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Femtosecond pump probe spectroscopy for the
study of energy transfer of light-harvesting
complexes from extractions of spinach leaves

S. Ombinda-Lemboumba™’, A. du Plessis™, R.W. Sparrow’, P. Molukanele®,
L.R. Botha™, E.G. Rohwer’, C.M. Steenkamp’ and L. van Rensburg’

Measurements of ultrafast transient processes, of temporal durations
in the picosecond and femtosecond regime, are made possible by
femtosecond pump probe transient absorption spectroscopy. Such
an ultrafast pump probe transient absorption setup has been
implemented at the CSIR National Laser Centre and has been
applied to investigate energy transfer processes in different parts
of photosynthetic systems. In this paper we report on our first
results obtained with Malachite green as a benchmark. Malachite
green was chosen because the lifetime of its excited state is
well known. We also present experimental results of the ultrafast
energy transfer of light-harvesting complexes in samples prepared
from spinach leaves. Various pump wavelengths in the range
600-680 nm were used; the probe was a white light continuum
spanning 420-700 nm. The experimental setup is described in
detail in this paper. Results obtained with these samples are consis-
tent with those expected and achieved by other researchers in this
field.

Key words: pump probe spectroscopy, ultrafast spectroscopy,
transient absorption, femtosecond laser, light-harvesting complex I,
Malachite green

Introduction

Photosynthesisis the process by which light energy is converted
into chemical energy and then, through a complex series of
biochemical and biophysical processes, to any one of a number
of bio-machines.' There is a large diversity of photosynthetic
organisms—higher plants, cyanobacteria and photosynthetic
bacteria® —for which some fundamental processes are common.
These are light absorption, excitation energy transfer, charge
separation and vectoral charge transfer.! In the photosynthetic
process, chlorophylls are light-absorbing pigments which bind
to proteins and are also known as pigment proteins. These
pigment proteins have two main functions. They form light-
harvesting antenna complexes which are organised into an
antenna system to absorb light and transfer the excitation energy
to the second functional entity called a reaction centre. Itis at the
reaction centre that charge separation and transfer occurs."

In the natural state there is a high degree of disorder within the
system. This is due to natural light from the sun irradiating the
photosynthetic pigments with a range of different wavelengths
of light which the pigments can absorb. This means that the
energy of the photons, the intensity of the light and the time
between photon excitations occurs in a random manner. The
environmental conditions in which these systems grow also
vary.* In order to investigate the processes of light absorption
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and energy transfer, these variables need to be reduced, and a
number of strategies are used. Over recent years, several
photosynthetic components have been isolated and detailed
structural information obtained using crystallographic data®’
and atomic force microscopy.*™ A significant amount of the
work on elucidating the structures of energy transfer processes
within light-harvesting complexes (LHCs) and reaction centres
has been conducted on purple photosynthetic bacteria.* In
photosynthetic organisms, such as the bacteria Rhodobacter
sphaeroides, there are two types of light-harvesting antenna
complexes—types 1 and 2. These are termed LHI1 (B875)
and LH2 (B800/850). In the more general case of non-bacterial
organisms, these light-harvesting complexes are termed LHC I
and LHC II. LHC II acts as a light-absorbing and transferring
complex. LHC Iis closely associated with a reaction centre."* In
all species of purple bacteria, the LHC I surrounds the reaction
centre.? However, LHC Iand LHC Il are constructed on the same
modular basis.”*" This organisation of reaction centres surrounded
by aggregates of chlorophylls and associated carotenoids, seems
to be universal to photosynthetic bacteria and higher plants and
is called the photosynthetic unit.” When photons are absorbed
by one of the chromophores in the LHC II antenna complex,
non-radiative photophysical processes occur in a series that
channels the excitation energy with high efficiency from the site
of absorption. There are two types of ultrafast photophysical
processes that occur. One type is energy migration (exciton
process), which is the reversible series of energy transfer pro-
cesses that occurs between identical coupled chromophores —in
this case between LHC II antenna complexes of the photo-
synthetic membrane. The other type is energy transfer, which
refers to the down-hill energy transfer process which will then
terminate the exciton process'® within the photosynthetic unit.
Energy transfer takes place in the order LHC II - LHC I - reac-
tion centre. An irreversible electron transfer reaction occurs at a
special pair of chromophores in the reaction centre, preventing
any possible back transfer of energy." Both of these occur in the
singlet state of an excited pigment.” The energy transfer is a se-
quential process, is multi-exponential and occurs in a total time
of less than 100 ps, at about 95% efficiency.” Within a bacterio-
chlorophyll ring, it is estimated that energy transfer around the
ring takes place in a few hundred femtoseconds."”"® The LH2 -
LHI transfer time is 3-5 ps” and energy transfer from LH1 -
reaction centre is 30-50 ps.” This longer time is due to the greater
LH1-reaction-centre distance. Energy migration times are
strongly dependent on the relative orientation of the transition
moments within the macrocycle array.

One line of study is to isolate these functional components
and study the energy transfer characteristics separately. The
energy transfer processes of these photosynthetic systems can
be investigated using ultrafast pump probe transient absorption
spectroscopic techniques.” ™ The use of ultrafast pulsed lasers
enables the pigments to be excited in unison with a quasi-mono-
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chromatic light source. This pump pulse excites the pigments at
a pre-set temporal origin, after which the energy transfer can be
probed by a second pulse with an adjustable delay.* In our
experiment, the sample used was isolated LHC II from spinach
leaves.

The LHC ITis the most abundant antenna in the photosystem II.
The function of the LHC I is to transfer excitation energy towards
areaction centre of either photosystem I (PSI) or photosystem II
(PSII). Normally, there are four LHC II trimers per PS Il reaction
centre.” Inaddition to LHCII, the PSII contains other complexes
such as CP29, CP26, CP47, CP43, D1 and D2. The CP43, CP47, D1
and D2 form the PS II core complex.”? In its native form, the
LHC II is a trimeric protein. The structure of this complex was
first described in 1994 by Kithlbrant et al.” Each monomer
contains 7-8 chlorophyll 2 molecules, 4-5 chlorophyll b mole-
cules and 3 carotenoids, namely lutein, neoxanthin and
violaxanthin.”** These chlorophylls have been assigned specific
site energies. The site energies of chlorophyll a are 602-604 and
610-614, those for chlorophyll b are 601 and 605-609.° These
chlorophylls are arranged in two separate layers: one close to the
stromal surface and the other by the luminal surface with a
distance ranging from 13.9-18 A between them. Close to the
stromal surface of the membrane are three clusters of chloro-
phylls. There is a chlorophyll a trimer (a610-a611-a612) and a
chlorophyll a dimer (a602-a603). These are closely associated
with three chlorophyll b molecules (b601, b608 and b609). On the
luminal side of the membrane there is a chlorophyll a cluster
(a613 and a614), a group of chlorophyll b (b606, b607 and b605)
and a single chlorophyll a (a604).* When assembled, the LHC II
trimer contains between 36 and 42 chlorophyll molecules as
well as 10 to 12 xanthophyll (lutein, neoxanthin and violaxanthin)
molecules. In vivo and in vitro, thereis a further level of structural
organisation that LHC II can adopt. This is either a regular
lamellar sheet, usually 2D in shape, or, alternatively, in a 3D or
disordered 3D structure.” Thus, LHC II has a large degree of
flexibility in its structural organisation, with accompanying
changes in optical properties.

The interpretation of pump probe transient absorption data is
highly complex and the results obtained are influenced by many
factors, such as the degree of aggregation of the LHC II* or
whether the complexes are in the monomeric or trimeric state.”*
However, in this study, the main focus of the research is not on
elucidating the photophysical processes of photosynthetic
energy transfer. We propose to develop light-harvesting and
energy-transfer systems with architectures to enable specific,
site-directed energy transfer. Our aim is to characterise these
systems with respect to the direction, efficiency and rate of
energy transfer from the site of photon absorption to the terminal
energy transfer process. We report these preliminary results as a
proof of principle of our experimental setup, using Malachite
green dye, and to indicate the presence of the above-mentioned
energy transfer processes in LHC II extractions from spinach
leaves.

Background

Many biological and chemical processes occur on relatively
long time scales (from milliseconds to seconds). These long
processes are the result of combinations of several very fast
elementary processes ranging from femtoseconds to picosec-
onds.” This generally is referred to as the ultrafast or ultrashort
pulse regime. In order to observe ultrafast processes, such as the
translation or rotation of part of a molecule, energy transfer,
charge transport or the formation or breaking of a chemical
bond, a measurement technique with a temporal resolution in
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the range of femtoseconds to picoseconds is required. However,
most detectors are not fast enough to resolve such time scales.

Femtosecond transient absorption (pump probe) spectroscopy
has become a widely-used and useful technique for studying
ultrafast processes.™

In the pump probe spectroscopy technique, a beam consisting
of a train of ultrafast laser pulses is split into pump and probe
beams. The pump and probe beams are sent along different
optical paths, and then focused into a sample with a time delay
between them.” The pump is used to trigger a photoinduced
process in the sample and the probe beam is used to probe the
process, for example molecules or atoms in their excited states.
The evolution of this process is then followed by monitoring the
delayed probe pulse, for example by absorption, and varying
this delay time. The resulting spectra are therefore measured ata
range of delay times to provide transient absorption at a range of
wavelengths.

The pump-induced variation of the probe absorbance (AA)asa
function of delay time can be measured and analysed. This is
done by observing pumped as well as non-pumped probe spectra.
Using the Beer-Lambert law for linear absorption in a liquid
sample, the AA can be written as:

I I
Apumpors = log( sigi\al }ON B log( "‘;""1 }OFF, N

where [, is the incident intensity and Lig. the transmitted inten-
sity. Considering that I.¢ is proportional to I; in the setup depicted
in Fig. 1, the absorbance change is given by:

A pumpors = log(ﬁi) - 1og(11%“) : )
k signal )ON k signal )OFF
This equation indicates that the absorbance change (AA) is a
function of the ratio of the reference and probe signals at a given
wavelength, measured after the sample excitation (‘on’), and of
the ratio of the same signals measured in an unexcited sample
(‘off").
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Fig. 1. The overlap of pump and probe beams. The two probe beams are shown: the
signal and the reference.

Probe

In order to benchmark our experimental setup, Malachite
green dye was used as a sample. Several spectroscopic studies
have been conducted on Malachite green. Previously measured
ultrafast pump probe signals have shown that Malachite green
has an ultrashort electronic excited state lifetime that depends
on the solvent viscosity but is in the region of 3 ps.* In another
study, transient absorption signals of Malachite green in ethanol
solution, pumped at 580 nm and probed at 620 nm, showed a fast
kinetic process with a time constant of approximately 2.1 ps.”

There has been considerable research directed towards devel-
oping artificial photosynthetic systems and a number of groups
have synthesised artificial light-harvesting, energy migration
and charge transfer components.®* In this collaborative research
effort between the Femtosecond Science Group and the Synthetic
Biology Group of the Council for Scientific and Industrial
Research (CSIR), the aim was to use ultrafast pump probe
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spectroscopy to determine energy transfer times experimentally
for both natural and artificial light-harvesting systems. It is envis-
aged that we will explore a range of pigments from higher plants
as well as photosynthetic bacteria arrayed in a variety of organi-
sational configurations. One of the goals is to establish the dis-
tance over which energy can be transferred. It is also envisaged
that polymericstructures will be used as an architectural scaffold
onto which the pigments will be attached. With this arrange-
ment it should be possible to develop multi-pigment systems for
directed energy transfer.

Sample preparation and characterisation: LHC Il

Isolation and characterisation of loosely stacked lamellar
aggregates of LHC Il with long-range chiral order

LHC II samples were prepared from spinach leaves (with good
turgor and dark green colour) as described before” with a few
modifications to suit the experimental conditions. The leaves
were grown at a local greenhouse and the entire experiment was
performed under normal laboratory light and on ice. spinach
leaves were washed with cold water and chilled distilled water,
and then homogenised in a blender with ice-cold buffer A
(50 mM Hepes, 0.4 M sorbitol, pH 7.8 with NaOH). The suspen-
sion was filtered through four layers of muslin and then centri-
fuged at 5 000 g for 5 min at 4°C. The pellet was resuspended in
cold buffer B (20 mM Hepes, 5 mM EDTA, 50 mM sorbitol, pH 7.8
with NaOH). A medium-sized brush was used for crude
homogenisation of the pellet to ensure all material was finely
homogenised without large visible particles. The suspension
was again centrifuged at 10 000 g for 10 min at 4°C. The pellet was
resuspended in cold buffer C (20 mM Hepes, pH 7.8 with NaOH)
and again homogenised as above. Triton x-100 was added to the
suspension to obtain the final detergent concentration of
0.7-0.9%, and the suspension was then stirred continuously on
ice and in the dark for atleast 45 min, followed by centrifugation
at 30 000 g for 40 min at 4°C. The supernatant predominantly
contained LHC I and hence was kept at this stage and the pellet
was discarded. All the centrifugation procedures were carried
out using a Beckman Coulter, Avanti J-30I centrifuge. The prepa-
rations can be stored in the dark at —87°C for up to a month with-
out the loss of their lamellar structure. Thawing and refreezing
can lead to complete destruction of these properties, therefore a
sample can be used only once. The prepared sample was diluted
in Buffer C to obtain an absorbance of ~1 in a 1-cm optical
pathlength cuvette at 430 nm for all the characterisation methods
as well as the pump probe experiments. The chlorophyll content
of the sample was calculated using a method based on Arnon’s
equations: Add 50 ul sample, 10 cm® 0f 80% v:v acetone, filter and
read absorbance at 665 nm and 649 nm. Arnon’s equations are
given by:
Chlorophylla = [(Ays X 11.63) — (A, X 2.39)] X 0.2 mg em™
Total chlorophyll = [(Ays X 6.4) + (Ay, X 17.72)] X 0.2 mg cm™
Chlorophyll b = Total chlorophyll — chlorophyll 4,

where Ags and Aey are the absorbance of the sample at 665 nm
and 649 nm. By using these equations we found the following
values: Chlorophyll 2 = 1.68 mg cm™, chlorophyll b = 0.69 mg
cm’, total chlorophyll content = 2.38 mg cm™ and chlorophyll a/b
ratio = 2.4:1

Characterisation methods

Circular dichroism measurements

Circular dichroism (CD) was measured at room temperature
using the Chirascan Circular Dichroism Spectrometer (Applied
Photophysics) and the results can be presented in units of
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Fig. 2. Circular dichroism spectrum of loosely-stacked lamellar aggregates of LHC
Il (Type 11).

absorbance or millidegrees (mdeg). LHC II, when isolated with
mild detergent treatments, readily assembles into loosely
stacked lamellar aggregates, which exhibits a significant degree
of long-range chiral order of their chromophores. Long-range
chirality is in turn essential for long distance energy migration.
This characteristic of LHC II is essential for the purposes of this
study: to prepare a LHC II sample that can undergo energy
migration. This is evident when the CD spectrum of LHC II is
observed in Fig. 2. The asymmetric bands (psi-type CD band)
at ~430-505 nm and ~675 nm indicate the formation of large
macro-aggregates with long-range chiral order within the
sample, which allows energy transfer.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)

A SDS-PAGE gel of 12% acrylamide was cast (using a Bio-Rad
mini-protean tetra cell and PowerPac universal). This tech-
nique was performed to identify proteins in the sample mixture.
Figure 3 illustrates the results obtained from performing the
SDS-PAGE using the extracted LHC II sample at room tempera-
ture. Lane 1 contained protein molecular makers, while Lanes 2
to7 contained LHC I sample buffered with a 5x sample bufferin
different concentrations to obtain optimal resolution. Lanes 2 to
4 contained a sample that was more concentrated and gave a
better resolution, while Lanes 5 to 7 contained sample that was
strongly diluted (with little protein) and hence very difficult to
see using Coomassie blue staining solution. Results obtained
from this technique showed that the prepared sample contained
mostly LHC II complexes and this can be seen from the broken-
down complexes of PS II, as shown in Fig. 3. CP47 (45k-50kDa)
and CP43 (35 kDa), which are complexes from the peripheral
core complex of PS II, together with D1 and D2 proteins closely
associated to the reaction centre, were present; pure LHC II
(56 kDa) was also present. All these pigment protein complexes
could be detected using Coomassie blue staining solution. The
gel also indicated the presence of small subunits (20-25 kDa)
from LHC I and CPL. This implies that the sample was not purely
LHC II; it contained some components from LHC I as well as
some from PS II reaction centre.

Experimental setup

A generic femtosecond pump probe experimental setup
was used and is described below. A commercial Ti:sapphire
femtosecond oscillator (Coherent Mira 900-F), operating at a
repetition rate of 76 MHz and pumped by the 5 W output of a
continuous diode-pumped Nd:YVO, laser (Coherent Verdi V5),
produced pulses of approximately 130 fs duration, as measured
by a home-built autocorrelator. These pulses were stretched and
then amplified by a regenerative Ti:sapphire amplifier (Coher-
ent Legend-F) pumped by a diode-pumped, Q-switched
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Nd:YLF laser (Coherent Evolution) at a repeti-
tionrate of 1 kHz, and finally compressed to pro- VW IN KD MW IN KD
duce 130-fs pulses of up to 1 m]J per pulse. This 2 2
pulse duration was also measured by a 250 | —»
home-built autocorrelator. These pulses have a 130 | —»
bandwidth of about 8-nm full-width-at-half- % | * g it
maximum (FWHM) and a central wavelength of 55 | —» <50 CP47
795 <— 45 CP47
nm. 6 | —» 4—35CP43
As shown in Fig. 4, the amplified beam is split 28 | —» %22 (?J_'gll'llf)i
by a beam splitter (BS1) into two beams (90% 17 >
. - 25-20:
transmitted and 10% r'eflected) the pump anfi iz - o -
probe beams, respectively. The probe beam is OF LHCI
sent to a variable optical delay line, which com-
prises a retro-reflector mirror on a precision

translation stage controlled by a computer. The
probe beam is then focused on a 2.15-mm-thick
sapphire plate to generate a white light contin-
uum. A short pass filter is placed after the plate in the probe path
in order to suppress the strong residual peak, at 795 nm, from
the Ti:sapphire laser. The probe beam is split into two beams—
reference and signal. The signal is focused on the sample in such
away thatit overlaps spatially with the pump beam in the liquid
sample, while the reference beam is also sent through the
sample, as indicated in Fig. 1. The pump pulse is sent through an
optical parametric amplifier (TOPAS C — OPA) in order to obtain
awide tuning range of the pump beam (530-20000 nm). After the
optical parametric amplifier, a chopper is inserted in the pump
beam path in order to record spectra that are classified as
pumped and not-pumped, thereby reducing background
effects. The probe reference and signal beams are focused on
optical fibres which guide the beams into the entrance slit of an
imaging spectrometer. The spectrometer (MS 2004 I) uses a
Czerny-Turner optical configuration. The light, after passing
through the entrance slit, is directed by a collimating spherical
mirror onto a diffraction grating. The grating used in this study is
600 lines per mm diffraction grating, blazed at 500-nm for 330-nm

Fig. 3. SDS-PAGE image of extracted LHC Il scanned using a Vacutec® G:Box from Syngene (Johan-
nesburg, South Africa).

to 1 000-nm operation. The grating disperses the entrance paral-
lel beams (signal and reference beams), and these are again
collimated, using a second collimating mirror, onto two verti-
cally-separated photodiode arrays. This spectrometer disperses
both beams to a maximum of 206 nm across the active area of the
photodiode arrays. Each photodiode array has 1024 pixels and a
spectral response range from 200 nm to 1000 nm. All pump probe
measurements were performed at room temperature and in
dark conditions. The sample was held in a rotating cuvette cell of
1-mm thickness. Unless otherwise specified, averaging was
done over 100 pulses per measurement at each delay time. The
entire pump probe setup described above is a commercial sys-
tem from CDP systems, the ExciPro-D.

Experimental results and discussion

Malachite green

A white light continuum was generated using a sapphire plate
in order to use this as a probe pulse in the pump probe experi-
ment. Figure 5 shows spectra of the white light continuum,
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Fig. 4. Pump-probe experimental setup used to measure transient absorption in liquid samples. BS1-4: beam splitters; M1—11: coated mirrors; WP: wave plate;
P: polariser; SP: sapphire plate; F: cut-off filter; S: sample; PD1 and PD2: photodiodes; L1 and L2: focusing lenses; OF1 and OF2: optical fibres; PDA: photodiode array;

OPA: optical parametric amplifier.
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recorded using an Ocean Optics USB 2000 4000 4
spectrometer. Two spectra are shown, - _i
with and without a short-pass filter, in 3500 — :
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order to illustrate the strong residual sig-
nal from the 795-nm laser output and
hence the need for the short-pass filter.
This white light was then split, using a
50:50 beam splitter, into two: the probe
and reference beams. Malachite green in
ethanol was used as a sample for this proof .
of principle experiment, to demonstrate 1000
the working of the system. A typical result
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shown in Fig. 6. In this experiment, 300 400 500 600 700 800

the pump pulse energy was 1.5 uJ with a Wavelength (nm)

focused beam size of about 300 um. The Fig. 5. Spectra of the white light continuum used in the non-linear crystal pump probe system, with and without a
610-nm absorption change as a function of ~ short-pass filter.

delay time is presented here. Since the op-

tical parametric amplifier was set also to
610 nm (pump wavelength), this is cffec- B e,
tively a one-colour pump probe measure- -0.005 - i
ment, although the probe is in fact a white 1 ‘
light continuum and therefore more infor- & 00104 a
mation is available from a single experi- e} ]
ment. The temporal delay time at which @ '0‘015'_
the strongest absorption change (0.045 2 0020 u
OD) is observed is relative to the physical &
position of the retro-reflector in the optical © 0025 THirGConStantit =i2.0:001 B
delay line, and has not been calibrated for § 4 o
zero position. We observe a fast decay pro- T -0.030 l
cess after this point, which can be attrib- ] 1 "
uted to the excited state decay as expected. 8 0035 \
A single exponential fit of the decay data, “ n— i -
which seems to fit reasonably well in this il |
case, indicates a time constant of 2.9 = 0.1 ps. -0.045
Figure 7 shows a contour graph of the E T E T E T ?
. . 0 2000 4000 6000 8000
measured transient absorption of the
Malachite green for the entire wavelength Delay (fs)

r.ange 500-720 nm. It can be se.en in this Fig. 6. Absorbance change at 610 nm as a function of delay between pump and probe pulses in malachite
figure that the strongest absorption change  green. In this case the pump was set to 610 nm and the probe was a white light continuum.

occurs at about 620 nm and no other absorp-
tion changes of interest occur in this range,
as expected.™” The maximum absorbance
changes for our experimental measure-
ments were between 0.055 OD and 0.060 680
OD, and the noise level was 0.002 OD. The
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temporal resolution was better than 200 fs g 600

in all experiments reported here, and was % 580

obtained experimentally by inference =

from the data recorded for Malachite e

green, as indicated in Fig. &; this resolution 540

is a compromise between error margins -~

obtained and the total time required for
the completion of a single experiment.
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ment and correction . . b hind 4 absorb . ‘ del
. : . . . ig. 7. Transient absorption contour graph indicating measured absorbance spectra for a range of delay times
The Whlte llght continuum is obtained between pump and probe pulses. The strongest absorbance change occurred at 610 nm and at a relative delay
by focusing a femtosecond pulse onto an  of 1900 fs in this experiment.
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optical mediurp (asapphire plate in our case). N NN
The propagation of the femtosecond pulse 10% maximum "
through this medium leads to spectral broad- .
ening (which is useful in this experiment), but P \
also temporal lengthening of the pulse due to o i\

. . o (5]
chirp. This chirp is due to the spectral compo- o \
nents with low-frequency (red components) ag’> e .
propagating faster than those with higher =
frequency (blue components). Therefore, dif- b

. o -
ferent w?velength Components in the probe § | \ e \-/-u
pulse arrive at different times at the sample. It = . <
is important to correct for the chirp intro- 3 \ Ay S
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duced by the white light generation in the P \ v
analysis of the pump probe results. AR \ /"(

The effect of this chirp is that the relative =
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ferent wavelength components of the white Delay (fs)
1490

light spectrum will be different, and depend-
ent on the amount of chirp induced. To cor-
rect this, one must compensate these delay

differences, which requires that the kinetics
0.0

1290

Fig. 8. Transient absorption kinetics of malachite green obtained by using a step size of 20 (1 step =0.78fs).

of a known specimen, which exhibits a local-
ised temporal response in the spectral range of
interest, must be recorded. In our experiment,
we used dyes as specimens with localised
temporal response in the spectral range from
400 nm to 700 nm (Oxazine 170 and sulphor-
hodamine B dyes). Pump probe measure-
ments were done on Oxazine 170 and

sulphorhodamine B, and the absorbance
change spectra and kinetics were recorded.
These experiments were carried out with a
pump energy measured at the laser output of
35.51 uJ, which resulted in roughly 1.2 uJ
before the sample, by the appropriate use of

Absorbance changes (OD)

Absorbance change (OD)

04 T T T T T T T T
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o Wavelength (nm)

90% v o

filters. The goal was to plotrelative time delay
versus the wavelength of the dye. For every -
wavelength of the Oxazine 170 recorded R

spectra (Fig. 9, inner graph), a corresponding -1500
kinetics graph (Fig. 9, outer graph) was deter-
mined and a corresponding delay time,
which corresponded best to the overlap
between pump and that particular probe
wavelength, was extracted. When a kinetics
spectrum is obtained, 90% and 10% of the maximum value of
the absorbance change is determined. In order to find the corre-
sponding time delay of a specific wavelength, first a value of
absorbance change at half of the difference between these two
values (90% and 10% of maximum absorbance change) is found.
Then a corresponding time is determined, as indicated in Fig. 9.
A set of relative delay time values are then obtained for the
400-700-nm spectral range. It is therefore possible to plot the
relative time delay against the wavelength. Figure 9 shows the
plot of relative time delay against the wavelength of two differ-
ent dyes: Oxazine 170 and sulphorhodamine B. As expected, it
was observed that, under the same conditions, the two dyes ex-
hibited the same behaviour (Fig. 10). In Fig. 10, it can be seen that,
as the wavelength increases (from blue toward red) the relative
time delay increases and the white light spectrum in our experi-
ment, which ranges from 410 nm to 710 nm, has a total temporal
span of about 1.6 ps. To obtain the chirp correction equation,
data from the plot of relative time delay against wavelength,
using Oxazine 170, was polynomial fitted. Figure 10 shows the
third-order polynomial fit, as well as the polynomial equation

T
-1000

Corresponding time

Time (fs)

Fig. 9. Absorbance change at 628 nm as a function of delay between pump and probe pulses (outer graph)
and transient absorption in the indicated wavelength interval and time delay (inner graph) of Oxazine 170
dye with pump wavelength set at 560 nm.

(in red). This equation was used to correct for the chirp intro-
duced by the white light in further analyses of other samples.

Light-harvesting complex I

The absorption spectrum of our samples containing LHC II,
extracted from spinach leaves, was recorded using a simple
Ocean Optics lamp and spectrometer (USB2000) at room
temperature, and is shown in Fig. 11. This spectrum shows
similar shapes and peak positions to those reported in the litera-
ture.” The absorption spectrum shows one main peak in the red
region at about 675 nm, which is due mainly to chlorophyll 4,*
and a shoulder at 650 nm, which is related mostly to chloro-
phyll b. In addition, the absorption spectrum exhibits a broad-
band from 400 nm to 520 nm, with the main peak positioned at
440 nm and shoulders on both sides. The peak at 440 nm repre-
sents chlorophyll 4, while the peak at 467 nm represents chloro-
phyll b—both in the blue absorption region of LHC I1.*

The preparation of the LHC II from PS II also indicated the
presence of CP47 and CP43, which are complexes from the
peripheral core complex of PS II, and D1 and D2 proteins closely
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associated to the reaction centre, as shown in o 1 — . o
Fig. 3. We also noticed the presence of LHC I | =& : g::g gg::; gf gzﬁ)zr:g?hl)g;:‘]‘ife B s A
residual in the sample, as indicated in Fig. 3. By 1400 Polynomial Fit of oxazine_B z ‘";-{‘:" *

using a set of adjustable filters, the pump pulse 1 - -:

energy was set to 2 uJ and the beam size at the 1200 Lo

focus was about 300 um. The sample was in- - o

serted into a rotating glass cell to ensure fresh  — 1000 - e Y:ﬂ’

sample for every pulse, in order to avoid sample = - - i

degradation and to prevent the accumulation of g 800 - e 7

long-lived states. Figure 12 shows the transient "z 4 .)_,/ 4

absorption spectra obtained in the region from % 600 - i

350 nm to 800 nm, although the white light con- A | amm

tinuum only had significant intensity from 400 _,."/"

420 nm to 700 nm. In this case, in order to excite | : “

both chlorophyll a and chlororphyll b compo- 200 ":}.(. ) . .
nents, the LHC Il sample was pumped by a | o4/ Y =-8074.9 + 34.7X - 0.04 X" + 21E-5 X
wavelength of 610 nm. Although 610 nm does 0l \-.

not correspond to the peak absorption wave- 400 450 500 550 600 650 700

length, our system provided high pulse energies
and good pulse to pulse stability at this wave-
length. Figure 12 shows five broadband absor-
bance changes of interest. The negative absor-
bance changes with peaks at 436 nm and 678 nm

Wavelength (nm)

Fig. 10. Plot of relative time delay against wavelengths of Oxazine 170 and sulphorhodamine dyes, with
polynomial fit to Oxazine 170 data and the time correction equation for chirp.

correspond to ground-state bleaching of chloro- 1.0

phyll a. The pump excites many molecules into 0.9 ]
the higher excited state, which results in a reduc- :
tion of the number of molecules in the ground 0.8
state. Therefore, when the probe pulse arrives, 1
there are fewer molecules in the ground state, —__ 0'7__
causing negative absorbance changes. The § 0.6 -
broadband positive absorbance change (about o .
500-640 nm), with a peak atabout 542 nm,isdue & 0.5
to excited state absorption. This signal is caused 2 , , |

@ 0.

by the excited state population, which is then & _
excited further to a higher energy level by the £ 0.3
probe pulse. This causes an increase of the ab- ]
sorption of the probe beam. In addition, shoul- e 7]
der bands observed at 472 nm (Fig. 12, outer 0.1
graph) and 650 nm (Fig. 12, inner graph) can be :
ascribed to ground-state bleaching of chloro- 0.0

phyll b. However, the large contribution of the 408

broadband excited state absorption (positive
absorbance change from 500 nm to 640 nm)
resulted in a less pronounced chlorophyll b
shoulder at 650 nm than expected. The peak observed at 610 nm
is as a result of laser scatter from the sample, due to particles in
the sample, indicating imperfect sample preparation. At 610 nm,
chlorophylla and b are excited and energy transfers are expected
to occur between the chlorophyll molecules. Several studies
on the energy transfer between the chlorophylls have shown
that the transfer usually takes place from chlorophyll b to
chlorophyll a.>* In addition to the transfer from chlorophyll b to
chlorophyll g, there is also energy equilibration that takes place
from chlorophyll a to chlorophyll a and from chlorophyll b to
chlorophyll b. The LHC II monomer is composed of 7-8 chloro-
phyll 2 molecules, 4-5 chlorophyll b molecules and 3 caroten-
oids, at a chlorophyll a:b ratio of 1.6:2. The energy transfer from
chlorophyll b to chlorophyll a, within this monomer, exhibits
three components: a very fast component that occurs at about
100-150 fs and two other components that have lifetimes of
600-800 fs and 5-7 ps.*

In order to obtain complete information on the five bands ob-
served in Fig. 12, a contour graph can be plotted (Fig. 13). Figure
13 shows the transient absorption of LHC II as a function of

T T T T T T
450 500 550 600 650 700

Wavelength (nm)

Fig. 11. Absorption spectrum of LHC Il extracted from spinach leaves (recorded at room temperature).

wavelength and relative delay time between pump and probe. It
is possible to observe the pump at 610 nm in this case, which
remains constant over all experimental time delays and is due to
laser scatter. In addition, the variation of the ground-state
bleachingat 678 nm and 436 nm, and the excited state absorption
with a peak at about 542 nm, can be clearly observed.

To extract further information regarding the time constants of
the energy transfer of the LHC II from the experiment, the
spectra are actually measured at a large number of delay times,
such that specific fast absorption changes can be temporally
quantified and their time constants extracted. Figure 14 shows
the evolution of the absorbance changes of 678 nm (the strongest
absorptionin Fig. 11), 542 nm, 472 nm and 436 nm as a function of
delay time. In the 678-nm, 472-nm and 436-nm bands, we
observed a fast drop in the absorbance change to quickly reach a
minimum, followed by a slow recovery. In the 542-nm transient
we observed a fast increase followed by a slow downturn. To
obtain the time constants, we applied a second-order exponen-
tial fit procedure to the data set obtained at each peak (436 nm,
472 nm, 548 nm and 678 nm). This was done because we
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Fig. 12. Transient absorption of LHC Il in the indicated wavelength interval and time delays with the pump wavelength set at 610 nm (outer graph) and the transient absorp-
tion of LHC Il in the 630—720 nm region which clearly indicates the shoulder at 650 nm (inner graph).

expected the sample to exhibit atleast two separate energy trans-
fer mechanisms with different time constants, and because a
single exponential did not fit the data well. The experimental
values of the energy transfer time constants are tabulated in
Table 1. The results of the second-order exponential fit gave us
two time constants, 1.3 + 0.5 ps and 25 * 4 ps, for the 678-nm
peak. The 1.3-ps time constant can be ascribed to singlet-singlet
annihilation within the LHC Il monomer and the 24.5-ps compo-
nent to the annihilation in the trimer. Comparable time con-
stants, 1.9 ps and 20 ps, for monomer and trimer annihilation,
respectively, at 679 nm have been reported.* This process could
limit the energy transfer.*

In the blue absorption region, we were able to detect the time
constants of energy transfer between chlorophylls. The 436-nm
peak relates to chlorophyll a and gives us two time constants
(860 =+ 200 fs and 45 = 4 ps), whereas the 472-nm peak relates to

Wavelength (nm)

-8000 -6000 -4000 -2000 0 2000

e S e e el . == e o e

chlorophyll band gives two time constants (750 + 100 fsand 29 +
2 ps). The 29-ps and 45-ps time constants are not accurate
extracted values since the measurement was done only over a
total range of 15 ps. However, the time constant of 750 fs is
related to the energy transfer from chlorophyll b to chlorophyll a
and is reflected in the disappearance of the chlorophyll b bleach-
ing (472-nm peak) after about 800 fs, as indicated in Fig. 12. The
time constant of the major component of energy transfer from
chlorophyll b to chlorophyll 2 was reported in the literature to be
about 600 fs.>**

Time constants obtained for 542 nm are 4.76 * 1 ps and
43 + 6 ps, again the latter value is less accurate due to the limited
range of the experimental measurement. This broadband
feature, from 500 nm to 600 nm (with peak at 542 nm), is related
to the relaxation of the vibrational energy of the excited state
of the chlorophyll molecules. Upon excitation at 610 nm, the

0.005

-0.005

- 4-0.01

- 4-0.015

- 1.0.02

4000 6000 8000 10000

12000

Time (fs)

Fig. 13. Transient absorption contour graph indicating measured absorbance changes in OD for a range of delay times between pump and probe pulses. Pump was set at
610 nm and probe was a white light continuum. The chirp correction equation was applied to the data.
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molecules are excited to a high vibrational
energy level of the electronic excited state. The
molecules will then undergo vibrational relax-
ation. Therefore the probe gives us a broadband
spectrum which is the overlap of absorption spec-
tra of molecules in different vibrational energy
levels.

The time constants obtained for LHC II for the
absorbance changes at 678 nm correspond well
with those expected, while the others are less
accurate, probably due to a long-lived state
being populated and not resolved temporally
here due toits long lifetime. The observation of a
long-lived state could be due to the presence of
LHC, D1 and D2 residue in our sample. These
complexes are expected to have long lifetimes, in
the order of hundreds of picoseconds up to the
nanosecond regime.

The transient absorption experiment was also
carried out at different pump wavelengths in
order to compare results obtained for the energy
transfer times from different degrees of pump
excitation. Figure 15 indicates the absorbance
changes of the same sample, containing LHC I,
pumped at different wavelengths: 610 nm,
630 nm, 650 nm and 680 nm at zero time delay
(or strongest absorption change). As expected,
we observed the strongest absorbance changes,
about 0.052 OD, when the pump was set at
680 nm. The pump of 650 nm, 630 nm and
610 nm produced the strongest absorption
changes of 0.027 OD, 0.020 OD and 0.013 OD,
respectively. By changing the pump wave-
lengths, we excited different pigments (chloro-
phyll a, chlorophyll b or chlorophyll a/b), which
resulted in different energy transfer processes
taking place; in other words, different combina-
tions of chlorophyll b to chlorophyll a energy
transfers and chlorophyll a to chlorophyll a en-
ergy transfers occurred. Different time con-
stants are therefore expected.

Time constants extracted from each of these
experiments for the 678-nm peak are given in
Table 2. By setting the pump at 650 nm, which is
the strongest chlorophyll b absorption wave-
length, we were able to observe two time con-
stants, 0.81 + 0.3 psand 9.95 + 1 ps, related to the
energy transfer from chlorophyll b to chloro-
phyll a. These values compare well with the
values of 600 fs and 5-7 ps reported in the litera-
ture.*** The excitation of the sample at 680 nm
gave us time constants of about 0.35 + 0.1 psand
6.90 £ 0.3 ps. These values are correlated to the
chlorophyll a to chlorophyll a energy equilibra-
tion and are in agreement with the values
reported in the literature,”® which are 300 fs and
6 ps. By changing the pump wavelength to
630 nm, we obtained 2.8 = 1.1 ps and 47 + 17 ps;
these long times could be due to internal conver-
sion.
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Fig. 14. Absorbance change as a function of relative delay time between pump and probe pulses for LHC
I at different wavelengths (436 nm, 472 nm, 542 nm and 678 nm) pumped at 610 nm, after the chirp
correction equation was applied.

Table 1. Summary of observed time constants at different probe wavelengths
(436 nm, 472 nm, 542 nm and 678 nm) for a pump wavelength of 610 nm.

Probe wavelength 436 nm 472 nm 542 nm 678 nm
t,(ps) 0.86 +0.2 0.75 + 0.1 476 + 1 1.3+0.5
t,(ps) 45+ 4 29+2 43+6 25+4
0.01
0.00 —
=)
O -0.014
7]
[0}
=4
g -0.02 4
o ® Pump @ 610 nm
3 ® Pump @ 630 nm
S -0.03 1 = Pump @ 650 nm :
-g = Pump @ 680 nm
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Fig. 15. Transient absorption of LHC Il of sample from spinach leaves for different pump wavelengths.

The spectra was recorded at relative time t = 0 when the pump and probe overlap.

Table 2. Summary of observed time constants at different pump wavelengths
(610 nm, 630 nm, 650 nm and 680 nm) for a probe wavelength of 678 nm.

Pump wavelength 610 nm 630 nm 650 nm 680 nm
t,(ps) 1.3+05 28+1.1 0.81+0.3 0.35x0.1
t,(ps) 25+4 47 =17 9.95+ 1 6.90 + 0.3

longer time range measurement is required for more accurate

In the present study, the ultrafast energy transfer components exponential fit procedures. The process may also be more
which occurred in less than 200 fs were not resolved due to the =~ complicated than consisting of only two time constants. These
temporal limitation of our setup. Some values did not correspond  are challenges for future work in improvements in the extracted
well with those reported in the literature—an indication that a  time constants and interpretation thereof.
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Conclusions and future work

We have presented the development of a technique of femto-
second pump probe spectroscopy for ultrafast time-resolved
spectroscopy, and the preliminary results achieved using this
technique. Our experimental setup was standardised using
Malachite green dye and the measured lifetime of 2.9 ps corre-
sponds well to those reported in the literature for this dye. We
presented our method of correcting for the chirp induced in the
white light continuum generation process, as this is required for
accurate time resolution of the measurements. We have also pre-
sented preliminary measurements of the ultrafast energy trans-
fer in light-harvesting complexes extracted from spinach leaves.
Upon excitation at 610 nm, we were able to measure the time
constants of the energy transfer between the chlorophylls, as
well as annihilation processes. Future work involves the detailed
study of the energy transfer lifetimes as a function of pump laser
intensity and wavelength, optimisation and confirmation of the
ultrafast dynamics of the extracted light-harvesting complexes,
aswell as further work in interpretation of energy transfer infor-
mation from the pump probe measurements.

The ultimate goal is to use this technique to characterise the
light-harvesting and energy-transfer characteristics of artificial
systems developed at the CSIR, and to compare these with natu-
ral systems. The work proposed by this group focuses on the
development of artificial light-harvesting and energy-transfer
systems which match the rates and efficiencies of the natural
photosynthetic systems. Two approaches are being pursued.
One approach uses porphyrins and produces nanorod struc-
tures via ionic self-assembly. These porphyrin nanorods are then
embedded in a polymeric scaffold to enhance the structural
properties of the nanorods. The second approach uses a poly-
meric scaffold and attach porphyrins to specific sites on the
polymer backbone. The polymer acts to produce specific archi-
tectures for site-directed energy transfer. The aim will be to pro-
duce structures for which the direction of energy transfer is
defined. The next step is to produce technical specifications for
the energy-transfer system in terms of the direction, rate and
efficiency of the energy-transfer process and robustness of the
system.
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