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1. Introduction



Pigments are important compounds in living organisms, providing color, which is a key
element supporting organisms in their interaction with the surrounding environment and playing a
role in their development. In addition to coloration, various pigments play essential roles in
photoprotection and light collection. These pigments are found in nearly all structures of organisms,
including leaves, fruits, seeds, vegetables, flowers, blood, skin, or eyes [1]. They are also often present
in drugs and cosmetics [1]. As chemical compounds, the key property of pigments is their ability to
absorb light in the visible region. Color arises from the properties of chromophores, where a part of
incoming energy is used to promote an electron to a higher orbital while the non-absorbed energy is
reflected back into the environment [2]. The classification of pigments can be based on their origins
and the chemical structure of the chromophore. By origin, pigments are classified as natural or
synthetic. Natural pigments are those occurring in various organisms, including plants, fungi, animals,
and microorganisms, whereas synthetic pigments are produced in laboratories [3]. According to a
chromophore-based classification, pigments can be sorted based on the type of their conjugated
systems. These include linear carotenoids, polyenes and bilins, aromatic anthocyanins or tyrosine-
based betalains, or metal-coordinated porphyrins like chlorophyll [4]. Natural pigments can further be
categorized according to their structural characteristics as tetrapyrrole derivatives (such as
chlorophylls and heme), isoprenoid derivatives (like carotenoids and iridoids), N-heterocyclic
compounds excluding tetrapyrroles (such as purines, pterins, flavins, phenazines, phenoxazines, and
betalains), benzopyrane derivatives (including anthocyanins and other flavonoid pigments), quinones

(like benzoquinone, naphthoquinone, anthraquinone), and melanins [1, 2, 5].
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Figure 1. Structure of some common carotenoids. Data obtained from [6].

Carotenoids are widespread in nature, with approximately 1000 different types identified to

date. The carotenoids are isoprenoids that contain a polyene chain with 3-15 conjugated double



bonds. This conjugated backbone defines the absorption spectrum and consequently, the color of the
carotenoid. Often, the central conjugated backbone of carotenoids is functionalised, with
characteristics such as cyclization at one or both ends being common. Formally, carotenoids are
classified into two groups: pure hydrocarbons (carotenes) and oxygenated xanthophylls. They are
synthesized in plants and microorganisms. Isopentenyl diphosphate, formed via either the
mevalonate-dependent or independent pathway, leads to the formation of phytoene through a series
of addition and condensation reactions. Phytoene is then converted to lycopene whose cyclization
forms B-carotene and subsequent synthetic pathways form xanthophylls, such as B-cryptoxanthin,
zeaxanthin, antheraxanthin, and violaxanthin or a-carotene and lutein (Figure 1) [6]. Actual synthetic
pathways beyond phytoene vary with organisms, eventually generating the large variation of

carotenoid structures [7].

Carotenoids are colored pigments, absorbing between yellow to deep red produced by all
photosynthetic bacteria, algae, higher plants, cyanobacteria, and also by non-photosynthetic bacteria,
fungi and yeasts. Furthermore, dietary carotenoids could change the colour of insects, birds, and
marine invertebrates. The carotenoids are commercial compounds used as colorants for human food
and nutritional supplements [8]. As a class of hydrocarbons, typical carotenoids consist of eight
isoprenoid units joined in a head-to-tail pattern except at the centre of a carotenoid molecule. This
structural organization makes these compounds symmetric as the two central methyl groups are in a
1,6-positional relationship while the remaining non-terminal groups are in a 1,5-positional relationship

(Figure 2) [6].

Figure 2. Structure of carotenoid lycopene. Data obtained from [6].

The backbone of the majority of carotenoids consists of a 40-carbon polyene chain (Figure 1).
This chain could be terminated by cyclic end groups and/or complemented with functional groups
containing oxygen. The structure of carotenoids determines their biological function, which is another
classification style for carotenoids (Table 1). In addition to their absorption properties, the structure
of carotenoids also gives rise to specific redox properties, forming the basis of their antioxidant
function. Various end groups affect the polarity of carotenoids, leading to altered biological function

through interaction with their protein or membrane environment [6, 9].



Table 1. Classification of the carotenoids. Data obtained from [6].

Sub-group

Characteristics

Example

Structure Carotenes Constituting carbon and a-carotene, B-carotene, -
hydrogen cryptoxanthin
Xanthophylls Constituting carbon,
hyrdrogen, and oxygen lutein,zeaxanthin,violaxanthin,
fucoxanthin
Cyclization | Acyclic End group not closed lycopene
Alicyclic
a.Monocyclic One end group open, one | y-carotene
closed
b. Bicyclic Both closed [B-carotene
Structural | Allenic Continuous double bond | neoxanthin
alteration | Acetylenic Presence of a triple bond | alloxanthin
Apocarotenoid | Less than 40 Carbon bixin, crocetin
Higher atoms rhodoxanthin
carotenoid More than 40 Carbon
atoms
Function Primary Required for pB-carotene,
photosynthetic process in | zeaxanthin,lutein,violaxanthin,
plants antheraxanthin,neoxanthin
Secondary a-
Presence not directly carotene,capsanthin,bixin,lycopene,
related to plant survival astaxanthin (carotenoids localized in
fruits and flowers)

1.1. Functions of carotenoids

Carotenoids have been proved to have significant antioxidant activity [10]. Dietary
carotenoids also display provitamin A activity, anti-cancer activity towards certain types of cancers,
and preventive activity against age-related macular degeneration [11-13]. The carotenoids have been
revealed as potent quenchers of singlet oxygen [14, 15]. They can react with radical species such as
singlet oxygen, superoxide anion, hydrogen peroxide, nitrogen oxide, and other reactive species,
primarily in various biological systems (Figure 3). Anti-oxidant activity is affected by the structure of
the carotenoids; the number of the double bonds is correlated with the anti-oxidant activity and
various substituents can affect the antioxidant activity as well. [16, 17]. In photosynthetic organisms,
carotenoids perform a variety of functions. They collect and absorb light and transfer the absorbed
energy to (bacterio)chlorophylls (BChl), scavenge singlet oxygen, quench BChl triplet state, dissipate
the excess energy under high-light conditions, and reinforce the antenna system [18]. Carotenoids can

carry out one or more of these tasks, depending on the organism.



10,* + CAR — 30, + 3CAR* (a)
3CAR* — CAR™* + heat
ROO* + CAR — ROO — CAR* (b)

ROO - CAR* + ROO— ROO — CAR-ROO

Figure 3. Reaction of carotenoid with singlet oxygen (a) and peroxy radical (b). Data obtained from [6].

The major function of carotenoids in photosynthetic organisms is to protect the
photosynthetic apparatus from excess light and to serve as light-harvesting agents. During
photosynthesis, carotenoids absorb light and transfer it to chlorophylls (Chl) via singlet-singlet
excitation energy transfer. This energy transfer typically occurs through the two lowest excited states,
denoted as S; and S (Figure 4) [19]. The efficiency of energy transfer through the S; and/or S; states

is organism-dependent [20].

R PR

—— Q
S1 (Ag)
s
One-photon Fluorescence
excitation
SO(Ag)

Figure 4. Energy transfer through carotenoids. Data obtained from [19].

Another important function of carotenoids in photosynthetic systems is photoprotection (Figure 5).
This mechanism of action of carotenoids occurs towards singlet oxygen (0,) and reactive oxygen
species (ROS). These species oxidize biomolecules, resulting in tissue damage. Singlet oxygen is

produced via energy transfer from an excited sensitizer to a ground state oxygen molecule (30;). In
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photosynthesis, the excited sensitizer is chlorophyll triplet state, and singlet oxygen is generated by a

triplet-triplet energy transfer (1):

$(B)Chl + 30, — (B)Chl + 10> (1)
3B)Chl + Car — (B)Chl +*Car 2)
Y02+ Car — 202+ 3Car (3)

Carotenoids quench the chlorophyll triplet state to prevent singlet oxygen production (2). Singlet
oxygen is also scavenged by carotenoids themselves (3) [19]. A more detailed description of specific

carotenoids studied in this thesis follows in next chapters.

quench

T T L L L L L LR N

Figure 5. Energy transfer mechanism for photoprotection by carotenoids against singlet oxygen. Data obtained
from [19].

1.2. Astaxanthin

Astaxanthin is a member of the xanthophylls family of oxygenated carotenoids. It is produced
by freshwater microalgae, and frequently found in salmonids, crustaceans or flamingo feathers,
organisms which obtain astaxanthin via diet. It is also often used as feeds for farmed fish. Astaxanthin
is critical for those organisms as it promotes pigmentation and adequate growth, as well as
reproduction. Owing to its remarkable antioxidant activity compared to other carotenoids,
astaxanthin is favorable for preventing diseases such as cardiovascular problems, cancer, and immune

6



diseases [21, 22]. Astaxanthin has been reported to be more effective than other carotenoids in terms
of neutralizing free radicals [23, 24]. Astaxanthin has the molecular formula CsHs,04 with a molar
mass of 596.84 g/mol [23, 25]. It has two terminal rings joined by a polyene chain. It consists of two
asymmetric carbons (chiral centers) located at the 3, 3’ positions of the B-ionone ring with hydroxyl
group (-OH) on either end of the molecule. Hydroxyl groups may react with fatty acids forming either
mono- di-esters. Astaxanthin exists in various stereoisomers (R/S isomers) such as (3S, 3'S), (3R, 3'R)

and (3R, 3'S). These conformers occurs also in astaxanthin isomers and esterified forms [26, 27].

Figure 6. Complexation of astaxanthin with metals. Based on [28].

Astaxanthin has two oxygen atoms on each cyclohexene rings in the form of a keto and
hydroxyl group (Figure 6). The keto- and hydroxyl groups at the terminal rings offer the possibility of
chemical/structural modification or the formation of complexes with metal ions or with organic
compounds, thereby novel types of carotenoids [28-30]. Such a tuneable modification of astaxanthin
is expected to change the photophysical properties and consequently their colour [31]. The
cyclohexene ring structure is similar to that of many hydroxyl quinones and a-hydroxy- ketones,
having high biological activity including the ability to form chelate complexes with metal ions [28].
These compounds can also play an important role in the photoprotective action of astaxanthin and
they have been shown to broaden the absorption spectra that can provide additional absorption in

the visible region [28].



1.3. Crocin

Natural carotenoids are mostly hydrophobic and their activity in biological systems is limited
because they aggregate in aqueous environments, causing noticeable changes in their absorption
spectra [32-36]. Therefore, synthesis of water-soluble carotenoids has received a lot of attention as
the aggregation may lead to loss of function [37-39]. Crocin, the digentiobiosyl ester of crocetin and
one of the few important water-soluble carbonyl carotenoids, is the main natural pigment of the
gardenia fruit and stigmas of saffron (Figure 7). Due to the water solubility, it has numerous
applications such as food coloration and antioxidation [40, 41]. Saffron, derived from the stigmas of
Crocus sativus, has been used for centuries in the prevention and treatment of various diseases.
Therapeutic activity of saffron is predominantly owing to its major bioactive derivatives including
crocin and crocetin [42]. Recent studies have shown that crocin was effective against a number of
cardiovascular and central nervous system diseases [43]. It has also been used as a spice flavor and
food additive, and contains anti-cancer, anti-inflammatory, anti-oxidant, hepatoprotective, and anti-

diabetic benefits due to its physiological activity and safety [43-47].
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N N OH
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o

HO OH
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Figure 7. Chemical structure of crocetin and crocin. Based on [41]

Similarly to other carotenoids, the conjugated system of crocin consists of 7 conjugated C=C
bonds, and it is extended to two symmetrically positioned C=0 groups (Figure 7). The bulky

gentiobiosyl groups do not contribute to conjugation, but they are responsible for water solubility of
8



crocin. Crocin has poor stability and is easily degraded under high temperature, oxidation or acidic
conditions [41, 43]. Moreover, some studies have reported that high temperature and other
environmental factors could break the glycosidic bond of crocin and hydrolyze crocin to crocetin.
Crocetin is insoluble in water but it is water-soluble in its anionic form; thus, at basic pH, the ionized
carboxyl groups significantly increase water solubility. In contrast to other carotenoids, the hydrophilic
nature of crocin allows to study effect of pH on spectroscopic properties. Crocin has a good stability
in the aqueous alkali solutions (pH>9), but acidic conditions (pH<5) lead to degradation because the

acidic environment destabilizes the conjugated system of crocin [43, 48-50].

1.4. 8’-apo-B-carotenal

The term “apocarotenoid” is frequently used in the carotenoid community to describe any
substance produced by the cleavage of carotenoids [51, 52]. Apocarotenoids and other oxidative
breakdown products of carotenoids can be produced in a variety of organisms via enzymatic or non-
enzymatic mechanisms [53, 54]. Mammals contain an enzyme that catalyzes the eccentric cleavage of
both provitamin A carotenoids (PAC) and non-PACs, resulting in both non-volatile apocarotenoids and
volatile molecules [54]. The apocarotenoids formed by the oxidative cleavage of dietary carotenoids
are gaining popularity because they may contribute to beneficial health-promoting effects through
mechanisms such as cell signalling pathway intervention [55, 56]. They are found in plants, fungi,
algae, and microorganisms, serving several functions [57, 58]. These include photosynthesis,
responses to stress, photoprotection, and signalling. In animals and humans, intact carotenoids are
thought to act as antioxidants [59]. Carotenoids are converted to apocarotenoids, such as 8-apo-B-

carotenal, via oxidative cleavage.

p-carotene

8'-apo-p-carotenal

Figure 8. Central cleavages of B-carotene to 8’-apo-B-carotenal. Data obtained from [57].

This process not only generates alternative colorants like bixin but also produces volatile compounds

like B-ionone [60]. 8’-apo-B-carotenal, a dark orange colorant, emerges from the oxidative



degradation of B-carotene, showcasing the intricate pathways through which carotenoids contribute

to the spectrum of colors and aroma compounds in nature (Figure 8) [57, 60].

B-Carotene and B-apo-8'-carotenal are typically used as colorants in processed foods,
including soft drinks, snacks, bread, cheese, margarine, and butter. B-Carotene, a dark red to
brownish-red pigment, is unstable under light and heat, but stable throughout a wide pH range and
can be used to most processed foods. 8'-apo-B-carotenal has great color intensity and can be
produced in several colors, including orange, depending on the extraction solvents utilized [60].
Furthermore, 8'-apo-B-carotenal and its analogues are commonly used as synthetic models of
carbonyl carotenoids due to their spectroscopic capabilities [61]. They were also used in a variety of
artificial systems designed for solar energy conversion [62]. The literature includes detailed studies on

the excited state dynamics [63] and electrochemical properties of 8'-apo-B-carotenal [64, 65].
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2. Photophysics of Carotenoids
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Since carotenoids have remarkable photoprotective and light-harvesting abilities, their
photophysical properties have been extensively studied in numerous theoretical and experimental
studies. The knowledge of carotenoid photophysics is still limited owing to the complicated excited-
state structure, featuring both strongly allowed transitions but also dark states to which the transition
from the ground state is forbidden. The understanding of carotenoid photophysics has been promoted
by identification of emission spectra of polyenes, which are structurally close to carotenoids. In
polyenes, the transition from ground state to the lowest excited state S; is symmetry forbidden,
because both ground (So) and S; states have the same Ag symmetry. The allowed transition with
lowest energy thus occur to the second excited state, S;, which has Bu* symmetry (Figure 9). This

general picture is valid for all carotenoids as their conjugated chain structure are similar [66].

S_(xB. %)
A nou
A = SN (xAg')
—

3A°

S, (1B,
1B,

S, (2A,)

Sp (1A,)

Figure 9. Energy level scheme of a carotenoid. Data obtained from [66].

It should be noted that the theory outlined above applies directly only to molecules with ideal
Can symmetry. However, carotenoids are never totally symmetric, as twisting and/or bending
distortions may break the symmetry, thus allowing some transitions that are formally forbidden within
the ideal Cz, symmetry [67]. For example, the S;-Sp transition in carotenoids is always slightly allowed,
enabling observation of a weak S; emission in certain carotenoids [68]. Furthermore, recent research

indicates that symmetry considerations cannot solely explain the forbiddeness of some transitions in
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carotenoids and additional mechanisms, such as multiply-excited character of certain states, must be

taken into account when explaining the excited-state properties of carotenoids [67, 69].

In 1980s, the S; lifetimes of some carotenoids have been reported in organic solvents by the
help of ultrafast time-resolved experiments yielding a value of a few picoseconds [70]. During the
same years, sophisticated calculations of excited-state structure of polyenes have been carried out
and other dark states having B, and Ay symmetry labels were found within the S,-S; gap (Figure 9)
[71]. In carotenoids with eight or fewer C=C bonds, their fluorescence bands are associated with the
S1-So transition while in longer carotenoids fluorescence is dominated by the S,-So transition. The
crossover from S; to S, fluorescence could be explained by the increase in the rates of the S;-So non-
radiative decay owing to the combination of smaller S1-So energy gaps and increased density of So-
accepting modes in longer carotenoids, leading to disappearance of the S;-So fluorescence and

allowing weaker S,-So fluorescence [72].

The energies of -1t * transitions of the conjugated m-system can be predicted by molecular
orbital theory or the free-electron model (Figure 10). The model explains that the strongly-allowed
low-energy transitions (So to S;) shifts to longer wavelengths with increase of the conjugation length.
According to the model, energies of the So-S; transitions (AE) can be approximated by equation AE= A
+ B/N, where N is the number of the conjugated bonds. Thus, experimental data suggest a limit of
~700 nm (A= 14000 cm?) for the So-S; transition in infinite polyenes and carotenoids [72]. The energies
of the So-S; transition also depend on the refractive index of the solvent; hence, a shift to lower
energies is observed in solvents with high polarizability. Moreover, time-resolved studies of long
natural carotenoids suggest the presence of additional dark states in the excited state manifold.
Longer carotenoids/polyenes exhibit shorter lifetimes and more complex relaxation pathways [66].
Thus, significant theoretical challenges persist in describing the correlated, delocalized n-electrons in

linear polyenes and carotenoids [73, 74].
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Figure 10. . The m molecular orbitals and n-1t * states in butadiene. Data taken from [72].

Understanding the properties of the excited states of the carotenoids in solution is
fundamental to decipher their function in the complex natural and artificial systems [75]. Below, some

properties of the key electronic states of the carotenoids will be summarized.

2.1. S; state

The strongly allowed So-S; transition is responsible for the strong absorption of carotenoids in
the blue-green spectral range [52]. This transition shows a characteristic three-peak structure
associated with the three lowest vibrational levels of the S, state. The resolution of vibrational peaks
in the absorption spectrum is an important measure since it determines certain properties of a
carotenoid molecule. The vibrational peaks are well resolved for linear carotenoids, while loss of
resolution is observed for carotenoids with conjugation extended to various end groups. In B-
Carotene, for example, the conjugation extends to the terminal B-ionylidene rings. Conjugated double
bonds located on the B-ionylidene ring are in the s-cis orientation, which is a more stable
configuration. Repulsion between methyl groups on the B-ionylidene ring and hydrogen atoms on the
conjugated backbone forces the B-ionylidene ring out of plane, resulting in the observed loss of
vibrational resolution of the Se-S; transition due to larger conformational disorder of the terminal rings

[75].

The resolution of vibrational bands in non-carbonyl carotenoids is affected by carotenoid

structure rather than solvent polarity. For non-carbonyl carotenoids with extended conjugation to
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various end groups, similar to B-Carotene, a broader distribution of conformers typically leads to less
resolved vibrational bands [76]. In contrast to non-carbonyl carotenoids, the vibrational bands of the
So-S; transition of the carbonyl carotenoids, which have their conjugated system extended to a C=0
group, are highly affected by solvent polarity [75, 77]. In non-polar solvents, good resolution of
vibrational bands of the So-S; transition is preserved, whereas switching to a polar solvent results in
significant loss of vibrational band resolution due to increased conformational disorder, so keto-
carotenoids typically do not exhibit sharp vibrational bands in polar solvents [75, 78]. Furthermore, an
asymmetric broadening of the So-S; transition toward lower energies is frequently observed in the

absorption spectra of carbonyl carotenoids in polar solvents [20, 75].

2.2. S; state

When carotenoids are excited into the S; state, they relax to the S; state in a few hundred
femtoseconds. The dynamics of this relaxation is viewed as S,-S; internal conversion reaching the S;
potential surface far from the S; energy minimum, forming a vibrationally hot S; state. Vibrational
relaxation in the S; state occurs on the sub-picosecond time scale. Thus, in a pump-probe
spectroscopy, upon application of the probe pulse some photons with specific energies may be
absorbed from the relaxed S; state. This phenomenon, known as excited-state absorption (ESA)
(Figure 9), results in a specific transient absorption band denoted as the S;-Sy band whose decay
provides insights into S; state relaxation dynamics, commonly used to measure S; lifetimes.
Additionally, the bandwidth and position of the S;-Syband offer valuable information about properties
of the conjugated chain. Vibrational relaxation in the S; state causes time-dependent spectral changes
and its dependence on conjugation length remains unclear [79, 80]. Since the excited carotenoid

rapidly relaxes to the S; state, the S; state is fundamental to understand the relaxation pathways.

The S; energy was unknown until new techniques and methodologies based on detection of
extremely weak fluorescence [81], measurement of resonance Raman profiles [82] or measurement
of the spectral profile of the S;:-S; transition by ultrafast spectroscopy were developed [83]. All
methods targeting the S; energy provided experimental evidence for the dependence predicted by
the theory [84]: the S: energy decreases with increase of the conjugation length. This has also
implications for S; lifetimes which, via the energy gap law [85], decrease with increasing conjugation
as well [75]. Thisrelation is shown in Table 2 for some selected carotenoids. Longer conjugation length
implies shorter S; lifetime. This relation is essentially valid only for non-carbonyl carotenoids for which
the S; lifetimes are independent of solvent polarity. For carbonyl carotenoids, however, solvent
polarity affects the S, lifetime due to a coupling to an intramolecular charge transfer (ICT) state (see
next chapter), thus carbonyl carotenoids have shorter S; lifetime in polar solvents than in non-polar

solvents [70, 75, 77, 79, 86-93].
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Table 2. S; State Lifetimes (ps) of some carotenoids.

Carotenoids N? Ts1® References
Lycopene 11C=C 4-4.7¢ [79, 86, 87]
Violaxanthin 9C=C 26°¢ [88]
B-carotene 11C=C 9-11 [79, 89, 90]
Fucoxanthin 7C=C+C=0 63 (n-hexane) [77,91, 92]
21 (methanol)

Canthaxanthin  9C=C + 2C=0 5.2 (toluene) [70, 75]
Astaxanthin 9C=C + 2C=0 ~ 5¢ [93]

conjugation length. Ppicosecond (ps). ¢in polar and nonpolar solvents.

Detection of extremely weak S; fluorescence was the first method used to determine the S;
energy. Several modifications on the standard fluorescence spectroscopy were required to obtain the
fluorescence signal as the S; emissions of carotenoids with N>9 were very weak yielding quantum yield
below the 10°%. Further studies showed that the S; energy was less sensitive to the solvent
polarizability compared to the S; state [94]. Another method to determine the S; state energy is based
on resonance Raman spectroscopy. This method is based on tuning the Raman excitation over a broad
spectral range. The Raman intensities of C=C stretching modes are enhanced when the electronic
transition is in resonance with an electronic transition [95]. Due to extreme sensitivity of resonance
Raman signal, even nearly forbidden transitions, such as the Sq-S; transition, could be identified. Thus,
this method was used to detect not only the S; state but also energies of other dark states [82, 86, 96,
97]. The resonance Raman data resembles the results obtained by fluorescence, although energies
obtained by fluorescence were slightly higher for longer carotenoids. Both these methods suffer from
strong intensities of the allowed S¢-S, transition whose red edge overlaps with of the signals

originating from the So-S: transition [66].

All these methods have their advantages and disadvantages in terms of both S; state energy
and lifetime determination. However, femtosecond time-resolved spectroscopy has been widely
utilized to gain information about properties of the S; state. A method based on measurements of the
S:-S; transition was developed in 1999. Since the capability of tuning the femtosecond pulses in the
1-2 um spectral range, where the allowed S;-S; transition is expected, it was possible to obtain the S;
energies of carotenoids. This was achieved by measurements of the spectral profile of the S;-S;
transition. If the energies of the Si-S; and S¢-S; transitions are known, the energy of the S; state can
be obtained by subtracting these two values [83]. Another ultrafast time-resolved method is based on
two-photon excitation (2PE) spectroscopy. A significant advantage of this method is the reduction of
unwanted signals because there is no relaxation from other excited states as 2PE can directly excite

the S; state. Quantum physics dictates that if a transition in a molecule with C2,symmetry is forbidden
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for a one-photon process, then this transition should be allowed for two-photon processes. This
principle is harnessed by 2PE spectroscopy, which is also employed to investigate the excited states

of carotenoids [68, 98, 99].

2.3. Intramolecular charge transfer (ICT) state.

In addition to the well-known S; and S, states, there are at least two other singlet states of
interest. These states, namely Intramolecular Charge Transfer (ICT) and S* (as described in the
following section), are usually observed under specific conditions. Despite ongoing discussions, the
precise origins of these states remain unclear, inspiring considerable scientific examination [29, 100,

101].

The ICT state causes polarity-dependent behaviour in carbonyl carotenoids which have an
asymmetrically positioned C=0 group in conjugation. The presence of the ICT state is indicated by a
new spectral band in the transient absorption spectra, which is red shifted from the S;-Sy transition
band of carotenoids [102]. The polarity-dependent lifetime of the lowest excited state is another
specific indication of ICT state of carotenoids [92, 102]. Despite extensive experimental and
computational efforts, exact relation between the S; and ICT states remains unclear. The precise
molecular nature of the ICT state as well as its role in controlling the spectral and dynamic properties
of polyenes and carotenoids are still mysterious. However, the literature reports emphasized that, in
the presence of ICT, different models exist to explain the relationship between the S; and ICT states.

These models are:

1) The ICT state is a separate electronic state distinct from the S; state (S; + ICT) [102-104].

2) The ICT state is strongly coupled to the S; state (S:/ICT) [105-108].

3) The ICT state is indeed the S; state with a significant charge-transfer character (S, = ICT) [109, 110].
4) The ICT state is formed via the mixing of S; and S, states ((S: + S;)/ICT) [100].

Recent results on 8'-apo-B-carotenal suggested that S;-S3 transition becomes allowed in the
polar solvent, which is not allowed according to C,, symmetry group of polyene chain. This would
mean the S; state itself yields some ICT character, and the S;-Ss transition is then considered as the
ICT-Sn transition. While these results would favor the third model [110], recent experiments on
fucoxanthin using pump-dump-probe spectroscopy methods clearly demonstarted that the S; and ICT
states exists as two separate, yet strongly coupled states that could be individually affected by the

dump pulse [111, 112] pointing to the model 2 of the S;-ICT relationship.
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2.4, S* state.

Another type of dark intermediate excited state, called $*, was found for carotenoids both
free in solution and bound to light-harvesting complexes [20, 75, 113-115]. A new transient absorption
band was detected at the higher-energy side of the S;:-S, transition by ultrafast transient absorption
spectroscopy and subsequent global fitting [95]. This newly identified absorption band has been
denoted as the S* state. The lifetime of this particular state was reported to be between 5 and 12 ps,
depending on both the species of carotenoid and whether it was present in the light-harvesting
complex or in organic solvent. When the carotenoid was bound to the LH1 or LH2 complex, the S*
state decayed into triplet state. On the other hand, when the carotenoid was free in organic solvent,

the S* state decayed to the ground state without generating a triplet state [95].

The S* state was initially defined in spirilloxanthin. According to Gradinaru et al., the S;-S,
band of spirilloxanthin exhibits a distinct shoulder at 540 nm, and its lifetime is significantly longer
than the S; state [20]. Initial studies suggested that S; and S* are two separate excited states which
decay independently to the ground state, with no observed S;—S* relaxation [75], although this
concept was challenged by Berera et al. who hypothesized that a fraction of the S* population could
decay to the S; state [116]. This S*—S; relaxation was also observed in non-carbonyl carotenoids at low
temperatures [117] contrary to the earlier hypothesis by Wohlleben et al., whom assigned the S* state
to a hot ground state populated by impulsive Raman scattering based on pump—dump—probe
experiments [118, 119]. Additionally, studies by Frank et al. suggested a connection between the S*
state and a twisted molecular conformation of a carotenoid molecule in the S; state [78, 117, 120,

121].

The origin of the S* signal remains a topic of debate. Initially, it was detected and assigned to
a hot ground state [122], but this assignment was later challenged and the S* signal was instead
attributed to a separate excited state [20]. Since then, multiple studies have been published
supporting either the ground state[115, 123] or excited state [120, 124] hypotheses. Yet, it seems that
both hot ground state and excited state contribute to the S* signal, with particular contribution
depending on conjugation length: for short carotenoids (N<11), the excited state contribution

dominates while a hot ground state is the key source of the S* signal for long carotenoids [125].

2.5. Carotenoid radicals

Carotenoid radicals can be generated chemically through reactions with electron
acceptors, such as quinones [126] or metal ions [127-132], photochemically via photoreactions with
electron acceptors [131-133] or even with solvents [134], as well as electrochemically [135-137].
Optical absorption techniques [127, 128, 130] and the electron paramagnetic resonance spectroscopy

(EPR) [131, 133, 134, 138] can detect radical ions and neutral carotenoid radicals.
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Firstly, due to their low oxidation potential, carotenoids serve as effective electron donors.
Simultaneous electrochemical and EPR studies (SEEPR) of a series of carotenoids have shown that
carotenoid radical cations are formed during the first oxidation step (Eq 1) followed by the formation
of diamagnetic dications upon transfer of the second electron (Eq 2) [135]. A very essential aspect of
the carotenoid radical cations is the presence of an equilibrium between the radical cation, dication
and the original carotenoid in solution as given by Eq 3. The SEEPR measurements of carotenoid

oxidation indicate that the following processes take place in a dichloromethane solution:
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Where Car is the neutral carotenoid species, Car®* is the radical cation, and Car*? is the dication. The
equilibrium constant depends on the carotenoid's electron donor (cyclohexane ring or methyl end

groups) or acceptor substituents (F-substituted phenyl, keto, or dicyano).

Another important feature of the carotenoid radicals is the tendency to lose a proton, H*, to

form a neutral carotenoid radical according to the following reactions:

de
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Here #Car* is a deprotonated cation and #Car® is a deprotonated neutral carotenoid radical
[137]. The position of proton loss depends on carotenoid’s terminal substituents. For B-carotene
(Figure 1) radical cation, the deprotonation of 5-CH; or 4-CH; groups at the terminal double bond of
the cyclohexene ring produces the most stable neutral radical, because of the extent of the n-
conjugated system. On the other hand, deprotonation at the 9-CH; and 13-CH; methyl groups causes

significant reduction of the conjugation length [139, 140].
19



Carotenoid radical cations are quite stable even at room temperature in anhydrous solvents
at low concentrations (less than 10> M), allowing measurements of their absorption spectra. For
example, the optical spectra of the radical cations of B-carotene and canthaxanthin (Figure 1) consist
of a Do-D; transition at 1425 and 1310 nm, respectively, and a Do-D; transition at 990 and 885 nm,
respectively. The doublet state (D) contains one unpaired electron and shows splitting of the spectral
lines into a doublet. Therefore, radicals are described by D transitions in spectroscopy. The optical
absorption spectra of carotenoid dications have also been reported (Figure 11). The molar extinction
coefficients of radical cations and dications can also be determined, because they do not degrade

significantly during the measurement of standard absorption spectra (<1min) [65, 141].
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Figure 11. Absorption spectra of neutral canthaxanthin, radical cation and dication detected in dichloromethane
in the presence of different concentrations of ferric chloride. Data taken from [65].

In 1984, Burton and Ingold suggested that B-carotene scavenges peroxyl radicals by addition
to the conjugated system of double bonds, producing a resonance-stabilized carbon-centered radical
(ROOCar®), which is a non-reactive radical [142]. This feature of carotenoid radicals is of critical
importance for their application in medicine as free radicals are suggested to be an important factor
contributing to the development of various diseases [143]. Another result of these experiments was
the reversibility of oxygen addition to carbon-centered radicals. The following scheme for the

reactions of carotenoid radicals has been proposed:
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Here, Car® is a carbon-centered, resonant-stabilized radical. The major decay mechanism of
carotenoid radicals in the absence of oxygen is the formation of neutral radical (#Car®) dimers [127].
On the other hand, the development of Car-OO* radicals has been thought to be a source of the pro-
oxidant activity of some carotenoids [65, 144]. The role of carotenoid radicals in the antioxidant and
pro-oxidant activity of carotenoids is the subject of a number of reviews and research articles in the

literature [126, 138, 145-148].

2.6. Triplet state and Isomerization

Furthermore, the photophysics of carotenoids involves two additional significant processes:
triplet state formation and isomerization. Though essential, these aspects are not the primary focus

of this thesis. Consequently, they will be briefly summarized in this chapter.

Carotenoids are fundamental for photosynthetic organisms. In the reaction center of the
photosynthesis, the carotenoids quench chlorophyll triplet states by triplet—triplet energy transfer,
hence blocking the formation of toxic singlet oxygen. Moreover, even though triplet chlorophyll or
singlet oxygen are formed, the carotenoids are able to quench both, resulting in dissipation of excess
energy to the ground state by intersystem crossing (See figure 5) [149]. The lowest triplet state of the
carotenoids with nine or more double bonds, which typically occur in photosynthetic organisms, is
always lower in energy than singlet oxygen. Thus, the carotenoid triplet state cannot react with oxygen
and generate singlet oxygen [150].Numerous reports have provided information about properties of
triplet states of many Cso carotenoids. In these studies, triplet quantum yields, lifetimes, and molar
absorption coefficients have been clarified. Determination of the concentration, formation rate, and
deactivation rate of the carotenoid triplet states are crucial for determining the efficiency of
carotenoids towards photosensitized oxidation [151]. Moreover, many biological and functional

properties of carotenoids are associated with their triplet-excited states [152].

Since carotenoids contain multiple conjugated double bonds, numerous geometrical isomers

are in principle possible. However, in nature, carotenoids accumulate mainly in the all-trans-

21



configuration [153, 154]. On the other hand, in several carotenoids, cis-isomers exist in considerable
guantity in the human body [26, 155-157]. For example, more than 60% of total lycopene and 30% of
astaxanthin are present as cis-isomers in plasma and some tissues [26, 155, 156, 158]. The
isomerization is well-known chemical process of carotenoids. Some cis forms can occur naturally, as
it is for the primary carotenoid precursors, phytoene and phytofluene, which occur predominantly in
the cis configuration. There were a few types of cis carotenoids identified naturally, since the presence
of cis double bond causes steric hindrance between neighboring groups, making it less stable. Thus,
in nature, most carotenoids exist in the trans configuration, which is more stable [159]. The
designations cis and trans are determined by the arrangement of the C = C double bond substituents.
Thus, if the substituents are on the same side of the axis, C=C double bond is denoted as cis, while if

the substituents are on opposite sides of the axis, C=C double bond is denoted as trans [159, 160].

Previous studies have shown that presence of cis-isomers can be identified based on the
absorption spectrum of carotenoid, which, if a cis-isomer is present, contains characteristic spectral
feature denoted as cis peak, whose relative intensity can even help to identify the cis-isomer [161,
162]. Absorption spectrum of cis carotenoids is characterized by the cis-peak absorbing between 330-
350 nm. This band has the highest intensity when the double bond is located near or at the center of
the chromophore [153, 163]. Furhter, cis-catrotenoids exhibit a slight hypsochromic shift and smaller
extinction coefficient of the main S¢-S; absorption band. Thus, the cis-trans isomerization of

carotenoids leads to a slight decrease of color intensity [153, 164, 165].

2.7. Photophysical properties of astaxanthin, crocin, and 8’-apo-B-carotenal

The photophysical properties of carotenoids have been extensively studied both theoretically
and experimentally due to due to their photoprotective and light-harvesting abilities in biological
systems. However, due to their complex excited-state structure, our understanding of carotenoid
photophysics remains limited, as we explained in previous sections. In the context of this thesis,
photophysical properties of three carbonyl carotenoids astaxanthin, crocin, and 8'-apo-B-carotenal,
are of particular interest. Figure 12 shows the steady-state absorption and transient absorption
spectra of astaxanthin, along with a general scheme of the energy levels involved in key transitions.
Some transitions, such as those involving the 1B, and 3A, states shown in Figure 9, are not shown in
this scheme, because these transitions have never been reliably observed in an experiment. This
visualization aids in understanding the photophysical properties of these three pigments while

explaining their properties.
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Figure 12. Normalized steady-state absorption (a) and transient absorption (b) spectra of astaxanthin. The signal
from transient absorption spectroscopy experiments is typical for carotenoids, showing ground state bleaching
(GSB) and excited state absorption (ESA), which consists of the Si-Sntransition at around 600 nm, ICT state as a
red shoulder of the S1-Sn transition, S* state as a blue shoulder of the Si-Sntransition, and the S-S transition in
the NIR region. An energy level scheme of the carotenoid (right) with the typical transitions, together with
relaxation pathways following photoexcitation to the S: state, is illustrated. Green arrows indicate excitation,

red arrows represent ESA, and dashed arrows depict internal conversion.

The photophysical properties of astaxanthin has been a subject of numerous studies, as this
carotenoid is readily available and is considered as a model carotenoid. The conjugated system of
astaxanthin consist of 9 C=C bonds, and it is extended to two symmetrically positioned terminal
cyclohexene rings featuring a conjugated C=0 group and non-conjugated OH group (Figure 6).
Absorption spectra of astaxanthin display a single broad peak, reflecting the Sq-S; transition, with a
maximum at around 476 nm in polar solvents methanol and acetonitrile [93]. The absorption spectra
of astaxanthin show a red shift in highly polarizable solvents, such as in CS;, where the maximum
occurs at 506 nm. This shift is due to a dispersion interaction between astaxanthin and solvent
molecules [93, 166]. A similar red shift was observed for astaxanthin when forming metal complexes
with metal ions interacting with keto and hydroxyl groups at the terminal rings of astaxanthin. (See

research section, Paper I).

Astaxanthin belongs to the family of keto-carotenoids. These carotenoids exhibit even more
complex excited-state dynamics due to the presence of the conjugated keto group, which introduces
an intramolecular charge transfer (ICT) state into their excited state manifold. A number of
experiments have shown that the charge transfer character increases with increasing solvent polarity.
However, another important parameter is the position of the conjugated keto group. For asymmetric
position of a single keto-group the ICT signal increases, but two symmetrically positioned keto groups
minimize the charge transfer character of the S:/ICT state [29]. This is precisely the case of astaxanthin,
which possesses two symmetrically positioned conjugated keto groups at the terminal rings (Figure
6), resulting in a weak ICT signal detected across a broad range of solvents [93, 167]. Astaxanthin gives
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characteristic transient absorption spectra consisting of ground state bleaching and excited state
absorption (ESA) due to the S;-S, transition [166]. The ESA signal at early times after excitation also
includes a NIR band at around 1000 nm, associated with ESA of the S, state. The S;-S, band, peaking
at around 600-650 nm, fully develops within the first picosecond [29]. The weak shoulder in the 700-
800 nm spectral region signals the presence of an ICT state. The ICT signal is weak because astaxanthin
is a carotenoid with long conjugation and two symmetrically positioned keto groups [29]. The
magnitude of the ICT signal band of astaxanthin may increase under specific circumstances, such as
for example upon formation of metal complexes (See research section, Paper I). The excited state
dynamics of astaxanthin requires at least three decay components decsribing lifetimes of excited
states. The first component, whose lifetime is less than 100 fs [166], is associated with the lifetime of
astaxanthin S, state. S, relaxation produces a hot S;/ICT state that decays within a few hundred fs to

the relaxed S; state, which has a lifetime of at around 4-5 ps [93, 167].

Crocin, the digentiobiosyl ester of crocetin and one of the few water-soluble carotenoids,
features a conjugation system consisting of 7 conjugated C=C bonds extended to two symmetrically
positioned C=0 groups (Figure 7). The bulky digentiobiosyl groups do not contribute to conjugation;
nevertheless, they are essential for the water solubility of crocin. The absorption spectra of crocin
occur at around 450 nm in water. The vibrational bands of the So-S, transition of crocin are well
resolved, with the absorption maximum assigned to the 0-1 vibrational band, while the 0-0 and 0-2
bands are located at around 460 and 415 nm, respectively [37]. The absorption maxima and resolution
of vibrational bands of crocin could be influenced by factors such as solvent polarity and pH (See

research section, Paper lIll).

Crocin provide characteristic carotenoid transient absorption spectra in water. Beside ground
state bleaching and ESA due to the S;-S, transition, at early delay there is an extra ESA band in the
800-900 nm spectral region which is associated with ESA from the initially excited S, state [166]. A
weak band in the spectral region of 600-650 nm indicates the presence of ICT state which is again
weak due to the two symmetrically positioned conjugated C=0 groups as in astaxanthin [29, 77]. The
S, state decays in less than 120 fs, forming a hot S1/ICT having a 600 fs lifetime. The relaxed S;/ICT
state of crocin decays with a time constant of 58 ps in water, but becomes significantly longer (~140
ps) in methanol or 2-propanol, underscoring the polarity effect on the S:/ICT state [37]. This
characteristic pattern of crocin is significantly impacted by changes in pH (See research section, Paper

).

8'-apo-B-carotenal serves as a synthetic model for carbonyl carotenoids. It has eight
conjugated C=C bonds, with an asymmetrically attached C=0 group directly linked to the linear
conjugated backbone (Figure 8) [110, 168]. It is often utilized in solar energy conversion systems [62]
and extensively studied for its rich excited state dynamics [63] and electrochemical properties [64,

65]. The polarity-dependent behavior of 8'-apo-B-carotenal is a well-known phenomenon: transient
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absorption measurements revealed that the S1/ICT state of 8'-apo-B-carotenal has a lifetime of 25 ps
in nonpolar solvent n-hexane, but it shortens to 8 ps in polar solvents like methanol or acetonitrile
[38, 110]. This shortening is associated with increased amplitude of the ICT band in polar
environments. The absorption spectra of 8'-apo-B-carotenal exhibit changes reflecting the typical
effects induced by variations in solvent polarity observed in carotenoids with asymmetrically
positioned conjugated carbonyl group. The characteristic vibrational structure of the So-S; transition
of 8’-apo-B-carotenal, displaying well-resolved peaks at around 482, 455, and 432 nm in n-hexane,
disappears in methanol. Instead, a broad S¢-S; transition lacking any hints of vibrational bands is
observed. This effect is triggered by the interaction of the conjugated carbonyl group with a polar
solvent, which results in an increase of conformational disorder, leading to the observed loss of
vibrational structure. Additionally, the interaction involving the conjugated carbonyl group leads to an
increase in absorption in the red part of the absorption spectrum, likely due to hydrogen bonding with

the carbonyl oxygen [43].

Transient absorption spectra of 8'-apo-B-carotenal in the nonpolar n-hexane exhibit a narrow
ESA band at 550 nm, attributable to the S1-S, transition. On the high-energy side of the S;-S, band,
there is a distinct peak at 520 nm, commonly observed in many other carotenoids and typically
denoted as the S* signal [48]. Additionally, weak peaks at around 650 nm, which are associated with
the ICT state in asymmetrically carbonyl carotenoids are visible even in the nonpolar n-hexane. These
transitions, typically forbidden in almost ideally symmetric linear carotenoids without carbonyl
groups, become allowed due to the introduction of asymmetry by the conjugated carbonyl group into
the system [110]. When the solvent is changed from n-hexane to methanol: relative intensity of the
S1-Sn band and S* signal decrease, while the magnitude of the ICT band increases with solvent polarity.
[75, 169]. Besides influencing the transient absorption spectra of 8'-apo-B-carotenal, polarity also
impacts the lifetime of the S;/ICT state. The polarity-induced change in Si/ICT lifetime is obvious as it
exhibits a lifetime of 26 ps in n-hexane and 8 ps in methanol [110]. The relation between S; and ICT in
8'-apo-B-carotenal has been extensively studied. Among these studies, a novel approach involving
ultrafast transient absorption spectroscopy measurements under external voltage has vyielded

interesting results (See research section, Paper Il).
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3. Experimental Methods and Data Analysis
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Various spectroscopic methods are frequently employed to identify and determine molecular
structures, as well as to investigate dynamics and energies of molecular systems. Various
spectroscopic techniques are also employed to investigate pigment properties, with the aim of
providing insights into the excited-state properties of individual pigments (including energies,
lifetimes, and transition probabilities), as well as understanding pigment interactions in pigment-
protein complexes. Each spectroscopic method is based on the interaction of radiation with matter,
although the spectral range varies for different methods. The experiments reported in this thesis
predominantly employ absorption and partially emission spectroscopy techniques in the VIS-NIR
spectral region.This section briefly introduces the steady-state and transient absorption
spectroscopies used in experiments described in this thesis. The first method, steady-state
spectroscopy, provides direct information about the energy of the absorbing states, as well as steady-
state molecular features such as conformation, aggregation, and more. The second method, transient
absorption spectroscopy, is used to provide information about excited-state dynamics. Additionally,
High-Performance Liquid Chromatography (HPLC) is utilized for further characterization and
separation of pigments. Known for its high separation performance and straightforward sample
handling, HPLC is recognized as an excellent method for pigment investigation. In the thesis, we have
also employed spectroelectrochemistry (SEC), an experimental technique that combines
electrochemistry and spectroscopy (both steady-state and time-resolved absorption), using a
potentiostat and spectrometer. While electrochemical experiments provide information about redox
properties of pigments, combining them with spectroscopic techniques yields insights about how the

excited-state dynamics of pigments are affected under the influence of voltage.

3.1. High-Performance Liquid Chromatography

High-Performance Liquid Chromatography (HPLC), developed in the late 1960s, is now
extensively used for separations and purifications of various molecules in various sectors, including
pharmaceuticals, biotechnology, biochemistry, environmental science, polymers, and the food
industry. HPLC enables the identification, quantification, and purification of individual components
within a mixture on the basis of their molecular structure. The main components of an HPLC system
include solvent reservoirs, a high-pressure pump, an injector system, a column, and a detector (Figure

13) [170].
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Figure 13. High-Performance Liquid Chromatography system.

The reservoirs contain mobile phase solvents, which transport the sample through the HPLC
system. A mobile phase solvent is pumped through the sample injection loop, where the sample is
injected into the phase stream that carries it into the high-pressure column. The reverse-phase column
holds a nonpolar stationary phase, whereas the mobile-phase solvent, like mixtures of water and
methanol or acetonitrile, is more polar. The reverse-phase column matrices can be functionalized with
aliphatic chains such as C8, C18, or with aromatics [171]. Sample retention time varies depending on
the interaction among the stationary phase, the molecules being analyzed, and the mobile phase. The
more nonpolar a compound is, the longer it will be retained; hence, the elution order of the
components follows a decreasing order of polarity. The detector is positioned at the outlet of the
column, and its signal is transmitted to a computer, which generates the chromatogram. Various
detection methods such as UV/VIS absorbance, fluorescence, or mass spectroscopy, are used in HPLC.
Once the mobile phase exits the detector, the purified compound can be collected for further study
[170]. Due to HPLC's high separation performance and straightforward sample handling, it serves as
an excellent method for investigating pigments [172]. Consequently, this method is utilized for further

sample characterization in the research sections of Paper lll and IV.

3.2. Steady State Absorption Spectroscopy

Absorption spectroscopy is a spectroscopic method that characterizes how much light a
sample absorbs as a function of wavelength. The intensity of light transmitted through the sample at
a specific wavelength ((1)) and the intensity of the incident light (Io(4)) are measured. Transmittance

(T) is then defined as the ratio of these two intensities:
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The absorbance of a homogeneous sample is then calculated using Equation 1, which is defined by
the Beer-Lambert law [173]:

(1)

Iy (A)
TeS)

A = —logT = log = ce(A)d (2)

It is determined by the optical path of the cuvette containing the sample (d) and molar concentration
(c) of the absorbing species. The extinction coefficient or molar absorptivity € (A) is a measure of the
probability of absorption of photon at wavelength A. The absorbance is plotted versus wavelength,
and the resulting absorption spectrum provides direct information about energy of the absorbing
state. A presence of isomerization, aggregation, or photo damage can also be determined by the shape
of the absorption spectra. Steady-state absorption spectra are typically acquired in two variants. The
first, known as a single-beam measurement, involves measuring Io(4) and I{(A) using the same beam.
Two separate measurements, with and without the sample, are necessary. The second technique

involves simultaneously measuring I (A) and (A) using separate paths for the sample and reference

beam.
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Figure 14. UV-VIS spectrophotometer.

The schematic representation of the UV-VIS spectrophotometer, utilized in our laboratory, is
depicted in Figure 14. It comprises three main components: the light source, sample compartment,
and spectrograph. The tungsten lamp emits visible and near-infrared light, while the deuterium lamp
provides ultraviolet light. These two sources are optically combined to emit light in the wavelength
range from 190 to 1100 nm. The collimated beam passes through the sample after being directed by
lens L1. Subsequently, the lens L2 of the spectrograph focuses the beam onto the slit plane, followed
by passage through the slit aperture. The holographic grating disperses the light onto a photodiode

array consisting of 1024 individual photodiodes.
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3.3. Femtosecond Transient Absorption Spectroscopy

A large number of biological and chemical processes occur on time scales extending up to
seconds or even longer but the most fundamental photophysical processes, such as excited-state
relaxation, energy and electron transfer, or isomerization typically occur on a sub-nanosecond time
scales. This ultrafast timescale (femtoseconds to nanoseconds) is the time regime that is examined in
experiments reported in this thesis. Thus, a spectroscopic technique with sufficient temporal
resolution to follow ultrafast processes is required. Femtosecond transient absorption (pump-probe)

spectroscopy has become a widely-used and useful technique to achieve this task.

The basic transient absorption spectroscopy setup in our laboratory is depicted in Figure 15.
At first, a regenerative amplifier system (Spectra Physics) provides the primary ultrashort pulse. It
generates 4.2 mJ pulses at 800 nm with a repetition rate of 1 kHz using a mode-locked Ti:Sapphire
laser (MaiTai, Spectra Physics) amplified through chirped pulse amplification (Spitfire Ace, Spectra
Physics), which is pumped by an Nd:YLF pump laser (Empower, Spectra Physics). The crucial step of
the method involves splitting the primary pulse into two pulses, known as the pump and probe, which

also gives the method its name.
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Figure 15. A simplified scheme of the pump-probe experiment in our laboratory.

The pump pulse, which serves to excite the sample and ensure that excitation occurs only in
the spectral region of interest, has to be spectrally narrow. To achieve this, we utilize the optical
parametric amplifier (OPA) (Topas, Light Conversion), which allows us to adjust the wavelength within
the range of 240 to 2500 nm as desired. Before hitting the sample, the polarization of the pump beam
is set by using a variable wave plate. In all experiments presented in the thesis a 54.7° angle between
the polarization of the pump and probe pulses is used to prevent polarization effects in the sample
[173]. Then the pump pulse is focused to the sample and after it excites the sample, it is eventually

blocked.
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The probe beam wavelength of 800 nm can either be used directly, or used to generate another
wavelength in a home-built OPA, which is in our case designed to generate pulses centered at 1300
nm according to experiment details. The probe beam, either at 800 or 1300 nm is first directed to a
retroreflective mirror on a translation stage (delay line), enabling us to set the required delay between
pump and probe pulses, and then focused to a sapphire or calcium fluoride plate, where a white light
continuum (WLC) is generated. Using 1300 nm to generate WLC allows us to measure a broader
spectral region, typically extending from 400 to 1100 nm, and this configuration is also utilized in all
experiments described in this thesis. The WLC is then divided into two beams, known as probe and
reference beams. The probe beam is focused onto the sample using a spherical mirror, in a way that
the spot size of the probe beam on the sample is smaller than that of the pump beam, ensuring
probing of all excited molecules. Both probe and reference beams are detected using a double CCD
detection system (Pascher Instruments) employing either a grating or prism spectrometer. The grating
spectrometer covers narrowedr spectral region (about 250 nm in our case) with constant spectral
resolution, while the prism spectrometer, which is mostly used in experiments described here, covers
a broader spectral region (400-1200 nm). However, the drawback of the prism spectrometer is worse
spectral resolution which varies over the detected spectral range. The absorption change (AA) for a
particular delay between pump and probe (At) is then the difference of the ratios of the reference and
probe signals at a given wavelength, measured for the excited fraction of the sample (with pump) and
the non-excited fraction of the sample (without pump). A chopper in the pump beam is employed to
block every second pulse, enabling alternate measurements with and without the pump pulse (Eq. 3).
This approach reduces background effects and enhances the signal-to-noise ratio by compensating for

laser power fluctuations.Then, the final AA spectrum is calculated according to Equation 3.

AA(AL, D) = logTe — 1oget (3)

Ipp Inp

where Iy is the intensity of the reference beam, I, the intensity of the probe when the excitation
beam is present, and I, the intensity of the probe with no excitation. The AA spectrum is denoted as
transient absorption spectrum and contains three basic signal types: ground-state bleaching,

stimulated emission and excited-state absorption (Figure 12 section 2.7.)

Ground-state bleaching: The probability of the absorption process depends on the number of
molecules in the ground state. When the sample is excited with a pump pulse, some molecules are
promoted to an excited state, reducing the number of molecules in the ground state compared to a
non-excited sample. Consequently, ground-state absorption detected by the probe pulse in the
excited sample is less than in the non-excited sample (Awithpump < Awithoutpump), resulting in a

negative signal in AA spectra in the spectral region of ground-state absorption of the sample.
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Stimulated emission: When a probe photon with appropriate energy triggers molecules in the excited
state, it can induce the return of the molecule to the ground state by emitting a photon. This process
is known as stimulated emission and occurs only for allowed transitions. Since the induced photon is
emitted in the same direction as the probe photon, the light intensity at the detector increases due to
the stimulated emission process, again leading to a negative signal in the transient absorption
spectrum. The stimulated emission signal is typically red-shifted relative to the ground state bleaching
observed in AA spectra.
Excited-state absorption: An excited sample can absorb photons with different energies than those
absorbed when the sample is in the ground state. These additional absorbed photons, compared to
the non-excited sample, cause a positive signal in the AA spectra (Awithpump > Awithoutpump).
There are other additional possible processes can affect the final AA spectrum. One of them
is for example a product absorption. After a molecule is excited, photophysical or photochemical
processes may lead to formation of new transient species, such as isomers or radicals, which will have
absorption spectrum different from that of the parent molecule. The absorption of these products will

appear as a positive signal in the AA spectrum

3.4. Global and Target Analysis of the Time-Resolved Data

After collecting data in a pump-probe experiment, an essential step is to analyze the data to
extract dynamics of processes occurring in the studied system. The time-resolved transient absorption
experiment provides a two-dimensional dataset with two axes: delay time (t) and probe wavelength
(A). A typical dataset is represented by a matrix, with the first row and column representing the
measured wavelengths (1) and times (t), respectively. The rest of the matrix contains information
regarding differential absorbance at particular delay time and wavelength, AA(t,A). Besides the
information linked directly to the time evolution of the system after excitation, it often contains also
undesired signals associated with the experiment, such as noise, chirp, or scattering that must be
minimized/eliminated from the data before the fitting procedure. First, one has to subtract the
background, which is accomplished by subtracting the average of several spectra before the time zero.
This procedure should also remove the scattering produced by the pump beam, but in some cases,
especially in highly-scattering samples, the background subtraction is not sufficient to remove the
pump scattering. Then, the best alternative is to remove the spectral region of the data that contains
the scattering before fitting the dataset. The last step of preparing data for fitting is the chirp
correction, which occurs due to the group velocity dispersion of light as light of different wavelengths
travels through optical elements at different velocities. The effect is more pronounced in the blue/UV
spectral region where the dependency of the refractive index of most optical materials on the
wavelength is stronger. A polynomial function is typically used to approximate the dispersion curve

and correct the zero-time for chirp.
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After preparation of the dataset a method of global fitting [174] has been applied to all
transient absorption data collected in experiments presented in this thesis. The key feature of the
global fitting method is that it fits kinetics at all wavelengths simultaneously by the same set of time

constants:

Y(EA) = Xi-q ¢ (D)€ (A, (4)
where €j(A;) and cj(t) are the extinction coefficient at given wavelength and time-dependent

concentration of a particular species associated with component j, respectively. The later can be

written as

6(0) = exp(=kit) = exp(—7)  (5)

where kjand tj are decay rate and lifetime, respectively.

At this point, there is critical user input in predicting the basic parameters of the observed
system, such as: how many states are involved, the initial guess of the lifetimes of the individual states,
the relaxation and/or energy transfer scheme, etc. Evaluating all of these options is tricky, especially
in the case of an unknown system, but knowledge of the system's components (for example, the
lifetime of the involved carotenoid in solution) and models of energy transfer from a smaller system
may usually help. The fitting model can have three basic forms, sequential, parallel, and

compartmental (Figure 16).

k1 k1 k2 k1 k2
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Figure 16. Possible kinetics schemes used for global (left and middle) and target
(right) analysis.

In the sequential model, the population flows from the initially excited state to other states in an
irreversible cascade, which can be represented as:

A B—23C23D ... ©)

The capital letters represent individual excited state species, whereas the t's represent the

lifetimes of the particular states. The fitting then produces so-called evolution associated difference
spectra (EADS). The second alternative model for data fitting is known as a parallel model. It is used
when each state experiences independent mono-exponential decay, resulting in decay-associated

difference spectra (DADS). The last model, known as a compartmental model or target analysis, is used
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to unravel and explain systems that are too complex to be addressed using the sequential or parallel
models. In the ideal situation, it consists of all possible states and energy transfer channels as indicated
by the user. This approach to data fitting yields species-associated difference spectra (SADS).. For the
purpose of data fitting in the papers included in this thesis, a commercial global fitting software

CarpetView (Light Conversion) was used.

3.5. Spectroelectrochemistry

The basic definition of spectroelectrochemistry (SEC) is the integration of two distinct
techniques: standard electrochemistry and spectroscopy. SEC provides information about chemically
driven electron transfer mechanisms and redox events in a variety of molecules and other materials.
SEC provides interdisciplinary advantages and may extend the scope of analysis and other
applications, with a focus on topics such as analytical chemistry, materials science, biophysics,

chemical biology, and more [175].

Electrochemistry is one of the oldest branches of chemistry, with applications in biology,
physics, and chemistry. It has been used to study material transformation, heterogeneous electron
transfer kinetics, and a wide range of chemical reactions on laboratory or industrial scales [176]. There
are several electrochemical analysis modes, including amperometry, voltammetry, and
electrochemical impedance spectroscopy. Electrochemistry is now a widely used scientific topic, with
significant interest and practical applications in analysis, chemistry, physics, energy conversion and
storage, and biology. Its applications include fuel cells, corrosion science, self-powered devices, and

self-assembled coatings, among others [177-179].

Diverse spectroscopic approaches have been crucial in improving understanding across
various research areas for decades, and continue to develop and improve [180, 181]. The combination
of electrochemistry, which supplies the kinetic and thermodynamic processes, and spectroscopy,
which supplies the molecular vibrational process, yields the SEC technique [181, 182], broadly defined
as the use of spectroscopic methods to test the changes initiated by an electrochemical system in an
electrochemical cell. Under potential control, spectroscopic information about electrogenerated
species can be readily obtained, including electronic absorption, vibrational modes and frequencies,

light emission and scattering, magnetic resonance, and circular dichroism [183-185].

Many efforts have been directed to attempts to combine the advantages of both categories
of measurement, electrochemistry and spectroscopy, through the simultaneous determination of
redox processes and of the associated species at each step. Typically, the spectroscopic response is
monitored in situ while the electrochemical reaction is carried out under controlled conditions [181].
Unlike in “pure” electrochemistry or spectroscopy, there is no standard set-up in
spectroelectrochemistry. The design of cells is limited by the requirements provided by the problem
and/or the spectrometer [186].
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There are many processes in which the starting species change oxidation state during a
reaction pathway, resulting in the formation of a less stable and more reactive photoactivated species
[187, 188]. First, a reactive radical intermediate is generated electrochemically. This intermediate is
then promoted to a higher oxidizing or reducing potential by light. Isolating such reactive
intermediates via chemical means for individual study is challenging, often necessitating the use of
strong chemical oxidizing or reducing agents [189]. Furthermore, the presence of these chemical
reagents in the system, unless removed, may complicate spectroscopic analysis. In contrast,
electrochemistry offers an attractive method for creating reaction intermediates by controlled
oxidation or reduction of the starting species. Through electrochemical means, the product of interest
can be continuously generated without the need for excess chemical oxidants or reductants.
Therefore, combined spectroscopy (both steady-state and time-resolved absorption) and
electrochemical measurements not only offer pathways for investigating the photodynamics of
reaction intermediates, but also introduce a new dynamic time dimension to the extensive field of
spectroelectrochemistry [187, 190]. Because bringing the two techniques together is an area ripe for
exploration, we employed SEC, which integrates electrochemistry with steady-state and time-resolved
absorption spectroscopy using a potentiostat and a spectrometer. While electrochemical experiments
allowed us to obtain information about the redox properties of pigments, their combination with
spectroscopic techniques provided important insights into how the excited-state dynamics of

pigments are affected by voltage (See research section, Paper Il).
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Abstract

Carotenoids are natural compounds with multiple functions in biological systems. They exhibit rich
photophysics that can be modified by changes in properties of their local environments. Here we
present time-resolved spectroscopy data from complexes resulting from interaction of the carotenoid
astaxanthin with Zn?* and Cu?* ions. The astaxanthin-metal complexes exhibit significant alteration of
their excited-state dynamics, resulting in enhancement of the charge transfer character of the lowest
excited state, S1/ICT. The S;/ICT lifetime of pure astaxanthin, 4.4 ps, is shortened to 3.9 ps and 2.6 ps
for astaxanthin-Zn and astaxanthin-Cu complex, respectively. The lifetime shortening is attributed to
prolongation of effective conjugation caused by interaction of metal ions with keto oxygen at the
terminal rings of astaxanthin. The significant shortening of the Si/ICT lifetime of astaxanthin-Cu
complex also results in observation of the S* signal, which is likely due to a hot ground state generated

by rapid depopulation of excited states.
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5.1. Introduction

Photophysical and photochemical properties of carotenoids have been a subject of numerous
studies as these pigments play important role in many photo-driven reactions in biological systems.
Besides their well-known function as light-harvesting pigments in photosynthesis [1, 2], they are the
key molecules involved in photoprotection. Here they act at a broad range of timescales extending
from ultrafast (picosecond) quenching of singlet excited states of chlorophylls [3-6] to
(sub)nanosecond quenching of (bacterio)chlorophyll triplets [7,8], and even slower, microsecond,
guenching of singlet oxygen or other reactive oxygen species [9-14]. The variety of carotenoid
functions together with their rich excited-state dynamics [15] makes these molecules attractive
subjects of spectroscopic studies. A large number of carotenoids have been identified in nature, but
much less have been studied in detail by advanced spectroscopic methods. The most studied are
especially plant carotenoids lutein, zeaxanthin and violaxanthin due to their key role in light-
harvesting and photoprotection in plants [5], the keto-carotenoids fucoxanthin and peridinin due to
their large abundance in nature and excellent light-harvesting capacity [16—-21], as well as linear

carotenoids from purple bacteria, such as neurosporene, spheroidene or lycopene [22-24].

Another intensely studied carotenoid is astaxanthin (Asx). Although it does not play a role in
light-harvesting and it is rather known as natural colorant giving color to the lobster carapace [25],
flamingo feathers [26], or as an essential dietary nutrient for salmon playing role on its growth and
survival [27,28], it is also a highly efficient antioxidant [26,29,30] with promising positive effects on
human health [31,32]. Asx belongs to the family of keto-carotenoids which have their conjugated C=C
backbone extended to C=0 group. These carotenoids exhibit even more complex excited-state
dynamics as the presence of the conjugated keto group introduces an intramolecular charge transfer

(ICT) state into their excited state manifold.

The excited states of all carotenoids are in the simplest picture described by two excited
states: the strongly absorbing S, state and the low-lying excited state S;, for which the one-photon
transition from the ground state So is forbidden [15]. For keto-carotenoids, a polar environment
stabilizes the ICT state that is coupled to the dark S; state, forming a state usually denoted as S1/ICT
state [33], which can be viewed as a double-well potential separated by a small barrier allowing fast
equilibration between the S;-like and ICT-like potential minima [34,35]. The presence of the ICT state
is readily detected by characteristic bands in transient absorption spectrum; the ICT-like transition is
for most carotenoids significantly red-shifted from the S;-Sn band and amplitude ratio between S;-Sn
and ICT-like bands is a measure of degree of charge transfer character of the coupled S:/ICT state [18,
21]. Even though the two bands typically exhibits the same time evolution, they are associated with
two minima of the complicated S;/ICT potential surface as evidenced by pump-dump-probe

experiments [34, 35].
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A number of experiments have shown that the charge transfer character increases with
increasing solvent polarity, but another important parameter is the position of the conjugated keto
group. For asymmetric position of a single keto-group the ICT signal increases but two symmetrically
positioned keto groups minimize the charge transfer character of the S1/ICT state [36]. This is precisely
the case of Asx which has two symmetric conjugated keto groups at the terminal rings (Fig. 1), resulting

in a weak ICT signal detected in a broad range of solvents [37, 38].

Asx has also been reported to form complexes with metal ions with the most likely Asx-metal
interaction points being the hydroxy and keto groups at the terminal rings [39-41], suggesting they
could also affect the ICT state properties. Asx complexes binding Cu?*, Ca?, Zn%*, and Fe?* were
reported and confirmed by NMR and optical spectroscopy [39, 40]. In absorption spectra, the metal
binding induced a red shift causing extension of absorption spectrum to nearly 600 nm. Alternatively,
in dichloromethane, Asx radical was generated [39]. These studies demonstrated feasibility of
formation of stable Asx-metal complexes, but they did not provide information about effect of metal

binding on excited-state properties of Asx.

Here we have prepared astaxanthin-Cu?* (Asx-Cu) and astaxanthin-Zn?* (Asx-Zn) complexes
characterized by red-shifted absorption spectrum in methanol. Further, we apply femtosecond
transient absorption spectroscopy to examine in detail the excited-state properties of these
complexes. Since no spectroscopic studies targeting possible effects of complexation with metals on
excited-state properties of astaxanthin have been carried out so far, we compare the data taken for
Asx-metal complexes with those measured for pure Asx in methanol solution. We show that
interaction with metal ions enhances the charge transfer character of the S;/ICT state and lengthens

the effective conjugation of Asx.

5.2. Material and Methods

5.2.1. Sample preparation

For sample preparation methanol (UV grade, VWR), copper sulfate (Sigma Aldrich), copper
chloride (Merck), zinc perchlorate hexahydrate (Alfa Aesar), and astaxanthin (Sigma Aldrich) were
used as obtained except for zinc perchlorate hexahydrate which was dried at 300°C overnight to
prepare anhydrous zinc perchlorate. Stock solutions of Asx (16 x 10® M), copper chloride (CuCly; 1 x
102 M), copper sulfate (CuSOs; 1 x 10 M) and zinc perchlorate (Zn(ClO4)z; 1 x 10 M) were prepared
in 50 ml of dry methanol. All stock solutions were maintained in dark at 4°C for two days to check the
stability of the solutions. Then, Asx and metal salts were mixed in different molar ratios (Asx/Metals
of 1:1, 1:2, 1:5, 1:10, 1:20, 1:50, 1:100, 1:200) in 10 ml-glass bottles individually and kept in dark at
room temperature. Absorption spectra of the samples were regularly measured in UV-VIS
spectrometer (Shimadzu UV-2600) in a 10-mm pathlength quartz cuvette to monitor long time (up to

750 h) changes in absorption spectra (Supporting Information Fig. S1). The samples with various molar
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ratios were tested for stability and Asx-metal complex formations and the molar ratios with the best
performance (1:5 for Asx/CuCl2, 1:100 for Asx/CuSO4 and Asx/ ZnClO4) were selected for

spectroscopic experiments (Supporting Information Fig. S1).

5.2.2. Transient absorption spectroscopy

Transient absorption measurements were carried out with an experimental setup using a
modular laser system consisting of a Ti: sapphire regenerative amplifier (Spitfire Ace-100F, Spectra-
Physics, USA) seeded with a Ti:sapphire oscillator (MaiTai SP, Spectra-Physics, USA), and pumped by
Nd:YLF laser (Empower 30, Spectra-Physics, USA). The laser system produces ~100 fs pulses centered
at 800 nm at a 1-kHz repetition rate. The output was divided into excitation and probe beams by a
beam splitter. The excitation beam was generated by an optical parametric amplifier (TOPAS Prime,
Light Conversion, Lithuania). The probe pulses were generated by sending the 800 nm beam to a
home-built OPA to produce a 1300 nm output that was focused to a 2-mm CaF; plate. A white-light
continuum beam covers the 400-1200 nm spectral region. To minimize chirp and chromatic
aberration, the white-light beam was collimated by an off-axis parabolic mirror and split by a
broadband 50/50 beam splitter to reference and probe beams. The probe beam was focused by a 150
mm spherical mirror to the sample where it overlapped with the excitation beam. Probe and reference
beams were dispersed in a prism spectrograph (Pascher Instruments, Sweden) and detected by a
double CCD array allowing to measure in the whole 400—1200 nm spectral region. The spectrometer
was calibrated before each experiment by placing a multiple oxide filter (WCT 2065, Avian
Technologies, USA) into the white light beams in front of an entrance slit. The pump polarization was
set at magic angle (54.7°) relative to the probe. The pump photon density at the sample was kept

below 10 photon. cm™. pulse™.

5.2.3. Data analysis

The resulting spectro-temporal data sets were analyzed using a global fitting software
(CarpetView, Light Conversion, Lithuania). To visualize the excited-state dynamics, it was assumed that
the excited system evolves according to a sequential, irreversible scheme. Each component in the
sequential scheme represents individual excited-state species, and the spectral profile of each species
is called evolution-associated difference spectrum (EADS). The spectra were chirp corrected using the

correction routine within the same software.

5.3. Results

Absorption spectra of Asx and its metal complexes in methanol are shown in Fig. 1. Asx in
methanol has an absorption spectrum with a single broad peak, reflecting the So-S; transition, with a
maximum at 476 nm in agreement with previous reports [37]. When Asx is mixed with appropriate
amount of CuCl, or Zn(ClQO4),, Asx-metal complexes are formed. The formation of the complex is

associated with a red shift of the absorption maximum, to 504 nm for Asx-Cu and to 488 nm for Asx-
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Zn complexes. The time evolution of the complex formation is shown in Supporting Information Fig.
S1. Formation of the Asx-Cu complex by using CuSO,4 was also tested with essentially the same results
as for CuCl,. Formation of the Asx-Cu complex from CuSQO, requires larger concentration of CuSO,4 than
when CuCl, is used (Supporting Information Fig. S1). The formation of the Asx-metal complexes
induces some decrease of absorbance (the concentration of Asx is identical for the black and red
absorption spectra in Fig. 1). However, the area under the main absorption band decreases by less
than 10% upon complexation for both Cu and Zn complexes, indicating that the transition dipole
moment associated with the Sq-S; transition is only marginally changed. Absorption spectra of the
complexation reactions also show clear isosbestic points, indicating the stability of Asx during the

reactions (Supporting Information Fig. S1).
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Figure 1. Absorption spectra in methanol. (a) 16 uM Asx (black), Asx-Cu complex
produced by mixing of 16 uM Asx and 80 uM CuCl: (red), and 80 uM CuClz (blue). (b) 6.15
UM Asx (black), Asx-Zn complex produced by mixing of 6.15 uM Asx and 0.615 mM of

Zn(ClO4)2 (red), and 0.615 mM of Zn(ClOa)2 (blue). Structures of Asx are also shown.

The decrease of absorbance thus likely results from larger conformational disorder induced
by complexation, generating broader distribution of the So-S; transition energies. Apart from the red

shift of the main absorption band, some changes upon forming of complexes are observed also in the
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UV part of the spectrum. A new band in UV is observed for Asx-Cu complex at 270 nm, and for Asx-Zn
complex this band becomes intense, reaching ~75% of the main absorption band amplitude (Fig. 1). It
should be noted that this band is not the cis-peak, which for Asx in methanol occurs at around 370 nm
[42], thus the 270 nm band is not related to a possible isomerization upon complex formation. The
mechanism of such an enhancement of the UV absorption band upon complexation with Zn remains
unknown. While Asx radical formation was identified in experiments using Asx and CuCl, in
dichloromethane [39], no such reaction occurs for our Asx and CuCl, mixture in methanol. Onset of
absorption of Asx radical cation is around 700 nm [39]. Fig. S2 (Supporting Information) shows
absorption spectra of all our samples in the 200-1100 nm spectral region. No absorption occurs at

wavelengths >700 nm, excluding the possibility of Asx cation radical formation.

Transient absorption spectra at different delays after excitation are shown in Fig. 2. Asx in
methanol gives characteristic carotenoid spectra consisting of ground state bleaching and excited
state absorption (ESA) due to the S;-S, transition. The ESA signal at early time after excitation (0.15
ps) also includes a NIR band at 1030 nm that is associated with ESA of the S; state [43]. The S;-S, band,
peaking at 620 nm in agreement with earlier studies of Asx in methanol [37], is fully developed within
the first picosecond. The weak shoulder in the 700-800 nm spectral region signals the presence of an
ICT state. The ICT signal is weak because Asx is a carotenoid with long conjugation and two

symmetrically positioned keto groups [36].

Energy (cm™)
25000 22500 20000 17500 15000 12500 10000

10 4 ‘ a
a %1
O 4
E o0+ '
5 —0.15ps ——3ps
-5 4 ——0.3ps 5ps
4 1ps =10 ps
_10 T T T T T
400 500 600 700 800 10001200
8
~ 4
8
£ 01
g -4 4 ——0.15ps 3ps
—0.3ps 5ps
84 1ps — 10 ps
T T T T T
400 500 600 700 800 10001200
4

—0.15ps 3ps
—(0.3 ps Sps
1ps —10 ps

T I T T 1
400 500 600 700 800 10001200
Wavelength (nm)

Figure 2. Transient absorption spectra of a) Asx, b) Asx-Cu, c) Asx-Zn in methanol
after the excitation at 525 nm (Asx) and 555 nm (Asx-metal complexes). The spectra

were measured at the time delays indicated in the panels.



The formation of Asx-metal complexes induces some changes in transient absorption spectra.
Expectedly, both ground state bleaching and Si-S, ESA are red-shifted, reflecting the red shift of
ground state absorption spectra upon complexation with metals. The S;:-S» bands have maxima at 660
and 690 nm for Asx-Zn and Asx-Cu complexes, respectively. The ESA signal at 0.15 ps after excitation
does not have the distinct S, ESA band in NIR, but the S;-related ESA is clearly there already at 0.15 ps,
signaling faster S, decay than in Asx in methanol. Nevertheless, the most important change is
enhancement of the signal associated with the ICT state. The weak shoulder observed for Asx in
methanol (Fig. 2a) is amplified to a band at 775 nm reaching about 50% of the main S;-S, maximum
for Asx-Zn complex (Fig. 2c). For Asx-Cu complex, the ICT band at 790 nm has amplitude nearly equal
to the S:-S, band (Fig. 2b). The data measured for the Asx-Cu complex generated by reaction with

CuS04 (Supporting Information, Fig. S3) does not differ from that shown in Fig. 2b.
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Figure 3. a) Normalized transient absorption spectra of Asx (black), Asx-Cu (red), Asx-Zn (blue)
in methanol. The spectra were measured at 1 ps after excitation at 525 nm (Asx) and 555 nm
(Asx-metal). b) Normalized kinetics measured at the Si-Sn maximum of compounds in
methanol. The probing wavelengths are 620, 650, and 680 nm for Asx, Asx-Zn and Asx-Cu,

respectively. Kinetics are normalized to maximum.

The transient absorption spectra at 1 ps after excitation of all three samples are compared in
Fig. 3a. The increase of magnitude of the ICT band as well as the red shift when going from Asx to Asx-
Zn and to Asx- Cu complex is obvious. The kinetics measured at the maximum of the S;-S, band (Fig.
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3b) decay faster for Asx-metal complexes. It is well known that magnitude of the ICT band in transient
absorption spectra inversely correlates with the Si/ICT lifetime thus the shortening of the S:/ICT
lifetime could be associated with the increased charge transfer character of the S;/ICT state in Asx-

metal complexes [18, 21].
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Figure 4. EADS obtained from global fitting of data recorded for a) Asx, b) Asx-Cu, c) Asx-

Zn complexes in methanol.

Global fitting analysis was applied to determine the excited state lifetimes. The results are
summarized in Fig. 4. For Asx in methanol, the first EADS, whose lifetime is at the limit of our time
resolution, has features characteristic of the excited Asx S, state. The second EADS is related to the
hot S1/ICT state that decays within 270 fs to the relaxed S; state whose EADS has a lifetime of 4.4 ps.
This pattern of Asx excited state dynamics agrees with results reported earlier [37, 38]. For Asx-metal
complexes, the picture is qualitatively similar, but lifetimes of individual components differ. For Asx-
Zn complex, the EADS associated with hot S; state has longer lifetime, suggesting slower relaxation of
the hot Si/ICT state, but the S;/ICT EADS lifetime is shorter than in Asx, yielding 3.9 ps. The Asx-Cu
complex has even shorter Si/ICT lifetime, 2.6 ps, as expected also from kinetics shown in Fig. 3b). A
longer but weak EADS with 32 ps lifetime having a shape typical for the S* signal is obtained exclusively

for the Asx-Cu complex.
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5.4. Discussion

The data presented in the previous section demonstrate that the photophysical properties of
astaxanthin are influenced by the presence of CuCl;, CuSO4 and Zn(ClO4),in methanol. The absorption
band exhibits a red shift comparable to that reported for Asx-metal complexes earlier [39]. Similar red
shift was observed also for other carotenoids interacting with TiO, nanoparticles [45]. Thus, the
observed changes are consistent with formation of Asx-metal complexes. Interestingly, interaction of
Asx in ethanol with CuCl, was reported to enhance isomerization of Asx [46]. Since the isomerization
reaction was achieved under different conditions (>30:1 CuCl,: Asx molar ratio was needed to see the
cis-peak while molar ratio 5:1 was used here) and in different solvent, our data show that tuning the
actual conditions can prevent the isomerization reaction and produce a stable Asx-Cu complex. Thus,
we conclude that the red shift of absorption spectrum is due to the complexation of Asx with metal
ions. The exact origin of the red shift upon complexation with metals is unknown, but since red shift
of carotenoid absorption is observed in highly-polarizable solvents such as DMSO or CS; where it is
due to dispersion interaction between Asx and solvents [37,43], it is conceivable that the metal ions
can change the local polarizability. Alternatively, prolongation of the effective conjugation length due
to the binding of the metal ions at the respective ends of the conjugation chain [39-41] may also cause
the red shift of absorption spectrum. Given the large molar excess of metal salts in our samples, it is

reasonable to expect that metal ions interact with both terminal rings of Asx.

To test this hypothesis, we have estimated the Asx/Cu stoichiometry by the Job plot method
[40, 47, 48]. The data (Fig. S4, Supporting Information) suggests that the Asx:Cu molar ratio is far less
than 1:1, supporting our assumption that both terminal rings of each Asx should be in contact with
the metal ions. Even though the Job plot does not give the 1:2 ratio either, the maximum at 0.4
suggests the 1:2 ratio is the dominant binding mode [40, 48]. Due to very slow assembly of Asx-Zn

complexes (Fig. S1, Supporting Information) this test could not be carried out for Asx-Zn complex.

Another important question is whether our samples contain a mixture of free Asx and Asx-
metal complexes. To address this question, we have carried out an additional transient absorption
experiment with 500 nm excitation. Free Asx has a substantial absorption at 500 nm (Fig. 1) but
negligible absorption at 555 nm used to excite Asx-metal complexes. Since the excited-state
properties of free Asx differ from those obtained for Asx-metal complexes (Fig. 3), if there is any free
Asx present, the data measured after 500 and 555 nm excitations should differ. A direct comparison
of 500 and 555 nm data is shown in Fig. 5, demonstrating that the transient absorption spectra are
indeed different after 500 and 555 nm excitations. The S;-S, band obtained after 500 nm excitation
peaks at 650 nm, thus blue-shifted from the band observed after 555 nm excitation. Yet, the amplitude
of the ICT band is not changed indicating that the charge transfer character of the S;/ICT state remains

unchanged upon change of excitation wavelength.
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Figure 5. a) Comparison of normalized transient absorption spectra of Asx-Cu in methanol at
1 ps measured after excitation at 500 nm (blue) and 555 nm (red), b) Kinetics measured at the
S1-Sn maximum of Asx-Cu in methanol. The probing wavelengths are 665 and 680 nm for

excitation at 500 and 555 nm, respectively. Kinetics are normalized to maximum.

The comparison of kinetics measured at the maxima of the respective S;-S, bands (Fig. 5b) shows that
the S;/ICT lifetime remains nearly the same upon change of excitation wavelength, further confirming
that the excited state properties of the molecules excited at 500 nm are essentially identical to those
excited at 550 nm. The S1/ICT lifetime after both excitations is much shorter than 4.4 ps observed for
free Asx (Fig. 4a). The same pattern is observed for Asx-Zn (Supporting Info, Fig. S5). Absence of a
decay component associated with free Asx after 500 nm excitation confirms that there is very little (if
any) free Asx, meaning that nearly all Asx molecules form complexes with either Cu or Zn in the Asx-
metal samples. The difference in transient absorption spectra then reflects some inhomogeneity in
the sample that is likely related to a conformational disorder that is enhanced by interaction of metal

with Asx.

5.4.1. Excited-state dynamics of the Asx-metal complexes
While steady-state spectroscopic properties of some Asx-metal complexes were described
earlier [39], no data on excited state dynamics of such complexes have been reported so far. Our data

show that the formation of Asx-metal complexes significantly affects the excited state dynamics as
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well as properties of the lowest excited state. Besides the red shift of the S;-S, band, which mirrors
the shift of absorption spectra, interaction with metal ions results in markedly shorter S1/ICT lifetime
as well as in enhancement of the ICT band. These effects are pronounced especially for the Asx-Cu
complex, which may indicate stronger interaction of Cu®" ion with Asx compared to Zn?>* whose
interaction with Asx also results in effects mentioned above, but in much lesser extent. It is known
that enhancement of the charge transfer character of the S;/ICT usually leads to a shortening of the
S4/ICT lifetime [18, 21], but there is also evidence that this correlation weakens with lengthening of
the conjugation length [18, 21, 49, 50]. Typically, keto carotenoids with sub-10 ps S;/ICT lifetime do
not show further S;/ICT shortening even though the ICT bands are enhanced in polar solvents as
reported for e.g., spheroidenone [18,21]. Thus, the Asx S;i/ICT lifetime reduction from 4.4 to 2.6 ps
upon formation of the Asx-Cu complex is uncommon. For long keto carotenoids, the Si/ICT lifetime
reduction could be rather caused by lengthening of the effective conjugation. In this case, the
interaction of Asx with metals results in a presence of metal ion close to the conjugated keto group at
the terminal ring [41], which may affect the effective conjugation. We note it mirrors the effect
reported for astalysine, a water-soluble astaxanthin ester which exhibited essentially the same S;/ICT
lifetime reduction when switching from the moderately polar 2-propanol (4.4 ps) to the highly polar

water (2.2 ps) [44].

It is known that the S; lifetimes of linear carotenoids exhibit linear dependence on 1/N (N-conjugation
length) if plotted on logarithmic scale [51]. Such dependence is shown in Fig. 6. The S;/ICT lifetimes of
our complexes are included in the graph, allowing to estimate their effective conjugation length. While
the effective conjugation of Asx is ~11, it is prolonged to 11.2 and 11.8 for Asx-Zn and Asx-Cu
complexes. The observed shortening of the Si/ICT lifetime upon interaction with metal ions to Asx is
thus interpreted here as a result of lengthening of effective conjugation length. It also reflects a
stronger interaction of Cu** compared to Zn?* as the Si/ICT lifetime of Asx-Zn is closer to pure Asx.
However, the data clearly show that ICT band in transient absorption spectra is enhanced in Asx-metal
complexes. Further, the amplitude of the ICT band increases in the order Asx, Asx-Zn and Asx-Cu, again

suggesting the stronger interaction of Cu?* and Asx.
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This means that interaction of the metal ions with the terminal rings of Asx enhances the charge
transfer character of the S;/ICT state. This effect often occurs due to increased asymmetry of charge
distribution [36], but this is unlikely the case here, because our Job plot analysis shows that metal ions
likely interact with both terminal rings of Asx, thus no significant asymmetry should be induced by this
interaction. We also note that for carotenoids with long conjugation the keto group at the terminal
ring does not enhance the ICT band in transient absorption spectra even in asymmetrical position, as
it is obvious in echinenone [50]. Thus, the precise mechanism of the ICT enhancement observed in
Asx-metal complexes remains unclear. It is likely that direct interaction of metal ions with the keto
oxygen induces changes in electron distribution, leading to the observed enhancement of the ICT

band, while much weaker interactions with solvent molecules cannot induce comparable effect.

Finally, we note that in the Asx-Cu complex we have also identified a long-lived component
(32 ps, blue EADS in Fig. 4b), which is clearly the S* signal, a heavily discussed feature reported in
numerous carotenoids that is interpreted either as a separate excited state [52] or as a hot ground
state [53, 54]. No such component was found for Asx or Asx-Zn. Earlier reports did not identify any S*
signal for Asx in methanol, acetonitrile or CS; [37], but a weak S* component with a 33 ps lifetime,
thus essentially identical to the one we observe here for Asx-Cu, was reported for Asx in DMSO [55].
An S* component was also identified for astalysine, though its lifetime was considerably shorter, 7 ps
[44]. Recent studies show that at least for long carotenoids in solution the S* signal is most likely
related to a hot ground state [56], and its decay reflects cooling of the hot ground state by transferring

energy to solvent [57]. Here, the significant shortening of the S;/ICT lifetime of Asx-Cu implies that
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about 18000 cm™ of energy pumped into the Asx-Cu S, state (excitation at 555 nm) returns to the
ground state within less than 3 ps. This inevitably makes the ground state hot, resulting in the
observed S* signal. The same applies for astalysine [44] and different S* lifetimes then reflect different

vibrational properties of the ground state and/or different properties of the solvent shell.

5.5. Conclusions

In this work, we have demonstrated that astaxanthin-metal complexes exhibiting a long-term
stability can be prepared in methanol. Stability of these complexes allowed to apply transient
absorption spectroscopy to explore their excited states in detail. We have applied ultrafast transient
absorption spectroscopy to explore excited states of stable astaxanthin-metal complexes. The
interaction of Asx with metal ions has changed the excited-state properties of astaxanthin
significantly, thereby opening a possibility of tuning excited state properties of this keto-carotenoid
that is otherwise resistant to such changes as its excited state lifetime remains constant in a broad
range of solvents [37, 38, 53]. Such tuning of excited-state properties is an important tool for
understanding the carotenoid excited state dynamics, especially the relation between the carotenoid
structure and mechanism of fast energy dissipation, which could be directly related to some biological
functions of carotenoids [55]. The results show that even long keto-carotenoids are prone to alteration
of their excited-state properties if the perturbation of their local environment is strong enough, which

is here achieved by interaction of metal ions with their terminal rings.

The observed changes in excited-state dynamics induced by Asx-metal interaction, shortening
of lifetime due to lengthening of effective conjugation and increase of the charge transfer character
of the S1/ICT state, also suggest a decrease of the S;/ICT energy. Since a low-lying carotenoid acceptor
state is a necessary condition for effective photoprotection by carotenoids [5, 58], our results show
that placing a charge at the terminal rings may further enhance photoprotective actions of Asx.
Effective photoprotection by Asx has been successfully demonstrated in main light harvesting antenna
of plants, LHCII, from mutant tobacco producing exclusively astaxanthin [59]. The results indicate that
tailoring binding sites in a way allowing interaction with the conjugated keto oxygen at terminal rings
of Asx may further enhance the quenching. Thus, our results further widen the possibilities of using
Asx, which is a readily available carotenoid, in either artificial or modified natural light-harvesting

and/or photoprotective systems.
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5.6. Supporting Information
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Figure S1. Time dependence of absorption spectra measured in dark at room temperature. Time zero

corresponds to the absorption spectrum of Asx in methanol prior to addition of the compound initializing the

formation of Asx-metal complex. (a) Formation of Asx-Cu complex,16 uM Asx, added 80 uM of CuCly, (b)

Formation of Asx-Zn complex, 6.15 uM Asx, 0.615 mM of Zn(ClOa4)2, (c) Formation of Asx-Cu complex, 6.15 uM

Asx, 0.615 mM of CuSOas. In panels a-c, the thick line corresponds to the absorption spectrum of the sample used

for transient absorption experiments. The black dotted line shows absorption of 80 uM CuCl; (a), 0.615 mM

Zn(ClO4)2 (b), and 0.615 mM CuSOa (c) in methanol. Note than while for Asx-Zn complex in (b) the absorption

band at 270 nm is associated with the formation of the complex, in (c) the strong band at 260 nm is solely due

to the absorption of CuSOs. (d) Time evolution of the absorption maximum for all three samples. Pure Asx in

methanol is shown as a reference sample to demonstrate the stability of astaxanthin in methanol.
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Figure S2. Full absorption spectra of Asx and its metal complexes demonstrating absence of any Asx radicals

which have strong absorption band in the 850-1050 nm spectral region.
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Figure S3. Comparison of transient absorption spectra of Asx-Cu complexes produced by interaction of Asx with
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Figure S4. Job plot of complex formation of Asx and CuCl; with an Astaxanthin/Cu?* molar ratio of 1:2. The
continuous variation method was employed to determine stoichiometry between Asx and CuCl. Solutions of
astaxanthin (16 uM) and CuCl: (16 puM) were prepared in separate volumetric flasks. Then, eleven sample
solutions containing the astaxanthin and metal salts were prepared in various ratios (10:0 to 0:10 v/v) in a total
volume of 3 mL. The absorption spectra of samples with various molar ratios were measured in a 10-mm path-
length quartz cuvette. The relative shift of absorption maximum was recorded, and a graph was created using
the formula A- Ao (1-X), where A is absorption maximum of each molar ratio, Ao is absorption maximum of pure
astaxanthin, and X represents the mole fraction. The resulting Job plot has maximum for the mole fraction of

metal and astaxanthin 0.6 and 0.4, respectively, indicating the 1:2 Asx:Cu binding stoichiometry.
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Figure S5. a) Comparison of normalized transient absorption spectra of Asx-Zn in methanol at 1 ps measured
after excitation at 500 nm (blue) and 555 nm (red). b) Kinetics measured at the S1-Sn maximum of Asx- Zn in
methanol. The probing wavelengths are 645 and 650 nm for excitation at 500 and 555 nm, respectively. Kinetics

are normalized to the maximum.

5.7. Additional data not included in the article

One of the key tasks in this project was to prepare stable metal complexes in solution. Therefore,
we started our investigation by looking into the earlier studies carried out by Hana Velanova and
Hristina Staleva-Musto within a bachelor student project [60], as well as the literature, especially
Polyakov's article [39]. First, we tried different amounts of metal complexes mixed with astaxanthin
in a methanol solution and heated the mixture, a protocol tested earlier [60], but the astaxanthin
quickly degraded. The reason is that carotenoids may degrade at elevated temperature, and the
excess amount of metal likely further increases the degradation. However, astaxanthin has also been
reported to form complexes with metal ions, suggesting they could also affect the ICT state properties,
as reported by Polyakov et al. Astaxanthin complexes binding with Cu?*, Ca%*, Zn?*, and Fe?* were
reported and confirmed by NMR and optical spectroscopy. In the absorption spectra, the metal
binding induced a red shift, causing an extension of the absorption spectra. Therefore, we started to

prepare our complexes in methanol, for metal complexes which has been successfully prepared in
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ethanol according to the literature, at room temperature using different amounts of metals. For this

purpose, we used an equivalent system and tested each metal in 1:1, 1:2, 1:5, 1:10, 1:20, 1:50, 1:100,

and 1:200 molar ratios to observe the effect of the amount of metals. The tests resulted in optimal

molar ratios, which differ for different metals as it is obvious from FigS1 of Supporting information.

In addition to the successfully obtained metal complexes reported in our article, the same

experiments were carried out using different metals and their different counter ions. The results are

shown in Figures D1-D4. These metals and their corresponding counter ions did not exhibit any

variations in their absorption spectra. This suggests that they did not form complexes with

astaxanthin.
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Abstract

This work examines the influence of applied external voltage in bulk electrolysis on the excited-state
properties of 8'-apo-B-carotenal in acetonitrile by steady-state and ultrafast time-resolved absorption
spectroscopy. The data collected under bulk electrolysis were compared with those taken without
applied voltage. The steady-state measurements showed that although intensity of the So-S;
absorption band varies with the applied voltage, the spectral position remain nearly constant.
Comparison of transient absorption spectra shows that the magnitude of the ICT-like band decreases
during the experiment under applied voltage condition, and is associated with a prolongation of the
S1/ICT-like lifetime from 8 ps to 13 ps. Furthermore, switching off the applied voltage resulted in
returning to no-voltage data within about 30 min. Our results show that the amplitude of the signal

associated with the ICT state can be tuned by applying an external voltage.
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6.1. Introduction

Carotenoids are natural pigments that have key functions in photosynthetic organisms. As
light-harvesting pigments, they absorb light in the blue-green spectral range, which is not accessible
by Chlorophylls (Chls) and Bacteriochlorophylls (BChls) and transfer the absorbed energy to Chlis
and/or BChls.'™™ The energy transfer efficiency depends on molecular structure of the bound
carotenoid as well as on carotenoidprotein interaction.!** Besides light harvesting, carotenoids act
as electron donors in electron transfer (ET) processes.’”! To gain more information about
photosynthetic systems and artificially designed molecular systems involving carotenoids, it is
important to understand excited states, photophysics and electrochemical properties of carotenoids.
Thus, several techniques such as fluorescence,”® resonance Raman,® two-photon,***3! and
transient absorption spectroscopy have been employed to obtain information about excited states
and photophysics of carotenoids. Cyclic and square-wave voltammetry are extensively used for
characterization of oxidoreductive reactions of carotenoids.!***"!

Excited states of carotenoids are usually described by a simplified three-level scheme.** While
the So-S; transition is forbidden for one-photon transition, the So-S; transition of carotenoids is fully
allowed and responsible for a strong absorption band in the blue-green spectral region. In this three
level scheme, upon excitation of the S, state the S; state is populated via S,-S; internal conversion in
less than 300 fs. The lifetime of the S; state depends on conjugation length of carotenoids.*® Yet,
carotenoids with a conjugated carbonyl group, denoted as carbonyl carotenoids, have attracted a lot
of attention due to adding another dimension to the rich photophysics of carotenoids. If their
conjugation extends to the asymmetrically positioned C=0 group, an intramolecular charge transfer
(ICT) state appears, which is another dark state with a charge-transfer character.!*8! The
spectroscopic properties of this state depend on polarity and proticity of the environment.[*>?3 The
ICT state is manifested in transient absorption spectra as a band that is red-shifted from the S;-S, band
as well as by a weak stimulated emission in the near-IR region.*® The ICT state couples to the S* state,
forming a state usually denoted as S;/ICT!*217242% regylting in shortening of the S1/ICT state lifetime in
polar environment.[16:20:26:27]

Carotenoid 8’-apo-B-carotenal and its analogues are widely used as synthetic models of
carbonyl carotenoids because of their availability for spectroscopic experiments. They were also used
in various artificial systems aimed for solar energy conversion.!®?%3% Excited state dynamics®3% and
electrochemical properties™37-39 of 8’-apo-B-carotenal were in details described earlier. Transient
absorption measurements showed that the S; state of 8’-apo-B-carotenal has a lifetime of 25 ps in
nonpolar solvent n-hexane, but it is shortened to 8 ps in polar solvents such as methanol or
acetonitrile.’®3249 This shortening is associated with increased amplitude of the ICT band in polar

environments. Cyclic voltammetry data obtained for 8'-apo-B-carotenal showed two well-separated
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anodic peaks corresponding to two sequential single electron oxidations in the range between around
0.5 Vand 1V versus SCE in dichloromethane.!*¥

Here we examine excited state dynamics of 8’-apo-B-carotenal by ultrafast time-resolved
absorption spectroscopy as a function of applied external voltage in an electrochemical cell. Time-
resolved spectroelectrochemistry method has been so far applied to nanocrystals,*
semiconductors®® and thin films,??® but this experimental approach has not yet been applied to
carotenoids. We have applied time-resolved absorption in combination with electrochemistry to study
excited state dynamics of 8'-apo-B-carotenal in acetonitrile to reveal the effect of applied voltage on
the ICT state. This integrated approach allows us to decipher the fundamental energy landscape
governing the behaviour of 8'-apo-B-carotenal, with implications spanning fields such as materials
science and photophysics, where precise control of excited states is of paramount importance. The
results show that the amplitude of the ICT state in transient absorption spectrum as well as associated

polarity-induced effects can be tuned by applying external voltage.

6.2. Results

6.2.1. Cyclic voltammetry

Electrochemical properties of carotenoids, including 8’-apo-B-carotenal, have been extensively
investigated.[**#3739 |t has been shown that the electrochemical reaction mechanisms of carotenoids
obtained by cyclic voltammetry (CV) are related to their structures such as number of conjugated
double carbon bonds or presence of a carbonyl group, solvents, switch potentials and scan rate. Figure
1 displays CV of 8’-apo-B- carotenal in acetonitrile recorded from 1 to -1 V at the scan rate of 0.1 V/s

versus Ag/Ag* reference electrode.

21 #Car

Current (x10™*, Amper)

Car?3*

1.0 0.5 0.0 -05 -1.0
Potential (V) vs Ag/AgNO,

Figure 1. Cyclic Voltammogram of 1 mM 8’-apo-B-carotenal in 0.1 M TBAHFP/acetonitrile solution at the scan

rate of 0.1 V/s.
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During thenegative scan (1 to +1 V), the first peak is due to the first oxidation of a neutral 8 -apo--
carotenal resulting in radical cations (Care*), and the second peak represents oxidation of Care*
forming dications (Car?*). The third peak at higher potential could be attributed to the formation of
the radical trication.® After switching direction of potential at 1 V, during the positive scan, the weak
reduction peak corresponds to a reduction of Car?*. The strong peak around -0.4 V can be assigned to
formation of neutral radical (#Care) which is formed by either reduction of cation (#Car*) generated
by reduction of Car?, or by deprotonation of Care*.*? The oxidation potentials of 8'-apo-B-carotenal
presented here differ from earlier presented data™*3’=% due to using both different solvent and

reference electrode solution.
6.2.2. Steady state spectroelectrochemistry

Absorption spectrum of 0.1 mM 8’-apo-B-carotenal in 0.01 M acetonitrile/TBAHFP solution is
shown in Figure 2 (black spectrum). Like other carbonyl carotenoids in a polar solvent,*”! 8’-apo-B-
carotenal in the TBAHFP/acetonitrile solution has a broad absorption spectrum, lacking vibrational

bands (Figure 2a, black) and peaking at ~455 nm in agreement with previous reports.3*=34
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Figure 2. Comparison of absorption spectra of 0.1 mM 8’-apo-B-carotenal in 0.01 M TBAHFP/acetonitrile solution
in applied voltage of 0.5 V. (a) The spectra were recorded at various times during 5 min of bulk electrolysis (at 1
min and 5 min; red and blue spectra, respectively) and 5 min after stopping voltage (orange dashed spectrum).
(b) The normalized spectra were recorded at various times during 210 min bulk electrolysis (at 105 min and 210
min; red and blue spectra, respectively) and 30 min after turning voltage off (orange dashed line). The black

absorption line in the figures is spectrum measured before the bulk analysis.
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To test the effect of TBAHFP, we compared that spectrum with 0.1 mM 8’-apo-B-carotenal in pure
acetonitrile (Figure S1 Supp. Information). The spectra are identical, demonstrating that the addition
of TBAHFP to acetonitrile does not influence the spectroscopic properties of 8-apo-B-carotenal in

acetonitrile.

Our aim was to modify the sample condition by applying the voltage, while still maintaining
the neutral carotenoid as the dominant species in the sample. For bulk electrolysis (BE) we chose 0.5
V to strike a balance between providing sufficient electrochemical perturbation to investigate the ICT
state while maintaining conditions that are conducive to the stability of the molecule and prevention
of unwanted side reactions.
Steady-state absorption profiles of 8-apo-B-carotenal in TBAHFP/acetonitrile solution recorded at
various times during BE are shown in Figure 2 and compared with standard absorption spectrum
(black). Figure 2a shows that magnitude of the absorption band after application of the voltage quickly
(order of tens of seconds) decreases and after ca 5 minutes reaches its minimum (Figure 2a, blue
spectrum). After turning off the voltage, part of the absorption band magnitude recovers (Figure 23,
dashed line spectrum). The observed decrease of absorption band amplitude may be caused by a
change in oscillator strength of the Se-S; transition of neutral carotenoid molecules during BE. Also, a
presence of isosbestic point indicates that a certain fraction of molecules is converted to a species
absorbing in UV, which is possibly due to a degradation, producing species with shorter conjugation.

This is likely the reason why the amplitude of absorption spectrum is not fully reversible.

Figure 2b shows normalized steady-state absorption profile during bulk electrolysis at 210 min
and a spectrum taken 30 minutes after switching the voltage off, to mirror the experimental scheme
used in the transient absorption experiment. (See Time-resolved spectroelectrochemistry section
below). The normalized spectrum recorded at 105 min (Figure 2b, red spectrum), and even the
spectrum 30 min after turning the voltage off remains nearly the same as the spectrum measured
before applying the voltage (Figure 2a, black spectrum). These results indicate that neither TBAHFP
nor the applied voltage of 0.5 V affect the S, state energy of 8-apo-B-carotenal in acetonitrile. No
carotenoid radical formation has been observed during the measurement. As opposed to the case of
dichloromethane solvent where radical formation has been observed. (See Supporting Information

Figure S2.)
6.2.3. Time-resolved spectroelectrochemistry

Figure 3 provides an overview of the results obtained from standard (TA-l and TA-IV) and
spectroelectrochemical timeresolved transient absorption measurements (TA-Il and TA-Ill) during BE
of 0.1 mM 8’-apo-B-carotenal in 0.01 M TBAHFP/ acetonitrile solution. The transient absorption
spectra taken at 1 ps after excitation are shown in Figure 3a. To distinguish the effect of BE on excited-

state dynamics of 8’-apo-B-carotenal, a standard time-resolved transient absorption measurement,
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TA-l, was carried out first for 15 minutes in the same electrochemical cell prior to applying the voltage
(Figure 3a, black line). The excited-state bands peaking at 550 nm and 643 nm correspond to the S;-Sn
and ICT-S, transition, respectively, in agreement with previous reports.*3% Since the S; and ICT states
of carbonyl carotenoids are coupled, forming a potential surface with S; and ICT minima,?®?” the two
bands, denoted as the S;-like and ICT-like bands correspond to transition from the S; and ICT minima

of the S;/ICT potential surface.
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Figure 3. (a) Normalized transient apsorption spectra taken at 1 ps after excitation ot U.1 mM 8’-apo-f-carotenal,
0.01 M TBHFP in acetonitrile: prior to applied voltage (TA-l), measured from 90 min to 105 min after applied
voltage of 0.5 V (TA-Il), measured from 150 min to 210 min after applied voltage of 0.5 V (TA-IIl), and measured
between 15 and 30 min after turning off voltage (TA-IV). Inset shows the zoom view in the range 800 and 1200
nm, the region of stimulated emission associated with ICT state, b) Normalized kinetic traces measured at the
S1-SN maxima. The fits obtained from global fitting analyses are demonstrated by solid lines. S1/ICT lifetimes

are given in parentheses. Excitation wavelength was 490 nm.

The positions of the S1-like and ICT-like bands measured in TA-Il and TA-lll (Figure 3a, red and
blue spectra) show that the S;-like band is slightly broadened and red-shifted to the longer
wavelengths by ~6 to ~10 nm compared to TA-l. Morever, amplitude of the ICT-like band has

decreased significantly in TA-Il and TA-lll data. Importantly, these changes are reversible as
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demonstrated by measurements taken 15 min after turning the voltage off (TA-IV). The transient
absorption spectrum TA-IV (Figure 3a, orange dashed spectrum) has the S;-like band and ICT-like band
almost restored compared to the original data before switching on the voltage (TA-l). Transient
absorption spectra at various delays, for all datasets present here, are shown in Supporting

Information Figure S3.
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Figure 4. EADS obtained from global fitting analyses for 8’-apo-B-carotenal in TBAHFP/acetonitrile solution (a)
TA-I, (b) TA-II, (c) TA-IIl, and (d) TA-IV. Each spectral components is assigned its lifetime from global analysis, with
exception of non-decaying components (n.d.). We provide the n.d. components as an evidence that there are

no long-lived photoproducts (e. g. due to photo-damage of the sample) that would affect the dynamics.

Another spectroscopic marker of the presence of a conjugated C=0 group in carbonyl
carotenoids besides the polarity-induced ICT-like transition is a weak stimulated emission band in the
near-IR region.[*® The inset in Figure 3 shows that there has been a slight rise and drop in amplitude
of the weak negative signal corresponding to the ICT stimulated emission mirroring the changes in
magnitude of the ICT-like transition. This observation confirms that the charge transfer character of
the S1/ICT state of 8'-apo-B-carotenal, as well as the overall excited-state dynamics are influenced by

the applied external voltage during BE.
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Thus, the applied voltage affects the properties of the S;/ICT state of 8'-apo-B-carotenal. This
observation is further supported by the Si/ICT lifetimes probed at the maximum of the S;-like
transition (Figure 3b). The S1/ICT lifetime of 8'-apo-B-carotenal in TBAHFP/acetonitrile solution (Figure
3b, black) obtained from global fitting is about 8 ps, which matches previously reported data.3%3%
Under applied voltage, however, the S;/ICT lifetime is prolonged to about 11 ps (Figure 3b, red) and
further to 13 ps for the data set TA-lll (Figure 3b, blue). The kinetic trace of the data set TA-IV proves
the reversibility of the system as the Si/ICT lifetime is recovered to 9 ps (Figure 3b, orange dashed),
thus nearly matching the TA-I kinetics. The increase of the Si/ICT lifetime is complemented by a

decrease of the ICT-like band amplitude (Figure 3a and b).

To gain more information about excited-state dynamics of 8’-apo-B-carotenal during BE, we
have applied a global fitting analysis to the data obtained from transient absorption experiment by
assuming a sequential model of excited-state dynamics. The evolution-associated difference spectra
(EADS), which correspond to the individual excited-state species in the sequential model, are shown
in Figure 4. For all data sets, three time components were required to fit the data (Figure 4). The fastest
EADS (black), for all panels in Figure 4, corresponds to the decay of the S; state as evidenced by the
characteristic S;-Sn band in the 800—1000 nm spectral region. The S, state decay is the same for all
data sets (~100 fs), further confirming that the S, state is not affected by the applied voltage. The
second EADS (red), which has a lifetime of around 1.2 ps, is due to the relaxation of a hot S1/ICT state
as well as the S;-ICT equilibration. The final EADS corresponds to the relaxed S1/ICT state of 8-apo-B-
carotenal, and only this EADS exhibits lifetime dependence on the applied voltage. For TA-l (Figure
4a), the S1/ICT lifetime is 8 ps in agreement with the data reported for 8’-apo-B-carotenal in a polar
solvent earlier.®34 Applying the voltage prolongs the Si/ICT lifetime to 11 ps (TA-ll, Figure 4b) and
further to 13 ps (TA-Il, Figure 4c). Figure 4d shows EADS obtained from data measured after switching

off the voltage (TA-IV). The obtained lifetimes prove reversibility of the voltage-induced processes.

6.3. Discussion

From Figure 3 we can see that applying voltage of 0.5 V in BE reduces magnitude of the ICT
band in TA spectra and increases the Si/ICT state lifetime. Often, these effects are manifestation of
polarity decrease of environment surrounding the carotenoid.[*>?? Change of polarity is also
complemented by changes visible in steady-state absorption spectra. However, BE has negligible
effect on absorption spectra (Figure 2) that would be attributable to change of polarity, and we can

hardly expect that voltage 0.5 V could notably alter solvent polarity.

Looking at steady-state absorption spectra of 8’-apo-B-carotenal in acetonitrile/TBAHFP solution
(Figure 2) during BE at 0.5 V we do not observe any hint of spectral features that could be associated
with carotenoid radical Care* formation. In acetonitrile, the Care*is likely unstable and quickly loses

another electron forming dication Car?, a hint of which we can observe within the first five minutes
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of BE as a weak absorption band in the 580—650 nm spectral region (Figure 2a), while it diminishes in
long term experiment (105 to 210 min, Figure 2b). The formation of Car?*, we assume, is a negligible
process leading to depletion of radical cations Care*, due to setting the voltage just before the second
wave where the Car?* is formed (Figure 1). The competing and more probable process that reduces

concentration of Care*is formation of neutral radical #Care via deprotonation.*?

Thus, the presence of various charged and neutral species in the sample affects the excited-
state properties of neutral 8-apo-B-carotenal as evidenced by change of the S;/ICT lifetime as well as
the amplitude of the ICT band. Both these changes are consistent with decrease of the CT character
of the Si/ICT state 8’-apo-B-carotenal.l”2% Observation of variation of the CT character of the S;/ICT
state upon BE implies that the local environment of neutral 8'-apo-p-carotenal must alter the S;-ICT
coupling which is the key parameter determining the degree of the CT character of the S:/ICT

state.[1826:27]

As shown by Redeckas et. al.?®’and West et. al.,?”? dumping the ICT state and disturbing the
S1/ICT population ratio is followed by rapid (units of ps) re-equilibration of populations of the states.
Moreover, this equilibration is intramolecular, not due to interaction between two carotenoid
molecules. It suggests that any individual molecule that is in S; state can transit to ICT state.
Environment surrounding the molecule affects the magnitude of barrier between S; and ICT minima
of the S;/ICT potential surface and thus changing the equilibration rate, the common Si/ICT lifetime
and overall S1/ICT population ratio. We hypothesize that processes during BE create assorted mixture
of ions (TBA*, HFP’), and radicals (Care®, #Care) which can affect the barrier between S; and ICT state

and effectively change the S;/ICT population ratio in advantage of S; state of a neutral carotenoid.

6.4. Conclusions

The excited state dynamics of 8 -apo-B-carotenal were investigated in acetonitrile during the
bulk electrolysis and results were compared with the standard measurements without applied
voltage. During BE with applied voltage of 0.5 V we observed significant change of S1/ICT state ratio in
advantage to the S; state and increase of the Si/ICT state lifetime as compared with the system

without applied voltage.

6.5. Experimental Section

6.5.1. Cyclic voltammetry

Cyclic voltammetry (CV) measurements were carried out using CH Instrument Electrochemical
Workstation (CHI600E) with a standard three-electrode electrochemical system in a 1 mm
spectroelectrochemical cuvette (Scheme S1, in Supporting Information). The commercial (ALS Japan)
Pt Gauze electrode, Pt wires and Ag wires were used as a working, counter, and reference electrodes,

respectively. For sample preparation, a 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP)
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electrolyte solution was prepared in dry acetonitrile. Then, 8 -apo-B-carotenal was added to 0.1 M
TBAHFP/acetonitrile at a concentration of 0.1 M. For quasi reference electrode solution, AgNOs was
dissolved in 0.1 M TBAHFP/acetonitrile solution at concentration of 0.01 M. The final molar ratios of

8’-apo-B-carotenal and TBAHFP was 1: 100, and 1:10 for AgNOs and TBAHFP.
6.5.2. Steady-state absorption spectroscopy

Absorption spectra of the sample were measured on the UV-VIS spectrometer (Shimadzu UV-
2600) with integrated three-electrode electrochemical system. The concentration of 8’-apo-B-
carotenal in the TBAHFP/acetonitrile solution was adjusted to 0.1 mM by diluting with pure
acetonitrile. Therefore, the final concentration of the sample was 0.1 mM 8’-apo-B-carotenal in 0.01
TBAHFP/acetonitrile solution. The same procedure was applied to the reference electrode solution.
The aim was to maintain the same molar ratio among 8’-apo-B-carotenal, TBAHFP and AgNOs in
acetonitrile as in cyclic voltammetry measurements. An external voltage of 0.5 V was used to observe
any changes in steady-state absorption of 8'-apo-B-carotenal under continuously applied bulk
electrolysis for short time (up to 5 min) and long time (up to 210 min). Then, to test the recovery of
the sample, the applied voltage was turned off in both experiments. The absorption spectra were

recorded at various times during the BE and after turning the applied voltage off.

6.5.3. Transient absorption spectroscopy

Time-resolved transient absorption (TA) measurements were performed with a three-
electrode electrochemical system integrated to the ultrafast spectrometer. The femtosecond
spectrometer consists of a Ti:Sapphire regenerative amplifier (Spitfire Ace-100F, Spectra-Physics, USA)
seeded with a Ti:Sapphire oscillator (MaiTai SP, Spectra-Physics, USA), and pumped by Nd:YLF laser
(Empower 30, Spectra-Physics, USA). The output beam, 100 fs pulses with wavelength centered at 800
nm at a 1-kHz repetition rate, was divided into excitation and probe beams by a beam splitter. The
excitation beam was generated by an optical parametric amplifier (TOPAS Prime, Light Conversion,
Lithuania) centered at 490 nm. The probe beam was a broadband white-light continuum beam (470
to 1200 nm) generated by focusing 1300 nm output generated in a home-built OPA to a 2-mm
Sapphire plate. The white-light continuum beam was further divided into reference and probe beams
by a broadband 50/50 beam splitter. Probe and reference beams were dispersed in a prism
spectrograph (Pascher Instruments, Sweden) and detected by a pair of linear CCD arrays allowing to
measure the whole 400-1200 nm spectral region. The spectrometer was calibrated before the
experiment by placing a multiple oxide filter (WCT 2065, Avian Technologies, USA) into the white light
beams in front of CCD arrays. The pump polarization was set at a magic angle (54.7°) relative to the

probe beam polarization.

TA measurements were classified into three parts; before applied voltage (TA-1), under the

continuously applied voltage of 0.5 V (TA-Il and TA-lll), and after turning the applied voltage off (TA-
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IV). TA-l, standard TA measurement, was carried for 15 min as a reference to further experiments.
Immediately after this measurement, the voltage of 0.5 V was applied to the sample and maintained
up to 210 min continuously. During the BE, the second, TA-Il, and third, TA-lll, TA data sets were
collected; from 90 min after starting applied voltage to 105 min, and from 150 min to 210 min,
respectively. The fourth TA data set, TA-IV, was measured from 15 min after turning voltage off to 30

min.

6.5.4. Data analysis

Global fitting procedure was applied to chirp-corrected data set using the CarpetView fitting
software (Light Conversion, Lithuania), assuming the excited system evolves according to a sequential
and irreversible scheme which corresponds to individual excited-state species called evolution-

associated difference spectra (EADS). OriginPro software was used for visualizing the results.
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6.6. Supporting Information
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Figure S1. Comparison of normalized absorption spectra of 0.1 mM 8'-apo-B-carotenal in 0.01 M

acetonitrile/TBAHFP solution (black) and in pure acetonitrile (red).
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Figure S2. Comparison of absorption spectra of 0.1 mM 8'-apo-B-carotenal in 0.01 M TBAHFP/dichloromethane
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Figure S3. Transient absorption spectra of 0.1 mM 8'-apo-B-carotenal in 0.01 M acetonitrile/TBAHFP solution at
different delay times. (a) Prior application of voltage, TA-I, (b) 90 min after applied voltage of 0.5 V up to 105
min, TA-II, (c) 150 min after applied voltage of 0.5 V up to 210 min, TA-lll, and (d) 15 min after switching off the

voltage up to 30-minutes, TA-IV.
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Scheme S1. The illustration of a three-electrode electrochemical system which is used for all spectroscopic
methods in the manuscript. CE: counter electrode (Pt wire), RE: reference electrode (Ag wire in
AgNOs3/TBAHFP/acetonitrile solution), WE: working electrode (gauze Pt wire). The circles indicate positions of
beams during transient absorption measurements. Pr: pump and probe beams, Ref: reference beam. Steady-

state absorption spectra were measured through gauze working electrode.
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Abstract

This study delves into the pH-dependent effects on the excited-state behavior of crocin, a hydrophilic
carotenoid with diverse functions in biological systems. Steady-state spectroscopy demonstrates
notable changes in absorption and fluorescence spectra, characterized by a pH-dependent blue shift
and altered resolution of vibrational bands. Transient absorption spectra further elucidate these
effects, highlighting a significant blue shift in the S1—S, peak with increasing pH. Detailed kinetic
analysis shows the pH dependent dynamics of crocin’s excited states. At pH 11, a shortening of
effective conjugation is observed, resulting in a prolonged Si/ICT lifetime. Conversely, at pH 9, our
data suggest a more complex scenario, suggesting the presence of two distinct crocin species with
different relaxation patterns. This implies structural alterations within the crocin molecule, potentially

linked to the deprotonation of hydroxyl groups in crocin and/or saponification at high pH.

T

Keywords: Carotenoids, Crocin, Ultrafast spectroscopy, Excited states, pH-dependence.

90



7.1. Introduction

Photophysical and photochemical properties of carotenoids, abundant natural pigments, have
been extensively investigated in a variety of theoretical and experimental studies due to their
photoprotective! and light-harvesting??® abilities in biological systems. The wide range of carotenoid

4-7

functions, including quenching of singlet-excited states of chlorophylls,*” chlorophyll triplets®® and

10-15 35 well as

antioxidation achieved by scavenging singlet oxygen or other reactive oxygen species,
their rich excited-state dynamics make these molecules attractive for spectroscopic studies.®
However, because of the complicated excited-state structure, our understanding of carotenoid

photophysics is still limited.

Using the simplest description of excited states of all carotenoids, they exhibit two excited
states: the strongly absorbing S, state and the low-lying excited state, Si:. The transition from the
ground state, So, to the lowest excited state, Sy, is forbidden due to the multiply-excited character of
the S; state.’ Thus, the lowest energy one-photon transition from the ground state occurs to the S;
state, which then relaxes to the S; state that is readily monitored by its characteristic S;—S, band in
transient absorption spectra.’®® This general picture is valid for all carotenoids as their photophysical
properties are predominantly determined by the conjugated C=C double bond chain structure, which

is similar for all carotenoids.?”

Nevertheless, carbonyl carotenoids having a conjugated C=0 group exhibit polarity-dependent
behavior, which is explained by the presence of an additional electronic state in the excited-state
manifold, the intramolecular charge transfer (ICT) state. The presence of the ICT state can be easily
detected by characteristic bands in the transient absorption spectrum. The ICT-like transition is red-
shifted from the S;—S, band and the amplitude ratio between the two bands indicates the degree of
charge transfer character of the coupled S;/ICT state.?>?! A polar environment stabilizes the ICT state,
which may be described as a double-well potential separated by a small barrier, allowing rapid
equilibration between the S;-like and ICT-like potential minima.?*% Numerous studies have indicated
that the charge transfer increases with the solvent polarity, and the position of the conjugated keto
group is also crucial. The ICT signal increases when a single keto group is positioned asymmetrically,
whereas two symmetrically positioned keto groups minimize the charge transfer character of the

S1/ICT state.?*?®
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Fig. 1 Normalized steady state absorption and fluorescence spectra of crocin in buffer solutions with different
pH at room temperature. The emission band marked by asterisk is due to the Raman band of water. Molecular

structure of crocin is also shown.

Natural carotenoids are mostly hydrophobic, and they aggregate in agueous environments,
causing noticeable changes in their spectroscopic properties.?63% Therefore, synthesis of water-
soluble carotenoids has received a lot of attention as the aggregation may lead to loss of function.3
33 Crocin, the digentiobiosyl ester of crocetin and one of the few important water-soluble carbonyl
carotenoids, is the main natural pigment of the gardenia fruit and stigmas of saffron. Due to its water

solubility, crocin has numerous applications as a food colorant and antioxidant.3*3°

The conjugated system of crocin consists of 7 conjugated C=C bonds, and it is extended to two
symmetrically positioned C=0 groups (Fig. 1). The bulky gentiobiosyl groups do not contribute to
conjugation, but they are responsible for water solubility of crocin. Crocin degrades under high
temperature, oxidation, or acidic conditions.>*>*® Moreover, some studies have reported that high
temperature and other environmental factors could break the glycosidic bond of crocin and hydrolyze

crocin to crocetin.3¢38

In contrast to other carotenoids, the hydrophilic nature of crocin allows to study effect of pH
on spectroscopic properties. Crocin has a good stability in the aqueous alkali solutions (pH29), but
acidic conditions (pH<5) lead to degradation because the acidic environment destabilizes the

conjugated system of crocin.?®3° Excited state dynamics of crocin in water is faster than in alcohols:
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the Si/ICT state lifetime decreases from ~140 ps in methanol or 2-propanol to 60 ps in water.3! No
data addressing the effect of pH on excited state properties of crocin or other water-soluble

carotenoids are available so far.

Here, we applied ultrafast transient absorption spectroscopy to compare excited-state
properties of crocin at different pH. Since crocin is unstable at acidic conditions (pH<5), we have
focused on neutral (pH 7) and basic (pH 9 and pH 11) conditions. The results indicate a shortening of
effective conjugation at pH 11. The behaviour at pH 9 crocin was more complicated, suggesting a

presence of more than one species in the sample.

7.2. Material and Methods

7.2.1. Sample preparation

Crocin (Phytolab), citric acid (anhydrous, Fluka), sodium hydrogen phosphate (anhydrous,
Lachner), sodium carbonate (anhydrous, Lachner), sodium hydrogen carbonate (anhydrous, Lachner),
were used as obtained for sample preparation. Stock solutions of crocin (5x10"°> M), citric acid (CsHsO7;
0.1 M), sodium hydrogen phosphate (Na;HPO4; 0.2 M), sodium carbonate (Na,COs; 0.1 M), and sodium
hydrogen carbonate (NaHCOs; 0.1 M) were prepared in 20 ml of deionized water. All stock solutions
were kept in the dark at 4 °C for two days to check the stability of the solutions. The salts were then
mixed in various volumes to prepare different buffer solutions (pH 3, 5, 7, 9 and 11) according to the
buffer reference center (Sigma Aldrich) and checked with a pH meter (Orion star A111, Thermo Fisher).
Then, crocin and buffer solutions (pH 3, 5, 7,9, and 11) were mixed 1:1 (volume) in 10 ml glass bottles
individually and kept in the dark at room temperature. Absorption spectra of the samples were
regularly measured using UV-VIS spectrometer (Shimadzu UV-2600) in a 10-mm path length quartz
cuvette to monitor long time (up to 552 hours) changes in absorption spectra. The samples in various
buffer solutions, tested for stability and pH effects, were selected for transient absorption

experiments (Fig. S1, ESIT).

7.2.2. Transient absorption spectroscopy

Transient absorption measurements were performed with an experimental setup using a
modular laser system consisting of a Ti:sapphire regenerative amplifier (Spitfire Ace-100F, Spectra-
Physics, USA) seeded with a Ti:sapphire oscillator (MaiTai SP, Spectra-Physics, USA), and pumped by a
Nd:YLF laser (Empower 30, Spectra-Physics, USA). The laser system generates B100 fs pulses centered
at 800 nm at a repetition rate of 1 kHz. The output is separated into excitation and probe beams by a
beam splitter. The excitation beam was generated by an optical parametric amplifier (TOPAS Prime,
Light Conversion, Lithuania). The probe pulses were produced by passing the 800 nm beam through a
home-built OPA, which produced a 1300 nm output that was focused on a 3-mm CaF; plate, generating
a white-light continuum beam that covers the 400—900 nm spectral region. To minimize chirp and

chromatic aberration, the white-light beam was collimated by an off-axis parabolic mirror and split
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into reference and probe beams by a broadband 50/50 beam splitter. The probe beam was focused
by a 250 mm spherical mirror to the sample where it overlapped with the excitation beam. Probe and
reference beams were dispersed in a prism spectrograph (Pascher Instruments, Sweden) and detected
by a double CCD array allowing to measure in the whole 400—900 nm spectral region. Before each
experiment, the spectrometer was calibrated by placing a multiple oxide filter (WCT 2065, Avian
Technologies, USA) into the white light beams in front of an entry slit. The mutual polarization of
excitation and probe beams was set to the magic angle (54.7°). The excitation photon density at the

sample was kept below 10 photon cm? pulse™.

7.2.3. Data analysis

A global fitting software was used to analyze the resulting spectro-temporal data sets (CarpetView,
Light Conversion, Lithuania). To visualize the excited-state dynamics, we assumed that the excited
system evolves sequentially and irreversibly. Each component in the sequential scheme represents
individual excited-state species, and the spectral profile of each species is called the evolution-
associated difference spectrum (EADS). EADS provide the information about the time evolution of the
studied system, although they do not necessarily represent the spectral profiles of the individual
excited state species in a complex system. The spectra were chirp-corrected using the same software’s

correction routine.

7.2.4. Fluorescence measurements

Fluorescence emission and excitation spectra were measured on Horiba Fluorolog 3.2.2.
spectrofluorimeter in 1x1 cm cuvettes. Both emission and excitation spectra were corrected for
spectral sensitivity of the detector and excitation lamp emission spectrum. Time-resolved
fluorescence was measured using FluoTime 300 instrument (PicoQuant, Germany) with excitation at
481 nm provided with a laser diode module LDH-P-C-485 (PicoQuant). Data were analyzed globally by
iterative reconvolution as implemented in the FluoFit software (PicoQuant). Decay-associated spectra

were corrected for detector spectral sensitivity.

7.3. Results

7.3.1. Steady-state spectroscopy

Absorption spectra of crocin in different buffer solutions pH (7, 9, and 11) are shown in Fig. 1.
The absorption maximum of crocin occurs at 443 nm in pH 7. Since the vibrational bands of So-S.
transitions are well resolved, the absorption maximum can be assigned to the 0-1 vibrational band,
while the 0—-0 and 0-2 bands are located at 466 and 415 nm, respectively, which is in good agreement

t.3! The absorption maximum of crocin blue shifts with increasing pH, peaking at

with previous repor
432 nm for pH 9 and at 421 nm for pH 11. Furthermore, the resolution of vibrational bands changes
as pH increases. At pH 9, the resolution of vibrational bands is lost and the 0—0 band is visible only as

a shoulder. Upon increasing pH to 11, however, the resolution of vibrational bands is restored and is
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even significantly better than at neutral pH (Fig. 1). We have also tested the stability of crocin at low
pH. In agreement with earlier reports,3® at acidic conditions, crocin degrades within a few hours (Fig.

S2, ESIT). Thus, transient absorption experiments were conducted only for pH range 7-11.

Fluorescence spectra of crocin at different pH (7, 9, and 11) are also shown in Fig. 1. The large
Stokes shift exceeding 200 nm indicates that fluorescence occurs from the S; state. This is consistent
with the known fact that carotenoids with nine or more conjugated C=C bonds show primarily
fluorescence associated with the S,—Sp transition, while for shorter carotenoids, the fluorescence is
dominated by the S; emission.*® Crocin, which has seven C=C bonds, thus shows S; emission bands
between 600 and 800 nm. While fluorescence of crocin at pH 11 peaking at 690 nm mirrors the pH-
induced blue shift and better resolution of vibrational bands of the absorption spectrum, the emission

maximum at pH 9 (710 nm) is nearly identical to that at neutral pH (715 nm).

The fluorescence spectra were fitted by a set of Gaussian peaks to determine the S; energy of
crocin at different pH. The fitting results are shown in Fig. S3 (ESIT). This analysis identifies the emission
maximum as corresponding to the 0—2 vibronic transition, in agreement with earlier reports.*® The
location of the 0—0 band allows to estimate the S; energy of crocin. The extracted values of the S;
energy are ~16670 cm™ (600 nm) at pH 7, ~16750 cm™ (597 nm) at pH 9, and ~17070 cm™ (586 nm) at
pH 11. We have also measured fluorescence excitation spectra at the S; emission maximum. As shown

in Fig. S4 (ESIt), these exhibit excellent agreement with the absorption spectra.

7.3.2. Transient absorption spectroscopy

Transient absorption spectra at different delays after excitation are shown in Fig. 2. The
excitation wavelength was chosen to excite the lowest vibrational bands of the S¢—S; transition, 470
nm for pH 7,450 nm for pH 9 and 11, respectively. Regardless of the pH, the data provide characteristic
carotenoid transient absorption spectra that include ground state bleaching and excited state
absorption (ESA) due to the S;—S, transition. At early delays (0.15 ps) there is an extra ESA band in the
800-900 nm spectral region, which is associated with ESA from the initially excited S, state.*! Besides
the dominant S;:—S, transition, a weak band in the spectral region of 600—650 nm indicates the
presence of an ICT state. The ICT signal is weak for crocin due to its symmetrically positioned
conjugated C=0 groups which minimize the charge transfer character of the coupled S:/ICT state as

demonstrated also for other carbonyl carotenoids.?>*
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Fig. 2 Transient absorption spectra of crocin in (a) pH 7, (b) pH 9 and (c) pH 11 buffer solutions after excitation

at 470 (pH 7) and 450 nm (pH 9 and 11). The spectra were measured at the time delays indicated in the panels.

Although the general features observed in transient absorption spectra are comparable, data
recorded at different pH reveal changes in energetics and dynamics. To visualize these changes, Fig. 3
compares normalized transient absorption spectra of crocin in all buffer solutions. When going from
pH 7 to pH 11, the S;—S, maximum (Fig. 3a) shifts from 532 nm at pH 7, which matches data reported
earlier for crocin in water,3! to 498 nm at pH 11, mirroring the blue shift observed in absorption spectra
(Fig. 1). At pH 9, the S1-S, band peaks at 518 nm. Interestingly, the ICT signal remains weak at all pH,
but it is clearly enhanced at pH 9 in comparison to pH 7 and pH 11. Besides the changes in the S1—S»
band, the ESA signal associated with the S,—Sy band exhibits a slight red shift at pH 11 as it peaks at
810 nm while 800 nm maximum is observed at other pH values (Fig. 3b). Excited state dynamics was
monitored by kinetics measured at the maximum of the S;—S, band (Fig. 4). As seen there, the lifetime

of the the S1/ICT state is significantly affected by pH, increasing in the order pH 9—pH 7—pH 11.
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Fig. 3 a) Normalized TA spectra of crocin in pH (7, 9 and 11) buffer solutions measured at 5 ps. (b) Transient
absorption spectra in the NIR spectral region measured at 150 fs. The spectra are normalized to the S1—Sn

maximum signal at 150 fs. The spectra were measured after excitation at 470 (pH 7) and 450 nm (pH 9 and 11).

Global fitting analysis was employed to obtain the lifetimes of the excited states and the
results are shown in Fig. 5. For pH 7 data, three time components were required to fit the data. The
first EADS, which decays on a sub-120 fs timescale, is generated upon excitation and is dominated by
the characteristic S;—Sy band as well as negative signal below 600 nm due to the S; stimulated
emission. These markers assign the first EADS to the S, state whose lifetime reaches the limit of our
time resolution. The second EADS is related to the hot S;/ICT state that at pH 7 decays within 610 fs
to form the EADS of relaxed S1/ICT state.
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Fig. 4 Normalized kinetics measured at the maximum of the S1—Sn band of crocin at pH (7, 9, and 11) buffer
solutions. The probing wavelengths were 532, 518, and 498 nm for pH 7, 9, and 11, respectively. Excitation was
at 470 nm (pH 7) and 450 nm (pH 9 and 11). Inset shows magnification of the first 10 ps. Kinetics are normalized

to maximum. Solid lines represent fits obtained from global fitting analysis.

This EADS has a characteristic profile of the relaxed Si/ICT state and decays with a time
constant of 58 ps (Fig. 5a). This pattern of the excited state dynamics of crocin at pH 7 agrees with
that obtained for crocin in water reported earlier.3! For pH 11, the overall picture is similar to pH 7,
but lifetimes of the individual components differ. The relaxation of hot S;/ICT state is slightly longer at
pH 11, 815 fs, the last EADS corresponding to the Si/ICT lifetime is significantly prolonged at pH 11,
yielding 126 ps (Fig. 5c).

For the data measured at pH 9 after excitation at 450 nm, the relaxation pattern is different,
because fitting data to three-time components failed (Fig. S5b, ESIT). In contrast to pH 7 and 11, four
decay components are needed to obtain a good fit at pH 9 (Fig. 5b). The first two EADS correspond to
the S, state decay and relaxation of hot S;/ICT state as they do at pH 7 and 11, but two components
with lifetimes of 24 and 60 ps are needed to fit the decay of the Si/ICT state. The additional 24 ps
component, which is the reason for the fastest decay kinetics of the Si/ICT state at pH 9 (Fig. 4),

exhibits larger amplitude of the ICT band.
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Fig. 5 EADS obtained from global fitting of crocin data in buffer solutions of (a) pH 7, (b) pH 9, and (c) pH 11.

It is noteworthy that the 60 ps component has a lifetime comparable to that obtained for the
S4/ICT lifetime at pH 7. Since changing pH from 7 to 9 resulted in a blue shift of absorption spectra, we
have measured data at pH 9 also with excitation of the red absorption edge at 470 nm. This dataset
can be readily fitted with three components whose lifetimes are nearly identical to those obtained
from fitting data measured at pH 7 (Fig. S5, ESIt). Further evidence for the presence of two species at
pH 9 is provided by direct comparison of transient absorption spectra measured after 470 and 450 nm
excitation at pH 9 (Fig. S6, ESIT). The S;—S, maximum after excitation at 450 nm is at 518 nm, while it
is red-shifted to 526 nm after 470 nm excitation. It is still blue-shifted from 534 nm observed for the
S$1—Sn maximum of crocin at pH 7, but crocin molecules at pH 9 excited at 470 nm have clearly
spectroscopic properties like those of crocin at pH 7. Thus, crocin at pH 9 apparently consists of two

species, one has spectroscopic properties comparable with crocin at pH 7, while the other is blue
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shifted, has shorter S1/ICT lifetime and increased ICT band in transient absorption spectrum. Excitation
at 470 nm excites only the “pH 7-like” species, while when the sample at pH 9 is excited at 450 nm,
both species are excited resulting in additional decay component associated with the blue-shifted

species.

7.3.3. Time-resolved fluorescence spectroscopy

Since we could detect the S; emission in fluorescence spectra, we have also applied time-
resolved fluorescence spectroscopy to confirm the S;/ICT lifetimes obtained from transient
absorption. The results obtained for all buffered solutions of crocin are shown in Fig. 6. Even visual
inspection of the decays shows that the fluorescence lifetime increases with increasing pH, matching

the results obtained from transient absorption spectroscopy.

Mormalized fluorescence

Time (ns)

Fig. 6 Time-resolved fluorescence spectra and kinetics of crocin in buffer solutions (ex: 481 nm). Inset shows the

S1 emission spectra. Kinetics were measured at the emission maximum.

The fluorescence decays were measured in the wavelength range of 600 to 840 nm and globally fitted.
The resulting decay-associated spectra (DAS) are also shown in Fig. 6. The DAS obtained from fitting
fluorescence decays matches the steady-state fluorescence spectra, confirming that the emission
originates from the S; state. The fitted lifetimes at pH 11 (110 ps) and pH 7 (50 ps) are in reasonable
agreement with the S;/ICT lifetimes acquired from the global fitting analysis of transient absorption
data. Due to limited time resolution, the fluorescence decay at pH 9 captures only the slower (~60 ps)
component, while the 24 ps lifetime identified in transient absorption data remains unresolved in

fluorescence decay.

7.4. Discussion

The spectroscopic data presented in the previous section demonstrate that the photophysical
properties of crocin are significantly impacted by changes in pH. The absorption spectra of crocin
exhibited a blue shift and alterations in the resolution of vibrational bands with increasing pH. The

effect of pH is mirrored in emission from the S, state, which also exhibit a significant shift in relation
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to the absorption maxima (Fig. 1). The presence of S; emission is in line with a relatively short
conjugation of crocin, consisting of 7 C=C and 2 C=0 groups, resulting in effective conjugation length
of N~8. The pH-induced changes are also reflected in transient absorption spectra, where a ~¥34 nm
blue shift of the S-S, peak is observed when going from pH 7 to pH 11, while a somewhat
intermediate behaviour occurs at pH 9. Interestingly, the ICT signal is slightly enhanced at pH 9
compared to pH 7 and pH 11, and the decay rates of the S;/ICT state are also significantly affected by
pH (Fig. 3 and 4).

Remarkably, the pH-induced changes in decay rates are reminiscent of those reported when
crocin was exposed to solvents with different polarity. The S1/ICT lifetime of crocin at pH 11 is 126 ps
and it is shortened to 60 ps at pH 7. Nearly the same change is observed when going from crocin in 2-
propanol (140 ps) to water (60 ps).3! Thus, one may ask whether the pH change somehow reproduces
the polarity effects on excited state properties. However, besides the solvent polarity, hydrogen-
bonding capacity of the solvent also play a role, as evidenced by different S;/ICT lifetimes measured
in H,0 and D,0 (60 and 95 ps, respectively).3! Further inspection of data presented here (pH-induced
effects) and those reported by Chabera et al.?! (polarity-induced effects) reveals more differences.
First, the 38 nm shift of the S; ESA band produced upon pH change from 7 to 11 (Fig. 3a) is significantly
larger than that observed when going from water (532 nm) to methanol or 2-propanol (516 nm). The
same is valid for pH- and polarity-induced shifts of the steady-state absorption spectra: a blue shift of
more than 20 nm occurs when switching from pH 7 to pH 11 (Fig. 1) while only an 11 nm shift is
observed between water and methanol. Moreover, the resolution of the vibrational bands at pH 7

(Fig. 1) is much better than for absorption spectrum of crocin in methanol or 2-propanol.3!

These results indicate that although the conjugated keto groups play a crucial role in both
the polarity- and pH-induced effects on crocin, leading to tunability of excited state properties, these
two effects have distinct origins. Clearly, pH does not induce any changes in polarity; instead, as
indicated by a slow reaction induced by the pH change (Fig. S1, ESIT), the pH-induced effects are rather
related to some structural changes in crocin. This is also underscored by the fact that at intermediate
conditions used in our experiments, pH 9, the effect on crocin excited states is the strongest, and
dynamics more complicated, resulting in an additional component with significantly shorter lifetime

of 24 ps.

Spectroscopic properties of crocin in a pH 7 buffer are identical to those reported for crocin
in water earlier® and we will not discuss them in detail further. Briefly, the large polarity and high
proticity of water, resulting in a strong interaction of water molecules with the conjugated keto groups
of crocin, shorten the S:/ICT lifetime and red shift both absorption and transient absorption spectra
compared to crocin dissolved in alcohols. Yet, no increase of the ICT band in transient absorption

spectrum is observed, due to the symmetrical position of the keto-groups.?
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At pH 11, the observed spectroscopic changes, prolonging of the S:/ICT lifetime and blue
shift of both absorption and transient absorption spectra suggest shortening of the effective
conjugation length. Crocin’s conjugated system consists of seven conjugated C=C bonds, and it is
extended to two symmetrically positioned C=0 groups. The significant increase of resolution of
vibrational bands in absorption spectrum (Fig. 1) may suggest that the presumed decrease of effective
conjugation could be associated with removal of keto groups from conjugation, because keto-
carotenoids typically do not exhibit sharp vibrational bands in polar solvents.?* To test this hypothesis,
we compare our data with those reported for crocetindial, which has the same conjugated system as
crocin, and 8,8’-diapocarotene-8,8’-diol (see ESIt Fig. S7 for structures), which has the keto groups
replaced by two symmetrically positioned OH groups that do not contribute to the conjugation
length.3! If the two keto groups of crocin are removed at pH 11, one should observe spectroscopic
properties similar to 8,8-diapocarotene-8,8’-diol in methanol since for a carotenoid without a
conjugated keto-group, the solvent polarity has minimal influence on spectroscopic properties.?%*
However, the data reported by Enriquez et al.?®> on 8,8’-diapocarotene-8,8’-diol show that its
absorption and transient absorption spectra peak at ~425 nm (0—0 band) and ~475 nm, respectively,
thus significantly blue-shifted from crocin at pH 11 (447 and 496 nm). Moreover, the S; lifetime of
8,8’-diapocarotene-8,8’-diol is 450 ps, which is significantly longer than the 126 ps obtained for crocin
at pH 11 (Fig. 5¢).

These comparisons imply that crocin at pH 11 has an effective conjugation length longer than
7, which would correspond to the situation when the C=0 bonds are not in conjugation. An effective
conjugation longer than 7 is also indicated by the S; energy obtained from the fluorescence spectra:
the S1 energy of 17 000 cm™ is lower than expected for a carotenoid with N = 7 whose S; energy should
be higher than 18 000 cm™.Y” It is therefore obvious that the keto groups are not isolated from the

conjugated backbone of crocin, but their effect is somehow diminished at pH 11.

A possible explanation of this effect can be traced in pH-dependent behaviour of the parent
molecule, crocetin (see ESIT Fig. S7, for structure). Crocetin has two carboxyl (COOH) groups
terminating the conjugation. These groups deprotonate at high pH, resulting in ionization of the
carboxylic group (COO-) associated with a slight change in properties of the C=0 bond.3%*? Since the
carboxylic group is esterified in crocin (crocin is a gentiobiosyl diester of crocetin), such effect cannot
occur in crocin. However, at pH 11 a fraction of OH groups located at the gentiobiosyl moieties will be
deprotonated. This leads to shifts of bonds which may eventually diminish the influence of the C=0

groups on spectroscopic properties.

Alternatively, it is known that treating esterified carotenoids with KOH leads to
saponification.”® Thus, high pH may induce the saponification reaction also in crocin, resulting in
removal of the gentiobiosyl groups of crocin and formation of crocetin. Feasibility of this hypothesis

is supported by irreversibility of the changes induced by pH 11 (ESIT Fig. S8) and by absorption
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spectrum of crocetin in a water-based buffer at pH 8.5,% which is very similar to that we observe at
pH 11 for crocin here. To test this hypothesis, we have run HPLC of crocin at different pH. The results,
shown in ESIT (Fig. S9 and S10) indeed confirm that increasing pH induces irreversible structural
changes of crocin. A new species, which is less polar than crocin, is identified supporting the
hypothesis of saponification of crocin to crocetin at pH 11. At this pH, the carboxyl groups of crocetin
are deprotonated, resulting in “weakening” the double bond character of the keto group which will
then contribute less to conjugation. This explains the observed blue shift, as the effective conjugation
length would decrease with increasing pH, leading to the longer lifetime of crocin at pH 11. The
presumably weaker conjugation of the C=0 group at pH 11 is also in line with the observed
enhancement of the vibrational bands resolution in the absorption spectrum, as this feature is directly

related to the degree of conjugation of the C=0 group.®

At pH 9, the picture is even more complicated. To fit transient absorption data, one extra
component is needed and excitation at 450 and 470 nm gives different spectral profile of the S-S,
band (Fig. S6, ESIt). This suggests that at pH 9 the sample contains two crocin species exhibiting slightly
different relaxation patterns. It is tempting to assign these two species existing at intermediate pH 9
to those observed at pH 7 and pH 11, especially because after very long exposure of crocin to pH 9, its
absorption spectrum eventually settles to that measured at pH 11 (Fig. S1 and inset, ESIT). However,
this is clearly not the case as (1) we do not detect any time component attributable to the crocin

species at pH 11, and (2) absorption spectrum at pH 9 loses the vibrational structure.

Instead, crocin seems to be composed of two ground state species at pH 9. The existence of
two species is also confirmed by HPLC which however indicates that minor species (about 25%) is like
that observed at pH 11 (Fig. S9, ESIt). This is not confirmed by transient absorption spectroscopy as
we do not detect any features (vibrationally resolved absorption spectra and/or long lifetime)
attributable to the species observed at pH 11. The mismatch could be caused by the experimental
conditions under which HPLC is measured. Due to the limits of HPLC experiment the pH 9 and pH 11
samples must be neutralized to pH 7 prior to HPLC. Thus, while HPLC provides clear evidence that pH
change generates structural changes, the species identified by HPLC cannot be directly compared with

those measured in transient absorption as the experimental conditions are different.

Transient absorption data rather indicate that at pH 9 there is a species absorbing at the
red edge of absorption spectrum; this one is similar to crocin at pH 7 as evidenced by data obtained
after 470 nm excitation (Fig. S5c and d, ESIt). The other species, however, exhibits a blue shift of
absorption spectrum with diminished resolution of vibrational structure, shorter S;/ICT lifetime (24
ps), and enhanced ICT band in the transient absorption spectrum. All these features indicate that this
extra species generated at pH 9 has enhanced ICT character of the S1/ICT state, which typically occurs
due to increased asymmetry of electron distribution in the excited state.? Thus, we hypothesize that

at pH 9 there is a substantial fraction of crocin molecules, for which only one C=0 group is affected,
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introducing asymmetry to electron distribution in an otherwise symmetric crocin molecule. The effect
is likely the same as that described above for pH 11, but since the reaction at pH 9 is much slower, it
generates substantial population of asymmetric crocin molecules. We note, however, that for a
completely asymmetric molecule (having only one conjugated C=0 group) a significantly stronger ICT
band should be observed as previously demonstrated by Enriquez et al.?> Thus, as a result of the pH-
induced reaction (deprotonation of hydroxy groups or saponification), the degree of asymmetry must
be somewhat weaker than in the entirely asymmetric molecule, which is likely caused by the weaker

conjugation of the C=0 group as described above.

7.5. Conclusions

We conclude that pH markedly affects spectroscopic properties of crocin. Increase of pH
causes partial deprotonation of hydroxy groups in the non-conjugated parts of crocin, which
eventually leads to structural changes in the crocin molecule. A saponification most likely occurs at
high pH, transforming crocin to crocetin, affecting the properties of the two conjugated C=0 groups.
Besides the excited state dynamics, pH also markedly affects crocin stability. While acidic pH leads to
a rapid degradation of crocin, basic pH stabilizes the crocin molecule (Fig. S1, ESIT), in agreement with

earlier reports on crocetin.>®
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7.6. Supporting Information
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Figure S1. Absorption spectra and their time evolution over an extended period of time. The thick lines represent
the samples used for transient absorption measurements. The time dependence of the absorption spectra for
25 uM Crocin in water (pH ~ 6.5) and 0.1 M pH 7, 9, and 11 buffer solutions was measured in the dark at room
temperature. The zero times correspond to Crocin's initial absorption spectra in water and at pH 7, 9, and 11.
The red dotted line illustrates the absorption of 0.1 M buffer solutions. In the pH 11 inset, normalized absorption

spectra of Crocin in pH 9 (black line) and pH 11 (red dotted line) are presented at 552 hours.
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Figure S2. The stability of crocin under acidic conditions. The graph illustrates absorption spectra and their
temporal evolution over an extended period of time. The time-dependent absorption spectra for 25 pM Crocin
in water (pH ~ 6.5) and 0.1 M a) pH 3 and b) pH 5 buffer solutions were measured in the dark at room
temperature. The zero times align with Crocin's initial absorption spectra in water and at pH 3 and 5. The red

dotted line on the graph represents the absorption of 0.1 M buffer solutions.
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Figure S3. The Gaussian fits of emission spectra of crocin in pH 7, 9, and 11 (Ex: 470 nm). The red Gaussian

corresponds to the 0-0 band.
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maximum.

108



Energy (cm™) Energy {cm™)

20000 18000 16000 14000 12000 22000 20000 18000 16000 14000 12000
| | | | 1 | | 1 1 1 1
0.104 4 1¢c
0.1 5
0.05 <
E
-EI':- 0.0 =t
é 0.00
=120 fs -0.1 <120 fs
—1.1ps —_—
-0.05 43515
——48ps —— 49 ps
I e I L I T 1 J —9.2‘ T T T T T T T T T
500 G600 700 800 900 500 E00 700 800 900
Wavelength (nm) Wavelength (nm)
d
1=
=)
N ——518 nm
o
E
5 4
=
3
)
0+
! v 1 ] ! T ¥ T T ! T
0 100 200 300 0 100 200 300
Time (ps) Time {ps)
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crocin neutralized from pH 11 to pH 7 using buffers.

110



7.6.1. High-performance liquid chromatography (HPLC) analysis of crocin at different pH

Sample heterogeneity was assessed by reverse-phase HPLC, using a Waters Alliance HPLC system with
PDA 2998 detector (Waters, USA). Pigments were separated on a reverse phase Nova-Pak C18 column
(3.9 x 300 mm, 4 um, silica-based, end-capped; Waters, USA) using a linear gradient elution. A tertiary
solvent system used was as follows: solvent A (80:20 methanol: 0.5 M ammonium acetate (aq., pH
7.2), v/v), solvent B (90:10 acetonitrile: water, v/v), solvent C (100% ethyl acetate). The gradient
consists of injection into 100 % solvent A, followed by a ramp to 100 % solvent B within 4 minutes.
The gradient follows by a transition to 20 % solvent B and 80 % solvent C in 14 minutes.* The flow
rate was 1 ml min™t. The method was used because it is suitable for many carotenoids and well
established in our laboratory. Samples were injected in a water-based buffer as indicated elsewhere
in the text. Samples from high pH were neutralized prior to injection by dilution with buffer with pH 7
due to the limits of the used HPLC column. Samples from pH 9 and pH 11 were neutralized after two

days of reaction to be comparable to the conditions during the optical spectroscopy experiments.

The HPLC chromatogram of crocin (Fig. S9) shows one broad peak immediately at the front of the
elution, at ~ 2.1 min. No other components were detected in the sample. Sample treated by pH 11
consisted of one major component at ~ 2.7 min (the void volume peak at 2.1 min is prominent in these
data due to the low concentration of the injected sample). The spectrum of this component is virtually
identical to bulk spectra of crocin at pH 11 (Fig. S10). The chromatogram of crocin treated at pH 9
contains two major peaks. The first one, at 2.25 min, forms 77 % of the sample and has a spectrum
similar to crocin but blue-shifted by 11 nm to 429 nm. The second peak in pH 9-treated sample is
identical with that from the pH 11 sample. Based on these data it can be concluded that crocin treated
by pH 11 for two days is converted to another, less polar, species. Saponification of the glycoside side-
chains of crocin is one of the possible origins of this species. Identity of the intermediate species in
the sample at pH 9 is not clear. Since it is less polar than crocin at pH 7 and more polar that the species
identified at pH 11, it is feasible that at pH 9 due to very slow saponification reaction there is a
substantial fraction of monoesters. Such asymmetric molecule could explain some spectroscopic
features of crocin at pH 9, but we note that its absorption spectrum does not indicate a presence of

an asymmetric keto-group thus the picture is more complicated.
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Abstract

We report on synthesis and detailed spectroscopic characterization of bis-phenylhydrazone
astaxanthin (BPH-Asx), a derivative of astaxanthin (Asx), in which the conjugated carbonyl group of
Asx is replaced by a conjugated C=N bond. BPH-Asx was successfully synthesized and characterized
using various spectroscopic techniques, revealing subtle changes in absorption spectra and significant
alterations in excited-state dynamics compared to Asx. The results reveal a shortened S, lifetime, 1.4
ps for BPH-Asx compared to 5 ps for Asx, indicating a significant impact on its excited-state dynamics.
Since no polarity-induced effect was observed for BPH-Asx, the changes induced by the conjugated
C=N group are due to prolongation of effective conjugation. Moreover, the identification of a
distinctive S* signal with a 3 ps lifetime in BPH-Asx underscores the relation between effective

conjugation and presence of the S* signal that is not detected in Asx.
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8.1. Introduction

Carotenoids are class of natural pigments with extraordinary photoprotective! and light-
harvesting® ® abilities in biological systems. Moreover, their rich excited-state dynamics* as well as
capacity to engage in various functions, such as quenching of singlet-excited states of chlorophylls>?2,
chlorophyll triplets® ¥, and antioxidation achieved by scavenging singlet oxygen or other reactive

11-16 emphasize their importance in both biology and chemistry. Due to their important

oxygen species
roles in light-induced processes, photophysical and photochemical properties of carotenoids have
been frequently studied; however, owing to the complicated excited-state structure and dynamics,

gaps in understanding the carotenoid photophysics still remain.

According to the basic description of the excited states of all carotenoids, two states are
highlighted: strongly absorbing S, state and lower-lying S; state, to which a one-photon transition from
the ground state (So) is forbidden due to the multiply-excited character®’. Thus, the lowest energy one-
photon transition from the ground state occurs to the S, state, which relaxes to the S; state whose
properties are readily monitored via its characteristic S1-S, band in transient absorption spectra®® *°,
This general picture is valid for all carotenoids and their conjugated C=C bond chain structures,

common in all carotenoids, primarily determine their photophysical properties?’.

Beyond this three-state model (So, S1 and S;), other states have been identified. In keto-
carotenoids, featuring conjugated C=0 bond in their structure, an intramolecular charge transfer (ICT)
state coupled to the dark S; state is stabilized in a polar environment, resulting in a state commonly
referred as the S1/ICT? 2%, The presence of the ICT state is easily detected by characteristic bands in
the transient absorption spectrum. The ICT-like transition is red-shifted from the S;-S, band for most
keto-carotenoids. The amplitude ratio between the S;-S, and ICT-like bands serves as a measure of
degree of charge transfer character of the coupled Si/ICT state?® 2!, Numerous investigations have
demonstrated that the degree of charge transfer character is proportional to solvent polarity but the
conjugation length and position of the conjugated keto group are also crucial factors. The ICT signal
increases for short keto-carotenoids having a single keto group positioned asymmetrically while the
charge transfer nature of the S;/ICT state is minimized for long ones with two keto groups positioned
symmetrically®® 2> 3, This is for example the case of astaxanthin (Asx), one of the widely studied keto-
carotenoids, which has two symmetric conjugated keto (C=0) groups at the terminal rings, resulting

in only a weak ICT signal detected in a broad range of solvents®*%,

Another state known as S* has been identified in carotenoids with long conjugation. The $* signal
is typically demonstrated as a distinct blue shoulder at the S;-S, band, and its lifetime is longer than
that of the S; state?’. The origin of the S* signal is still a matter of debate. The first detection of the S*
signal assigned it to a hot ground state?, but this assignment was later challenged and the S* signal

was instead attributed to a separate excited state?’. Since then, numerous studies favoring either

29,30 or excited state3’ 32

ground state hypothesis have been reported. Yet, it seems that both hot
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ground state and excited state contribute to the S* signal, with particular contribution depending on
conjugation length: while for short conjugation (N<11) the excited state contribution dominates, a hot
ground state is the key source of the S* signal for long carotenoids®.

Since excited state dynamics of carotenoids depends on the structure of the conjugated system,
synthetic carotenoids with various modifications of the conjugated chain helped to understand some
aspects of carotenoid photophysics. These modifications often focused on synthesis of carotenoids
with a conjugation length longer than that of natural carotenoids. Such approach, involving a synthesis
of B-carotene analogs with 15 or even 19 C=C bonds (in contrast to 11 in natural B-carotene), led to

the first observation of the S* signal®®

. Series of synthetic carotenoids with varying conjugation lengths
later helped to understand excited-state dynamics of B-carotene?*, zeaxanthin®® or keto-carotenoids
peridinin® and fucoxanthin®’.

Besides synthesis of carotenoid series with the same structure but different conjugation lengths,
chemical modifications of carotenoids have also targeted various functional groups involved in
conjugation in order to test their role in excited-state dynamics. To this end, alterations of the allene
group of peridinin® or fucoxanthin®® were used to test the effect of the allene group on ICT state of
these keto-carotenoids. Similarly, symmetry of peridinin was modified by ‘moving’ the lactone ring
along the main conjugated chain®. Many synthetic carotenoids have been introduced in the past few
decades including those having non-natural atoms such as sulfur, nitrogen, or phosphorus in their
structure*’. Yet, excited state dynamics of these carotenoids has not been studied, apart from two
exceptions featuring nitrogen atoms in their structure. First, ultrafast dynamics of all-trans-7’,7’-
dicyano-7’-apo-f-carotene®, demonstrating strong effect of the cyano groups on excited state

lifetime. Second, astaxanthin (Asx) esterified by the amino acid lysine, synthesized to make Asx water

soluble, was subjected to ultrafast transient absorption spectroscopy®.
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Scheme 1. Synthetic pathway of bis-phenylhydrazone astaxanthin (BPH-Asx).

Asx is a subject of chemical modification also in this study. It has two oxygen atoms on each
cyclohexene rings in the form of a keto (C=0) and hydroxyl (C-OH) group. These groups at terminal
rings offer a possibility of chemical/structural modification of Asx, synthesizing novel carotenoids*®.
Since such modification of Asx, especially that modifying the keto group, is expected to change the
photophysical properties, it is an ideal tool to explore features of excited states of the Asx. More
specifically, by the synthesis of novel carotenoids (Scheme 1), we can obtain astaxanthin whose
conjugated C=0 group, the expected generator of the ICT state, is modified to some other functional
group. Such modification could figure out whether a carbonyl group is needed for observation of
spectroscopic features related to the ICT state.

Here, we report on synthesis of a novel astaxanthin derivative named bis-phenylhydrazone
astaxanthin (BPH-Asx) which instead of conjugated C=0 group has C=N bond in conjugation. We have
conducted a detailed study of its photophysical properties that were investigated by ultrafast time-
resolved transient absorption spectroscopy. The data showed that Asx could be successfully modified,
resulting in stable BPH-Asx, which has significantly different spectroscopic properties compared to

Asx.
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8.2. Experimental Section

8.2.1. Materials and Methods

Astaxanthin (Sigma Aldrich, 297%, HPLC), phenylhydrazine (Merck, 297%, for synthesis), ethanol
(Penta, 297%, GC), glacial acetic acid (Lachner, 99.8 G.R.), acetonitrile (Acn, Fluka, 299.9%, HPLC),
benzene (Fluka, 299.5%, GC), methanol (Merck, 299.9%, HPLC), and dichloromethane (Dcm, Merck,
>99.9%, GC) were used as obtained without further purification. Reactions were monitored by thin
layer chromatography using Merck TLC Silica gel 60 with DCM/methanol (1/1, v/v) as the eluent. Mass
spectra were acquired in linear modes with average of 50 shots on a Bruker Daltonics Microflex mass
spectrometer equipped with a nitrogen UV-Laser operating at 337 nm. ESI-MS detection was
conducted on a Bruker QqTOF compact instrument operated using Compass Control 4.0 software
(Bruker Daltonics, Germany). Compass DataAnalysis 4.4 (Build 200.55.2969) (Bruker Daltonics,
Germany) software was used for data processing. NMR spectra (*H and *C NMR) were recorded for
all compounds in CDCls; by a Varian INOVA 500 MHz spectrometer using TMS as internal reference.
High-performance liquid chromatography (HPLC) was performed using a Waters Alliance HPLC system
with a PDA 2998 detector (Waters, USA). The compounds were injected in methanol and separated
on a reverse phase Nova-Pak C18 column (3.9 x 300 mm, 4 um, silica-based, end-capped; Waters,
USA) using a linear gradient elution. A tertiary solvent system used was as follows*’: solvent A (80:20
methanol: 0.5 M ammonium acetate (aq., pH 7.2 v/v)), solvent B (90:10 acetonitrile: water), solvent C
(100% ethyl acetate). The flow rate was 1 ml min™. Absorption spectra of the samples were measured
in a 10-mm path length quartz cuvette using UV-VIS spectrometer (Shimadzu UV-2600). Fluorescence
spectra were measured in 3x3 mm quartz cells using Horiba Fluorolog-3 spectrometer, using Xe arc

lamp, double monochromators and a photomultiplier detector at right angle detection geometry.

8.2.2. Synthesis of bis-phenylhydrazone astaxanthin (BPH-Asx)

Astaxanthin 10 mg (0.017 mmol), excess phenylhydrazine 7.34 mg (0.068 mmol) and a few drops
of glacial acetic acid in ethanol (25 mL) were heated at reflux overnight. The resulting precipitate was
filtered and washed with cold ethanol (100 mL). As the TLC of the solid part was clear, no further
separation was applied. BPH-Asx was obtained as an orange-red color powder (4 mg, 30%). MALDI
TOF (m/z) (Fig.S1) Calc. 776.50, Found: 776.998 [M+H]*; ESI-MS (Fig. S1): Cs2HesN4O, [M*] calculated
775.4945, found: 775.4936 m/z. *H NMR (Fig.S2; 500 MHz, CDCls) & 9.61 (2H, NH, j), 7.24 (4H, Ar-CH,
h), 7.12 (d, J=8,0 Hz, 4H, Ar-CH, h), 6.84 (t, /=7.6 Hz, 2H, Ar—CH, g), 6.66 (t, J= 14.9 Hz, 4H, alkene H, f),
6.42 (d, J=14.9 Hz, 2H, alkene H, f), 6.29-6.22 (m, 8H, alkene H, f), 5.30 (s, 2H, CH, e) 4.83 (s, 2H, OH,
d), 2.10 (s, 4H, CH2, c), 1.99-2.00 (s, 12H, CHs, b), 1.13-1.25 (s, 18H, CHs, a) ppm. 3C NMR (Fig. S3,
125 MHz, CDCl5) 6 150.3, 138.4, 137.5, 136.7, 135.1, 130.3, 129.6, 129.1, 128.5, 128.3, 126.8, 124.3,
114.4,68.5,53.8,30.8,30.2, 27.5, 26.4, 21.9 ppm. FT-IR (Fig. S4; ATR, cm™) v=3300 cm™ (NH), v=1750
cm™(C=N), v=1251 cm™(C-N), v=1500-1600 cm™ (C=0).
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8.2.3. Transient absorption spectroscopy

Transient absorption (TA) spectroscopy was measured using an in-house build setup, based on a
Solstice ACE (Spectra Physics) laser amplifier system that produces ~60 fs pulses at a central
wavelength of 796 nm at 4 kHz repetition rate. The amplifier output is divided into two parts that each
pump an optical parametric amplifier (TOPAS-C, Light Conversion). One generates the pump beam
while the other produces a NIR beam (1360 nm) that is focused onto a 3 mm CaF; crystal to generate
a supercontinuum probe beam. The delay between pump and probe pulses is introduced by a
computer-controlled delay stage (Aerotech, 10 ns) placed in the probe beam path. After
supercontinuum generation the probe pulses are split into two parts: the former being focused to
~100 um spot size and overlapping with the pump pulse in the sample volume, and the latter serving
as a reference. After passing the sample the probe beam is collimated again and relayed onto the
entrance aperture of a prism spectrograph. Both beams are then dispersed onto a double photodiode
array, each holding 512 elements (Pascher Instruments). The intensity of excitation pulses was set to
230 BEW, yielding excitation density of 6.5x10'® photons/pulse/cm? photons/pulse/cm?. Mutual
polarization between pump and probe beams was set to the magic angle (54.7°) by placing a Berek
compensator in the pump beam. Time-resolution of the setup after dispersion correction is estimated
to be <100 fs. The measured samples, placed in a 1-mm pathlength optical cuvette, were translated
after each scan to avoid photodegradation. To check for stability of each sample steady-state

absorption spectra were measured before and after experiments.

8.2.4. Data Analysis

The resulting spectro-temporal data sets were analyzed by a global fitting software (CarpetView,
Light Conversion, Lithuania). It was assumed that the excited system evolves irreversibly and
sequentially to visualize the excited-state dynamics. Each component of the sequential scheme
illustrates an individual excited-state species, and the spectral profile of each species is called the
evolution-associated difference spectrum (EADS). The same software was used for chirp-correction of

the spectra.

8.3. Results

8.3.1. Synthesis and structural characterization

BPH-Asx was successfully prepared by using the procedure described in literature*. The synthesis
procedure of BPH-Asx is detailed in Scheme 1. The BPH-Asx was synthesized by the condensation
reaction of commercially available Asx and phenylhydrazine in ethanol and in the presence of a
catalytic amount of glacial acetic acid. After reaction reflux overnight, solid BPH-Asx was obtained with
a reasonable yield (30%) by just washing with cold EtOH/MeOH to remove excess/unreacted

phenylhydrazine. The BPH-Asx obtained without further purification appeared as an orange-red solid.
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The successful condensation of Asx with phenylhydrazine to produce the desired target compound,

BPH-Asx, was confirmed by using various spectroscopic techniques.

The molecular ion peak of the BPH-Asx was determined by the MALDI-TOF mass spectrometer as
776.998 m/z, which is in good agreement with the predicted structure and further confirmed by ESI-
MS (Fig.S1). The novel BHP-Asx structure was further supported by comparing its *H NMR
spectroscopic data with that of commercially available Asx (Fig. S2). The proposed chemical structures
for both compounds were confirmed by analysis of both aromatic and aliphatic protons. Specifically,
in the case of BPH-Asx, additional resonances of aromatic benzene protons at 7.24 and 7.12 (10H, g
and h), along with a new resonance of NH (2H, j) proton at 9.61 ppm, were identified. The presence
of these additional characteristic protons strongly supports the structural confirmation of BPH-Asx. In
the 3C NMR spectrum, the aromatic carbons of the BHP-Asx were marked between 150.3 and 114.41
and the aliphatic carbons signals were seen between the 68.59 and 21.98 ppm regions of the spectra
(Fig. S3). FT-IR spectroscopy is a useful and effective method for investigating structural changes in
molecules and we compare the FT-IR spectra of BPH-Asx and Asx in Figure S4. In the FT-IR spectrum
of BPH-Asx, distinctive peaks were observed at 3300 cm™ corresponding to the NH stretching
vibrations, 1750 cm™ indicate of the C=N stretching vibrations, and 1251 cm™ were attributed to the
C-N stretching vibrations. Notably, in comparison to astaxanthin, BPH-Asx exhibited these new
characteristic peaks and the absence of the strong peak at 1660 cm™ associated with the C=0
stretching vibrations. These spectral structural differences between BPH-Asx and Asx further confirm

the proposed structure and alterations of functional groups.

Asx and its modified derivative BPH-Asx were analyzed by HPLC for further characterization (Fig
S5). The chromatogram of Asx consists of a single broad peak at 11.1 min, identified as all-trans Asx®.
The chromatogram of BPH-Asx exhibits five peaks, occurring at longer retention times compared to
Asx. The highest peak at 12.9 minutes (81%) was identified as BPH-Asx. Two minor peaks at 13.9
minutes (6%), 14.1 minutes (6%) showed absorbance bands around 380 nm (Fig. S6) and likely
correspond to cis-isomers of BPH-Asx*. Presence of small amount of some unidentified Asx-related
species was indicated by a minor peak at 12.2 minutes (3%). The last minor peak at 15.6 minutes (4%)
showed significantly red-shifted absorbance (Fig. S6) indicating significantly longer effective
conjugation in the ground state. This could be caused by the s-trans configuration of the terminal rings

making the whole conjugation linear including the two C=N groups (Scheme 1).

8.3.2. Steady-State and Transient Absorption Spectroscopy

Absorption spectra of Asx and BPH-Asx in Acetonitrile (Acn) and Dichloromethane (Dcm) are
depicted in Fig 1. The absorption maximum of Asx is at 476 nm in Acn with a single broad peak,
reflecting the Sq¢-S; transition, in agreement with previous reports on Asx in this solvent?. The
absorption maximum of Asx red shifts with increasing solvent polarizability, peaking at 486 nm in Dcm.

For BPH-Asx, absorption spectra in both solvents exhibit a small red shift compared to Asx: the
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absorption maxima are at 483 and 488 nm in Acn and Dcm, respectively. A slightly broader distribution
of the So-S; transition energies is observed for BPH-Asx, but overall the comparison of absorption
spectra suggests that the transition dipole moment associated with the So-S; transition undergoes only
modest changes upon change from Asx to BPH-Asx. The properties of the S-S, transition are further
confirmed by fluorescence spectra shown in Fig. S7. The weak fluorescence originates from the S,
state in agreement with data reported on Asx earlier.>® The solvent induced red-shift of fluorescence

spectrum is larger for Asx than for BPH-Asx, mirroring the behavior of absorption spectra.

1 Asx in Acn
7] —— BPH-Asx in Acn
Asx in Dcm
Q ——— BPH-Asx in Dem
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Figure 1. Steady state absorption spectra of Asx and BPH-Asx in acetonitrile and dichloromethane.

Transient absorption spectra at different time delays following excitation are shown in Figure 2.
The excitation wavelength was at 500 nm for Asx and BPH-Asx in both solvents, intended to excite the
molecules just below the maximum of the So-S; transition. The data provide characteristic carotenoid
transient absorption spectra, comprising ground state bleaching and excited state absorption (ESA)
attributed to the Si:-S, transition for both Asx and BPH-Asx. The S:-S, band of Asx in Acn, peaking at
629 nm, is consistent with previous studies,® fully forming within the first picosecond. In Dcm, the S;-
Sn peak shifts to 642 nm (Fig 2a and b). In addition to the dominant S;-S, transition, a weak band in the
700-800 nm spectral region indicates the presence of an ICT state. The ICT signal is weak for Asx due
to its symmetrically positioned conjugated C=0 groups that minimize the charge transfer character of
the coupled S1/ICT state as has been also demonstrated for other carbonyl carotenoids??. The 800-900
nm spectral region exhibits an additional ESA band at early delays (0.15 ps), which is linked to the ESA

from the initially excited S, state®’.
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Figure 2. Transient absorption spectra of Asx in Acn (a), Asx in Dcm (b), BPH-Asx in Acn (c), and BPH-Asx in Dcm
(d). The delay times after 500 nm excitation are indicated in each panel. The color-coding is the same in all
panels.

Although the general features observed in the transient absorption spectra of both
carotenoids look similar, the modification of the conjugated chain from Asx to BPH-Asx induces some
changes in the transient absorption spectra. As expected, both the ground state bleaching and S;-S,
ESA exhibit a red shift, reflecting the observed difference in the ground state absorption spectra. The
S1-Sn bands of BPH-Asx have maxima at 642 nm and 681 nm in Acn and Dcm, respectively (Fig 2c and
d). Besides the changes in the S;-S, band, the ESA signal associated with the S-Sy band of BPH-Asx at
0.15 ps after excitation did not show any shift but had less amplitude comparing to Asx. The signal
associated with the ICT state is much less pronounced in BPH-Asx as it nearly disappears in both
solvents. However, this can be partly due to a broader S;-S, band of BPH-Asx, resulting in a weak ICT
band hidden under the dominant S;-S, transition, which extends to 800 nm for BPH-Asx. To visualize
these changes, Fig. 3a compares normalized transient absorption spectra at 1 ps after excitation of

both compounds in both solvents.
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Figure 3. (a) Normalized transient absorption spectra of Asx and BPH-Asx in both solvents. The spectra were
measured at 1 ps after excitation at 500 nm for all compounds/solvents. (b) Normalized kinetics measured at

the S1-Sn maximum for each sample. The solid lines represent fits obtained from global fitting analysis.

The decrease in the magnitude of the ICT band, along with the red shift observed when going from
Asx to BPH-Asx, is evident. Excited state dynamics was monitored by kinetics measured at the
maximum of the S;-S, band (Fig. 3b). The decay is significantly faster for BPH-Asx compared to Askx,

while there is no change for both compounds with respect to solvent polarity.

Excited state lifetimes were determined using a global fitting analysis, and the results are
summarized in Fig. 4. For both compounds, three decay components are sufficient to obtain good fits.
The first EADS for Asx in both solvents show features typical of the excited Asx S; state, and its lifetime
is at sub-100 fs time scale, reaching the limit of our time resolution. The second EADS has already
typical features of the S:-S, band except the increased amplitude at the low energy side of the band,

which is characteristic of a hot S1/ICT state®2.
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Figure 4. EADS obtained from global fitting of Asx in Acn (a), Asx in Dcm (b), BPH-Asx in Acn (c), and BPH-Asx in
Dcm (d).

Decay of the hot Si/ICT state occurs within a few hundred femtoseconds, differing slightly
between Acn (350 fs) and Dcm (240 fs) and yields EADS of the relaxed S1/ICT state. This EADS exhibits
the characteristic profile of the relaxed S:/ICT state and decays with a time constant of 4.85 ps (Acn)
and 5 ps (Dcm). This pattern of the excited state dynamics of Asx in Acn agrees with the results

obtained earlier®: >,

For BPH-Asx, three decay components provide a good fit, but the individual EADS differ from
those obtained for Asx. The first EADS with sub-100 fs lifetime clearly contains features associated
with both S, state (the ESA signal peaking around 1100 nm) and the hot S;/ICT state. This implies that
S, and hot S;/ICT decays are both very short and occur on a comparable time scale, preventing
separation of their contributions with our time resolution. Then, the second EADS corresponds to the
relaxed Si/ICT state, which has a lifetime of 1.3 ps in Acn and 1.4 ps in Dcm. In contrast to Asx,

however, global fitting of BPH-Asx reveals EADS with a lifetime longer than the S;/ICT state.
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Figure 5. Comparison of normalized kinetics measured at the S1 (black) and S* (red) maximum bands of Asx and

BPH-Asx in polar and non-polar solvents. The lines represent fits obtained from global fitting analysis.

This EADS (blue in Fig. 4c and 4d) has a spectral shape characteristic of an S* signal, which is typically
indicated by a distinct blue shoulder at the S;-S,band, with a longer lifetime compared to the S; state?’.
Here, the S* EADS has a lifetime of 3 ps. To further visualize the difference, we compared kinetics
measured at the peak maxima of S:/ICT and S* bands for both Asx and BPH-Asx (Fig.5). The kinetics
clearly demonstrate that while the kinetics of Asx are identical, BPH-Asx exhibits a slower decay of the

S* signal compared to the S;/ICT decay in both Acn and Dcm, as expected.

8.4. Discussion

A straightforward chemical reaction of Asx with phenylhydrazine and acetic acid in ethanol
produced stable BPH-Asx with ~30% yield, demonstrating a successful synthesis of a first carotenoid
with a conjugated C=N group. Formally, structure of the conjugated system of BPH-Asx is the same as
for Asx except the C=0 groups of Asx, located symmetrically at both terminal rings, are replaced by
C=N groups in BPH-Asx. This allows to study the effect of replacement of the C=0 group by the C=N
group on spectroscopic properties directly. The presence of keto-groups in Asx generates a featureless
absorption spectrum, most likely due to enhanced conformational disorder in the ground state
produced by a broad distribution of end ring torsions. The relevant carotenoid without these
conjugated keto-groups (zeaxanthin) has absorption spectrum with clearly resolved vibrational bands,
proving the importance of the keto-groups in forming the featureless absorption spectrum. The same

apparently happens when the keto groups are replaced by the C=N group: the overall shape of the
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main absorption band is very similar, though the absorption spectrum of BPH-Asx is slightly broader,
suggesting further enhancement of conformational disorder. Furthermore, absorption maximum of
BPH-Asx is red-shifted by a few nanometers which is the first indication of changes of spectroscopic
properties induced by the conjugated C=N group. Solvent polarity has minimal effect on absorption
spectrum of BPH-Asx, which is in striking contrast to the dicyano-apo-carotene, another carotenoid

featuring nitrogen atoms in conjugation®?.

While the changes in absorption spectra are rather subtle, more pronounced changes occur in
excited state dynamics. The red shift of BPH-Asx is enhanced in transient absorption spectra reflecting
the S;1-Sn band, but the most significant effect of the conjugated C=N group is on the S;/ICT lifetime.
Even though the ICT band amplitude is not enhanced in BPH-Asx, the S1/ICT lifetime drops from ~5 ps
(Asx) to ~1.4 ps (BPH-Asx). Since the Si/ICT lifetimes are essentially identical in Dcm and Acn (Fig. 4),
the shortening can hardly be associated with solvent polarity. To verify this, we have measured
additional data for both carotenoids in non-polar benzene (Fig. S8 and S9). The data clearly show that
further decrease of solvent polarity does not have any effect on spectroscopic properties. The S1/ICT
lifetime is the same in benzene and Acn, proving that the observed shortening of the S;/ICT lifetime is
not due to solvent polarity, but it rather indicates a prolongation of effective conjugation length for

BPH-Asx.

The effective conjugation length can be determined by comparison of the S;/ICT lifetime with that
of carotenes®. The S1/ICT lifetime of Asx, ~5 ps, is comparable to that of the linear lycopene with N=11.
Shortening of the S1/ICT lifetime to 1.4 ps (BPH-Asx) suggests effective conjugation of ~13. This implies
that the conjugated C=N groups contribute to the total conjugation length significantly more than the
C=0 groups. Another support for explanation of the observed changes in spectroscopic properties
solely by prolongation of the effective conjugation is detection of the S* signal exclusively in BPH-Asx.
The blue shoulder (S*) of the S;-S, band decaying slower than the main S;-S, band (Fig. 5) is a feature
reported exclusively for carotenoids with N>1133, Though the origin of this signal is not completely
clear, recent studies have showed that for these long carotenoids the S* signal is likely due to a hot
ground state populated by fast decay of the S; state. Thus, the distinct lifetimes of the S* and S;/ICT
signals, 3 and 1.4 ps provide further support for explanation of the differences between spectroscopic

properties of Asx and BPH-Asx by prolongation of the effective conjugation.

To identify possible origin of the proposed prolongation of effective conjugation, we have
examined both molecules by calculations using density functional theory. The structures were
optimized using the B3LYP level of theory with 6-31g(d,p) basis set. Since the prolongation of the
effective conjugation in carotenoids with conjugation extended to terminal rings is often associated
with twisting of the end rings resulting in planarization of the conjugated system®3, we have focused
on dihedral angles between the terminal rings and the main conjugation chain. For the relaxed ground
state structures of Asx and BPH-Asx in vacuo we have obtained values of -38.5° and -43.7° (see Fig.
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S10 for relaxed structures). These values are close to those reported for Asx earlier® and indicate that
planarization of BPH-Asx cannot be the reason for prolongation of the conjugation length. Thus, a
different mechanism must operate here, likely related to the properties of the conjugated C=N group
that is further connected to other, non-conjugated part of the phenylhydrazone group. Even though
non-conjugated groups usually do not contribute to the effective conjugation length, for some keto-
carotenoids, electron distribution in the excited state has been affected by non-conjugated groups,
resulting in a change of excited-state properties®. It is likely that comparable mechanism works also
here as there is only mild change (small red-shift of absorption spectrum) of spectroscopic properties
in the ground state, but significant change occurs for the lowest excited state, somehow mimicking

the behaviour reported in ref. 54.

Longer effective conjugation length of BPH-Asx and no effect of solvent polarity on its excited
states is in striking contrast with another carotenoid involving a nitrogen atom in conjugated system,
dicyano-apo-carotene, which exhibits a strong dependence of excited state properties on solvent
polarity as its S; lifetime varies by an order of magnitude from 11.7 ps in 3-methylpentane to 1.9 psin
Acn*2. This is due to a significant charge transfer character of the excited state, because dicyano-apo-
carotene has two C=N groups but both located at the same side of the molecule, generating large
asymmetry in the electron distribution along the conjugated chain. BPH-Asx in contrast, has two C=N
groups positioned symmetrically at ends of the conjugated chain, preventing asymmetry in electron
distribution which is the source of polarity-induced effects on excited state dynamics?®2, Instead,
adding two symmetric phenylhydrazone groups extends the electron distribution along the

conjugated chain, making the effective conjugation of BPH-Asx longer than of Asx.

In conclusion, we have demonstrated that the carotenoid astaxanthin can be successfully
modified with organic compounds via a new and simple synthetic pathway, adding non-native groups
to the astaxanthin conjugated system, which may provide a basis for synthesis of further non-natural
carotenoids. The modification of Asx presented here results in significant changes of photophysical
properties, opening a way to study effects that are not present in natural carotenoids. This approach
may help to shed more light on complicated structure of carotenoid excited states as well as on
intricate relaxation pathways involving dark excited states, eventually contributing to a deeper

understanding of complex photophysical properties of carotenoids.
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Figure S1: Positive ion and linear mode MALDI TOF-MS spectrum of BPH-Asx. Bottom: ESI-MS Spectrum of
BPH-Asx demonstrating difference between experimental and calculated mass of 1.1 ppm.
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Figure S5: Normalized HPLC chromatograms of Asx (black) and BPH-Asx (red). Elution times of identified peaks
are shown in the graph. The black chromatogram of Asx shows a single peak at 11.1 assigned to all-trans
astaxanthin. For BPH-Asx, several peaks were identified at 12.2 minutes (%3), at 12.9 minutes (%81), at 13.9
minutes (%6), at 14.1 minutes (%6) and at 15.6 minutes (%4).
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Figure S6: Normalized absorption spectra of peaks from HPLC analysis of a) Asx and b) BPH-Asx. Spectra were
extracted directly from HPLC.
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Figure S7. Fluorescence spectra of Asx and BPH-Asx in DCM and ACN. The sharp peaks are due to Raman bands.
The spectra were measured with 5 nm bandpass and were corrected for instrument response. All spectra were
excited at 475 nm, absorbance of the samples at this wavelength was 0.4-0.8 (3 mm path length), and the data

are normalized to equal absorption at 475 nm.
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Figure S8. Steady state absorption spectra of astaxanthin (Asx) and BPH-Asx in benzene.
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Figure S9: Normalized transient absorption spectra of a) BPH-Asx in Acn (black), and BPH-Asx in benzene (blue).
The spectra were measured at 1 ps after excitation 500 nm for all compounds/solvents. Normalized kinetics b)
measured at the Si-Sn maximum of same compounds in polar and non-polar solvents. Kinetics are also
normalized to maximum; the lines represent fits obtained from global fitting analysis.
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Figure S10. Relaxed ground state structures of Asx (top) and BPH-Asx (bottom). The atoms forming the dihedral
angle are shown in cyan.
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9. Summary and Conclusions
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This thesis is primarily focused on understanding the complex dynamics of excited states in
carotenoids, with a particular emphasis on the origin and properties of some dark states. It has
explored effects of different external disturbances, such as interaction with metals, pH change,
applied voltage in cyclic voltammetry, or chemical modifications, on the dynamics of these states. The
results clarified some of the questions but also brought up new ones. The methods used to study
excited state properties as well as the obtained results could help in further research in this area and

provide new approaches for studying different carotenoids.

In Paper I, we showed that we were able to produce astaxanthin-metal complexes with
demonstrated long-term stability in methanol. The stability of these complexes allowed us to
thoroughly investigate their excited states using transient absorption spectroscopy. Transient
absorption spectroscopy demonstrated how interactions with Zn?* and Cu?* ions influenced the
excited-state dynamics of the carotenoid astaxanthin. The charge transfer character of the lowest
excited state (Si/ICT) is significantly altered by the formation of astaxanthin-metal complexes. The
S1/ICT lifetime is shortened from 4.4 ps in pure astaxanthin to 3.9 ps and 2.6 ps in the astaxanthin-Zn
and astaxanthin-Cu complexes, respectively. This lifetime reduction is attributed to prolonged
effective conjugation caused by the interaction of metal ions with the keto oxygen in astaxanthin.
Additionally, an S* signal is observed, likely resulting from a rapid population of a hot ground state,
due to the significant shortening of the Si/ICT lifetime in the astaxanthin-Cu complex. The study
further demonstrates that these effects result from astaxanthin complexing with metal ions, which
causes the absorption spectrum to shift red and enhances the ICT band in transient absorption
spectra. The results underline the possibility of altering the excited-state properties of carotenoids
through metal-ion interactions, which could improve their photoprotective capabilities in both

artificial and natural light-harvesting systems.

In paper ll, steady-state and ultrafast time-resolved absorption spectroscopy were used to
investigate the impact of applied external voltage on the excited-state characteristics of 8-apo-B-
carotenal in acetonitrile during bulk electrolysis. The time-resolved spectroelectrochemistry method
has been used with carotenoids for the first time, although it has already been applied to nanocrystals,
semiconductors, thin films, and other materials. The data collected during bulk electrolysis were
compared with those obtained without the applied voltage. The steady-state measurements
demonstrated that although the applied voltage has changed the amplitude of the So-S; absorption
band, the spectral position remains almost constant. A comparison of the transient absorption spectra
reveals that, under the applied voltage of 0.5 V, the magnitude of the ICT-like band decreases during
the experiment. This decrease is correlated with an extension of the S;/ICT-like lifetime from 8 ps to
13 ps. In addition, after turning off the applied voltage, the data returned to zero voltage levels in
about 30 minutes. Our results demonstrate that an external voltage can be applied to control the

amplitude of the signal associated with the ICT state. As a result, our findings demonstrate that the

144



amplitude of the ICT state in transient absorption spectra, along with associated polarity-induced

effects, can be finely adjusted by applying an external voltage.

Paper Il explores the influence of pH-dependent effects on the excited-state behavior of
crocin, a hydrophilic carotenoid that plays various roles in biological systems. The absorption and
fluorescence spectra from steady-state spectroscopy indicate significant alterations, characterized by
a pH-dependent blue shift and enhanced resolution of vibrational bands. These effects are further
explained by transient absorption spectra, which reveal a notable blue shift in the S;—S, peak with
increasing pH. A detailed kinetic analysis reveals the dynamics of the excited states of crocin, which
depend on pH. It has been demonstrated that effective conjugation decreases at pH 11, thereby
prolonging the S;/ICT lifetime. On the other hand, our data indicate a more complicated situation at
pH 9, suggesting the presence of two distinct crocin species with different relaxation patterns. This
suggests structural changes in the crocin molecule, possibly due to the deprotonation of hydroxyl
groups and/or saponification at high pH levels. In addition to the dynamics of excited states, crocin
stability is significantly impacted by pH. Basic pH stabilizes the crocin molecule, whereas acidic pH

causes rapid degradation.

In the last paper (IV), we present the synthesis and extensive spectroscopic investigation of
bis-phenylhydrazone astaxanthin (BPH-Asx), a derivative of astaxanthin (Asx), in which a conjugated
C=N bond replaces the conjugated carbonyl group of Asx. BPH-Asx was successfully synthesized and
characterized using various spectroscopic techniques, revealing subtle changes in absorption spectra
and significant alterations of excited-state dynamics compared to Asx. The results show that BPH-Asx
has a shorter S; lifetime (1.4 ps) than Asx (5 ps), suggesting that its excited-state dynamics are
significantly affected. The modifications caused by the conjugated C=N group result from an extension
of the effective conjugation, as no polarity-induced changes were observed for BPH-Asx. Additionally,
the discovery of a distinctive S* signal in BPH-Asx, with a lifetime of 3 ps, highlights the association
between the effective conjugation and the presence of the S* signal, which is not detected in Asx.
Additionally. The resulst have shown that astaxanthin can be modified with organic compounds using
a simple synthetic pathway, adding non-native groups to its conjugated system. This modification
significantly changes its photophysical properties, enabling the study of effects not present in natural
carotenoids. This approach can improve our understanding of carotenoid excited states and their

complex relaxation pathways.
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