy and Qx states of Chl2 as computed for the PDB-

model complex and for the B3LYP model at the theoretical level of

TDDFT/BLYP/3-21G

State xex [eV]

PDB B3LYP

S1(Car) 1.86 2.07

Qy (Chl) 2.13 2.19

Qx (Chl) 2.26 2.22

S2 (Car) 2.29 2.28
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