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Chapter 1

Introduction; Light Matters

In a famous address presented at the 7th International Congress of Applied Chemistry held in New York 
in 1912, Professor Giacomo Ciamician from the University of Bologna strongly suggested to replace fos-
sil fuel with the energy that the earth receives form the sun every day. In his words:

“E se giungerà in un lontano avvenire il momento in cui il carbone fossile sarà esaurito, non per questo la 
civiltà avrà fine: ché la vita e la civiltà dureranno finché splende il sole!” 

‘If in the far future, fossil fuel will vanish, it does not mean the end of civilization; life will continue while 
the sun keeps shining’. Either directly or indirectly, the driving force for most biological events ulti-
mately is the energy absorbed from solar photons. The picture below shows the professor, his university 
and a vast collection of reaction flasks subjected to sunlight on his balcony of the Bologna University. 

Figure 1.1: Giacomo Ciamician in the middle of his photochemical experiments. This picture shows the bal-
cony of the University of Bologna filled with bottles and glass pipes used to study the response of molecules 
to solar light (www.fondazionemicheletti.it)

In bacteria, plants and algae very effective mechanisms have evolved that convert photons from solar 
light into usable chemicals. This process of photon collection and storage of the photonic energy into 
chemical potential is referred to as photosynthesis. In the purple bacterium Rhodobacter sphearoides, 
a good model system for photosynthesis in bacteria, the first steps of collection and storage of solar 
photons mainly involve three different protein-pigment complexes; light harvesting complex 1 (LH1), 
light harvesting complex 2 (LH2) and the reaction centre (RC). In these membrane-bound proteins, 
bacteriochlorophyll-α (BChl) molecules are spatially arranged in a highly symmetric manner, see figure 
1.2, to fulfill their specific role. 
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The solar light arriving at the periplasmic side of the membrane is harvested by the antenna complexes, 
LH1 and LH2. In these complexes, a circular arrangement of BChls captures the energy and transfers 
the excitation to the reaction centre. Here, a charge separated state is generated and the electron is 
transported  to the cytoplasm side of the photosynthetic membrane via a cascade of bacteriochlorophyll, 
bacteriopheophytin and quinone molecules. Especially the structure of these pigment assemblies is held 
accountable for a large part of the dynamics and absorption characteristics they portray. 
In chapter 2, 3, 4 and 5 we present studies on LH1, LH2 and the reaction centre of Rhodobacter 
sphaeroides by means of so-called multipulse spectroscopy to further elaborate on the ultrafast energy 
transport, high conversion efficiency and stability of the generated charge separated state. Fundamental 
understanding of these processes as they appear in nature could help in the design and synthesis of mol-
ecules that can generate chemical energy more directly usable by men. In the final chapter of this thesis 
we study a series of ruthenium complexes that should perform charge separation and storage of light 
energy mildly based on concepts found in bacterial and plant harvesting. 

Rhodobacter sphaeroides

The molecular structures of the LH1, LH2 and the RC have been found through X-ray crystallography 
[1-8]. The molecular structure of the LH2 complex of Rhodopseudomonas (Rps.) Acidophila, is known 
to a resolution of 2 Ǻ and shows that LH2 is a membrane-bound pigment-protein complex consist-
ing of a circular aggregate of α,β-polypeptides. Each α,β-heterodimer binds two bacteriochlorophyll-a 
molecules at the periplasmic side of the membrane. The thus formed ring of 18 excitonically coupled  
BChls gives rise to an absorption band at 850 nm, whereas monomeric bacteriochlorophyll molecules 
absorb at 770 nm. In LH2 a third BChl is bound to the α,β-heterodimer at the cytoplasmic side and this 
second ring of weakly coupled BChls absorbs at 800 nm. The absorption bands of LH2 are therefore also 
called B800 and B850. The dimer of BChl in the α,β-polypeptide that absorbs at 820 nm and is referred 
to as B820. Recently, a 4.8 Ǻ resolution crystal structure became available of the LH1-RC complex of 
Rps. Palustris [7] .This shows that the LH1 complex is build up from 16 pairs of trans-membrane α,β-
polypeptides surrounding the RC in a more or less circular shape. These polypeptides bind two BChl’s 
at the periplasmic side, forming a ring of 32 BChl’s absorbing at 870 nm (B870). The reaction centre 
has been isolated from the LH1 complex, and the structure reveals a cascade of cofactors spanning the 
membrane from the periplasmic to the cytoplasmic side. 
The energy that arrives at the LH2 molecules travels throughout the ring to find LH1. It then transfers 
the energy in about 3ps to LH1. Other transfer times are depicted in the scheme shown in figure 1.2. 
When the excitation resides on LH1 it takes about 50 ps to reach the RC. 

 
Figure 1.2: A schematic picture of the structure and arrangement of the light harvesting complexes LH1 and 
LH2 and the reaction centre (RC). They are arranged in such a way that the energy collected by LH1 and 
LH2 is effectively transported over the rings into the reaction centre. 



11

Chapter 1: Introduction; Light Matters

Once the light energy reaches the reaction centre it is ultimately converted into chemical energy. The RC 
has two strongly coupled BChl’s, together called the special pair P, a coherent superposition of PA en PB. 
Upon excitation the special pair creates a charge separated state by transferring an electron to a nearby 
bacteriopheophytin molecule, HA, thereby creating P+HA

-. This takes 3-4 ps. The complex spectral evolu-
tion during the decay of P* was taken to imply a specific role for the accessory bacteriochlorophyll BA in 
the early charge separation Consequently, a P+BA

- charge separated has been proposed as a shortlived (1 
ps) intermediate towards P+HA

-. In the next step the electron is transferred in about 200 ps to the nearby 
quinone molecule, QA, to create P+QA

-. 
From Q

A
, the electron is  further transported via an iron atom located close to the cytoplasmic side of 

the bacterium (shown in figure 1.2) a to a second quinone QB. The QBH2, obtained after double reduc-
tion (two consecutive charge separation events) and double protonation of QB then leaves the RC to be 
replaced by the next oxidized quinone. The electrons return via a cyclic process to the oxidized RC and 
while doing so transfer H+ across the membrane. The thus formed protongradient drives the synthesis 
of ATP. Although the symmetry of the RC suggests differently, about 95% of the electrons is transported 
over the A-branch. The carotenoid residing on the B branch of the reaction centre is possibly involved in 
blocking the charge separation over branch B. 

 

700 750 800 850 900 950 1000
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. 
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 LH1
 LH2
 RC

Normalized absorption spectra of LH1, LH2 and the RC of Rhodobacter Sphearoides

Figure 1.3: Normalized absorption spectra of LH1, LH2 and the RC. 

In LH1 and LH2, there are two main functions to consider. The first is to harvest solar energy in an effec-
tive manner. This requires absorption frequencies resonant to frequencies present in the solar spectrum 
and a big spatial cross section to catch as much light as possible. The second function of LH2 is to trans-
fer the energy quickly and effectively to a neighboring LH1, or another LH2 lying closer to an LH1. Such 
transport requires a fast relocation of excitation energy within the ring, and the possibility to transfer 
the population from the B850 of LH2 to the B870 band of LH1. The strong coupling between the BChls 
within the ring facilitates such transport within the ring. 
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From the absorption spectra shown in figure 1.3 it is clear that substantial spectral overlap of the an-
tenna states and the RC states facilitates the transport throughout them. From an evolutionary point of 
view, one could reason that the reaction centre was the first to exist, simply because LH1 and LH2 have 
no purpose existing without the RC. From a theoretical point of view, an arrangement of 16 polypeptides 
has been shown to be energetically most favorable for the special pair to receive energy from [9]. The 
reason for the efficiency of transferring the energy from LH1 to the RC is mostly due to the lack of back 
transfer. The ratio between the forward and back transfer is most ideal when the ring and the RC are 
separated by ~5 nm. From the  LH1 rings, the LH2 rings could have evolved, driven by the energy that 
photons possess around 800 and 850 nm (figure 1.2). Of course other mechanisms have played impor-
tant roles in the evolution of such a complex system, but the symmetry and structure of these systems 
remain remarkable. 

Biomimetic Ruthenium Complexes

Biomimicry is the concept of design innovation inspired by nature. A well-known example is airspace 
technology. Birds for instance have been a major source of inspiration for airplane builders. Not only 
in the beginning when people wanted to roam the sky but even today great enhancements are reached 
by using design principles found in nature. The typical structure of the wings improves the upward 
pressure, ‘feather-type’ lining can reduce drag, and landing gear resembling bird’s legs is often installed 
to ensure a soft landing, etc. Great human challenges like the climate crisis and the energy crisis can 
benefit from nature’s design principles in many ways. Some corals for instance, use CO2 to build their 
structures. The blueprint of that process is now used by a concrete manufacturing company to produce 
concrete based on CO2. Normally, concrete would exhaust CO2 as a byproduct. In the same way, bio-
mimicry can be used to design our own photosynthetic molecules to provide in our energy needs in a 
more graceful manner the we do now. 
Plants, bacteria and algae have provided many examples that could lead to a much higher efficiency in 
novel ‘biomimetic’ solar cells than the efficiency found in the ones based on semi-conductor technol-
ogy today. If we look at LH1 and LH2, the high cross section and strong pigment coupling enhance the 
efficiency of the energy transfer and transfer processes and the self-assembling nature ensures great 
robustness of these complexes. Lesson such as these are used to design molecular solar light conversion 
complexes, in the hope that they portray the same characteristics. This bottom up approach has guided 
synthesis of a great variety of solar light conversion complexes over the last 5 years [10-14]. Bottom 
down approaches are used as well. One can for instance relay the photosynthetic mechanism in plants 
or algae such that they produce fuels such as hydrogen or bio-oil from CO2 and light. More examples of 
biomimicry are enjoyably described by Janine Beynus (www.janinebeynus.com)

Figure 1.4: Biomimetics in action. This picture, taken from [15] shows the functional resemblance between 
the plant reaction centre from photo system 2 and a mimicked ruthenium complex. Although the principles 
are similar, note that this is not the exact complex that has been studied in this thesis. MV2+ refers to meth-
ylviologen, an electron acceptor taking up the electrons the complex has ejected into the solution.  



13

Chapter 1: Introduction; Light Matters

Besides the photosynthesic complexes of Rhodobacter Sphaeroides, we also studied different ruthenium 
complexes, based on three main ideas found in natural photosynthesis. The first concept considered is 
the use of an antenna molecule to effectively harvest energy. Then an energy cascade or ‘funnel’ should 
concentrate the excitation energy onto one site. The site must then be able to produce a long-lasting 
charge separation. And, finally, the distance between the antenna and the charge separated state should 
be big enough to obstruct recombination processes. 
The antenna part is constructed from two bipyridines coupled to a ruthenium atom, and based on the 
Ruthenium-bipyridine complex Ru2+(bpy)3. This complex has a high cross section in the solar spectrum 
around 450 nm, can harvest significant amounts of energy while remaining intact. When this complex 
is excited, the excitation is transferred on an ultrafast timescale to a triplet state with a long lifetime (600 
ns in de-oxygenated samples). This amount of time allows for a charge-separation process to possibly 
happen. The funnel in these molecules is a phenanthroline molecule bound to an amide bridge, ligated 
to the ruthenium metal centre. The idea is that the excitation ends up at the phenanthroline after the 
ruthenium-bipyridines have harvested the solar energy. The phenanthroline is supposed to transfer the 
energy via an amide bridge to the phenol over long enough distance. This phenol acts as the charge 
separation site. When the excitation energy has arrived at the phenol, the hydroxyl group accepts the 
electron and loses H-bonding character to the nitrogen from the amide bridge, securing the charge 
separated state. 

Figure 1.5: Complex CS228, a biomimetic ruthenium complex that should harvest light energy and trans-
form the excess into a stable chemical potential. 

The four different complexes have methyl substitutions on different positions of the phenol. The CS228 
is the only one where no substitutions are present. Besides methyl substitution on the phenol, a complex 
that has esters ligated to the bipyridines is also investigated (CS431). Such a series of molecules can re-
veal the importance of the bipyridines and the phenol in the dynamics of these systems. 

Techniques and methods

Theory of energy transfer

Energy transfer is normally described according to the coupling existing between the donor and ac-
ceptor moiety. In a weakly coupled system the Förster description produces satisfactory results [16]. In 
a strongly coupled system however, Dexter overlap (overlap between wave-functions of the donor and 
acceptor molecule) must be included to obtain a reasonable fit. A different situation arises however if 
we deal with molecular aggregates, in which a series of molecules is strongly coupled. In systems like 
LH1 and LH2 the dynamics are substantially affected by the coupling between the bacteriochlorophylls 
in the ring-structure. For such a system of strongly excitonically coupled molecules, a theory originally 
deployed by Redfield to calculate nuclear magnetic resonance relaxation, is now frequently used to de-
scribe exciton relaxation. The theory describes the change of population of the exciton states in time and 
is expressed in the basis of the Liouville-von Neumann equation: 
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   (1)

H0 is the Hamiltonian of the molecular aggregate and R is the Redfield tensor, a matrix describing the 
relaxation of all separate elements. Novoderezhkin et al apply the so-called disordered exciton-modified 
Redfield model to describe both the spectroscopic data and the excited state dynamics of photosynthetic 
light-harvesting complexes and reaction centers (see for an overview Van Grondelle and Novoderezhkin 
PCCP 2007, Novoderezhkin and Van Grondelle PCCP 2010). In this model, the important ingredients 
are the transition dipole moments of the excitonic states, the Redfield tensor matrix that describes the 
interaction between the neighboring BChls in such a ring system and a line broadening function that 
accounts for the spectra. 
The line broadening function can account for structural and dynamic disorder, found in LH1 and LH2. 
The Hamiltonian is used to connect the exciton and molecular transition dipole moments. In the case of 
a weak exciton-phonon coupling, the description becomes similar to the normal Redfield formula [17]. 
The reason to use this modification is that the normal Redfield theory gives transfer rates that are too 
slow if the energy gaps are large, but if the energy gaps are small (0-100 cm-1) the transfer rates estimated 
by FÖrster theory are too slow. These limitations lead to the modified Redfield approach. This approach 
works moderately well and has a much broader range of applicability than the Forster or Redfield theory 
separately. 

Ultrafast spectroscopy

The phenomena investigated in this work have lifetimes varying from tens of femtoseconds (10-15 s) 
to several hundred nanoseconds. The electronic or excitonic transitions occurring in LH1, LH2, the 
bacterial reaction centre and the ruthenium complexes all have implications in the ultraviolet to near 
infrared spectral domain, roughly 330-1000 nm. To detect the ultrafast changes in this region we use 
a spectroscopic technique referred to as femtosecond pump-probe spectroscopy. It employs ultrafast 
laserpulses (50-100 femtoseconds) and an array of 256 small photodiodes sensitive to 250-1100 nm. 
When a photon hits the photodiodes, a small increase of voltage is recorded. To record the absorption of 
the molecule across the spectrum a so called white-light continuum probe pulse is applied to the sample. 
This is a low-power broadband pulse that does not change the properties of the molecules. Subsequently, 
we stimulate the molecules by a high-power, resonant narrowband ‘pump’ pulse and often their absorp-
tive capabilities change. A second probe pulse is applied a little after the pump pulse and the resulting 
absorption of the molecule is compared to the absorption after the first probe pulse. The changes that 
the stimulation pulse instigates are recorded for various delays between the stimulation and probe pulse. 
We use an optical delay stage that can be set such that the probe pulse experiences a 1.2 meter longer 
pathway relative to the pump pulse. This pathway corresponds to a time window of 4 ns. The delay stage 
is very precise and can make 0.1 microns steps. A 6 femtosecond temporal resolution is possible. The 
length of the probe pulse is a more decisive factor however and their convolution results in an overall 
time-resolution of about 50 fs. 
A detailed description of the apparatus is given in the following paragraph. The previously described 
pump-probe method is a sense a one dimensional technique. We can only record changes instigated by 
one pump pulse, and follow those with the probe. Already in 1992, a variant of pump-probe spectros-
copy was used, called pump-dump-probe spectroscopy. The secret is a second stimulation pulse, here 
used as a dump pulse. In this scheme, a pump pulse is applied in the absorptive region of the molecule. 
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A part of the molecules are excited to its first excited state. The stimulated emission is then demoted by 
the dump pulse and the changes are recorded by the following probe pulse. In such a scheme, one can 
probe the excited state itself by dumping part of the excited state selectively. In principle, we can interact 
with the energy transfer and conversion processes by demoting the states involved to the ground state. 
Beside pump-dump-probe spectroscopy, other variations on the excitation scheme are used; (i) pump-
repump-probe, where the repump rexcites the molecule at a specific time after the first excitation, (ii) 
prepump-pump-probe, where a pump is administered previous to the normal pump. We record kinetic 
traces by keeping the two excitation pulses at a fixed delay and varying the probe delay. If we fix the 
probe delay, and vary the delay of one of the excitation pulses, we record ‘action’ traces. If we keep the 
pump delay fixed and vary the dump delay for instance, we can monitor the most effective dump mo-
ment.
 

Figure 1.6: Various delay schemes as used in this thesis. The first is the common pump-probe; the pump is 
fixed and the probe moves. The second is the pump-dump-probe scheme; pump and dump are fixed, probe 
is moved. The third scheme is a prepump-pump-probe scheme in which the prepump is fixed with respect to 
the pump and the probe is again moved. The final scheme is an action scheme, in which we move the dump 
or repump versus the pump. The probe is kept fixed.

When lasers are powerful enough to drive two optical parametric amplifiers the possibility of tuning the 
pump and dump pulse to any preferred wavelength allows for very selective excitation. The majority of 
the results obtained in this thesis are from such spectrally selective experiments. The decisive moment of 
charge separation in the bacterial reaction, the re-equilibration of excitonic states in LH1 and LH2 and 
energy transfer in ruthenium complexes all have been studied using pump-dump-probe and the related 
excitation schemes. The remainder of the results is obtained by fluorescence lifetime spectroscopy and 
steady state absorption spectroscopy.
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The monster

The majority of information in this thesis is gathered through multipulse experiments. A significant 
fraction of the experimental time is put in constructing a laser setup that could do such experiments, 
called ‘the monster’. A good description is believed to be of educational value for future users of this 
particular and similar setups. In figure 1.7 a schematic representation of the complete setup is given. 

Figure 1.7: The monster set-
up, a CPA amplifier pumped 
by a 532 nm CW Titani-
um-Sapphire laser (Evolu-
tion-20), and seeded by an 80 
MHz diode pump (Vitesse) at 
800 nm. Two OPA’s are used 
to generate the preferred 
wavelengths. A second Tita-
nium sapphire crystal is used 
to amplify the seed in a re-
generative manner. The pulse 
stretcher is used for femtosec-
ond stimulated raman spec-
troscopy (FSRS), not used in 
this thesis. The white light 
stage (WLS) consists of a lens 
an aperture and an optical 
density filter wheel. The focal 
length is close to 10 cm. This 
results in a strong enough fo-
cus that more effectively gen-
erates sufficient white light 
continuum. After the sam-
ple, the light is gathered onto 
the photodiode array (PDA) 
using the Oriel 150 mm fo-
cal length spectrograph and 
Roper Scientific gratings.

The laser setup consists of a Coherent Vitesse producing pulses centered at 800 nm with a FWHM of 
5 nm at 80 Mhz. This seed pulse is amplified in the Coherent Legend-USP. This chirped pulse amplifi-
cation based amplifier incorporates a stretcher, a regenerative amplifier with a Z-shaped cavity with a 
water cooled Titanium:Sapphire crystal kept at 25°C, and a compressor. Two Pockels Cells are installed 
to reduce feedback to the seed and obtain the variable pulse rates. The crystal is pumped from two sides 
by a Nd:YLF laser producing 532 nm radiation of 20 Watt at 1 KHz. (Coherent Evolution-20, 527 nm) 
The output is a 100 Hz - 1 KHz pulse train with sub 50 fs pulses, with a centre wavelength of 800 nm 
and a bandwidth of 25 nm at the FWHM. Depending on the frequency the pulses are 2.5 mJ maximum.
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 This is more than enough to drive three optical parametric amplifiers (Coherent OPerA). A small por-
tion is derailed to create a white light continuum, needed for probing the samples. 
The other fractions are led into the SFG and DFG opera’s. In this thesis we have not used the DFG opera. 
This will soon serve as an infrared probe pulse generator. The sum frequency generation (SFG) opera 
uses a two-stage amplification of a white-light continuum through coherent optical amplification. The 
motor driven crystal and delay stage can be set to amplify any wavelength from 1150-2630 nm. Then 
by mixing the signal, the idler and the initial pump, or frequency doubling the output, we can cover the 
visible spectrum plus the near-infrared and UV wavelengths. 
These opera’s are computerized for different amplification settings to be easily reproduced. The mixing 
of the signals in the SFG box is done by a fairly unstable mechanism of flipping the correct mirrors up 
and down. The pulses from the SFG opera’s are 100 fs long and 10 nm broad in the FWHM. The inten-
sity is sufficient to do experiments on photoactive biomolecules. Most proteins actually break down if 
subjected to full intensity. Now, we have two separately controlled excitation pulses and an 800 nm pulse 
that we want to transform into a white-light continuum. In this setup we use a laterally rotating calcium 
fluorite crystal and focus the 800 nm beam into it. 
The high light intensity in the focus results in a non-linear process called self-phase modulation. This 
effect can be looked upon as ‘birefringence in the phase domain’. The phase is modulated by the phase, 
stepwise creating a complete spectrum of wavelengths as output. A fraction of the incoming 800 nm 
light is converted and a flat broadband spectrum between 330-950 nm exits the crystal at the opposite 
end. Depending on the power, the focal length, the broadness of the pulse and the thickness of the CaF2 
plate, the process results in a stable continuum.
 These broadband pulses are now stretched to ~300 fs and off-axis parabolic mirrors are used to not in-
crease the group velocity dispersion present in these probe pulses on their way to the sample. Alignment 
of off-axis parabolic mirrors is done using a three-axis translation stage in order to avoid twisting the 
Fourier plane. The excitation pulses are focused using achromatic lenses and set to a 54.7° angle relative 
to the probe. This ‘magic’ angle is used to exclude anisotropic effects. The sample is put in the focal plane 
of the probe and kept in a sample cell of 1 mm mounted in a shaker. This homebuilt device shakes the 
cell with 50-500 Hz. Depending on the sample variable speeds have proven useful. The remainder of the 
pump light passing through the sample is blocked, and the probe pulse is focused onto the grating of the 
Oriel 15 cm focal length spectrograph. 
The dispersed spectrum is then spread onto the 256-pixel diode array Hamamatsu S4801-256Q. This 
2.56 mm wide photodiode array has a very fast response time ensuring a 1 Khz readout. In the home-
built PDA-device, the voltages are read from the photodiode array and transcribed into counts using a 
reference voltage from a stable power supply. The counts are processed by a field programmable array 
(FPGA) into blocks of 1 Mb. A USB connection is used to transport the data into the measurement 
computer. To be able to obtain the data sets needed for a proper pump-dump-probe experiment, we use 
a set of phase-locked choppers (NewFocus, model 3501). We set the pump pulse chopper to 500 Hz and 
the dump pulse chopper to 250 Hz. 
This means that we have blocked 1 out of every 2 pump pulses and that 3 out of 4 dump pulses are 
blocked. Using this combination of chopper-frequencies, we arrive at the four data sets we need to 
record in a pump-dump-probe experiment (Pump-dump-probe, pump-probe, dump-probe and just 
probe). The scheme in figure 1.8 shows that we have to use the right phase difference between the probe 
frequency and the block shaped TTL signals of the choppers.
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Figure 1.8: The time windows for PDP, DP, PP and reference are shown in a schematic view. The TTL signals 
and the 1 KHz trigger are set such that we get the four different 4 data sets. As can be seen, the phase of the 
subsequent triggers has to be correct in order to generate the correct sets. 

The last important feature of the design of this laser setup is the ability to delay two pump pulses sepa-
rately with respect to the probe. The nice thing about having two controllable translation stages is that 
very precise action measurements (as described in the previous chapter) are possible. Consequently, all 
repump and prepump experiments can also be easily set up. Finally, the reason to delay the pump and 
dump pulses and to have a constant probe position is to be able to also probe with infrared from the 
DFG opera. Having to align an infrared probe is a lot harder than having to align the visible pump, so 
keeping any probe is preferred. The pump and dump or repump pulses are sent over a translation table 
(Newport IMS-6000) into a hollow retroreflector mounted on a movable stage. This retroreflector is a 
corner cube that ensures that the angle of incidence is the same as the angle of reflection. When we send 
the laser pulses in straight, they come out straight. This feature aids in quick setup of the delay after 
the opera’s have been set to a new wavelength output. The controller for this stepping motor transla-
tion stages is connected to the computer via a control station (Newport XPS). This control station gets 
instruction from the measurement program via a TCP/IP connection to initialize and move the stages. 
Their speed is low compared to the newer magnet driven delay stages (Aerotech, Pittsburgh, P.A.), but 
a high resolution and precise positioning are advantages of this system. A complete set of prewritten 
instructions was delivered with the XPS to be able to quickly incorporate the functionality of these delay 
stages into a C++ based measurement program. 

The software

The transient spectral data arrives in binary format into the memory of the measurement computer. 
The program used to write the measurement program is CVI/Labwindows©. This C++ based program 
comes with a full set of mathematical, graphing, and plotting functions and these functions are easily 
embedded into the main program. A schematic overview of the program is depicted below in figure 
1.9. The data block is read by ‘getdata’, and a division is made according to the TTL signals recorded 
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for the choppers. We record a series of reference spectra to be able to statistically remove outliers. We 
use a maximum variation of the standard deviation of 2-3 %.  A few interesting hurdles are informative 
enough to denote. One of the first problems was the amount of data to be read by the measurement 
program. If you want to process 1 Mb per second, a C++ base code is fast enough to constantly calculate 
the optical densities. Writing a complete measurement program is easier if functionalities are prepared. 
In LabWindows, C++ code can be implanted, whereas its competitor National Instruments Labview© 
does not facilitate such insertion. The second phenomenon that creates difficulties in the measurement 
program is the Microsoft Windows XP’s USB-management. The USB 2.0 ports are regularly probed 
for new plug and play devices, sometimes interfering in the read-out of the USB of the photodiode ar-
ray, resulting in loss of the internal triggering flushing the buffer, buf[i]. Win 2000© has a much more 
controlled probing of the USB connections. Finally, a problem arose after a few hours of using the PDA. 
When it heats up, the FPGA becomes unstable and starts producing 0 values, resulting in misinterpreta-
tion by the program. A cooling of the FPGA is necessary to ensure a stable operation over longer periods 
of time. 

Figure 1.9: A block diagram of the Pump-Dump-Probe program. ‘Removal of bad shots’ and ‘optical density 
calculation’ is performed on all data sets. They are however not drawn here to keep things clear. A screen 
shot of the actual program shows that we record spectra in the upper panel, kinetic traces in the middle, and 
difference (PDP or DP or PP) traces in the lower panel. After 1000 shots, the delays are set to the next time 
point, and for that point again a 1000 shots are recorded. 
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Analysis of transient spectral data

The time-resolved absorption changes we record leave us with a three dimensional data set containing 
wavelength, time and absorption difference intensity. To be able to grasp such huge sets of data, we can-
not simply take subsequent slices through the spectral or temporal axis to view the two dimensional 
domain. Most processes are not fully observed in this domain, and the pathway through the energy 
landscape cannot be fully understood. A more profound method to analyze these data sets computation-
ally is referred to as global analysis. This method has proven very useful, especially if multiple data sets 
are used. In multipulse techniques as pump-dump-probe, four different sets of data are recorded. The 
first contains the absorption changes in time upon application of a pump and a dump pulse. The second 
set contains the changes instigated by the pump pulse only, and the third contains the changes due the 
dump. 
The last set contains the absorption spectrum when no pump or dump pulse is present. In pump-dump-
probe the four sets are analyzed simultaneously. The global analysis method uses singular value decom-
position and an interaction matrix, in which the amount of population of the active states is described. 
The interaction parameters depend on the connectivity model we choose for the energy transfer process. 
If the proposed model is correct it should fit the data well. The model on the left, depicted in figure 1.10, 
is the global analysis approach. Here, we find a subsequent series of decay parameters found in the data. 
This is purely a mathematical method and does not involve any prefixed condition.  
The resulting connectivity matrix is also depicted. The model on the right represents a target model. 
Here, we describe the states and their connectivity parameters on a more realistic physical basis. This 
picture is often developed from all sorts of experimental observations and previously gathered results. 
For instance, the molecular structure can prevent certain connections. The lifetimes of the states can 
be helpful in attribution of certain processes. Such boundary conditions help in constructing a possible 
energy transfer model such as the one on the right. Here, the concomitant matrix is described as well. 
 

Figure 1.10: On the left, a global analysis representation and matrix; on the right, a target analysis and the 
matrix describing the interactions. 
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The time-dependent populations of the different compartments are described by the following chain of 
differential equations. 

      (2)

      (3)

The first compartment, A, is populated by the excitation pulse I(t) and rises with characteristic time τ1, 
whereas B gets the population from A, with constant τi-1. The time dependent population ci(t), is as-
signed a spectrum resulting in the following fit function

      (4)
     

The resulting fits for ruthenium complex CS228, as shown in chapter 3 are shown on the next page. 

Figure 1.11: The resulting concentration profile and spectra from global and target analysis on CS228, a 
biomimicked ruthenium complex. 

In figure 1.11 we present the results of fitting the spectral data of CS228 when pumped with either 330 
or 450 nm. In panel A the concentration versus time is given for the evolution of states after 330 or 450 
nm excitation (dashed lines). The species associated decay spectra of the subsequent states of 450 nm 
pumping are shown in panel B. 
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This thesis

The main scope of this thesis is to elucidate the excited state dynamics of Light harvesting complex 1, 
light harvesting complex 2 and the bacterial reaction centre by multipulse spectroscopy as described 
in chapter 1. In chapter 2 we find by pump-dump-probe spectroscopy that in the reaction centre, the 
special pair of BChl’s, P, is able to generate a charge separated state via a normally hidden charge transfer 
state centered at 815 nm. In chapter 3, we observe exciton re-equilibration in the excited state manifold 
after demoting the red most excitonic states of B875 and B850. Chapter 3 also shows the intricate power 
of this type of setup in doubly exciting the exciton states of LH1 and LH2. The re-equilibration of these 
states is visualized with a superb resolution at room temperature by making use of the selectiveness of 
the second pump pulse. 
The forth chapter is based on the measurements in chapter 3 and describes the modified Redfield theory 
of exciton re-equilibration in LH1 and LH2. It also depicts a theoretical basis for the immense power 
of multipulse spectroscopy in studying exciton dynamics in LH1 and LH2. It is shown that multipulse 
spectroscopy highly verifies the modified Redfield theory. In chapter 5, we have performed pump-dump-
probe spectroscopy to interfere in the charge-separation by prepumping and repumping the reaction 
centre of Rhodobacter sphearoides. We find that the charge-separated population quenches the popula-
tion on B*. The final chapter on the ruthenium complexes reflects my personal interest in a new energy 
economy and serves as a bridge between the theories derived from natural photosynthesis and practical 
use of the ideas in solar energy harvesting. When I was young and dreaming of the future I wanted to 
copy photosynthesis from plants, so as to save the poor birds that drowned due to a horrible oil spill in 
the Mediterranean near Italy in 1991 (the Amoco tanker). In this chapter, we show that bio-mimicked 
photosynthesis does work in principle in the ruthenium complexes we studied, but much research is still 
needed to be able to synthesize molecules that get even close to nature’s genius. 
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Chapter 2

Multipulse spectroscopy on the wild-type and on mutant bacterial reaction 
centre uncovers a new intermediate state in the special pair excited state. 

Abstract

The BRC has a complex electronic excited state, P*, that evolves into subsequent products P+H- and 
P+B-. Pump-dump-probe spectroscopy on the wild type BRC and on YM210W, a mutant with a stabi-
lized, long lived P* excited state, has uncovered a new charge-separated state in both BRC’s. When P* is 
dumped, a fraction of its population is transferred to this state that has a strong Stark shift in the acces-
sory bacteriochlorophyll (BM) region which serves as a signature for P 

+ and a lifetime highly comparable 
to the slow phase of P* decay. This lead us propose this intermediate to be P+/P-.

This chapter is based on the publication “Multipulse spectroscopy on the wild-type and on mutant bacte-
rial reaction centre uncovers a new intermediate state in the special pair excited state”, Thomas A. Cohen 
Stuart, I.H.M. van Stokkum, R. van Grondelle, Chemical Review Letters 474 (2009), 352-356

 Introduction

The Plant, Eukaryote, Prokaryote and Chromista kingdoms of life utilize biochemical machines to per-
form photosynthesis. Rhodobacter sphaeroides (Rb. sphaeroides) is a photosynthetic purple bacterium 
that uses the so-called bacterial reaction centre (BRC) coupled to a light-harvesting antenna to store 
light energy in a stable trans-membrane charge separation. Due to its relatively simple structure this 
photosynthetic apparatus is generally considered as a good model system for energy transfer and charge 
separation in nature and has therefore been studied for over 40 years [1-3]. Also, clean and abundant en-
ergy sources have become a major field of interest recently, where knowledge of natural photosynthesis 
can provide a fruitful basis for design and synthesis of solar energy collection systems. In short, photons 
from the sun hit the bacterium and their photonic energy is collected by antenna pigments [4]. The en-
ergy is transferred to the bacterial reaction centre (BRC), a specialized pigment containing membrane 
protein. In the BRC a special pair of bacteriochlorophylls (P) is excited and this excited state, P*, initiates 
a charge separation across the membrane. 
Thus the BRC converts solar energy into a transmembrane electro-chemical gradient. Subsequently, 
this gradient drives ATP-synthesis and NAD+ reduction. Although many aspects of the process have 
been studied in detail [5, 6, 7], the precise mechanism of the actual charge separation process is not 
fully understood. Intriguing aspects are the precise nature of the state P*, how P* develops into a charge 
separated state and why charge separation occurs with almost 100% efficiency along one branch of pig-
ments. The BRC contains the following pigment cofactors: a special pair of bacteriochlorophylls (P), two 
accessory bacteriochlorophylls (BA and BB) and two bacteriopheophytins (HA and HB). On the cytoplas-
mic side, there are two quinones (QA, QB.) The reaction centre has a near-C2 symmetry with two similar 
branches, A and B, but >95% of the charge separation occurs along branch A. In the BRC, B* (BA and 
BB) and H* (HA and HB) [8, 9, 10 ,11] transfer the electronic energy in less than 200 fs to P. P* transfers 
an electron to BA in about 3 ps to form P+BA

-. In about one picosecond the electron is transferred from 
BA to HA to form P+HA

- and finally P+QA
- is formed in 200 ps. Pump-probe (PP) measurements have 

provided detailed insight into the spectral evolution of the excited states, and it was observed that the 
primary charge separation P* → P+B- as measured by the decay of P* was extremely multi-exponential, 
certainly in some mutants where charge separation was slow. It has been argued that the origin of the 
multi-exponentiality of the primary charge separation can be ascribed to a certain facilitation of the 
transfer process. [10, 12-16].  Part of the molecules could be in the right “configuration” to engage in fast 
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electron transfer, while the rest is slow. Ultrafast experiments and calculations suggest a strong coupling 
between the excited states P*, B* and H* [17] and possibly the protein backbone that maintains their 
coherence [18] 
Most likely, some of the interesting dynamics have remained hidden under overlapping electronic 
transition bands. To further clarify the nature of the state P* and how it changes with time, we have 
performed pump-dump-probe (PDP) [2] experiments on the wild-type BRC and on a BRC-mutant 
YM210W. In this mutant, the tyrosine at position M210 has been exchanged with a tryptophan [19], re-
sulting in a higher electronic potential for the P+B- state and a slower (3 vs 70 ps), and a 50 % less efficient 
charge separation. In Pump-Dump-Probe spectroscopy the photo conversion reaction can be initiated 
and interrupted sequentially [19]. This property is utilized in this paper, such that after the pump-pulse 
that excites the B*, the BRC’s are dumped by a second laser pulse resonant with the P* state (formed by 
energy transfer from B*) while it is evolving.
 
Materials and methods

Sample Preparation

Reaction centres were isolated from Rhodobacter sphaeroides R26.1 according to procedures described 
in reference 20. The YM210W mutant of BRC, with a long-lived P* state, is constructed using site-
specific mutagenesis. The detergent purified membrane-bound, antenna deficient, reaction centres were 
dissolved in 10mM Tris (pH 8.1) and circulated through a shaking 1-mm sample cell, to minimize the 
amount of RC's doubly excited. A 10 mM ascorbate solution was added to the solution to re-reduce the 
special pair [22, 23 and 24]. Steady state spectra were recorded using a Perkin Elmer Lambda 40 UV/
VIS spectrograph.  
 
Femtosecond Pump-Dump-Probe spectroscopy

Transient laser spectra were recorded on a spectrometer, operating at a 1 KHz repetition rate. A seed-
pulse from a diode-pumped oscillator (Coherent Vitesse, 800 nm, 80MHz) is amplified to 2,5 W by us-
ing a Nd:YLF high-power pump-laser (Coherent Evolution-20, 527 nm). The Ti:Sapphire based ampli-
fier (Coherent Legend-USP) incorporates CPA, chirped pulse amplification, and a stretcher/compressor 
combination to deliver sub-50 fs pulses, with a centre wavelength of 800 nm and a bandwidth of 25 nm 
at the FWHM. The pulse to pulse energy is 2.5 mJ (+/- 0.025 mJ). For control of the time of arrival of the 
pump and dump pulse, two 60-cm long delay stages (Newport IMS-6000) are placed in the beam paths. 
In the single pass mode, this can delay the pulse up till 3.7 ns, reflecting our time window. 
The probe pulse, a white light continuum, is generated by focusing a small fraction of the fundamental 
800-nm pulses into a laterally rotating quartz plate. These white light pulses are ~ 300 fs due to group 
velocity dispersion, introduced by the quartz plate. The pump and dump-pulses are generated by a com-
mercial OPA (Coherent OperA), pumped by the Legend-USP. The pulses are ~100 fs long and 10 nm 
wide at FWHM. 
Reflective optics are used to steer and overlap all pulses into a rapidly shaking sample cuvette of 1 mm 
thickness. The probe pulse was then spectrally dispersed by a spectrograph (Oriel) onto a homebuilt 
photo-diode array. This 256-pixel array is read out and the data is fed into a computer recording and 
calculating the varying optical densities. 
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Experimental setup

Figure 2.1: The pump introduces an excited state (ES), its dynamics evolve unhindered until the next pulse. 
The dump pulse will, when chosen to be resonant with the ES, dump a percentage of the ES population back 
to a non-equilibrated ground-state. The Δt arrow indicates the variable time between the pump pulse and 
the dump pulse.

In the wild type experiment, dump pulses have been applied at 1 and 2 ps delay after the pump-pulse is 
applied. This correlates with the timescale on which the P* state evolves into charge separated species 
P+B- or P+H-. For the YM210W mutant, where P* reduces bi-exponentially with constants of 12 and 70 
ps, dumping pulses have been applied at 2, 4, 6, 8, and 10 ps delay.
Data Analysis

Global analysis [25] was simultaneously performed on the PP and the PDP signals to see differences 
purely resulting from the dump pulse. Secondly, target analysis of the PP and PDP transient signals was 
performed. Several kinetic models based on previously gathered data have been applied. [15, 19] The 
instrument response function is taken into account using a Gaussian [26] and dump-induced artefacts 
can be removed by subtracting dump-probe (DP) signals from the PDP. 
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Results

Steady State measurements

Figure 2.2: The steady state spectrum of WT BRC (solid) and the YM210W mutant (dash-dotted). 

Absorption spectra of the two samples shown in figure 2 are in full agreement with previously reported 
spectra. [10, 19]. The three band structure arises from the Qy transitions of the various pigments present 
in the BRC. The blue-most band has been attributed to the bacteriopheophytins HA and HB, the central 
band to the accessory BA and BB bacteriochlorophyll band, and the red-most band to the low-energy 
exciton transition of the special pair.  The slight difference in the relative amplitudes of the P, B and H 
bands of the WT and YM210W is a result of the mutation modifying the electronic landscape around 
P, B and H [23].

Transient Spectroscopy

PDP measurements were performed with excitation pulses centred at 795 nm, with a 100 nJ pulse to 
pulse energy. The de-excitation or dump pulse is centred at 940 nm (5nm width band-pass filter) and 
also has a 100 nJ energy. The transient changes were recorded into four different data sets. Recording PP, 
PDP and DP signals simultaneously, allows a subtraction of the PDP signals from the PP signals. This 
results in ΔΔOD spectra that show dump-dependent dynamics. Two spectra recorded for YM210W are 
depicted in figure 3. The black spectrum with a dump pulse present at 10 ps and the red spectrum with-
out this dump pulse. In this case the spectra are recorded just 1 ps after the dump pulse.
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Figure 2.3: Pump-dump-probe experiment for the YM210W BRC.  A) The dump pulse arrives 10 ps after 
the pump and results in a 17% loss of the excited state population. B) The ΔΔOD time trace at the excited 
state maximum (870 nm) shows the loss of population upon dumping.

Detected around 870 nm, the 940 nm dump pulse at 10 ps appears to remove up to ~17% of the excited 
state. This is also clear from figure 2.3b, where a time trace at 870 nm is shown during the measurement. 
Note that in figure 2.3a the spectrum before and after the dump pulse small but significant absorption 
changes can also be observed in the region 740-810 nm, most likely reflecting a small amount of species 
being generated upon dumping. If we look at the structure of the differences between dumped and not 
dumped, we can more clearly observe the effect of the dump pulse in this system.

Figure 2.4: Timegated ΔΔOD spectra for the WT and YM210W as obtained by transient multi-pulse spec-
troscopy. At T=0 the dump pulse arrives. The reaction centre shows a strong spectral feature around 800 
nm reminiscent of the formation P+, and the structure around 780 nm possibly represents involvement of 
a pheophytine. 
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Time-gated ΔΔOD spectra reveal interesting spectral dynamics in the first 500 fs following the dump 
pulse. These early spectra are remarkably similar for all dump delays. In the initial spectra clear features 
are observed around 810 nm which indicate the formation of P+, as reflected by the band shift. Interest-
ing is also the first spectrum of the wild type. The positive feature around 870 reflects the loss of P* due 
to the dump. Since in the WT the amount of P* is much lower, reflecting the extra bleach of the special 
pair. At 300 fs, this feature is overlapped by P* loss. This behaviour is not seen in the YM210W mutant, 
however the larger amount of P* still present at the dump moment may explain that difference. At longer 
times, the ΔΔOD spectra converge to the disappearance of P+H-. This is due to the fact that we have 
demoted P* that would have normally formed P+H-. 

Global Analysis 

The species generated by the dump pulse in the mutant is investigated by global analysis, using a well-
established kinetic model for BRC dynamics [15] with the possibility of an intermediate state being 
populated. 

Figure 2.5: The model used in global analysis of YM210W. The Intermediate does not contribute to the end 
product P+Q-, and decays independently to the ground state. The black arrow depicts the pump pulse, and 
the thick grey arrows depict the effect of the dump pulse. Both the slow and the fast fraction of the P* popu-
lation can be dumped and they both produce the intermediate. From B* there is a 15 % direct P+B- forma-
tion, 20 % formation of fast P* and the rest, 65%,  transfers into the slower P*. 
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 Besides the expected species that arise from this analysis (P*, B*, P+H-, etc), a new state must be intro-
duced in the YM210W mutant. A preliminary SADS of this species is shown in figure 2.6. In this model, 
we find that 19 % of the P* can be dumped, and only a small part of that fraction then arrives at the 
intermediate state. The lifetimes found for the states present are comparable to earlier literature, except 
for the P+H- lifetime. This lifetime is obscured by the dump-effect. In figure 2.6 the intermediate species 
is compared to P+H-. The time-gated spectra from figure 2.4 show a positive feature arising due to the 
pump pulse. Now, the spectrum that arises from the target analysis has its sign inverted compared to 
the time-gated spectra. This is due to the fact that the dump pulse is interpreted as removing population 
instead of generating it. 

 
Figure 2.6: Species Associated Decay Species (SADS) as obtained from global analysis. The solid spectrum 
is the intermediate as generated by the dump in the YM210W mutant. For comparison the steady state 
spectrum (dotted) is shown. The P+H- spectrum arising from the target analysis is also shown (dashed). 

The species generated in the mutant very clearly shows the formation of P+ represented by the sharp 
band shift around 810 nm. At 870 nm the strong P* loss is present and at lower wavelengths some popu-
lation present at 740 is reminiscent of a H- band. Although we have analysed the effect of the dump pulse 
applied at 2, 4, 6, 8 and 10 ps, every experiment shows the same intermediate species arising shortly after 
the dump. The lifetime of this intermediate has been found to be comparable with the P* lifetime (70 ps). 

Discussion

The main goal of this study was to characterize the state P* and to identify possible dynamics happen-
ing in the P* state while it develops into P+B-. In the wild type BRC this process is very fast and multi-
exponential (3 and 12 ps). The precise mechanism of charge separation has not been fully understood, in 
particular the idea that an internal P+P- charge transfer state exists before charge separation takes place 
needs further investigation. Also the underlying cause for the multi-exponentiality is not well known. 
It has been proposed that the charge separation may somehow be facilitated by a favourable protein 
conformation [19]. Then the fast phase would reflect ‘favourable’ conformations while the slow phase is 
a manifestation of the unfavourable ones. In that case with a second dump pulse it must be possible to 
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interrogate the nature of the excited state as a function of time after excitation and in particular to inves-
tigate the ability to produce useful product states once P* has been formed. To try and identify these P* 
dynamics we have performed multi-pulse spectroscopy. We have used WT-BRC’s that display fast charge 
separation and BRC’s of the YM210W mutant which is more than a factor of 10 slower. After initiation 
of the photoreaction by a pump pulse of 795 nm, the evolution of P* is manipulated by a 940 nm dump 
pulse. The time-gated spectra show that both in WT and in YM210 BRC’s the dump pulse successfully 
removes about 20% of P* excited state population and recovers for a large part to the ground state. The 
target analysis gives no indication for the formation of a ‘hot’ ground state. In addition, in YM210W a 
new state is formed upon dumping P* that clearly resembles a charge separated state involving P+. Note 
that the time-gated ∆∆OD spectra for the WT and the YM210W look very similar, but we have not been 
able to retrieve a clear intermediate for the WT. 
Apparently it is difficult to separate P+ formation from P* dumping. In the mutant, the state appear-
ing upon dumping shows the same signs of P+ around 805 nm, but now combined with a much larger 
bleaching of the P-band at 870 nm. Because the mutant has a higher P* state stability, this state is much 
easier to dump and thus a higher P* loss relative to P+ is expected. TheYM210W has P+ present while P* 
is developing into P+B-, but significant bleaching of B is not observed. 
A possible remaining candidate for the intermediate state is a P+/P- charge separated pair combined with 
P* loss. From our present data however we cannot conclude that undoubtedly. In conclusion, by pump-
dump-probe experiments on the BRC we have identified a new charge separated state, possibly P+/P- that 
can only be produced following P* formation by a first pulse and dumping the excited state by a second 
laser pulse. We speculate that this state is P+/P-, the internal charge transfer state of the special pair. The 
lifetime connected to this intermediate seems to be of the order of the slow phase of P*, namely around 
70 ps. The fact that the slow P* and P+/P- lifetimes appear similar strengthens the belief that P* and P+/P-  
co-exist. Now, due to the dump pulse, this equilibrium is shortly shifted and therefore reveals P+/P-.
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Chapter 2: Uncovering a new intermediate in the special pair excited state of BRC. 
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Chapter 3

Direct visualization of exciton re-equilibration in the LH1 and LH2  
complexes of Rhodobacter sphaeroides by multipulse spectroscopy.

Abstract 

The dynamics of the excited states of the light-harvesting complexes LH1 and LH2 of Rhodobacter 
sphaeroides are mainly governed by the excitonic nature of these ring-systems. In a pump-dump-probe 
experiment, the first pulse promotes LH1 or LH2 to its excited state and the second pulse dumps a por-
tion of the excited state. By selective dumping, we can disentangle the dynamics normally hidden in the 
excited state manifold. We find that by using this multiple excitation technique we can visualize a 400 fs 
re-equilibration reflecting relaxation between the two lowest exciton states that cannot be directly ex-
plored by conventional pump-probe. An oscillatory feature is observed within the exciton re-equilibra-
tion, which is attributed to a coherent motion of vibrational wavepacket with a period of about 100-150 
fs. Our disordered exciton model allows a qualitative interpretation of the observed re-equilibration and 
oscillation processes occurring in these antennas. 

Thomas A. Cohen Stuart, Mikas Vengris, Vladimir I. Novoderezhkin, Richard J. Cogdell, C. Neil Hunter, 
Rienk van Grondelle, submitted to Biophysical Journal

Introduction

In photosynthetic purple bacteria, antenna pigment proteins residing in the intracytoplasmic cell mem-
brane absorb solar light and transport the energy to the bacterial reaction centre (RC), where the elec-
tronic is converted the light energy into bvutilizable chemical energy [1-3]. These antenna molecules 
are referred to as Light harvesting complex 1 (LH1) and Light harvesting complex 2 (LH2). The LH1 
core antenna, a closely coupled pigment system, surrounds the bacterial reaction centre [4, 5]. LH1 is, 
in many types of bacteria, connected to a peripheral antenna, LH2 [6]. The elementary building block 
of both LH1 and LH2 is a coupled pair of helical transmembrane polypeptides, the so-called α/β dimer. 
Both helices bind a bacteriochlorophyll a (BChl a) at a conserved histidine position [7] , in the case 
of LH2 the β polypeptide also binds a second Bchl a [6, 8]. The α/β dimers are arranged in ring-like 
structures. In the case of the LH1 complex of Rhodobacter (Rba.) sphaeroides the BChls form an two 
interconnected open rings of 28 dimers in total, with each dimer proposed to have a gate for quinone 
exchange formed by the PufX protein [9-13].  

In the case of LH2, there is a circular arrangement of 9 dimers binding two concentric rings of 18 B850 
BChls and 9 B800 BChls, structurally and energetically connected by carotenoid molecules [14]. The 
major interactions that stabilize LH1 are in fact within the α/β subunits. In contrast, in LH2 amino acids 
of neighboring interactions between α/β-pairs are essential [6, 15]. These rings are named according to 
their absorption maxima, B875 (LH1), B850 (LH2) and B800 (LH2). A wide variety of one-dimensional 
spectroscopic techniques has been employed specifically to uncover the early dynamics happening in 
the excited state manifold of LH1 and LH2 in relation to their spectroscopic properties [14, 16-24]. A 
biphasic equilibration of exciton states of with lifetimes of ~100 fs and ~400 fs is generally reported. 
Experiments with short laser pulses also revealed faster (10-100 fs) components [16, 25-28]. Interaction 
energies between the BChls of these ring are estimated to be around 250-450 cm-1 for LH2 and 400-600 
cm-1 in LH1 [19, 29-31]. An extensive calculation done by Tretyak et al, verified the interaction energies 
and disorder coupling parameters reported for the BChls in LH2 [32, 33]. An indication of the involve-
ment of the collective exciton states is found in a single molecule study by van Oijen et al [34]. 
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From low temperature measurements on LH1 and LH2 Visser et al, Pullerits et al, and Monshouwer et 
al. established that the lowest exciton state is superradiant and delocalized over 2 to 3 pigments [20, 29, 
35-37]. Theoretical studies have established that the delocalization and energy transfer within the ring 
can be generally described in an exciton picture with a large amount of spectral disorder; the disordered 
exciton model [38-40]. Such spectral disorder interferes with the possibility of a complete delocaliza-
tion because it gives rise to non-uniform eigenfunctions. Dynamic disorder gives rise to extra coupling 
between the vibrational and exciton states (i.e. polaron formation) and thereby destroys the localization 
as well [40]. Finally, it has been established that the transfer of electronic excitation within the exciton 
manifold includes a fast (fs) relaxation between exciton states within strongly-coupled clusters and a 
slower (ps) energy migration between clusters or monomeric sites [3, 39, 41-44]. In our model, it is 
predicted that the dipole strength of the ring is mostly concentrated in three exciton states, k = -1, k 
= 1 and k = 0, delocalized over 7 - 11 molecules (k=1, -1) and 2 - 4 molecules (k=0) [45]. Superposi-
tion of these states can result in excitonic wavepackets distributed over the circular structure with an 
effective width of about 4 - 5 molecules. A wavepacket exhibits a wavelike motion around the ring (for 
delocalized realizations of the disorder) or a hopping-type motion from one to another group of 3 - 5 
molecules in a more localized (more disordered) case [40]. In some rare realizations with very strong 
disorder the wavepacket properties will be determined solely by the lowest state. It is so strongly local-
ized that it ‘does not move at all’, simply staying at 1-2 molecules. A pulse of 150 fs, such as the ones used 
in the experiments presented here, excites one or two vibrational levels typically creating a vibrational 
wavepacket in the k=0, k =1 or k = -1 state. These wavepackets typically oscillate with 100-200 fs [20, 
26]. (See Supporting Information). Since LH1 and LH2 have strong internal dipole coupling, exhibit 
fast transfer between the elements of the ring, have a big absorption cross section and high structural 
stability, they make good candidates to study exciton interactions in photosynthesis. In this paper, we 
utilize a pump-dump-probe technique to probe the excitonic and intra-band dynamics in the tran-
sient absorption bands of LH1 (B875) and LH2 (B850). We elaborate on the re-equilibration time, the 
equilibration mechanism and discuss the advantages pump-dump-probe spectroscopy has to offer over 
regular pump-probe spectroscopy. 

Materials and Methods

Samples

The LH1-containing samples are membranes prepared from a mutant of Rba. sphaeroides lacking LH2, 
which therefore consists solely of RC-LH1-PufX complexes [46]. These membranes, which contain di-
meric core complexes, tend to form tubular structures due to the bend between the two halves of the 
dimer complex [13, 47]. The sample is dissolved in Tris:HCL, 50 mM until an OD of ~0.7 at 880 nm is 
reached. LH2 was purified from wild type Rba. sphaeroides 2.4.1 [48] and dissolved in a Tris buffer of 20 
mM and 0.1 % LDAO, to an optical density of ~0.6 at 800 nm.

Multipulse visible – near IR spectroscopy

The visible transient absorption experiments were performed on a so called multipulse setup, special in 
its ability to produce two separately adjustable excitation pulses and a white-light continuum. Briefly, the 
output of a Ti:sapphire regeneratively amplified laser system operating at 1kHz (SpectraPhysics Spitfire) 
pumped with a 10 Watt millennia cw pump laser (SpectraPhysics), is divided into three beams. One 
beam was sent to a TOPAS (LightConversion, Vilnius, Lithuania) system to generate the excitation 
pulse at the desired centre wavelengths of 795 or 895 nm, the other was sent into the second TOPAS, 
set to produce the dump pulses of 895 or 940 nm. With the third beam a white light continuum was 
generated by focusing on a translating 2 mm calcium fluorite plate. The excitation and dump pulse from 
the TOPAS were focused in the sample to a diameter of about 100 μm, and spatially overlapped with 
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the probe beams. The absorption changes were recorded, after being dispersed in a spectrograph, with 
a 256-element diode array (Hamamatsu S4801-256Q). The pump and dump beam beam were polarized 
at the magic angle orientation (54.7°) with respect to the probe beam with a Berek polarization com-
pensator. 
The samples were put in a shaking 1-mm quartz cell. Two phase locked choppers operating at 250 Hz 
and 125 Hz were used to ensure that the sample was excited by the pump and dump pulse, and subse-
quently their reference spectra, were the sample is only probed by the white light continuum pulse. The 
time delay between the pump, dump and the probe beam was controlled by sending the dump pulse and 
the probe beam over a variable optical delay line. The instrument response function was determined via 
cross-correlation of the pump and probe and was ~120 fs. The pump pulses were set to be 10-20 nJ per 
pulse and the dump beam was set to 100-200 nJ per pulse. A complete scan averages 5000 pulses per 
time-point, and comprises a total of 110 time-points ranging from -10 ps to 7000 ps. 

Pump Dump Probe

In this paper we use the technique of pump-dump-probe to perturb an existing excited state population, 
thereby pushing the population back into the ground state at a specific moment in time. By demoting 
a selective part of an excited state manifold, the resulting perturbation of the equilibrium within that 
manifold can reveal the interaction between the states and the existence of otherwise hidden states [49]. 
In these experiments we record three different data sets; PDP, PP and DP. These names refer to pump-
dump-probe, pump-probe and dump-probe respectively. To visualize the effect of both the pump and 
the dump, we subtract the pump-probe and dump-probe data from the pump-dump-probe data and 
arrive at PDP minus PP minus DP (PDPmDPmPP). This procedure corrects the PDP data by removing 
the separate pump-probe and dump-probe dynamics from the pump-dump-probe dynamics. 

Results and discussion

Steady State Spectroscopy
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Figure 3.1: Absorption spectra of LH1 and LH2 of Rba. sphaeroides. The black and red arrows indicate the 
pump and dump frequencies used in the experiments. The dump is chosen to be in the very red wing of the 
absorption, to minimize effects due to repumping. 
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The steady state absorption spectrum of the RC-LH1-PufX complexes shown in figure 3.1 (in red) con-
sists mainly of a broad band around 878 nm (B875) and two small bands at 770 nm and 800 nm be-
longing to the RC. The LH2 spectrum displays a two-band structure, representing the two Bchl rings. 
The absorption around 800 nm (B800) belongs to the ring with 9 BChls, and the 850 nm band (B850) 
belongs to the ring of 18 coupled BChls. 
In this experiment we have chosen the pump wavelength for LH1 to be 895 nm, and the second pulse 
with which we demote the excited state population is set to 940 nm. For LH2, the pump is set to 795 
nm and the dump is set to 895 nm. The pump wavelength is chosen to maximize absorption. The dump 
however is chosen to demote as much of the excited state population as possible whilst making sure it 
does not overlap with the absorption spectrum, to avoid repumping. Dump pulses centered at 895 nm 
and 940 nm for LH2 and LH1 respectively were determined to be the most efficient for the purpose of 
these experiments.

Multipulse Spectroscopy
 
First, a pump pulse excites a population of the LH1 B875 band to its first excited state. The red wing of 
this state is then dumped by a resonant pulse at 940 nm. Selected early time-gated difference spectra 
show an ultrafast exciton re-equilibration process of ~500 fs with an oscillatory component of ~150 fs. 
The pump-probe spectrum (PP) is added as a reference. The time reported is from the dump moment 
(T = 1 ps). PDPmPPmDP refers to the difference signal, pump-dump-probe minus pump-probe minus 
dump-probe, PP refers to pump-probe.
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Figure 3.2: Time-gated difference spectra generated upon pumping and dumping LH1. These spectra are 
constructed as follows; first a pump pulse of the appropriate wavelength arrives at the sample; 895 nm in 
the case of LH1. One picosecond after arrival of the pump pulse a dump pulse arrives at the sample. As a 
reference, pump-probe spectra, recorded in the same measurement, have been added. This gives an idea 
about the efficiency of dumping the excited state and the amplitude of the exciton re-equilibration process 
relative to the total absorption in such a measurement. Note that the times reported start from the dump 
moment (T = 1 ps). 
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Figure 3.2 essentially depicts the ultrafast re-equilibration of the excitonic states at 905 nm and at 885 
nm after a portion of the excited state has been dumped. First, from the black spectrum to the magenta 
one, a build up of amplitude is observed around 905 nm during the first 200 fs. Up till 150 fs from time 
zero, the excitonic band at 885 nm stays almost at the same amplitude. After the excitonic states at 900 
nm have been restored a re-equilibration of the 885 nm band still proceeds (green and dark blue spec-
tra). 
The complete re-equilibration to the new stable state takes approximately 500 fs, is similar to the previ-
ously reported equilibration times of 400-500 fs [20, 24, 50, 51]. Time traces of the dynamics of this 
re-equilibration are displayed in figure 3.4. An apparent feature of the exciton bands at 885 and 905 nm 
is that they both blue shift ~5 nm while they are thermally equilibrating. This blue shift is the result of a 
loss of the red-most states during the relaxation. And finally, when the spectra are closely inspected, an 
oscillatory feature superimposed on the equilibration of the two states is found and it appears that the 
dynamics of the equilibration of the two states at 885 nm and 905 nm is coupled.
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Figure 3.3: First, a pump pulse excites the population of the B800 band to the first excited state. The red 
wing of this state is then dumped by a resonant pulse at 895 nm. These time-gated difference spectra of LH2 
show an ultrafast exciton re-equilibration process of ~500 fs with an oscillatory component of ~150 fs. The 
pump-probe spectrum (PP) is added as a reference. The time reported is from the dump moment (T = 5 ps). 
PDPmPPmDP refers to the difference signal, pump-dump-probe minus pump-probe minus dump-probe, 
PP refers to pump-probe.

In the case of LH2, an excitation pulse at 795 nm is followed by a dump pulse at 895 nm arriving 5 ps 
later. The time-gated difference spectra reported in figure 3.3 are from the moment that the dump pulse 
arrives. At 5 ps the bleaching signals due to the excited state are at their maximum amplitude ands this 
makes it a good candidate for dumping its excited state. One can see the first black spectrum having a 
little positive band around 870 nm. This hole is created by the dump pulse. This hole is then ‘refilled’ in 
50-100 fs. A similar behavior we observe for the 850 nm band (the red and blue spectrum). The magenta 
and green spectra that follow show a growth around the bleach at 850 nm. This growth persists through-
out for a total of 100-150 fs.
 Overall, it appears that when a dump pulse demotes the excited state population around 895 nm, popu-
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lation of the exciton band at 870 nm is lost shortly afterwards. There may be two origins of the 895 nm 
sub-band. First, it can be determined by a charge transfer state mixed with the exciton manifold giv-
ing rise to a weakly allowed red state near 895 nm, so that a depopulation of this state is followed by a 
quick refilling from the 870 exciton state. The other possibility is that the 895 nm band corresponds to 
a dynamic vibrational hole created by the dump pulse which is later refilled via vibrational motion. In 
the last dark blue spectrum, the 850 nm and 870 nm exciton states are finally refilled to their equilib-
rium value. The timescale of this process (~ 400 fs) again corroborates well with previously estimated 
numbers from measurements and modeling [24, 50, 52]. A 5 nm blue shift of the exciton manifolds is 
also seen in the case of LH2.  In figure 3.4, time traces of the dump induced dynamics are depicted. The 
wavelength is chosen to be in the center of the exciton band. 
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Figure 3.4: LH1 and LH2 kinetic traces for the different exciton bands. Depicted are the centre frequencies 
of the exciton states in LH1 and LH2. The time traces show the behavior of the two main exciton bands 
after the dump arrived. Slight oscillatory features, which result from a vibrational wavepacket instigated by 
the dump pulse, overlay the traces. The LH1 traces are translated from 1 ps to 6 ps in order to depict their 
kinetics relative to LH2.  

After the perturbation by the dump pulse, the manifold relaxes to its thermal equilibration according 
to relaxation type dynamics. The exciton band at 870 nm is ‘slowly’ refilled by the exciton band at and 
850 nm. The equilibration with even higher states (k = +1, -1) is ultrafast (10-50 fs), and has very small 
populations involved, making it impossible to observe these in our experiment. If the dynamics of equi-
libration of the excitonic bands in LH1 and LH2 (Figure 3.2 and 3.3) are considered, a leading role for 
the α/β dimer over the ring structure has to be assumed. Although both antennas are ring-shaped, the 
LH1-sample is different from the LH2 in being a dimer. These LH1 dimers assume an S-shape, which 
can aggregate to form cylindrical meta-structures [47, 53-55]. Apparently, an extended S-shaped LH 
structure does not strongly influence the exciton equilibration lifetime, since the exciton dynamics are 
very similar. Although it has been stated in earlier single molecule measurements that the shape of the 
ring strongly governs the exciton states [56], in the equilibration and vibrational dynamics presented 
here such dependence cannot be found. From a molecular dynamics simulation on RC_LH1 rings and 
the RC_LH1_PufX complex, a similar observation was done. 
It was concluded that versus the normal circular shape. neither the S-shape, the bending, nor the struc-
tural discontinuity due to Puf-X does significantly change the exciton states involved in the dynamics 
[57]. When the rise of the exciton band at 853 nm and the exciton band at 871 nm in LH2 are fitted with 
a single exponential, a comparable rate is found for both processes (t = 0.13 ± 0.01 ps for the 871 nm 
band and 0.10 ± 0.01 ps for the 853 nm band), implying a coupling of the equilibration process of both 
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states. Similar rates are also found for the LH1 complex. 
Note that the rise and decay are calculated from 4.95 ps, where they overlap (figure 3.4). The amplitude 
of the equilibration feature of the 853 nm exciton band is about 2-3 times larger then the 871 nm exci-
ton band during the first 200 fs. This corresponds to the difference in delocalization (or radiative rate) 
between k = 0 and k = 1, which is consistent with the proposed disordered exciton model. Oscillatory 
features superimposed onto the exciton equilibration due to the vibrational wavepacket can be observed 
in figure 3.4. Now, if the residuals of the data and the exponential fit are taken, the oscillatory feature can 
be presented much more clearly. 
Figure 3.5 shows the result of this operation. The oscillatory features of the two exciton bands have a 
similar phase behavior, or in other words they are in phase, and a fast Fourier transform of the oscilla-
tions results in peak amplitude at a frequency of 6 per picosecond, or a wavepacket period of ~165 fs. 
After 400-500 fs, when the equilibration is over, the correlation is lost. Similar behavior is found for the 
wavepacket of LH1, but the results are less pronounced. Pump-probe measurements on the B850 band 
of the LH2 complex of Rhodopseudomonas palustris have estimated an exciton relaxation lifetime be-
tween 500-650 fs [58]. 
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Figure 3.5: The two exciton bands at 853 nm and 871 nm both show an oscillatory component in their 
equilibration dynamics. The oscillatory feature superimposed on the exciton equilibration as seen in figure 
3.4, are presented here for LH2. This picture is produced by subtracting the single exponential fit from the 
raw data. The resulting oscillatory feature represents a vibrational wavepacket created by the dump pulse. 
Plotting the feature for the two exciton bands shows that their wavepacket is in phase for the duration of 
the equilibration (until 5.35 ps).
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Discussion and Concluding Remarks

In this work we have applied pump-dump-probe spectroscopy to investigate the dynamics of the lower 
exciton state of the bacterial light-harvesting complexes LH1 and LH2. A schematic picture illustrat-
ing the dynamics observed in our pump-dump-probe measurement is shown in chapter 4, figure 4.1.  
Vibrational wavepackets associated with the three lowest exciton states and corresponding to exciton-
vibrational equilibration (reached at several ps after impulsive excitation) are shown by the blue lines. 
Their integrated areas and shapes reflect the Boltzmann distribution of the excitation density over the 
exciton states and over the vibrational sub-levels, respectively. The action of the dump pulse tuned to the 
long-wavelength side of the absorption band (red arrow) creates a hole in the steady-state vibrational 
wavefunction of the lowest (k = 0) exciton level (cyan area), moving some part of the nuclear wavepacket 
to the ground state (cyan). 

The spectral width of the 120 fs dump pulse is not enough to interact with the higher (k = -1) level where-
as a spectrally broader dump pulse can in principle depopulate the (k =-1) level as well and create some 
coherence between (k = 0) and (k = -1). Such selective depopulation of the (k = 0) level produces more 
pronounced re-equilibration between the three lowest exciton via exciton relaxation from the higher 
levels (blue arrows). On the other hand, a dump of the excited state creates a vibrational coherence in 
both the (k = 0) exciton state and ground state. A subsequent coherent motion of the excited-state hole 
and ground state wavepackets (cyan arrows) gives rise to oscillations of the stimulated emission (around 
870 nm in the case of B850 ring) and photobleaching band (peaking at 850 nm for B850). These oscil-
lations should be in-phase (as was shown in [40, 52]). Notice that this is in agreement with the 850 and 
870 nm kinetics shown in Figure 3.4 (see oscillatory features between 5.1 and 5.7 ps for LH2). 
 It is also remarkable that the absorption changes after the dump are several times bigger for the 850 nm 
than for the 870 nm region. This reflects the fact that the dipole strength of the (k =-1, 1) band is 5-6 
times larger than for the (k = 0) band, so that any exchange in excitation density between these bands 
will produce a corresponding spectral response with non-equal amplitudes. Thus, the pump-dump-
probe measurements on the LH1 and LH2, antennae of Rba. sphaeroides have allowed us to directly vis-
ualize the re-equilibration of the excitonic states and vibrational wavepackets created by the dump pulse.
 The spectral resolution these pump-dump-probe data provide leads us to conclude that our multipulse 
spectroscopy approach is valid for studying excitonic interaction and vibrational relaxation in such cou-
pled systems.
 In conventional pump-probe a relaxation is observed upon excitation of higher exciton states, that are 
(i) only weakly allowed, (ii) very fast (<20 fs) decaying, and (iii) superimposed on the intense vibrational 
wings of the lower superradiant levels. Thus, excitation of higher levels is never selective, and the fast 
downhill transfers from higher levels typically are hidden under the pump pulse envelope and coherent 
artifacts [59]. Excitation of the (k = - 1,1) levels near the absorption maximum is not selective as well. 
It is accompanied by population of the lowest level through its vibrational wing and via fast relaxation 
from (k = -2, 2) levels. The latter are superimposed on the (k = -1,1) band and have significantly faster 
relaxation to the (k = 0) level [59, 60]. The relaxation-induced red-shift of transient absorption in this 
case is less pronounced than for blue excitation, so that relaxation dynamics are difficult to extract from 
the background (i.e. strong ground-state bleaching that can exhibit its own dynamics due to vibrational 
coherences and relaxation).
 In pump-dump-probe the relaxation dynamics are much better resolved due to the selective interaction 
of the dump with only one level. Also, we selectively monitor the relaxation between the three lowest 
levels, since relaxation from short-lived higher (k = 2, 3, and higher) levels is excluded because they are 
not populated in equilibrium. The spectral changes with which the relaxation processes between (k = 
-1,1) and (k = 0) levels occur have relatively large amplitudes because these levels are superradiant [37]. 
Using a two-pulse technique therefore increases the relative spectral resolution of the exciton levels, 
when compared to a one-pulse technique. Since the relaxation between (k = -1,1) and (k = 0) levels is 
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slower then the relaxation from higher (k = 2, 3) levels, 
these experiments allow us to study these separately. This allows for a greater understanding of the 
excited-state relaxation. The lifetime found for the equilibration process in LH1 and LH2 (400-500 fs) is 
in accordance with previously measured and calculated values, as is the oscillatory component of ~165 
fs. Both these observations are predicted from the disordered exciton model proposed and used to de-
scribe LH1 and LH2 [40, 45, 52, 59]. 
A direct visualization of exciton re-equilibration in LH1 and LH2 by employing pump-dump-probe 
spectroscopy is presented and the exciton dynamics are qualitatively explained using the disordered 
exciton model. 
Vibrational wavepacket dynamics accompanying the exciton re-equilibration of the exciton bands are 
observed and it is shown that they in fact are in phase, according to the model. Significant differences 
in the exciton re-equilibration and vibrational dynamics of LH1 and LH2 are not observed. A modified 
Redfield approach including a disordered exciton model fully describing these pump-dump-probe data 
quantitatively is our focus for the following paper. 
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Model description

A simple description of the disordered exciton model for LH1 and LH2 rings is depicted in figure 3.6, 
together with a schematic interpretation of the hopping mechanism of wavepackets short excitation 
pulses can generate in these ring systems.

 
Figure 3.6: The lowest exciton level (k = 0) is a superradiant excitonic level, involving 2-3 closely coupled 
bacteriochlorophylls. The higher lying exciton levels, (k = 1 or -1) normally involve 7-11 bacteriochloro-
phylls. 

Depending on the pulse length one typically excites the complete exciton manifold with ultrashort puls-
es and only one or two levels with longer (~150 fs) pulses. The model includes a hopping type energy 
transfer of excitonic  wavepackets across the ring. This is schematically drawn on the right, where hop-
ping occurs from one cluster of 3-5 bacteriochlorophyll to another on a few 100 fs time scale. In figure 
3.7 a schematic representation is given of the pump dump probe experiment.

Figure 3.7: A simple schematic representation of a pump-dump experiment. (A) The pump pulse excites 
population from the ground state to the excited state manifold. (B) The dump pulse takes away a part of the 
excited state population. (C) A re-equilibration of the excited state takes place.



Chapter 3: Direct visualization of exciton re-equilibration in the LH1 and LH2.

45

Pump-probe spectroscopy

Transient pump-probe spectra for LH1 and LH2 are represented in figure 3.8.
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Figure 3.8: Time-gated transient pump-probe spectra of LH1 and LH2. These spectra are in good agreement 
with earlier measurements [16, 50, 61] by and primarily shown for reference purposes. The pump-scatter is 
removed around 895 and 795 nm. 

The pump-probe spectra shown in figure 3.8 are in comparison with spectra measured previously by 
other authors [16, 50, 61] The powers used (10-20 nJ) produce a high amount of excited state popula-
tion in both LH1 and LH2, needed to be able to dump enough of this excited state population. As a 
consequence however, the measurements are not annihilation-free and estimations of the excited state 
lifetimes cannot be made. Annihilation has strong implications on the lifetime of the excited states in-
volved, especially in these well-coupled ring systems [62]. 
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Chapter 4 

Dynamics of exciton relaxation in LH2 antenna probed by multipulse  
nonlinear spectroscopy    

Abstract

We explain the relaxation dynamics in LH2-B850 antenna revealed by multipulse pump-dump-probe 
spectroscopy. The theory of pump-dump-probe response is evaluated using the doorway-window ap-
proach in combination with the modified Redfield theory. We demonstrate that simultaneous fit of lin-
ear spectra, pump-probe, and pump-dump-probe kinetics can be obtained at quantitative level using 
the disordered exciton model, which is essentially the same as used to model the spectral fluctuations 
in single LH2 complexes (Novoderezkhin, V.; Rutkauskas,  D.; van Grondelle, R. Biophys. J., 2006, 90, 
2890). The present studies suggest that relaxation rates are strongly dependent on the realization of the 
disorder. A big spread of the rates (exceeding three orders of magnitude) is correlated with the disorder-
induced changes in delocalization length and overlap of the exciton wavefunctions. We conclude that 
the bulk kinetics reflect a superposition of many pathways corresponding to different physical limits 
of the energy transfer, varying from sub-20 fs relaxation between delocalized and highly overlapped in 
space exciton states to >20 ps jumps between the states localized at the opposite sides of the ring.  

Vladimir I. Novoderezhkin, Thomas A. Cohen Stuart, and Rienk van Grondelle, Manuscript submitted to 
Journal of Physical Chemistry

Introduction

In photosynthetic purple bacteria, solar photons are absorbed by light-harvesting antenna complexes 
LH1 and LH2 consisting of ordered arrays of bacteriochlorophylls (BChl) non-covalently bound to pro-
teins [1]. The peripheral LH2 complex consists of a highly symmetric and tightly packed ring of 18 (or 
16) BChls together with a second ring of 9 (or 8) weakly interacting BChls [2-4]. These rings determine 
the absorption bands at 850 and 800 nm, respectively (denoted as B850 and B800). The LH1 core com-
plex has a form of circular structures with 32 BChls [5,6] or open circle with 30 BChls [7] surrounding 
the reaction center. Due to strong pigment-pigment interactions within the LH1 and LH2-B850 rings 
these antennas are characterized by a complicated manifold of the collective electronic excitations (ex-
citons) with a high degree of delocalization. Coupling of excitations to phonons and conformational 
motion of the pigment–protein matrix generally produces more localized states due to static disorder 
and polaron effects. Experimental studies (using nonlinear optical spectroscopy, single molecule tech-
niques, etc.) in combination with quantitative modelling resulted in a detailed and consistent picture of 
the excitation dynamics in LH1/LH2 complexes [8, 9]. 

Pump-probe studies of exciton equilibration

A most intriguing phenomenon is the extremely fast (10-100 fs) relaxation within the ring-like LH1/
LH2 antennas. The direct observation of fast equilibration within LH1 and LH2-B850 antenna (includ-
ing relaxation of the exciton states and migration of the quasi-steady-state exciton wavepacket) is pos-
sible by transient absorption (TA) studies via the ps/fs pump-probe technique. Such measurements have 
revealed the initial ultrafast (sub-100 fs) relaxation in LH1/LH2 complexes followed by slower (ps) dy-
namics [10-22] The relaxation in these complexes gives rise to specific TA dynamics typical for assem-
blies of excitonically coupled antenna pigments, but absent in isolated dimeric subunits and monomers. 
Thus, Visser et al [11] found pronounced TA dynamics for LH1 of Rhodospirillium rubrum with an 
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8-12 nm red shift reflecting fast exciton equilibration, whereas no red-shift dynamics is found in the 
lowest-state absorption band of the B820 dimeric subunit as well as for monomeric BChl. A short-pulse 
(35-50 fs) pump-probe study of LH1 and LH2 of Rhodobacter sphaeroides [14-17] showed relaxation 
components in the 10-100 fs range (short-lived <20 fs components appear when tuning the wavelength 
to the blue [16]). Selective excitation with longer pulses at the blue side of the LH2 absorption resulted 
in a dynamic red shift of the TA spectrum by 3-5 nm with a time constant of 80-110 fs [15,17]. This shift 
(attributed to relaxation from higher to lower exciton levels) was almost absent upon red excitation. 
Upon blue-side excitation of the LH1 of Rhodopseudomonas (Rps.) viridis [20] a dynamic red shift 
was observed with a time constant of 130-150 fs accompanied by anisotropy decay with a similar time 
constant of about 150 fs. The amplitude of this red shift (15-20 nm) is several times larger than in LH2 
and is similar to that obtained for other LH1 antennae in earlier experiments [10,11] Upon tuning the 
excitation wavelength to the middle of the band the dynamic red shift becomes less pronounced. 
Other nonlinear methods gave very similar time scales of the excitation dynamics. Thus, time-resolved 
(fs) fluorescence up-conversion studies [23] revealed a biphasic relaxation in LH1 with a fast component 
of 110 fs. Recent 2D photon echo studies [24] suggested equilibration within 50 fs in the LH2-B820 
antenna. Disordered exciton model and Redfield relaxation picture. The observed exciton dynamics 
was explained quantitatively using the disordered exciton model [25] in combination with the Redfield 
relaxation theory [26]. In the presence of static disorder (random shifts of the site energies) the dipole 
strength of the circular aggregate ring is mostly concentrated in three lowest exciton states, k=-1, k=1 
and k=0. The disorder-dependent delocalization length is 7-11 molecules for the two higher states (k=1, 
-1). The lowest state (k=0) is more localized and more strongly dependent on the disorder pattern. 
Impulsive short-wavelength excitation results in fast exciton relaxation from higher exciton states (k= 
±2,3) producing a dynamic red shift of the TA. The relaxation-induced lifetimes of the higher exciton 
states have been calculated (for LH1) as 75, 41, 23, 17, and 12 fs for k=–1, 1, –2, 2, -3 and 3, respectively. 
Upon middle-band excitation, corresponding to excitation of the k=±1 levels the red shifting is much 
less pronounced [26]. After 300-400 fs the exciton relaxation is complete giving rise to a formation of 
the quasi-steady-state exciton wavepacket (consisting of superposition of the lower states populated at 
thermal equilibrium). Its shape and dynamics is strongly dependent on the disorder pattern [27] In re-
alizations with more or less uniform distribution of the site energies the wavepacket exhibits a wavelike 
motion around the ring. In a more disordered case one can find a hopping-type dynamics (a jumping 
between different groups of 3-5 molecules). In some rare realizations with very strong disorder the 
wavepacket (determined solely by the lowest state) is localized and does not move at all, staying at 1-2 
molecules [27].  

Exciton re-equilibration viewed by pump-dump-probe method

The pump-probe studies of the relaxation dynamics imply a selective excitation of higher exciton states 
of the LH1/LH2 complexes. But these states are (i) only weakly allowed, (ii) very fast (<20 fs) decay-
ing, and (iii) superimposed with the intense vibrational wings of the lower superradiant levels. Thus, 
excitation of higher levels is never selective and the fast downhill transfer components from them are 
hidden under the pump pulse envelope and coherent artifacts [26]. Besides, the relaxation dynamics in 
conventional pump-probe is difficult to separate from the ground-state bleaching, that can exhibit its 
own dynamics determined by a vibrational hole. To improve selectivity and to exclude a background 
(ground-state bleaching), a higher-order nonlinear techniques can be used. In our recent study of the 
excited-state dynamics within LH1 and LH2-B850 antennas (Th. A. Cohen Stuart et al., submitted) a 
three-pulse method have been proposed, where the first ‘pump’ pulse creates an excited state wavepacket 
(superposition of the one-exciton states) that is subsequently (after excited-state equilibrium is reached) 
perturbed by the second ‘dump’ pulse pushing some part of the population back into the ground state. 
The subsequent re-equilibration is then monitored by the third ‘probe’ pulse. This scheme is illustrated 
in Figure 4.1. 
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Figure 4. 1. Exciton picture illustrating the dynamics of pump-dump-probe response. Potential energy E as 
a function of an effective nuclear coordinate Q is shown for the ground (g), and three lowest exciton states 
(k=0,-1, 1) of the circular aggregate. Vibrational wavepackets associated with the three lowest exciton states 
and corresponding to exciton-vibrational equilibration (reached at several ps after impulsive excitation) of 
are shown by blue lines. Their integrated areas and shapes reflect Boltzmann distribution of the excitation 
density over exciton states and over vibrational sub-levels, respectively. The action of the dump pulse (red 
arrow) creates a hole into the steady-state vibrational wavefunction of the lowest k=0 exciton level (cyan 
area), moving some part of the nuclear wavepacket to the ground state (cyan). A following re-equilibration 
dynamics, including relaxation from higher exciton levels (blue arrows), is monitored by the probe pulse. A 
coherent motion of the excited- and ground-state wavepackets (cyan arrows) results in oscillations within 
the stimulated emission and bleaching bands peaking near 870 and 850 nm, respectively.   

In this scheme the dump pulse depopulates the lowest k=0 level without re-pumping of the excited 
states via ground-state absorption and without population of the two-exciton states via excited-state 
absorption. This is possible by tuning the dump wavelength to the red, where the pulse spectrum is 
well overlapped with stimulated emission of the lowest state and does not overlap with the ground- and 
excited-state absorption. 
In such pump-dump-probe (PDP) technique the relaxation dynamics is much better resolved due to 
(i) selective interaction of the dump with only one level (or even with the red part of inhomogene-
ously broadened lowest level), (ii) only the relaxation between the lowest levels is monitored, whereas 
relaxation from short-living higher levels is almost excluded, because they are only weakly populated in 
equilibrium, (iii) relaxation between the lowest (k=0, ±1) levels is accompanied by spectral changes with 
big amplitudes, because these levels are superradiant and (iv) relaxation between k=±1 and k=0 levels is 
better resolvable, being slower than the relaxation from higher k=±2, ±3 levels. Besides the better selec-
tivity, the great advantage of pump-dump-probe method is a possibility of monitoring of the specially 
prepared changes of the excited-state wavepacket, that are free from the ground-state bleaching present 
in conventional pump-probe. This allows a better viewing of pure excited-state relaxation. 
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In this paper we model the relaxation dynamics in LH2-B850 antenna obtained with PDP method. A si-
multaneous quantitative fit of linear spectra, pump-probe, and pump-dump-probe kinetics allows a fur-
ther verification of the disordered exciton model and Redfield relaxation picture. Such we obtain a more 
accurate and reliable model of exciton equilibration in the antenna. This model gives an explanation of 
the bulk dynamics (averaged over ensemble) and enables us to explore in detail the correlation between 
the relaxation rates and disorder-induced variations of the exciton wavefunctions in single complexes.  

The Model 

In order to model the PDP data we have developed a theory, where the multipulse pump-dump-probe 
response is evaluated in the spirit of the doorway-window approach [28] in combination with the mod-
ified Redfield theory [29]. The full set of equations needed to calculate the linear absorption (OD), 
steady-state fluorescence (FL), pump-probe (PP), and PDP spectra is given in Appendices A-C. 
The exciton structure of the antenna is calculated using the ‘disordered exciton model’ [developed in refs 
25-27, 30]. Exciton couplings are the same as in [27, 30]. Site energies are adjusted in order to reproduce 
the peak of OD. The asymmetry of the site energies within the dimeric subunit (within 100-200 cm-1) 
has a little effect on the spectra. Static disorder is modeled by uncorrelated shifts of the site energies 
taken from Gaussian distribution with the FWHM value of 500 cm-1. Following [30] the exciton-phonon 
spectral density is modeled as a sum of three Brownian oscillators. This allows a better fit of the spectral 
shapes and PDP dynamics  (testing of different spectral densities is discussed in Supporting Informa-
tion). 
The modified Redfield approach implies a calculation of the spectral responses in a pure exciton basis, 
where a coupling to vibrational coordinates is accounted for via exciton-phonon spectral density (Eqs 
C1, C2) that determines the lineshapes (Eq B1, A5) and relaxation rates (Eq A8) between the exciton 
eigenstates. In this approach the dynamics along vibrational coordinates is not included explicitly, so 
that the oscillatory features in the PDP kinetics (determined by coherent vibrational dynamics induced 
by the dump) cannot be reproduced. Thus, the calculated PDP kinetics include only the non-oscillatory 
part of the measured kinetics. 

Simultaneous fit of the data

A simultaneous fit of the room temperature OD/FL spectra, equilibrated PP spectrum, and PDP kinetics 
probed at 850 and 870 nm is shown in Figure 4.2. The 850 nm kinetics corresponds to the  absorption 
changes near the maximum of the B850 absorption band determined mostly by the k=±1 levels. The 
870 nm kinetics reflects a population dynamics of the lowest k=0 level. The ratio of the amplitudes of 
the absorption changes at 850 and 870 nm between t=0 and infinite t is about 2.75. This ratio reflects a 
difference in dipole strengths of the k=±1 and k=0 levels. But the ratio of these dipole strengths is not 
identical to the ratio of the measured PDP amplitudes. In particular, one should bear in mind (i) a strong 
overlapping of the k=0 and k=±1 emission profiles near 870 nm, (ii) overlap of stimulated emission and 
the excited-state absorption bands, and (iii) contribution of higher k=±2 states to spectral shapes and 
relaxation dynamics. A precise determination of the dipole strengths (including their statistics induced 
by the disorder) will be done in next sections.  

Relaxation dynamics

The action of the dump at t=0 depopulates the lowest k=0 level, but the k=-1 and k=+1 levels are also 
slightly depopulated (see left frame of Figure 4.3) because the red wings of their absorption are over-
lapped with the dump-pulse spectrum. To compare the time scales of re-equilibration for different levels 
it is convenient to plot the deviations of populations from their initial values (as shown in the right frame 
of Figure 4.3). This way we can distinguish two time scales of equilibration: fast relaxation of higher k=-
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2, +2 levels within first 70 fs (that is almost complete after 100 fs) and slower transfer from the k=-1, +1 
states to the lowest k=0 level with apparent time constants of 150-400 fs.  Interplay of these two processes 
results in specific non-monotonous kinetics of the k=-1 level, that is quickly re-populated from higher 
levels during 50-70 fs, and then exhibits slower depopulation due to relaxation to the lowest k=0 level.  

Statistics of relaxation parameters

In our model the exciton structure of the antenna (characterized by the wavefunctions cnk and energies 
wkg of the exciton states – see Appendix A) is strongly dependent on the realization of the disorder. In 
previous works we have studied the steady-state spectra and the dynamics of the equilibrated exciton 
wavepacket as a function of the disorder pattern in a single LH2 complex [27,30]. In the present paper 
we focus our attention at earlier stages of the excitation dynamics in LH2,  i.e. fast sub-ps and sub-100 fs 
relaxation dynamics, occurring prior to formation of the steady-state (equilibrated) wavepacket. Figures 
4.2 and 4.3 show this dynamics and its spectral signatures averaged over disorder. Now we switch to 
statistics illustrating the spread of the relaxation parameters in different realizations of the disorder and 
correlation between these parameters and the disorder-induced changes of the exciton structure of the 
complex.   

Figure 4.2. Simultaneous fit of the room temperature spectra for LH2 from Rb. sphaeroides, including OD, 
FL, PP, and PDP. The measured data (Th. A. Cohen Stuart et al., submitted) is shown by points. The equili-
brated PP spectrum is measured at 5 ps delay after excitation of the B800 band. The PDP responses probed 
at 850 and 870 nm are shown as a function of time delay between the probe and dump. The dump pulse 
is tuned to 895 nm.  The calculated spectra and kinetics are shown by red lines. The calculated PDP traces 
include only non-oscillatory part of the kinetics.   
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Figure 4.3. Left: Changes of populations for the lowest 9 exciton levels induced by the dump (negative values 
correspond to depopulation of the level). Right: the same, but exciton populations are counted from their 
initially dump-induced values (only 5 lowest levels are shown). The positive and negative population values 
correspond to re-population and depopulation, respectively.    

The exciton structure can be characterized by a set of quantities, including the energy of zero-phonon 
exciton transitions Ek, delocalization length (inverse participation ratio) of the exciton wavefunctions 
Nk=1/Sn(cn

k)4, and dipole strength of the exciton transitions Dk. The connection between the k-th 
and k'-th states is characterized by the wavefunction overlap Ck'k=(Sn(cn

k)2(cn
k')2, and relaxation rate 

Rk'k=Rk'k'kk (see Eq A8). 
Traditionally, the exciton states of a homogeneous circular aggregate are labeled by their momentum 
value, i.e. k=0, -1, +1, -2, +2, etc. In a disordered ring the exciton states cannot be characterized by any 
definite momentum value, and the only possibility is to sort the levels in increasing order of their zero-
phonon energies. Above we were labeling the thus sorted levels as k=0, -1, +1, -2, … (implying that the 
lowest level is always k=0, the next level is always labeled as k=-1 independently of the structure of its 
wavefunction, etc.). Alternatively the levels can be labeled by k=1, 2, 3, 4…numbering the exciton states 
in increasing order of their energies.  Below we will use such labeling too (in particular for tensor com-
ponents like Rk'k) to avoid confusion.
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Statistics of relaxation rates, delocalization and superradiance.

Figure 4.4 shows a disorder-induced distribution of the relaxation rates between the lowest exciton 
states, delocalization lengths and dipole strengths of these states.

Figure 4.4. Statistics of the relaxation rates (R12, R23, and R34), delocalization lengths (N1, N2, and N3) and 
dipole strengths (D1, D2, and D3) for the lowest states (subscripts 1, 2, 3, and 4 number the exciton states 
in increasing order of energy). Histograms show a distribution of these values in 30000 realization of the 
disorder. Numbers near histograms indicate the averaged values.  Delocalization length is calculated as the 
as the inverse participation ratio of the exciton wavefunctions. Dipole strength is measured in the units of 
the monomeric dipole strength.

A downhill relaxation between the two lowest states (see the R12 pannel of Figure 4.4) is characterized 
by a big spread of the rates (at least three orders of magnitude!) giving time constants from a few dozen 
of ps to less than 30 fs. About 30% of the R12 values correspond to very slow (<2 ps-1) relaxation between 
the two exciton states localized at opposite sides of the ring (see next section and Supporting Informa-
tion). Moreover, slower rates in this range have bigger occurrences. In contrast, the rates of relaxation 
between higher levels are concentrated around higher values, i.e. around 3-5 ps-1 for R23 and 10-15 ps-1 
for R34 components (see the R23 and R34 pannels in Figure 4.4). On the other hand, the R12 distribution 
shows relatively high occurrences in the 15-30 ps-1 region. Correlation between the relaxation rates (R12 
and  R23) and the wavefunctions of the 1-3 states are illustrated in Supporting Information. There is a 
very big spread of the delocalization length for all the states (see distributions of N1, N2, and N3), i.e. 
from 1.5 to 14 molecules for the lowest state, 2 to 12 for the second and 3 to 13.5 for the third states. The 
higher-state (k=±1) wavefunctions have a different sign on opposite sides of the ring, and therefore are 
capable to produce a superposition of the circularly degenerated molecular dipoles with a big total di-
pole strength of about 6-7. The lowest state wavefunction is non-oscillating, and due mutual cancellation 
of the molecular dipoles from the opposite sides of the ring, the resulting dipole strength is relatively 
low. Thus, a delocalization of the lowest state over 1.5-14 molecules still produces a dipole strength of no 
more than 3-4 (compare distributions of N1 and D1). The averaged dipole strength of the lowest state is 
2.57. Remember that a direct measurement of supperradiance [31] gave the value of 2.8 for k=0 in LH2 
from Rb. sphaeroides at room temperature.
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Figure 4.5. Histogram showing a distribution of the zero-phonon energies for the three lowest exciton states 
in 30000 realizations of the disorder.  

Figure 4.5 shows distribution of the zero-phonon energies of the three lowest states. The splitting be-
tween the pair of k=±1 levels is distributed around 90 cm-1, the splitting k=±1 and k=0 levels is distrib-
uted around 92 cm-1. The apparent inhomogenic width (FWHM) is about 150, 175, and 230 cm-1 for the 
k=+1, -1, and 0 levels, respectively (the FWHM of the site inhomogeneity is 500 cm-1).  The increasingly 
localized character of the k=+1, -1, and 0 states reduces a motional narrowing (i.e. narrowing of inho-
mogeneity in the exciton representation) and increases a disorder-induced spread of the reorganization 
shifts (given by l/Nk according to Eq A6). This way, the disorder of the eigenvalues (of the free-exciton 
Hamiltonian) in combination with the disorder of reorganization energies produces such a large inho-
mogeneity of the lowest states.

Correlation between the relaxation rates and fluctuating parameters of the exciton states. 

After analysis of distributions of the main quantities of our exciton model we now switch to study the 
correlation between the disorder-induced fluctuations of these quantities. 
We have seen that the lowest level is most sensitive to the disorder, i.e. displaying a biggest spread of the 
transition energies (Figure 4.5), delocalization values  (Figure 4.4, middle frames), and relaxation rates 
between any pair of levels including the lowest one (Figure 4.4, top frames). 
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Figure 4.6. Relationship between the relaxation rates, delocalization, and overlap of the exciton wavefunc-
tions. (A,B): delocalization length N1 and relaxation time constant R12

- 1 plotted as a functions of the zero-
phonon energy E1 shown for 5000 realizations of the disorder. (C,D): wavefunction overlap C12 and re-
laxation time constant R12

-1 vs delocalization length N1 . (E,F): relaxation time constants vs wavefunction 
overlap, i.e. R12

-1(C12) and R23
-1(C23). Subscripts 1, 2, and 3 number the exciton states in increasing order of 

energy.

Figure 4.6A shows a correlation between the delocalization and the transition energy of the lowest state, 
i.e. N1(E1) dependence. The more localized states are more red-shifted. Typically such states are local-
ized around any molecule whose transition energy exhibits a pronounced red shift. This results in red 
shifting of the full exciton state. Such localization also increases an effective coupling to phonons. The 
corresponding reorganization shift increases in proportion to l/Nk, thus gives rise to an additional 
phonon-induced red-shift. (Notice that these phenomenon have a dramatic effect on the fluorescence 
spectra of a single LH2 complex, as was discussed in detail elsewhere [27,30]. The relaxation between the 
two lowest states is fast (sub-100 fs for most part of realizations) when the lowest state is high in energy  
(Figure 4.6B, region E1=11500-11700 cm-1). For localized and red-shifted realizations this relaxation can 
be either fast or slow with equal probability (Figure 4.6B, region E1=11100-11400 cm-1). This depends 
on relative locations of the localized k=0 state with respect to the k=-1 wavefunction (see next section).    
Another quantity closely (and more directly) related to the relaxation rate is the wavefunction overlap. 
In standard Redfield theory a relaxation rate Rk’k is proportional to the wavefunction overlap Ck’k and 
spectral overlap of the donor and acceptor states [32]. In modified Redfield we’ve got a similar depend-
ence, but the wavefunction overlap is modulated by the phonon functions in a more complicated fash-
ion [29,33,34]. Figures 4.6E and 4.6F show relaxation times vs wavefunction overlap for the two lowest 
states, i.e. the R12

-1(C12) dependence, and the same dependence for the k=±1 pair, i.e. R23
-1(C23). The rate 

cannot be faster than the maximal value given by wavefunction overlap, i.e. for the fastest rates Rk’k~Ck’k 
, or Rk’k

-1~1/Ck’k (this lower limit of the relaxation time is clearly seen as a kernel of the distributions in 
Figures 4.6E and 4.6F). But for a given Cv value we can find a lot of slower realizations (with bigger Rk’k

-

1 values) due to disorder-induced spread of the spectral overlap. This spread is bigger for the first pair 
(Figure 4.6E) where the lowest state (with bigger amplitude of the energy shifting) is involved. 
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Figures 4.6C and 4.6D illustrate the dependence of the overlap C12 and relaxation time R12
-1 on delocali-

zation length N1. The overlap C12  can be very small for localized states (N1 =2-5). On the other hand 
its bigger values also correspond to approximately the same region (N1 =3-5). If these localized states 
occupy the opposite sides of the ring, the overlap is small, but if they coincide, the overlap is even big-
ger than in the delocalized limit (N1 =10-14). Correspondingly, we got fast relaxation in the delocalized 
case (Figure 4.6D, N1 =10-14), whereas for more localized case (N1 =4-7) we can find both fast and slow 
transfers.     
 
Relationship between the exciton wavefunctions and the relaxation rates

As we have seen, the relaxation rate between the exciton states dependents dramatically on the spatial 
overlap of their wavefunctions. In a homogeneous aggregate the shapes of wavefunctions are fixed by 
geometry and unperturbed values of the site energies. In the disordered case a random shift of the site 
energies produces a wide diversity of the wavefunction shapes. In this section we demonstrate a few 
typical cases (corresponding to different realizations of the disorder) showing how relaxation between 
the two lowest states is correlated with their wavefunctions.  (More examples, including relaxation be-
tween the three lowest states can be found in the Supporting Information). 
Sometimes the two lowest states can be localized at the opposite sides of the ring (Figure 4.7A) with only 
a very small overlap. Transfer between such states is very slow (20 ps in our example or even slower). If 
the states are localized, but their localization areas are closer to each other, the transfer becomes much 
faster due to better overlap of their wings (137 fs in Figure 4.7B). If the states are localized at the same 
(small) group of pigments (as shown in Figure 4.7C), we got the biggest possible overlap and extremely 
fast transfer, i.e. 17 fs. Thus, ‘moving’ of localized states toward each other (in Figures 4.7A-4.7C) results 
in 3-orders of magnitude speed-up of energy transfer! 

Figure 4.7. Relationship between the relaxation rates and the shapes of the exciton wavefunctions. Points 
connected by lines show a participation of the pigments in the two lowest exciton states, i.e. k=0 (blue) and 
k=-1 (green).  Participation value is given by a squared wavefunction amplitude (cn

k)2 , where n is the num-
ber of pigment.  Numbers in each frame indicate a downhill relaxation time constant R12

-1. 
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Figures 4.7A, 4.7D, and 4.7E show the wavefunctions with the maxima at the opposite sides of the ring, 
but with different degree of delocalization (with an increase in delocalization of both states). Increasing 
overlap of the wavefunctions wings is capable to change the time scale of a jump across the ring from 20 
ps to 3.4 ps and even 336 fs! 
If both two wavefunctions are highly delocalized and coincide well in space (as shown in Figure 4.7F) 
the transfer becomes even faster (i.e. 49 fs in the example shown in Figure 4.7F). Interestingly, in such 
highly delocalized realizations the relaxation is always fast (30-50 fs), but not so fast as for well overlap-
ping localized realizations (like shown in Figure 4.7C). 

Discussion and conclusions 

The key property of the disordered exciton model used in our modelling is a specific disorder-dependent 
structure of the lowest exciton state, k=0. This state is superradiant (on average) [25,26] and can exhibit 
anomalously big red-shifting and broadening in the realizations of the disorder producing localized 
(self-trapped) excitations [27]. An alternative model for LH2 antenna implies a correlated shift of the 
site energies (induced by elliptical deformation) and a reduced amount of uncorrelated disorder [35-39] 
suggests almost a forbidden k=0 level. This feature of the elliptical model is however in contradiction 
with the direct measurements of superradiance [31] and with the observed fluctuations of the FL pro-
files [30,40] strongly suggesting a large value of the uncorrelated disorder in a single LH2 complex [27].
Notice that in this paper we use essentially the same disordered exciton model of LH2 as in modeling of 
the single-molecule data. Analysis of the PDP data allowed a further verification and adjustment of the 
model also giving a deeper insight into the origin and properties of the exciton states. The first remark-
able fact is the possibility of a selective excitation of the lowest exciton state at 895 nm. This is only pos-
sible if the k=0 emission profile is more intense than the wings of the emission spectra from the higher 
levels. Our modeling suggests that the initial conditions (population changes induced by the dump) 
cannot be reproduced if the k=0 level is not superradiant on average.  The superradiant character of the 
lowest level is further corroborated by the ratio of the amplitudes of the 870 and 850 nm PDP signals. 
We demonstrated that the observed ratio can be reproduced by the disordered model with the ratio of 
the dipole strengths of D2/D1=6.02/2.57=2.34 (the apparent ratio of the PDP amplitudes is generally not 
identical to dipole strengths ratio, but in our case it is close, i.e. 2.75). The dipole strength of the lowest 
level extracted from the fit, i.e. D1=2.57 is in reasonable agreement with the superradiant experiment, 
[31] giving the value of 2.8.  
Finally, our modeling confirms the existence of realizations with localized and red-shifted k=0 level. 
These realizations determine a big spread of the R12, giving slow components in the relaxation between 
the lowest states, also seen as slow components in the PDP kinetics.   We conclude that multipulse 
technique (in particular, pump-dump-probe) is a powerful tool for exploring the dynamics within the 
excited-state manifold giving a unique possibility to highlight any particular relaxation channel and 
properties of individual excited states. In combination with conventional spectroscopies, this allows 
a more precise estimation of the key parameters that determine the whole energy transfer event. Our 
studies of excitation dynamics in LH2 based on simultaneous fitting of linear spectra, pump-probe, and 
pump-dump-probe kinetics revealed that relaxation rates are strongly dependent on realization of the 
disorder. A big spread of the rates (exceeding three orders of magnitude) is correlated with the disor-
der-induced changes in delocalization length and overlap of the exciton wavefunctions. Thus, the bulk 
kinetics reflect a superposition of many pathways corresponding to different physical limits of energy 
transfer, varying from sub-20 fs relaxation between delocalized and highly overlapped in space exciton 
states to >20 ps jumps between the states localized at the opposite sides of the ring. 
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Appendix A

Pump-Dump-Probe Spectroscopy: modified Redfield approach

1. We consider a sequential pump-dump-probe, i.e. pump acts the first, dump the second, and probe 
the third. 
2. The dump is red-shifted into the region of stimulated emission of the lowest exciton level and does not 
overlap with the ground-state and excited-state absorption. 
3. The pump-dump delay exceeds a time period corresponding to equilibration within excited (one-ex-
citon) states.  Initially, the pump pulse with the frequency  w1 creates a superposition of the one-exciton 
states together with the hole in the ground state described by the doorway amplitudes Dkk(0,w1) and 
Dgg(0,w1), respectively. The evolution of the excited-state wavepacket due to exciton relaxation/migra-
tion during pump-dump delay tD is given by the time-dependent doorway amplitudes Dkk(t,w1). After 
equilibration these amplitudes are given by Boltzmann distribution of one-exciton populations Pk. The 
ground-state doorway function is constant in the pure exciton basis, being determined by total popu-
lation removed from the ground state, i.e. Dgg(t,w1)= -SkDkk(t,w1)= -SkDkk(0, w1). (But in the exciton-
vibrational basis the ground state function is generally time-dependent due to motion of the vibrational 
hole created by impulsive excitation). 
The dump pulse with the frequency tD applied at the time moment t= tD produces the dumped door-
way amplitudes DDkk(tD,wD) and DDgg (tD,wD), corresponding to depopulation of the excited state and 
additional population of the ground state. The dynamics of the dump-induced re-equilibration is then 
given by DDkk(t-tD,wD). Due to conservation of the total population the ground-state amplitude is time-
independent, i.e. DDgg (t-tD,wD)= -SkDDkk(tD,wD), unless the vibrational dynamics is taken into ac-
count. 
It is useful to compare the doorway-window representation of conventional pump-probe (PP) and 
pump-dump-probe (PDP). Both responses can be expressed as a sum of three components: ground-
state absorption (GSA), excited-state absorption (ESA) and stimulated emission (SE):
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where t′= t-tD. The initial doorway amplitude Dkk(0,ω1) and the window amplitudes Wkk(ω2), W'kk(ω2), 
and Wgg(ω2) are given by (Mukamel, 1995; Zhang et al., 1998): 
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where ε1, εD, and ε2 are the envelopes of the pump, dump,  and probe pulses (they are taken to be real). 
Here we use indices g, k, and q for ground, one- and two-exciton states respectively. 
Using the same approach we obtain the initial (created by the dump pulse at the moment t=tD dumped 
doorway amplitude DDkk(t,ωD): 
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Transition dipoles dkg and dqk correspond to g→k and k→q transitions with the transition frequencies 
ωkg and ωqk, respectively. These dipoles can be calculated as:  
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where the wavefunction amplitudes cn
k give the participation of the n-th pigment in the k-th exciton 

state, whereas cnm
q give the participation of the excited pair of pigments (n,m) in the q-th two exciton 

state. Notice that cnnq corresponds to the contribution of the double-excited state of the n-th pigment 
in the two-exciton manifold. Transition dipole from the ground to the first excited state of the pigment 
is dn, transition dipole from the first to second excited state of the n-th pigment is dnn. Superscripts e1, 
eD, and e2 denote projection of the transition dipoles to the polarization vectors of the pump, dump, 
and probe pulses. 

The lineshape functions D, W, and W' describe the dephasing during the electronic coherence periods 
t1 and t3. They correspond to ground-state absorption, excited-state emission, and excited-state absorp-
tion, respectively. Note that the window amplitude Wgg(ω2) depends on the D-function, being deter-
mined by the ground-state absorption. The dumped doorway amplitude DDkk contains the product of 
the initial doorway created by the pump and the W-function describing the transfer from excited to 
ground state induced by the dump pulse. In the modified Redfield theory the lineshape functions are 
(Zhang et al., 1998):
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The line-broadening functions (g-matrices) and reorganization energies (λ-matrices) in the exciton rep-
resentation (appearing in Eq A5) can be expressed through the site representation values (i.e. g(t) and 
λ):  
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and the same equations connect the λ-matrices with the λ value. Eqs A6 are obtained supposing the 
exciton-phonon coupling is described by the uncorrelated diagonal model (Novoderezhkin et al., 2004).
The time evolution of the initially created doorway and dumped doorway amplitudes is given by
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with the initial conditions given by Eqs A2. The relaxation tensor calculated according to the modified 
Redfield approach is (Zhang et al., 1998):
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Notice that the doorway amplitudes Dkk(τ,ω1) and DDkk(τ-τD,ωD) are equal to the time-dependent popu-
lation of the k-th exciton state (these populations are not normalized). Remind that the coherences 
between one-exciton states Dk'k and DDk'k are not included into the modified Redfield approach. Switch-
ing to the site representation we obtain the time-dependent density matrix reflecting the dynamics of 
equilibration (or dump-induced re-equilibration) in a real space: 
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Appendix B

Linear spectra  

The absorption (OD) and steady-state non-selective fluorescence (FL) spectra are:
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where Pk denote the steady-state population of the k-th state. A relaxation-induced broadening is given 
by the inverse lifetime of the exciton state τk (the latter is expressed as a sum of transfer rates Rk'k'kk. from 
k-th to other (k'≠k) states). 
Eqs B1 (as well as equations for nonlinear responses, i.e. Eqs A1-A5) give homogeneous line shapes. In 
the presence of static disorder (for example site inhomogeneity) the homogeneous spectra should be av-
eraged over a random distribution of the site energies that will perturb energies ωkg and eigenfunctions 
cnk of the exciton states. 

Appendix C 

Spectral density of exciton-phonon coupling  

The line-broadening function g(t) and reorganization energy in the site representation λ are:
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where C(ω) is the spectral density of exciton-phonon coupling, kB is the Boltzmann constant, T is the 
temperature. To construct the spectral density profile we use the sum of an M overdamped Brownian 
oscillators and J resonance contributions due to high-frequency modes:
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where λ0m and γ0m denote coupling and characteristic frequency of m-th Brownin oscillator, ωj, λj and γj 
are frequency, coupling and damping constant for j-th vibrational mode, Sj is the Huang-Rhys factor of 
the j-th vibrational mode. 
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Chapter 5

Quenching of the accessory bacteriochlorophyll by charge separated states 
in the wild type and YM210W bacterial reaction centre studied by selective 
state spectroscopy. 

Abstract

The role of the accessory bacteriochlorophyll in the charge separation process in the bacterial reaction 
centre is studied by using a spectroscopy technique with two separately tunable excitation pulses. In the 
pump-repump-probe experiments and ‘action measurements’ we present here, the first pulse excites 
the reaction centre to a specific excited state. The prepared state is then influenced by the second pulse. 
Using selective wavelengths (795 and 895 nm), the special pair P and the accessory chlorophyll B are 
excited successively. In this study, the wild type and a mutant YM210W with a long-lived P* state are 
used. Our measurements show that a second pump, or repump, exciting B population to B*, is not able 
to effectively produce charge separated state P+Q-. It is concluded that the charge-separated states gener-
ated by the first pulse are able to quench the B* population instigated by the second pulse. 
From global analysis it is estimated that in 21 % of the cases the repump pulse arrives at a reaction 
centre in a charge separated state (using a 5 ps delay for the repump).  The B* population is quickly 
quenched and a loss of photoproduct is observed. For repumping after 250 ps, a loss of efficiency of 
18% is observed. Action measurements reveal a strong amplitude difference in loss of the photoproduct 
after repumping with 795 or with 895 nm. Also, the population excited by the 795 nm repump does not 
dynamically influence the charge separation process, but appears to be quenched by the present charge 
separated states, P+H-, or P+Q-. The population excited by an 895 nm repump does directly influence 
the charge-separation process, reflected by charge-separation lifetime dependent dynamics. From these 
observations, a direct annihilation of B* population by the 895 nm repump is concluded. 

Thomas A. Cohen Stuart, Mikas Vengris, I.H.M. van Stokkum , Rienk van Grondelle. Manuscript to be 
submitted.

Introduction

The bacterial reaction centre (RC) of Rhodobacter Sphaeroides forms the heart of the machinery this 
cyano-bacterium uses to transforms light energy into chemical energy. The RC is a membrane bound 
pigment-protein complex. It is surrounded by the light harvesting complex 1 (LH1), another protein-
pigment complex that forms a ring of bacteriochlorophylls (BChls). In nature, this coupled complex 
(LH1-RC) is surrounded by several pigment-protein rings called light harvesting complex 2 (LH2). Such 
an arrangement was first described by Aagaard and SistrÖm in 1972 [1]. The rings of coupled bacteri-
ochlorophylls in LH1 and LH2 complexes act as antennae for incoming solar light and effectively trans-
fer its energy to the core, the reaction centre. The bacterial reaction centre has such an overlap of its bac-
teriochlorophylls that the energy entering the periplasmic side can be effectively transducted across the 
membrane to the cytoplasmic side of the membrane [2-10]. A schematic picture is shown in figure 5.1. 
The bacterial reaction centre contains eight pigments thought responsible for the energy conversion and 
transport; six BChls and two ubiquinones. The special pair (P) consists of an excitonically coupled dimer 
of BChls called PA and PB. The BChls BA and BB are the accessory bacteriochlorophylls. BA act as an inter-
mediate in transporting the excitation energy across the membrane towards HA. HA and HB are so called 
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bacteriopheophytines; BChl’s lacking the magnesium atom in the centre. The final two pigments QA and 
QB, are ubiquinones. When the special pair P is excited to P*, this excitation creates a charge-separated 
state P+BA

- via a short-lived charge transfer state P+/P- [11]. This takes about 1 picosecond. In a total of ~3 
ps the electron is transferred to H, creating P+HA

-.  The electron is then transferred to the ubiquinone in 
~200 ps, creating state P+QA-. From QA the electron transfers to QB via an iron atom involved in a redox 
reaction with cytochrome C2 [12]. This state is slowly reduced to the ground state [13-15]. 
The total conversion process is very efficient (> 98%) and occurs mostly over one side (A) of this near-
symmetry “branched” arrangement [16]. From the crystal structure it was assumed in 1989 that the 
accessory bacteriochlorophyll BA is involved as an intermediate in the energy transduction [9, 17]. Spec-
troscopic evidence of the accessory bacteriochlorophyll being involved was presented 4 years later by 
Arlt et al. where they assign an anionic radical band around 1020 nm [18] existing during the first ps 
after excitation of P*. In 2004 the overlap between the accessory and primary donor bacteriochloro-
phylls has been modeled using Redfield theory [19]. In this study we utilize a multipulse spectroscopic 
technique that offers two separately tunable excitation pulses. This property is used to do two-dimen-
sional pump-(p)repump-probe experiments. A specific state of the reaction centre is excited by the first 
pulse. This population is then re-excited or demoted with the second excitation pulse. By doing so, the 
charge-separation species can be monitored more selectively. To be able to specify the role of P* and BA 
in the charge-separation process, the wild type and a mutant reaction centre, YM210W are used. This 
mutant is constructed via site-specific mutagenesis and contains a tryptophan instead of a tyrosine at 
position 210 of the M-chain of the protein [20, 21]. This mutation results in much longer lived P* state 
and the charge separation is about 10 times slower than in the wild type [22, 23]. This mutant is chosen 
because its mutation is specifically designed to affect the energy landscape around the special pair. Here, 
specifically the role of the P* and BA* in creating the charge-separated species P+H- and P+Q- is studied.           

Figure 5.1:  The bacterial reaction centre chromophore arrangement. The special pair of bacteriochloro-
phylls in a closely coupled arrangement, PA and PB, and the subsequent electron acceptor chromophores, BA, 
HA and QA are shown. From the excited state of the special pair, the electron is transferred via a P+BA

- in-
termediate in 3 ps to P+HA

- and to P+QA
- in about 200 ps. The final reduction takes ~100 ms. (picture taken 

from M.R. Jones, 2007)
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Materials and Methods

Samples

The bacterial reaction centre of Rhodobacter sphaeroides R26.1 is isolated and purified according to 
procedures described in references [20, 21]. Mutant construction, protocols for the growth of the reac-
tion centers and membrane preparation of the YM210W mutant have been described in [24, 25]. The 
samples are dissolved to an OD of 0.3 at 795 nm in a Tris:HCL buffer and kept in 0.1 % LDAO. 

Multipulse Spectroscopy

In this paper we address the charge separation using a visible femtosecond multipulse spectroscopic 
technique. It utilizes three laser pulses; two separately tunable excitation pulses and a white light contin-
uum to probe the dynamics instigated by the two excitation pulses. By selecting the proper wavelengths 
and timing we can excite both H and P pigments, or B and P pigments and record their interplay. In 
this paper we use two schemes of exciting these pigments to try and explain their role. The first scheme 
is a pump-repump-probe scheme. It is equal to a pump-dump-probe scheme first used by Anfinrud et 
al [26] in 1997, with the exception that here the dump pulse acts as a pump. The first pulse centered at 
895 nm excites the special pair P to its first excited state P*. The second pulse, centered at 795 nm then 
repumps the accessory bacteriochlorophyll BA. Depending on the measurement this is 5 ps or 250 ps 
after the first excitation. The temporally variable white light continuum probes the absorption changes. 
In a pump-repump-probe measurement simultaneously four data sets are generated. The normal pump-
probe (PP) signal, the pump-repump-probe (PRP) signal where all pulses arrive at the sample, the re-
pump-probe (RP) signal where only the repump and probe pulse arrive at the sample and the reference 
spectrum where no excitation pulses arrives. 
If we subtract the pump-probe and repump-probe signal from the pump-repump-probe signal, we can 
visualize the interplay between the excitations instigated by both the pump and repump pulses. This is 
represented by the cyan trace in figure 5.3. The second scheme is a so-called action measurement earlier 
utilized by Larsen et al. [27]. 
This scheme is optimized to visualize the effect of the dump or repump pulse. The pump pulse is set at 
T0 and the probe to record the P+Q- formed at 250 ps. The dump pulse however, is varied from – 50 to 
50 picoseconds. When this dump arrives before the pump, we can also refer to it as a prepump pulse 
and when it arrives after the pump as a repump pulse. A different description resembling the earlier 
used terms is therefore pump-(p)repump-probe. The results of this technique are shown in figure 5.5. 
The global analysis method used to model these data is presented in [3, 4]. In target analysis, a kinetic 
scheme is used to estimate the decay rates and target spectra of the species involved in the energy and 
electron transfer. 

Visible Spectroscopy

Steady state measurements were taken with a Shimadzu UV-3101PC spectrophotometer. Transient 
measurements were taken with a homebuilt multipulse setup. Briefly, the output of a Ti:sapphire regen-
eratively amplified laser system operating at 1kHz (SpectraPhysics Spitfire) is divided into three beams. 
One beam was sent to a travelling wave optical parametric amplifier of superfluorescence, TOPAS 
(LightConversion, Vilnius, Lithuania) system to generate the excitation pulse at the desired centre wave-
lengths of 895 nm, the other was sent into the second TOPAS, set to produce 795 nm pulses. With 
the third beam, white light continuum was generated by focusing on a translating 2mm thick calcium 
fluoride plate. The excitation pulse from the TOPAS was focused in the sample to a diameter of about 
170 μm, and spatially overlapped with the probe beams. The absorption changes were recorded, after 
dispersion of the probe light in a spectrograph (Newport Oriel MS127i), with a 256-element diode array 
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(Hamamatsu S3901-256Q). The probe beam polarization was set at the magic angle orientation (54.7°) 
with respect to each pump beam using a Berek polarization compensator. The samples were put in a 
shaking 1-mm fused silica cell. Two phase locked choppers operating at 250 Hz and 125 Hz were used 
to control the excitations. The time delay between the 895 nm pump-, the 795 nm repump and the probe 
beam was controlled by sending the 795 nm repump and the probe beam over a variable optical delay 
line. The instrument response function was determined via cross-correlation of the pump and probe 
and was ~120 fs. The pump pulse was set to be 250 nJ per pulse and the repump pulse was set 25 nJ per 
pulse. A complete pump-repump-probe scan averages 5000 shots per time-point, and comprises a total 
of 110 time-points ranging from -10 ps to 7000 ps. An action trace averages 5000 shots per time-point 
from -10 to 10 ps or -50 ps to 50 ps, depending on the experiment. 

Results and discussion

Steady State Spectroscopy
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Figure 5.2: The absorption spectra of the wild type bacterial reaction centre of Rhodobacter sphaeroides and 
of mutant YM210W. The pheophytines (HA and HB) absorb around 760 nm, the accessory bacteriochloro-
phylls BA and BB at 800 nm and the 870 nm band is mostly due to P- absorption. 

The steady state spectrum in figure 5.2 shows the three band structure of BRC around 800 nm. The 
band centered at 760 nm has been attributed to the pheophytins (HA and HB), the central band to the 
accessory bacteriochlorophylls (BA and BB) and the red most to the special pair (P+ and P-). The special 
pair is excitonically coupled, resulting in a splitting of the optical transition of P* into the high and low 
exciton bands, P+ and P-. The first, P+ is responsible for 10% of the absorption at 814 nm, and the latter, 
P- has its main absorption around at 869 nm [8]. Similar spectra have been previously recorded [20, 21, 
24, 25]. Steady state spectra have been taken before and after the measurements to check if degradation 
of the sample took place. 



Chapter 5: Quenching of the accessory bacteriochlorophyll by charge separated states in BRC

73

Pump-Repump-Probe measurements
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Figure 5.3: Pure pump-repump-probe (black) and the simultaneously recorded time-gated difference spectra 
of the WT reaction centre at 870 nm for two repump delays (5 and 250 ps). First at time zero a pump pulse 
excites the special pair, the repump pulse then excites the accessory bacteriochlorophyll. The difference signal 
(cyan) is calculated by subtracting the pump-probe and repump-probe trace from the pump-repump-probe 
trace. 

The traces shown in figure 5.3 are all recorded at 870 nm and represent a pump-repump-probe measure-
ment with a pump pulse centered at 895 nm and a repump pulse following 5 or 250 ps after the initial 
pump pulse, centered at 795 nm. At 5 ps the majority of population is at P+H-, although small amounts 
of population of the predecessor P*, and charge-transfer state P+/P-, will also be present. At 250 ps the 
majority of population is at P+Q-.  When the pump has taken place, the repump (black trace) is less ef-
ficient in producing P+H- or P+Q- compared to just a repump-probe signal. In the case of a 5 ps repump, 
the red trace, representing a repump without a preceding pump, has maximum amplitude of 28 mOD. 
The black trace however only adds 22 mOD onto the blue trace which is the normal pump-probe trace. 
This difference between the pump/repump and the normal pump is depicted by the cyan trace. It implies 
that the formation of P+H- by the repump is ~20% less, implying a perturbation of the charge separation 
process initiated by the repump pulse.  The 5 ps and 250 ps pump-repump probe experiments have been 
analyzed globally and according to a target model and the results for both analyses are very similar. In 
figure 5.4, the 5 ps experiment is presented. The lifetimes estimated from the target analyses are listed 
in Table 5.1, including the scaling factors induced by the quenching. These scaling factors represent the 
amount of repumping efficiency. The effect of the repump after a pump equals the effect of the repump 
without a pump times scaling factor X. Scaling factor 1 is for the 5 ps repump experiment and scaling 
factor 2 is for the 250 ps repump experiment. The number represents the non-quenched population. 
The rest, (1 – scaling factor) represents the percentage of population that is quenched; 21 % for the 5 ps 
delayed repump and 19 % for the 250 ps delayed repump.

Target B* P* P+B- P+H- P+Q- infinite scaling 1 scaling 2
lifetime 200 fs 1.6 ps 3.6 ps 26 ps 0.9 ns 11 ns 0.79 0.81

Table 5.1: Target lifetimes and the scaling factors representing the amount of quenching of the B* popula-
tion. Scaling 1 is for the 5 ps repump delay and scaling 2 is for the 250 ps repump delay. 
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Figure 5.4: Targets spectra and concentration profiles of the charge separation pathways and their target 
states after pumping with an 895 nm pulse (P*) or a 795 nm pulse (B*). The lifetimes for the target states 
are listed in Table 5.1. 

The spectra represent species associated difference spectra. When the pump of 895 nm arrives at the re-
action centre it excites P*, which in turn produces a charge-separated state P+H- (blue) via the accessory 
bacteriochlorophyll BA. The photoproduct (within our experimental time window) is P+QA

- (cyan). The 
final spectrum is also P+QA

- (magenta), but decayed slightly to the ground state. 
When the repump at 795 nm excites the reaction centre, primarily B* is excited, which transfers very 
quick to P*, from where the excitation follows the normal charge-separation pathway. Both data sets, 
pump-probe and repump-probe have been analyzed according to a previously constructed scheme [3] 
and fit very well (figure 5.5). When the model of the pump-probe dynamics and repump-probe dynam-
ics are superimposed, thereby incorporating a loss of ~21 % of repump-probe population due to the 
quenching process, it is found that they represent the total pump-repump-probe signal. A superposition 
is reconstructed from the raw data, using the estimates from the global analysis. In fact, it is found that if 
the superimposed signal is subtracted from the pump-repump-probe signal, the residual dynamics only 
show a small but fast quenching of a B* bleach (figure 5.5). This kinetics is attributed to a quenching 
process of the excited accessory bacteriochlorophyll by the charge-separated state, P+H-. The probable 
candidate to quench B* is actually the charge separated pair P+/P-. A mechanism in which B* transfers 
its energy to P* has been put forward by Vos et al [28], and the quenching lifetime of ~200 fs is in agree-
ment with their proposed lifetime for B* → P+*. 
At 250 ps, the repump time set for the second repump experiment, most of the excitation energy resides 
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in the complex as P+Q-. The dynamics of the PP, RP and PRP signals and reduction of P+H- or P+Q- for-
mation is found to be very similar for both 5 and 250 ps repump delay. The repump in the black trace 
only adds a maximum of -22 mOD to the blue trace, whereas the red trace (repump-probe) has a maxi-
mum OD of -27. Dividing those two values, it is found that the repump arrives at a prepumped sample in 
19 % of the cases; again very comparable to the 5 ps repump experiment. The similarity of the dynamics 
of the 5 ps and 250 ps experiment implies a role of P+ or P-, since this is the only state present at both 
delays. The population of B* induced by the 795 nm repump, is in the case of a repumping at 250 ps, 
expected to be quenched by P+QA

-. In fact, the quencher itself is probably the electron-hole at the special 
pair P, rather than H- or Q-. These experiments do not only show that the charge-separated states P+H- 
and P+Q- in the bacterial reaction centre have strong quenching abilities, it also strengthens the notion 
that the accessory bacteriochlorophyll is closely involved in the charge separation. 
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Figure 5.5: (Left) Selected traces of the pump-repump-probe measurement with dump time 5 ps together 
with their respective fits (dashed). (Right) Residual dynamics in de pump-repump-probe data after sub-
tracting pump-probe and repump-probe data from the pump-repump-probe data. Just a small ultrafast B* 
bleach suggesting a possible quenching is observed at early times.  
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Action Measurements

  
Figure 5.6: Action traces recorded at B, P+ and P- nm of a pump-(p)repump-probe measurement on the 
wild type and YM210W bacterial reaction centre of Rhodobacter Sphaeroides. The pump is centered at 895 
nm and arrives at time zero. The (p)repump pulse centered at 795 nm then selectively excites the accessory 
bacteriochlorophyll. Note that the lifetime of the actual charge-separation is reflected in these action meas-
urements (5 and 50 ps for WT and YM210W respectively).

The traces depicted in figure 5.6 are the so called action traces measured on wild type and the YM210W 
mutant bacterial reaction centre. The pump has been set to time zero and the probe is set at 250 ps, 
where it measures the final spectrum P+QA

-. The repump or prepump pulse is varied from -10 to 10 ps 
around the pump and in the case of the mutant from -50 to 50 ps. The dotted trace at 870 nm represents, 
to a good approximation, P- , the dashed trace at 815 nm represents P+ and the solid trace at 790 repre-
sents HA. The amplitude at 870 nm is 4.7 mOD at -10 ps. The rise from negative delay values towards T0 
of the blue trace means a lowering of formation of P+Q- as the 795 nm prepump pulse approaches zero. 
Exactly at time zero a crossing is reached. While passing time zero, it drops to 4.3 mOD. This difference 
must be due to the order of pumping. A 795 nm pump arriving before the 895 nm pump is more effec-
tive in producing charge-separated P+Q- state than the other way around. The rise of the blue trace is 
approximately 5 picoseconds, in close accordance with the time the charge separation process takes in 
this WT. After the repump pulse has crossed the pump pulse it does not dynamically affect the forma-
tion of P+Q- by the pump any more. 
The closer in time the pre-excitation occurs to the excitation, the more the charge separation is quenched. 
The dashed trace starts at 6.7 mOD and reaches 9 mOD towards time zero. During the crossing of time 
zero the trace drops to a value of 5.1 mOD, which is significantly lower than the ‘start’ value. The solid 
trace at 790 nm starts at -3 mOD rises and drops to about -2.2 with similar dynamics as the dashed trace. 
The sign is negative, because it represents lowering of the positive excited state absorption band of the 
pheophytin, HA. If the mutant is considered, it is found that the main difference between the reaction 
centers is the rise time of the traces towards time zero. This is considerably larger than for the wild type. 
The amplitude at 870 nm is 5 mOD at -50 ps. The rise from negative delay values towards time zero of 
the blue trace shows the same lowering of formation of P+Q- as the 795 nm prepump pulse approaches 
zero. Here too, exactly at time zero a crossing point is reached. While crossing time zero, it returns to 
its previous value. The complete rise takes about 50 ps, in agreement with the proposed 50 ps it takes to 
charge separate to P+H- in this mutant. The dashed trace starts at 9 mOD and reaches 12 mOD towards 
time zero. During the crossing of time zero the trace drops to a value of 7.5 mOD. From the dynamics 
around time zero and the global analysis on the pump-repump-probe data it is found that the quenching 
must be very fast (<300 fs) and is present in the wild type and the mutant. 
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The difference depending on the pump order in both experiments is about 5 % of the total amplitude. 
Note that the difference between the spectrum at -10 ps, and the spectrum at 10 ps comes from the fact 
that the charge-separated state that exists then (P+H-), is either repumped by a 795 nm or 895 nm pulse. 
A repump at 795 nm will indirectly influence P+ via B* [29] but a repump at 895 nm will directly influ-
ence P . The greater loss of P+Q- measured at 250 ps in the case of repumping with 895 nm (before time 
zero) is expected to be due to a direct annihilation process instigated by the pump. The lack of dynamics 
after time zero is consistent with an indirect quenching process instigated by the 795 nm repump. A 795 
nm repump does not directly influence P+ but the excited state population is quenched by the charge-
separated state P+H-, therefore a dynamic of charge-separation is not observed. 
When the repump is 895 nm, an annihilation process dependent on the prepump time is observed. 
When the pump is within 5 ps after the first prepump, the annihilation is effective, at earlier prepump 
times, this depence is lost. The time-dependence observed from -10 ps to time zero is consistent with 
an annihilation process rather then a quenching process. In order to study the involvement of the pheo-
phytines, a similar action measurement is performed, but now a (p)repump centered at 760 nm is used. 
Selected traces of this experiment are presented in figure 5.7. 

Figure 5.7: Action traces recorded at 790, 814 and 870 nm of a pump-(p)repump-probe measurement on 
the bacterial reaction centre of Rhodobacter Spearoides, Wild type and YM210W mutant. The pump is 
centered at 895 nm and arrives at time zero. The (p)repump pulse centered at 760 nm then selectively excites 
the pheophytine, HA.

In figure 5.7 on the left, traces of 790, 815 and 870 are depicted for an action type pump-(p)repump-
probe measurement on the WT and the mutant BRC with a (p)repump pulse centered at 760 nm. The 
effect of moving this prepump across the pump pulse is different from the one centered at 795 nm. The 
dotted traces, representing the formation of photoproduct, are only very lightly affected by prepumping 
the pheophytins. However, some interaction is observed in the dashes trace. The small dynamic feature, 
a 2 ps short rise and drop, is observed for both RCs and is appointed to H* dynamics. If the traces after a 
795 and a 760 nm prepump are compared, we find that the difference is actually mostly in the dynamics 
before time zero. 
The reason for this is that where a prepump at 795 nm normally quickly transfers to the special pair 
from B*, a prepump pulse at 760 nm excites the pheophytins. In order for a repump to influence charge-
separation, energy transfer from H* to P* should be possible. No dynamical influence is observed from 
which it is concluded that such energy transfer of H* population to P* is not present. A similar conclu-
sion was reached from a two-color pump-probe experiment by King et al [30]. 
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Conclusions

In order to extract underlying dynamics in the charge separation of bacterial photosynthesis multipulse 
spectroscopy is applied to the bacterial reaction centre of Rhodobacter Sphaeroides and a mutant with 
a longer lived P* state, YM210W. The roles of P*, P+/P- and BA in the charge-separated species P+H- and 
P+Q- are studied by performing pump-(p)repump-probe studies. Using different schemes of sequential 
excitation, a pre-excition of the reaction centre creates charge-separated states P+H- and P+Q- which then 
can be influenced by the second pulse. From pump-repump-probe measurement, using a 5 ps delay for 
the 795 nm repump, it is found that this repump hits about 21 % of reaction centers that are already in a 
charge-separated state. The rest of the repump light excites reaction centers that are in their ground state, 
resulting in a normal charge-separation as expected from a 795 nm pulse. These dynamics have been 
analyzed by a global and a target analysis, based on earlier targets models for the wild type and mutant 
reaction centre [29, 31]. 
From the modeling of our data it is found that pump-repump-probe data can be represented as a su-
perposition of pump-probe and repump-probe data. This implies that there are little extra dynamics 
in a pump-repump-probe experiment. Since the B* population is lost ultrafast (as observed from the 
residual dynamics) and not able to produce P+H-, it is concluded that it must be quenched by the already 
present charge separated state, P+H- or P+Q-. An identical quenching ability of a charge separated state 
has also been found in Photosystem 1, the plant reaction centre [32]. From action measurements, where 
a second pump pulse is swept in time across the normal pump pulse, it is found that a repump with 895 
nm does not quench an earlier created charge-separated state, but it rather annihilates or demotes the 
P- population to the ground state. A reason to conclude this, is that a greater loss of P+Q- is recorded if 
a 795 nm pump is followed by a 895 nm pump, then if a 795 nm pump is followed by a 895 nm pump. 
This implies that an 895 nm pulse that excites P- is more efficient in annihilating population of P+H-. 
It is expected that B* repumping is different from P* repumping in its ability to perturb the charge-
separated state; it is either direct onto P+ or indirect via B*. This is also reflected in the fact that the loss 
observed if a 795 nm pump follows after an 895 nm pump pulse is of a different dynamic nature, it lacks 
the dynamics before time zero. 
These dynamics found in the action measurements reflect the lifetime of the charge-separation event (5 
ps in the wild type and 50 ps in YM210W) which implies a direct interplay between B* and the charge 
separation. A direct visible evidence for B* to be involved in the charge separation is hereby presented. 
From action measurements using a 760 nm excitation pulse, it is found that neither the charge separa-
tion dynamics lifetime, nor any energy transfer from H*→ P* is present. A loss of population in P+Q- is 
found however, relying on a demotion or annihilation of P+H- population by the 760 nm repump di-
rectly on HA. 
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Chapter 6

Monitoring energy transfer in novel Ruthenium donor-acceptor complexes 
containing a phenanthroline bridge and phenol coordination cavity. 

Abstract

Four different ruthenium complexes, CS228, CS386, CS389 and CS431, based on the native Ru(bpy)3
2+ 

[1], have been studied by steady state and time-resolved spectroscopy. They mimic the charge-separation 
found in natural photosynthesis. Incoming solar light transfers from the ruthenium ligated bipyridines 
to the phenanthroline via the amide bridge to the phenol moiety where the electronic energy should be 
allocated in the coordination cavity by binding hydrogen to the oxygen and nitrogen from the amide 
bridge. Transient absorption measurements with 330 and 450 nm light are simultaneously modeled us-
ing global and target analysis. Two energy decay pathways are uncovered. At 330 nm excitation, most 
(69-86 %) of the initial excitation energy proceeds via the decay of the metal-to-ligand charge-transfer 
state of the bipyridines to the ground state, but 14-31 % takes the second pathway leading to the long-
lived product. Ground state recombination however prevents accumulation of the long-lived product. 
Complex CS431 is the most efficient in storing energy in some unspecified state. 

T.A. Cohen Stuart, M. Vengris, S. Tardioli, I.H.M. van Stokkum, R. van Grondelle. Manuscript submitted 
to Journal of Physical Chemistry C

Introduction

A serious challenge presented in science today is the development of a new energy economy independ-
ent of fossil fuel. A search for energy conversion methods and processes to effectively produce energy 
has been undertaken by many scientific groups[2]. Natural photosynthesis could provide relevant con-
cepts on molecular structure, the organization of these structures and the dynamics of such organized 
systems [3-6]. 
For instance, light-conversion complexes in plants, bacteria and algae show a high level of structural 
similarity and their cascade-like electron-transduction pathways supported by a stabilizing protein 
framework allow for a very high efficiency of the overall process of energy storage. 
Important features of natural photosynthetic systems that have been uncovered include (i) the use of 
antenna molecules that have high absorption cross sections for solar energy, (ii) an accumulative energy 
funnel that concentrates the harvested energy at a specific site to (iii) generate a potential high enough 
to oxidize water irreversibly [1, 7, 8]. 
Hereafter these molecules often recover to their active state through a sequence of slower events. The 
construction of a biomimetic system, i.e. a synthetic version capable of releasing high energy electrons 
when illuminated with sun light, is aided by femtosecond transient absorption measurements to inden-
tify of bottlenecks and efficiency. Ruthenium complexes have played an important role in photochemis-
try since they were synthesized in 1970 [9]. This d6 transition metal, when coordinated with bipyridines 
into Ru(bpy)3

2+ has an extinction coefficient of 13000 cm2/mol [10, 11] around 450 nm, close to the max-
imum of the solar spectrum as it arrives at the earth’s surface. Almost immediately after this discovery, 
its value was recognized and research towards finding efficient solar light collection mechanisms, where 
these ruthenium complexes serve as an antenna, was undertaken. Several groups have synthesized a 
vast variety of complexes, extensive calculations on the ground- and excited state structures have been 
performed [12-21] and photo-physical and photo-chemical properties have been determined [9, 13, 
15, 16, 22-26]. Aided by design principles extracted from nature, synthesis and research on these com-
plexes has shifted towards functionalizing the different groups and how to manipulate recombination of 
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charge, potential surfaces, charge-separated state lifetimes and electron-release mechanisms. Recently, 
complexes have been synthesized in reference [6] and [27], that incorporate an amide bridging unit, 
covalently bound to a methyl substituted phenol-ring. 
The ruthenium complexes studied in this work (figure 6.1) can be looked upon as a three-part charge 
separation device; the metal-to-ligand charge-transfer state of the coordinated Ruthenium with a high 
cross section in the solar spectrum acting as an antenna, a conjugated π-system bridging unit, and fi-
nally a donor side where a hydroxyl-group can donate its hydrogen to the nitrogen in the coordinating 
cavity to supply electron-density. The coordination cavity resides between the phenol hydroxyl group 
and the nitrogen from the amide bridge. The four different complexes studied here were chosen for the 
following reasons. The first reference complex, CS228, lacks any addition to the bipyridines (bpy’s), 
or any substitution on the phenol group. CS386 has a meta-substitution relative to –OH. Methyl is an 
electron donating moiety which can stabilize the –OH group through induction stabilization. The next 
compound, CS389 has the same meta-orientation towards the –OH, but now it is oriented para relative 
to the bridge. 
Comparing these complexes probes the influence of the substitution orientation on the lifetime of its 
photoproduct state. CS431 has extra ester groups attached to the bipyridines, which aid in attributing 
effects to the pyridine groups irrespective of the substitution on the phenol. The aim is to create a solar 
light sensitive molecule that produces a long-lived charge separated state, which can be harvested in an 
electrochemical cell. In this paper, the properties of four of these Ruthenium-bipyridine complexes are 
investigated using ultra-fast visible and infrared spectroscopy with the aim to elucidate how the elec-
tronic energy storage reaction proceeds. It is concluded that when these complexes are excited with 450 
nm light, they behave very much like the native complex Ru(bpy)3

2+. When excited with 330 nm light, in 
their specific chromophore band, a fraction of the excited state decay proceeds via a different pathway 
leading to a new long-lived state, implying energy storage. 
An energy transfer model is described that closely fits the data in a global and target analysis. From 
steady state dark minus light spectra it is concluded that complex CS431 is most effective in producing a 
new state upon 330 nm illumination, yet the nature of that state suggests radical formation on the ester 
groups. Therefore, it is concluded that complex CS389 is most efficient in forming a photoproduct in the 
coordination cavity of its chromophore. 

  CS228     CS386

  CS389     CS431
Fig. 1: Depicted are the four complexes with their respective names that have been used in this research. 
CS228, lacking any substitution on the phenol ring on the right side. Complex CS386 has a methyl group 
oriented ‘meta’ to the oxygen atom on the phenol group. Complex CS389 has a methyl group oriented 
‘ortho’ to the bridge between the phenol and the cyclopentane. CS431 has extra esters substituted onto the 
bipyridine groups.
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Materials and Methods

Samples

The samples were constructed according to [27]. The red to orange crystals have been dissolved in ace-
tonitrile. The samples have been placed in a fused silica cuvette with a path length of 1 mm. An optical 
density of ~ 0.15/mm around 455 nm was used for the absorption measurements. For visible transient 
spectroscopy measurements we have used an optical density of 0.6 per mm around 455 nm. 

Steady state visible spectroscopy 

Visible steady state spectra were recorded using a Perkin Elmer Lambda 40 UV/VIS spectrograph. Fluo-
rescence measurements have been performed using a Fluorolog type FL-1039, manufactured by Jobin 
Yvon Horiba. 

Transient visible spectroscopy

Fluorescence intensity decays were measured by the time correlated single photon counting (TCSPC) 
technique. Coherent Mira 900 Ti:Sa 3~ps pulses are frequency doubled to get the excitation wavelength 
of 460 nm.  A multichannel-plate photomultiplier (Hamamatsu, R3809U-50) collected the fluorescence 
emission and data were recorded through a SPC-630 module (Becker&Hickl GmbH, Berlin, Germany) 
with a resolution limited by a 0.5 ns FWHM of the instrument response function. Fluorescence decay 
curves were globally analyzed. Visible transient absorption experiments were performed on a using a 
home-built transient absorption spectrometer. Briefly, the output of a Ti:sapphire regeneratively ampli-
fied laser system operating at 1kHz (SpectraPhysics Spitfire) is divided into three beams. One beam 
was sent to a TOPAS (LightConversion, Vilnius, Lithuania) system to generate the excitation pulse at 
the desired centre wavelengths of 450 nm, the other was sent into the second TOPAS, set to produce 
330 nm pulses. With the third beam, white light continuum was generated by focusing on a translating 
2mm thick calcium fluoride plate. The excitation pulse from the TOPAS was focused in the sample to a 
diameter of about 100 μm, and spatially overlapped with the probe beams. 
The absorption changes were recorded, after dispersion of the probe light in a spectrograph (Newport 
Oriel MS127i), with a 256-element diode array (Hamamatsu S3901-256Q). The probe beam polarization 
was set at the magic angle orientation (54.7°) with respect to each pump beam using a Berek polariza-
tion compensator. The samples were put in a shaking 1-mm fused silica cell. Two phase locked choppers 
operating at 250 Hz and 125 Hz were used to control the excitations. The time delay between the 450 
nm pump-, the 330 nm pump and the probe beam was controlled by sending the 330 nm pump and 
the probe beam over a variable optical delay line. The instrument response function for both variants 
of the setup, determined via the cross-correlation of pump and probe was ~200 fs. The 450 nm pump 
pulse was set to be 250 nJ per pulse, whereas the 330 nm pulse energy was set to 500 nJ. A complete scan 
averaged 2500 pulses per time-point, and comprises of a total of 120 time-points ranging from -30 ps to 
7800 ps. The spectra are analyzed using a global analysis method described elsewhere [28]. In this paper 
we present a two color pump-probe experiment, where we excite the molecule with two different pump 
wavelengths (330 and 450 nm) in order to distinguish the chromophore’s excited state behavior versus 
the MLCT state of the ruthenium-bipyridine (MLCT(bpy). 



84

Chapter 6: A multipulse study of Ruthenium donor-acceptor complexes. 

Results

Steady state spectroscopy 
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Figure 6.2: Visible steady state absorption measurements of the complexes in acetonitrile, normalized at 
the ILCT. Note that CS431 has a shifted ILCT band and the normalization has been corrected with re-
spect to the other complexes at 455 nm. All complexes show a spectrum comparable to the native complex 
Ru(bpy)3

2+, with an additional noticeable band around 330 nm. 

Absorption spectra of all the complexes show a broad absorption of the metal-to-ligand charge trans-
fer (MLCT) band centered at 458 nm, which is close to 451 nm of the 3MLCT of the native Ru(bpy)3

2+ 
complex [29]. Complex CS431, with the extra ester-groups attached to the bpy’s, has a broader and 
red-shifted band centered at 478 nm. The band at 280 nm, present for all complexes including the na-
tive complex, has been attributed to a ligand centered (LC) π - π * transition, also referred to as an 
Intra Ligand Charge transfer (ILCT) band [21, 30]. The band that does not exist in the native complex, 
centered at 330 nm, is specific for the novel chromophore attached to ruthenium. We refer to this band 
as chromophore band or phenanthroline band. A 325 nm emission has been earlier identified in 1959 
by Secrest et. al. for 1,10-phenthroline bound to metal [31]. Extinction coefficients of the various com-
pounds at 455 nm are given in Table 6.1.

Complex CS228 CS386 CS389 CS431
Extinction coefficient @ 455 nm 16250 cm-1 11050 cm-1 12050 cm-1 19230 cm-1

Table 6.1: Extinction coefficients of the ruthenium complexes at 455 nm. 

To detect the formation of some stable long-lived product state, the complexes where excited with 330 
nm light for 2 hours using the xenon lamp and a monochromator from the previously described fluores-
cence measurement setup.  After taking dark minus light spectra a significant change in the absorption 
spectra is observed (figure 6.3). Note that when the sample is excited with 450 nm light, some spectral 
changes are observed but it takes longer and much less long-lived product is formed.  
After at least 60 hours of storage in the dark, the absorption difference induced by 330 nm irradiation 
persisted. The spectra in figure 6.3 are normalized by dividing the difference in absorption by the initial 
optical density of the complexes at the peak of the chromophore band. This is at 327 nm for complexes 
CS228, CS386 and CS389. For complex CS431 we chose the maximum at 320 nm. 
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Figure 6.3: Normalized absorption difference spectra (dark-light) show a photochromic shift taking place in 
the complexes after illuminating the samples with 330 nm light for 2 hours. The spectra shown are normal-
ized to their initial optical density at the absorption maximum of the chromophore band around 330 nm. 

Normalized absorption difference spectra (dark – light) show that the complexes undergo a change 
in absorption properties, i.e. a photochromic shift upon illumination with 330 nm light. In complexes 
CS228 and CS389 differences in absorption can be seen around 330 and 465 nm. These bands are mainly 
chromophore in character [32]. Complex CS386 lacks this 465 nm band, but does show a strong dif-
ference also around 330 nm. In contrast to the others, CS431 shows a strong negative signal around 
400-500 nm and a much bigger positive signal around 330 nm. The changes induced in complex CS431 
appear rather different from the others, especially around the MLCT region. This difference must be 
explained using the structure and indicates a strong influence of the esters ligated to the bipyridines. In 
the discussion, a possible long-lived structure is proposed. From this measurement we can also deduce 
the relative efficiency of the complexes to form a stable new long-lived product. Note that in order to get 
the same optical density in all samples, a higher concentration is needed of CS228, CS386 and CS389 
than of CS431. This is directly related to their extinction coefficients.
To compare at similar optical sample densities, the relative efficiency is calculated by dividing the 
amount of spectral change by the initial optical density. Additionally the absorption is corrected for the 
concentration and it is found that complex CS431 shows the biggest change in the dark – light absorp-
tion spectra. Although CS431 shows the most prominent photochromic shift, it is unclear at this point 
whether this implies a change in the chromophore or somewhere else in the molecule. Looking at the 
MLCT band of the difference spectra, it is found that CS228 is the most efficient in forming a state with 
strong MLCT character. In the case of CS389 and CS386, a state with chromophore character is created 
but a lot less MLCT character is found.  The placement of the methyl groups on the phenol appears to 
have a strong effect on the MLCT state around 460 nm. Since both the 330 nm and 460 nm absorption 
bands strongly respond to the formation of the photoproduct. It is  concluded that in CS431, the initially 
excited MLCT state must therefore also have character of the MLCT state of phenanthroline. In Table 
6.2, the relative absorption differences are reported for the various complexes as recorded in the steady 
state difference measurement. 
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Sample CS228 CS386 CS389 CS431
Absorption max. at 330 nm (OD/mm) 1.04 0.93 0.91 0.72
Relative absorption difference 5 % 2 % 4 % 18 %
Concentration (μmol) 400 398 398 260

Table 6.2: Initial optical density, relative absorption difference and concentration of the samples used to 
determine the absorption change upon illumination. 

Emission spectra and lifetimes

In order to try and identify the emissive species in these complexes, their fluorescence has been meas-
ured after exciting the samples in the MLCT band at 450 nm. The results are very similar for all com-
pounds and show a broad emission band (figure 6.4A). The emission maxima are blue shifted compared 
to the native complex which emits at 605 nm. Complex CS431 is red-shifted by 20 nm most likely due 
to extra esters bound to the bpy’s. The Stokes shift is very large in all the complexes, close to 150 nm (or 
66000 cm-1) , but this is a general property for transition metal complexes [21]. For the CS431 complex 
it is even larger (165 nm). In a time-resolved fluorescence measurement with a resolution of 0.5 ns 
(FWHM), two components were needed to describe the data. A representation of the transient fluores-
cence data of CS431 and the fit is depicted in figure 6.4B. The short component with the lifetime of 2-4 
ns dominates below 550 nm and the longer component predominantly emits above 560 nm.  
The lifetimes of the emissive states in CS228, CS386 and CS389 are fairly similar, see Table 6.4. Com-
plex CS431 has a lifetime of its main emission of 234 ns. The red emission found in CS228, CS386 and 
CS389 is attributed to resemble mostly the MLCT state from the bipyridines. Its lifetime of ~140 ns is 
close to the Ru(bpy)3

2+ complex, which is about 160 ns [21]. The evolution associated spectra (EAS) 
estimated from these measurements are presented in the supporting information. Since the other pos-
sible candidate to have MLCT-type fluorescence besides the bypiridine moieties, is the MLCT state of 
the phenanthroline bound to the ruthenium we suspect that the blue emission is due to a small quantum 
mechanical mixing of the bipyridine MLCT state with the phenanthroline MLCT state. 
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Figure 6.4 A: Normalized fluorescence measurements show an emission centered at 595 nm, close to the 
native Ru(bpy)3

2+ complex (~605 nm). The emission of CS431 is shifted by 30 nm due to the ester groups 
grafted onto the bpy. B: The emission of the two separate species recorded in CS431 in the time-resolved 
fluorescence measurement. The fit is represented by the dashed line. 
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Emission/complex CS228 CS386 CS389 CS431
Short lived (520-550 nm) 2.5 ns 2 ns 3.9 ns 2.1 ns
Long lived (550- 700 nm) 141 ns 145 ns 144 ns 234 ns

Table 6.3: Emissive states for the various complexes, recorded in a fluorescence lifetime measurement. 

Excitation wavelength dependent Pump-probe spectroscopy
 

Figure 6.5: Evolution associated difference spectra show the early evolution of CS228, CS386 and CS431 
excited by 330 nm (left) and at 450 nm (right) pulses. 

When the complexes are excited with 330 or 450 nm pulses, it is found that the dynamics observed dif-
fer significantly. In figure 6.5, evolution associated difference spectra of the dynamics of the complexes 
excited in the chromophore band at 330 and at 450 nm, are presented. Focussing on the dynamics after 
330 nm excitation, it is observed that the first black spectrum shows a very fast bleach of the chromo-
phore band around 340 nm and a rise of the excited state absorption (ESA) around 380 nm. The follow-
ing red spectrum shows a simultaneous growth of the anionic absorption band at 500-650 nm with a 
MLCT bleach at 460 nm and a decay of the chromophore bleach at 360 nm. The dynamics of the anion 
band are separately presented in figure 6.6.  Finally, the blue and green spectra represent the decay of the 
chromophore bleach, a small decay of the excited state absorption at 360 nm and a further decay of the 
MLCT band at 460 nm. In the blue to green spectra a small but apparent feature is also observed around 
400 nm. The decay of this 400 nm band is close to the decay of the anion band, whereas the decay of the 
ESA and the MLCT band are much slower. 
Rather different dynamics are observed after 450 nm excitation (Figure 6.5, right side). The first spec-
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trum does not show the chromophore bleach around 330 nm, but shows a pronounced MLCT bleach 
at 460 nm. In contrast to the 330 nm excitation, the dynamics around 400 are now only a short-lived 
feature. In the red, blue and green spectra that follow the anion band dynamics are hardly observed in 
the 330 nm excitation measurements. Note that the amplitude of the anion band (500-650) is about two 
times smaller. A global and target analysis presented below estimates the lifetimes of the states using 
the best model to describe these data. Complex CS431 however has a few features that are interesting to 
point out. In the black spectrum it can be observed that the excited state absorption is slightly broader 
and shifted 20 nm to 380 nm, according to the steady state absorption. The following red spectrum 
shows the bleach of the MLCT state, with a bigger anion-band contribution in CS431 than in the other 
complexes. 
The dynamics observed in CS431 around 500-650 nm in the spectra from 500 fs to 1 ps are also more 
pronounced. A kinetic trace recorded at 575 nm shows the difference in decay dynamics (figure 6.6). In 
figure 6.7 the final spectra obtained are compared for CS228 and CS431. The reason to omit CS386 and 
CS389 is their similarity to CS228. The solid spectra represent the final spectrum after 330 nm excita-
tion. The dashed spectra represent the final spectra after 450 nm excitation.
 The differences between CS228 and CS431 are mainly observed in the ESA around 360 and 380 re-
spectively. The anion band, residing around 500-650 nm has decayed more in complex CS431 than in 
complex CS228. In CS228, around 330 nm, the ESA has decayed less after a 330 nm excitation. A little 
difference can also be observed in CS431. In complex CS431, the anion decays faster then the other 
complexes, as seen around 500-600 nm. Both effects are reflected in the absorption changes, as seen in 
the dark-light spectra (figure 6.3). Note that the difference pump-probe spectra at 7.6 ns shown in figure 
6.7 constructed for CS228 and CS431 pumped at 330 and 450 nm are similar to the final SADS shown 
in figure 6.9, pathway B. (final spectra). 
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 Figure 6.6: Kinetic traces for the anion-band for the different complexes of a measurement where a 330 nm 
pump was used. The traces are recorded at 575 nm. A tiny singlet-triplet transfer is observed in the first ps, 
followed by a slow decay of several nanoseconds. The cyan trace represents the anion-band decay kinetics of 
complex CS431, which is initially much faster than the other complexes. 
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Figure 6.7: Final transient spectra recorded at 7.6 ns for complex CS228 and CS431, after excitation with 
330 or 450 nm, normalized at 450 nm. CS228 has the excited state absorption band around 360 nm, where-
as in the CS431 complex the ESA is centered on 380 nm. In CS431 it can be observed that the anion-band 
around 500-600 nm shows a slight decrease if 330 nm and 450 nm excitation are compared. In CS228, but 
also in CS431, lower ESA amplitude is observed after 450 nm excitation. 

Discussion

Steady State

In CS228, CS386 and CS389 the main band at 458 nm as seen in steady state measurements is mainly 
due to the singlet Metal-to-Ligand-Charge-Transfer state of bipyridine, where a single electron is excited 
from π to π*. This has been proposed from experiments and verified by DFT calculations [33]. We pro-
pose that the 8 nm blue shift of this MLCT band, compared to the native complex, is due to quantum 
mechanical mixing of the MLCT from ruthenium and the MLCT of the phenanthroline chromophore. 
For CS431, which has esters attached to the bipyridines, the MLCT-band is red-shifted (482 nm) com-
pared to the other complexes. The width of the MLCT band at 458/478 is mostly governed by the ensem-
ble of MLCT states [32]. Besides the broad MLCT band, a strong absorption band can be seen at 280 nm, 
representing ligand centered (LC) π - π transition band. The band at 330 nm is attributed specifically to 
the phenanthroline chromophore bound to the ruthenium. From the emission profile we can conclude 
that there are two fluorescing states. The main fluorescence around 605 nm has a lifetime of 150 ns and 
is from the 3MLCT state of the bipyridines, close to k6 (table 6.4). The emission with a 2-3 ns lifetime 
is also attributed to 3MLCT state of the bipyridines and is close to rate k5. In the steady-state difference 
absorption measurement, the samples have been illuminated with both 450 nm (data not shown) and 
330 nm for 2 hours. Upon 450 nm illumination, the amount of molecules that participated in a produc-
tion of a long-lived state is very low. On the other hand in the case of 330 nm illumination a much larger 
portion shows the typical photochromic shift. 
Because the spectral change ultimately happens either when 330 or 450 nm excitation is used, a small 
energetic overlap between the 3MLCT state from phenanthroline and the 3MLCT state of bipyridine is 
proposed. The photochromic shift in CS228, CS386 and CS389 has clear phenanthroline character, and 
together with the amount of anions generated upon 330 nm excitation, we argue that the change takes 
place in the phenanthroline chromophore, most likely at the coordination cavity. The precise nature of 
this new ground state is not the aim of this paper and the methods used are insufficient to determine the 
exact structure of the long-lived product. The anion band kinetics at 575 nm and the dark-light spectra 
of CS431 show the formation of a state with a relatively high amount of anion-character. The negative 
contribution of this dark-light spectrum around 450 nm suggests the loss of the MLCT(bpy) character 
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of this complex. A strong rearrangement of the MLCT(bpy) state due to charge residing on the esters 
could explain such a loss. A possible mechanism where a radical state is generated on the oxygen atoms 
of the esters grafted onto the bipyridine competing with the change in the phenanthroline chromophore 
is proposed. A pH dependent measurement could possibly clarify the nature of the conformation and 
the anionic state. The strong absorption difference around 330 nm also suggests a role for the phenan-
throline MLCT band. We argue that a change similar to what occurs in complexes CS228, CS386 and 
CS389 takes place in complex CS431 but is hidden by the change in the MLCT(bpy) band. 
Photo Conversion efficiency of the compounds

Folowing excitation, all complexes allocate some energy into a new ground-state of a higher energy, and 
complex CS431 does it with the highest efficiency. The higher extinction coefficient of CS431 makes it 
most efficient per molecule. A possible explanation could be the energetic arrangement of the MLCT 
states governing transfer from the bipyridines to the chromophore. The MLCT state absorbing at 450 
nm does not effectively produce a new state, but the state absorbing at 330 nm succeeds moderately. A 
chromophore absorbing at 330 nm is however more likely to convert its energy to the state absorbing at 
450 nm, than the other way around. A possible solution could be to ligate ruthenium with three of the 
chromophores instead of bipyridine. The down-side of this is that the solar spectrum has little intensity 
around 330 nm where the Ruthenium-phenanthroline-chromophore state absorbs. From the amount of 
absorption change and the various transient visible spectroscopy experiments we have to conclude that 
in all compounds, a rather inefficient energy storage process happens under normal solar light condi-
tions.

Transient spectroscopy

When the complexes are pumped with 330 nm in their specific chromophore band, a fast (<100 fs) 
transfer from the singlet metal-to-ligand charge transfer state of phenanthroline to the triplet metal-to-
ligand charge transfer state of phenanthroline occurs. Depending on the complex that is 15-30 % of the 
population of the first excited state. The main part proceeds via the triplet state of the MLCT of the bipy-
ridines. After bleaching the MLCT band, an anion band rises around 500-650 nm. In complex CS431 it 
decays relatively fast, but the other complexes show a much longer lifetime of the anionic band, see k8 in 
table 6.4. The energy residing in the anionic band is proposed to either dissipate via a ground state decay 
mechanism or instigate a molecular change into a long-lived product. 
In the case of 450 nm excitation, mostly singlet MLCT states of the bipyridines are bleached and un-
dergo ultrafast (50 fs) inter system crossing into the MLCT triplet state. This triplet state decays slowly 
to the ground state. A less pronounced anion-band appears, but shows very little dynamics. 

Model

The model describing the dynamics is based on the observations obtained using various spectroscopic 
techniques. From the comparison of the absorption spectra of the complexes with the native Ru(bpy)3

2+ 
complex the band at 330 nm is attributed to the phenanthroline chromophore. In the steady state differ-
ence spectra it is found that a long-lived product state is formed in a fraction of the molecules, which we 
call G2. When we excite the samples with 450 nm light, it is found that the dynamics are mostly governed 
by the MLCT state of the bipyridines. This is assumed from the very close resemblance to the spectral 
dynamics of the native complex [21]. In contrast, the dynamics following 330 nm light excitation vary 
significantly. From the pump-probe spectra and the steady-state absorption spectra, the existence of a 
different first excited state in the case of 330 nm excitation is proposed. Also, a pathway must exist that 
results in the long-lived product state (G2). The long lifetime of the emission of the MLCT(bpy) of 140 
ns is in agreement with the emission found in the native complex, and is observed in both the time-
resolved fluorescence and transient absorption data. To come to a complete model, first the pump-probe 
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data are analyzed using a sequential scheme, and target analysis is performed thereafter [28]. 
A simultaneous analysis has been done for 330 nm and 450 nm pumped samples using the energy relax-
ation scheme shown in figure 6.8. The percentage of molecules proceeding through 3MLCT(bpy) is close 
to unity in the case of 450 nm excitation. In that case, the fraction taking pathway B is too low to state 
accurately. After 330 nm excitation, the percentage proceeding via 3MLCT(bpy) is 70-90%, depending 
on the complex. The other 10-30% follow a pathway that results in a very small build up of long-lived 
product state, observed by the steady state measurements. Although 14-31 % could result in a long-lived 
product, it is assumed that recombination leads to the small fraction observed in the steady-state differ-
ence measurements. The modeling results in species associated decay spectra shown in figure 6.9. Fitting 
the data discloses a 5-10 ps decay of the 3MLCT(bpy) state (~k4), which we attribute to a solvation or 
relaxation of the 3MLCT state. Its anionic nature could give rise to such a process. 

Figure 6.8: Proposed energy transfer scheme used to analyze the data. Pathway A is followed when an exci-
tation of 450 nm is used. It is followed for 69 to 86 % when excited with 330 nm. The other 14-31 %, depend-
ing on the complex, proceeds via B. Rate k4 is related to solvation and k7 and k8 are related to the formation 
of the long-lived state. G1 is the normal ground state and G2 is the new ground state that is generated upon 
photo-excitation with 330 nm. From the small amount of final product state found by steady state meas-
urements, a recombination of G2 to G1 is assumed. The reciprocals of these rates are reported in Table 6.4. 
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Figure 6.9: Target analysis of the complex CS228 and CS431. The first row shows SADS of the states popu-
lated in pathway A via the MLCT(bpy) after excitation of CS228. The right shows the SADS of pathway 
B via MLCT(phen) in complex CS228. Pathway B is taken in 14 % of the cases after a 330 nm excitation 
pulse. The second row shows the sequence of states of pathway A or B populated after excitation of CS431. 
A 330 nm excitation results in 31 % of the population taking pathway B. 

Rates k1 k2 k3 k4 k5 k6 k7 k8 k9 A/B %
CS228 120 fs 200 fs 700 fs 110 ps 4.5 ns 49 ns 4 ps 162 ps 8 ns 86/14
CS386 140 fs 150 fs 700 fs 13 ps 300 ps 140 ns 130 fs 380 ps 20 ns 82/18
CS389 - 200 fs 400 fs 8 ps 2 ns 150 ns 160 fs 120 ps 20 ns 69/31
CS431 140 fs 200 fs 500 fs 22 ps 875 ps 75 ns 3 ps 73 ps 55 ns 69/31

Table 6.4: Reciprocal rates estimated using the model depicted in figure 6.8. The ratio of population transfer-
ring via pathway A or B in figure 6.8 is listed in the last column as A/B %. Note that this ratio only accounts 
for 330 nm excitation.
 
The evolution shown in figure 6.9 on the left is straightforward. The first black spectrum arises in 100-
200 fs and shows a bleaching of the MLCT(bpy) state and a simultaneous rise of the excited state absorp-
tion band at 380 nm. Slight spectral changes suggest the existence intermediate states (in red and blue) 
with the subsequent lifetimes. The final green spectrum lives long (50-150 ns). A very similar spectral 
evolution of states is found for the complexes CS386 and CS389. The fact that only a fraction proceeds 
via the pathway B (shown on the right side) is directly the reason for more noise and less resolution in 
these species associated decay spectra. The lifetimes estimated from the target analysis are shown in 
Table 6.4. The rates k4, k5 and k6 represent the slight spectral changes happening in figure 6.9, pathway 
A. Rate k7 and k8 are assumed to be related to the production of the long-lived state that takes place. 
The first spectra of pathway B in figure 6.9 (black) represent the bleaching of the chromophore band at 
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330 nm and shows a slight bleach of the MLCT(bpy) at the same time. The next spectrum in red shows 
the excited state absorption rise at 380 nm and a further bleach of the MLCT(bpy) at 450 nm. The red 
spectra in figure 6.9 (pathway B) also show a strong stimulated emission around 340 nm in the first ~100 
picoseconds. A similar but shorter lived stimulated emission is observed for complex CS431 in figure 
6.9, pathway B. 
In both cases, this stimulated emission is not present in the blue spectrum. The phenanthroline-band is 
thus closely involved after 330 nm excitation. After 450 nm excitation, this stimulated emission is not 
seen. From the red spectrum, the complex evolves into the blue spectrum where the MLCT(bpy) is still 
bleached but the anion band around 550-650 nm slowly decays. The final spectrum is the green one. 
It closely resembles the dark-light spectrum found in the steady state measurement (figure 6.3) i.e. the 
new G2 ground state as proposed in figure 6.8. In the supporting information the quality of the fits is 
demonstrated in figure 6.10. Comparing the transient data results with the time-resolved fluorescence 
data, k5 and k6 are attributed to the 2-4 ns and 140 ns emission lifetimes, reported in Table 6.3. The IRF 
of the time-resolved fluorescence measurements and the small number of time points preclude precise 
estimates of k5 but overall it corresponds with the short component in the emission data. On the other 
hand, the time window of the transient data extends only to 8 ns, preventing a precise estimate of the 
longer lived emission of 140 ns, but k6 roughly corresponds to these observations. 

Conclusions

From the steady state measurements it is concluded that all compounds show a photochromic shift upon 
illumination with 330 or 450 nm light, indicating a chlong-lived product state. It is found that the com-
pound most effective in in forming this long-lived state is complex CS431. It is also concluded that 330 
nm excitation results in a stronger photochromic shift than does 450 nm excitation. The photochromic 
shift, that shows specific phenanthroline signatures, remains intact for a long time (at least 60 hrs). From 
excitation wavelength dependent pump-probe measurements using 330 nm and 450 nm excitation it 
is concluded that these compounds have in fact two different energy decay pathways for excitations to 
proceed. When 450 nm light enters the system, practically all energy decays via the MLCT state of the 
biprydines, resulting in very little long-lived product, in fact, to little to state from the pump-probe spec-
tra. However, when 330 nm light enters the system, a fraction of the energy does produce a long-lived 
state via a different pathway, although the biggest part (69-86 %) still decays via the MLCT state of the 
bipyridines. 
By performing global and target analysis on all compounds simultaneously for both 330 and 450 nm 
excitation, a model is constructed that closely fits the data. Fluorescence measurements show a two-fold 
emission in all complexes; a small emission around 550 nm with a lifetime of 2 ns and a major emission 
around 605 nm, living 150 ns. The model can incorporate these findings as well. In conclusion, these 
compounds store some amount of energy in a long-lived charge-separated state. However, the amount 
of stable product formed at 450 nm illumination is very small. This would imply little product upon so-
lar light conditions. Attaching esters to the bipyridines results in a shift towards red frequencies, which 
suggests that this direction is promising. Another aspect that could possibly provide a better chance 
of charge-separation versus MLCT(bpy) decay is to extend the complex from one charge-separating 
chromophore and two bipyridine’s to a complex made up of two or three charge-separating chromo-
phore’s attached to the ruthenium atom. 
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Supporting Information 1.

 
Figure 6.10: On the left, pump-probe data of complex CS228 pumped with 330 (black) and 450 nm (grey) 
light is presented together with the fits, obtained by the global analysis method using the model presented in 
figure 6.8. Selected traces are depicted. 
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In figure 6.10, results of the target analysis are shown. The data has been fitted throughout all wave-
lengths from 330 – 640 nm, and selected fits are shown here for complex CS228. A similar quality of the 
fit is found for the other complexes. Note that this is a simultaneous fit of 330 nm and 450 nm excitation 
results (¬black and grey respectively). The model presented in figure 6.8 is based on these fitting results 
for all compounds. 

Supporting Information 2

Evolution associated spectra are shown for the four complexes studied in this paper. 

Figure 6.11: This figure shows the EAS, the evolution associated spectra of the fluorescence lifetime meas-
urement for the different compounds. Lifetimes have been collated in Table 6.3; one small emission, slightly 
blue shifted from the center wavelength living 2-4 ns (in black) and a main emission of 140-234 ns (in grey). 

The first emissive state is suspected to be due to some quantum mechanical mixing of the MLCT of 
phenanthroline with the bipyridine MLCT, and is slightly blue shifted versus the main emissive compo-
nent. The latter is comparable to the normal emission from the 3MLCT state also present in the native 
Ru2+(bpy)3. This latter emission is much more pronounced and close to the fluorescence measurement 
shown in 4A. The relative red-shift is attributed to re-absorption in the lifetime measurement with re-
spect to the steady state fluorescence measurement. A much higher optical density (0.5 versus 0.1) was 
used in the lifetime measurement. 
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Samenvatting

Licht is dé bron van energie voor onze planeet. Het wordt gebruikt om het leven en de evolutie te voeden. 
Gedurende miljoenen jaren zijn er zeer efficiente absorptie, transport en conversie systemen voor zonli-
cht onstaan in dieren, bacteriën en planten. Deze systemen maken dat de photonen worden omgezet in 
een electrochemisch potentiaal op de juiste plek, zodat het organisme de energie maximaal kan benut-
ten. Het volledige proces van absorptie, transport en omvorming wordt ook wel fotosynthese genoemd. 
Hoewel fotosynthese in planten en bacteriën grondig is bestudeerd zijn er nog details die niet ten volle 
zijn blootgelegd. De recente energie crisis en onze aloude afhankelijkheid van fossiele brandstoffen zoals 
olie maakt het nodig om de biofysische principes van fotosynthese verder te doorgronden om daarin 
oplossingen te zoeken. Recente ontwikkelingen in de laser-technologie maken het tegenwoordig mo-
gelijk dat we beter onderzoek kunnen doen naar deze mechanismen. De kracht van de huidige lasers  is 
genoeg om drie los instelbare pulsen te genereren die op hetzelfde moment in tijd bestaan. Metingen 
die met een dergelijk drie-puls systeem worden gedaan worden wel pump-dump-probe spectroskopie 
genoemd. Deze techniek bestaat uit drie fasen; de eerste fase waarin het te bestuderen molecuul naar 
de aangeslagen toestaan wordt gebracht, een twee fase waarin deze aangeslagen toestand wordt beinv-
loedt met de tweede ‘dump’ puls, en als laatste wordt het systeem doorgelicht met een meet puls, ofwel 
de ‘probe’ puls. De tweede puls genereert een extra data-dimensie ten opzichte van normale pump-
probe spectroskopie, waarmee we onderliggende effecten kunnen zien die in de aangeslagen toestand 
gebeuren. Om deze metingen te kunnen doen, en als wezenlijk onderdeel van deze these, is eigenhandig 
een pump-dump-pobe opstelling met de bijbehorende hard- en software gebouwd. De opstelling, ge-
naamd ‘het Monster’ is in veel detail beschreven in de introductie.
De nieuwe informatie die we kunnen abstraheren uit dit type meting geeft ons nieuw inzicht in de 
moleculen die de photosynthese verzorgen in ons model systeem van zogenaamde paarse bacteriëen, 
Rhodobacter sphearoides. Deze moleculen zijn het baterieël reactie centrum (BRC), het light harvesting 
systeem 1 (LH1) en light harvesting systeem 2 (LH2). Deze drie moleculen vormen de basis voor deze 
scriptie. Echter, om een brug te bouwen naar synthetische fotosynthese systemen en de bruikbaarheid 
in te schatten van de concepten die hieraan ten grondslag liggen hebben we ook een synthetisch systeem 
gemeten. Dit systeem, een Ruthenium complex, wordt beschreven in hoofdstuk 6. Het bacterieël reactie 
centrum, dat de zonne energie in een electrochemisch potentiaal converteert is het leidend voorwerp 
van hoofdstuk 2 en 5. In hoofdstuk 2 vinden we dat door de aangeslagen toestand aan de ‘rode’ kant 
de de-exciteren we een kort-levende ladings-overdracht toestand vinden. Deze charge-transfer (CT) 
noemen we P+/P-. Dit is een toestand die kort bestaat tussen P*, de aangeslagen toestand, en P+H-, de 
ladings-gescheiden toestand. We nemen waar dat gedurende ongeveer 500 femtoseconde een deel van 
de aangeslagen toestand zich in deze toestand bevindt. Deze dynamica is normaliter onder het normale 
verval van de aangeslagen toestand verborgen., maar onze techniek brengt deze teostand aan het licht. 
Een tweede interessante waarneming die we hebben gedaan aan het bacteriël reactie centrum is de 
mogelijkheid van de ladingsgescheiden toestand P+/P-, en P+H- om aangeslagen toestand B* in hetzelfde 
complex te doven. Dit kunnen we doen door gelijktijdig het special pair P* en de accessory bacteriochlo-
rophyll BA aan te slaan. We zien tevens dat de P+/P- en  P+H- toestanden wel B* kunnen doven, maar niet 
andersom. Dit betekent dat de energie transductie heel waarschijnlijk via de accessory bacteriochloro-
phyll verloopt. Hoewel al wel beschreven, was dit nog niet volledig aangetoond. 
Hoofdstuk 3 en 4 gaan over de light harvesting systemen LH1 en LH2. Deze systemen zijn opgebouwd 
uit een ring van popypeptiden met daaraan gekoppeld chlorophyllen, om zo effectief zonlicht te kunnen 
absorberen. De opgenomen energie wordt vervolgens naar het reacite centrum getransporteerd. Door 
ons pump-dump-probe schema op deze moleculen los te laten, hebben we in ongekend detail kunnen 
beschrijven hoe de aangeslagen toestand van zo’n ring systeem vervalt. De aangeslagen toestanden van 
de chlorophyllen van een dergelijk ring-systeem zijn sterk gekoppeld. Na het aanslaan van de ring zal 
deze koppelen langzaam her-equilibreren. Deze dynamica is echter vaak nauwelijks te onderscheiden 
van het normale verval van de aangeslagen teostand van de ring. Doordat onze tweede, pulse, de ‘dump’ 
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puls een specifiek deel van de aangeslagen toestand kan laten terugvallen naar de grondtoestand kunnen 
we de resolutie van de her-equilibratie dynamica drastisch vergroten versus de normale verval dynami-
ca. Deze data heeft voor een grondige verificatie van een bestaand theoretisch model, dat de excitonische 
dynamica beschrijft, gezorgd. 
Het laatste hoofdstuk is de belichamelijking van mijn persoonlijke hoop en gaat over een Ruthenium 
complex dat collectie en opslag van zonlicht kan doen. Dit complex is gebaseerd op principes afgekeken 
van de natuurlijke fotosynthese. De kern van dit complex is een licht-absorptie complex, waaraan een 
amide brug is gemaakt om transport te faciliteren naar een plek waar de licht-energie kan worden 
omgezet in electrochemisch potentiaal. Door verschillende golflengten te gebruiken konden we de 
meest waarschijnlijke route door het molecuul bepalen van de uit de opgevangen foton-energie. Het is 
duidelijk geworden dat er een klein deel in energie wordt opgeslagen. We hebben echter ook de reden 
kunnen bepalen voor geringe opslag. Dit kan helpen bij het bedenken van nieuwe, betere complexen. 
Het implementeren van deze nieuwe pump-dump-probe techniek is een succesvolle manier gebleken 
om fotoactieve systemen door te lichten. Zelfs in de meest grondig bestudeerde fotosynthese molecu-
len konden we nieuwe en zinvolle informatie genereren aangaande hun dynamica. Vooral complexe 
aangeslagen toestanden en intramoleculaire processen kunnen zeer effectief ontrafelt worden met deze 
techniek. 

Summary

Light is the major source of energy for our planet. It is utilized to support and evolve life to what it is 
now. Over billions of years, bacterial and plant systems arose that are incredibly efficient in absorbing, 
transporting and converting solar light energy to the preferred location in a usable form. The full process 
of absorbing, converting and transporting light-energy is referred to as photosynthesis. Photosynthesis 
in plants and bacteria is broadly studied, but not yet completely understood. The recent energy crisis, 
resulting from a reliance on fossil energy sources such as oil, leads to a need for a better grasp of the 
underlying biophysical mechanisms of solar energy conversion. Recent improvements in laser technol-
ogy opened new possibilities to study these mechanisms in depth. The power of the newly developed 
laser system incorporated here is, in comparison to former laser systems, high enough to generate three 
separately wavelength-tunable pulses at the same moment in time. Measurements done with such a 
three-pulse scheme are generally referred to as pump-dump-probe spectroscopy measurements. This 
three-pulse technique has three stages; it uses a pump-pulse to excite the photoactive molecule to its 
excited state, it then re-, or de-excites the excited molecule by the second ‘dump’ pulse, and finally, the 
dynamics happening in the molecule are probed by the third ‘probe’ pulse. The second pulse adds an ex-
tra dimension to the normal transient pump-probe spectroscopy data, with which the dynamics present 
in excited states can be unraveled. 
In order to be able to do these experiments, and as a major part of this thesis, the complete pump-dump-
probe setup, referred to as ‘the Monster’, including the necessary hardware and software have been de-
signed and constructed from scratch. 
The new information we can subtract from these measurements led us to start with the very basic and 
widely studied photosynthetic complexes in purple bacteria (Rhodobacter Sphaeroides); the bacterial 
reaction centre (BRC), light harvesting system 1 (LH1) and light harvesting system 2 (LH2). These three 
molecules form the basis for this thesis, however, to asses the usability of concepts derived from natural 
photosynthesis into human-made light-conversion systems and to bridge the gap between synthetic and 
natural systems, a ‘photosynthetic’ Ruthenium complex is studied in chapter 6. 
The bacterial reaction centre, which converts solar-energy into an electrochemical potential inside the 
bacteria, is the main subject of chapter 2 and 3. In chapter 2 we find by de-exciting the excited state with 
a red-shifted dump-pulse that the excited state is coupled to a so-called charge transfer (CT) state. This 
state is an intermediate between P*, the excited state of the special pair in BRC, and P+H-, the charge-
separated state resulting from the excited state. We observe that for about 500 femtosecond, a part of 
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the molecules is in this intermediate CT state towards forming P+H-. Normally such a state would be 
covered by the normal decay dynamics of the excited state. 
Another interesting feature we observe in the bacterial reaction centre, described in chapter 5 is the 
quenching property of charge-separated states.  
If we excite the bacterial reaction centre with a pulse resonant to the accessory bacteriochlorophyll BA, 
just after exciting it resonantly with the special pair P, we find that P+/P- is able to quench the excited state 
B*, or in other words the first excitation can be influenced by the second, but not vice versa. This means 
as well that the accessory bacteriochlorophyll, BA, is truly involved in the charge-separation process. 
This remained somewhat of a question previously. 
Chapter 3 and 4 are about light-harvesting systems LH1 and LH2. These light harvesting systems are 
ring-type aggregates of chlorophyll molecules, evolved to effectively harvest solar light and transport it 
to the bacterial reaction centre. By using our pump-dump-probe scheme on these molecules we were 
able to describe the nature of the excited state of these systems in unprecedented detail. The excited 
states of the chlorophylls in such a ring-system are highly excitonically coupled. After excitation, a re-
equilibration of the excitonic states is normally observed. However, in a pump-probe measurement, 
these dynamics remain mostly hidden under the main excited state dynamics. Now, but utilizing our 
second ‘dump’ pulse, we can selectively remove parts of the excited state. The result is a much higher 
resolution of the re-equilibration dynamics versus the normal excited state dynamics. The theoretical 
model describing this equilibration is highly verified by the results obtained in this study. 
The final chapter, which is the embodiment of my hope, is about a Ruthenium complex synthesized on 
principles from natural photosynthesis. The idea is that this complex should be able to harvest light and 
store it as energy. It uses a harvesting ‘core’, a bridge to transport the energy over a couple of valence 
bands, and a docking site where the photon energy can be allocated as chemical potential. By using two 
different excitation wavelengths we have been able to deduce the pathway the photon energy is most 
likely to take inside this complex. It is clear that a small amount of energy is actually stored by the Ruthe-
nium complex, but this amount is very small. We were able however to asses the reason why such little 
amount is stored. This could aide in construction of other more efficient complexes.
In conclusion, implementing this new pump-dump-probe technique has been a successful method to 
study such photo-active systems. Even in the most broadly studied photosynthetic molecules, new and 
useful information about the processes at hand is gathered. Especially for complex excited states and 
quenching properties, this technique has proven very powerful. 
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Nawoord

Wacht even, wat, nu? Maar ben ik klaar dan? Maar ik kan nog kijken naar deze data, en hoe zou een 
mogelijke proef zijn als we monomeren en dimeren zouden meten. Ja, dat is een goed idee.. maar nee, 
ik ben toch echt klaar. Het dringt nog even niet tot me door... Klaar zijn, waarmee dan? Een promotie? 
Nog steeds weet ik niet wat ik nou eigenlijk gedaan heb. Ik heb zo ongelofelijk veel geleerd in de laatste 
5 jaar dat ik ook nog niet de complete inhoud ervan bevat. Het is een tijd geweest met grootse en mini-
male motivatie, erg mooie en erg lelijke resultaten, fijne en vervelende mensen, maar ten alle tijden vol 
van leven. Veel daarvan heeft zich ook buiten de VU afgespeeld, wat me er bij tijd en wijlen er doorheen 
heeft gesleept of juist afgeremd. Voor dit nawoord wil ik met mijn dank betuiging graag beginnen met 
voor mij de inspirator van dit alles, Erik Potma. Het is zijn CARS microscope opstelling geweest die me 
met volle overgave in de optica heeft doen storten, tijdens een demo-middagje in de donkere kelders 
van de Rijks Universiteit Groningen in mei van 2001 als ik dat goed heb. Bijna 10 jaar later schrijf ik dit 
nawoord met kloppend hart; het is af. De volgende die ik wil bedanken is Jennifer Herek, die me een 
ongelofelijke tijd heeft bezorgd op Amolf. Mede door die stap kon ik me toeleggen op de bouw van een 
lasersysteem bij de VU, iets wat ik maar wat graag heb gedaan. 
Dank Janne en Niels voor het broederschap, de laserskills, en gezelligheid. De volgenden op de lijst die 
ik wil bedanken voor de ongekende mogelijkheid om een volledige meetopstelling te kunnen bouwen, 
zijn Rienk en John. Voor alle gezelligheid in de groep wil ik graag bedanken; Manolis, for your your 
teaching skills and prominent dark humor, Cosimo for your similarity in passion, crazy Max mellow, 
Kate, because I could stay in your wooden cottage and for strong principles, Kinga, for all your sketches. 
Luuk, voor je India aanbeveling en Hollandse bondgenoot, Eli, for your anarchy, Toh, for your cultural 
wisdom and clear reflection, Alisa, for your humor, fine sense of style and a great journey in the land 
of Spirit, Maria-angela for your help with GFP and your teachings on quantum states, Tjaart voor je 
wijsheid, Andy, alleen al omdat je nederlands spreekt, en me laat zeuren als ik een bui heb, Allessandro, 
for your musicality, Cristian, for the postertube ;), en natuurlijk de nieuwe lui, Bart, Mirek, jammer dat 
jullie er niet eerder waren. Thanks to Stephane, for keeping up the faith. En speciale dank aan Henny 
en Sandrine, voor alle sample kennis en directe hulp. Jos, de inzet die je op de laseropstellingen richt is 
onontbeerlijk, maar je persoonlijke aandacht is voor mij ook van groot belang geweest, speciale dank 
daarvoor. Ivo, ook jouw aandacht en kunde is van levens belang geweest voor het analyseren van de 
multidimensionale data. Veelal heb je me op het goede spoor gezet, en ook heb je een belangrijke be-
geleidende rol gespeeld, naar het einde toe. Een ander die er voor heeft gezorgd dat ik mijn promotie 
heb kunnen afmaken is Mikas. Thanks for your enormous enthousiasm, your allround skills, all the 
pump-dump-probe fun we had in Lithuania, your lovely country and group for receiving me as being 
at home. I saw early mornings, really long days, and pizza and beer nights, but thanks to the personal 
interaction, no doubt this stay was my best scientific experience. Ook wil ik graag regine bedanken, 
voor je tips et pour etre francaise. De mensen die me in Amsterdam hebben doen leven wil ik ook graag 
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