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kyslíku i tripletní excitovaný stav chlorofylů. V této práci používáme ns transientní 
absorpční spektroskopii a globální analýzu ke studiu dynamiky tripletních stavů ka-
rotenoidů a chlorofylů ve dvou světlosběrných komplexech Amphidinium carterae – 
Peridinin-Chlorofyl  a-Protein komplexu (PCP) a hlavním světlosběrném komplexu 
Amphidinium carterae (LHCP). Za pokojové teploty se všechny triplety zdají  být 
přeneseny z chlorofylů na karotenoidy během ~ 5 ns, čímž je účinně bráněno vzniku 
singletního  kyslíku.  V PCP se  na  zhášení  tripletů  chlorofylu  podílí  jeden  triplet 
karotenoidu s dobou života ~ 10.2 µs, zatímco výsledky z LHCP naznačují, že se na 
zhášení  tripletů  chlorofylu  podílí  dva  karotenoidy  se  vzájemně  podobnou  dobou 
života ~ 2.5 µs. Tyto dva karotenoidové triplety jsou připsány peridininu umístěnému 
v  LHCP v  polárním  prostředí  a  peridininu  umístěnému  v  LHCP v  nepolárním 
prostředí.
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Abstract:  Chlorophyll  molecules  in  their triplet excited  state  can  react  with  the 
ground state oxygen, producing oxygen in a singlet excited state, which is very react-
ive and thus very harmful to the light-harvesting complex. Photosynthetic organisms 
employ carotenoids to prevent the damage by quenching both excited (singlet) states 
of oxygen and excited triplet states of chlorophyll. In this work, we use ns transient 
absorption spectroscopy and global analysis to study the dynamics of carotenoid and 
chlorophyll triplet states in two light-harvesting complexes of Amphidinium carterae, 
the Peridinin-Chlorophyll  a-Protein complex (PCP) and the main light-harvesting 
complex (LHCP). It appears that at room temperature all triplets are transferred from 
chlorophylls  to  carotenoids  within  ~  5  ns,  providing  a  very  efficient  protection 
against formation of singlet oxygen. One carotenoid triplet with a lifetime of ~ 10.2 



µs participating in the chlorophyll triplet quenching was observed in the PCP sample, 
while results from LHCP suggest that two carotenoid triplets with a similar lifetime 
of ~ 2.5 µs contribute to quenching of chlorophyll triplet states. The two carotenoid 
triplets are attributed to peridinin placed in a polar environment and peridinin placed 
in a non-polar environment in the LHCP complex.
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1. INTRODUCTION

1.1 Photosynthesis

Photosynthesis is a very important process, in which the energy of light is 

converted into chemical one. In the process, photosynthetic organisms capture sun-

light energy and use it together with CO2 and a suitable source of electrons (see be-

low) to produce high-energy molecules – ATP and sucrose, starches and other high-

energy carbohydrates.  As such,  it  is  an process  opposite to  cell  breathing,  which 

breaks down carbohydrates and ATP molecules in order to provide energy to power 

cell processes.

During the early steps of photosynthesis, an energy of the absorbed photon is 

converted into the excitation energy, which is then used to separate an electron in a 

so-called reaction center. The energy of the released electron is a driving force of all 

subsequent  steps.  The electrons  can  generally come from many different  donors, 

which divides photosynthetic organisms into two groups. Organisms using water as 

the electron donor (such as higher plants) carry out oxygenic photosynthesis. As a 

by-product in this process, molecular oxygen is released. Anoxygenic photosynthesis 

requires other source of electrons, for example hydrogen sulfide, and is carried out 

by all photosynthetic bacteria except cyanobacteria. The overall equation of  photo-

synthesis can be written as

CO22 H 2 ACH 2 OH 2O2 A (1)

Yet another process in Nature fulfil the definition of photosynthesis, that is 

used by haloarchea and proteobacteria. In this process, which is denoted as rhodop-

sin-based  photosynthesis,  absorption  of  light  causes  cis-trans  isomerisation  of 

rhodopsin, which is directly connected with transfer of ions across the membrane. As 

the organisms studied in this work carry out oxygenic, chlorophyll-based photosyn-

thesis, only this type will be discussed from now on. 

1.2 Photosynthetic complexes

Photosynthesis takes place in thylakoid membranes  in plants, algae and cy-

anobacteria (in  plants and algae,  these thylakoid membranes are placed in chloro-

plasts), or in cytoplasmic membrane of photosynthetic bacteria.
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The photosynthetic apparatus consists of one or two photosystems (formed by 

LHC(es) (antenna(s)) and a reaction center), electron carriers such as  ferredoxins, 

cytochroms and plastocyanins, and ATPases.

There are several tasks the photosynthetic system has to complete:

1.  Absorption of a photon and its transport to the reaction center, performed by 

antenna complexes. Energy transfer between the pigment molecules of an-

tenna competes with other relaxation processes such as fluorescence,  inter-

system crossing (ISC) and internal conversion (IC), and thus has to be very 

fast. 

2.  Reaction centers use the excitation energy to separate an electron from a 

primary electron donor. The separated electron has to be quickly transported 

away to prevent recombination with the now positively charged center. 

3.  Further steps of the electron transport chain occur beyond the reaction cen-

ters and are accompanied by transport of protons across the photosynthetic 

membrane, thus creating both electrical and concentration gradients. These 

gradients combine to form a protonmotorical force that drives the ATPase to 

convert ADP and phosphate into ATP. 

4.  In the final step of photosynthesis, energy of NAD(P)H and ATP is used to 

fix CO2 in carbohydrates. 

1.3 Light-harvesting complexes (LHCs) 

LHCs play a vital role  for the photosynthetic  apparatus. On a bright sunny 

day, one  chlorophyll  molecule can absorb about 12 photons per second, while the 

whole reaction center turnover takes about milliseconds. Thus, without antenna com-

plexes the whole system would mostly stay idle. Antennas are pigment-protein com-

plexes with the exception of chlorosomes of green photosynthetic bacteria, the only 

known organisms where chlorophylls form pigment-pigment aggregates. All chloro-

phyll-based photosynthetic organisms contain antennas to help in the light-harvest-

ing.  Different  photosynthetic  organisms  developed  a  variety  of  light-harvesting 

strategies, leading to a wide diversity between antenna complexes of different spe-

cies. Specifically, there are many restrictions for underwater photosynthesis, as com-

pared to photosynthesis in the air.  Part of the light is captured by organisms living 

near the surface, and both dissolved (gilvin) and particulate (tripton) organic matter 
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in water absorb light in the blue part of the spectrum, leading to a lower radiation in-

tensity.  Further more, water is a strong absorbent in the red part of radiation spec-

trum. As a result, marine organisms had to adapt their LHCs to enhance absorption in 

the different regions of the spectrum. Examples of adaptation of marine organisms to 

different spectral composition of the radiation are shown in Figure 1.

Antenna objective is to capture photons and transfer the excitation energy to 

the  reaction  center.  In  order  for  the 

transfer to be effective, the energy flow 

should be directed towards the reaction 

center. This is ensured by the so called 

“funnel  effect”  (Figure  2),  which 

means the energy is transferred down-

hill, from pigments absorbing at higher 

energies  (shorter  wavelengths)  to  pig-

ments  absorbing  at  lower  energies 

(longer  wavelengths).  Part  of  the  en-

ergy is thus lost as a heat in exchange 

for irreversibility of the transfer.

Pigments are held at the proper positions by proteins,  for example chloro-

phylls are usually bound by the amino acid histidine, which binds the Mg2+ cation as 

a fifth ligand by a coordinate bond. Absorption spectra of the pigments are much in-

fluenced by the environment, especially by its polarity. In vivo, pigments can experi-

ence different environment due to their interactions with proteins. The main effect is 

the  “solvent  shift”,  caused  by  the  electrostatic  interaction  between  the  charged 
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Figure 1: Adaptation of different marine photosynthetic organisms to available  
radiation using different light-harvesting systems. (Stomp&al. 2007)

Figure 2: Funnel concept of energy transfer  
in LHCs. (Blankenship 2002)



residues of the protein with the electric transition dipole moment of the pigments. 

This can be illustrated on bacteriochlorophyll (bChl) a. Absorption maximum of this 

molecule lies around 780 nm in methanol (polar solvent), while it shifts to almost 

900 nm in reaction center of purple bacteria. In vitro, changes of absorption spectra 

are caused by pigment-solvent interactions. 

Antennas can be classified as follows (according to Blankenship 2002):

1. integral

1a) fused

1b) core

1c) accessory

2. peripheral

Integral antennas cross the lipid bilayer and the pigments are usually deeply 

buried in the membrane, and can be further divided into three groups depending on 

their position with respect to the reaction center. The fused antennas are inseparably 

built into the structure of reaction center and bound to the same peptides as the elec-

tron  transport  components.  Core  antennas  have  usually  a  fixed  pigment  stoi-

chiometry. They also have a fixed position with respect to the reaction center, but are 

not part of its structure. Accessory antennas are found in addition to fused or core an-

tennas, and their amount depends on cultivating conditions. They can be mobile, and 

their position with respect to the reaction center is not fixed. Peripheral antennas do 

not  cross the membrane,  but  rather  are  attached to the components buried in the 

membrane. As such, they invariably stay on one side of the membrane. Examples of 

antennas from each class are given in Table 1. Energy absorbed by peripheral com-

plexes is transferred to integral complexes and eventually to the reaction center.
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A great variability exists between peripheral and integral accessory antennas 

of different species. The most abundant antenna complexes  are called LHC super-

family (Green&al. 2003) and are found in Rhodophyta, which contain only chloro-

phyll (Chl) a; in higher plants, where they bind Chl a and Chl b; and in Dinoflagel-

lata, Cryptophyta, Haptophyta and Heterokonts, who employ Chl a and Chl c. Apart 

from Chl, all these species bind carotenoids. In higher plants, carotenoids perform 

mainly protective role in antennas. In contrast, some marine algae need enhanced ab-

sorption in the blue-green region of spectrum, leading to carotenoids playing an im-

portant role in light-harvesting.

Examples  of  peripheral  antennas  are  phycobilisomes  of  Cyanobacteria, 

Cryptophyta and Rhodophyta, Fenna-Matthews-Olson (FMO) complex of green bac-

teria,  and  Peridinin-Chlorophyll a-Protein complex (PCP) of Dinoflagellata studied 

in this work. It contains the carotenoid peridinin (Per) and Chl a in stoichiometric ra-

tion 4:1 and is thus the only LHC to bind more carotenoids than Chls.

1.4 Role of carotenoids in LHCs 

In most LHCs, carotenoids fulfil mainly protective and structural function. 

However,  due to  restrictions  to  underwater  photosynthesis,  marine organisms  de-

veloped a strategy that employ carotenoids also as an important light-harvesting pig-

ment.

In order for the light-harvesting to be efficient under water, two criteria have 

to be met: 1) strong absorption in the blue-green region, and 2) efficient energy trans-

fer to Chl  a molecule.  The first criterion is satisfied by carotenoid absorption to S2 

state,  which covers  a large part  of the  blue-green region.  For an efficient energy 

transfer, marine algae make use of carbonyl carotenoids, which posses an excited 

state with a charge transfer character (intramolecular charge transfer state, ICT state), 

usually denoted S1/ICT  (Polívka&Frank 2010).  As opposed to  S1,  transition from 

S1/ICT to S0 state of carotenoids is not dipole-forbidden, leading to a very efficient 

energy transfer to Chl. Consequently, in many marine algae, carbonyl carotenoids are 

the main light-harvesting pigments.

Another vital role the carotenoids play is photoprotection. Photosynthetically 

important state of a Chl molecule is the  first excited state, 1Chl*, which  in solution 
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has a lifetime on the order of nanoseconds  (Niedzwiezki&Blankenship 2010). Al-

though conversion to the triplet state,  3Chl*, is theoretically forbidden, in reality it 

happens with a probability of roughly 5% (Peterman&al. 1995). The  resulting Chl 

triplet  state  has  a  lifetime  on  the  order  of  tens  to  hundreds  µs 

(Niedzwiezki&Blankenship 2010), which gives it enough time to react with other 

molecules.  Most organic molecules are singlet in their ground state. However, the 

ground state of molecular oxygen is a triplet state and thus it can react with triplet-

state Chl to yield excited singlet oxygen, 1O2
*, 

³Chl*³O2 ¹Chl¹O2
* (2) 

Singlet oxygen is a very reactive species and thus very harmful for the LHC. 

There are essentially two ways the complex can defend against singlet oxygen, both 

involving carotenoids. The lowest triplet state of carotenoids with nine or more con-

jugated double bonds is assumed to lie below the energy level of singlet  oxygen 

(Mathis&Kleo 1973). Carotenoids thus protect the complex either by quenching dir-

ectly oxygen

¹O 2
*¹Car ³O2³Car* (3)

or by reacting with the triplet Chl, bringing it back to the ground state (Siefermann-

Harms 1987),

³Chl*¹Car ¹Chl³Car* (4)

Another protective role of carotenoids lies in non-photochemical quenching 

of Chl singlets under high light conditions. This phenomenon is best known from the 

light-harvesting complex of photosystem II (LHC II) of higher plants, when in the 

so-called xanthophyll cycle, violaxanthin is converted to zeaxanthin. Another form of 

xanthophyll cycle is utilized by many marine algae, in which diadinoxanthin is con-

verted to diatoxanthin (Arsalane&al. 1994).

1.5 Energy transfer 

There are several ways a molecule can lose its excitation energy. It can emit it 

as a photon (luminescence), dissipate it in the form of heat, undergo an IC or ISC, or 

transfer the energy to another molecule in its proximity. Energy transfer is a crucial 

concept in photosynthetic antennae and thus the theoretical basis for this phenomen-

on will be now introduced.
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1.5.1 Energy transfer in weakly coupled systems

Two types of systems can basically be distinguished – strongly and weakly 

coupled. In strongly coupled systems, for example molecular aggregates, the dipole-

dipole interaction between the molecules is stronger than their interaction with the 

environment, and energy is transferred coherently. In weakly coupled systems, such 

as isolated molecules, interaction between the molecules is weaker than interaction 

with their environment, and energy is transferred non-coherently. 

Energy transfer can be in principle radiative or non-radiative. However, due 

to long fluorescence lifetimes (~ ns), radiative transfer would be quite ineffective and 

therefore only non-radiative transfer will be discussed.

Energy transfer always occurs between two molecules – donor  (D) and ac-

ceptor (A). Probability of the transfer is given by Fermi's golden rule (Struve 1995): 

p i f=
2
ℏ ∣〈 f DA*∣V DA∣iD

* A〉∣
2
 fi (5)

where  f DA*  is the final state wave-function (with donor in the ground and ac-

ceptor in the excited state), iD
* A  is the initial state wave-function (with donor 

in the excited and acceptor in the ground state), VDA is the interaction energy between 

donor and acceptor and  fi   expresses the density of final levels isoenergetic with 

the initial state.

Classical electrostatic interaction energy between two molecules D and A is 

given as a sum of interaction between all charges (electrons and nuclei) of these mo-

lecules:

V DA=∑
ij

q i q j

r ij
(6)

Depending on the distance between  D and A, there are two mechanisms  of 

energy transfer.  Exchange (or Dexter)  energy transfer  requires intermolecular dis-

tances comparable to the size of molecules. For intermolecular distances greater than 

the size of the molecules, the direct (or Förster) energy transfer  becomes more im-

portant. 

1.5.2 Förster resonant energy transfer (FRET)

Expression for the total  interaction energy can be split  into intramolecular 
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part  Vmol (summing interactions  between charges  within  one  molecule)  and  inter-

molecular part Vi  describing interaction between charges qi, qj. belonging to different 

molecules (Struve 1995),

V i=∑
 i∈A

j∈D

q i q j

rij
. (7)

Vi can be expressed as a multipole expansion

V i=∑
n=1

∞ V n

Rn
=

qA qD

R


qD A⋅R−qA  D⋅R
R²


A⋅ D−3 A⋅R D⋅R

R³
qD[Q xxAQ yy A−2Q zzA]

R³


qA[Q xxD Q yy D −2Q zz D ]
R³

...
(8)

where qA, qD are the total charges,  A , D  the dipole moments and QA, QD the mo-

lecular electric quadrupole tensor of the molecules A and D. Vector R  points from 

the center of molecule D to the center of molecule A.

For large donor-acceptor separations, the sum converges fast and the expan-

sion is well approximated by its first non-zero component. In case of uncharged mo-

lecules, first two terms drop out and the main component is the dipole-dipole interac-

tion. Multipole expansion stays valid for intermolecular distances comparable to the 

size of the molecules, but then the higher-order components of the expansion must be 

taken into account. 

In the dipole limit, we can separate wave-functions of donor and acceptor and 

write the total probability of energy transfer as

p D A=
2
ℏ ∣〈 f D∣ D∣i D

*〉∣2∣〈 f A
*∣ A∣iA〉∣

2
 fi =

3
2

K ²
  R0

R 
6

(9)

with the rate constant of the transfer k DA=
1
 R0

R 
6

(10)

R0=8.875⋅1017 K 2 n−4∫ f D A
−4 d   is  the distance at  which efficiency of 

the transfer is 50%, f D  denotes the emission spectrum of the donor, A   the 

absorption spectrum of the acceptor,  τ the radiative lifetime of the donor in the ab-

sence of the acceptor,  K= D⋅A−3 D⋅R A⋅R  represents the orientation factor 

between donor and acceptor transition dipole moments, and n is refractive index of 

the medium at the emission wavelength.

14



For the transfer to be efficient, transitions D* → D and A → A* have to be di-

pole-allowed. The total wave-function can be split into spin (σ) and orbital (Φ) part, 
= , while the electric dipole moment operators D , A  act only on the orbital 

part Φ. This means that spins of both acceptor and donor are conserved during the 

energy transfer. Since photosynthetic  pigment  molecules are singlet  in their ground 

states, FRET only leads to singlet-singlet energy transfer.

1.5.3 Exchange (Dexter) energy transfer

If the separation between the molecules is  comparable to their size, it is not 

possible to omit higher components of the multipole expansion. It is however better 

to start from the original expression of interaction energy V DA=∑
ij

q iq j

rij
. Probability 

of the energy transfer is again given by Fermi's golden rule:

p i f=
2
ℏ ∣〈 f DA*∣ V DA∣iD

* A〉∣
2
 fi (11)

First, we need to express the initial and final wave-functions. In case of signi-

ficant overlap of charge distributions,  it is no longer possible to separate the total 

wave-function of donor-acceptor pair (Ψi, Ψf) into donor part and acceptor part. In-

stead, we will write them as a combination of one-center functions using Slater de-

terminant:

∣iD* A〉=∣D1 ...Dn*A1 ...Am∣
∣ f DA*〉=∣D1 ...Dn

' A1 ...Am*
' ∣ (12)

where each  Θ represents wave function of one electron from donor or acceptor.  In 

the formula, apostrophe marks the orbitals that differ in the initial and final state, 

while asterisk denotes orbitals that are excited. Slater determinant is constructed as

∣1...k∣=
1
 k !∣11 ⋯ k 1

⋮ ⋮
1k  ⋯ k k 

∣ . (13)

To evaluate the V DA=∑
ij

1
r ij

 term, we use the Slater-Condon rules. The inter-

action energy operator is a two-body operator. Slater-Condon rules enable to express 

one- and two-body operators over wave-functions constructed as Slater determinants 

as a combination of these operators acting on one or two one-center functions. Spe-

cially, if the operator acts on two wave-functions that differ in two one-center orbit-
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als, the expression would be 

〈∣ G∣mn
pq 〉=〈mn∣g∣ pq 〉−〈mn∣g∣qp〉 (14)

,where the final wave-function mn
pq  differs from the initial   by orbitals p and q in 

the m-th and n-th position, respectively.

In our case = f DA* ,mn
pq=iD

* A  and G=∑
ij

1
r ij

.  By direct use of 

Slater-Condon rules, we get

∑
ij 〈 f DA*∣ 1

rij∣i D
* A〉

=〈D 1A*2∣ 1
r12∣D* 1A2〉−〈D 1A*2∣ 1

r 12∣A1D*2〉
=〈D1 A*2∣ 1

r12∣D *1A2〉 〈D1∣D*1〉 〈A*2∣A2〉

∢〈D 2A*1∣ 1
r12∣D*1A2〉 〈A*1∣D*1〉 〈 D2∣A2〉         

(15)

The first term leads to direct energy transfer (FRET). For this term,  spin-function 

overlaps require that  D1=D*1  and  A2= A*2 . This means that spin of 

both molecules have to be conserved during the transition and thus FRET can only 

lead to singlet-singlet energy transfer, as mentioned above. The second term leads to 

exchange  (Dexter)  energy  transfer  and  requires  that  A*1=D*1  and 

D2= A2 . Exchange mechanism therefore allows energy transfer between mo-

lecules that are a) both triplet in their excited state, or b) both singlet in their excited 

state. It thus provides the major mechanism for triplet-triplet energy transfer, which 

is a key aspect of antennae photoprotection. It also provides a route for singlet-sing-

let transfer if the direct transfer is symmetry-forbidden.

Dependence of exchange mechanism on the intermolecular distance rDA is ex-

tremely complicated  and the  rate  constant  of  the  transfer  is  usually  coarsely ex-

pressed as 

k DAexp−2r DA

L ∫ f D Ad  (16)

where rDA is the distance between donor and acceptor molecules and L is sum of their 

van der Waals radii.
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1.6 Spectroscopic methods

1.6.1 Steady-state spectroscopy 

A sample can interact with light in many ways, each revealing different in-

formation. The most basic experiment is the absorption measurement, in which the 

sample is irradiated by a polychromatic light, and the attenuation of this light is sub-

sequently measured with a spectral resolution. In the first approximation, the attenu-

ation is considered to be only due to formation of excited states in the sample. In the 

second approximation, a bigger contribution from the scattering is assumed, and the 

absorption spectra have to be corrected for this effect. However, scattering depends 

on the size of the molecules and is rather negligible in our case. As such, it will not 

be discussed here, and its effect on the absorption spectra will be ignored.

Absorbance (optical density) defined according to Lambert-Beer law, is

A=−log I
I 0 =c l , (17)

where I0 is the intensity of the incident light, I is the intensity of the transmitted light, 

c is the concentration of the sample (usually in M), ε is the molar extinction coeffi-

cient of the substance (usually in M ¹cm ¹⁻ ⁻ ), and l is the distance light travels through 

the sample. Absorbance is often used to calculate the concentration of the sample. In 

our experiments we use steady-state absorption to check the stability of the sample 

and look for signs of permanent damage.

1.6.2 Time-resolved absorption spectroscopy

One way to study the dynamics of the system is by the means of transient ab-

sorption. In this work we have used a monochromatic laser pulse as a source of the 

excitation light and a polychromatic (white) light from the flash-lamp as a measuring 

light. First, the sample is excited by a relatively strong, short and spectrally narrow 

pulse, which enables a selective population of specific excited states. The system is 

then left to evolve for a defined time period, ∆t, during which it may relax to a lower 

state, undergo ISC, or transfer energy. After ∆t, transient spectrum is obtained as the 

difference between absorption of the sample compared to absorption of the  sample 

without excitation. Intensity of the measuring light has to be much lower than the in-

tensity of the excitation light, so that its effect on the population of the excited states 

would be negligible. By gradually increasing the time delay between excitation and 

17



the measurement, we can study the dynamics of the sample.

Although in principle the absorption of the sample after excitaion could be 

compared to the steady-state absorption, another approach is used. The light from the 

lamp (probe) is split into two channels, one aiming into the excited (signal), and the 

other into the not excited part of the sample (reference), and the transient absorption 

is then taken as

 A , t =A , t −A=−log T  , t log T  =log I S 
I R−log I S  , t 

I R  , t  (18)

S and R denote the signal from sample and reference, respectively. I(λ,t) is the signal 

collected at t ns after the excitation pulse, while I(λ) is the signal collected with no 

excitation.

Three main phenomena give rise to the transient signal: photobleaching,  ex-

cited state absorption (ESA) and emission (Figure 3). 

Figure 3: Examples of origin of transient signal. Left - Possible interactions of the 
sample with the probe light (blue arrow represents the excitation pulse). Right -  
Transient signal corresponding to the photobleaching and ESA. 

Upon  excitation,  some  molecules  of  the  sample  are  converted  from  the 

ground state to the excited state. This is the origin of photobleaching – since there are 

now less molecules in the ground state, absorption of this state is lower than that of 

the not excited sample, resulting in a negative signal in the transient spectrum. Simil-

arly, as there are now more molecules in the excited state, a positive band can appear 

in the transient spectrum, corresponding to absorption of these  excited  molecules, 
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giving rise to ESA signal. In experiments with ns and lower temporal resolution, 

mainly triplet states contribute to the positive signal and therefore the measured spec-

tra are often referred to as triplet-minus-singlet (TmS) spectra. The third source of a 

signal is emission. In this case, more light reaches the detector as compared to the not 

excited sample, thus leading to a negative transient signal.

1.6.3 Global analysis

The most simple method how to analyse the transient data is to fit the decay 

of the signal at a particular wavelength by a sum of exponentials. An advanced meth-

od enabling to determine the rate constants with a higher accuracy is a global analys-

is. First, spectra collected at different time delays are arranged into matrix with spec-

tral dependence in rows and time-dependence in columns. Example of such a matrix 

is shown in Figure 4.

Model  M of  the  matrix  can  be  split  into  three  matrices,  M=CDE  (Alster

2011). Columns of the matrix C are formed by monoexponential decays (convoluted 

with the excitation pulse), each corresponding to the overall lifetime of a particular 

excited state. Number of columns is thus equal to the number of distinguishable ex-
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Figure 4: An example of a matrix of TmS spectra used for global analysis  
(PCP sample excited at 670 nm).



cited states. Rows of matrix E are formed by transient spectra of individual excited 

states, and matrix D represent mixing of the states. 

Apart  from the transient signal,  background, and random noise,  the signal 

from the excitation pulse contribute to the TmS spectra. This effect can be partially 

compensated by adding a zeroth component (i.e. the one connected with the pulse) 

into the analysis (Alster 2011). Another problem is that the pump pulse (and the in-

strument response function (IRF) in general) has a width comparable with the fastest 

processes studied in the sample. It is therefore necessary to account for IRF in the 

analysis. The IRF function can be either determined and parametrised separately, or a 

parametrisation of a Gauss function can be used. Parameters of IRF are then included 

in the model. 

Parameters of the model are fitted to achieve the best agreement with experi-

mental data. The parameters to be determined are: number of distinct excited states, 

their lifetimes and transient spectra, and parametrisation of the IRF. To easier fit the 

model, matrix M is separated into part depending linearly (DE) and non-linearly (C) 

on the parameters. The process begins by choosing values of parameters for the non-

linear part. The linear part is then calculated by a method similar to the method of 

least squares, and deviation of the whole model from experimental data is evaluated. 

The parameters of the non-linear part are then changed, and the whole process is re-

peated, until the convergence of the model is reached (Alster 2011).

Rows  of  the  (DE)  matrix  form so-called  decay-associated  spectra  (DAS). 

Number of DAS components gives the number of (distinguishable) excited states 

present in the sample. Each component gives the overall lifetime of one distinct state, 

and its spectrum consists of the transient spectrum of this state mixed with the spec-

tra of states receiving energy from this state. Specially, if one state transfers energy to 

another state, spectrum of the donor will include the spectrum of the acceptor with a 

reversed amplitude.

If the global analysis cannot distinguish between two excited states (either 

due to noise or not sufficient time resolution), these states are treated as one and their 

spectra mix even though there is no energy transfer between them. In this case, amp-

litudes of the spectra are not reversed. One way to distinguish the states is to fit a 

kinetic (or kinetics) manually at discrete wavelengths where only one of the states 
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exhibits  a  transient  signal.  The  obtained  lifetimes  can  be  then  in  global  analysis 

treated as fixed parameters and the states could be spectrally resolved. 

1.7 Carotenoids

Carotenoids are planar molecules consisting of linear backbone with conjug-

ated system of π -electrons and often with a ring structure in the ends. Only two ele-

ments contained in all carotenoids are carbon and hydrogen. Some of the carotenoids 

contain also oxygen – such carotenoids are called xanthophylls and usually play an 

important role in photoprotection.

Carotenoids belong to the C2h idealized point group of symmetry, which con-

tains symmetry elements: identity (E), two-fold axis (C2), center of inversion (i) and 

horizontal mirror plane (σh)  (Šlouf 2009).  Characters (1, -1) of this group are sum-

marised in Table 2.

C2h E C2 i σh Rotations, translations

Ag 1 1 1 1 Rz

Bg 1 -1 1 -1 Rx, Ry

Au 1 1 -1 -1 Tz

Bu 1 -1 -1 1 Tx, Ty

Table 2: Table of characters for C2h point group of symmetry.

Each character indicates how an object behaves when the symmetry operation 

acts on it. If the object remains unchanged, we say it is symmetrical in respect to the 

symmetry operation, and the character of this operation is 1. If negative and positive 

parts of the object switch their places, the object is said to be antisymmetrical, and 

the character of such an operation is -1. Thus, As and Bs denote objects that are sym-

metrical and antisymmetrical to the two-fold axis, while the subscripts gs and us de-

note objects that are symmetrical/antisymmetrical to the inversion.

In physical terms, Ag, Bg, Au, Bu denote orbitals and components of the trans-

ition dipole moment (which transform like a translation, i.e.  µx has the same sym-

metry as Tx etc). From the knowledge of shapes of the orbitals, we can judge whether 

a particular symmetry operation causes exchange of positive and negative parts of or-

bital, or whether their position remains unchanged, thus placing the orbital in one of 

the sub-groups Ag, Bg, Au, Bu. In the case of carotenoids, S0 and S1 states posses the 
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Ag symmetry, while S2 is part of the Bu sub-group (Šlouf 2009). 

A term that determines whether a transition is allowed or not is 〈 f∣ if∣i〉 , 

where i  is the total wavefunction of the ground state,  f  is the total wavefunction 

of the excited state and if  is the transition dipole moment. By using the Born-Op-

penheimer approximation, we can further split the total wavefunction into electronic 

spatial (Φ), electronic spin (σ), and nuclear components (χ). Since the transition di-

pole moment operator acts only on the electronic spatial wavefunction,  we can re-

write the original expression as 〈 f∣ if∣i〉= 〈 f∣i 〉 〈 f∣i 〉〈 f∣ if∣i 〉 . First part of 

this expression is a so-called Franck-Condon factor, second part leads to spin selec-

tion rules, which allows transitions only between states with the same multiplicity, 

and the third part leads to orbital selection rules. 

In order to yield a non-zero result, the function of the kind 〈 f∣ if∣i〉  has to 

transform as a totally symmetrical object, i.e. Ag. As the transition dipole moment is a 

vector, this integral can be split into three parts corresponding to three components of 

the  transition  dipole  moment,  〈 f∣ if∣i 〉=〈 f∣ x ,if∣i 〉〈 f∣  y , if∣i 〉〈 f∣ z , if∣i 〉 . 

Transition will be orbitally allowed, if at least one of these integrals is non-zero, i.e. 

transforms like Ag. Now let us have a look at the S0→S1 transition. S0 state has the Ag 

symmetry and components of the transition dipole moment transform like transla-

tions. Thus, for the S0→S1 transition, the orbital part would give

〈 f∣ if∣i〉=Ag Bu AgAg Bu AgAg Au Ag=BuBuAu .  None of the components 

thus behave as the Ag sub-group, which results in S0→S1 transition being forbidden. 

If  we  do  the  same  for  S0(Ag)→S2(Bu),  we  find  out  that  〈 f∣ if∣i〉=Bu Bu Ag  
Bu Bu AgBu Au Ag=AgAgBg , resulting in a large oscillator strength of S0→S2 

transition.

The above strict forbiddance of S0→S1 transition is valid for ideal members 

of the C2h point group of symmetry. However, as a carotenoid molecule is not per-

fectly symmetrical, absorption to the S1 state also takes place to some extent. 

A very specific group of carotenoids are carbonyl carotenoids. In addition to 

the conjugated backbone and rings at ends, they have a lactone ring in conjugation 

with the π-electron system of the backbone. Oxygen has a very high electronegativity 

and thus considerably withdraws electrons from the backbone. Thanks to this effect, 

excited states properties of carbonyl carotenoids depend greatly on the polarity of the 
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environment.  When placed in a polar environment, carbonyl carotenoids show fol-

lowing differences compared to “normal” carotenoids (Šlouf 2009):

1. Loss of the vibrational structure. A typical feature of carotenoid absorption 

spectra  are  three  sharp  peaks  in  the  blue-green  region,  corresponding  to 

S0,0→S1,0, S0,0→S1,1, and S0,0→S1,2 transitions.  Carbonyl carotenoids  preserve 

resolved structure in non-polar environments, such as n-hexane,  however in 

polar environment, the vibrational structure is lost, leaving one broad peak. 

2. Lifetime of the lowest lying singlet excited state strongly depends on the po-

larity of the solvent.

Most of the studies were carried out on Per. Figure 5 illustrates the loss of the 

vibrational structure with increasing polarity of the solvent. Time-resolved measure-

ments revealed lifetimes ranging from 172 ps in non-polar solvents such as cyclohex-

ane or benzene, to 7 ps in 

trifluoromethanol 

(Bautista&al.  1999  [1]), 

and even to 2.5 ps in PCP 

complex  (Zigmantas&al

2002). In theory, both the 

loss  of  the  vibrational 

structure  and  shortening 

of  the  lifetime are 

ascribed to existence of a 

state with an ICT charac-

ter in the manifold of Per 

excited states. In non-po-

lar solvents, this state lies above the S1 state, close enough that thermal energy could 

cause the S1→ICT transition. In polar environment, the ICT state lies close below S1, 

to which it is electronically coupled (Figure 6). Upon transition to the S2 state and IC 

to the S1 state, the system quickly relaxes into the ICT state.  In contrast to the S1 

state, ICT→S0 transition is not dipole-forbidden, and thus energy transfer to Chl can 

proceed via the Förster mechanism with a high efficiency. In practise, S1 and ICT 

states are often denoted as one S1/ICT state. In addition,  S2 state is shifted to lower 
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Figure 5: Peridinin absorption spectra with resolved (n-
hexane), partially resolved (ethyl acetate) and non-
resolved vibrational structure (methanol). (Bautista&al.
1999 [1])



energies  in  carbonyl  carotenoids  as 

compared to their noncarbonyl coun-

terparts (Polívka&Frank 2010). These 

two  aspects  combine  to  produce  a 

very efficient energy transfer to Chl, 

making Per the main light-harvesting 

pigment of marine algae.

Apart from their light-harvest-

ing  function,  carbonyl  carotenoids 

also play the photo-protective role in 

LHCs.  Results  of  the  studies  of 

carotenoid triplets performed on PCP 

of Dinoflagellata and on LHC II of higher plants will be discussed later.

1.8 Chlorophylls

Chls are the main pigments in most LHCs. They are planar porphyrin mo-

lecules, consisting of a tetrapyrrole ring with a central metal atom (usually Mg2+), 

fifth isocyclic ring and a side chain.

Porphyrins  belong  either  to  the  D4h (doubly-charged  porphyrin  ions  and 

metalloporphyrins),  or  to  the  D2h (free-based porphyrin)  idealised  point  group of 

symmetry. π-orbitals involved in the bonds of porphyrin ring are antisymmetric with 

respect to the reflection in the plane of the molecule. This limits the possible types of 

orbitals in the D4h symmetry group to a1u, a2u, b1u, b2u and eg, and thus the possible 

states to non-degenerate odd states A1g, A2g, B1g, B2g, and a doubly-degenerate even 

state Eu. When the symmetry is lowered to D2h, the Eu states splits into two, and the 

A2g and B2g states change symbols, giving the only possible states for D2h group of 

symmetry two A1g states, two B1g states and two Bu states (B2u, B3u) (Gurinovich&al.

1963). Figure 7 shows symmetry types of the possible π-electron states of the porph-

in ring.
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Figure 6: Energetic structure of peridinin in  
non-polar and polar solvent. (Bautista&al. 1999
[1])



 (Symmetry) selection rules for electronic transitions in porphyrins can be de-

rived by combining the possible types of symmetry of π-electron states and the table 

of products of D2h and D4h symmetry groups (for character and product tables of D2h 

and D4h see the appendix). The only allowed transitions are the ones to the Eu state 

for the D2h symmetry group, and the ones to the B2u or B3u states for the D4h symmetry 

group. 

Electronic  trans-

itions in porphyrins are as-

sociated  with  a  change  of 

the  electron  density  within 

the  conjugated  ring  either 

along the x- or along the y-

axis (see Figure 8 for defin-

ition of the axes).  Figure 8 

demonstrates the redistribu-

tion of the charge during x-, 

and  y-polarised  transitions.

In a model of “free electrons” in a closed circular ring (D∞h group of sym-

metry), the highest occupied orbital (HOMO) is doubly-degenerate. For a real sym-

metry D4h it splits into two orbitals a1u and a2u, which are close in energy, but not de-

generate (Nemykin&Hadt 2010). The absorption spectrum would thus consist of only 

two bands corresponding to B and Q transitions, both with mixed polarisation (Fig-

ure 9). For D2h, further splitting of the excited state occurs, resulting in four main 
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Figure 7: Symmetry types of the possible π-electron states of the porphin 
ring. "+" and "-" indicate the sign of the wavefunction. (Gurinovich&al. 1963)

Figure 8: Changes in electron density distribution 
accompanying Qx and Qy transitions. (Blankenship 2002)



transitions, Bx, By, Qx, and Qy (Figure 10).

In  porphyrins belonging to the  D4h group of symmetry (such as metallopor-

phyrins or Chls  c), two transition are allowed. The transition with a higher energy 

corresponds to the so-called Soret band, which is experimentally observed usually in 

the blue-green region of the spectrum. According to the previous paragraph, this is 

ascribed to the A1g→Eu transition (Gurinovich&al. 1963). Similarly, the less intense 

transition with a lower energy corresponds to the so-called Q band and is ascribed to 

the A2g→Eu transition. When the symmetry is lowered to D2h (neutral porphyrins) and 

the degeneratedEu state splits into B2u and B3u, only a small change of the Soret band 

is observed, indicating that  it consists of two transitions which are close in energy 

(Gurinovich&al.  1963).  Larger  energy difference  is  observed between Qx and  Qy 

transitions of D2h  porphyrins which form a single Q band in D4h  porphyrins. The re-

duction of the double bond between C17 and C18 in Chls severely disrupts the sym-

metry of the porphyrin ring, and thus Chls show a spectral structure similar to that of 
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Figure 10: Simplified Gouterman's model for the D2h symmetry neutral porphyrins.  
(Nemykin&Hadt 2010)

Figure 9: Simplified Gouterman's model for the D4h symmetry metalloporphyrins.  
(Nemykin&Hadt 2010)



D2h porphyrins, despite binding a Mg2+ ion. 

Electronic  transitions  in  porphyrin  molecules  are  often  explained  with the 

Gouterman four-orbital model. According to this model, the spectroscopic properties 

of Chls are largely associated with π→π* transitions from the two highest occupied 

(HOMO, HOMO-1) to the two lowest unoccupied (LUMO, LUMO+1) molecular or-

bitals. The B-transitions are often referred to as a Soret band, which thus composes 

of transitions with different polarisation. For Chls and bChls, the Soret band usually 

appears between 350 and 470 nm, Qx band is usually found between 500 and 600 nm 

and Qy band between 600 and 800 nm.

LHCs studied in this work employ two Chls, Chl  a and Chl c2. Steady-state 

absorption and fluorescence and transient absorption spectra of Chl a in pyridine are 

shown in Figure 11. Absorption is dominated by the sharp Soret band with a maxim-

um at 443 nm and the Qy band at 671 nm, both with vibronic structure resolved. The 

Qx absorption band is not resolved for this pigment in pyridine. Fluorescence shows a 

maximum at 677 nm with a vibronic band at 737 nm.  The transient spectrum was 

taken at 100 ns after the excitation pulse. It is a combination of a negative signal 

from bleaching of the ground state and a broad positive band caused by triplet-triplet 

absorption with maximum at 470 nm. 

Figure 12 shows steady-state and transient spectra of Chl c2 in THF. Absorp-

tion is dominated by the Soret band with a maximum at 457 nm. Qx and Qy bands 

show maxima at 587 nm and 634 nm, respectively. The fluorescence maximum is ob-

served at 640 nm with a resolved vibronic band at 697 nm. Transient spectra are 
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Figure 11: Chl a in pyridine: steady-state absorption and fluorescence spectra (left),  
and transient absorption spectra (right). (Niedzwiezki&Blankenship 2010)



again a combination of a ground state bleaching and the triplet-triplet absorption of 

the pigment with a maximum at 489 nm.

1.9 Peridinin – Chlorophyll a – Protein Complex (PCP)

The goal of this study is to compare photo-protective strategies of two LHCs 

found in the Dinoflagellata Amphidinium carterae. One of them is the PCP complex, 

an accessory antenna of this organism. PCP binds  Chl  a and a carbonyl carotenoid 

Per (Figure 15) in a very specific ratio four Per to one Chl a molecule, thus making it 

the  only  known  antenna  complex, 

where  carotenoids  play  the  main 

light-harvesting role.

The  steady-state  absorption 

spectrum of PCP, together with ab-

sorption spectra of Chl  a in diethyl 

ether and Per in ethylene glycol are 

shown in  Figure 13. The spectrum 

is dominated by a broad Per absorp-

tion  band  corresponding  to  the 

S0→S2 transition and ranging from 

350 to 600 nm, with a broad unre-

solved  peak  at  480  nm  and  a 
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Figure 12: Chl c2 in THF: steady-state absorption and fluorescence spectra (left),  
and transient absorption spectra (right). (Niedzwiezki&Blankenship 2010)

Figure 13: Absorption spectra of the PCP 
complex (solid line), Chl a in diethyl ether 
(dashed line), and Per in ethylene glycol  
(dotted line). (Zigmantas&al 2002)



shoulder at 520 nm,. Such a loss of vibrational structure is typical for Per in a polar 

environment. The peaks at 438 and 671 nm are caused by Chl a Soret and Qy trans-

itions, respectively. The small feature at 622 nm is due to the 0-1 vibrational replica 

of the Qy transition.

The structure of PCP was resolved using X-ray crystallography to 2 Å (Figure

14) (Hofmann&al. 1996), revealing the basic unit of PCP to be a trimer. A monomer 

subunit  consists  of  two 

pseudo-identical  domains, 

each containing 4 Pers and 1 

Chl  a  (Figure 14).  The dis-

tance  between  Pers  within 

one domain ranges from 4 to 

11 Å, conjugated regions of 

Pers  are  in  van  der  Waals 

contact with the tetrapyrrole 

rings  of  the  Chls,  and  the 

distance  between  the  two 

Mg2+-centers of the two Chls 

in  a  monomer  is  17.4  Å 

(Polívka&al.  2007).  It  has 

been  shown,  that  while  the 

closest distances between the 

conjugated region of Per and 

the respective Chl a are very 

similar for all the Pers (3.7 – 

5.0  Å)  (Damjanović&al.

2000), one of the Pers (612, 

622)  in  each  domain  has  a 

much closer center-to-center 

distance to its Chl and by far 

the largest  projection of the 

Chl  a Qy transition  dipole 

moment  onto  the  Per  long 
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Figure 14: Structure of the PCP trimer (top) and 
arrangement of the pigments in the PCP monomer 
(PCP from Amphidinium Carterae). Color code: grey 
– protein; red – Per; green – Chl-a. (Polívka&al. 2007)



axis (defined as a vector connecting carbons 11 and 11' in the carotenoid) (Damjan-

ović&al. 2000). The triplet-triplet energy transfer in PCP is spin-forbidden and works 

via the Dexter mechanism. Because of this, the triplet-triplet energy transfer has a 

very strict distance requirements, which are more than by any other satisfied by the 

Pers 612 and 622, making them the most likely trap for Chl triplet energy. 

Resolved crystal structure and an unusual  Chl-to-carotenoid ratio has made 

PCP subject to extensive studies of energy transfer kinetics and pathways. Both sing-

let-singlet  and triplet-triplet  energy transfer are very efficient in PCP. It  has been 

shown that Per transfers excitation from both S1 and S2 states on a ps timescale, with 

a total efficiency of about 90% (Bautista&al. 1999 [2]). At room temperature, all the 

Chl triplet energy is transferred to Pers within several ns (17±7 ns, Bautista&al. 1999

[2]),  and  the  Per  triplets  successively  decay  monoexponentially  within  10  µs 

(Bautista&al. 1999 [2]). Similar results were obtained with PCP from Heterocapsa 

pygmaea (H-PCP), where a monoexponential decay of the Per triplet state was ob-

served, with a 10 µs lifetime (Bonetti&al. 2009). H-PCP has the same pigment stoi-

chiometry as PCP from Amphidinium carterae, but differs in the peptide unit. In solu-

tion of free Chl, unnquenched Chl triplets have a lifetime of roughly tens to hundreds 

µs (Niedzwiezki&Blankenship 2010). In a solution of Chl a and Per in THF with a 

ratio of 1 Per to 8 Chl  a, the lifetime  of Chl triplets is shortened to  about 3.5  µs 

(Bonetti&al. 2009), while in PCP much shorter lifetime of about  17 ns  is observed 

(Bautista&al. 1999 [2]), proving a very effective photoprotection.

1.10 The major intrinsic light-harvesting complex of Amphidinium 
carterae 

The main subject of this study is the major intrinsic LHC of  Amphidinium 
carterae (LHCP). LHCP contains 7 molecules of Chl  a, 4 Chl  c2, 10-12 (the exact 

number is not known yet) Pers and 2 diadinoxanthins (Hiller&al. 1993). Structure of 

these pigments is shown in Figure 15.
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Figure 16 shows absorption spectrum of LHCP. The absorption spectrum is 

dominated by Soret bands of Chl a (440 nm) and Chl c2 (458 nm). The sharp peak at 

672 nm belongs to Qy transition of Chl a. Chl c2 Qy band lies below 660 nm and over-

laps with absorption of Chl  a 
Qy 0→1 vibrational transition. 

Absorption  of  carotenoids 

overlaps with Soret  bands of 

both Chls, but extends further 

to  the  red.  The  shoulders  at 

495  and  540  nm  are  most 

probably due to Per, while the 

contribution  of  diadinox-

anthin is  too  small  to  be re-

solved due to the stoichiomet-

ric reasons. 
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Figure 15: Pigments of LHCs of Amphidinium carterae. A -  
Diadinoxanthin, B - Per, C - Chl c2, D - Chl a.

Figure 16: 1-T (solid line), fluorescence (dotted line) 
and fluorescence excitation spectra (dashed line) of  
LHCP. (Polívka&al. 2006).



Although the structure of LHCP has not been resolved, it is believed to be 

similar to that of LHC II. The chlorophyll a/b-binding protein (Cab) of LHC II forms 

three transmembrane helices, binding 7 Chl  a, 5 Chl b and 3 carotenoids. It is as-

sumed that a similar structure would be adopted by other intrinsic anntenas, because 

of their highly conserved nature. Although the identity of the LHCP-binding protein 

with the Cab proteins is not very high (< 30%), there are five  Chl  a-binding sites 

within the first and third helix that are identical for both proteins (Hiller&al. 1995). 

The singlet excitation energy transfer in LHCP is very efficient. It has been 

shown that when excited in the 530 – 550 nm spectral region, Pers transfer 90% of 

their excitation energy to Chl  a in hundreds within hundreds of fs to couple of ps, 

while the energy transfer from Chl c2 to Chl a occurs with a transfer time of 1.4 ps 

and almost 100% efficiency  (Polívka&al. 2006). Diadinoxanthin is believed not to 

participate in singlet energy transfer. 

The triplet-triplet energy transfer has been studied on LHC II, rather than on 

LHCP. Very similar results are obtained for studies at room temperature under anaer-

obic conditions. In this case, one carotenoid triplet is observed, with a lifetime of ~ 9 

µs, and 100% of Chl triplets are quenched (Peterman&al. 1995, Naqvi&al. 1997, Já-

vorfi&al.  1999).  However,  under  aerobic  conditions  results  differ  in  number  of 

carotenoid  triplets  involved,  their  lifetime,  and  the  efficiency  of  the  Chl  triplet 

quenching. Several groups report two carotenoid triplets with lifetimes of ~ 2 µs and 

~  4  µs  (Peterman&al.  1995,  Mozzo&al.  2008),  while  others  resolved  only  one 

carotenoid with a lifetime of 2 µs (Jávorfi&al. 1999, Schödel&al. 1998). Discrepan-

cies between the results may be due to different accessibility of carotenoid triplets to 

the ³O2
*, caused by variations in the sample preparation. The quenching of the Chl 

triplet  states  was  observed  to  be  efficient  (close  to  100%)  (Peterman&al.  1995, 

Naqvi&al. 1997, Jávorfi&al. 1999), although in one work a 95% efficiency was re-

ported (Mozzo&al. 2008). The rate of the triplet-triplet energy transfer between Chl 

and carotenoid is believed to be ~ (10 ns) ¹, as postulated by Kramer and Mathis in⁻  

1980, however, a much faster rate constant > (0.5 ns) ¹ was reported. (⁻ Schödel&al.

1998)
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2. MATERIALS AND METHODS

Samples of PCP and LHCP from Amphidinium carterae were kindly provided 

by prof. Tomáš Polívka (University of South Bohemia). Prior to measurements, both 

samples were diluted in a buffer to reach the optical density (OD) of about 0.3 at the 

Qy band of Chl a (0.3 for PCP, 0.3 – 0.6 for LHCP). For the PCP sample, a pH 7.5 

Tris buffer (25 mM Tris, 2 mM KCl) was used, and LHCP was diluted in a pH 7.5 

tricine buffer (0.16% dodecylmaltoside, 10% sucrose, 20 mM tricine, 20 mM KCl; ti-

trated with KOH to reach the optimal pH). 

Steady-state absorption spectra were collected at room temperature in the 300 

– 800 nm region with a 1 nm step using Specord 250 (Analytic Jena) spectrophoto-

meter. Each sample was measured against the corresponding buffer as a reference, 

and all solutions were placed in a 1 cm fluorescence glass cuvette used in the time re-

solved experiments.

A scheme of  the  apparatus  used  for  transient  absorption  measurements  is 

shown in Figure 17. For measurements in the ns – µs region, samples were excited 

with ~ 3 ns pulses from an optical parametric oscillator (PG122, EKSPLA), pumped 

by a  Q-switched Nd:YAG laser  (NL303G/TH, EKSPLA).  Excitation wavelengths 

varied  from  440  to  670  nm,  with  intensities  of  ~  7·10¹  photons⁴ ∙cm-2∙pulse-1 

(5.65·10¹  – 8.81⁴ ·10¹ ).  As the source of probe and reference pulses, Xenon flash⁴  

lamp (LS-1130-1 Flashpack with a FX-1161 flashtube, Perkin Elmer) was used. Sig-

nal was detected by an intensified CCD camera (PI-MAX 512RB, Roper Scientific), 

with a 2 ns gate-width, coupled to an imaging spectrometer (iHR 320, Horiba Jobin 

Yvon).  Transient  absorption  spectra  were  measured  with  right  angle  geometry in 

fluorescence glass cuvettes with 1 cm path length and averaged from 500 – 1000 

flashes. Programmable timing generator (PTG, coupled to the intensified CCD cam-

era) together with a delay generator (DG535, Stanford Research Systems) provided 

the desired time delays between the excitation pulse, measuring light and the detec-

tion gate of the intensified CCD camera. All measurements were performed at room 

temperature.  Data from the transient absorption experiments were processed by the 

global analysis program developed by Mgr. Jan Alster.
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Figure 17: Scheme of the experimental setup for transient spectroscopy. OPO -  
optical parametric oscillator; S - sample chamber; R - reference chamber; IS -  
imaging spectrometer; iCCD - intensified CCD camera; DG - delay generator; PTG 
- programmable timing generator.



3. RESULTS AND DISCUSSION

3.1 PCP 

A steady-state absorption spectrum of PCP is shown in Figure 18. In our ex-

periments, steady-state absorption was used to monitor damage done to the sample 

after each measurement. Changes in the steady-state absorption of PCP never ex-

ceeded 5%, thus proving the complex to be highly stable.

3.1.1 Transient absorption spectroscopy

Although the spectra were recorded up to 750 nm, the region above 625 nm 

was dominated by a strong fluorescence signal and is therefore not shown. Contribu-

tion of the excitation pulse was deleted from the spectra measured at  1 ns.  All the 

spectra  are  normalized  to  the  number  of  photons  absorbed  at  the  excitation 

wavelength to enable comparison of the signal. Transient absorption (or TmS) spec-

tra recorded after excitation at 440 (the Soret band of Chl a), 540 (Per) and 670 nm 

(the Qy band of Chl a) are shown in Figure 19. The shape of the TmS spectra is al-

most identical  regardless of the excitation wavelength used and  the spectra differ 

only in the intensity of the signal.
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Figure 18: Steady-state absorption spectrum of PCP (normalised to 1). Arrows 
mark the three excitation wavelengths used in this work (440, 540 and 670 nm).
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Figure 19: Transient absorption spectra of PCP recorded after  
excitation at 440 (top), 540 nm (middle) and 670 nm (bottom).
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Energy transfer processes and excitation relaxation of the sample are repres-

ented by transient spectra measured at five different delays after the excitation pulse: 

1, 7, 50, 5000 and 20000 ns  (Figure 19). 1 ns after the excitation, the spectrum is 

dominated by two distinct features – a strong negative signal from bleaching of Chl a 
Soret band (bleaching in the 390 – 450 nm region, Niedzwiezki&Blankenship 2010) 

and by a positive signal in the 550 – 620 nm region, centered around 585 nm. Origin 

of this feature is uncertain and will be discussed after presentation of the DAS spec-

tra. In addition, a small broad positive feature appears in the  ~ 450 and 530 nm re-

gion, corresponding to the triplet-triplet absorption of Chl a (Niedzwiezki&Blanken-

ship 2010). 

7 ns after the excitation pulse the decay of Chl  a bleaching is mixed with a 

rise of Per ground state bleaching (negative signal between 365 and 500 nm). Strong 

positive signal in the 500 – 625 nm region is typical for ESA from the triplet state of 

Per in PCP (Bautista&al. 1999 [2]). By this time, most of the Per triplets are already 

formed. Positive feature around 585 nm decays and is replaced by the Per triplet-

triplet absorption. 

50 ns after the excitation, virtually all the Chl  a  molecules are back in the 

ground state. TmS spectra are from now on formed by the decay of Per ground state 

bleaching between 365 and 505 nm (maximum at 447 nm), and a decay of the Per 

triplet-triplet ESA in the 505 – 625 nm region (maximum at 555 nm).

3.1.2 Global analysis

DAS of the PCP complex  obtained  after excitation at 440, 540 and 670 nm 

are shown in  Figure 20. Due to  the  problems with fluorescence fitting, the spectra 

had to be cut off at 600 nm and thus show only the 365 – 600 nm spectral region. All 

the  spectra  are  normalized  to  the  number  of  photons  absorbed  at  the  excitation 

wavelength. 

Global analysis resolved two components with lifetimes of ~ 4.7 ns and 10.2 

µs. These components have an almost identical shape regardless of the excitation 

wavelength used and differ only in the strength of the signal.

The ~ 4.7 ns component can be divided into four main parts:
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1. A negative part due to the decay of the photobleaching of the Chl  a Soret 

band between 400 and 445 nm with a maximum at 433 nm, i.e. shifted 10 nm 

to the red compared to Chl  a in pyridine (Niedzwiezki&Blankenship 2010). 

Signal is well resolved including the vibrational structure.
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Figure 20: DAS of PCP obtained after excitation at 440 (top),  
540 (middle) and 670 nm (bottom). Steady-state absorption 
spectrum of PCP is shown for comparison (dotted line).
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2. A positive signal caused by the decay of the triplet ESA of Chl a in the 447 – 

515 nm region with a maximum at 460 nm, i.e. 10 nm blue-shifted compared 

to Chl a in pyridine (Niedzwiezki&Blankenship 2010). 

3. A negative part with origin in the rise of the triplet ESA of Per in the 515 – 

560 nm region with a maximum at 543 nm. (Bautista&al. 1999 [2]). 

4. A positive part in the 565 – 600 nm, similar to the positive band found in the 

TmS spectra in the 550 – 620 region. The signal clearly continues to longer 

wavelengths, but is cut off at 600 nm due to problems with fluorescence fit-

ting. In contrast to the three parts mentioned above, interpretation of this sig-

nal is not straightforward and therefore will be discussed later.

The second component exhibits a lifetime of ~ 10.2 µs and has two parts:

1. Decay of the Per ground state bleaching in the 365 – 505 nm region, with a 

maximum at 448 nm.

2. Decay of a Per triplet-triplet absorption (505 – 600 nm) with a maximum at 

555 nm. A broad band with unresolved vibrational structure indicates that Per 

is placed in polar environment in PCP, in agreement with previous results 

(Zigmantas&al 2002) and with the steady-state absorption spectrum.

In theory, three components should be resolved with the global analysis, cor-

responding to the singlet excited state of Chl a (¹Chl* a), triplet excited state of Chl a 
(³Chl* a), and the triplet excited state of Per (³Per*). However, only two DAS com-

ponents were obtained, with only one component possessing a short lifetime (~ ns). 

The fast component is clearly connected with the Chl a triplet-triplet absorption and 

thus with the ³Chl* a lifetime. Therefore, the ¹Chl* a state either decays rapidly and 

has a lifetime below the time resolution of the experiment (< 0.5 ns), or has a lifetime 

similar to that of the ³Chl* a state and is mixed in the first component of DAS. As 

said in section  1.6.3, if two states possess a similar lifetime, they may be undistin-

guishable and thus treated as one by the global analysis. Since the lifetime of the Chl 

a fluorescence has been measured to be 6.3 ns in pyridine (Niedzwiezki&Blanken-

ship 2010), it is very unlikely that the lifetime of the ¹Chl* a would be below 0.5 ns 

in PCP. We therefore conclude that both the singlet and triplet excited state of Chl a 
contribute  to the first  DAS component  and both decay with a  similar lifetime of 

about 4.7 ns. Chl a triplets are thus formed very quickly in the PCP, within ~ 4.7 ns.
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The spectrum of the first DAS component is connected with  a decay of the 

signal from Chl a (Soret bleaching and the triplet-triplet absorption), accompanied by 

a concomitant rise of the Per triplet-triplet absorption, clearly showing that the decay 

of the Chl  a triplet-triplet absorption is due to  the (triplet-triplet) energy transfer to 

Per. Lifetime of the first component is on average 4.7 ± 0.3 ns (see Table 3 for partic-

ular lifetimes obtained after excitation at different wavelengths). Per(s) thus quench 

the Chl  a triplets within ~ 4.7 ns, shortening the lifetime of the Chl  a triplet  state 

three  to  four orders  of  magnitude  as compared  to  Chl  a in  solution 

(Niedzwiezki&Blankenship 2010). 

λexc [nm] τ1 [ns] τ2 [µs]

440 5.1 9.6

540 4.6 10.5

670 4.5 10.3

average ± std dev. 4.7 ± 0.3 10.2 ± 0.5
Table 3: Lifetimes of DAS components obtained for PCP after excitation at different  
wavelengths.

The second component is connected with a decay of the Per signal and thus 

gives information about the lifetime of the Per triplet state, which is 10.2 ± 0.5 µs on 

average.  Table 3 summarises the lifetimes of both DAS components depending on 

the excitation wavelength.  Lifetime of the Per triplet state is in an excellent agree-

ment with the previously reported value 10 ± 1 µs (Bautista&al. 1999 [2]). No Chl a 
triplets were observed after 30 µs, indicating almost a 100% efficient quenching of 

Chl a triplet state by Per. 

In time delays shortly after the excitation, a strong broad positive signal ap-

pears in the TmS spectra in the 550 – 620 nm region, centered around 585 nm. The 

same positive band is also observable in the first DAS component, competing with 

the negative signal  caused by the rise of Per triplet-triplet absorption and probably 

shifting its center from  about  555 nm to 543 nm. As the spectral position and the 

strength of the signal does not correspond to the Chl a triplet-triplet ESA, and its rise 

shortly after the excitation pulse does not correspond to the Per triplet-triplet ESA, its 

interpretation is not straightforward. Due to the problems with fluorescence fitting 

and insufficient time resolution of the experiment, it is impossible to judge the origin 

of this feature with certainty. Spectral position of this band resembles a Per triplet-
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triplet absorption, shifted to the red due to interaction with the environment directly 

after the excitation. This would, however, require a Per triplet to be formed very rap-

idly (< 0.5 ns after the pulse), which is very improbable. Instead, we offer a more 

probable explanation that the signal is caused by the Chl a singlet-singlet ESA. 

Compared to the LHCP (Figure 22, Figure 23), PCP exhibits a very weak sig-

nal in the region of Chl a triplet-triplet absorption in the TmS spectra. However, the 

corresponding band is very strong in the first DAS component, indicating that in the 

TmS spectra, the signal from ³Chl* a is overcome by a negative signal in the same 

spectral region. We suggest that the negative signal is caused by bleaching of the Per 

ground state, which occurs in the 365 – 505 nm region (see the second component of 

DAS). As the intermolecular distances are very short in PCP, strong excitonic coup-

ling can be expected between Pers as well as between Pers and Chls. The excitation 

energy would thus be spread over the coupled Per and Chl a molecules, giving rise to 

the bleaching of the Per ground state virtually immediately after the excitation pulse. 

Negative signal caused by the bleaching of Per ground state would thus compete with 

a positive signal rising from the triplet-triplet absorption of Chl  a, minimizing the 

signal observed in TmS spectra to very low intensities.
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3.2 LHCP

Steady-state absorption spectrum of LHCP is shown in Figure 21. Changes in 

the spectrum were again monitored to ensure the sample was not extensively dam-

aged during the measurement. In contrast to PCP, LHCP proved to be more vulner-

able  to damage.  Despite  the low excitation intensities used (5.69·10¹  -  8.81·10¹⁴ ⁴ 
photons·  cm-2·pulse-1),  a  markable  Chl  Qy band  bleaching  appeared  after  each 

measurement. On average, the changes in the absorption spectrum were about 10% 

and never exceeded 20%.

3.2.1 Transient absorption spectroscopy

Although the spectra were recorded up to 750 nm, the region above 615 nm 

was dominated by a strong fluorescence signal and is therefore not shown.  Again, 

contribution of the excitation pulse was deleted from the spectra measured at 1 ns 

and all the spectra are normalized to the number of photons absorbed at the excita-

tion wavelength. Five excitation wavelengths were used at which contribution of dif-

ferent pigments to the absorption spectrum prevail – 440 (Chl a Soret), 462 (Chl c2 

Soret), 500 (Per), 540 (Per) and 670 nm (Chl  a  Qy).  Selected transient absorption 

spectra recorded at time delays ranging from 1 to 5000 ns are shown in Figure 22 and 
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Figure 21: Steady-state absorption of LHCP (normalised to 1). Arrows mark the 
five excitation wavelengths used in this work (440, 462, 500, 540 and 670 nm). 
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Figure 23.
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Figure 22: Transient absorption spectra of LHCP recorded after  
excitation at 500 (top), 540 (middle) and 670 nm (bottom).
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Shape of the spectrum measured 1 ns after the excitation is typical for a TmS 

spectrum of Chl  a  (Niedzwiezki&Blankenship 2010). Negative signal in the 365 – 

460 nm region, with maximum at 433 nm, represents bleaching of the Chl  a Soret 

band (Niedzwiezki&Blankenship 2010), whereas the broad positive band above 460 

is typical for the triplet-triplet ESA of Chl a (Niedzwiezki&Blankenship 2010). Chl 

c2 has  been  shown to  transfer  energy to  Chl  a  within  1.4  ps  in  LHCP complex 

(Polívka&al. 2006) and is thus considered not to contribute to the TmS or DAS spec-

tra. 

At the 7 ns delay, bleaching signal is still dominated by contribution from Chl 

a, however the signal from the Chl triplet-triplet absorption is decaying markedly. At 
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Figure 23: Transient absorption spectra of LHCP recorded after  
excitation at 440 (top) and 462 nm (bottom).
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the same time, a positive signal attributed to the triplet-triplet absorption of Per rises 

in the 465 – 615 region,  with sharp maxima around 470 and 507 nm, and a broad 

band with a maximum at 555 nm. Small difference in the position of the peak at ~ 

470 nm can be observed depending on the excitation wavelength used. After excita-

tion at 440 and 462 nm, this peak is centered around 472 nm, while  it is shifted to 

469 nm for the 500, 540 and 670 nm excitation wavelength used.

50 ns after the excitation, the triplet-triplet absorption of Per reaches its max-

imum. From now on, the spectra are formed purely by the decaying Per signal, with 

the ground state bleaching in the 365 – 465 nm region and the triplet-triplet absorp-

tion above 465 nm. Again, differences between the spectra appear with respect to the 

excitation wavelength used. After excitation at 440 and 462 nm, the bleaching of Per 

ground state  peaks  at 447 nm,  while after excitation at 500, 540 and 670 nm, the 

maximum of the Per ground state bleaching is shifted to 433 nm.

3.2.2 Global analysis

Figure 24 and  Figure 25 present the  DAS  of the LHCP complex obtained 

after excitation at 440, 462, 500, 540, and 670 nm. Although the original TmS spec-

tra were recorded up to 750 nm, they had to be cut off at 600 nm due to problems 

with fluorescence fitting, and thus only the 365 – 600 nm spectral region is shown. 

All the spectra  are normalized to the number of photons absorbed at the excitation 

wavelength. 

Global analysis resolved two components with lifetimes of  ~ 5.5 ns and 2.6 

µs.  The  first  component  of  the  DAS is  very similar  regardless  of  the  excitation 

wavelength used, and could be divided into three main parts:

1.  A strong negative signal in the 370 – 450 nm region, with a maximum at 433 

nm, corresponding to the decay of a Chl a Soret band bleaching. The signal is 

well resolved including a vibrational structure and is very similar to the Soret 

band bleaching of Chl a in PCP and in pyridine (Niedzwiezki&Blankenship

2010).

2. A positive signal with a maximum at 485 nm, ascribed to the decay of Chl a 
triplet-triplet absorption.

3. Rise of the Per triplet-triplet absorption around 470 and 507 nm, and in a 

broad region between 520 and 615 nm, centered at 555 nm.
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Figure 24: DAS of LHCP obtained after excitation at 500 (top), 540 
(middle) and 670 nm (bottom). Steady-state absorption spectrum of LHCP 
is shown for comparison (dotted line).
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In addition, a signal similar to the positive band between 550 and 620 nm ob-

served at PCP also appears in the first DAS component of LHCP above 550 nm. In 

PCP, origin of this signal was attributed to the singlet-singlet ESA of Chl a. In LHCP 

the signal is much weaker than in PCP, suggesting more Chl a triplets are formed in 

LHCP than in PCP. 

The second component exhibits 2.3 – 2.8  µs lifetimes and consists of three main 

parts:

1. A negative signal corresponding to the decay of bleaching of the Per ground 

state. Similarly to the TmS spectra, the exact shape of the second DAS com-

ponent depends on the excitation wavelength  used. When the sample is ex-

cited at 440 or 462 nm, the bleaching occurs in the 365 – 465 nm spectral re-

47

Figure 25: DAS of LHCP obtained after excitation at 440 (top)  
and 462 nm (bottom). Steady-state absorption spectrum of LHCP 
is shown for comparison (dotted line).

400 450 500 550 600

-0,004

-0,003

-0,002

-0,001

0,000

0,001

0,002
-0,008

-0,006

-0,004

-0,002

0,000

0,002

wavelength [nm]

λ exc= 462  nm
 6.0 ns
 2400 ns

D
A

S
, -

ab
so

rb
an

ce
 [a

.u
.]

λ exc= 440 nm
 3.6 ns
 2694 ns



gion with maximum at 447 nm, while the excitation at 500, 540 and 670 nm 

yields bleaching in the 365 – 455 nm region, centered at 433 nm.

2. A positive signal in the 460 – 600 nm region, corresponding to the decay of 

the Per triplet-triplet absorption  with two sharp peaks around 470 and 507 

nm, and a broad band centered at 555 nm. 

As in the TmS spectra, the position of the 470 nm peak depends on the excita-

tion wavelength used. In samples excited at 440 and 462 nm, the peak is positioned 

at 475 nm, while in samples excited at 500, 540 and 670 nm it is shifted to 465 nm. 

Position of the second peak at 507 nm and the band at 555 nm remains the same re-

gardless on the excitation wavelength used. 

Lifetimes of the components revealed for different excitation wavelengths, to-

gether with the standard deviation of their average value, are summarised in Table 4. 

The first component of the DAS spectrum obtained after excitation at 440 nm shows 

markedly shorter lifetime of the first component compared to lifetime obtained after 

other excitation wavelengths. However, we believe this to be due to the incomplete 

subtraction of the excitation pulse contribution from the spectrum of this particular 

component. This excitation wavelength is therefore not included in the average.

λexc [nm] τ1 [ns] τ2 [µs]

440 3.6 2.7

462 6.0 2.4

500 5.9 2.8

540 5.2 2.6

670 4.9 2.3

average ± std dev. 5.5 ± 0.6
(without 440 exc) 2.5 ± 0.2

Table 4: Lifetimes of DAS components obtained for LHCP after excitation at differ-
ent wavelengths.

As in PCP, only two components were resolved with the global analysis, in-

dicating that both the singlet and triplet excited state of Chl a contribute to the first 

DAS component and both decay with a similar lifetime of about 5.5 ns. Chl a triplets 

are thus formed within ~ 5.5 ns via ISC from ¹Chl* a in the LHCP complex.

The first component of DAS is  again  connected with  the decay of  a signal 
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from Chl  a (Soret band bleaching and  triplet-triplet absorption), accompanied by a 

concomitant rise of Per triplet-triplet absorption,  clearly showing that the decay of 

the Chl  a triplet-triplet ESA is due to  the  energy transfer to  Per(s).  Although the 

LHCP  complex  employs  also  diadinoxanthin,  we  believe  the  signal  from  this 

carotenoid is too weak due to stoichiometric reasons to be observed and all the signal 

attributed to carotenoids is therefore ascribed to Pers. Pers thus quench the Chl  a 
triplet state within ~ 5.5 ns, shortening its lifetime three to four orders of magnitude 

as compared to Chl a in solution (Niedzwiezki&Blankenship 2010). 

The second component of the DAS spectra is connected with the decay of the 

Per triplet-triplet ESA, thus providing information about the lifetime of Per triplets, 

which is 2.5 ± 0.2 µs on average (see Table 4 for particular lifetime obtained after ex-

citation at different wavelengths). No signal resembling the Chl a triplet-triplet ESA 

was observed after 7  µs, indicating that the efficiency of Chl  a triplet quenching is 

close to 100%. Per triplet state decaying monoexponential with a lifetime of ~ 2.5 µs 

is in agreement with the results of several studies published on the LHC II complex 

(Jávorfi&al. 1999, Schödel&al. 1998), although a biexponential decay with lifetimes 

of ~ 2  µs and 4  µs has also been reported  (Peterman&al. 1995,  Mozzo&al. 2008). 

Despite the fact that global analysis resolved only one slow component, we believe 

that two different Per triplet  states are actually observed.  The position of the two 

sharp peaks (at 470 nm and 507 nm) match well the signal of triplet-triplet ESA of 

Per in n-hexane (Kaligotla&al. 2010). Further more, resolved narrow peaks are a typ-

ical sign of Per in a non-polar environment (Bautista&al. 1999 [1],  Kaligotla&al.

2010). On the other hand, position and shape of the band at 555 nm matches per-

fectly the band observed in PCP complex. In PCP, the signal was attributed to triplet-

triplet ESA of Per, which in PCP is placed in a polar environment. We thus conclude 

two Per triplet states with similar lifetimes contribute to the signal. The two resolved 

peaks at 470 nm and 507 nm are assigned to Per placed in a non-polar environment 

in the LHCP, while the broad unresolved band at 555 nm is assigned to Per placed in 

a polar environment in the LHCP.

The origin of the  differences between  the DAS and TmS  spectra  obtained 

after the excitation at 440 nm (Soret band of Chl a) and 462 nm (Soret band of Chl 

c2), and after the excitation at 500, 540 (both Per) and 670 nm (Qy band of Chl a) is 

unclear.  The first  DAS component, connected with the rise of carotenoid triplets, is 
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independent on the excitation wavelength, indicating the differences between the-

DAS spectra are not  caused by the carotenoid triplet-triplet absorption. Changes in 

the slow component should thus be explained by additional photobleaching in the 

440 – 470 nm spectral region, which corresponds well to the Chl c2 absorption. Chl 

c2  is  only excited  with  the 440 nm and 462 nm excitation  pulse  and no  similar 

changes in DAS were observed for the PCP complex which does not employ Chl c2, 

indicating the changes in DAS are indeed connected with Chl  c2.  However, Chl  c2 

has  been  shown  to  efficiently  transfer  energy  to  Chl  a within  1.4  ps  in  LHCP 

(Polívka&al. 2006) and should thus contribute neither to the TmS, nor to the DAS 

spectra. Another explanation is that part of the Chl* c2 excitation energy is transferred 

to diadinoxanthin. However, in order for the first DAS component to be independent 

on  the  excitation  wavelength,  diadinoxanthin  would  have  to  exhibit a  different 

ground state bleaching  (shifted about 14 nm to red  compared to Per), but the same 

triplet-triplet absorption spectrum as Per, which is rather unlikely. No certain conclu-

sion can be reached based on the measured data and further investigation of the phe-

nomenon will be necessary to provide a satisfying explanation.
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4. SUMMARY

Positive signal in the 550 – 620 nm region attributed to the singlet-singlet 

ESA of Chl  a can be observed in  both complexes.  However,  the signal  is  much 

stronger in PCP than in LHCP, suggesting that more Chl  a  triplets are formed in 

LHCP than in PCP. 

In both LHCs of  Amphidinium carterae, rise of the Chl  a triplet-triplet ab-

sorption occurs within ~ 5 ns after excitation (~ 4.7 ns in PCP, 5.5 ns in LHCP). Pers 

subsequently quench the Chl a triplets fast (within ~ 4.7 ns in PCP, 5.5 ns in LHCP) 

and with efficiency close to 100%. 

In the PCP complex, one Per triplet state with a lifetime of ~ 10.2 µs has been 

observed. The broad band connected with this state (centered at 555 nm) indicates 

Per placed in a polar environment, in agreement with steady-state absorption spec-

trum. In LHCP, two Pers contribute to the triplet-triplet absorption signal. The broad 

unresolved band centered at  555 nm matches perfectly the band attributed to  the 

triplet-triplet ESA in PCP and is thus ascribed to a triplet-triplet absorption of Per 

placed in a polar environment in the LHCP. The two sharp peaks around 470 nm and 

507 nm match well the signal of triplet-triplet ESA of Per in the non-polar n-hexane 

(Kaligotla&al. 2010) and are thus ascribed to a Per placed in a non-polar environ-

ment in the LHCP complex. Lifetime of both of the Per triplets is ~ 2.5 µs.

While in PCP the shape of the DAS and TmS spectra is independent on the 

excitation wavelength  used,  position  of  the maxima corresponding to  the ground 

state bleaching of Per and to the triplet-triplet ESA of Per in non-polar environment 

shifts depending on the excitation wavelength used. Origin of these changes remain 

unclear and further experiments will be needed to fully understate their nature. 
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Appendix

E 2C4 (z) C2 2C'2 2C''2 i 2S4 σh 2σv 2σd
translations,

rotations
A1g 1 1 1 1 1 1 1 1 1 1

A2g 1 1 1 -1 -1 1 1 1 -1 -1 Rz

B1g 1 -1 1 1 -1 1 -1 1 1 -1

B2g 1 -1 1 -1 1 1 -1 1 -1 1

Eg 2 0 -2 0 0 2 0 -2 0 0 Rx, Ry

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 1 -1 -1 -1 -1 -1 1 1 Tz

B1u 1 -1 1 1 -1 -1 1 -1 -1 1

B2u 1 -1 1 -1 1 -1 1 -1 1 -1

Eu 2 0 -2 0 0 -2 0 2 0 0 Tx, Ty

Table 5: Table of characters for D4h point group.

A1g A2g B1g B2g Eg A1u A2u B1u B2u Eu

A1g A1g A2g B1g B2g Eg A1u A2u B1u B2u Eu

A2g A2g A1g B2g B1g Eg A2u A1u B2u B1u Eu

B1g B1g B2g A1g A2g Eg B1u B2u A1u A2u Eu

B2g B2g B1g A2g A1g Eg B2u B1u A2u A1u Eu

Eg Eg Eg Eg Eg A1g+A2g+B1g+B2g Eu Eu Eu Eu A1u+A2u+B1u+B2u

A1u A1u A2u B1u B2u Eu A1g A2g B1g B2g Eg

A2u A2u A1u B2u B1u Eu A2g A1g B2g B1g Eg

B1u B1u B2u A1u A2u Eu B1g B2g A1g A2g Eg

B2u B2u B1u A2u A1u Eu B2g B1g A2g A1g Eg

Eu Eu Eu Eu Eu A1u+A2u+B1u+B2u Eg Eg Eg Eg A1g+A2g+B1g+B2g

Table 6: Table of products for D4h point group.
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E C2 (z) C2 (y) C2 (x) i σ (xy) σ (xz) σ (yz) translations,
rotations

Ag 1 1 1 1 1 1 1 1

B1g 1 1 -1 -1 1 1 -1 -1 Rz

B2g 1 -1 1 -1 1 -1 1 -1 Ry

B3g 1 -1 -1 1 1 -1 -1 1 Rx

Au 1 1 1 1 -1 -1 -1 -1

B1u 1 1 -1 -1 -1 -1 1 1 Tz

B2u 1 -1 1 -1 -1 1 -1 1 Ty

B3u 1 -1 -1 1 -1 1 1 -1 Tx

Table 7: Table of characters for D2h point group.

 Ag B1g B2g B3g Au B1u B2u B3u

Ag Ag B1g B2g B3g Au B1u B2u B3u

B1g B1g Ag B3g B2g B1u Au B3u B2u

B2g B2g B3g Ag B1g B2u B3u Au B1u

B3g B3g B2g B1g Ag B3u B2u B1u Au

Au Au B1u B2u B3u Ag B1g B2g B3g

B1u B1u Au B3u B2u B1g Ag B3g B2g

B2u B2u B3u Au B1u B2g B3g Ag B1g

B3u B3u B2u B1u Au B3g B2g B1g Ag

Table 8: Table of products for D2h point group.
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