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České Budějovice 2018



This thesis should be cited as:
West R. G., 2018: Carotenoid Excited State Processes by Femtosecond Time-
Resolved Pump-Probe and Multi-Pulse Spectroscopies. Ph.D. Thesis Series,
No. 3. University of South Bohemia, Faculty of Science, České Budějovice,
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Annotation
This Ph.D. thesis is an exploration of carotenoids by ultrafast, time-resolved
absorption spectroscopy to investigate their complicated relaxation processes,
means of energy transfer, and dependence on structure. The introduction
begins with an overview of carotenoids, intended for the reader to ap-
preciate their importance and their complexity as revealed by decades of
research in carotenoid photophysics. To understand the primary concerns
of this research field, the reader is guided through basic theory of energetic
processes, the experimental method, and methods of analysis. The main
body of the text is the Research Chapter, containing four sections, each
describing research using varied ultrafast transient absorption spectroscopies
on carotenoids in solution and when bound to a host protein. Section 2.1
concerns an equilibration phenomenon in the lower energetic structure
of the carotenoid fucoxanthin in various solutions and temperatures by a
multipulse transient absorption method. The same method is applied to
fucoxanthin in a host antennae protein of the pennate diatom Phaeodactylum
tricornutum to investigate the function of the equilibration in energy transfer
to Chlorophyll a in Section 2.2. The next two sections regard the effect of
carotenoid structure on its relaxation dynamics. Section 2.3 investigates the
effect of the non-conjugated acyloxy group of two fucoxanthin derivatives in
various solvents. Here, one of the energetic states involved in the equilibrium
mentioned above is seen drastically affected. Lastly, Section 2.4 investigates
alloxanthin, a carotenoid with an unusual pair of carbon-carbon triple bonds.
Their effect on the conjugation is evaluated based upon the molecules’ decay
dynamics. A general summary and conclusion is provided at the end.
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Foreword
Though science is celebrated as the study of what we observe or could

observe, the quality and reliability which all scientists are expected to uphold
are ultimately based upon immeasurable, unquantifiable, invisible qualities
such as diligence, critical reasoning, and most important of all, honesty.

The faith we have that men possess these qualities should not be taken
for granted. We must reason that these qualities can and should be valued in
order for any scientific endeavor to succeed in coming closer to the truths of
the natural world.

To the same degree, I cannot provide a measure by which the reader
may evaluate the soundness of my own research as with the great scientists
on whose hard labor and whit we all stand. So, the reader must take me at
my word and hopefully, the honest investigation and the strains to which
I attempt to explain in a clear manner what I have learned, in spite of my
limited knowledge, will be a testament to the reliability of the results enclosed.

Robert G. West

“What we observe is not nature itself but nature exposed to our method of question-
ing.”

Werner Heisenberg
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1 Introduction
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1.1 Overview

To understand where this study of carotenoids falls within the grand
scheme of photosynthetic research, one must also appreciate some of the his-
tory of carotenoids and why biologists and biophysicists have concentrated
much of their work on carotenoids in recent years. The oldest geological
record of carotenoids have been found in chloroplasts of the unicellular al-
gae Prochloron, which is cyanobacteria.1 Due to its anti-oxidative qualities
observed in such complex organelles as chloroplasts (See Fig. 1.1), it is as-
sumed that the presence of carotenoids dates back to the appearance of oxy-
genic photosynthesis for the mechanism to have survived over-exposure to
sunlight. Carotenoids, thereafter, are found in a host of organisms serving
photosynthetic and non-photosynthetic roles such as pigmentation in crus-
taceans, parrot feathers, or even grasshoppers, to name a few.2–4 Ingested
carotenoids are even found concentrated in the human eye,5 and studies indi-
cating the relation between ingestion of carotenoid-rich foods and eye health
seem to point towards its oxidation or excess energy suppressing qualities are
preferred also in the animal kingdom.6, 7

From the time humans themselves had first laid their eyes on carotenoids,
their bright, light-tuning properties were also preferred as a medium for
artistry and dyes.8, 9 It was not until the early 19th century that carotenoids
were first isolated and became known as lipochromes: fat-soluble hydrocar-
bon pigments often giving color to fat.10 In 1907, Willstätter and Mieg de-
termined the molecular formula for β-carotene is C40H56,11 then Paul Karrer
determined xanthophylls contained oxygen as hydroxy groups. At last, pre-
cise carotenoid structures were discovered by the application of chromatog-
raphy in the 1930s.12 Since then, the structure of more than 700 carotenoids
have been determined, about 200 of these being carbonyl carotenoids, mean-
ing they posses a carbonyl, or keto,* group (contains C = O).1

Fucoxanthin, being one of these keto-carotenoids, is the primary
carotenoid featured in this thesis. Fucoxanthin was first extracted in 1867,

*For more info: www.chemguide.co.uk/organicprops/carbonyls/background.html
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though the name "xanthin" was not given until 1878, and thoroughly stud-
ied as a component of brown algae by Willstätter and Page in 1914,13 and its
structure was determined in 1969 by B. C. L. Weedon and his group.14 The
carotenoid’s prevelance was unique: even in the most diverse conditions, fu-
coxanthin was found to be uniformly the primary carotenoid pigment in the
algae. In regard to its world-wide photosynthetic impact, T. W. Goodwin said
in his book, The Comparative Biochemistry of the Carotenoids:15 "When the algal
distribution over the world’s surface is considered, fucoxanthin is probably
the most abundant naturally-occurring carotenoid."

The reason for fucoxanthin’s success as a ubiquitous sensitizer must be
its structure, and a carotenoid’s structure determines its function within the
light harvesting antenna protein. Specifically, its carbonyl group has been
determined to induce a charge transfer state in polar environments, which
enhances energy transfer to chlorophyll within the antenna. This is also
observed for peridinin in its native protein of dinoflagellates (a component
of phytoplankton).21 Therefore, as Polívka et. al. describes it: "the light-
harvesting strategy employing a charge transfer state is likely to play a signif-
icant role in the total photosynthetic production on Earth."22

The goal of this thesis, in part, is to describe and quantify the nature of this
charge transfer character of fucoxanthin in various solution environments
(Section 2.1) and in its native protein, fucoxanthin chlorophyll protein (Sec-
tion 2.2). These studies showcase the multipulse, femtosecond transient ab-
sorption (TA) technique, a technique which successfully reveals the nature of
coupled first excited and charge transfer states and gives insight into the en-
ergy transfer pathways of carotenoid-chlorophyll antenna proteins. Addition-
ally, by pump-probe TA spectroscopy, the electron distribution dependence
of the charge transfer state is investigated with two fucoxanthin derivatives
having acyloxy groups attached to the carbon-carbon backbone yet apart from
the electron conjugation (Section 2.3). These derivatives are found in Aureo-
coccus anophagefferens, an algae which produces brown tide blooms harmful



FIGURE 1.1: An exploding diagram indicating the location of carotenoids in LHCII of
plants. The three types of carotenoids (E) found in LHCII (D) of PSII (C) located on
the thylakoid membrane (B) of chloroplasts as found in the leaves of plants (A). Figures

obtained from refs. 16, 17, 18, 19, and 20, respectively.
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to suspension feeders and some aquatic vegetation.23 Lastly, a brief inves-
tigation of the non-carbonyl carotenoid alloxanthin is presented. Alloxan-
thin is a unique carotenoid with two carbon-carbon triple bonds in its back-
bone found in the Cryptophyte algae Rhodomonas salina, which demonstrates
unique non-photochemical quenching properties when overexposed to light
(Section 2.4).24

1.1.1 Carotenoid Biosynthesis

A proper appreciation for the role of carotenoids would be amiss without
some understanding of its synthesis. There are various pathways by which
carotenoids are synthesized in unicellular organisms as well as higher plants,
but not in animals. In higher plants, carotenoid synthesis falls within the
same synthetic pathway as other isopreniods such as cholesterol, a process
which absorbs water and produces CO2 to make the ten-carbon molecule,
geranyl phosphate. Geranyl-geranyl pyrophosphate is then synthesized as
a precursor to the 40-carbon phytoene, a precursor of lycopene which is cele-
brated by epidemiologists for prostate cancer prevention.25, 26 From lycopene,
a carotenoid which aside from its methyl groups mimics a linear polyene,
stems more complex structures: α-carotene and β-carotene, the predecessor of
xanthophylls.27

The fucoxanthin-chlorophyll a complex of the diatom Phaeodactylum tricor-
nutum, featured in this thesis, has an antenna complex similar to that of plants;
and the pathway to fucoxanthin synthesis traverses the analogous β-carotene
synthesis in plants. According to a recent study,28 from β-carotene hydroxy
groups are added to make zeaxanthin, violaxanthin by addition of two epoxy
groups, neoxanthin, and finally, allenic double bonds are formed to produce
the carbonyl carotenoid fucoxanthin.

The type and concentration of carotenoids synthesized in particular sys-
tems is dependent on the light condition in which the host organism thrives.
In fact, carotenoids may be synthesized between a quenching and a sensi-
tizing carotenoid in fluctuating light conditions.29, 30 and they may perform
a photoprotective in addition to a light harvesting role in their native pro-
teins.31, 32 Therefore, it is expected that their synthesized structure is related



FIGURE 1.2: All carotenoids contain a polyene backbone. Lycopene and spirillox-
anthin are linear carotenoids. β-carotene is the predecessor of xanthophylls such as
alloxanthin, peridinin, and fucoxanthin. 19’-hexanyloxyfucoxanthin is a fucoxanthin

derivative addressed in Section 2.3.
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to their function. Consequently, minute changes in their physical structure
affects their energetic transfer and spectroscopic properties.

1.1.2 Carotenoid Function as Revealed by Spectroscopy

Three types of pigments are found in natural light harvesting (LH) an-
tenna: open-chain bilin, chlorophylls, and carotenoids. The purpose of an-
tenna systems is, firstly, to funnel energy to the reaction center (RC) where
stable energy products for cellular processes are manufactured. Antenna sys-
tems also sensitize other proteins to the spectra of incident light, or light qual-
ity. Lastly, the antenna system also enacts photoprotection by various means
depending on the organism in the case of high-light conditions which could
damage the LH system.20 Specifically, carotenoid molecules perform these
roles locally, and their diversity within LH systems implies their vital role in
the adaptation of systems under numerous light conditions. Therefore, deter-
mining the role of specific carotenoids in their host proteins is necessary for
the initiation and function of all photosynthetic processes. The primary factor
governing the utility of LH systems, natural or synthetic, even for inorganic
systems, is the electron yield per photon. Carotenoids exhibit efficient energy
transfer upon excitation33 due to the fact that their energy transfer (ET) rate is
faster than their deactivation rate.20

Carotenoids are also distinguished by their multiple roles in light harvest-
ing:34

• sensitization: collection and absorption of light and energy transfer to
chlorophylls (Chls) or bacteriochlorophylls (BChls);

• photoprotection: chlorophyll triplet quenching and singlet oxygen scav-
enging;

• regulation: dissipation of excess energy by, for example, the xanthophyll
cycle; and

• stabilization: reinforcement of the antenna protein structure.

Carotenoids have even been found to take roles unrelated to light-harvesting
but photoactivation, such as light-activation of the Orange-Carotenoid Protein
in cyanobacteria.35
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The hundreds of naturally occurring carotenoids (as in Fig. 1.2) locally
serve one or more of these functions in their systems according to the host
organism’s habitat. For example, green sulfur bacteria, found in the lowest
light conditions of all photosynthetic organisms,20 contains isorenieratone,
whose structure is similar to β-carotene but whose terminal aryl rings have
been found to significantly tune its absorption properties to be advantageous
for sensitizing its host chlorosome.36 On the other hand, under high-light
conditions, the photoprotective function of β-carotene in high-light induced
proteins (Hlips) from cyanobacteria is observed due to the position of its low-
est singlet-state energy, which is strictly dependent upon the structure and
conformation of its backbone.37

These are just a few examples of how a carotenoid’s structure invari-
ably determines its function. Due to their shared relation to phytoene, all
carotenoids have alternating single-double, carbon-carbon backbones. This is
why the ideal physical model for the carotenoid is a finite polyene, and deci-
phering the energetic structure of carotenoids begins with a C2h point group
model for determination of its energetic structure, though this assignment has
been debated.38 The polyene model provides a basis for expected states, state
symmetries, and allowed transitions which all depend upon the length of the
backbone over which the electrons can be delocalized, or conjugated.39 How-
ever, addition of end groups and other complications of carotenoids’ struc-
tures can break this symmetry. The addition of various terminal rings, keto
groups, symmetry of the arrangement of keto groups, and lactone rings, not
to mention the conformation of the entire molecule, affect the energetic struc-
ture, introduce new environmental dependencies, intermediate energy levels,
and intermolecular energetic pathways.

Beyond computational analysis of these structures, the ever-developing
field of spectroscopy has led the expedition to unwravel the complexities of
carotenoid photophysics. Carotenoids are tested for their general behavior
and response to the polarity of the environment in solution; then, their func-
tions are explored when bound to proteins isolated from photosynthetic or-
ganisms or in mutated proteins. Peridinin, for example, absorbs strongly in
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the green spectral band and has the strongest dipole moment among investi-
gated carotenoids.40 Therefore, it is vastly present in oceanic photosynthetic
organisms as green light penetrates deeper into the water.20 In solution, peri-
dinin’s lowest singlet excited state exhibits lifetimes ranging from 160 fs to 9
ps depending on the polarity, from non-polar to polar, respectively.41, 42 Such
a variation in lifetime has been attributed to a much-debated intermolecular
charge transfer (ICT) state. In the environment of the well-studied peridinin-
Chlorophyll-Protein (PCP) complex, peridinin is utilized as its main LH pig-
ment where peridinin and Chls are in Van der Waals contact (within 4-11 Å)
and maintain a concentration 4:1 predinin:Chl-a (see Fig. 1.7).20, 22, 43 This is
just one example of how carotenoids are situated in LH proteins.

Numerous other LH complexes and carotenoids have been investigated.
This thesis mostly focuses on carbonyl carotenoids and their function in light
harvesting antennae such as FCP. Even though a high-resolution detail of the
structure of FCP is yet to be resolved and the exact nature of the coupling
between the S1 and ICT states of fucoxanthin is still in question, the energetic
structure, excited state decay processes, and energy transfer tendencies may
be investigated by manipulation of its energetic manifold.

1.1.3 Observations of Carotenoid Excited States

The excited states of carotenoids have either positive or negative parity,
each with its own unique symmetry that, in part, governs its behavior and
allowed transitions. In brief, the singlet electronic states are classified not
only by the energy level (1, 2, 3...) but by symmetry and pseudoparity. The
symmetry of a state is either g (gerade, or "straight") or u (ungerade, or "odd"),
which concerns the π-electron bonding and anti-bonding orbitals. Likewise,
Pariser labels are applied to the state as with either + (positive) pseudoparity
or − (negative).44 Pariser’s labels indicate whether an optical transition is
allowed; whereby, the transition is forbidden among states of similar parity
(discussed in more detail in Section 1.2).45, 46 Generally, it has been observed
that the states with positive parity depend more on solvent polarity.47

The carotenoid’s environment influences its spectroscopic behavior.
For this reason, to understand the effect of the protein environment on
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FIGURE 1.3: Energy level diagram representing excited state
processes in carotenoid systems. SX represents an intermedi-
ate state. Not all states are shown, and not all processes occur
nor are they limited to the transitions shown. Adapted from

ref. [48] in addition to ref. [49].

carotenoids, its is useful to test them in a controlled solution environment
in order to judge their dependencies on polarity, proticity, temperature, and
conformation. Though spectroscopic time-resolved studies on carotenoids in
solution have also provided insight into the effect of the structure on their ex-
cited states and studies of proteins have revealed much about energy transfer
processes with these states as well as conformational dependecies, in the pro-
tein environment, spectral features become more crowded and intuitive anal-
ysis of carotenoids’ excited states is required to discriminate between path-
ways within the carotenoid and between the carotenoid and chlorophyll (Chl),
as shown in Fig. 1.3.

Below is a general overview of the characteristics of each of the known,
debated, and suspected excited states of carotenoids in various solution and
protein environments. Of course, it must be mentioned that the principal
origin of all excitations (excluding excited state absorptions) is the ground
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state, often labeled S0, posessing 11A−g symmetry. It represents the unex-
cited, relaxed carotenoid. Its only spectral properties observed are ground
state bleaching and, indirectly, ground state vibrational relaxation. Upon ex-
citation, the ground state is immediately partially depopulated, and as the
excited molecule relaxes, the ground state is repopulated and the bleaching
signature amplitude decreases. When the S0 vibrational levels are populated,
hot ground state species may be formed, but generally, their relaxation occurs
within 5-15 ps.22

The S1 State (21A−g ) and the Intramolecular Charge Transfer (ICT) State

In Solution
The lowest singlet excited state of carotenoids, named the S1 state, has

symmetry 2A−g and its similar parity with the ground state forbids direct sin-
gle photon excitation. In light harvesting systems, the state has been sus-
pected to play a crucial role in energy flow regulation whose energy transfer
to neighboring Chls is critically dependent on the structure of the carotenoid
as well as its immediate environment. However, due to its forbidden nature,
this state remained elusive for a time since its prediction.18

From the inception of spectroscopy of the S1 state, it was determined
partly by means of the Energy Gap Law (Eqn. 1.10) that the energy of the
state decreases with increase in conjugation length (see Fig. 1.4), yet spectro-
scopic measurements of the weak emission from this state precluded the exact
placement of the energy level. Further experiments established that for longer
carotenoids the region of interest is covered by the S2 state emission.22 Later,
when transient absorption measurements were made, there was hope that the
S1 energy could be determined by the S0 → Sn and S1 → Sn transition spectra
(see Fig. 1.5), but the ground state bleaching signal overlays the high energy
side of the latter. Moreover, the vibrational structure of the Sn state is unclear
from the S1 → Sn transient absorption spectrum. Nonetheless, it was deter-
mined that the S1 state is far less sensitive to the polarizability of the solvent
than S2, the strongly absorbing carotenoid excited state.51

Later on, transient absorption studies looked to the near infrared region,
monitoring the S1 → S2 transition in order to determine the energy of



FIGURE 1.5: (top) Simplified energy level scheme of a
carotenoid molecule. The solid arrow represents the S0 → S2
transition, the dotted arrows are transitions corresponding to
transient signals occurring after excitation. (bottom) Spectral
bands corresponding to various transitions in the carotenoid
zeaxanthin whose molecular structure is also shown. Figures

and caption taken from ref. [52].
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the S1 state. This technique is reliable for longer carotenoids; whereas, for
shorter carotenoids, Raman and fluorescence spectroscopies are more reli-
able.22 These studies revealed that the S1 properties of carotenoids are con-
siderably dependent on the molecular structure, leading to what has been
called the conformational hypothesis: exceptions to the S1 state’s energetic de-
pendence on conjugation length (N) are due to variability in the carotenoid’s
structure.

FIGURE 1.4: The theoretically determined depen-
dence of the excited state energies on conjugation

length N. Obtained from ref. [50]

Another notable spec-
troscopic method for deter-
mining the S1 state energy
is two-photon absorption
spectroscopy. With a high
flux of photons at roughly
half the energy gap between
the S0 and S1 states strikes
an allowed transition via
virtual states. This method
can probe carotenoids whose
S1 state emission is relatively
weak but also carotenoids
with carbonyl groups (car-
bonyl carotenoids) whose
absorption spectra demon-

strate the presence of the mutual ICT state.*

Carbonyl carotenoids act like carotenoids without a carbonyl group in
nonpolar solvents; however, in polar solvents the S1 signatures have been
found to decay much faster. Generally, it was found that increase in polarity
generally shortens the lifetime.42, 54 According to one model,16 this behavior
had been attributed to the decay of the S1 state to an immediate state below
it, called the Intramolecular Charge Transfer (ICT) state. It is named for its

*A technique using resonance-Raman excitation profiles has also been successful in prob-
ing this state directly.53
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FIGURE 1.6: Normalized steady-state (S.S.) and maximum
transient absorption (T.A.) spectra of fucoxanthin in non-polar
(n-hexane for S.S. and cyclohexane55 for T.A.) and polar sol-
vents (in methanol for S.S. and T.A.56). The broadening of the
S2 absorption, the red shoulder on the S1 state signature, and
the stimulated emission in the near-IR are all signatures of car-
bonyl carotenoids in polar solvent. The latter two properties

are signatures of the ICT state.

conventional charge transfer character, which was later assigned to the pres-
ence of the carbonyl group.41 Likewise, in the absorption spectrum, the state’s
presence is recognized by a broad, red-shifted form in the transient absorption
spectra decaying with the S1 band and stimulated emission in the near-IR re-
gion (see Fig. 1.6).22, 55 Despite its universally recognized spectral features,
the ICT state’s relation to the S1 state has long been debated.

The existence of the ICT state has been found to be strictly dependent on
the presence of a carbonyl group (keto group) attached to the conjugated back-
bone. What was originally considered the effect of an electron density shift in
the lactone ring of peridinin54 was later attributed to the carbonyl group on
that ring.57 Also, it was found that the effects of solvent polarity is indiffer-
ent to whether the carbonyl group is located on the ring if the conjugation
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extends to the ring or on the backbone.41, 58, 59 However, if there are two car-
bonyl groups in symmetric positions on the molecule, such as in crocetindial,
the polarity-induced behavior of the ICT state is entirely mitigated, even ob-
taining an excited state decay lifetime similar in hexane and acetonitrile.60

Though multifaceted time-resolved single- and two-photon absorption
studies have indicated that the S1 and ICT dynamics are strongly cou-
pled,54, 59, 61 there still remained diverse experimental and computational
studies with varied conclusions. In the most basic sense, the question was
whether the S1 and ICT states are the same excited state species, or whether
they are entirely different; though the signatures of ICT arise in certain con-
ditions, it’s evolution is entirely indistinguishable from the S1 state by global
analysis. In summary, the two states have been described as:

• the same state with a large dipole moment,61

• in equilibrium with each other62 or strongly coupled and thus forming
a collective state with its own potential energy surface,54, 59, 63 or

• distinct and behaving independently.64, 65

The enhancement of the charge transfer (CT) character of a carotenoid and its
carbonyl group as an electron acceptor is considered to be due to its ability
to form hydrogen bonds with a polar, protic solution, and a change in the
carotenoid structure is thought to be the cause of the ICT state stabilization, at
least within 1 ps in peridinin.66 Stabilization refers to how the charge transfer
characteristics subside after 1 or 2 ps and its dynamics coincides with the S1

decay. Considering the S1 and ICT states to be part of the same potential
energy surface, stabilization is consistent with the ICT state being a potential
minimum through which part of the excited state population relaxes.

Recently, however, Redeckas et. al.56 demonstrated in a multi-pulse
transient absorption study of fucoxanthin in methanol, the states are strongly
coupled yet independently affected by stimulated emission pumping (or
dumping), by an ultrafast spectropic method described in Section 1.3, the
showcase method of this thesis. By prematurely dumping (or removing) the
population of the ICT by a pulse resonant with its characteristic stimulated
emission. This study revealed that the S1 and ICT states, are in an equilibrium
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which is restored after dumping. Section 2.1 features an in-depth study of the
dependence of S1/ICT equilibration by dumping as well as repumping both
states individually. By this study, we revealed that lower polarity, proticity,
and temperature delays S1/ICT equilibration; and we reaffirmed the concept
of a single potential energy surface.

In Antenna Proteins
The S1 state of some carotenoids is modified in the protein environment of
light harvesting systems which may affect the transfer of energy to or quench-
ing of local chlorophylls, as found recently.37 For example, zeaxanthin and
violaxanthin have lifetimes of 11 and 24 ps, but in the binding pockets of
LHCII, violaxanthin’s lifetime shortens to near that of zeaxanthin. Spectrally,
the S1 → SN transition band of carotenoids is redshifted in the protein envi-
ronment.17 The lifetime shortening in violaxanthin was considered to be due
to its ability to conform to the binding pocket; whereas, zeaxanthin’s rigidity
was considered to actually affect the protein’s conformation such that the Chl
a could be quenched.67, 68 In photosystems, the energy quenching and donat-
ing ability of a carotenoid’s S1 state is largely dependent upon its energetic
level relative to the Chl’s Qy state, it’s lowest singlet excited state.

The S1 state may act as an energy quencher, lying below a Chl’s Qy

state, and it has been considered to be an energy transfer pathway for non-
photochemical quenching (NPQ), some process by which excessive light en-
ergy is controlled and dissipated to avoid reactive oxygen species.32, 37, 69

Primarily, the S1 state acts as an energy donor. Even if the state is not
promoted above the Qy state, the carotenoid may still transfer energy from a
vibrationally hot S1 state; that is, from the vibrational levels of the state. In the
unique environment of PCP (see Fig. 1.7), energy transfer from the S1 state is
by far the dominant pathway, and peridinin exceeds the light harvesting ca-
pacity of Chls in the protein. The tight packing of pigments makes the system
ideal for energy transfer, and there is a significant charge transfer characteris-
tic due to peridinin’s carbonyl group.22 In fact, efficiency of peridinin-Chl en-
ergy transfer was found to be almost 100%, of which 88% has been attributed
to the combined S1/ICT state, decaying at 2.5 ps and a vibrational decay of
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700 fs.54, 70 It was determined the charge transfer character of the carotenoid
enhanced the energy transfer to chlorophyll.71 The recent pump-dump-probe
study has revealed that the S1 and ICT states of peridinin are independent in
PCP, the states equilibrate in less than a picosecond, and that the ICT state is
the primary donor in carotenoid-Chl a energy transfer.72

FIGURE 1.7: A simplified struc-
ture of PCP from ref. [17]. Peri-
dinin carotenoids are in red and

chlorophyll a are in green.

Much attention has also been given
to fucoxanthin-chlorophyll protein (FCP),
whose structure has not yet been resolved.
This complex, found in the membrane of di-
atoms in varied forms, shares a very simi-
lar sequence homology with LHCII antenna
from plants.73 Two forms of fucoxanthin ex-
ist in FCP proteins studied so far and two
energy transfer channels from the S1/ICT
state, particularly, transferring within a few
picoseconds.74–77 The total efficiency of
carotenoid-Chl energy transfer has been ob-
served near 90%, and the S1/ICT state en-

ergy transfer has demonstrated efficiencies from 30% to 40%. In their two-
dimensional transient absorption spectroscopy study of FCPa from Cyclotella
meneghiniana, Gelzinis et. al.,78 determined the a "red" form of fucoxanthin,
the slightly slower decaying form (15-28 ps), demonstrated more efficient en-
ergy transfer to Chl.* In Section 2.2 is featured a pump-dump-probe study
on FCP from the diatom Phaeodactylum tricornutum. By prematurely dump-
ing the slowly decaying fucoxanthin species, we determined the S1 portion
of the S1/ICT potential energy surface is the primary donor of the slow-form
fucoxanthins with a net equilibration time of approximately 7 ps.79

Due to the sensitivity of the ICT state on the environment, in order for
the combined S1/ICT state to efficiently transfer energy, proper orientation,
polarity, and hydrogen bonding may all be key factors in light harvesting
antennae. In seeking to understand this state and how it functions in light

*The red form is considered more efficient because the magnitude of the signal associated
with the carotenoid is reduced compared to the blue form.
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harvesting systems, we come to understand more the primary process of all
antennae systems containing carbonyl carotenoids which are the most prolific
known light harvesting structures on the earth.22

The S2 (11B+
u ) State

As mentioned before (Section 1.2), the S2 state is highly absorbing due to
the strongly allowed S0 → S2 transition and is assigned an odd 1B+

u sym-
metry.80 This transition is responsible for much of the color we see when
leaves change color, even in some birds† and crustaceans. In spectroscopy,
this transition is often recognizwed by its three strong, vibrational peaks sep-
arated by about 1300 cm−1;52 the redmost indicates the 0-0 transition found
in the range 475-525 nm.22 The energy gaps between these peaks are indica-
tive of the C-C and C=C vibrational modes, and their resolution is dependent
on the nature of the conjugation as well as the polarity of the environment.22

For example, if the conjugation extends to the rings of the carotenoid, as in
β-carotene, the vibrational structure is less prominent due to varied confor-
mations in solution caused by the twisting of rings whose methyl groups are
repelled by hydrogen atoms on the backbone.6, 82, 83 As already mentioned,
the resolution of the vibrational structure in carbonyl carotenoids is less (see
Fig. 1.6), and the whole S2 spectrum is assymetrically biased toward the red,
often sensitizing photosynthetic organisms to green wavelengths. This loss
of vibrational structure in polar solvents is due to the charge transfer char-
acter of the ground state where a stabilized negative charge on the oxygen
of the keto group causes several ground-state conformations.41, 59, 66 In fact,
the broadening to the red demonstrates close association with protic solvents
where oxygen forms hydrogen bonds and further stabilizes the charge trans-
fer character.59

In solution, the properties of the S2 state demonstrate some unusual de-
pendencies on conjugation length, and its decay diverges from the Energy
Gap Law (Eqn. 1.10). The general trend observed is a decrease in S2 energy
with increase in conjugation length (N) (see Fig. 1.4) closely following the

†In fact, birds’ eyes have light-absorbing sacks filled with carotenoids which act as filters
in order for them to distinguish some colors.81
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inverse relation E = A + B/N, where A and B are parameters.84–86 The S2

state, however, defies Kasha’s Rule*87 and begins to fluoresce for carotenoids
N ≥ 8.86 For carotenoids 9 ≤ N ≤ 13, the S2 state is the primary emitter
instead of the lowest singlet state, producing a mirror-image spectrum of its
absorption, a Stokes shift of 150-300 cm−1.82, 85, 86, 88, 89 Likewise, as opposed
to values expected by the Strickler-Berg equation (see ref. [90]), the state has
been found to decay two orders of magnitude faster, in the range of 100-300 fs,
for varied carotenoids and synthetic analogues.91–94 Though the conjugation
length has been found to affect the S1− S2 energy gap, there is no lifetime de-
pendence on conjugation length for non-carbonyl carotenoids, and of course,
this violates the Energy Gap Law (EGL) (Eqn. 1.10). In fact, internal conver-
sion between the states has been found incompatible with EGL in that some
studies indicate the internal conversion rate increases as N gets larger.91, 93

The S2 states is also affected by the presence of a carbonyl group on
the conjugated backbone. With a keto group, the S2 − S1 energy gap is de-
creased,43 the state does not emit as much.95, 96 The short lifetime of the S2

state in carbonyl carotenoids has been attributed, in part, to mixing with the
S1 state.61, 97, 98

In the light-harvesting antennae, a bound carotenoid is more often re-
stricted and, therefore, less free to adopt varied conformation. As a result of
a restricted distribution of conformations, the vibrational structure of the S2

steady-state absorption spectrum becomes more refined.22 Varied studies in-
dicate that the S2 state of many carotenoids are capable of transferring energy
not only to the (B)Chl Qx state but even to the Qy state.75, 77, 99 Such energy
transfer is possible for when there is sufficient overlap of donor emission and
acceptor absorption spectra as the FRET mechanism has been found to domi-
nate over the Dexter mechanism for S2 energy transfer in these systems.22

Other Singlet States

In addition to the states mentioned already, other dark states have
been predicted in calculations of polyene energetic structures.39 However,

*According to Kasha’s Rule, only the lowest singlet excited states fluoresce.
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their forbidden nature precludes their direct observation, and spectral and
dynamic features are often convoluted with vibrational decays and suspected
conformational changes. Nonetheless, these states can be involved in energy
transfer100, 101 and are, at times, indicators of structural changes within the
carotenoid.19, 101 Though these states may not be mentioned in the research
section (Section 2), the transient absorption methods and analyses presented
in this thesis can provide a means to investigate dark states in the future.

The S∗ State
Upon discovery of an independent, long-decaying, high-energy shoulder

on the S1 → SN transient absorption signature in spirilloxanthin, it was de-
termined that a dark state, called the S∗ state, might lie between the S1 and
S2 states.102 In spirilloxanthin, the S∗-associated feature was four times as
long as the S1 signal decay. These characteristics have since been identified in
many other carotenoids (S∗ in rhodoxanthin in Fig. 1.8), generally for those
which are longer than 9 conjugate double bonds (N ≥ 9).102, 103 Otherwise,
the state has been found to have no obvious dependence on the conjugation
length.100, 102, 104 Though S∗ → Chl energy transfer has been reported for some
bacterial light harvesting complexes,100, 102, 105 its origin and energy transfer
properties have been debated.52

Due to the fact that the S∗ lifetime is comparable to common ground state
vibrational relaxation rates, it has been considered that the S∗ state is actually
a vibrationally hot ground state,102 but the observed signal lacks the expected
shift, narrowing, and correspondence to the rates determined by the Energy
Gap Law.22, 52 Nonetheless, pump-dump-probe measurements seemed to in-
dicate the S∗ state is a hot ground state, not an intermediate populated from
the S2 state, because it was not affected when the S2 state was dumped.103

On the other hand, some studies have strongly supported the idea that the S∗

exists due to the carotenoids having a twisted conformation,19 and the state
may, in fact, be the S1 state itself. In this case, deviating, twisted conforma-
tions promote the S1 state; then, the molecules relax to their ground state con-
formations.19, 106, 107 The observed S∗ → S1 relaxation pathway48, 106 would
thus indicate conformational relaxation to the S1 state.
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FIGURE 1.8: Kinetics of rhodoxanthin at maxima of the S∗ (571
nm, full squares) and S1 (642 nm, open circles) bands. The
inset figure shows a transient absorption spectrum at 1 ps. The

figure and caption obtained from Ref. [52].

Recently, however, a unified interpretation of the S∗ state for all
carotenoids has been proposed.108 Taking into account vibrational energy
relaxation, S∗ transient absorption signatures are manifestations of vibronic
transitions from either the S1 state or vibrationally excited levels of the
ground state. Therefore, the pump-dump-probe observations mentioned
above are the result of populating a ground state intermediate (GSI), in this
case, a vibrationally hot ground state.

The 1B−u and 3A−g States
The theory of finite polyenes, which predicted the S1 and S2 states, also

predicted two dark states: 1B−u and 3A−g . Raman studies agree with the the-
ory, the 1B−u state was determined to lie between the S2 and S1 states for
carotenoids N ≤ 10, about 16550 cm−1 for β-carotene.52, 109, 110 Nonetheless,
the state remains absent from direct absorption from the ground state because
it is both one- and two-photon forbidden.39



22 Chapter 1. Introduction

Over the years, different excited state absorption features have been at-
tributed to the 1B−u state. Claims for evidence of this state’s spectral signatures
were observed in the near-IR in β-carotene and neurosporene; whereas, in the
visible region, any spectral signatures are complicated by the sub-picosecond
S2 stimulated emission features.111, 112 Some visible features have been at-
tributed to the state, but the features are not found to blueshift with increasing
conjugation length in accordance with the theory of polyenes.113 Nonetheless,
the 1B−u has been suspected as an intermediate in internal conversion from the
S2 to S1 states as well as energy transfer to Bacteriochlorophylls (BChls).

Internal conversion to the 3A−g state from S2, however, is forbidden due
to symmetry breaking.38, 46 It had been predicted to lie above the S2 state,
but from Raman excitation profiles, the state appeared to be more likely be-
tween the S2 and 1B−u states. The exceptions were carotenoids of N ≈ 10, like
spheroidene for which the S2 state overlaps.110

Triplet States

At last, the properties and function of the carotenoid triplet state will be
mentioned briefly. The state has never been diretly observed for carotenoids
in solution.52 The state, however, finds its function in light harvesting sys-
tems as the carotenoid prevents the formation of oxygen radicals by rapidly
quenching the triplet state of (B)Chls, which sensitizes the damaging singlet
oxygen, or reactive oxygen species (ROS), formation:

TChla∗ + O2 → Chla + 1O∗2 .

Nearby carotenoids can mitigate this problem by triplet-triplet energy trans-
fer, based upon the Dexter exchange mechanism (Section 1.2),:40, 114

TChla∗ + Car → Chla + TCar∗.

The yield of triplet quenching by carotenoids has been found to increase with
N.43 The triplet state of carotenoids are also capable of directly quenching sin-
glet oxygen, called singlet oxygen scavenging; whereby, the carotenoid triplet
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state functions as the direct quencher:40

1O∗2 + Car → O2 +
TCar.

1.1.4 Carotenoid Structure as Revealed by Spectroscopy

The carotenoid excited state dynamics and spectral features are inextri-
cably related to its structure, including its conformation, which also deter-
mines its interaction with the environment and its function in the light har-
vesting system. Though there are numerous structural factors controlling a
carotenoid’s temporal-spectral response, the focus here will be primarily on
the conjugation length and the presence of carbonyl groups on the carotenoid.
The variability of the colors of leaves in the fall is a demonstration of the con-
jugation length: the length of the carbon-carbon, alternating double-bonded
backbone of the carotenoid over which electrons are delocalized from their
parent atoms. This is widely quantified by the letter N, representing the num-
ber of carbon-carbon double bonds in the alternating pattern of the backbone.
The band of wavelengths to which the carotenoid is sensitive depends upon
N. As the S2 state is a strongly absorbing state, its energy dependence on the
conjugation length is an inverse relationship: a carotenoid with shorter conju-
gation length has a promoted S2 state and, therefore, a bluer absorption band
than the structurally longer, red-absorbing carotenoids.22, 115 Specifically, the
conjugation length dependence of energy of the S2 state may be approximated
as E = A + B/N, with A and B as scaling parameters.85, 86 This general be-
havior is the same for all predicted excited states of polyenes, except for the
S∗ state of linear polyenes,115 following the trend shown in Fig. 1.4. For the
lowest singlet excited state, including the ICT state, shorter conjugation re-
sults in longer relaxation lifetime.22 This is not always the case, however, for
the S2 state as in peridinin, for example, where the decay lifetime can decrease
with smaller N, more closely related to the predictions of the theory of conical
intersections (Section 1.2.2).116

Though the conjugated orbitals in carotenoids require the alternating
single-double, carbon-carbon bonds of the backbone, it is possible that the
conjugation may extend into the rings. The twisting of the rings of β-carotene,
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for example, causes preferential population of the S∗ state and bring forth a
larger distribution of ground state conformers.115 It was also determined that
twisting of the rings can effectively increase the energy of the first excited
state; whereby, the conjugation length is effectively shortened.117, 118 When
the conjugation extends into the rings with a C=C bond, s-cis conformers ex-
hibit for this bond an effective conjugation Ne f f = 0.5 and s-trans, Ne f f = 1.0.
For various carotenoids, such as presented in this work with alloxanthin (Sec-
tion 2.4) where there are triple bonds at either end of the backbone, the concept
of effective conjugation length (Ne f f ) has been useful in determining various
structural properties of carotenoids.118, 119 The conjugation may also extend
to groups such as a keto group, for which, despite its position on the conjuga-
tion, an effective Ne f f of 0.5 is observed.

Though the ICT character is strictly dependent upon the presence of a
conjugated carbonyl group, the number and position of carbonyl groups on
the carotenoid are important. For example, various studies of peridinin ana-
logues have demonstrated that the greater assymmetry in the positioning of
the lactone ring, the greater the charge transfer character.120 Whereas, with
greater symmetry in the positioning of the keto groups, the weaker the ICT
signatures are. Theoretically, this is because the ICT state has a strong dipole
moment; thus, the more assymmetric the distribution of the reducing car-
bonyl groups, the stronger the state wil be.97

In our study of fucoxanthin derivatives in Section 2.3, we sought to deter-
mine the effect of a non-conjugated acyloxy group on the ICT state properties.
The decrease of the transient ICT excited state spectral signatures, the length-
ened their decay lifetime, and the broadening of steady-state features of the
steady-state spectrum all indicated that the assymetry dependence of the ICT
state is not limited to groups which are a part of the conjugation.



1.2. Foundational Theory for Spectroscopy of Carotenoids 25

1.2 Foundational Theory for Spectroscopy of
Carotenoids

Since the late 1980s,121 ultrafast spectroscopy has allowed us to observe
real-time, the behavior of the nano-world, but the true nature of the sys-
tem which we aim to model is shrouded by various complexities including
high-order electromagnetic interactions and basic thermodynamic principles.
While models are made to illustrate what one ideal system is like, when they
are based upon spectroscopic studies, they actually represent a consensus of
many systems. Moreover, the signal received by the spectrometer are directly
influenced by changes in polarization of the system rather than the electron
dynamics of the system itself. Figure 1.9 illustrates how the observed signal
is not directly related to the dynamics of an individual, model system.

FIGURE 1.9: The observed signal
is related to the dynamics of an in-
dividual system but not directly.

Nonetheless, controlling factors such as
the atomic structure of the molecule, its en-
vironment, and proximity to an acceptor or
donor remain the basis for spectroscopic ob-
servations. In the following subsections will
be described briefly the foundational theory
of the dynamics of individual molecular and
donor-acceptor systems. Though essential
to photosynthesis in all organisms, this dis-
cussion excludes exciton interactions which
occur in reaction centers.122 It also excludes
detrimental or unwanted excitonic and ion-
ization processes which were not observed
in this study. The following highlights key
principles of photophysics which the author has found necessary to both pho-
tosynthesis and transient absorption spectroscopy light-harvesting antennae.

1.2.1 Transitions by Light Absorption and Stimulated Emission

The dynamics observed and the strength of the signal are utterly depen-
dent on the molecules’ ability to absorb light considering that molecules must
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first be excited, then the excited molecules must be probed at various stages
in its transient decay to monitor its dynamics and energy transfer processes.
All absorptions occur with the probability of a resonant transition. It is not
guaranteed that all molecules in the path of the pump pulse will be excited
nor that all excited molecules in the path of the probe will exhibit a transient
signal in the desired spectral range. Even the simplest systems are strongly
dependent on the molecules’ orientation in relation to the polarization of the
incident light, although it is not the molecule’s orientation itself which is the
controlling factor. The probability of the incident light striking a transition
in a molecule depends intrinsically on the transition dipole moment µab from
state a to state b, and its molecular-wide orientation and strength is deter-
mined mutually by the electronic wavefunctions in these states. The elec-
tronic probabilistic distributions of each, individual state are also dependent
on their wavefunctions.

In its most basic sense, the probability of a particular transition between
two states a and b due to absorption is related to the transition dipole moment
by

µab = e〈Ψb|r|Ψa〉

= e
∫

Ψ∗brΨadσ (1.1)

Here, Ψa and Ψb are the wavefunctions describing the initial and final states
in which electrons are superimposed in an optical transition. Therefore, to
eventually obtain the probability of such a transition, a superposition of states
is expressed

Ψ = Ca(t)Ψa + Cb(t)Ψb + · · · (1.2)

where the coefficients as functions of time determine which state the electron
will be as the system evolves. Absorption of sunlight, as for the carotenoid, in
its most basic sense may be represented by a time-dependent perturbation to
an otherwise, steady-state Hamiltonian:

H̃ = H̃0 + H̃′(t). (1.3)
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Here, at the scale of the molecular system, the interaction of light would need
to be expressed as a periodically fluctuating electric field

H̃′(t) = −E(ν, t) · µ̃ab (1.4)

Therefore, it is clear that the interaction of these molecules is highly depen-
dent on the polarization of the irradiation. The transition dipole moment’s
dependence on the probability of striking a transition is elucidated when a
time-dependent solution is sought with this perturbating Hamiltonian and
the linearly combined wavefunction. When placced in the time-dependent
Sch odinger equation, an expression for the rate of final state b’s evolution can
be isolated as

∂Cb

∂t
= − i

h̄
〈Ψb|H̃′|Ψa〉

=
i
h̄

[
ei(Eg+hν)t/h̄ + ei(Eg−hν)t/h̄

]
E0 · 〈ψb|µ̃ab|ψa〉 (1.5)

where the energy gap Eg = Eb− Ea marks the standard for absorption of light
with frequency ν and intensity I = |E0|2. To obtain an expression for the
probability of the population being in the second state b after a short time τ,
the expression is first integrated over the time the system has been excited:

Cb(τ) =

τ∫
0

∂Cb

∂t
dt

=

[
ei(Eg+hν)t/h̄ − 1

Eg + hν
+

ei(Eg−hν)t/h̄ − 1
Eg − hν

]
E0 · 〈ψb|µ̃|ψa〉. (1.6)

The terms in the brackets indicate two possible transitions between the two
states: absorption for the case when the energy is expressed Eg = hν and
stimulated emission for when Eg = −hν. Nevertheless, neither absorption
nor stimulated emission is not guaranteed as the expression indicates a de-
pendency on the transition dipole expression at the end and its dot product
with the light field.

The relation between the probability of populating state b is obtained by
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integrating Cb at time τ over all frequencies, the modes of oscillation between
ν and ν + dν:

|Cb(τ)|2 =

∞∫
0

C∗b (τ, ν)Cb(τ, ν)ρνdν

|Cb(τ)|2 = (E0 · µab)
2ρν(ν0)τ/h̄2. (1.7)

The variable ρ is the energy density for which |Eg| = hν0. This relationship
demonstrates that the probability of a transition between states by stimulation
of light is dependent not only upon the polarization of the light in relation to
the dipole but also the symmetries of the states as µab =

∫
rabΨ∗b Ψadσ.

Take, for example, an excitation exactly along the transition dipole, the z
direction:

µab =

∞∫
−∞

zΨ∗b(x, y, z)Ψa(x, y, z)dz. (1.8)

If the states are of the same symmetry in z, the integrand will be odd; there-
fore, the integration will give zero, making the probability zero. This implies
a forbidden transition. If, however, the states are of differing symmetry, the
transition between the states is allowed. This is the reason why the first ex-
cited state of carotenoids is one-photon forbidden; thus, being considered a
dark state. Under low irradiation intensities, carotenoids absorb from the
ground S0 state to a second excited state S2, yet the S0 → S1 transition is
not allowed due to their even symmetries.102 Whereas, S0 and S2 differ in
symmetry, and the S0 → S2 transition has a strong dipole strength defined as

Dab = |µab|2. (1.9)

Therefore, the transition is very probable.90

1.2.2 Transitions by Internal Conversion: The Energy Gap Law and
Conical Intersections

The Born-Oppenheimer approximation applies only for non-adiabatic
transitions, as the nuclei are considered non-moving. There is no accounting
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for kinetic energy of nuclei. In the weak coupling limit,* the rate of radiation-
less internal conversion between states is related to the energy gap between
the states by

k ∝ exp
(
−γ

∆E
h̄ωM

)
(1.10)

where γ = γ(ωM, ∆M, ∆E), ωM being the frequency of a vibrational mode
and ∆M the reduced reaction coordinate displacement among the poten-
tial minima of the states. This is famously known as the Energy Gap Law
(EGL).123 Though the EGL has been described in the strong coupling limit,
by this approximation, however, internal conversions are treated only non-
adiabatically, which is certainly not the case for all internal conversion pro-
cesses (See Fig. 1.10). Internal conversion between states, however, can occur
for when an correction is added to the approximation in the form of an interac-
tion term in the hamiltonian. This essentially is an adiabatic correction to the
non-adiabatic wavefunction expressions of the excitation states of a molecule.
Their coefficients express that the probability of transition between states is
largest where the potential energy surfaces of states with offset reaction coor-
dinates intersect. As the geometry of a state’s potential energy surface affect
the dynamics of a molecule, these intersecting points of internal conversion
are called conical intersections.

This formalism expresses why certain states, like the S2 state of
carotenoids, do not follow the Energy Gap Law, which is restricted to adia-
batic transitions. Additionally, such transitions can account for observed adi-
abatic processes such as vibrational decay which is observed after S2 → S∗1
internal conversion in carotenoids. In carotenoids, the S2 and S1 electronic
states are coupled to nuclear vibrations. Therefore, energy accepted into a hot
excited state, such as the S∗1 state, must vibrationally relax to the minimum
potential energy configuration in that state, that is the minimum nuclear vi-
bration, before a non-adiabatic transition may occur from that state.124

In summary, for the carotenoid the interaction between the highly absorb-
ing S2 and first excited states follows an adiabatic process as described by

*In the weak coupling limit, the reaction coordinates of the energy donating and accepting
states are only slightly offset.123
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conical intersections, and the S1 state, which closely follows the Energy Gap
Law, represents, ideally, a non-adiabatic internal conversion process.123, 124

1.2.3 Donor-Acceptor Transitions

State #1 State #1

State #2 State #2

WEAK COUPLING STRONG COUPLING

reaction coordinate reaction coordinate

FIGURE 1.10: A sketch of potential energy surfaces
in the weak coupling and strong coupling limits.

Adapted from Ref. [123]

When considering the
total migration of captured
sunlight energy in plants,
most energy transfer within
light harvesting systems is
a result of weak intermolec-
ular interactions.* The first
process discovered to occur
among light-harvesting
pigments upon excitation
was F orster Resonance
Energy Transfer (FRET), the
hallmark of Chl-to-Chl and
Chl-to-RC energy transfer.125

This fast and efficient energy
transfer relies upon weak dipole-dipole coupling and strong overlap of donor
molecule emission and acceptor molecule absorption spectra. In purple bac-
teria, FRET is the dominant process by which energy is sequentially funneled
by resonating chromophores to the reaction center.126 In any light harvesting
system where (B)Chl-(B)Chl resonant energy transfer is involved, transfer
across several (B)Chls is possible due to the fact that the FRET process is faster
than the (B)Chl’s nanosecond total excited state lifetime of the molecule.
However, the theory requires a fairly distant 10-100 Å interaction such that
the transitions can be treated as point dipoles, and it does not account for the
interactions which would occur in close proximity such as the 4 Å Car-to-Chl
energy transfer.90, 127 FRET, among other electronic interactions occurring at
distances greater than 5 Å, are classified as Coulomb or direct interactions.128

*that is: not by slow and lossy carrier diffusion!
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When energy is transferred in this way, each electron remains in its original
molecule and their spin configurations remain the same.

When in closer proximity, intermolecular energy transfers have low dipole
strength (Eq. 1.9) and thus low probability (Eq. 1.7) of occuring only if spin
is not accounted for. However, in close proximity (<5 Å), the electron orbitals
of a donor and acceptor molecule may overlap, allowing Dexter electron ex-
change coupling as well as charge transfer interactions. When the electrons in
both molecules are treated as distinguishable, the electronic interaction ma-
trix element may be written as a contribution of both Coulomb and Dexter
interactions in linear combination: linear combination:

H21(el) = HCoulomb
21 + HDexter

21 . (1.11)

In short, the resulting HCoulomb
21 contribution potrays energy being trans-

ferred from one molecule to the other by de-excitation of electron 1 from
the state b to a in the donor molecule and a corresponding excitation in the
acceptor molecule electron from state a′ to b′. Whereas, HDexter

21 signifies a
spin exchange between the molecules: electron 1 changes spin from the donor
molecule’s excited state b to the acceptor molecule’s b′ spin state while elec-
tron 2 originates from lower a spin state of the acceptor molecule to the state
a of the donor molecule. This exchange term intrinsically includes a strong
dependence on orbital overlap, thus implying the requirement of close prox-
imity.90 In fact, this rapid Dexter exchange mechanism accounts for not only
singlet-singlet electron transfer but triplet electron transfer.

Yet another exchange occurs between molecules when they are in contact
with each other, that is, within 3.5 Å. The orbitals of molecules in such proxim-
ity can overlap, alowing electrons in the Highest occupied molecular orbital
(HOMO) of one molecule to translocate to the lowest unoccupied molecular
orbital (LUMO) of another molecule. This process is simply understood to
be charge transfer (CT) (intermolecular). The interaction matrix element HCT

21

must account for transfer of a HOMO electron from the donor molecule to
the LUMO of the acceptor molecule. Transitions from one CT state to another
also have low dipole strength, but the interaction, nontheless, may occur as
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TABLE 1.1: Summary of the primary means of intermolecular
energy transfer among donor and acceptor molecules

energy transfer primary means approx. range of duration of
method of interaction interaction (Å) interaction

Coulomb charge distribution ≥5 2 as

Förster dipole coupling 10-100 100 fs

Dexter orbital overlap ≤5 4 fs

charge transfer orbital overlap ≤3.5 10 as

long as the acceptor is not already reduced. In the chain of photosynthesis,
charge transfer occurs in photosynthetic reaction centers between specialized
chlorophylls and phytoene.126
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1.3 Experimental Method

The endeavor to capture the energetic dynamics of carotenoids in solu-
tion and in light harvesting antennae is much akin to Eadweard Muybridge’s
challenge in the 1870s to capture the motion of a horse trotting. With a set
of shutter tripwires, a dozen cameras, and a fast shutter he invented, he cap-
tured the trotting horse, proving that at some time in the horse’s stride, all
four of its hooves are off the ground. From then he continued to study animal
locomotion of over 700 subjects, including various human subjects.129

The goal of transient spectroscopies is similar: to catch the subject "mid-
stride." For carotenoids, this means observing decay and energy transfer path-
ways (Figure 1.3) by fluorescence130 or transient absorption through resonant
energetic transitions. Ultrafast transient spectroscopies began with the subject
of sodium iodide131 for which Zewail won the Nobel prize for introducing the
world to femtochemistry during his pioneering work at Caltech.132, 133 Later
on, they performed the first experiments in stimulated emission pumping, or
dumping, by which laser pulses, resonant with an emitting transition, prema-
turely depopulate an excited state.131, 134, 135

Since then, multipulse spectroscopy, including repumping, have been
applied to photosynthetic systems, of which are devoted to the study of
carotenoids. Such achievements which demonstrate the power of multipulse
methods include

• uncovering the existence of a dark intermediate states and conforma-
tions in carotenoids136, 137 and testing the controversial hypothesis of in-
termediate state coupling in carbonyl carotenoids;137

• skipping or short-circuiting certain protein conformational species
in a cycle which normally overshadow the spectra of subsequent
species;138, 139

• various manipulations of light harvesting proteins which lead to the dis-
covery of several intermediate conformations;40, 111, 140 and

• other applications and variations including relaxation dynamics of reti-
nal and solvation studies.141–143
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FIGURE 1.11: Transient absorption spectrum of fucoxanthin
in methanol at 2.5 ps after excitation in the visible spectral
window represents an imprint of the S1- and ICT-associated
bands by transition to a higher energy level. Bleaching is due

to the absence of excitable population upon probing

For transient absorption, the system first absorbs an excitation pulse, reso-
nant with an energetic transition, placing it transiently in an excited state. As
the system decays, probe pulses are repeatedly sent to the sample at consec-
utive delay times, and where the probe wavelength is resonant with an en-
ergetic transition from an excited state to yet another, higher excitation state,
some absorption occurs and the difference spectrum indicates a positive sig-
nal. Therefore, much of the spectra of such absorptions are imprints, or in
nautical terms, soundings, of the initial states in these transitions (see Figure
1.11). A negative signal occurs when the probe induces stimulated emission
or when the probe (Iexc) of the excited system encounters the absence of ex-
citable population, called bleaching. The strength of the absorption signal
depends in part on the dipole strength, but relative dynamics are observed as
states depopulate over time. With a 12 ns delay line and 100 fs pulse width,
we are able to distinguish processes from 100 fs to a few nanoseconds. This
allows us to observe all processes involving the carotenoid except for ultrafast
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internal conversion processes such as S2 → hot S1 decay, which occurs on the
sub-100 fs timescale in some carotenoids. (Table 1.2).

TABLE 1.2: The typical timescale of some major processes regarding a
carotenoid’s interaction with a light harvesting system

ms µs ns ps fs as

10−3 10−6 10−9 10−12 10−15 10−18

protein Car triplet Chl Qy Car S1 Car S2 electron
folding decay decay decay decay movement

An example of the internal conversion processes in a carbonyl carotenoid
with a scheme various multipulse manipulations of the S1 and ICT state pop-
ulations are shown on the lower right in Figure 1.12. This simplified energetic
diagram, inspired by Ref. [56], summarizes all the transitions which may be
expected to occur in a carbonyl carotenoid. After the S2 state is excited, or
pumped, a carbonyl carotenoid decays through the vibrational levels of a hot
S1 and what is considered to be a separate, hot ICT state. Eventually, the
S1 and ICT states decay to the ground state; albeit, in this diagram the ICT
state decays through a ground state intermediate (GSI). Throughout the en-
tire decay process, a broad, supercontinuous probe pulse affects all permitted
transitions, mostly those to some higher states, labeled SN and Sn.

This thesis features an experimental configuration using a probe beam
passing through the sample and a reference beam split from the probe be-
fore the sample by a neutral density filter, as in Figure 1.12. From the signal
received by the double-diode array in the grating spectrometer is computed
the absorption difference spectra, which portray the difference of the probe
signal when the sample is excited as compared to when it is not excited. For
this configuration, the data is calculated as a difference of absorption

∆A(λ, t) = log
(

Ire f erence(λ, t)
Iprobe(λ, t)

)
pump
− log

(
Ire f erence(λ, t)

Iprobe(λ, t)

)
nopump

(1.12)

where I represents intensity of the signal when excited, and nopump repre-
sents the situation when the sample is not excited. The measurement regime
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can be simply probe (P), pump-probe (PP), dump-probe (DP), where the sam-
ple’s reaction to only the dump pulse is observed, or pump-dump-probe
(PDP). In a full multipulse experiment, all of these regimes are measured at
every probe delay. With a stable laser, the detection system receives 1000
pulses per second, which is the repetition rate of the source, synchronized
choppers can block the pump and dump pulses alternatively. Therefore, as
seen in the schematic in Figure 1.12, the detector observes four pulse regimes
every 4 ms from which three difference of absorption signals are obtained:
∆APP, ∆ADP, and ∆APDP.

The laser source is a Spitfire Ace (Spectra Physics) regenerative amplifier
seeded by a low intensity, high-repetition rate Ti:Sapphire mode-locked laser.
During the process of regenerative amplification, developed by Piskarkas et.
al. in 1986,144 the seed pulses are first "stretched" in wavelength and time,
lowering the peak energy of the pulses. The pulses are then selectively am-
plified several times by pulses from a diode-pumped, green laser while pass-
ing through a Ti:Sapphire crystal rod within in a strong electromagnetic field.
These broad, amplified pulses are then compressed, providing an output of 4
mJ, 100 fs pulses, centered at 800 nm at a repetition rate of 1000 Hz. In order to
tune these pulses to other wavelengths, the source beam was divided in three
by beam splitters and these separate beams were directed to optical paramet-
ric amplifiers (TOPAS and TOPAS Prime, Light Conversion), for pump and
dump beams, and a 2 mm sapphire crystal to produce a broad probe spec-
trum.

These beams were then focused in the sample space with the probe spot
size the smallest so as to detect the signal of the maximum population of ex-
cited molecules. The dump/repump pulse was more weakly focused than
the pump to have the maximum effect as well. The mutual polarizations of
the pump and probe were set to the magic angle of 54.7o to mitigate the ef-
fect of solvation dynamics. In multipulse experiments, the dump/repump
beam was set to the same polarization as the pump beam in order to affect the
maximum population of molecules pumped a few picoseconds before.
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1.4 Analysis of Time-Resolved Spectra

When analyzing transient spectra, it is important to remember that the
signal observed is not a direct observation of excited state dynamics, as dis-
cussed in section 1.2. In fact, the signal is a result of an ensemble of observed
molecules within a volume V which may undergo conformational change,
ionization, or a myriad of other possible processes besides excited state de-
cay. Therefore, the term "species" is used to describe some evolving feature
in the transient data which may represent any of the above processes. The
formalism for chemical reactions can be used to quantify the transience of
these species in terms of concentrations and rates, though not directly. For,
the difference of absorption signal for species ` is actually proportional to the
concentration in accordance with Beer’s Law:

∆A`(λ, t) =
ε`L
V

(C`,exc(λ, t)− C`,0(λ)) (1.13)

where L is the beam path length through the sample, C`,exc and C`,0 repre-
sent the concentrations of species ` when the molecules are excited and not
excited, and ε` is the extinction coefficient of that species. Since the extinction
coefficients are often difficult to obtain, ∆A is represented in arbitrary units
(a.u.); whereas, the signal strength may be, in any case, represented in terms
of optical density (OD).

The difference of absorption spectra retrieved from global and target anal-
yses of time-resolved data do not always represent all the species in the sam-
ple. More often than not, when exploring new systems, the correct model is
not known. However, these analyses are used as a tool to simplify our un-
derstanding of the dynamics, specifically to see trends in the data which are
otherwise observable by simply looking at large sets of data.

1.4.1 Global Analysis

When performing global analysis, the system dynamics over all time and
a broad spectrum of wavelengths are considered; whereby parameters, such
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as lifetime, can be shared across a spectral band. For all time-resolved mea-
surements presented in this thesis, the entire set of data for a pump-probe
experiment is represented as a set of difference of absorption measurements
{∆aiλ, } across a spectral range [λ0, λn] at consecutive times {ti}. Overall, the
empirical sample response is described in time and wavelength as ∆A(λ, t).
However, for global analysis a set of m measurements is best presented as a
matrix whose rows make up the set of the individual difference spectra mea-
sured at precise delay times

{∆a0(λ0, ..., λn; t1), ..., ∆am(λ0, ..., λn; tm)} → Amn. (1.14)

Matrix A represented in Figure 1.13, therefore, represents the full data set of
∆A(t), as in Equation 1.12, for all times. This signal, however, is comprised
not only of the desired time evolution of the sample response after excita-
tion, as well as any other intentional time-dependent manipulations upon the
sample, but noise, scattering, chirp, and undesirable non-linear effects such
as cross-phase modulation.145

Plotting the kinetic traces (rows of A) and spectra (columns of A) give
some information about local trends in the data; however, it is difficult to
determine connections between certain trends and deduce what species are
present from the raw data. Results from global analysis over the entire data
set provide a snapshot of these spectro-temporal trends. The intention is to get
a simplified picture which represents the whole data set—the various evolu-
tion or decay trends in the system. This is achieved by fitting to A a global
spectrum ψ(t, λ) according to some model to observe trends in the data: either
sequential or parallel.

For simplicity, the global spectrum ψ(t, λ) can be treated as a first-order
representation of decay kinetics. The amplitude of the difference spectra α`(λ)

representing a component indicated by the symbol `, can be weighted by con-
centration C`(t) which, in turn, signifies the time evolution of that compo-
nent. Thus, the separable representation of this total ideal data set can be
represented as

ψ(λ, t) =
Sn

∑
`=1

C`(t)α`(λ) (1.15)
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FIGURE 1.13: A 2D map of a synthesized data set.

where Sn is the number of components, in the model.146 The most simple
trends would be observed if each concentration were to decay independently,
and the concentration would evolve as

C`(t) = e−k`t (1.16)

where k` represents the decay rate of component ` and is related to its lifetime
τ = k−1

` .
A more general representation for these trends, however, may be repre-

sented in terms of the amount of a species, n`, which is proportional to con-
centration as C` = n`/V. The global kinetics for species, in the general case,
are comprised of solutions of a set of rate equations{

dn`

dt
=

Sn

∑
i

K`ini

}
(1.17)
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where n represents the population of species ` and K`i is the matrix of popu-
lation transfer rates between that species and other species i. In a multipulse
experiment, this general expression of the rate equation would include a brief
excitation pulse Ip(t), usually defined by a Gaussian profile, and a second
pulse, Im(t):

dn`

dt
=

Sn

∑
i

(
A`i Ip(t) + K`i + B`i Im(t)

)
ni. (1.18)

The coefficients A`i and B`i reflect the magnitude of an affected transition by
the pump and second pulses, respectively.

When the observed system is considered to be an homogeneous ensem-
ble, this general expression offers global analysis a set of discrete, mathemat-
ical parameters to describe the system. Consider the synthesized data set in
Figure 1.13. Two types of global fits were performed on this set: a sequential
scheme and a parallel scheme from time 0 ps. These schemes do not necessar-
ily represent species within the sample, but may highlight transient trends in
the data.

The progression of the system over all time is best represented by the
Evolution-Associated Difference Spectra (EADS), as in Figure 1.14 (top). This
analysis uses a sequential scheme as its model to summarize the evolution of
the system in time. The word "difference" implies that the data is obtained
from a difference of absorption measurement, ∆A. EADS are most useful for
revealing changes in the systems like carotenoids whose excited states decay
through sequential excited state and vibrational levels. For light harvesting
systems, EADS may reveal energy transfer if a loss in one spectral band coin-
cides with a gain in another region of the spectrum. In the synthetic data set,
the EADS reveal one spectral form morphing into another over time.

The parallel scheme also is depicted in Figure 1.14 (bottom). These spec-
tra are called the Decay-Associated Difference Spectra (DADS), and they rep-
resent non-interacting components, and generally are less informative than
EADS. Nonetheless, they are especially useful for describing processes in-
duced by abrupt changes such as a dump pulse. The analysis of the synthetic
data reveals a picture of only the abrupt initial stage in the data, and overem-
phasizes the magnitude of the concentrations because the scheme assumes the
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parallel decay applies for the whole data set.

1.4.2 Target Analysis
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FIGURE 1.14: Sequential (EADS), parallel
(DADS), and target (SADS) analyses of the

synthetic data set in Fig. 1.13

Though informative, these global
analyses rarely are accurate repre-
sentations of the species’ true spec-
tra because the analysis is applied
across the whole spectrum; whereas,
the spectra of species often over-
lap. The attempt to apply a connec-
tion scheme among the species in the
sample is called target analysis, and
if the model is accurate, the result-
ing spectra are called the Species-
Associated Decay Spectra (SADS).
The SADS in Figure 1.14 (bottom)
reveal the components which form
the data set. In this fit, the mathe-
matical parameters very closely fol-
low the actual physical parameters.
With actual data sets, target analysis
is challenging in that increasing the
number of mathematical parameters
in the connectivity scheme allows for
greater freedom when fitting. This
results in a greater possible number
of solutions which are physically in-
accurate.

When multiple models produce
the same fitting results, the system
is considered structurally unidentifi-
able and target analysis cannot con-

tribute useful information about the system. Therefore, the goal, or target, of
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the analysis is to produce a model with reasonable spectral and kinetic quali-
ties which are structurally identifiable. Identifiability has to do with whether
the experiment, for which the data is analyzed, allows for the number of pa-
rameters to be determined or distinguish between models.147, 148 For a pump-
probe experiment, target analysis may be sufficient for uncoupled species,
but pump-probe experiments will not be able to distinguish coupled systems
such as fucoxanthin, whose S1 and ICT states are coupled. For this reason, the
pump-dump-probe method was selected in the studies of fucoxanthin in this
thesis to perturb these coupled states, to obtain information regarding their
coupling, and apply target analysis to a model with distinct states.

1.4.3 Accounting for Chirp and IRF
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FIGURE 1.15: A downchirped
100 fs pulse.

The short pulses used in this experiment
induce chirp and various non-linear effects
within the sample which must be accounted
for. The term "non-linear" is derived from
the fact that high intensity light interacting
with a material causes a non-linear depen-
dence in the index of refraction and, thus,
polarization density. Due to non-linear ef-
fects, various aberrations in the sample re-
sponse signal comprising Amn can be ob-
served. Artifacts due to coherent light inter-
actions, such as cross-phase modulation, will contribute to discrepancies in
data analysis if not corrected.

In time-resolved spectroscopy, frequency modulation, simply called chirp,
is unavoidable. Light pulses with any spectral bandwidth are affected by
the optics with which it interacts simply based upon the fact that the speed
of light is varies with wavelength. The chirp of a narrow-banded excitation
pulse is not much concern for the experiments presented; however, the probe
pulse, consisting of a supercontinuum of wavelengths, greatly affects the data.
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FIGURE 1.16: IRF applied across
the observed spectral bandwidth
at time t = 0. The non-linear µ is

due to chirp.

Upon supercontiuum generation, a pulse, or
traveling packet of photons, is dispersed ac-
cording to wavelength with the high energy
photons toward the front as in Figure 1.15.
In pump-probe measurements, as the probe
is scanned past the time of excitation, the
events in the blue appear to be measured be-
fore events at longer wavelengths. There-
fore, before analyzing the difference of ab-
sorption signal, the data is corrected accord-
ing to what time the excitation is observed. The shape of this dispersion curve
µ(λ) is typically fit to a higher order polynomial centered about some central
wavelength λc. Thus, all points on this curve are reassigned to t = 0, and the
following time points are adjusted accordingly by interpolation.

One must also consider how the excited system interacts with the probe
pulse. Due to the probe pulse width and the delay profile of the sample’s ex-
citation response, the true signal is convoluted into the Instrument Response
Function (IRF). In other words, the IRF is a convolution of the excitation pulse
and the observed system’s response which is itself partly dependent upon the
probe pulse width. For simplicity, it can be expressed as a Gaussian centered
about µ(λ):

f (t) ∼ exp(− log(2)(2(t− µ(λ))/2σ)2) (1.19)

where 2σ is the full width at half maximum (FWHM) of the Gaussian.146

Therefore, in the analysis, the IRF is applied to all times by the convolution
⊕. Using the separable representation in Equation 1.15, the true signal convo-
luted with the chirped IRF would be

ψ(λ, t) =
L

∑
`=1

C`(t)α`(λ)⊕ f (t). (1.20)

Not only is it necessary that the chirped IRF be considered when analyzing;
when transient data are compared, they must by chirp-corrected with the IRF
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in mind. For the data presented in this thesis, the IRF is assumed to be Gaus-
sian and FWHM lies typically between 110 and 150 fs.149



46 References

References

1. George Britton, Synnove Liaaen-Jensen, and Hanspeter Pfander.
Carotenoids: A Colorful History. CaroteNature, Norway, 1st edition, 2017.

2. S. W. Russell and B. C. L. Weedon. The allenic ketone from grasshop-
pers. Journal of the Chemical Society D: Chemical Communications, 0(3):85,
jan 1969.

3. Jocelyn Hudon and Alan H Brush. Identification of carotenoid pig-
ments in birds. In Lester Packer B T Methods in Enzymology, editor,
Carotenoids Part A: Chemistry, Separation, Quantitation, and Antioxidation,
volume Volume 213, pages 312–321. Academic Press, 1992.

4. M. A. Lián-Cabello, J. Paniagua-Michel, and P. M. Hopkins. Bioactive
roles of carotenoids and retinoids in crustaceans. Aquaculture Nutrition,
8(4):299–309, 2002.

5. Helena H Billsten, Prakash Bhosale, Alexander Yemelyanov, Paul S.
Bernstein, and Tomás Polívka. Photophysical properties of xantho-
phylls in carotenoproteins from human retinas. Photochemistry and pho-
tobiology, 2003.

6. R Hemley and B E Kohler. Electronic structure of polyenes related to
the visual chromophore. A simple model for the observed band shapes.
Biophysical journal, 20(3):377–82, dec 1977.

7. G. J. Handelman, E. A. Dratz, C. C. Reay, and F. J G M Van Kuijk.
Carotenoids in the human macula and whole retina. Investigative Oph-
thalmology and Visual Science, 29(6):850–855, 1988.

8. Ramamoorthy Siva. Plant dyes. In Industrial Crops and Uses, pages 349–
357. 2010.

9. Ramamoorthy Siva. Status of natural dyes and dye-yielding plants in
India. Current Science, 92(7):916–925, 2015.



References 47

10. Saunders. Lipochrome. In Dorland’s Medical Dictionary for Health Con-
sumers. Elsevier, 2007.

11. Richard Willstätter and Walter Mieg. Untersuchungen über Chloro-
phyll; IV. Ueber die gelben Begleiter des Chlorophylls. Justus Liebig’s
Annalen der Chemie, 355(1):1–28, 1907.

12. Paul Karrer. The Chemistry of Vitamins A and C. Chemical Reviews,
14:17–30, 1933.

13. Richard Willstätter and Harold J. Page. Untersuchungen über Chloro-
phyll. XXIV. Über die Pigmente der Braunalgen. Justus Liebig’s Annalen
der Chemie, 404(3):237–271, 1914.

14. R. Bonnett, A. K. Mallams, A. A. Spark, J. L. Tee, B. C. L. Weedon, and
A. McCormick. Carotenoids and related compounds. Part XX. Structure
and reactions of fucoxanthin. Journal of the Chemical Society C: Organic,
0(3):429, jan 1969.

15. T. W. Goodwin. The Comparative Biochemistry of the Carotenoids. Chemical
Publishing Co., Inc., New York, fiurst ame edition, 1934.

16. Harsha M Vaswani, Chao-Ping Hsu, Martin Head-Gordon, and Gra-
ham R Fleming. Quantum Chemical Evidence for an Intramolecular
Charge-Transfer State in the Carotenoid Peridinin of PeridininChloro-
phyllProtein. The Journal of Physical Chemistry B, 107(31):7940–7946, jul
2003.

17. Tomáš Polívka, Donatas Zigmantas, Villy Sundström, Elena Formag-
gio, Gianfelice Cinque, and Roberto Bassi. Carotenoid S1 State in a Re-
combinant Light-Harvesting Complex of Photosystem II. Biochemistry,
41(2):439–450, dec 2002.

18. Robert J Thrash, Howard L B Fang, and George E Leroi. The Raman Ex-
citation Profile Spectrum of Beta-Carotene in the Preresonance region:
Evidence for a Low-Lying State. The Journal of Chemical Physics, 67(12),
1977.



48 References

19. Dariusz M Niedzwiedzki, James O Sullivan, Tomás Polívka, Robert R
Birge, and Harry a Frank. Femtosecond time-resolved transient absorp-
tion spectroscopy of xanthophylls. The journal of physical chemistry. B,
110(45):22872–22885, 2006.

20. Robert E Blankenship. Molecular mechanisms of photosynthesis. John Wiley
& Sons, 1st edition, 2008.

21. David L. Spector, editor. Dinoflagellates. Academic Press, Inc., Orlando,
1984.

22. Tomas Polivka and Villy Sundstrom. Ultrafast dynamics of carotenoid
excited States-from solution to natural and artificial systems. Chemical
reviews, 104(4):2021–71, apr 2004.

23. C J Gobler, D J Lonsdale, and G L Boyer. Aureococcus anophagefferens.
Estuaries, 28(5):726–749, 2005.
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2.1 Equilibrium Dynamics of S1 and ICT States of Fu-
coxanthin in Solution as revealed by Multi-Pulse
Spectroscopy: Dependence on Polarity, Proticity,
and Temperature

This chapter is based on PAPER I:
West, R. G. et al. Equilibrium Dynamics of S1 and ICT States of Fucoxanthin
in Solution as revealed by Multi-Pulse Spectroscopy: Dependence on Polarity,
Proticity, and Temperature. Submitted: May 2018.

Abstract
To demonstrate the value of the multi-pulse method in revealing the nature of
coupling between excited states and explore the environmental dependencies
of S1 and ICT state equilibration, we performed ultrafast transient absorption
pump-dump-probe and pump-repump-probe spectroscopies on fucoxanthin
in various solvent conditions. The effects of polarity, proticity, and temper-
ature were tested in solvents methanol at 293 and 190 K, acetonitrile, and
isopropanol. We show that manipulation of the kinetic traces can produce
one trace reflecting the equilibration kinetics of the states which reveals that
lower polarity, proticity, and temperature delays S1/ICT equilibration. Based
upon a two-state model representing the S1 and ICT states on the same S1/ICT
potential energy surface, we were able to show that the kinetics are strictly de-
pendent on the initial relative populations of the states as well as the decay
of the ICT state to the ground state. Informed by global analysis, a system-
atic method for target analysis based upon this model allowed us to quantify
the population transfer rates throughout the life of the S1/ICT state as well
as separate the S1 and ICT spectral signatures. The results are consistent with
the concept that the S1 and ICT states are part of one potential energy surface.
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2.1.1 Introduction

The carotenoids’ various roles in the scheme of photosynthesis are well
understood, but the diverse methods and mechanisms by which they per-
form their duty in host organisms, especially in light-harvesting1−3 and
photoprotection,4,5 still provide a flourishing field of study. All carotenoids
share a conjugated polyene backbone scheme, and their spectroscopic prop-
erties that are directly related to diverse functions. These functions are de-
termined, in part, by the number of conjugate C=C bonds,6 N, which is well
understood by the theory of the electronic energetic structure for polyenes.7

Specifically, carotenoid photophysics has attracted much attention particu-
larly due to its dark excited states. Due to strong correlations among the con-
jugated π-electrons, the lowest excited state has a significant doubly-excited
character, rendering the transition between the ground (S0) and the lowest
excited singlet state (S1) forbidden for single-photon processes7 Nonetheless,
the S1 state has been shown to play the key role both in light-harvesting, serv-
ing as energy donor in a number of antenna proteins,1 and in photoprotection,
where it acts as a quencher of excited chlorophyll in some systems.8−11

The spectroscopic properties of both the strongly absorbing (S2) state and
the dark S1 state are primarily determined by N, but significant tuning can
be achieved by structural groups attached to the conjugated backbone as
well as the environment which interacts with these groups. Such tuning is
especially pronounced for carotenoids containing a conjugated keto group
which are often referred to as carbonyl carotenoids.12,13 Spectroscopic prop-
erties of carbonyl carotenoids depend on solvent polarity, which is related to
an intramolecular charge transfer (ICT) state induced by the conjugated keto
group.13,14 With increasing polarity the typical signatures of the ICT state be-
come more pronounced: the broad stimulated ICT emission found in the near-
IR region (900-100 nm) and a corresponding ICT excited state absorption in
the 600-750 nm spectral region appear in transient absorption spectra. The
appearance of these features correlates with shortening of the S1 lifetime.13,14

Interestingly, however, the lifetimes of the S1 and ICT bands in transient
absorption spectra are typically indistinguishable in global analysis schemes,
leading to the concept of a coupled S1/ICT state14,15. Since the first reported
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polarity-dependent behavior in peridinin12, the coupled behavior has been
reported for a number of carbonyl carotenoids.13,14,16−18 Although the con-
ditions for which the ICT characteristics arise are known,19−22 the observed
behavior of the alleged ICT state has led to various, if not, incongruent con-
clusions about its nature and relation to the S1 state23−27. In recent years, the
ICT state has been considered to be 1) strongly coupled to the S1 state and vi-
sualized as a potential minimum at S1/ICT potential energy surface whereby
the states are coherently mixed,15,28 2) a distinct electronic state,12,24,25,29 or 3)
even the S1 state itself, albeit with enhanced charge transfer character.30

Due to its abundance in nature and the functional role of its ICT state in
energy transfer within photosynthetic antenna proteins,18,31,32 research has of-
ten centered on the characteristics of the carbonyl carotenoid fucoxanthin (Fx).
In solution, fucoxanthin has well-resolved S1-associated (∼525 nm) and ICT-
associated (600 and 640 nm) spectral bands in transient absorption spectra,13

and the S1/ICT lifetime spans the 20-60 ps range in various solvents,13,19,23

making it a suitable candidate for systematic studies of polarity-dependent
behavior. Moreover, contrary to other carbonyl carotenoids, fucoxanthin’s
properties also significantly depend on solvent proticity as evidenced by the
S1/ICT lifetimes in methanol (20 ps) and acetonitrile (30 ps). Yet, despite
numerous studies on polarity-dependent excited-state dynamics of fucoxan-
thin in solut33ion,33−38 the precise relation between the S1 and ICT states has
remained unclear. Even though a small difference between kinetics mea-
sured at the maxima of the S1-associated and ICT-associated transitions were
reported,34,38 they are likely due to different fucoxanthin conformers whose
ICT states have slightly different degrees of charge transfer character.38

A significant step forward in understanding the relation between the S1

and ICT states was reported in a recent study by Redeckas, et. al.39, who em-
ployed pump-dump-probe spectroscopy to fucoxanthin in methanol. In this
experiment, adding a second excitation pulse to the standard pump-probe
scheme allows selective manipulation of excited-state populations, making
it possible to monitor excited-state dynamics hidden in the standard pump-
probe experiment (PP).15,25,39−42 The second excitation pulse was tuned to
960 nm, matching the maximum of the ICT stimulated emission, therefore,
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selectively dumping a fraction of ICT population back to the ground state.
This manipulation of the ICT population of fucoxanthin in methanol, demon-
strated that prematurely removing some of the population of the ICT state
does not instantaneously, nor equally, affect the population of the S1 state. In-
stead, the ICT dumping leads to distortion of equilibrium between the S1 and
ICT states which is restored in less than 5 ps.39 Thus, the S1 and ICT states are
two strongly-interacting states in equilibrium. It must be noted that similar
experiment was carried out more than a decade ago by Papagiannakis et al.15

for peridinin in methanol, but fixed wavelength of the dump pulse (800 nm)
limited selectivity of the ICT dumping in that experiment.

The study presented here seeks to explore further this interaction between
the S1 and ICT states of fucoxanthin. We expand the experiments to other sol-
vents and temperatures to explore polarity, proticity, and temperature depen-
dence of the S1/ICT state equilibration. By fitting and modeling the pump-
dump-probe data, we show that the equilibration between the S1 and ICT
states is the key process leading to the identical lifetimes of the S1-associated
and ICT-associated bands measured in pump-probe experiments. In addition,
we find that equilibration is the controlling factor for the observed polarity,
proticity, and temperature dependence of the S1/ICT lifetime of fucoxanthin
in pump-probe experiments. In addition to experiments using the dumping
of the ICT state, for fucoxanthin in methanol we also apply repumping of
the ICT and S1 states by tuning the second excitation pulse into the S1-like or
ICT-like excited state absorption bands.

2.1.2 Materials and Methods

Sample preparation – Analytical standard, all-trans fucoxanthin was obtained
from Sigma-Aldrich and dissolved in methanol, acetonitrile, and isopropanol
to 0.4 OD for 2 mm path length at 490 nm, the pump wavelength. This al-
lowed for fucoxanthin to be tested in various environments: polar aprotic
and two protic solvents of different polarity. The samples were maintained at
room temperature during the measurements and stirred with a magnetic stir
bar within a 2 mm path length quartz cuvette. Fucoxanthin in methanol, how-
ever, was also measured at 190 K in a plastic cuvette. Insignificant changes in
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the steady-state spectra before and after the measurement affirmed the invari-
ability of the sample throughout the experiments.
Spectroscopy – The source of ultrafast pulses for time-resolved measurements
was a chirped-pulse regenerative amplification system (Spectra Physics,
Spitfire Ace) seeded by a mode-locked Ti:sapphire oscillator (MaiTai) and
pumped by a Nd-YLF Q-switched laser (Empower). The system was con-
figured to produce 100 fs, 4.2 mJ pulses centered at 800 nm at a repetition rate
of 1 kHz. Beam splitters directed the pulses through optical parametric ampli-
fiers (TOPAS Prime and TOPAS, Light Conversion) for tuning the pump and
dump/repump pulses, respectively, as well as a 3 mm sapphire plate for pro-
ducing a broadband, supercontinuum probe pulse which was then focused to
a 100 µm spot size at the sample space.

For room temperature measurements, pump pulses were tuned to a cen-
tral wavelength of 490 nm, resonant with the 0-0 transition to the S2 state,
and focused to an approximately 200 µm spot size with a 70 nJ/pulse. The
dump pulse was tuned to 950 nm and focused to an approximately 350 µm
spot size at 380 nJ/pulse. With a delay line, the dump pulse was set to ar-
rive at the sample space about 1.7 seconds after the excitation pulse. Repump
pulses had similar focusing and timing as the dump pulse configuration and
were tuned to 535 nm and 640 nm for respective S1 and ICT repumping. For
the repump measurements, pump power was about 25 nJ/pulse and repump
power was adjusted to no greater than 200 nJ/pulse. For the measurement
at 190 K, the focusing of all pulses remained the same as above though the
pump wavelength was set to 510 nm and the dump wavelength remained at
950 nm; their respective energies were about 30 nJ/pulse and 360 nJ/pulse.

The supercontinuum produced by the sapphire plate was divided by a
50/50 beam splitter into a reference and probe beams which passed through
the sample space; both were simultaneously directed onto the entrance slit of
a 600-groove grating spectrograph equipped with a double linear CCD de-
tection system (Pascher Instruments). To ensure the accuracy and quality of
the difference in absorption measurements (∆A) the pump, dump, and probe
pulses incident in the sample space were selectively staggered by choppers
placed in the pump and dump beam paths, set at 500 Hz (pump) and 250 Hz
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(dump, repump), respectively. The configuration allowed for observation of
the pulses’ influence on the sample within three regimes: pump-probe (PP),
dump-probe (DP), and pump-dump-probe (PDP).
Data analysis – The data-collection system produces one data set for each pulse
regime mentioned above, including a fourth data set with the dump-probe
(DP) data subtracted from pump-dump-probe data (PDP = PDP’ – DP). This
pump-dump-probe (PDP) data set is the data set featured in the graphs and
analysis below. All global and target analyses were performed in data analysis
software (CarpetView, Light Conversion) which allows simultaneous fitting
of PP and PDP data sets.

For evaluation of PP data, a sequential scheme was considered for the
global analysis to obtain the Evolution-Associated Difference Spectra (EADS).
Global analysis using a parallel scheme was also performed on the double-
difference data set (PP-PDP) to obtain the Decay-Associated Difference Spec-
tra (DADS) to elucidate the immediate effect of the dump pulse on the system.
To explore the equilibrium dynamics of the system perturbed by the dump
pulse, both PP and PDP data were chirp-corrected and truncated from 1.0 ps
after excitation for target analysis, and a simple two-state connectivity scheme
was applied.

For a more rigorous analysis of S1 and ICT state kinetics, as described
in the discussion section, a simple, two-state model was analytically defined
and applied to the target analyses of S1-associated and ICT-associated species,
informed by global analyses.

Absorption spectra of fucoxanthin in the three solvents used in this study
are shown in Fig. 2.1. At room temperature (Fig. 2.1a), negligible shift in
the vibronic bands was observed among the three solvents, and the typical
broadening of the vibronic spectral structure in more polar solvents is appar-
ent. Upon lowering temperature to 190 K (Fig. 2.1b), the absorption spectrum
of fucoxanthin in methanol broadens, indicating that polarity-related features
are enhanced at low temperature. The excitation wavelength was chosen such
that mostly the 0-0 transition to the S2 state was excited in order that any dy-
namics within the vibrational manifold of the S2 state would not complicate
the dynamics.
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2.1.3 Results
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FIGURE 2.1: (a) Steady-state absorption spectra of
Fx in various solvents, normalized to the pump
peak maximum which was tuned to select only the
0-0 vibrational transition. (b) Steady-state absorp-
tion spectra of Fx in methanol at room temperature

and 190 K.

Transient absorption
spectra measured after ex-
citation of fucoxanthin in
acetonitrile at 490 nm in
both PP and PDP regime are
shown in Fig. 2.2a. Further,
Fig. 2.2b demonstrates the
effect of the dump pulse by
showing the PP-PDP double
difference spectra at selected
times after applying the
dump pulse. The transient
absorption spectra of fucox-
anthin in polar acetonitrile
exhibit two positive features
corresponding to the S1-Sn

transition, peaking at 535
nm and ICT-SN transition
in the 600-670 nm spectral
region. When comparing
the PP data set with the
PDP data set, it is clear that
within less than 1 ps after
the dump, the dumping
of the ICT state (640 nm
band) appears to cause a
comparable population drop
also in the S1 state (535 nm band), from which it does not recover throughout
the decay lifetime (Fig. 2.2a). However, within picoseconds after the dump,
the true nature of the relative effect on both states is clarified when the
PDP spectra are subtracted from the PP spectra as in the double-difference
spectra in Fig. 2.2b. These spectra more clearly reveal the equilibrium process
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between the two states. In the first moments after dumping, the ICT band
indicates a greater population displacement in proportion to the S1 state as
indicated by the double-difference spectrum at 0.7 ps after the dump. Over
time, however, the ratio of the effect of the dump in the ICT band in relation to
the S1 band is decreased as shown by double-difference spectra at later times.
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FIGURE 2.2: (a) PP (solid) and PDP (dot-
ted) spectra of Fx in acetonitrile at vari-
ous times after excitation. (b) The double-
difference spectrum (PP–PDP) of Fx in ace-
tonitrile. The underlined values indicate

delay after the dump pulse.

Fig. 2.3 compares the PP and
PDP data sets of fucoxanthin in
methanol, but also includes the ef-
fect of temperature on the transient
spectra. At room temperature, the
overall behavior is comparable to
that observed in acetonitrile. At low
temperature (190 K), however, there
is a red shift of the entire spectrum:
the S1-Sn band has a maximum at
543 nm at 190 K and the same shift
from room temperature of∼8 nm oc-
curs also for the ICT bands. As for
the absorption spectrum in Fig. 2.1,
no narrowing of the transient spec-
tral bands is observed upon cooling
to 190 K. Evidence of S1/ICT cou-
pling by ICT state dumping is still
evident at 190 K. This is shown by
the reduction of the S1 state signal at
2.5 ps after excitation in Fig. 2.3a,
and an equilibration process simi-
lar to the room temperature measurement is also observed in the double-
difference spectrum in Fig. 2.3b implying that an equilibration process is still
present even at low temperature. The PP and PDP data sets measured for fu-
coxanthin in 2-propanol again give qualitatively similar behavior, as observed
in acetonitrile and methanol, shown in the Supporting Information (Fig. 2.12).
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FIGURE 2.3: (a) Excited state spectra at
2.5 ps after excitation comparing Fx in
methanol at room temperature (RT) and
190 K. The spectra of the pump-dump-
probe regime is indicated by the dotted
lines. (b) The double difference spectra
(PP – PDP) demonstrating only the effect
of the dump on Fx in methanol at three
different times after the dump (underline
indicates time after dump). The under-
lined values indicate delay after the dump

pulse.

Despite a number of reports
on excited-state dynamics of
fucoxanthin,21,22,34,37,38,43 it has
never been measured at low tem-
perature. Therefore, we show the
results of global fitting the PP data
on fucoxanthin in methanol at
190 K in Fig. 2.4 to provide basic
characterization of excited-state
processes at low temperature. As
for the room temperature data (Fig.
2.13), four decay components are
needed for a reasonable fit. Besides
the first EADS which characterizes
the decay of the initially excited S2

state, all other decay components
are slower at 190 K. Vibrational
decay of the S1/ICT state is about
twice slower (470 fs) at 190 K, and
the same is observed for the two
components characterizing the de-
cay of the S1/ICT state that yield
13 and 47 ps at 190 K. This is again
slower than 8 and 20 ps obtained
at room temperature. We note that
two S1/ICT decay components
are needed to fit transient data of
fucoxanthin exclusively in methanol, most likely due to multiple fucoxanthin
conformations occurring in this solvent.33,34,38,44 Interestingly, at 190 K the
slow, 47 ps S1/ICT decay component has significantly reduced ICT bands and
blue-shifted bleaching (Fig. 2.4), suggesting that cooling the sample separates
the different conformations better than at room temperature. The presence
of different conformations is also the reason why there is no narrowing of
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the spectral bands upon cooling. EADS resulting from global fitting the data
measured at room temperature in all three solvents are shown in Supporting
Information (Fig. 2.13). All time constants obtained from global fitting are
summarized in Table 2.1.

TABLE 2.1: The decay rates for fucoxanthin in all solvent environments obtained from the EADS in order of

appearance in the decay dynamics.

Rates-1 (ps) methanol acetonitrile isopropanol

EADS
RT 190 K

𝑘1
−1 0.10 <0.10 0.10 0.12

𝑘2
−1 0.19 0.47 0.34 0.28

𝑘3
−1 7.8 13 33 51

𝑘4
−1 19 47 -- --
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FIGURE 2.4: EADS of fucoxanthin in methanol
at 190 K.

Kinetics about the minimum
of the bleaching (Fig. 2.5a) and
in the S1 (Fig. 2.5b) and ICT
(Fig. 2.5c) band maxima for all
solvents demonstrate the differ-
ent lifetimes of the S1/ICT state
in different solvents: 19 ps, 33
ps and 51 ps in methanol, ace-
tonitrile and 2-propanol (Table
2.1) as reported earlier.13,19,33 Ap-
plication of the dump immedi-
ately removes some of the ICT
state population, subsequently
decreases the S1 band, and re-

turns a certain population to the ground state as indicated by the reduction
of ground state bleaching. However, by comparison of the PDP traces in Figs.
2.5b and 2.5c, different dynamics within the S1 and ICT bands following the
dump pulse are obvious. This difference reflects the equilibration between the
S1 and ICT states after selectively perturbing the ICT population by the 950
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dicated by the solid lines and the pump-dump-probe traces are dotted. The
numbers indicate the wavelength of the traces, ordered according to the leg-
end. All traces are normalized to the signal magnitude just before the dump.
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nm pulse.39 The dump pulse also repumps a very small S1 population, most
likely through the S1-S2 transition,19 similar to that seen in our PDP study
of fucoxanthin in FCP,45 indicated by the notch in the S1-associated dump
traces in Fig. 2.5b. Oddly, the decay of the bleach of fucoxanthin at 490 nm
in methanol seems unaffected by temperature. However, the EADS shown in
Fig. 2.4 explain this, because the bleaching band associated with the longer,
47 ps component has negligible amplitude at 490 nm. The effect of the lower
temperature on dynamics of fucoxanthin in methanol is clearly seen by com-
paring the kinetic traces to those at room temperature as in Fig. 2.5e-f. Nor-
malized to the time just before dumping, the traces show how decay at 190 K
is slower for the S1 and ICT bands, but the effect of the dump is comparable.

To gain further insight into the excited-state dynamics, we have also car-
ried out experiments with repumping the S1 and ICT transition by tuning
the second excitation (repump) pulse to 535 and 640 nm. The repump pulse
was applied at 1.7 and 2 ps for repumping the S1 and ICT population, respec-
tively.The effect of selective repumping on the S1 and ICT bands of fucoxan-
thin in acetonitrile at room temperature is shown in Fig. 2.6. Regardless of
which state is selected for repumping, the effect of a loss of population in the
coupled state is immediately seen. The population recovers quickly and dy-
namics of this fast recovery monitors return of the repumped population back
to its initial state. Interestingly, while the repumped S1 population returns al-
most immediately, the slower component of the recovery is observed after ICT
repumping (Fig. 2.6). The same behavior is seen in methanol (Fig. 2.14).

When simply looking at the traces of populations affected by the dump or
repump pulse it is clear that the perturbation does affect the S1 and ICT bands
of the spectrum individually, and the system tends to return, or equilibrate,
to the condition of an unperturbed system, regardless of the environment.
However, the exact characteristics of the equilibration after perturbation are
more easily examined when the kinetics of the S1 and ICT traces are com-
pared with respect to one another. One way to do this is to observe how
the kinetic of the ratio of the S1-associated ESA band to the ICT-associated
band behaves.38,45 In this way, the perturbation is seen clearly affecting the
S1:ICT ratio, setting the system into an imbalanced condition from which the
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system equilibrates toward the usually unperturbed trajectory (Fig. 2.7a).
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FIGURE 2.6: Kinetic traces of S1 and ICT band
repumping compared to pump-probe traces
in the (a) S1-associated band and the (b) ICT-
associated band of fucoxanthin in acetonitrile

(see Fig. 2.14 for methanol).

Further still, in order to clearly
see how much the perturbation
specifically affects the equilibra-
tion among these two states,
the kinetic of the S1:ICT ra-
tio itself may be compared in
the unperturbed and perturbed
conditions—that is, for exam-
ple, taking the ratio of the per-
turbed S1:ICT ratio to that of
the unperturbed S1:ICT ratio, de-
noted here as (S1 : ICT)PDP :
(S1 : ICT)PP. The traces of this
ratio of ratios, as seen in Fig.
2.7b, elucidate the pure dynam-
ics of equilibration of fucoxan-
thin in various environments.
The value of this manipulation
of the kinetic traces is substanti-
ated by the opposite effect of re-
pumping the S1 state where the
imbalance is deviated in the op-
posite direction of the ICT dump or repump as in Fig. 2.7c (Fig. 2.15 for
methanol).

The pure equilibration dynamics shown in Fig. 2.7 reveal an inter-
esting behavior. Clearly, though polarity of the environment is a fac-
tor determining the rate of the S1
ICT equilibration, in that the less po-
lar isopropanol takes longer to equilibrate than methanol by a certain de-
gree, it is not the only controlling factor. As for the S1/ICT lifetime
of fucoxanthin, the equilibration is also affected by solvent proticity be-
cause in aprotic acetonitrile, the equilibration rate is notably faster than
in protic methanol even though both solvents have comparable polarity.
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FIGURE 2.7: (a) The S1 to ICT -associated band
traces (S1:ICT) in the PDP and PP regimes
(PDP:PP). (b) The ratio of the S1 to ICT -
associated band traces (S1:ICT) in the PDP
regime to that of the PP regime (PDP:PP)—that
is (S1:ICT)PDP:(S1:ICT)PP. (c) The same manip-
ulation of the traces for the S1 repump and the
ICT repump in acetonitrile, compared to PDP
(same graph for methanol in Fig. 2.15). Mag-
nitude of all traces normalized to maximum.

Interestingly, however, the ef-
fect of proticity on equilibra-
tion dynamics is opposite than
on the S1/ICT lifetime: while
equilibration is faster in apro-
tic acetonitrile, the S1/ICT life-
time is slower in acetonitrile
than in methanol (Table 2.1).
Lowering the temperature of
the methanol, as generally ex-
pected, slows the rate of equi-
libration, similar to the behav-
ior of Fucoxanthin-Chlorophyll
a Protein (FCP) at 77 K, as re-
ported in our previous study.45

As the ratio of perturbed and
unperturbed S1:ICT ratios re-
veals the nature of the equilibra-
tion in time, the Decay Associ-
ated Difference Spectra (DADS)
of the data from unperturbed
minus the perturbed systems re-
veal the spectrum of the equili-
bration. DADS provide valuable
information regarding immedi-
ate, parallel processes induced
by the dump such as the equi-
libration rate keq. Therefore, we
fit globally the double-difference
data (PP – PDP) obtained from
experiments with dumping of
the ICT state at 950 nm. These data contain solely information about the dy-
namics induced by the dump pulse, therefore fully and uniquely describing
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the equilibrium rate as well as the S1/ICT decay rate. The S1/ICT decay rate
must appear in the double difference data because the 950 nm dump pulse
sends a fraction of excited state population to the ground state. This missing
fraction appears in the PP-PDP dataset as a kinetic process with the S1/ICT
decay lifetime.
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FIGURE 2.8: DADS of the double-difference
spectrum (PP-PDP) of fucoxanthin in acetoni-
trile (results for other solvents in Fig. S5). The
amplitude of the fast component was reduced

by half.

The DADS obtained from
the global fitting of the PP-PDP
dataset of fucoxanthin in ace-
tonitrile are shown in Fig. 2.8
(Fig. 2.16 for remaining sol-
vents). The first DADS has a life-
time of 120 fs and is most likely
associated with a fraction of the
S1 population that is repumped
by the 950 nm pulse via the S1-
S2 transition. Its lifetime thus re-
flects the S2 relaxation. The sec-
ond DADS has a lifetime of 1.3
ps and clearly reflects the equili-
bration component as it demon-
strates the imbalance between the S1 and ICT bands, which is recovered at rate
keq. More importantly, the last component takes the same shape and has the
same lifetime of 33 ps as the PP EADS, corresponding to the S1/ICT lifetime.
This decay rate we will further denote as the common decay rate kcom.
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TABLE 2.2: Rates and initial S1 to ICT initial population ratios determined by global and

target analysis of data sets truncated from 1 ps. Common and equilibrium rates for the

target analyses, kcom and keq, were calculated using the four rates below the break.

Rates-1 (ps) methanol acetonitrile isopropanol

global analysis
RT 190 K

𝑘𝑐𝑜𝑚
−1 19 41 33 51

𝑘𝑒𝑞
−1 3.5 12 1.3 8.3

target analysis

𝑘𝑐𝑜𝑚
−1 18 49 33 53

𝑘𝑒𝑞
−1 3.2 13 1 11

𝑘𝑆1→𝐼𝐶𝑇
−1 6 60 2.0 33

𝑘𝐼𝐶𝑇→𝑆1
−1 10 40 2.0 25

𝑘𝑆1→𝑆0
−1 60 84 60 60

𝑘𝐼𝐶𝑇→𝑆0
−1 12 22 22 45

 
𝒏𝑺𝟏

𝒏𝑰𝑪𝑻 𝟎
0.8 1.0 1.0 0.6

The general shape of the DADS is maintained for isopropanol, with, as
expected, longer rates of 8.3 ps (equilibration) and 51 ps (common rate) (Fig.
2.16). In methanol at both 293 and 190K, the components have similar trends
but appear much more complex. The intermediate EADS components of 7.8
ps (293 K) and 13 ps (190 K), respectively, cannot be obtained in DADS of PP
- PDP. This underlines the complexity of the excited-state dynamics of fucox-
anthin in methanol and identifies limits of using EADS for such systems, as
discussed recently.38 The absence of the intermediate decay component in the
double-difference DADS also suggests that the ‘true’ common S1/ICT lifetime
of fucoxanthin in methanol is rather associated with the slowest EADS having
time constants of 19 ps (293 K) and 41 ps (190 K). The common and equilibra-
tion rates from global analyses are summarized in the first two lines of Table
2.2.
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2.1.4 Discussion

The data presented in the previous section demonstrate that the S1 and ICT
states can be selectively affected by the dump or repump pulse. As reported
earlier for fucoxanthin in methanol,39 the selective perturbation of the ICT
population results in an imbalance of the equilibration between the ICT and
S1 states which eventually restores the original distribution of excited state
population between the S1 and ICT parts of the S1/ICT potential energy sur-
face. We also showed that by appropriate data treatment we can extract not
only the common lifetime of the coupled S1/ICT state, which is readily ob-
tained from standard PP experiment, but also the S1
ICT equilibration time
from the DADS of the double-difference data set (PP – PDP). Both these rates,
kcomand keq, exhibit dependence on solvent polarity and proticity as well as
the temperature.

S1 ICT

S0

𝑘𝑠1→𝐼𝐶𝑇

𝑘𝐼𝐶𝑇→𝑆1

𝑘𝐼𝐶𝑇→𝑆0𝑘𝑆1→𝑆0

S1/ICT

S0

𝑘𝑒𝑞

𝑘𝑐𝑜𝑚

a b

FIGURE 2.9: Diagram related to global and target analy-
ses models of a two-state system of an excited carbonyl
carotenoids from 1 ps after the dump, after all dynamics of

higher states have taken place.

Since direct application of global and/or target analyses to the collected
datasets did not provide a unique solution, we make use of the knowledge of
kcomand keq obtained from the fitting and focus first on modeling the equi-
librium kinetics of the S1/ICT state in terms of population dynamics of a
two-state system to reveal the properties of this elusive state in the simplest
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way. By this basic two-state model, depicted in Fig. 2.9, we have also sim-
plified our inquiry of the nature of the ICT state and have gained insight into
what are reasonable rate parameters related to the S1/ICT relaxation dynam-
ics. Since the relaxation processes preceding the population of the S1
ICT
state are mostly over within the first picosecond after excitation (the S2 decay,
vibrational cooling of hot S1 and ICT states),15,34,46 we begin our analyses at
a time when a two-state model would be the most relevant: less than a pi-
cosecond before the dump pulse, 1.0 ps after excitation of fucoxanthin into
the S2 state. We note that the ground state intermediate (GSI) seen in some
other studies,14,39,42 upon dumping the ICT state, is ignored in this model. Its
spectral influence has been seen as a relatively small peak shifted to the blue
of the maximum S1SN peak absorption wavelength. Nonetheless, we have
found the two-state model to be fully sufficient to match the S1
ICT equili-
bration kinetics without consideration of the GSI. Also, our model does not
account for repumping due to any resonance with the S1S2 transition caused
by the 950 nm pulse, which is seen in the S1-associated band. Nonetheless,
such transitions are quickly recovered as the dynamics targeted in our model-
ing are an order of magnitude slower. It is also important to note that though
we have named these two states “S1” and “ICT” in our model, we only imply
their associations with the S1 and ICT parts of one potential energy surface
and how they appear to be equilibrating. By monitoring the absorption re-
sponse, they represent individual concentrations, or species, of the sample
undergoing disparate, yet interrelated, dynamics.

Global analyses of pump-probe studies cannot resolve the equilibration
rate keq of the S1/ICT coupled state; therefore, S1 and ICT are seen as a single,
common, decaying state at a rate kcom as depicted in Fig. 9. The imbalance
caused by prematurely dumping the ICT state allows for the S1 and ICT states
to be observed acting separately, requiring four rates: the rates of transfer
between the equilibrating states kS1→ICT and k ICT→S1 as well as the decay of
these individual states to a lower state, the “S0” state, kS1→S0 and k ICT→S0

(Fig. 2.9b). All four of these rates affect the common decay and equilibrium
dynamics. However, as the following paragraphs describe, if the rate kS1→S0 is
considered constant, regardless of solvent polarity at room temperature, only
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k ICT→S0 is required as the unknown rate parameter to describe the two-state
system’s evolution beyond 1 ps.

In this model, we treat the S1, ICT, and S0 states as separate species repre-
sented by a set of populations, or concentrations, {n`} of the sample under-
going interconversion processes determined by a set of real, positive rates, or
decay parameters,

{
ki→j > 0 | i, j ε `

}
. The model of unperturbed relaxation,

therefore, is described by these rate equations:

dnS1

dt
= k ICT→S1nICT − kS1→ICTnS1 − kS1→S0nS1 (2.1)

dnICT

dt
= kS1→ICTnS1 − k ICT→S1nICT − k ICT→S0nICT.

If the system is briefly perturbed by a dump, the second rate equation
can be modified with the addition of a transient Gaussian-shaped dump term
−exp

{
−2.77[(t− tD)/∆λ]2

}
kDnICT where tD is the timing of the arrival of

the dump pulse, ∆λ is the pulse width, and kD is the rate at which the dump
transfers population from the ICT to the S0 state.47,48

Nonetheless, Eqns. 2.1 represent the intrinsic behavior of the S1 and ICT
-associated populations in some decay trajectory, and they have analytical so-
lutions which are the common decay and equilibration rates:

keq,com =
1
2

{
Ksum ±

√
Ksum

2 − 4 [KS1KICT − kS1→ICTk ICT→S1]

}
(2.2)

where

Ksum = kS1→ICT + k ICT→S1 + kS1→S0 + k ICT→S0 = kcom + keq,

the total S1-associated species decay rate KS1 = kS1→ICT + kS1→S0 and the to-
tal ICT-associated species decay rate KICT = k ICT→S1 + k ICT→S0. The common
decay rate kcom takes the negative sign, and the equilibration rate keq takes
the positive sign of discriminant in Eqn. 2.2. Already, it is clear there exists a
range of reasonable decay rates among the states restricted by the common de-
cay rate kcom which can be determined by sequential global analysis (EADS)
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of the S1/ICT state in the pump-probe (PP) regime. In the PDP regime, the
dump pulse removes populations previously destined to decay to the ground
state and induces an imbalance to be naturally recovered, revealing the equili-
bration rate. These parallel processes are best analyzed globally by the Decay-
Associate Difference Spectra (DADS) of the double-difference (PP - PDP) data
set. The DADS, as seen in Fig. 2.8 for acetonitrile (Fig. 2.16 for other solvents),
gives keq in addition to kcom, when kcom is fixed to the singlet state decay value
found in the EADS (Fig. 2.13).

Therefore, if keq and kcom are known from global analyses, then the rates of
transfer between the states may be expressed as dependent parameters

kS1→ICT =
k2

ICT→S0 − Ksumk ICT→S0 + kcomkeq

(kS1→S0 − k ICT→S0)
(2.3)

and

k ICT→S1 =
k2

S1→S0 − KsumkS1→S0 + kcomkeq

(k ICT→S0 − kS1→S0)
(2.4)

In many studies on the effect of solvent polarity on carbonyl carotenoids,
it has been found that the ICT character becomes more pronounced in polar
solvents;13,14 whereas, in non-polar n-hexane, the ICT character of fucoxan-
thin is almost non-existent, and the lowest single excited state has been found
to decay at a rate of (60 ps)−1.19 Therefore, if this is assumed to be the intrin-
sic rate kS1→S0 at room temperature, regardless of solvent polarity, the only
independent rate parameter in the model would be k ICT→S0, and its range of
possible values is limited by the model.

Other factors limiting the range of possible decay parameters are the ini-
tial conditions to Eqns. 2.1: the initial concentrations of the S1 and ICT states.
Although an estimate of initial populations of the S1 and ICT states are in-
determinable without knowledge of their extinction coefficients, the ratio of
their initial populations at the moment of dumping, (nS1/nICT)0, is deter-
minable by the model. Further still, the relative magnitude between kS1→ICT

and k ICT→S1 is also dependent on whether this ratio is greater or less than
unity. Because it is not intrinsically known which rate is faster, target analyses
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of a two-state system may reveal more than one reasonable solution where
(nS1/nICT)0 is either equal to or greater than or less than unity. To gain in-
sight into which solution is proper, the fit traces should, by use of a scaling
factor (εS1/ε ICT), match closely the population ratio nS1/nICT(t) at all times.
In other words, the ratio of the S1-associated band to the ICT-associated band
of the model (S1:ICT)model should, with a scaling coefficient, match the data
(S1:ICT)data in both pump probe and pump-dump-probe regimes shown in
Fig. 2.7a. Certainly, special care should be taken as the spectral bands usu-
ally associated with the S1 and ICT states contain dynamics of a mixture of
populations. Therefore, the fitting algorithm for the model must include con-
siderations for a mixture of signatures in these bands to properly match the
data.
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FIGURE 2.10: The possible values for the
inter-S1 ↔ICT energy transfer rates kS1→ICT
and kICT→S1 as a function of ICT-ground
state transfer rate kICT→S0 under the two-state
model according to the common and equilib-
rium rates of fucoxanthin in acetonitrile (re-
sults for other solvents in Fig. S6). A, B, C, and
D demarcate regions of non-convergence or
convergence to different results in target anal-

ysis.

Before determining the re-
maining individual rates in the
scheme in Fig. 2.9b, we must un-
derstand what limits the model
intrinsically implies regarding
these rates so that we may direct
our fitting. As described above,
according to the model and rates
made available by global anal-
yses, there are basically only
two unknowns in the model:
the ICTground-state decay rate,
k ICT→S0, and the initial popula-
tion ratio, (nS1/nICT)0. There is
a limitation to the possible val-
ues of k ICT→S0. In acetonitrile,
for example, according to the
model it must be that k ICT→S0 <

(32 ps)−1since k ICT→S1 is nega-
tive for all k ICT→S0 > (32 ps)−1.
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This requirement is clearly seen when considering both S1↔ICT rates, de-
scribed by Eqns. 2.3 and 2.4, as a function of k ICT→S0. The possible values
are presented in Fig. 2.10 for acetonitrile (Fig. 2.17 for the remaining sol-
vents). If we assume, as in earlier reports24,38 kS1→ICT be faster than k ICT→S1 ,
then the possible values are limited (21ps)−1 < kICT→S0

< (32 ps)−1. Beyond
this restriction, convergences may be found in all three allowed regions la-
beled A, B, and C; whereby, these regions differ in the relative magnitudes
of the S1↔ICT transfer rates kS1→ICT and k ICT→S1. Therefore, we sought a
“reasonable convergence” in one of these regions where the solutions of tar-
get analysis (1) produced rates in close agreement with global analyses, (2)
the ratio (S1:ICT)model of the fit traces more closely matched the empirical ratio
(S1:ICT)data, and (3) the resulting S1-related and ICT-related spectra are clearly
separated.

When applying these requirements to fucoxanthin in acetonitrile, the so-
lution converges such that the ICT decay rate to the ground state is close to
the lower limit of the range mentioned above: near 21 ps. Therefore, as seen
in Fig. 2.10, the rates of S1↔ICT population transfer converges to very simi-
lar rates as in region B. If the rate k ICT→S0 is applied as an initial condition in
region D, that is k ICT→S0 > (32 ps)−1, target analysis gives nonsensical solu-
tions with rates in several s−1 or even negative rates. This analysis provides
the upper bound for k ICT→S0 in all solvents, and according to Eqns. 2.3 and 2.4
this boundary remains even though kS1→S0 may change, as long as kcom and
keq are described. For isopropanol, the limit for k ICT→S0 is (50 ps)−1, and for
methanol (20 ps)−1 and (40 ps)−1 for 293 and 190 K, respectively (Fig. 2.17).
These limits coincide with the common decay rates in these solvents.

In regard to the initial ratio of S1 and ICT state populations, in acetoni-
trile, for example, the target analysis converges to reasonable results where
(nS1/nICT)0 = 1 and the S1↔ICT rates are found in region B (see Fig. 10).
As for the other solvents, however, a solutions did not even converge to re-
gion B. The model shows that if the condition kS1→ICT > k ICT→S1 is expected,
then it must be that (nS1/nICT)0 < 1 in order for the solution to converge
and produce distinct S1 and ICT spectral amplitudes. This places reasonable
convergence in region C for isopropanol and methanol at both temperatures.
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Nonetheless, we found that often target analyses can converge in region A
for the opposite case that (nS1/nICT)0 > 1 as long as the associated condition
kS1→ICT > k ICT→S1 is held. In fact, the spectra of the species in both condi-
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vents and methanol at room temperature and 190 K.

tions may be practically indistinguishable. However, when the ratio of the
S1-associated and ICT-associated bands (S1:ICT) is considered (Fig.2.7a; Fig.
2.18b) the model clearly fits better the conditions of region C. This implies that
if it is desired that kS1→ICT > k ICT→S1, since the ICT state is generally consid-
ered to be lower in energy than the S1 state due to its low energy stimulated
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emission19, the absolute rate from the S2 state to ICT must be faster than to S1.
Having knowledge of which values are more acceptable, we applied them

as initial parameters in our target analyses, fixing kS1→S0 for all room temper-
ature studies. For methanol at 190 K, we investigated also likely values for
the rate kS1→S0 as an independent parameter because this rate should slow
upon cooling.23 The data sets for target analysis were chirp-corrected and
truncated at 1 ps, just less than a picosecond before the dump. The param-
eter values and spectra resulting from target analyses are shown compared to
results from global analyses in Fig. 2.11 and Table 2.2. This figure represents
the individual components of the coupled S1/ICT state underlying the com-
mon decay observed in transient absorption studies of carbonyl carotenoids
as their sums closely match the spectral forms of the global analyses. Gener-
ally, values for the common decay rates reverse-calculated with the analysis
results closely matched the values obtained by global analysis, again confirm-
ing the functionality of the two-state model. The equilibration rate values are
less accurate, yet they follow the same general order already observed in Fig.
2.7b: acetonitrile equilibrates the fastest, and methanol at 190 K is the slow-
est; whereby, the 190 K model converged such that the rate from S1 to ICT
was faster than the reverse path. Thus a reasonable convergence was found
in region A.

Therefore, our approach allowed to discriminate feasible fitting solutions
from a landscape of many possible models. The population transfer rates (Ta-
ble 2.2) we have obtained for fucoxanthin in methanol qualitatively matches
those reported by Redeckas et al.39 Even the actual values differ slightly, the
overall trend (e.g. kS1→ICT > k ICT→S1) is reproduced. Also, the S1-like peak
in the ICT spectra (Fig. 2.11) is somehow stronger in our target analysis com-
pared to Redeckas et. al.39 This high-energy, ICT-related peak is found shifting
to the red as the equilibration rate decreases and the polarity of the solvent in-
creases (Fig. 2.11). This strong mixing of the S1 characteristics into the ICT
spectrum could be related to absence of hot states in our model which can
still have some influence at the time of dumping, 1.7 ps after excitation. Also
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it must be noted that fucoxanthin in methanol displays more complicated dy-
namics compared to the other two solvents, an observation most likely re-
sulting from existence of multiple species having different degree of charge
transfer character.38,44

Our extension of the PDP study of fucoxanthin to other solvents provided
some new, interesting observations. First, the kS1→ICT and k ICT→S1 rates char-
acterizing the S1-ICT equilibration become slower upon cooling the sample to
190 K, suggesting a presence of a barrier separating the S1 and ICT parts of
the S1/ICT potential surface. Second, both these equilibration rates become
faster with increasing polarity, which translates into decreasing the barrier
between the S1 and ICT parts of the S1/ICT potential surface, confirming the
hypothesis proposed a more than a decade ago23. Third, it is obvious that the
difference in common S1/ICT lifetimes measured in two solvents with nearly
identical polarity, methanol and acetonitrile, results from different ICT-S0 cou-
pling as the ICT-S0 rate is about twice slower in acetonitrile. On the other
hand, the S1-ICT equilibration rates are notably faster in acetonitrile, indicat-
ing that hydrogen bonding available in protic methanol likely increases the
barrier between the S1 and ICT parts of the S1/ICT potential surface.

Further information about excited state dynamics is provided by experi-
ments using repumping of either S1 or ICT populations. The effect of repump-
ing, shown in Fig. 7c for fucoxanthin in acetonitrile and in Fig. S4 for fucox-
anthin in methanol, reveals differences between behavior of S1 and ICT popu-
lations. Repumping the ICT state results in return of the re-excited molecules
back to equilibrium within less than∼300 fs (Fig. 2.7c), as the dynamics return
to a fairly unperturbed trajectory, signaling that essentially all repumped ICT
population returns back to its original location, the ICT part of the S1/ICT
potential surface. Repumping the S1 population, however, results in more
complicated population dynamics (Fig. 7c): it contains a fast recovery, which
accounts for about half of the magnitude, again signaling a quick return of
the re-excited population back to the S1 potential minimum, but there is also
a slower part. This slower part matches the S1-ICT equilibration dynamics,
implying that the re-excited S1 population returns to both S1 and ICT states.
Qualitatively, the same behavior is observed for repumping the fucoxanthin
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in methanol (Fig. S4) though the effect of the repump subsides to a different
equilibrium ratio, suggesting some loss of the repumped population, most
likely due to formation of fucoxanthin radical from the upper excited state as
reported earlier.15,40

Finally, we can hypothesize how the observed excited state behavior may
relate to function of fucoxanthin (and possible other carbonyl carotenoids) in
light-harvesting antenna. We showed that hydrogen bonding with the polar
methanol slows fucoxanthin’s equilibration rate and the S1↔ICT rates as a re-
sult. Thus, hydrogen bonding in the polar environment of light-harvesting
antennae would be conceivably more advantageous for energy transfer to
chlorophyll. If indeed this is the case, the advantage of using keto carotenoids
in light harvesting antennae could also be the possibility of tuning the S1/ICT
equilibration by hydrogen bonding.

In our study of FCP,45 we claimed to observe fast and slow-decaying fu-
coxanthin species and that only the S1 part of the S1/ICT potential energy sur-
face of the slow species transfers energy to chlorophyll with a lifetime of 1.9
ps. How the preferred donor states are selected we cannot hypothesize; how-
ever, it is certain that if one state is a donor to chlorophyll, the advantage of
having equilibrating states is that the other state may support the donor state
by population transfer. Longer equilibration would generally be more advan-
tageous such that energy transfer to the acceptor is preferred. With exception
of acetonitrile, this study indicates the S1↔ICT transfer rates are slower than
energy transfer rates determined for PCP and FCP. Though fucoxanthin in
the less polar isopropanol demonstrates the longest equilibration time, its ICT
character is slightly mitigated compared to that in methanol, as is its dipole
strength. In this less polar hydrogen bonding condition, energy transfer via
the S1 state may be conceivably preferred in FCP.
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2.1.5 Conclusions

The systematic analysis in this ultrafast multi-pulse study, aimed at the
equilibration of the S1/ICT state in fucoxanthin in solution, utilized the re-
sults of global analysis (EADS of PP data and DADS of PP-PDP data) to prop-
erly inform target analysis of the S1 and ICT states as separate species. Trun-
cated at the time where S1-ICT coupling and decay is most relevant, target
analysis of pump-dump probe data reveals a tight restriction on the possi-
ble parameters for target analysis. Building a simple, two-state model with
decay to the ground state allows that the description of population trans-
fer solely depends upon the ICT state decay rate k ICT→S0 and initial S1 and
ICT state population ratio (nS1/nICT)0. In addition to this analysis we ma-
nipulated the modeled kinetic traces to achieve an effective equilibrium trace
(S1 : ICT)PDP : (S1 : ICT)PP which reveals the dependence of the equilibra-
tion on polarity, proticity, and temperature.

When comparing the two protic solvents, methanol and isopropanol, the
highly polar methanol exhibits a relative shortening of the S1/ICT equilibra-
tion in fucoxanthin at room temperature but similar dynamics at 190 K. If the
S1 and ICT states are considered to be two parts of one potential energy sur-
face separated by a barrier and measured by their equilibration lifetime, lower
polarity, proticity, and temperature increases this barrier. Target analysis af-
firms this trend and quantifies the relative rates population transfer between
the S1 and ICT states such that population transfer from S1 to ICT is preferred
in polar environments and with hydrogen bonding. This conclusion is con-
gruent with previous studies indicating that the S1 and ICT states are best
modeled as parts of the same potential energy surface.23,24,26

The results demonstrate a strong dependence on hydrogen bonding;
whereby, the rate of equilibration among the S1 and ICT states is prolonged.
This implies a possible advantage in hydrogen bonding for antenna-bound
carotenoids in that energy transfer to chlorophyll may be preferred to internal
conversion such as equilibration. If this is the case, a primary donating state,
S1 for example, may be supported by the secondary or non-donating state
in equilibrium. Hydrogen bonding in a highly polar environment creates a
distinct advantage in that the charge transfer character will be enhanced.
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Supplementary Information

FIGURE 2.12: PP (solid) and PDP (dotted) spectra of fucoxan-
thin in isopropanol (a) at various times after excitation. The
double-difference spectrum (PP – PDP) of fucoxanthin in iso-
propanol (b). The underlined values indicate the delay time

after the dump pulse.
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B.; Fuciman, M.; Bína, D.; Litvín, R.; Polívka, T. Nonconjugated Acy-
loxy Group Deactivates the Intramolecular Charge-Transfer State in the
Carotenoid Fucoxanthin. J. Phys. Chem. B 2018, 122, 2922–2930.

23. Zigmantas, D.; Hiller, R. G.; Yartsev, A.; Sundström, V. Dynamics of Ex-
cited States of the Carotenoid Peridinin in Polar Solvents: Dependence
on Excitation Wavelength, Viscosity, and Temperature. J. Phys. Chem. B
2003, 107, 5339–5348.

24. Vaswani, H. M.; Hsu, C.-P.; Head-Gordon, M.; Fleming, G. R. Quantum
Chemical Evidence for an Intramolecular Charge-Transfer State in the
Carotenoid Peridinin of Peridinin−Chlorophyll−Protein. J. Phys. Chem.
B 2003, 107, 7940–7946.

25. Papagiannakis, E.; Larsen, D. S.; van Stokkum, I. H. M.; Vengris, M.;
Hiller, R. G.; van Grondelle, R. Resolving the Excited State Equilibrium
of Peridinin in Solution. Biochemistry 2004, 43, 15303–15309.



2.1. Equilibrium Dynamics of S1 and ICT States of Fucoxanthin in
Solution as revealed by Multi-Pulse Spectroscopy: Dependence
on Polarity, Proticity, and Temperature

105

26. Wagner, N. L.; Greco, J. A.; Enriquez, M. M.; Frank, H. A.; Birge, R.
R. The Nature of the Intramolecular Charge Transfer State in Peridinin.
Biophys. J. 2013, 104, 1314–1325.

27. Carbonera, D.; Valentin, M. Di; Spezia, R.; Mezzetti, A. The Unique Pho-
tophysical Properties of the Peridinin-Chlorophyll- a -Protein. Curr. Pro-
tein Pept. Sci. 2014, 15, 332–350.

28. Linden, P. A.; Zimmermann, J.; Brixner, T.; Holt, N. E.; Vaswani, H. M.;
Hiller, R. G.; Fleming, G. R. Transient Absorption Study of Peridinin and
Peridinin−Chlorophyll a−Protein after Two-Photon Excitation. J. Phys.
Chem. B 2004, 108, 10340–10345.

29. Bonetti, C.; Alexandre, M. T. A.; van Stokkum, I. H. M.; Hiller, R.
G.; Groot, M. L.; van Grondelle, R.; Kennis, J. T. M. Identification of
Excited-State Energy Transfer and Relaxation Pathways in the Peridinin-
Chlorophyll Complex: An Ultrafast Mid-Infrared Study. Phys. Chem.
Chem. Phys. 2010, 12, 9256–9266.

30. Shima, S.; Ilagan, R. P.; Gillespie, N.; Sommer, B. J.; Hiller, R. G.;
Sharples, F. P.; Frank, H. A.; Birge, R. R. Two-Photon and Fluorescence
Spectroscopy and the Effect of Environment on the Photochemical Prop-
erties of Peridinin in Solution and in the Peridinin-Chlorophyll-Protein
from Amphidinium Carterae. J. Phys. Chem. A 2003, 107, 8052–8066.

31. Papagiannakis, E.; Van Stokkum, I. H. M.; Fey, H.; Büchel, C.; Van Gron-
delle, R. Spectroscopic Characterization of the Excitation Energy Trans-
fer in the Fucoxanthin-Chlorophyll Protein of Diatoms. Photosynth. Res.
2005, 86, 241–250.

32. Gildenhoff, N.; Amarie, S.; Gundermann, K.; Beer, A.; Büchel, C.;
Wachtveitl, J. Oligomerization and Pigmentation Dependent Excitation
Energy Transfer in Fucoxanthin-Chlorophyll Proteins. Biochim. Biophys.
Acta - Bioenerg. 2010, 1797, 543–549.
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2.2 Ultrafast multi-pulse transient absorption spec-
troscopy of fucoxanthin chlorophyll a protein from
Phaeodactylum tricornutum

This chapter is based on PAPER II:
West, R. G. et al., 2018. Ultrafast multi-pulse transient absorption spec-
troscopy of fucoxanthin chlorophyll a protein from Phaeodactylum tri-
cornutum. Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1859(5),
pp.357–365.

Abstract
We have applied femtosecond transient absorption spectroscopy in pump-
probe and pump-dump-probe regimes to study energy transfer between fu-
coxanthin and Chl a in fucoxanthin-Chl a complex from the pennate diatom
Phaeodactylum tricornutum. Experiments were carried out at room tempera-
ture and 77 K to reveal temperature dependence of energy transfer. At both
temperatures, the ultrafast (<100 fs) energy transfer channel from the fucox-
anthin S2 state is active and is complemented by the second pathway via the
combined S1/ICT state. The S1/ICT-Chl a pathway has two channels, the fast
one characterized by sub-picosecond energy transfer, and slow having time
constants of 4.5 ps at room temperature and 6.6 ps at 77 K. The overall energy
transfer via the S1/ICT is faster at 77 K, because the fast component gains
amplitude upon lowering the temperature. Pump-dump-probe regime with
the dump pulse centered in the spectral region of ICT stimulated emission at
950 nm and applied at 2 ps after excitation proved that the S1 and ICT states
of fucoxanthin in FCP are individual, yet coupled entities. Analysis of the
pump-dump-probe data suggested that the main energy donor in the slow
S1/ICT-Chl a route is the S1 part of the S1/ICT potential surface.
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2.2.1 Introduction

All photosynthetic organisms rely on efficient light harvesting systems
containing arrays of pigments which absorb sunlight and transfer excitation
energy to the reaction centers. While the structure and function of reaction
centers are conserved throughout various types of photosynthetic organisms,
light harvesting systems exhibit large variability in structure, pigment com-
position and energy transfer efficiency.1−3 The large diversity of photosyn-
thetic antenna proteins reflects the large variability of light conditions in var-
ious ecological niches in which photosynthetic organisms live. Depending on
the light conditions, robust and very efficient light harvesting systems, such
as the chlorosomes of green sulfur bacteria which contain thousands of pig-
ments, have evolved in low light environments.4 Light harvesting proteins of
plants and algae are much smaller and less efficient than chlorosomes, but
they have a built-in, sophisticated photoprotective machinery that is able to
regulate energy flow to the reaction centers, thereby coping with variable light
conditions typical for the environments in which these organisms live.5 There
are even examples of light-harvesting proteins that are locked in a quenched
state; thus, their only role is to block energy flow and convert the absorbed
energy into heat.6

An important factor responsible for the large variability of light-
harvesting systems, especially their ability to switch between light-harvesting
and photoprotection, is the presence of carotenoids. Carotenoids are
present in nearly all photosynthetic antennas and serve as accessory pig-
ments that either collect light in the spectral regions not accessible to
(bacterio)chlorophylls2,7,8 or regulate energy flow by quenching of ex-
cited (bacterio)chlorophylls.6,8−11 The ability of this multi-functionality of
carotenoids is closely related to their spectroscopic properties. They absorb
light predominantly in the 450-550 nm region via a strong transition from the
ground (S0) state to second excited state (S2). The lowest excited state (S1)
is forbidden for one-photon processes such as direct absorption of sunlight.7

Therefore, the S1 state can only be populated via internal conversion (typically
in less than 200 fs) from the S2 state.7 The internal conversion most likely in-
volves a conical intersection,12,13 but other dark states might be also involved
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in the S2-S1 transition.14,15 The S1 state has a lifetime of several picoseconds,
depending on the conjugation length of the carotenoid.7

While the S2 and S1 lifetimes are only mildly affected by the carotenoid-
protein interaction, except for keto-carotenoids (see below), the energies of
both carotenoid excited states can be significantly tuned by the protein bind-
ing pocket, which is crucial for optimizing the efficiency of carotenoid-(B)Chl
energy transfer from both S1 and S2 states. Keto-carotenoids, which have a
conjugated keto group in their structure, exhibit greater tunability of their
spectroscopic properties. These carotenoids exhibit polarity-dependent spec-
troscopic properties, and this behavior is related to the presence of an in-
tramolecular charge transfer (ICT) state. Since the discovery of the ICT state
in keto-carotenoids in 1999,16 it has been assumed that the ICT state cou-
ples to the S1 state, forming a “collective” S1/ICT state whose lifetime de-
pends on solvent polarity.17−19 Recently, however, Redeckas et al., using
pump-dump-probe spectroscopy, unequivocally proved that the S1 and ICT
states can be affected separately.20 Since the interaction between the S1 and
ICT states depends on polarity, tuning the local environment of the conju-
gated keto-group may significantly affect the spectroscopic properties of keto-
carotenoids bound to light-harvesting proteins.

The light-harvesting properties of keto-carotenoids have been studied,
for example, in the membrane antenna protein of diatoms, fucoxanthin
chlorophyll-a protein (FCP). Although the high resolution structure of FCP
remains unresolved, the high sequence homology with LHCII antenna from
plants suggests similar structural elements among FCP and LHCII.21 The
most studied FCP antenna are derived from Cyclotella meneghiniana in which
are found two FCP forms, denoted FCPa and FCPb, differing in the number
of subunits. While FCPa forms trimers, a highly oligomeric state is typically
found for FCPb.22−24 FCP binds carotenoid fucoxanthin along with Chl a and
Chl c in a stoichiometric ratio approximately 4:4:1.25,26 Further, the carotenoid
diadinoxanthin is also found in FCP, accounting for less than 20% of total
carotenoid content.26,27 Earlier studies of FCP from C. meneghiniana demon-
strated efficient fucoxanthin-Chl a energy transfer achieved through three
pathways: the S2 pathway with <150 fs energy transfer time, and two S1/ICT
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routes with energy transfer times in 0.6-0.9 ps and 2.5-3.5 ps range.25,28−30

Within the chlorophyll pool, excited Chl c transfers energy efficiently to Chl a
on sub-100 fs time scale.30,31 Essentially the same energy transfer parame-
ters were reported for the FCP complex from the brown alga Cladosiphon
okamuranus.32

Recently, it has been shown that further insight into excited-state dynam-
ics of keto-carotenoids may be obtained from a pump-dump-probe experi-
ment, which can selectively dump the ICT state by tuning the second excita-
tion pulse (dump) to the spectral region of the ICT stimulated emission which
occurs within 900-1000 nm.33 This approach has been successfully used to
monitor S1-ICT equilibration of keto-carotenoids in solution20,34 as well as to
follow excited state processes of another keto-carotenoid, peridinin, bound to
peridinin-chlorophyll-a protein (PCP).35 These studies showed that the S1 and
ICT states are separate states in equilibrium, whether in solution or in the PCP
complex. The S1 and ICT states can be viewed as two minima on the S1/ICT
potential surface; thus we will refer to a coupled S1/ICT state if we refer to the
whole potential surface, while S1 and ICT states will be used when addressing
the two minima individually.

Since pump-dump-probe spectroscopy helps to resolve complex dynam-
ics involving the S1 and ICT states, we have applied it here to study
fucoxanthin-Chl a energy transfer in the FCP complex from the pennate di-
atom Phaeodactylum tricornutum. FCP from this organism exhibits a slightly
different structure as it consists predominantly of FCP trimers.36 We compare
excited-state processes in FCP from P. tricornutum at room temperature and at
77 K in both pump-probe and pump-dump-probe regimes to explore temper-
ature dependence and pathways of fucoxanthin-Chl a energy transfer.

2.2.2 Materials and Methods

Trimeric FCP complexes were purified from P. tricornutum strain SAG
1090-1a. Cells were grown in batch culture in artificial sea water medium
with f/2+Si nutrient addition37 in 5L Erlenmeyer flasks and illuminated by
a metal halide lamp at an intensity of 30 mol photons m−2 s−1 (15h light/9h
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dark). Cells were pelleted by centrifugation at 8000× g and stored at -80◦C
until further use.

The FCP antenna was isolated as described previously [36]. Briefly, thy-
lakoid membranes were solubilized by 2% n-dodecyl -D-maltoside and pre-
purified using linear sucrose gradient ultracentrifugation. The major antenna
zone was collected from the gradient and further purified using anion ex-
change chromatography on a 2 mL column packed with DEAE Sepharose
CL-6B (Sigma-Aldrich, St. Louis, USA) using a linear NaCl gradient of 5-400
mM (elution buffer: 50 mM HEPES pH 7.5, 2 mM KCl, and 0.03% n-dodecyl
-D-maltoside). The fractions eluted at 180-220 mM NaCl were selected for
spectroscopic measurements based on the simultaneous criteria of lowest pro-
tein/Chl a (A270/A674) and highest carotenoid/Chl a (A480/A674) ratios.
The collected fractions were desalted and stored at -80◦C. Prior to experi-
ments, the isolated FCP was dissolved in a buffer (50 mM HEPES pH 7.5,
2 mM KCl, and 0.03% n-dodecyl -D-maltoside) to yield optical density ∼0.5
at the maximum of Qy band of Chl a. Pigment composition was analyzed by
HPLC as described in [38].

For room temperature measurements, the sample was placed in a 2 mm
path length quartz cuvette resulting in ∼0.35 OD at excitation wavelength.
For all measurements at 77 K, the sample buffer was modified with 60% glyc-
erol to ensure homogeneity upon freezing. Low temperature measurements
were carried out in a 2 mm pathlength spectroscopic-grade plastic cuvette,
mounted in an Optistat DN2 nitrogen bath cryostat (Oxford Instruments),
and subsequently cooled to 77 K. For all transient absorption measurements
at room temperature, the sample was continuously agitated with a magnetic
stir bar.

Ultrafast TA measurements were performed with a regenerative chirped
pulse amplification system (Spectra-Physics) producing 100 fs pulse width,
800 nm central wavelength pulses at a repetition rate of 1 kHz at 4 W average
power. Beam splitters directed pulses to two optical parametric amplifiers,
TOPAS and TOPAS Prime (Light Conversion), which generated pump pulses
at 510 nm and dump pulses at 950 nm. A third beam path led to a 3 mm sap-
phire plate which produced a supercontinuum for probing at the repetition
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rate of the source. Additionally, this supercontinuum beam was split into a
reference beam which passed outside the sample and probe beam which over-
lapped the pump beam in the sample. Choppers in the pump and dump paths
set at 500 Hz and 250 Hz ensured that every 4 ms, four pulse regimes reached
the sample space: probe without pump excitation, pump-probe (PP), dump
pulse with probing or dump-probe (DP), and pump-dump-probe (PDP). The
timing of the dump pulses relative to the pump pulses were fixed at 2 ps and
probe times were varied with a delay line.

Near the sample space, pump and dump beams were focused with 350
and 600 mm focal length fused silica convex lenses. The resulting spot sizes
where the beams overlapped in the sample space in air were approximately
220, 370, and 120 µm for pump, dump, and probe, respectively. Therefore,
the photon flux at the sample space for 293 K measurements for pump and
dump were 2.8 x 1014 photons pulse−1 cm−2 and 1.9 x 1015 photons pulse−1

cm−2, respectively. For 77 K measurements, due to loss of intensity and de-
focusing through the cryostat glass, we may only estimate the intensity to
have been 5 x 1014 photons pulse−1 cm−2 and 2 x 1015 photons pulse−1 cm−2,
respectively, for pump and dump. Two Berek compensators placed into the
pump and dump beams set the pump beam polarization to 54.7 degrees to
the probe beam and the dump beam polarization parallel to the pump beam.
Time-resolved spectra obtained from reference and probe signals were de-
tected with a double CCD array system (Pascher Instruments) which synchro-
nized the choppers and controlled the delay line. Fitting results for global
analysis for sequential decay models (evolution associated difference spectra,
EADS) were obtained with Glotaran software for time-resolved spectroscopy
(VU Amsterdam).39 Monte-Carlo simulations, fitting and modelling the PDP
data described in the discussion section were performed in Matlab.

2.2.3 Results

Absorption spectra of the FCP complex from P. tricornutum at room tem-
perature and at 77 K are shown in Fig. 2.19. The absorption of fucoxan-
thin dominates in the 480-550 nm spectral region. At 77 K there are fucox-
anthin bands are evident at 545 and 515 nm, with a weak additional band
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around 495 nm. The energy gap between these bands does not match the
characteristic vibrational spacing of the vibronic bands of the S2 state, in-
dicating that these bands correspond to different fucoxanthins in FCP from
P. tricornutum, in agreement with earlier analyses of FCP from Cyclotella
meneghiniana.25,28,40 The weak band around 495 nm is likely due to 0-0 band
of diadinoxanthin. At room temperature, the individual fucoxanthin bands
merge to a nearly featureless, broad absorption band extending from 470
to 550 nm. Cooling of the FCP down to 77 K induces a slight (3-4 nm)
red shift of the carotenoid absorption bands. In contrast, the Qy band of
Chl a peaks at 672 nm at room temperature, but it is blue-shifted to 669 nm
at 77 K. The blue shift of Qy band of Chl a is typical for FCP,40 though it
has been also reported for the peridinin-containing acpPC complexes from
Symbiodinium41 or Amphidinium carterae.42 The Soret bands of Chl a (440
nm) and Chl c (460 nm) are less sensitive to the decreased temperature.
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FIGURE 2.19: Absorption spectra of FCP com-
plex from P. tricornutum measured at room
temperature (black) and at 77 K (red). Spectra

are normalized to unit area of the Qy band.

Pump-probe transient absorption
The FCP complexes were ex-
cited at 510 nm, a wavelength at
which fucoxanthin will be nearly
exclusively excited. Comparison
of transient absorption spectra of
the FCP complex measured at
1 ps after excitation at 293 and
77 K are shown in Fig. 2.20. Ex-
citation of fucoxanthin induces
energy transfer to Chl a as in-
dicated by the presence of Qy

bleaching around 670 nm. The
positive signal is associated with both the primarily S1-Sn and the primar-
ily ICT-SN excited state absorption (ESA) bands of fucoxanthin. Though
there is some overlap between S1 and ICT state signatures, these bands
have been shown to be distinct in numerous studies by direct correlation
of the ESA amplitude to the polarity dependence of the ICT-SN band.17,33
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Additionally, pump-dump-probe studies demonstrate how the signatures in
these bands are readily differentiated by prematurely dumping the ICT state
population.20,35 The S1-Sn band has a maximum at 560 nm at room temper-
ature, and it is shifted to 565 nm upon cooling to 77 K. The ICT state of
fucoxanthin generates a broad, positive signal above 600 nm and overlaps
with Qy bleaching of Chl a. It is worth noting that the magnitude of the
ICT-SN band in relation to the S1-Sn band is affected by temperature. At 77
K, the ICT signal above 625 nm is stronger in respect to the magnitude of
the S1-Sn excited state absorption and ground state bleaching, as previously
reported, suggesting that the ICT character increases at low temperature.43

500 550 600 650 700

0

1  293 K
 77 K

 Wavelength (nm)

 
A

 (m
O

D
)

FIGURE 2.20: Transient absorption spectra of
FCP measured at 1 ps after excitation at 510
nm at room temperature (black) and 77 K (red).
Spectra are normalized to maximum of the S1-

Sn band.

While no significant
temperature-induced changes
except the red shift of the S1-Sn

band are observed in transient
absorption spectra, clear differ-
ences are observed in kinetics
depicted in Fig. 2.21. Normal-
ized kinetics measured in the
spectral region of fucoxanthin
bleaching (490 nm), fucoxanthin
ICT-SN band (645 nm), and Chl a
Qy bleaching (670 nm) clearly
show that the dynamics are
faster at 77 K. Since the simul-
taneous fucoxanthin decay and
Chl a rise are faster at 77 K, in contrast to a number of other light harvesting
systems, cooling FCP down to 77 K makes the carot-enoid-Chl a energy
transfer faster.

The dynamics can be better analyzed by fitting the data globally. Fig.
2.22 shows the EADS obtained from the data measured at 293 and 77 K. It
is obvious that the first three EADS, corresponding to the S2 state of fucox-
anthin (black) and two different S1/ICT states (red and blue EADS) indi-
cate that these states have comparable lifetimes at both temperatures. This
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seemingly contradicts the kinetics shown in Fig. 2.21, but a closer look re-
veals that the amplitudes of these components differ at different temperatures.
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FIGURE 2.21: Comparison of room tem-
perature (black) and 77 K (red) kinetics at
wavelengths corresponding to (a) fucoxanthin
bleaching at 490 nm, (b) fucoxanthin ICT band
at 645 nm, and (c) bleaching of Chl a at 671 nm.
Solid lines are fits from global fitting. Kinetics
are normalized to maximum. The FCP com-

plex was excited at 510 nm.

All three components are asso-
ciated with energy transfer from
fucoxanthin to Chl a. The
first, black EADS has a lifetime
shorter than 90 fs and a precise
time constant cannot be reliably
obtained due to limits of the time
resolution of our system. Yet, it
is clear that while at 293 K this
initial EADS does not contain
Qy bleaching, at 77 K the Chl a
contribution is significant, sug-
gesting faster S2-mediated en-
ergy transfer at 77 K. At 77 K,
the Qy bleaching in the second
EADS (red) accounts for about
half of the total Qy amplitude,
while at 293 K it is less than
30%. This comparison demon-
strates that the S2 pathway is
more efficient at 77 K.

The dynamics associated
with the second and third EADS
corresponds to energy transfer
from the coupled S1/ICT state of
fucoxanthin. The faster S1/ICT-
Chl a channel (800 fs at RT and
930 fs at 77 K) has significant amplitude at both temperatures, but the slower
channel (4.5 ps at RT and 6.6 ps at 77 K) contributes significantly to energy
transfer only at 293 K. Thus, while at 77 K the energy transfer occurs pre-
dominantly via the ultrafast (<90 fs) S2-mediated pathway and the fast (930
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fs) S1/ICT pathway, at 293 K there is a significant contribution from the slow
(4.5 ps) S1/ICT-Chl a channel, which makes the overall fucoxanthin-Chl a
energy transfer slower at 293 K as indicated by the kinetics in Fig. 2.21.
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FIGURE 2.22: EADS obtained from global fit-
ting the data measured after excitation of FCP
at 510 nm at (a) room temperature and (b) 77

K.

The slower components
(magenta and green EADS)
corresponds to decays of indi-
vidual pigments and they are
not related to energy transfer.
Magenta EADS have a shape
characteristic of the coupled
S1/ICT state of fucoxanthin,
but since there is no increase in
Chl a bleaching, it must be due
to the S1/ICT state that does not
transfer energy to Chl a. The
lifetime of this non-transferring
S1/ICT state is 38 ps at 293 K
and is markedly prolonged to 74
ps at 77 K. The green EADS with
time constant of 3.9 ns are the
lifetime of Chl a in FCP. These
green EADS are transformed
into non-decaying EADS which,
especially at 293 K, contains a
pronounced band at 550 nm that
is due to the fucoxanthin triplet,
which has a lifetime of several microseconds.

Pump-dump-probe
To provide further insight into the excited state processes of the FCP com-
plex, we have applied a dump pulse centered at 950 nm. This wavelength is
around the maximum of the ICT stimulated emission which occurs in the 900-
1000 nm spectral region for most keto-carotenoids in solution20,33 and bound
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to proteins.35,44 Since recent reports using pump-dump-probe spectroscopy
clearly demonstrated that the S1 and ICT states are separate entities,20,35 the
dump pulse tuned to the maximum of the ICT stimulated emission selec-
tively depletes a fraction of the ICT population of fucoxanthin in FCP by
transferring it to the ground state. We have applied the dump pulse at 2 ps
after excitation. At this delay time the relaxation processes associated with
the S2-S1 internal conversion and vibrational cooling within the S1 and ICT
states are mostly over, and the S1/ICT coupled state population dominates.
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FIGURE 2.23: Transient absorption spectra
measured at 3 ps after excitation at 510 nm in
the pump-probe (PP, black) and pump-dump-
probe (PDP, red) regime. In the PDP experi-
ment, dump at 950 nm was applied 2 ps af-
ter excitation. The grey area is the double dif-
ference spectrum obtained by PDP-PP subtrac-
tion and monitors spectral response of the sys-
tem to the dump pulse. The data were mea-
sured at room temperature (top) and 77 K (bot-

tom).

The effect of the 950 nm
dump pulse on transient ab-
sorption spectra is shown in Fig.
2.23. The effect of the dump
pulse, shown as the grey spec-
trum, representing the difference
between the pump-probe and
pump-dump-probe data, is
captured at 1 ps after the dump
pulse. The effect is stronger
in the spectral region of the
ICT state, confirming that the
ICT and S1 bands are affected
differently, and this difference is
more pronounced at 77 K. The
negative signal in the bleaching
region reflects the decrease of
the bleaching signal due to
repopulation of the ground state
by the ICT-S0 transition facili-
tated by the dump. Interestingly,
at the maximum of Chl a Qy

bleaching at 670 nm, the net ef-
fect of the dump at 1 ps is nearly
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zero at both temperatures.
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FIGURE 2.24: PP (black) and PDP (red) kinetics
of FCP excited at 510 nm at room temperature.
Depicted kinetics monitor the S1-Sn transition
at 560 nm (a), ICT state at 645 nm (b) and Qy
band of Chl a at 671 nm (c). The 960 nm dump

pulse was applied 2 ps after excitation.

The excited state dynamics
induced by the dump pulse are
visualized in kinetics shown in
Fig. 2.24 (room temperature)
and Fig. 2.25 (77 K). The ef-
fect of the dump is similar at
both temperatures, though the
magnitude of some signals dif-
fers between 293 and 77 K. At
560 nm, the maximum of the S1-
Sn band, there is an initial spike
in the double difference kinetics
(shown in blue) indicating that
even the S1 state population is
instantaneously affected by the
dump. The initial depopula-
tion of the S1 state, however, re-
covers within 200 fs, suggesting
the dump is also in resonance
with some excited-state absorp-
tion of the S1 state, which is
most likely the S1-S2 transition.33

The initial signal at 560 nm is,
therefore, the result of transfer-
ring a fraction of the S1 popula-
tion to some higher state (pos-
sibly higher vibrational levels of
the S2 state) which returns back to the S1 state in less than 200 fs. Af-
ter these initial dynamics, the double difference signal in the S1 region
slowly rises, reflecting equilibration between the S1 and ICT states.20 No
such dynamics (initial spike and slow rise) is observed at 645 nm; the
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ICT state is depleted immediately and the disturbance of the ICT popula-
tion slowly decreases in magnitude, again due to the S1-ICT equilibration.
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FIGURE 2.25: PP (black) and PDP (red) kinetics
of FCP excited at 510 nm at 77 K. The kinetics
monitor the S1-Sn transition at 560 nm (a), ICT
state at 645 nm (b) and Qy band of Chl a at 671
nm (c). The 960 nm dump pulse was applied 2

ps after excitation.

In the Chl a Qy region, the
dump has very little influence
on the kinetics, as already in-
dicated by the transient absorp-
tion spectra after dump shown
in Fig. 2.23. An initial spike,
similar to that observed in the
S1 spectral region, occurs espe-
cially in the 77 K kinetics. Since
it is known that there is a rather
flat excited state absorption of
Chl a in the 800-1200 nm spec-
tral region,44 this spike is also
likely associated with transfer-
ring a fraction of the Qy popu-
lation to some higher state, fol-
lowed by fast return back to the
Qy state. The spike is stronger
in the 77 K kinetics, because
fucoxanthin-Chl a energy trans-
fer is faster at 77 K (Fig. 2.21);
thus the population of excited
Chl a when the dump pulse is
applied at 2 ps is larger at 77 K.
Besides this initial spike, there is
almost no effect of the dump on
the Qy bleaching kinetics within
the first 6 ps (Figs. 2.24c and
2.25c).
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2.2.4 Discussion

Our transient absorption data demonstrate efficient energy transfer
from fucoxanthin to Chl a in FCP from P. tricornutum, corroborating earlier
ultrafast spectroscopy data on FCP from C. meneghiniana25,28,29 and Cla-
dosiphon okamuranus.32 Some differences in time constants might be related
to different excitation wavelengths used in various studies as it is known
that fucoxanthin-Chl a pathways are excitation wavelength dependent.28

Qualitatively, however, the energy transfer routes are comparable in all FCP’s
studied so far: they consist of the sub-100 fs S2-pathway and two S1/ICT
pathways characterized by time constants of 700-900 fs and 3-7 ps.

Effect of temperature on excited-state processes in FCP
Since no transient absorption data on FCP at cryogenic temperatures were re-
ported so far, we will first discuss the effect of temperature on excited state
processes in FCP. The comparison of kinetics at the key wavelengths shown
in Fig. 2.21 provides clear evidence that fucoxanthin-Chl a energy transfer
is faster at 77 K. Although this may sound surprising, similar result was re-
ported for PCP, in which the peridinin-Chl a energy transfer was, compared to
room temperature, markedly faster at the even lower temperature of 10 K.43,45

Yet, the PCP structure is strikingly different from that of FCP, suggesting that
the effect of speeding up the energy transfer could be related to the ICT state
of keto-carotenoids.

Looking at the EADS in Fig. 2.22, however, we see that the situation is a
bit more complicated. In fact, both time constants associated with the S1/ICT
pathway are actually slightly slower at 77 K. We note, however, that the stan-
dard deviation of all time constants is about 10%; thus the differences are in-
deed rather marginal. Yet, it is obvious from EADS in Fig. 2.22 that the reason
for the overall faster energy transfer at 77 K is the difference in magnitudes
of the fast (∼800 fs) and slow (∼5 ps) S1/ICT-Chl a pathways. While at room
temperature these two routes contribute almost equally to the overall S1/ICT-
Chl a energy transfer, at 77 K the faster route dominates, and the slow one
contributes only marginally. Further, the Chl a contribution in the first EADS
(the fucoxanthin S2 state) is much larger at 77 K. Thus, even the S2 route is
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more efficient at 77 K.
In searching for an explanation for this unexpected temperature depen-

dence, it is also worth noting that the Qy band of Chl a is blue-shifted by ∼3
nm upon lowering the temperature (Fig. 2.19). Such a blue shift could, in
principle, improve the spectral overlap between donor emission and acceptor
absorption, but since the ICT emission is very broad, extending far beyond
700 nm,16 such a scenario is very unlikely. Moreover, for PCP, which also has
faster carotenoid-Chl a energy transfer and blue-shifted Qy at cryogenic tem-
peratures, it has been shown by pigment reconstitution that a blue shift of the
Qy band decreases the energy transfer efficiency.46 The dependence of energy
transfer on the Qy blue shift can be also ruled out on the basis of comparison
with acpPC, for which the energy transfer is slower at 77 K even though the
Qy blue shift is present.41,42

The origin of the faster energy transfer at 77 K should, rather, be traced
to the properties of fucoxanthin. Because this effect has been so far observed
only for PCP43,45 and FCP (data shown in this manuscript), it is likely that the
specific properties of keto-carotenoids will play a role. It is known that the ICT
state of keto-carotenoids is important for tuning the energy transfer efficiency
in light-harvesting complexes binding these carotenoids,2,25,35,44 although de-
tails of the mechanisms by which the ICT state facilitates carotenoid-Chl a
energy transfer remain unclear (see also discussion below). There are only
a few studies of keto-carotenoids at 77 K. For example, Niedzwiedzki et al47

compared excited-state properties of peridinin analogs at room temperature
in THF and at 77 K in 2-MTHF. The data show that the ICT state of all peri-
dinin analogs is more pronounced at 77 K. Thus, it is likely that lowering
the temperature shifts the equilibrium towards the ICT part of the potential
surface of the coupled S1/ICT state, which in turn may facilitate the energy
transfer efficiency via the S1/ICT-Chl a route.

Indeed, comparison of transient absorption spectra of FCP at 293 and 77 K
shown in Fig. 2.20 supports this suggestion. The magnitude of the ICT signal
is best visualized as the magnitude ratio of the S1-Sn and ICT-SN bands. The
transient absorption spectra in Fig. 2.20 are normalized to the S1-Sn maxi-
mum; and the magnitude of the ICT band, which occurs in the 630-700 nm
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spectral region and overlapping with the Qy bleaching, is clearly larger at 77
K. This enhancement indicates an increased ICT character of the donor state
at 77 K, which could be the reason for more efficient fucoxanthin-Chl a energy
transfer at 77 K. The relation between the ICT magnitude and energy transfer
is further manifested by the EADS corresponding to a non-transferring
fucoxanthin (magenta EADS in Fig. 2.22). This spectrum has only weak
ICT signal in the 630-700 nm region underlining the importance of the ICT
state for fucoxanthin-Chl a energy transfer. Interestingly, however, while the
S1/ICT lifetime of the non-transferring fucoxanthin is significantly slower at
77 K (74 ps) compared to room temperature (38 ps), the fucoxanthin-Chl a
energy transfer rate via the S1/ICT-Chl a route is only marginally affected by
temperature.

The S1 and ICT states of fucoxanthin are separable in FCP
Further insight into the excited state processes is provided by PDP spec-
troscopy. Recently. Redeckas et al. provided clear evidence that the S1 and
ICT states of fucoxanthin in solution are separate entities: dumping the fu-
coxanthin stimulated emission at 950 nm selectively affected the ICT state,
while the influence on the S1 state was delayed due to equilibration between
the S1 and ICT states.20 A comparable situation occurs for fucoxanthin in FCP
as evidenced by the data shown here. The effect of dumping the ICT popula-
tion via the stimulated emission at 950 nm is shown by the grey curve in Fig.
2.23. It is obvious that the net effect of the dump pulse does not match the
pump-probe spectrum. If the S1 and ICT states were one entity, all features
in the pump-probe spectrum should be affected in the same way, resulting
in the double difference (PDP-PP) spectrum with the same shape as the PP
spectrum. Instead, the double difference spectrum has its amplitude shifted
towards the 600-700 nm spectral region, clearly showing that the ICT state is
selectively affected by the dumping.
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Thus, even in FCP the S1 and ICT states are separate states in equi-
librium. The distortion of equilibrium by the dump pulse reveals the S1-
ICT equilibration dynamics that is manifested by the slow rise of the dou-
ble difference kinetics in the S1 region (Fig. 2.24 and 2.25). Since the ef-
fect is more pronounced at 77 K (another evidence that the ICT charac-
ter is enhanced at 77 K), we will focus here on the low temperature data.
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FIGURE 2.26: (a) Time dependence of the mag-
nitude ratio of the S1 and ICT bands extracted
from data measured in the PP (black) and PDP
(red) regimes. The blue curve is the ratio of
the red and black curves and shows recovery
of the distortion caused by the dump pulse.
(b) Comparison of the recovery of the dump-
induced distortion of the S1/ICT ratio (blue)
and effect of the dump pulse on Qy bleaching

(black). All data were measured at 77 K.

The S1-ICT equilibration dynam-
ics can be visualized by moni-
toring the time dependence of
the amplitude ratio of the S1-
like (565 nm) and ICT-like (645
nm) transitions shown in Fig.
2.26a. For fucoxanthin in ace-
tonitrile, this ratio is constant in
PP spectra, because the S1 and
ICT states decays with the same
lifetime.48 In FCP, the S1/ICT
amplitude ratio in PP spectra
is slanted due to presence of
a non-transferring fucoxanthin,
which has a stronger signal in
the S1 region and decays much
slower (∼70 ps) than fucoxan-
thins transferring energy to Chl
a. This results in the S1/ICT
amplitude ratio increasing with
time as shown by the black curve
in Fig. 2.26a.

Application of the 950 nm
dump pulse at 2 ps after ex-
citation immediately affects the
S1/ICT amplitude ratio: the ICT
band is disturbed more, thus the S1/ICT ratio increases suddenly. Then, due
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to the S1-ICT equilibration, the S1/ICT ratio returns to its original value. The
equilibration dynamics is better visualized by normalizing the S1/ICT am-
plitude ratio of this PDP regime to its value in the PP regime (blue curve in
Fig. 2.26a). This normalized ratio purely monitors the equilibration dynamics
between the S1 and ICT states. Thus, the data in Fig. 2.26a shows that the
S1-ICT equilibrium distorted by the dump pulse is fully restored within a few
picoseconds. Fitting the time-dependence of the normalized ICT ratio gives a
net equilibration lifetime of∼7 ps. Therefore, our data corroborate recent PDP
experiments on fucoxanthin in methanol,20 or peridinin in PCP,35 demonstrat-
ing that the coupled S1/ICT state can be viewed as a single potential surface
with two minima corresponding to the S1 and ICT states.

Finally, other evidence for the S1 and ICT states being separate entities
comes from the initial spike in the double difference kinetics in the S1 spectral
region (Fig. 2.24a and Fig. 2.25a). This sudden drop in the S1 population
caused by the 950 nm dump pulse results from the presence of excited state
absorption from the S1 part of the potential surface that overlaps with ICT
stimulated emission. The presence of such excited state absorption may be
inferred from the near-IR probe targeting the S1-S2 transition [33, 44]. Then a
fraction of the 950 nm light is used to re-pump the higher vibrational levels
of the S2 state via the S1-S2 transition. Clearly, only the S1 state is affected as
no such signal is detected in the ICT kinetics measured at 645 nm (Fig 2.24c
and Fig. 2.25c) This provides further evidence that the S1 and ICT states can
be independently affected.

The S1/ICT energy transfer pathway in FCP
Having established that fucoxanthin S1 and ICT states in FCP are two sepa-
rate states that equilibrates on ∼7 ps time scale at 77 K, we will discuss the
identity of the energy donor in the S1/ICT-Chl a pathway. This energy trans-
fer channel to Chl a is very efficient in essentially all light-harvesting com-
plexes binding keto-carotenoids, regardless their structure. So far, the "col-
lective" S1/ICT state has usually been considered the donor state, as no dis-
tinction between the S1 and ICT states were possible in standard pump-probe
spectroscopy, used almost exclusively to follow the energy transfer in these
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complexes. Also, theoretical studies, which focused on PCP as the only keto-
carotenoid binding light harvesting protein with known structure, assumed
only one state as the energy donor, albeit some of these studies were able to
reproduce the experimental transfer rates quite accurately.49,50 Recently, even
other schemes pointing to a distorted S2 state of peridinin as the energy donor
in PCP have been suggested.51

Here, however, we show that the S1/ICT state consists of two individual
states in equilibrium. Therefore, it is natural to ask which of these two states is
the primary energy donor in the S1/ICT route. This question has been recently
addressed by Redeckas et al35 for the PCP complex. Based on PDP data they
concluded that the ICT part of the S1/ICT potential surface is the key donor
in the S1/ICT route.35 The energy transfer routes in FCP are more complex
than in PCP as there are clearly two fucoxanthin donors, representing the fast
and slow S1/ICT channel. Since we have applied the dump pulse at 2 ps
after excitation, we predominantly affect the ’slow’ ones, because the ’fast’
fucoxanthins have already transferred energy to Chl a.

Even though the absence of any significant effect of the dump pulse on
kinetics measured in the maximum of Qy bleaching (Fig. 2.25c) may indicate
that the dump-induced processes could be just due to the non-transferring
fucoxanthin, expanding the time scale beyond 6 ps proves opposite. In Fig.
2.26b, the double-difference PDP-PP kinetic measured at 671 nm is shown at
a longer time scale. Clearly, the dump pulse at 950 nm disturbs the Qy kinetic,
but the effect is visible only after a few picoseconds. The reason for this slow
onset is explained here. The dump pulse removes a fraction of excited fu-
coxanthin molecules and those excitations are lost from the system thus they
cannot transfer energy to Chl a. However, because the energy transfer from
fucoxanthin to Chl a takes some time, the loss of Chl a population must ap-
pear with the expected fucoxanthin-Chl a energy transfer rate. Thus, the slow
appearance of Chl a disturbance shown in Fig. 2.26b confirms our assumption
that the dump pulse at 2 ps hits predominantly the slow-transferring fucox-
anthins in FCP, which at 77 K transfer energy to Chl a with a ∼6 ps time con-
stant. A comparable situation, albeit with different time constants, has been
reported for PCP.35
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The observed behavior may suggest that the ICT state is the primary donor
in the S1/ICT route: the selective dumping of a fraction of fucoxanthin ICT
population ‘propagates’ to Chl a with a time constant corresponding to the
fucoxanthin-Chl a energy transfer rate, pointing to the ICT state as energy
donor. However, the slow fucoxanthins transfer energy to Chl a at 77 K with
∼6 ps time constant (Fig. 2.22b); therefore, the S1-ICT equilibration occurs
with roughly the same time constant as energy transfer. Thus, the involve-
ment of the S1 part of the S1/ICT potential surface in donating energy to Chl a
in FCP must also be considered. In fact, assigning the ICT state as the sole
energy donor in the S1/ICT-Chl a route in FCP brings some serious complica-
tions. One major complication is the spectral overlap between the donor emis-
sion and acceptor absorption. Even though mechanisms other than Förster
energy transfer have been suggested for the S1/ICT-Chl a route,35 the spectral
overlap is a direct manifestation of the energy conservation law, thus must
be obeyed regardless the mechanism. The energy of the donor state must be
larger than the acceptor state. This is not easy to fulfill assuming the ICT state
as the energy donor since its emission extends beyond 1000 nm,16,33 while the
lowest energy acceptor states are around 680 nm. Even though the emission
spectrum of the ICT may reach below 680 nm, it is nearly impossible to rec-
oncile high (∼90%) efficiency of the S1/ICT-Chl a pathway, because a large
fraction of the excited states emits at energies not sufficient to excite a Chl a
molecule.

In order to achieve a more quantitative insight, we used a simplified
model of the excited state dynamics of fucoxanthin in FCP (Fig. 2.27) to fit
the double difference (PP-PDP) kinetics (blue traces in Fig. 72.25. In this
simplified model we assume the following properties: 1) the excitation en-
ergy flow was initiated from an initially excited state decaying within 100 fs
into S1 and ICT states; 2) the population transfer between the S1 and ICT
states is reversible, characterized by the respective rate constants kS1 ICT and
kICTS1; 3) both S1 and ICT states decay independently into a common ground
state. We have incorporated fucoxanthin-Chl a energy transfer testing two
transfer pathways: either from S1 or from the ICT state. Based on the re-
sults of the analysis of the excitation energy flow (Fig. 2.22b), the model
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was also required to fit the observed ∼6.6 ps lifetime of the energy donor.

FIGURE 2.27: (top) Simplified model used for
fitting the PDP data. Each process is labeled
by the corresponding time constant in picosec-
onds. (bottom) Fitting results obtained from
the model. The fitted data are the PDP-PP dou-
ble difference kinetics shown also in Fig. 2.25.

The dynamics of the states
within the model were treated as
a simulation of population trans-
fer and decay and whose rates
were determined as an eigen-
value problem of the first or-
der from the time of the dump,
the time at which the model
would be relevant. The simu-
lation was run for both control
(pump-probe, PP) and dumped
conditions (PDP), and the sim-
ulated PP – PDP kinetics were
then used to concurrently fit the
experimental PP – PDP kinetics
of fucoxanthin and Chl a (Fig.
2.27). This yielded the rate con-
stants and three scaling factors
converting concentrations into
absorbances (∼extinction coeffi-
cients). No bounds were applied
to the fitted parameters during
the optimization. In the first step
of the analysis, the effect of initial conditions was tested by running the fit
∼200 times with different randomized initial parameter sets covering a wide
range of values (e.g. 0-100 ps for the rate constants). Rather surprisingly,
for the ICTChl a energy transfer scheme, all the tested initial parameter sets
caused the procedure to converge to physically meaningless results, such as
negative scaling factors or negative values for the branching ratios from the S2

state. On the contrary, for the S1Chl a energy transfer, plausible best fit values
of the time constants were found: S1 →ICT 11.7 ps, ICT→S1 6.9 ps, S1 →Chl a
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1.9 ps, S1 →So 40 ps, ICT→S0 30 ps. The yield of the S2 decay into S1 was
below 10%. The apparent ratio of the extinction coefficients of the S1-like and
ICT-like transitions yielded value of ∼2.7. Confidence intervals for these best
fit parameters were obtained using the Monte-Carlo (MC) approach as de-
scribed in [52] by fitting 10000 simulated datasets generated using the best fit
parameters and standard deviation of fit residuals (root mean square). Each
fit of an MC dataset started from a random initial estimate of parameters (var-
ied within ±10 % of the value used to obtain the best fit parameters). The
resulting distributions of the fit parameters obtained by MC analysis runs can
be found in the Supplementary material.

Thus, our model favors the S1 part of the S1/ICT potential surface as the
main energy donor. Yet, it is important to stress that this assignment applies
only to the slow, ∼6 ps, fucoxanthin-Chl a energy transfer channel. The fast,
sub-picosecond energy transfer channel that actually dominates at 77 K has
not been affected by the dump pulse at 2 ps employed in this study. For the
fast channel, the whole dynamics will be more complicated as it is likely that
unrelaxed, hot S1 and/or ICT states will be involved in energy transfer; thus
the ICT state may be significantly involved in this channel as suggested by
Redeckas et al. for PCP.35

2.2.5 Conclusions

Ultrafast transient absorption spectroscopy shows that FCP antenna is a
robust light-harvesting system that effectively collects light. Our results on
FCP from P. tricornutum does not differ much from the earlier results reported
on FCP from other organisms,25,28−30,32,53 showing that small differences in
FCP structure and organization of subunits do not significantly affect light
harvesting efficiency. Moreover, other light-harvesting systems closely related
to FCP, such as acpPC from Amphidinium carterae binding peridinin,41,42 or
the CLH complex from Chromera velia,54 exhibit energy transfer efficiencies,
routes, and energy transfer times comparable to that in FCP, indicating that
major structural features represent the key factor determining efficiency and
routes of energy transfer between carotenoids and Chl a.
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In FCP from P. tricornutum, three major energy transfer pathways are ac-
tive. The first utilizes the route via the S2 state of fucoxanthin and, as for many
other systems, operates on sub-100 fs time scale. The other two pathways
go via the coupled S1/ICT state which can be viewed as a potential surface
with two minima corresponding to the S1 and ICT states in equilibrium. PDP
experiments show that these two states can be affected individually by dis-
torting the equilibrium via dumping the ICT population to the ground state.
Analysis of PDP data suggests that the slow S1/ICT-Chl a channel, which is
more pronounced at room temperature, utilizes the S1 part of the potential
surface as the energy donor. The fast, subpicosecond S1/ICT-Chl a channel
becomes dominant at 77 K, making the overall S1/ICT-Chl a transfer faster
at 77 K. Whether the S1 or ICT state is the major energy donor in this route
remains unclear and will be a subject of subsequent studies.
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Supplementary Information

FIGURE 2.28: Distribution of the time constants (a-c), fraction of the S1 pop-
ulation going to the S1 part of the S1/ICT potential surface (d) and ratio of
S1-Sn and ICT-SN extinction coefficients (e) resulting from Monte-Carlo ap-
proach used for fitting the pump-dump-probe data. Dashed lines denote the

confidence intervals.
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2.3 Non-Conjugated Acyloxy Group Deactivates
the Intramolecular Charge Transfer State in the
Carotenoid Fucoxanthin

This chapter is based on PAPER III:
Staleva-Musto, H. et al., 2018. Nonconjugated Acyloxy Group Deactivates
the Intramolecular Charge-Transfer State in the Carotenoid Fucoxanthin. The
Journal of Physical Chemistry B, 122(11), pp.2922–2930.

Abstract
We used ultrafast transient absorption spectroscopy to study excited-state dy-
namics of the keto-carotenoid fucoxanthin (Fx) and its two derivatives: 19’-
butanoyloxyfucoxanthin (bFx) and 19’-hexanoyloxyfucoxanthin (hFx). These
derivatives occur in some light-harvesting systems of photosynthetic microor-
ganisms and their presence is typically related to stress conditions. Even
though the hexanoyl (butanoyl) moiety is not a part of the conjugated sys-
tem of bFx and hFx, their absorption spectra in polar solvents exhibit more
pronounced vibrational bands of the S2 state than for Fx. The effect of the non-
conjugated acyloxy moiety is further observed in transient absorption spectra
which for Fx exhibits characteristic features of an intramolecular charge trans-
fer (ICT) state in all polar solvents. For bFx and hFx, however, much weaker
ICT features are detected in methanol, and the spectral markers of the ICT
state disappear completely in polar, but aprotic acetonitrile. The presence of
the acyloxy moiety also alters the lifetimes of the S1/ICT state. For Fx, the life-
times are 60, 30, and 20 ps in n-hexane, acetonitrile, and methanol; whereas
for bFx and hFx, these lifetimes yield 60, 60, and 40 ps. Testing the S1/ICT
state lifetimes of hFx in other solvents revealed that some ICT features can be
induced only in polar, protic solvents (methanol, ethanol, and ethylene gly-
col). Thus, bFx and hFx represent a rather rare example of a system in which
a non-conjugated functional group significantly alters excited-state dynamics.
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By comparison with other carotenoids, we show that a keto group at the acy-
loxy tail, even though it is not in conjugation, affects the electron distribution
along the conjugated backbone, resulting in the observed decrease of the ICT
character of the S1/ICT state of bFx and hFx.
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2.3.1 Introduction

Carotenoids have attracted much attention for their specific spectroscopic
properties that significantly differ from those of other pigments found in
nature. Carotenoids have extremely low fluorescence quantum yields even
though they are strong colorants with molar extinction coefficients around
105 M−1 cm−1.1,2 This unusual property of carotenoids has its origin in the
one-photon forbidden transition between the ground (S0) and the first excited
(S1) states, resulting in absence of fluorescence from the S1 state. The char-
acteristic absorption band of carotenoids in the blue-green part of the visible
spectrum is then due to the S0-S2 transition which has large oscillator strength
providing the large extinction coefficients.3

Studies of excited-state dynamics flourished with the development of ul-
trafast spectroscopic techniques because excited state lifetimes of carotenoids,
abundant in nature, usually do not exceed 100 ps.4 The absorbing S2 state re-
laxes to form a vibrationally hot S1 state in less than 300 fs,5,6 though the path-
ways of the S2-S1 internal conversion remain a matter of debate as the process
may involve additional dark excited states.7−10 The unrelaxed S1 state cools
down in less than 1 ps,11 and the S1 state then decays back to the ground state
on a picosecond time scale. The actual S1 lifetime depends on the conjugation
length (N, number of conjugated C=C bonds in the chromophore), spanning
the range from ∼1 ps (N = 13) to ∼150 ps (N = 7).4

For a long time it has been believed that the S1 lifetime is essentially in-
dependent of solvent properties. This paradigm was, however, altered at the
turn of the millennium for keto-carotenoids. These carotenoids have their
conjugation extended to one or more C=O groups which introduce signifi-
cant asymmetry in the conjugated backbone. As shown for the first time in
1998 for the carotenoid peridinin,12 the conjugated keto group introduces an
intramolecular charge transfer (ICT) state that makes the spectroscopic prop-
erties, especially the S1 lifetime, polarity-dependent. Since then, it has been
established that any carotenoid with an asymmetrically positioned keto group
in conjugation will exhibit polarity-dependent behavior, and the shorter the
conjugation length is, the more pronounced the polarity-induced changes
are.13−17
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fucoxanthin (Fx)

19’-butanoyloxyfucoxanthin (bFx)

19’-hexanoyloxyfucoxanthin (hFx)

FIGURE 2.29: Molecular structures of fucoxanthin and its two
derivatives.

The carotenoid fucoxanthin (Fig. 2.29) is a typical representative of the
keto-carotenoid family. It is one of the most abundant carotenoids in nature
as it is an integral part of the photosynthetic apparatus of marine algae and
diatoms, usually bound to the fucoxanthin-chlorophyll protein (FCP). FCP is
a light-harvesting protein in which fucoxanthin is the key antenna pigment
absorbing light in the 450-550 nm region. Fucoxanthin transfers energy to
chlorophyll with an efficiency approaching 100%, and most of the energy is
transferred via the S1 state which is coupled to the ICT state.18,19 Since it is be-
lieved that this coupling is the key factor allowing such highly efficient energy
transfer, the polarity-dependent effects of fucoxanthin have been a subject of
numerous studies.

The ICT state can be readily monitored through its typical markers in the



144 Chapter 2. Research Chapter

transient absorption spectra. As the basic properties of the S1 state can be ex-
tracted from the S1-Sn excited state absorption band in transient absorption
spectra, the ICT state can be traced either via the ICT-SN transition, which is
usually red-shifted from the S1-Sn band, or via the ICT stimulated emission in
the near-IR spectral region.20 The ICT-related features occur solely for keto-
carotenoids and are largely enhanced in polar solvents. For fucoxanthin, the
S1 and ICT features in transient absorption spectra are well-separated, mak-
ing it an ideal system for study. The appearance of the ICT bands is also
closely associated with shortening of the S1 lifetime. The more pronounced
the ICT bands are in transient absorption spectra, the shorter the S1 lifetime.
Interestingly, regardless of the solvent polarity, the S1 and ICT bands decay
with the same lifetime. This property that has been puzzling for a long time
and has led to various interpretations of the concept of the S1/ICT state, inter-
preted either as two strongly-coupled states13,4,20 or as one state with varying
degree of charge-transfer character.21 Only recently, using pump-dump-probe
spectroscopy on fucoxanthin, Redeckas et al. unequivocally showed that the
S1 and ICT states are indeed two individual, though coupled, states; and the
identical lifetimes of the S1 and ICT features in transient absorption spectra
result from fast S1-ICT equilibration.22

Besides the dependence of spectroscopic properties on solvent polarity,
fucoxanthin is also strongly affected by the solvent proticity. The S1/ICT life-
time yields 20 ps in the protic solvent methanol, but it is prolonged to 30 ps in
aprotic acetonitrile, which is more polar than methanol.23 This clearly demon-
strates that factors other than polarity affect the spectroscopic properties of
keto-carotenoids. The solvent proticity dependence has so far been identified
only in a few keto-carotenoids, and although its origin remains unexplained,
it must be related to the position of the keto group in the conjugated chain
and/or presence of other groups such as an allene or a lactone in the conju-
gated system.23

The proticity dependence of fucoxanthin is an example of a phenomenon
whereby specific structural features affect the spectroscopic properties. While
the presence of an asymmetrically positioned keto group is enough to induce
polarity-dependent behavior in keto-carotenoids, only some subtle structural
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details may lead to the proticity dependence.23 This raises the question of how
the presence or absence of other functional groups in the carotenoid struc-
ture affect the spectroscopic properties. It was demonstrated using synthetic
derivatives of peridinin that the position of the keto group at the lactone ring
enhances the polarity-induced effects,24 while the presence/absence of an al-
lene group has a rather minor effect.25 For very short conjugation lengths
however, the presence of the allene group enhances the polarity-induced ef-
fects as reported for a short derivative of fucoxanthin.26

Both the lactone group of peridinin and the allene group of peridinin and
fucoxanthin are part of the conjugated system of the carotenoids; therefore,
some influence of the spectroscopic properties can be expected. However, can
structural modifications which are not in the conjugation have any effect on
spectroscopic properties? A vast amount of data reported on carotenoids dur-
ing the past twenty years suggest that the answer is no. Number of examples
can be found in the literature where non-conjugated structural modifications
do not change the spectroscopic behavior of the carotenoids. For example, β-
carotene and zeaxanthin, which differ by the presence of hydroxyl groups at
the terminal rings, are spectroscopically identical.4

Nonetheless, a recent study of psittacofulvins, polyenes known as col-
orants of parrot feathers, demonstrated that in some specific cases even the
groups that are not in conjugation may affect spectroscopic properties. The
psittacofulvin studied by Adamec et al.27 has a molecular structure compara-
ble to the keto-carotenoid 8,8′-diapocarotene-8′-ol-8-al,16 except that psittaco-
fulvin lacks methyl groups—it is just a polyene chain with 8 conjugated C=C
bonds terminated by a C=O group in conjugation. While the keto-carotenoid
reported in Ref. 16 has comparable S1/ICT lifetimes in methanol (18 ps) and
acetonitrile (21 ps), for psittacofulvin the lifetimes in these two solvents differ
substantially, yielding 15 ps and 35 ps, respectively.27 Therefore, even groups
which are not in conjugation may affect the spectroscopic properties, namely,
the response to solvent polarity and proticity.

Here we compare excited state dynamics of fucoxanthin (Fx) with
two fucoxanthin derivatives, 19’-butanoyloxyfucoxanthin (bFx) and 19’-
hexanoyloxyfucoxanthin (hFx). These two derivatives, depicted along with
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Fx in Fig. 2.29, contain a non-conjugated acyloxy moiety attached to C19’.
These two derivatives occur naturally in some classes of Chromophyta.28

They were identified in the photosynthetic apparatus of the coccolithophore
Emiliana huxleyi (hFx) or in the heterokont alga Aureococcus anophagefferens
(bFx),28, 29 always along with Fx. Interestingly, the Fx/hFx(bFx) ratio is re-
lated to stress conditions. Under high light, high CO2 or nutrient starva-
tion conditions, the amount of hFx (bFx) increases at the expense of Fx,30,31

suggesting that the acyloxy moiety provides some advantage for protection.
In order to explore the possible influence of the acyloxy moiety on spectro-
scopic properties, we applied femtosecond transient absorption spectroscopy
to study excited state dynamics of Fx, bFx, and hFx in different solvents.
We show that, in contrast to Fx, the acyl moiety switches off the polarity-
dependent behavior almost completely. Instead, the solvent proticity is the
major factor affecting the excited state dynamics, demonstrating that the acy-
loxy moiety, though non-conjugated, significantly alters the spectroscopic
properties.

2.3.2 Methods

Sample preparation
Fucoxanthin and its derivatives were obtained from cells of marine algae. Fu-
coxanthin was purified from cells of diatom Phaeodactylum tricornutum strain
SAG 1090-1a. hFx was purified from coccolitophore alga Emiliania huxleyi
strain CCMP1516, and bFx was purified from pelagophyte alga Aureococcus
anophagefferens strain CCMP1984. All species were grown in a batch culture
in an artificial sea water medium with a f/2 nutrient addition32 in 5L Erlen-
meyer flasks, illuminated with an intensity of 300 µmol photons.m−2.s−1 by a
metal-halide lamp (15h light/9h dark).

All pigment extraction and purification steps were carried out in the
dark on ice; HPLC quality solvents were used. Pigments were extracted
from harvested cells by several methanol extractions with brief (1.5 min)
sonication. Crude pigment extracts were pooled, dried under vacuum,
and dissolved in methanol for HPLC purification. Pigments were purified
by an HPLC system consisting of a Pump Controller Delta 600, a manual
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injection system, and a PDA 2996 detector (Waters, USA). Pigments were
separated on a reverse-phase Zorbax SB-C18 column (4.6 x 150 mm, 5m,
silica-based, non-endcapped; Agilent).33 A ternary solvent system was used
for elution with solvent A (80:20 methanol:0.5 M ammonium acetate (aq.,
pH 7.2 v/v), solvent B (90:10 acetonitrile:water), and solvent C (100 %
ethyl acetate).34 Pigments were identified on the basis of their absorption
spectra and retention times. Collected fractions were dried under vac-
uum and stored at -20◦C until further use. All samples were analyzed by
HPLC before use to eliminate possible contamination or degradation artifacts.

Ultrafast spectroscopy
The femtosecond spectrometer used for collecting transient absorption spec-
tra is based on an amplified Ti:Sapphire laser system. The femtosecond
pulses were generated by a modular laser system consisting of an ultrafast
Ti:sapphire regenerative amplifier (Spitfire Ace-100F, Spectra-Physics, USA)
seeded with a Ti:sapphire oscillator (MaiTai SP, Spectra-Physics), and pumped
by Nd:YLF laser (Empower 30, Spectra-Physics). The laser system produces
∼100 fs pulses centered at 800 nm with a 1-kHz repetition rate. The pro-
duced pulses were divided into excitation and probe beams by a beam splitter.
Tunable excitation pulses were generated by an optical parametric amplifier
(TOPAS-C, Light Conversion, Lithuania). The probe pulses were generated by
focusing a fraction of the 800 nm beam to a 2-mm sapphire plate to generate
a broadband (450-750 nm), white-light pulse. In order to minimize chirp, the
white-light beam was collimated by an off-axis parabolic mirror and split by
a broadband, 50/50 beam splitter to a reference and probe beam. The probe
beam was focused by a 150 mm spherical mirror to the sample where it over-
lapped with the excitation beam. Probe and reference beams were then fo-
cused to the entrance slit of a spectrograph where the beams were dispersed
onto a double CCD array allowing measurements of transient spectra in a
∼250 nm spectral window. The time delay between the excitation and probe
pulses was introduced by a computer-controlled delay line. The mutual po-
larization of the excitation and probe beams was set to the magic angle (54.7◦)
by placing a polarization rotator in the excitation beam. For all measurements,
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a 2-mm path length quartz cuvette was used. To avoid sample degradation,
we employed a micro stirrer that continuously mixed the sample during the
measurements. For all excitation wavelengths, neutral density filters were
used to keep the excitation intensity at ≈ 1014 photons pulse−1 cm−2. All
measurements were realized at room temperature.

The spectro-temporal datasets were fitted globally using either DAFit
software (Pascher Instruments) or the Glotaran package (glotaran.org). Both
software packages fit the data to a sum of exponentials, including the nu-
merical deconvolution of the response function, and a polynomial describing
the chirp. The fitting procedure used either general linear regression (DAFit)
or singular-value decomposition (Glotaran) to fit the data. To visualize the
excited-state dynamics, we assumed that the excited system evolves accord-
ing to a sequential, irreversible scheme. Each component in the sequential
scheme represent individual excited-state species, and the spectral profile of
each species is called evolution-associated difference spectrum (EADS).35

Calculations
To perform molecular dynamics (MD) simulations for solvation dynamics of
carotenoids in different molecular solvents, general amber force field (GAFF)
has been employed for carotenoids and molecular solvents.36 The Restrained
Electrostatic Potential37 fitting procedure was used to calculate partial charges
from geometric optimization molecules by Gaussian 09 package38 by employ-
ing the Density Functional Theory (DFT) with the B3LYP/cc-pVDZ level. All
simulated systems were energy-minimized by steepest descent minimization
then equilibrated by 100 ps with restrained NVT (canonical ensemble), fol-
lowed by 100 ps restrained NPT (isothermal–isobaric ensemble) molecular
dynamics simulations. The linear constraint solver algorithm39 was used for
bonds involving hydrogen atoms. The short-range non-bonded interactions
were truncated to zero with a cut-off at 1.2 nm, and the long-range, electro-
static interaction was calculated with the Particle Mesh Ewald method.40 The
V-rescale coupling algorithm41 was used with time constant of 0.1 ps for tem-
perature and pressure of all systems. All production runs were done in NPT
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ensemble for 50 ns at 300 K with a time step of 2 fs. Simulations were per-
formed by Gromacs 4.5.5 program package,42 and the Visual Molecular Dy-
namics (VMD) program was used for visualizations of the trajectories and
preparation of snapshots.43

2.3.3 Results
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FIGURE 2.30: Absorption spectra of Fx (black) and
hFx (red) in n-hexane, methanol, and acetonitrile.
The 0-0 peak of hFx in n-hexane at 474 nm is

marked as a refernce point.

In this section we com-
pare data measured for bFx
and hFx with those of Fx.
Since the two derivatives,
bFx and hFx, exhibit es-
sentially identical spectro-
scopic properties, we focus
on comparison of hFx and
Fx. All data measured for
bFx can be found in the Sup-
porting Information where
they are compared to hFx
to demonstrate the nearly
identical spectroscopic prop-
erties of these two fucoxan-
thin derivatives.

Absorption spectra of
hFx are compared to those
of Fx in three solvents in
Fig. 2.30. In n-hexane, both
molecules exhibit the well-
resolved vibrational bands
of the S2 state as expected for
Fx in nonpolar solvent.13,14

The hexanoyloxy moiety
of hFx does not alter the
resolution of vibrational bands, though the absorption spectra of Fx and hFx
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in n-hexane are not identical. This is confirmed by a small blue-shift of the
0-0 band observed for hFx, which has a maximum at 474 nm, Fx peaks at 477
nm. The same 0-0 maximum of 474 nm is observed also for bFx (Fig. S2.36).
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FIGURE 2.31: Transient absorption spectra of Fx
(black) and hFx (red) in n-hexane (a), methanol
(b), and acetonitrile (c) measured at 4 ps after ex-
citation at 490 nm. The S1−Sn maximum in n-
hexane at 526 nm is marked as a reference point.
Spectra are normalized to the S1−Sn maximum.

Moving the samples to po-
lar solvents reveals a clear dif-
ference between the absorp-
tion spectra of Fx and hFx.
In both molecules, the reso-
lution of vibrational bands is
diminished, but hFx, in con-
trast to Fx, still retains clearly
distinct 0-0 and 0-1 vibrational
bands. Also, the second typ-
ical polarity-induced effect re-
ported for keto carotenoids,
the asymmetric broadening of
absorption spectrum towards
lower energies,13,14 is more
pronounced in Fx than in hFx.
Thus, although the hexanoy-
loxy moiety of hFx is not in
conjugation, its effect on the
response of the molecule to
change of solvent polarity is
clearly visible. It is worth men-
tioning that the proticity of the
solvent also plays a role as the
vibrational bands are more re-
solved in the aprotic acetoni-
trile than in protic methanol
(Fig. 2.30). The energy of the
S0-S2 transition, however, is not affected by polarity.
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The influence of the hexanoyloxy tail on the spectroscopic properties of
hFx is further magnified in the transient absorption spectra shown in Fig. 2.31.
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In n-hexane, the transient ab-
sorption spectra of hFx and
Fx are very similar, reflecting
the properties of the absorp-
tion spectra. The main spectral
feature, the S1-Sn excited state
absorption band, has a maxi-
mum at 526 nm for both Fx and
hFx, matching the value re-
ported for Fx earlier.13,14,23 Yet,
even in n-hexane some small
differences can be traced. The
two weak bands in the 600-700
nm spectral region, observed
exclusively in keto carotenoids,
are barely visible in hFx. Since
these bands are related to the
presence of the ICT state and
become significantly more pro-
nounced in polar solvents, the
near absence of these bands for
hFx in n-hexane suggests that
the presence of the hexanoy-
loxy moiety affects the ICT
state. This assumption is con-
firmed when the transient ab-
sorption spectra of Fx and hFx
are measured in polar solvents
methanol (Fig. 2.31b) and acetonitrile (Fig. 2.31c). While for Fx the character-
istic ICT bands peaking at 610 and 650 nm reach amplitude of about 50% of
the S1-Sn band, in hFx these bands remain at low amplitude. In methanol, the
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amplitude of the ICT bands of hFx is only 20% of the S1-Sn band; in acetoni-
trile it is even less: ∼15%. Essentially the same values are observed for bFx
(Fig. 2.37).
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Another character-
istic polarity-induced
effect reported for fu-
coxanthin and other
keto-carotenoids hav-
ing conjugation length
N<9 is shortening of
the S1/ICT lifetime
with increasing sol-
vent polarity.13,14,16,23 To
demonstrate this behav-
ior, we show kinetics
measured at the S1-Sn

maximum for Fx and hFx
in n-hexane, methanol,
and acetonitrile (Fig.
2.32). The decay profiles
of Fx and hFx are identi-
cal in n-hexane, yielding
the S1/ICT lifetime of 60
ps, the value reported
earlier for Fx in nonpolar
solvents.13,14,23 Surpris-
ingly, however, the same
S1/ICT lifetime of 60 ps
is obtained for hFx in
the highly polar acetonitrile, suggesting that solvent polarity has no effect
on the S1/ICT lifetime. This is in sharp contrast to Fx, for which the polar
acetonitrile shortens the S1/ICT lifetime to 30 ps (Fig. 2.32c). In methanol the
S1/ICT lifetime of hFx is 40 ps, significantly shorter than 60 ps in n-hexane
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and acetonitrile but still longer than the 20 ps reported for Fx in methanol
(Fig. 2.32b).

Since hFx has never been explored by ultrafast spectroscopies, in Fig.
2.33 we show the results of the global fitting the data measured for hFx in
n-hexane, acetonitrile, and methanol. In all three solvents, reasonable fits
were obtained using a sequential model with three decay components: the S2

state (black EADS), hot S1/ICT state (red), and relaxed S1/ICT state (blue).
We do not observe any significant deviation from the three-exponential
decay even in methanol, in which Fx exhibits a more complicated decay
pattern caused by the presence of (at least) two Fx configurations.44,45 Precise
determination of the S2 lifetime of hFx in either solvent is beyond the limits
of our time resolution; thus, we can only conclude that the S2 lifetime is
shorter than 100 fs. On the basis of the spectral profile of the S2 EADS in
Fig. 2.33, it is likely that the hFx S2 lifetime in polar solvents is slightly
shorter than in n-hexane as the black EADS in polar solvents contain some
features attributable to the S1/ICT state (the positive features in the 550-700
nm spectral region). This mixing is not present in EADS corresponding to
the S2 state of hFx in n-hexane (Fig. 2.33a). The relaxation of the hot S1/ICT
state shows similar trend: it is longer in the non-polar n-hexane (850 fs) than
in polar methanol or acetonitrile where the corresponding time constants are
640 and 700 fs, respectively. A comparable trend was reported for Fx, though
the actual values were faster: 430 fs in n-hexane and 270 fs in methanol.45

The time constant associated with the last EADS in Fig. 2.33 corresponds
to the S1/ICT lifetime of hFx in each solvent, yielding values of 60 ps in
n-hexane and acetonitrile and 40 ps in methanol. The global fitting of the
data measured for bFx yields essentially the same results as for hFx (Fig. 2.39).
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TABLE 2.3: S1/ICT Lifetimes of Fx and hFx in Various Solvents

aPolarity factor calculated from the dielectric constant using the
expression P(ε = (ε− 1)/(ε + 2). bFrom ref [13]
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FIGURE 2.34: Kinetics measured at the maxi-
mum of the S1−Sn band for hFx in various sol-
vents. The excitation wavelength was 490 nm,
kinetics are normalized to maximum. See Ta-

ble 2.3 for the corresponding lifetimes.

To explore the effect of sol-
vent further, we have measured
excited state dynamics of hFx
also in other solvents: dimethyl
sulfoxide (DMSO), ethanol, and
ethylene glycol. While DMSO
is very polar, yet aprotic, ethy-
lene glycol has similar polarity
as acetonitrile can readily form
hydrogen bonds. The decays of
the S1 band of hFx in all solvents
are shown in Fig. 2.34 and the
S1/ICT lifetimes summarized in
Table 2.3. It is obvious that po-
larity does not alter excited state
dynamics of hFx. In the three

aprotic solvents, hexane, acetonitrile, and DMSO, the S1 lifetime of hFx is the
same, underlining the absence of any effects induced solely by the solvent
polarity. The S1/ICT lifetime shortening is induced only in polar, protic sol-
vents: methanol, ethanol, and ethylene glycol. The difference in S1 lifetimes
in methanol and ethanol shows that polarity also plays a role, but it is only



2.3. Non-Conjugated Acyloxy Group Deactivates the Intramolecu-
lar Charge Transfer State in the Carotenoid Fucoxanthin

155

secondary to solvent proticity. Yet, even in polar, protic solvents the effect on
excited-state properties of hFx is much smaller than for Fx.

2.3.4 Discussion

The data presented in the previous section demonstrate that a non-
conjugated, acyloxy moiety can significantly alter excited-state properties of
fucoxanthin: namely, the features related to the presence of the ICT state.
The polarity-induced shortening of the S1/ICT lifetime and the magnitude
of the ICT bands in transient absorption spectra are affected by the pres-
ence of the acyloxy moiety. All these effects, reported for a number of keto-
carotenoids, are diminished by the presence of the hexanoyl or butanoyl tail.
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FIGURE 2.35: Distribution of dihedral angles determining
the orientation of the hexanoyl tail in hFx in various sol-

vents.

It is obvious that
the acyloxy moiety
at the C19’ carbon
has a notable effect
on the excited-state
properties of fucox-
anthin, even though
it is not a part of
the conjugated back-
bone. Moreover,
the influence of the
acyloxy moiety is
controlled by hy-
drogen bonding as
the characteristic,
polarity-induced
behavior is observed
exclusively in protic
solvents, while in aprotic solvents these effects are nearly absent regardless
of the polarity of the aprotic solvent.

The data measured in the non-polar n-hexane provide information about
possible effects of the acyloxy moiety on properties that are not related to
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polarity or proticity such as effective conjugation length, Ne f f . The character-
istic markers of Ne f f , the spectral position of the S1-Sn band and the S1/ICT
lifetime, remain the same for Fx, hFx, and bFx in n-hexane, showing that the
acyloxy moiety does not alter Ne f f . This observation is in line with a recent re-
port on the non-carbonyl carotenoid vaucheriaxanthin (19’-OH neoxanthin),
whose 19’-OH group is often esterified. Both vaucheriaxanthin and vaucheri-
axanthin ester are spectroscopically identical.46

Although the non-conjugated acyloxy moiety of bFx and hFx does not al-
ter Ne f f , it diminishes the effects related to the ICT state induced by the pres-
ence of the conjugated keto group of fucoxanthin. To explore the possible
influence of the acyloxy moiety, we have first carried out a molecular mod-
eling simulation to reveal the most likely position of the acyloxy moiety of
hFx in different solvents. We have monitored the C29-C44-C46-C48 dihedral
angle (see Fig. 2.40 for examples of a few characteristic dihedral angles), and
the results are shown in Fig. 2.35. In both polar solvents, protic methanol
and aprotic acetonitrile, the distribution of dihedral angles shows that the
most represented configurations are those with the hexanoyl moiety bent by
90-120◦. In hexane, the distribution of possible configurations is flatter, with
only one weak maximum around -120◦. It shows that while polar solvents
preferentially stabilize certain configurations, no such preference exists in n-
hexane.

Molecular dynamics simulations provided further information about hFx
conformations, but they do not offer explanation of the observed spectro-
scopic behavior. Interestingly, differences in the solvent-dependent behav-
ior between Fx and hFx are reminiscent of those reported for a different pair
of carotenoids: 8,8′-diapocarotene-8′-ol-8-al and crocetindial.16 In that study,
8,8′-diapocarotene-8′-ol-8-al exhibits strong polarity dependence, having an
S1/ICT lifetime of 300 ps in n-hexane shortened to 21 and 18 ps in acetoni-
trile and methanol. Crocetindial, on the other hand, has a 127 ps S1/ICT
lifetime in hexane which remains essentially the same in acetonitrile (135 ps)
and is slightly shortened to 97 ps in methanol.16 Even though these are com-
pletely different carotenoids than Fx and hFx, the observed trend is compa-
rable: switching from 8,8′-diapocarotene-8′-ol-8-al to crocetindial somehow
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mimics the change we observe when going from Fx to hFx.
The structural difference between 8,8′-diapocarotene-8′-ol-8-al and cro-

cetindial is key for the explanation of the data we have measured for Fx and
hFx. The difference is in the symmetry of the conjugated keto groups (see
Fig. 2.41 for structures). While 8,8′-diapocarotene-8′-ol-8-al has one conju-
gated carbonyl group and one hydroxyl group, making the whole conjugated
system strongly asymmetric, crocetindial has two symmetric conjugated keto
groups located at the opposite ends of the conjugated chain. The symme-
try of the keto-groups in crocetindial nearly completely blocks the polarity-
dependent behavior, resulting in absence of the characteristic ICT bands in
transient absorption spectra and identical lifetimes of the S1/ICT states in hex-
ane and acetonitrile.16 Hydrogen bonding in protic methanol slightly short-
ens the S1/ICT lifetime, but the ICT bands are absent for crocetindial even in
methanol.16

On the basis of the obvious similarity of our results with those reported
for 8,8′-diapocarotene-8′-ol-8-al and crocetindial,16 we assume that the mech-
anism for switching off the polarity-dependent effects is the same for both
pairs of carotenoids. The strongly asymmetric conjugated chain of Fx (a con-
jugated keto group at C8 position, Fig. 2.29) is symmetrized in hFx, resulting
in the absence of polarity-dependent behavior. This implies that in hFx the
symmetrization must be achieved by the acyloxy moiety that contains a keto
group that is non-conjugated (Fig. 2.29). The two oxygens of the acyloxy moi-
ety have significant electron-withdrawing character, counteracting the effect
of the conjugated keto group at C8.

The results demonstrate that non-conjugated groups significantly alter the
polarity-dependent spectroscopic properties of keto-carotenoids. We have re-
ported earlier a similar case for psittacofulvin, in which the absence of methyl
groups modified the polarity-dependent effects compared to the carotenoid
counterpart with methyl groups.27 Here, the acyloxy moiety of hFx or bFx
switches off the characteristic polarity-dependent behavior of the parent
carotenoid, Fx. In contrast to psittacofulvins, which are colorants in bird
feathers,27 the significant differences between the excited-state properties of
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Fx and hFx (bFx) are likely related to the function they play in the photo-
synthetic apparatus in a number of microorganisms. The Fx/hFx(bFx) ratio
in the light harvesting antenna varies depending on the stress conditions, as
when the hFx(bFx) fraction increases upon high light and nutrient limited
conditions.29−31 Since the ICT character of the S1/ICT state is important for
maintaining the high energy transfer efficiency,47 and considering that the
ICT part of the S1/ICT potential surface has even been suggested to be the
primary energy donor in the S1/ICT energy transfer pathway,48 it is possible
that the conversion of Fx to hFx (bFx) leads to less efficient energy transfer
from the antennae to the reaction centers and serves as a simple photoprotec-
tive mechanism when the organisms are under stress. Because ICT states have
a strong ionic/single-electron character, their presence will have a large im-
pact on the transition density associated with this state and consequently also
on the carotenoid-Chl coupling. The absence of the ICT state in the acyloxy
fucoxanthin derivatives will thus likely affect the energy transfer between
carotenoid and Chl. Alternatively, the acyloxy moiety can cause small struc-
tural changes in the protein leading to an induction of a quenched state. Re-
cently, Krueger et al.49 showed using single-molecule spectroscopy that FCP
can switch between two distinct states. Presence of the acyloxy moiety could
shift the equilibrium between these two states, resulting in a possible regula-
tory role not be related to the ICT state.
Supporting Information Available: Absorption and transient absorption
data measured for bFx in various solvents, examples of orientations of the
hexanoyl tail obtained from MD simulations, and structures of crocetindial
and 8,8’-diapocarotene-8’-ol-8-al. This material is available free of charge via
the Internet at http://pubs.acs.org.
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2.3. Non-Conjugated Acyloxy Group Deactivates the Intramolecu-
lar Charge Transfer State in the Carotenoid Fucoxanthin

161

450 500 550 600 650 700

450 500 550 600 650 700

450 500 550 600 650 700

1

1

1

1

0

0

0

acetonitrile

 

A
 (n

or
m

)

Wavelength (nm)

MeOH

 

 

A
 (n

or
m

)

 

 Fx
 hFx

A
 (n

or
m

)

hexane

526 nm

FIGURE 2.37: Transient absorption spectra of bFx (black) and
hFx (red) in n-hexane, methanol and acetonitrile measured at
4 ps after excitation at 490 nm. The S1-Sn maximum of hFx in
n-hexane at 526 nm is marked as a reference point. Spectra are

normalized to the S1-Sn maximum.



162 Chapter 2. Research Chapter

0 50 100 150 200

0

1

0 50 100 150 200

0

1

0 50 100 150 200

0

1

 bFx

 hFx

acetonitrile

 


A

 (
n

o
rm

)

Time (ps)

60 ps

 bFx

 hFx

MeOH

 

 


A

 (
n

o
rm

)

40 ps

 bFx

 hFx

 


A

 (
n

o
rm

)

hexane

60 ps

FIGURE 2.38: Kinetics measured at the maximum of the S1-
Sn band for bFx (black) and hFx (red) in n-hexane, methanol
and acetonitrile. Corresponding lifetimes are indicated in each
panel. Excitation wavelength was 490 nm, kinetics are normal-

ized to maximum.



2.3. Non-Conjugated Acyloxy Group Deactivates the Intramolecu-
lar Charge Transfer State in the Carotenoid Fucoxanthin

163

450 500 550 600 650 700

-20
-10
0

10
20
30

450 500 550 600 650 700
-20
-15
-10
-5
0
5

10
15

450 500 550 600 650 700
-15
-10
-5
0
5

10
15
20

A
 (m

O
D

)

 <100 fs
 820 fs
 61 ps

n-hexane

 

 

A
 (m

O
D

)

 <100 fs
 710 fs
 61 ps

acetonitrile

 

A
 (m

O
D

)

Wavelength (nm)

 <100 fs
 630 fs
 41 ps

methanol

FIGURE 2.39: EADS obtained from global fitting the data mea-
sured for bFx in n-hexane, methanol and acetonitrile after ex-

citation at 490 nm.



164 Chapter 2. Research Chapter

a

b

c

d

e

FIGURE 2.40: Five different orientations of the hexanoyl tail of
hFx obtained from molecular dynamic simulations showing
the dihedral angle close to (a) -180°, (b) -90°, (c) 0°, (d) 90°, and

(e) 180°.



2.3. Non-Conjugated Acyloxy Group Deactivates the Intramolecu-
lar Charge Transfer State in the Carotenoid Fucoxanthin

165

crocetindial

8,8′-diapocarotene-8′-ol-8-al

FIGURE 2.41: Structures of 8,8’-diapocarotene-8’-ol-8-al and
crocetindial.



166 Chapter 2. Research Chapter

References (Paper III)

1. Frank, H. A.; Desamero, R. Z. B.; Chynwat, V.; Gebhard, R.; vanderHoef,
I.; Jansen, F. J.; Lugtenburg, J.; Gosztola, D.; Wasielewski, M. R., Spec-
troscopic properties of spheroidene analogs having different extents of
π-electron conjugation. J. Phys. Chem. A 1997, 101, 149-157.

2. Mimuro, M.; Nagashima, U.; Takaichi, S.; Nishimura, Y.; Yamazaki, I.;
Katoh, T., Molecular structure and optical properties of carotenoids for
the in vivo energy transfer function in the algal photosynthetic pigment
system. BBA-Bioenergetics 1992, 1098, 271-274.

3. Carotenoids, Britton, G.; Liaaen-Jensen, S.; Pfander, H; Eds. Vol. 1B
Spectroscopy. Birkhauser 1995.

4. Polívka, T.; Sundström, V. Ultrafast dynamics of carotenoid excited
states – from solution to natural and artificial systems. Chem. Rev. 2004,
104, 2021-2071.

5. Macpherson, A. N.; Gillbro, T., Solvent dependence of the ultrafast S2-
S1 internal conversion rate of β-carotene. J. Phys. Chem. A 1998, 102,
5049-5058.

6. Kosumi, D.; Fujiwara, M.; Fujii, R.; Cogdell, R. J.; Hashimoto, H.;
Yoshizawa, M., The dependence of the ultrafast relaxation kinetics of
the S2 and S1 states in β-carotene homologs and lycopene on conjugation
length studied by femtosecond time-resolved absorption and Kerr-gate
fluorescence spectroscopies. J. Chem. Phys. 2009, 130, 214506.

7. Polívka, T.; Sundström, V., Dark excited states of carotenoids: Consen-
sus and controversy. Chem. Phys. Lett. 2009, 477, 1-11.

8. Ostroumov, E. E.; Mulvaney, R. M.; Cogdell, R. J.; Scholes, G. D., Broad-
band 2D electronic spectroscopy reveals a carotenoid dark state in pur-
ple bacteria. Science 2013, 340, 52-56.



2.3. Non-Conjugated Acyloxy Group Deactivates the Intramolecu-
lar Charge Transfer State in the Carotenoid Fucoxanthin

167

9. Beck, W. F.; Bishop, M. M.; Roscioli, J. D.; Ghosh, S.; Frank, H. A., Excited
state conformational dynamics in carotenoids: Dark intermediates and
excitation energy transfer. Arch. Biochem. Biophys. 2015, 572, 175-183.

10. Feng, J.; Tseng, C. W.; Chen, T. W.; Leng, X.; Yin, H. B.; Cheng, Y. C.;
Rohlfing, M.; Ma, Y. C., A new energy transfer channel from carotenoids
to chlorophylls in purple bacteria. Nature Communications 2017, 8, 71.

11. Kuznetsova, V.; Southall, J.; Cogdell, R. J.; Fuciman, M.; Polívka, T.,
Spectroscopic properties of the S1 state of linear carotenoids after excess
energy excitation. Chem. Phys. Lett. 2017, 683, 448-453.

12. Bautista, J. A.; Connors, R. E.; Raju, B. B.; Hiller, R. G.; Sharples, F. P.;
Gosztola, D.; Wasielewski, M. R.; Frank, H. A., Excited state properties
of peridinin: Observation of a solvent dependence of the lowest excited
singlet state lifetime and spectral behavior unique among carotenoids.
J. Phys. Chem. B 1999, 103, 8751-8758.

13. Frank, H. A.; Bautista, J. A.; Josue, J.; Pendon, Z.; Hiller, R. G.; Sharples,
F. P.; Gosztola, D.; Wasielewski, M. R., Effect of the solvent environ-
ment on the spectroscopic properties and dynamics of the lowest excited
states of carotenoids. J. Phys. Chem. B 2000, 104, 4569-4577.

14. Zigmantas, D.; Hiller, R. G.; Sharples, F. P.; Frank, H. A.; Sundström, V.;
Polívka, T., Effect of a conjugated carbonyl group on the photophysical
properties of carotenoids. Phys. Chem. Chem. Phys. 2004, 6, 3009-3016.

15. Stalke, S.; Wild, D. A.; Lenzer, T.; Kopczynski, M.; Lohse, P. W.; Oum, K.,
Solvent-dependent ultrafast internal conversion dynamics of n ’-apo-β-
carotenoic-n ’-acids (n=8, 10, 12). Phys. Chem. Chem. Phys. 2008, 10,
2180-2188.

() Enriquez, M. M.; Fuciman, M.; LaFountain, A. M.; Wagner, N. L.;
Birge, R. R.; Frank, H. A., The intramolecular charge transfer state in
carbonyl-containing polyenes and carotenoids. J. Phys. Chem. B 2010,
114, 12416-12426



168 Chapter 2. Research Chapter

16. Niedzwiedzki, D. M.; Chatterjee, N.; Enriquez, M. M.; Kajikawa, T.;
Hasegawa, S.; Katsumura, S.; Frank, H. A., Spectroscopic investiga-
tion of peridinin analogues having different π-electron conjugated chain
lengths: Exploring the nature of the intramolecular charge transfer state.
J. Phys. Chem. B 2009, 113, 13604-13612.

17. Papagiannakis, E.; van Stokkum, I. H. M.; Fey, H.; Büchel, C.; van Gron-
delle, R., Spectroscopic characterization of the excitation energy trans-
fer in the fucoxanthin-chlorophyll protein of diatoms. Photosynth. Res.
2005, 86, 241-250.

18. Gildenhoff, N.; Herz, J.; Gundermann, K.; Büchel, C.; Wachtveitl, J.,
The excitation energy transfer in the trimeric fucoxanthin-chlorophyll
protein from Cyclotella meneghiniana analyzed by polarized transient ab-
sorption spectroscopy. Chem. Phys. 2010, 373, 104-109.

19. Zigmantas, D.; Polívka, T.; Hiller, R. G.; Yartsev, A.; Sundström, V., Spec-
troscopic and dynamic properties of the peridinin lowest singlet excited
states. J. Phys. Chem. A 2001, 105, 10296-10306.

20. Durchan, M.; Fuciman, M.; Šlouf, V.; Keşan, G.; Polívka, T., Excited-state
dynamics of monomeric and aggregated carotenoid 8’-apo-β-carotenal.
J. Phys. Chem. A 2012, 116, 12330-12338.

21. Redeckas, K.; Voiciuk, V.; Vengris, M., Investigation of the S1/ICT equi-
librium in fucoxanthin by ultrafast pump-dump-probe and femtosec-
ond stimulated Raman scattering spectroscopy. Photosynth. Res. 2016,
128, 169-181.
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2.4 Spectroscopic properties of the triple bond
carotenoid alloxanthin

This chapter is based on PAPER IV:
West, R. et al. Spectroscopic properties of the triple bond carotenoid alloxan-
thin. Chem. Phys. Lett. 653, 167–172 (2016).

Abstract
Alloxanthin, which has two triple bonds within its backbone, was studied by
steady-state and femtosecond transient absorption spectroscopies. Alloxan-
thin demonstrates an S2 energy comparable to its non-triple bond homolog,
zeaxanthin, while the S1 lifetime of 19 ps is markedly longer than that of zeax-
anthin (9 ps). Along with corroborating quantum chemistry calculations, the
results show that the long-lived S1 state of alloxanthin, which typically cor-
responds to the dynamic of a shorter carotenoid backbone, implies the triple
bond isolates the conjugation of the backbone, increasing the S1 state energy
and diminishing the S1-S2 energy gap.
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2.4.1 Introduction

Carotenoids are known for their rich excited-state dynamics, the elucida-
tion of which is key to understanding the various functions the molecules
perform in many biological systems.1−3 Basic spectroscopic properties of
carotenoids can be explained using a three-state model consisting of the
ground state (S0), and two excited states denoted S1 and S2.4 Assuming
carotenoids belong to the idealized C2h symmetry group, the S0-S1 transition
is symmetry-forbidden for one-photon processes, while the characteristic visi-
ble coloration of carotenoids is due the S0-S2 transition that gives rise to strong
absorption in the blue-green spectral region. Therefore, the symmetry of the
carotenoid conjugated backbone is the key property determining the spectro-
scopic properties.

Another key parameter determining the spectroscopic properties is the
conjugation length, N, defined as a number of conjugated C=C bonds in the
carotenoid structure. For carotenoids with conjugation extended to various
functional groups the effective conjugation length, Ne f f , is often used. It
makes use of the fact that some spectroscopic parameters, such as S1 lifetime,
have a well-defined dependence on 1/N.5−7 Therefore, knowing the value of
e.g. S1 lifetime of any carotenoid, and comparing the value to that of a linear
carotenoid, allows one to obtain an effective value of Ne f f .7 For example, it
has been demonstrated that the extension of conjugation to various types of
terminal rings decreases Ne f f , but it also provides opportunity for tuning the
spectroscopic properties as the torsional angle of a terminal ring in respect
to the main conjugation allows for fine tuning of Ne f f .7 Thus, in contrast to
linear carotenoids whose properties can be only slightly altered by environ-
ment, carotenoids with conjugated terminal rings may have a wide range of
spectroscopic properties, depending on their protein binding sites.8,9

While there exist many carotenoids with conjugated terminal rings or
keto groups, carotenoids having conjugated triple bonds are quite rare. Out
of the nearly thousand carotenoids identified so far, only about 50 contain
triple bonds10 and only three triple bond carotenoids are commonly found
in nature. Alloxanthin (Fig. 2.42) is a common carotenoid of cryptophytes,11

and diadinoxanthin and diatoxanthin (Supporting Information, Fig. 2.47) are
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found in diatoms and some marine algae.12 Diadinoxanthin and diatoxanthin
have one triple bond in their structure and due to their well-documented
role in photoprotection in diatoms,12−14 their excited-state properties were
studied in detail.15,16

FIGURE 2.42: Molecular structures (top) and
absorption spectra (bottom) of alloxanthin and

zeaxanthin in methanol.

Alloxanthin is the only
carotenoid with two triple bonds
found in photosynthetic organ-
isms. The role of carotenoid
triple bonds in proper func-
tioning of carotenoids in light-
harvesting systems remains
unknown. As demonstrated
earlier for diadinoxanthin and
diatoxanthin, their specific
molecular structure with a triple
bond may help in tuning the
spectroscopic properties when
bound to protein.17 Alloxanthin,
whose excited-state properties
have not been reported so far,
is the major antenna carotenoid
in the cryptophyte Rhodomonas
salina.18 This organism, despite
lack of any xanthophyll cy-
cle, has developed a flexible
and effective photoprotective

quenching,18 in which alloxanthin may play a role.
Here we present ultrafast transient absorption study of alloxanthin com-

plemented by quantum chemical calculations. We compare these results with
those of zeaxanthin (Fig. 2.42) which has comparable structure but lacks the
triple bonds. We show that the presence of triple bonds in the carotenoid
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structure has important consequences for excited-state dynamics of alloxan-
thin.

2.4.2 Materials and Methods

Alloxanthin was purified by an adapted method described previously for
violaxanthin.19 Rhodomonas salina cells (strain CCAP 978/27) were grown in
an artificial seawater medium supplemented with f/2 nutrient. Irradiation
was provided by fluorescence tubes (40 µmol m−2 s−1, day-night cycle 12/12
hours) and cells were continuously bubbled by air. Harvested cells were re-
suspended in 25 mM Hepes buffer, pH 7.8 and broken by glass beads using
Mini-Bead-Beater (BioSpec, USA). Thylakoid membrane fraction was sepa-
rated by centrifugation, resuspended in 1 ml of distilled water, mixed with
9 ml of methanol and incubated for one hour in dark at room temperature.
The extract was clarified by centrifugation and the remaining pellet was ex-
tracted again by 10 ml of 90% methanol. Both supernatants were pooled and
completely evaporated by a vacuum evaporator. Pigments were dissolved in
methanol and separated by HPLC (Agilent 1200) on a semi-preparative re-
verse phase column (Reprosil 250x10 mm C8 5 µm, Watrex, Czech Republic)
with 35% methanol and 15% acetonitrile in 0.25M pyridine (solvent A) and
20% methanol and 20% acetone in acetonitrile as solvent B. Pigments were
eluted with a linear gradient of solvent B (30 to 95% in 25 min) followed by
95% of solvent B at a flow rate of 0.8 mL min−1 at 40 ◦C.

The sample was maintained at room temperature during transient ab-
sorption measurements, constantly stirred with a magnetic stir bar within a
2 mm quartz cuvette. The pump and probe pulses were generated by the
Spitfire Ace regenerative amplifier system (Spectra Physics), producing 4.2
mJ pulses about 800 nm wavelength at 1 kHz by chirped pulse amplification
of a mode-locked Ti:Sapphire laser (MaiTai, Spectra Physics) pumped by a
Nd:YLF pump laser (Empower, Spectra Physics). The excitation wavelength
of 490 nm was achieved through parametric amplification (TOPAS, Light Con-
version) and reduced to ∼18 nJ per pulse at the sample location (4 x 1013 pho-
tons / pulse cm−2) for an excitation spot size of approximately 400 µm. The
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probe pulse supercontinuum was generated in a 2-mm sapphire plate and fo-
cused to an area smaller than the spot size of the pump beam by a spherical
mirror. The resulting probe absorbance was observed using a double-diode
array detection system (Pascher Instruments) with a 300-groove grating spec-
trometer calibrated by the absorption bands of holmium oxide. Data were fit-
ted globally using Glotaran global fitting analysis software (VU Amsterdam)
under a sequential exponential decay scheme.20

Optimized ground state geometries of carotenoids were created using
standard ground-state density functional theory (DFT). All ground state con-
formers for each carotenoids were optimized with the B3LYP level of the-
ory using the 6-31G (d,p) basis set in order to find stable conformers. This
level of theory is suitable for calculations of structure geometry having C≡C
bonds.21 Stable conformers were re-optimized by means of Becke-Lee-Yang-
Parr (BLYP) with the triple--quality (TZVP) basis set. These optimized struc-
tures were used as an initial guess to determine the equilibrium geometries
of the excited states by means of time-dependent density functional theory
within the Tamm−Dancoff approximation (TD-DFT/TDA) using either the
BLYP functional, which provides the correct energy ordering for the two low-
est excited states of carotenoids,7,22,23 or the hybrid exchange-correlation func-
tional (Cam- B3LYP) with the TZVP basis set, which gives more reasonable
data for the S2 state energy.7 All calculations were completed in the gas phase
and performed with the Gaussian09 package.

2.4.3 Results and Discussion

The absorption spectra of zeaxanthin and alloxanthin displayed in Fig.
2.42 show that adding two triple bonds to the carotenoid structure only
marginally affects the S0-S2 transition. The absorption spectra are very simi-
lar, although alloxanthin has the lowest vibrational band slightly red-shifted,
peaking at 479 nm while zeaxanthin’s is at 477 nm. The resolution of vibra-
tional bands, reflecting the conformational disorder in the ground state, is also
comparable for both carotenoids. These observations imply that properties of
the S2 state are not much affected by the presence of triple bonds in alloxan-
thin.
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FIGURE 2.43: (a) Transient absorption spec-
tra of alloxanthin and zeaxanthin in methanol
measured at 4 ps after excitation at 490 nm. (b)
Kinetics measured at the maximum of the S1-
Sn transition at 548 nm (alloxanthin) and 550

nm (zeaxanthin).

Transient absorption spec-
tra and dynamics monitoring
spectroscopic properties of the
S1 state, however, demonstrate
a more divergent spectral re-
sponse among alloxanthin and
zeaxanthin. The spectra in Fig.
2.43a represent the transient ab-
sorption profiles measured at 4
ps after excitation, correspond-
ing to the S1-Sn transition af-
ter all S1 vibrational dynam-
ics, which usually takes place at
subpicosecond time scale,24 have
subsided. In contrast to the S0-
S2 transition shown in Fig. 2.42,
the spectral profiles of the S1-
Sn transitions are clearly differ-
ent for alloxanthin and zeaxan-
thin. Again, the peak wave-
length is comparable, yielding
548 nm for alloxanthin and 550
nm for zeaxanthin, but it must
be noted that while for the S0-S2

transition (Fig. 2.42) zeaxanthin
has the slightly higher energy, it is opposite for the S1-Sn transition. Further,
the S1-Sn profile of alloxanthin is narrower with a pronounced, blue shoul-
der, found to decay at the same rate as the peak’s maximum (see below). In
contrast, the blue shoulder is much less pronounced in zeaxanthin, but its
main peak is broader than alloxanthin’s and extends more to longer wave-
lengths (Fig. 2.43a). Further, the kinetics measured at the peak S1-Sn transition
wavelengths in both carotenoids, monitoring the S1 lifetime, are shown in Fig.
2.43b, demonstrating markedly longer S1 lifetime of alloxanthin compared to
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zeaxanthin.

FIGURE 2.44: EADS obtained from global fit-
ting the data measured for (a) alloxanthin and
(b) zeaxanthin in methanol excited at 490 nm.

Three sequentially decaying
evolution associated difference
spectra (EADS), shown in Fig.
2.44, satisfactorily fit the to-
tal decay profiles of alloxanthin
and zeaxanthin. The bleach-
ing EADS, the fastest and most
immediate profile, expresses the
110 fs (alloxanthin) and 130 fs
(zeaxanthin) decay of the S2 state
stimulated emission combined
with ground state bleaching.
The second, broad spectrum,
recognized as hot S1 state,24,25

decays to the slightly narrower,
bluer S1 signal within 600 fs in
alloxanthin. For zeaxanthin, this
component is faster, yielding 350
fs. The final EADS, effectively
representing the spectrum of the
S1 state, decays by 19 ps in allox-
anthin, confirming the difference

in the S1 lifetimes of alloxanthin and zeaxanthin shown in Fig. 2.2b; the S1 life-
time of zeaxanthin is 9 ps in agreement with a number of previous studies.26,27

Considering the spectroscopic findings described above, namely the
nearly identical absorption spectra and the markedly longer S1 lifetime of al-
loxanthin as compared to zeaxanthin, as well as the different spectral profiles
of their S1-Sn transitions, we must conclude that adding a triple bond into
conjugation markedly affects the S1 state while leaving the S2 state nearly un-
touched. The alloxanthin S1 lifetime of 19 ps is actually comparable to the S1

lifetimes of carotenoids with Ne f f = 9 such as neurosporene or violaxanthin
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FIGURE 2.45: Dependence of the S1 lifetimes on conjugation length.
Black symbols denotes the S1 lifetimes of linear carotenoids in n-hexane
(data taken from Ref. [6]) plotted against 1/N. The solid line is a lin-
ear fit to the S1 lifetimes of linear carotenoids. Red circles show the S1
lifetimes of zeaxanthin and alloxanthin. Placing these lifetimes on the
black line allows a determination of the effective conjugation length,
Ne f f , of these carotenoids. Each point is labeled by a corresponding S1

lifetime and N (or Ne f f ).

whose S1 lifetimes were reported in the 21-24 ps range.6,24,26 In contrast, allox-
anthin S2 energy is rather in the range expected for carotenoids with Ne f f = 10.
This split effect of the triple bonds of alloxanthin can be visualized by com-
paring its S1 lifetime and S2 energy with those of linear carotenoids. For linear
carotenoids with well-defined conjugation length N, these parameters depend
linearly on 1/N and allow estimation of Ne f f . As shown in Fig. 2.45, the inter-
polation based on the S1 lifetime yields for alloxanthin Ne f f = 9.2, while the
interpolation using the S2 energy gives estimation of Ne f f = 9.7, confirming
the different effect of the triple bonds on the S2 and S1 states.

It is instructive to compare our results obtained for alloxanthin with those
of diatoxanthin, a carotenoid having only one triple bond thus representing
an intermediate structure between zeaxanthin and alloxanthin (Supporting
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Information, Fig. 2.47). A previous study of diatoxanthin reported a 13 ps
S1 lifetime, thus markedly shorter than for alloxanthin, yet the S2 energy of
diatoxanthin remains the same as for alloxanthin.16 Therefore, it is obvious
that the number of triple bonds in the carotenoid backbone correlates mono-
tonically to the S1 lifetime, but the S2 energy is insensitive to the presence or
number of triple bonds in the carotenoid structure.

Interestingly, the intensity of the blue shoulder of the S1-Sn transition also
correlates with the number of triple bonds: it is weakest for zeaxanthin, in-
creases slightly in diatoxanthin,16 and it is strongest in the two triple bond
carotenoid alloxanthin. This shoulder is known as the S* signal whose ori-
gin is still a matter of considerable debate.28−30 Yet, it is generally agreed that
whatever is the precise origin of the S* signal, it is most likely related to spe-
cific conformations,31−33 and extension of conjugation to the terminal rings
allows for larger conformational space thereby enhancing the S* signal.32 This
hypothesis matches our observation and shows that connection of the termi-
nal ring via a triple bond enhances the S* signal, which in alloxanthin decays
with the same lifetime as the S1 state (Fig. 2.44).

TABLE 2.4: Calculated ground states Gibbs free energies and dihedral angles of zeaxanthin and alloxanthin.

Conformers
Dihedral Angle

(Degrees)

Gibbs free energy 

(Hartree)

Relative ΔG 

(kcal/mol)

zeaxanthin s-cis-s'-cis 47.9/47.9 -1707.538685 0.0

s-cis-s'-trans
46.2/-167.9 -1707.535694 1.88

s-trans-s'-cis

s-trans-s'-trans 169.05/169.05 -1707.532556 3.85

alloxanthin s-cis-s'-cis 3.8/3.8 -1705.111494 0.51

s-cis-s'-trans
0.9/175.9 -1705.107567 2.97

s-trans-s'-cis

s-trans-s'-trans 175.5/175.5 -1705.112307 0.0

Our observations show that the effect of triple bonds is different for the S1

and S2 states. To corroborate this finding, we carried out quantum chemical
calculations to obtain equilibrium structures of zeaxanthin and alloxanthin
in various energy states and to estimate vertical excited-state energies of the
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S1 and S2 states. Relative energies of the ground state optimized geometries
for s-cis and s-trans configurations in gas phase of zeaxanthin and alloxanthin
calculated with the B3LYP/6-31g(d,p) method are given in Table 2.4. For zeax-
anthin, the lowest energy configuration is that with s-cis position of both ter-
minal rings that are twisted by ∼48◦ from the plane of the central conjugated
chain, matching values reported earlier for zeaxanthin and β-carotene.7,34 The
torsional twist of the terminal ring is caused by repulsion between the methyl
group at the ring and the hydrogen atoms near the ends of the conjugated
chain.35

In alloxanthin, the terminal rings have the same structure as in zeaxan-
thin but since they are connected via triple bonds, the steric constraints which
twist the terminal ring of zeaxanthin are relaxed. This results in terminal
rings of alloxanthin being essentially the in plane of the main conjugation
for both s-cis and s-trans configurations (Table 2.4). The s-trans configuration
has slightly lower energy compared to zeaxanthin, whereby the lowest energy
ground state structure of alloxanthin is s-trans with terminal rings nearly ide-
ally aligned with the plane of the central conjugated backbone (Supporting
Information, Fig. 2.48). This configuration is likely the reason for the slightly
lower S2 energy of alloxanthin compared to zeaxanthin (Fig. 2.42), because
torsion of the ring critically determines how much the double bonds at the
ring will be involved in conjugation.7

But this cannot explain why alloxanthin in the S1 state behaves as a
carotenoid with effective conjugation length clearly shorter than zeaxanthin.
Thus, we calculated relaxed geometries in the S1 and S2 excited states, and
bond lengths, corresponding to each excited state, as depicted in Fig. 2.46.
It is evident the S0 and S2 states are more congruent in bond length than the
S1 state. While in the S0 and S2 states the single and double bond character
is retained, partial equilibration of the bond length is characteristic for the S1

state.7,34 However, all states nearly coincide for the length of triple bonds, pre-
venting the extension of the bond length equilibration in the S1 state beyond
the triple bonds. Thus, the typical bond length alternation pattern of the S1

state is disturbed by the triple bonds though it is obvious that the conjuga-
tion must extend beyond the triple bonds since Ne f f > 9 (Fig. 2.45). The role
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FIGURE 2.46: Calculated bond lengths in the S0 state (black), S1 state
(red), and S2 state (blue) of alloxanthin in relaxed s-trans-s’-trans con-

figuration.

of the conjugated triple bonds can be visualized by calculating electron den-
sities of the involved orbitals (Supporting Information, Fig. 2.49): the triple
bonds of alloxanthin significantly decrease π-electron densities at the end of
the conjugated chain.

Finally, we calculated the S0-S2 and S0-S1 vertical transition energies for
the optimized ground state geometry that are summarized in Table 2.5. Here,
different levels of theory were used because, while the Cam-B3LYP and B3LYP
functionals reasonably reproduce the S2 energies, it gives the wrong excited
state ordering resulting in the forbidden S1 state being placed above the S2
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state.22,23,36 Thus, the TDA Cam-B3LYP/TZVP approach was used to calculate
the S2 energies, but the BLYP functional, which is known to give the proper
state ordering, was used to calculate S1 energies. It is obvious that regardless
the method used to calculate S2 energies, calculations reproduces qualitatively
the experimental results.

While the calculated S2 energy of alloxanthin is lower than that of zeaxan-
thin, the trend is opposite for the S1 state, which is higher for alloxanthin than
for zeaxanthin (Table 2.5). The S1 energy correlates with the S1 lifetime accord-
ing to the energy gap law in non-carbonyl carotenoids.37 Thus, the measured
alloxanthin S1 lifetime of 19 ps implies the S1 energy higher than that of zeax-
anthin whose S1 lifetime is 9 ps, precisely as predicted by calculations. The cal-
culated difference of∼650 cm−1 matches reasonably the difference between S1

energies of carotenoids with N=9 and N=10 observed experimentally.4 For the
S2 state, the energy difference between alloxanthin and zeaxanthin calculated
with the BLYP functional is far too large to match the experimental value, but
using TDA Cam-B3LYP/TZVP approach gives the energy difference of ∼150
cm−1 which is much closer to the observed value (Fig. 2.42).

TABLE 2.5: Calculated ground states Gibbs free energies and dihedral angles

of zeaxanthin and alloxanthin.

Dihedral angle (degrees) Transition energy (cm-1)

S0 S1 S2 S0-S2 S0-S1

zeaxanthin 47.9 32.4 38.2

44.7

23 775 

(4.796)

22 422 

(5.222)

15 402 

(0.000)

alloxanthin 175.5 176.6 176.5 21 551 

(5.679)

22 271 

(5.325)

16 077 

(0.000)

Note: Calculations were carried out using either the BLYP/TZVP (ground
state) or TDA BLYP/TZVP (excited states) level of theory. Calculations in-
volving the S2 state were also carried out by TDA Cam-B3LYP/TZVP (results
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shown in italics). Oscillator strengths of the transitions are shown in paren-
theses.

2.4.4 Conclusions

Comparison of spectroscopic properties of the triple bond carotenoid al-
loxanthin and its non-triple bond counterpart zeaxanthin revealed that the
effect of a triple bond on carotenoid spectroscopic properties differ for the S2

and S1 excited states. While the S2 energy is slightly lowered by introduction
of two triple bonds into the carotenoid structure, the S1 energy of alloxanthin
is higher than that of zeaxanthin. This is evidenced by significantly longer S1

lifetime of alloxanthin (19 ps) compared to zeaxanthin (9 ps). The different
effect on the S1 state is explained by the triple bonds preventing the extension
of the typical S1 state bond length equilibration to the terminal rings. Thus,
the triple bonds in alloxanthin shrinks the S1-S2 energy gap by decreasing
the S2 energy and increasing the S1 energy compared to zeaxanthin, which
may have significant consequences for alloxanthin function in photosynthetic
light-harvesting complexes. This effect, reminiscent of carbonyl carotenoids,38

allows to extend the light-harvesting capacity to longer wavelengths, while
keeping the S1 energy high enough to transfer energy to Chl-a. Thus, it is
likely that alloxanthin is a light-harvesting carotenoid transferring energy ef-
ficiently to Chl-a.
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Supporting Information

diatoxanthin

diadinoxanthin

FIGURE 2.47: Molecular structures of diatoxanthin and diadi-
noxanthin.
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zeaxanthin

alloxanthin

FIGURE 2.48: Relaxed ground state geometries of zeaxanthin
and alloxanthin.
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FIGURE 2.49: The S1 state transition densities of alloxanthin and zeaxanthin
calculated by using TDDFT/TDA with BLYP method including TZVP basis
set. In this level of theory, the S1 state, which has the A−g symmetry, is a
doubly-excited state represented as a linear combination of two singly-excited
determinants corresponding to HOMO-1→ LUMO and HOMO→ LUMO +
1 transitions [39]. Contribution of each transition to this linear combination is
indicated in the figure. The calculations of electron densities show that elec-
tron density at the terminal parts of alloxanthin (triple bond and the C=C bond
at the terminal ring) is less than the corresponding density in zeaxanthin. This
difference implies that the presence of the triple bonds affects the overall elec-

tron densities and, consequently, the effective conjugation length.
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3 Summary and Conclusions

There is still much to learn about the function of specific carotenoids
in their host light harvesting antennae; to understand the purpose of their
precise structure and effect of the binding environment so the host organism
may thrive in its environment. Specifically, as only recently the S1 and
intramolecular charge transfer (ICT) states of carotenoids has been clearly
acting as separate states, further research must uncover the function of this
pervasive light-harvesting strategy for the various antennae with carbonyl
carotenoids.

The research in this thesis represents a step toward a more complete
understanding of the roles of both carotenoid structure and the debated the
ICT state in light harvesting antennae. We present a few new strategies for
evaluating the nature of the equilibrium between this state and the S1 state to
gain insight regarding its utility as a sensitizing pigment, and we explore its
dependence on various environmental factors which the carotenoid may be
subject in the protein environment.

Primarily, this coupled, charge transfer state mechanism in fucoxanthin
solute was explored in depth in Section 2.1 where we exploited the multi-
pulse method in the pump-ICT-dump (PDP), pump-ICT-repump (PrPP)ICT,
and pump-S1-repump (PrPP)S1 regimes for solvents of varied polarity (in
methanol and isopropanol) and proticity (methanol and acetonitrile) as well
as temperature (methanol at 293 and 190 K). For each perturbation, dump
or repump, the S1 and ICT states were individually affected, the dump
permanently depopulating the ICT state, but led to recover by equilibration
with the S1 state, and repumping the ICT in methanol rending the system
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in an altered equilibration state than before, hinting at multiple fucoxanthin
species at both temperatures. For a comparative evaluation of the effect
of these various environments on equilibration dynamics, we introduced
the following manipulation of the kinetic traces to obtain the equilibrium
trace: the ratio of the S1 band to ICT band ratio under the influence of the
dump/repump to the same ratio in a typical, unperturbed dynamic– that
is (S1 : ICT)multipulse : (S1/ICT)PP. Additionally, we were able to quantify
population transfer rates among the two states using a simple, two-state
equilibrated decay model informed by global analyses of the difference
(∆APP) and double-difference (∆∆A = ∆APP − ∆APDP) data sets. These
global analyses provide the common S1/ICT decay lifetime as well as the
equilibrium lifetime by which the solvents of the target analysis of combined
∆APP / ∆APDP data sets can be checked.

Considering the S1 and ICT states to be parts of one potential energy
surface, assuming that a longer equilibration lifetime implies a greater barrier
between the S1 and ICT potential minima, we conclude that the barrier is
increased by lower environment polarity, proticity, and temperature. The
results of the target analysis imply that the forward transfer S1 → ICT is
preferred for highly polar and highly protic environments. Thus, hydrogen
bonding prolongs equilibration. If either one of the states were to donate
energy to chlorophyll (Chl) in an antenna, longer equilibration would be
preferred for more efficient energy transfer; therefore, greater polarity as well
as hydrogen bonding in the protein environment would be advantageous.

In Section 2.2 the pump-dump-probe method is utilized in a temperature-
dependent investigation of the trimeric fucoxanthin chlorophyll a protein
(FCP)* from Phaeodactylum tricornutum. This study, aimed at the individual
roles of S1 and ICT states in the protein environment, is the first ultra-
fast transient absorption study of FCP at cryogenic temperatures. Global
analysis reveals three energy transfer pathways in FCP: S2 → Chl, a slow
S1/ICT → Chl channel, and a fast S1/ICT → Chl channel. The slow channel

*The structure of FCP remains unresolved.
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appears more pronounced at room temperature; whereas, at 77 K the fast
channel dominates. The energy transfer parameters obtained are similar to
those found in studies of FCP from other species; thus, slight differences in
the protein structure are not likely to affect the energy transfer characteristics
of the antenna. Applying an three-level model (S1, ICT, Chl Qy states), with
help of a Monte-Carlo algorithm producing distribution of linear regression
fits, rendered likely rates and relative extinction coefficients of the S1 and
ICT states. The results indicate that the S1 state is the primary donor in
S1/ICT → Chl energy transfer.

In a separate study of the intrinsic nature and dependencies of the
charge transfer character of carbonyl carotenoids, presented in Section
2.3, we investigated fucoxanthin and two naturally occuring derivatives:
19-butanoyloxyfucoxanthin (bFx) and 19- hexanoyloxyfucoxanthin (hFx) in
six solvents with varying degrees of polarity and proticity. These moieties
are different, in structure, compared to fucoxanthin in that they contain
a non-conjugated acyloxy group attached to one end of the backbone. In
nature, these moeities can be found in increased concentration in their host
organism when there is stress on the system, such as overexposure to light.
Therefore, this investigation sought to determine the effect of the added
acyloxy group on the ICT state, and if it would be affected, what advantage
this effect would imply.

Of the six solvents, only the polar, protic solvents methanol, ethanol, and
ethylene glycol exhibited ICT signatures: the broad, red-shifted shoulder of
the S1/ICT → Sn/N transition and the shortened excited state absorption
lifetime. Curiously, the added acyloxy group affected the ICT signatures
by reducing them, even though the group is not a part of the conjugation.
The associated S1/ICT lifetime was also extended as if the polarity of the
environment were decreased. The results harmonize with other studies;
whereby, greater assymmetry in ketone group positioning, the stronger the
charge transfer character. This implies that the electron distribution in the
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conjugation is affected by the presence of this non-conjugated group, balanc-
ing the electron distribution in the conjugation. Beyond these intramolecular
implications, the suppression of the ICT character by the addition of these
groups would, as a result, suppress energy transfer: a unwanted process for
stressed organisms.

The relatively exotic carotenoid alloxanthin, the subject of Section 2.4, is
also found in a unique antenna system which performs some form of non-
photochemical quenching (NPQ). Whether, the twice triple-bonded alloxan-
thin performs a NPQ is yet to be determined. Nonetheless, in systems con-
taining the once triple-bonded diadinoxanthin and diatoxanthin are known
for their photoprotection role in diatoms. This investigation, however, in-
tended to explore the effect of the triple bond on the carotenoid behavior and
imply from the dynamic response, the effect on the conjugation. The coin-
cidence of the alloxanthin and zexanthin speady-state spectra, their S2 state
energies appear to be very much the same. By virtue of the association of
first excited state lifetime and conjugation length N, zeaxanthin’s conjugation
length was determined to be longer than alloxanthin even though the two
molecules have the same number of conjugated carbon-carbon multi-bonds
on their backbones. As quantum chemical calculations typically show an
equilibration of bond length in the alternating single-double carbon-carbon
bonds in the backbone for the S1 state, it was revealed that the triple bonds
shunt this congruent bond length behavior. Therefore, the S1 state energy
is higher in alloxanthin as compared to zeaxanthin and using the S2 and S1

lifetimes, its effective conjugation length was determined to be shorter than
zeaxanthin.
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