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Synthesis and spectroscopic properties of
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We report on the 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

Received 15th May 2024, for BPH-Asx compared to 5 ps for Asx, indicating a significant impact on its excited-state dynamics.

Accepted 30th June 2024 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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Introduction

Carotenoids are a 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,>® chlorophyll triplets,”*°
and antioxidation achieved by scavenging singlet oxygen or
other reactive oxygen species,'''® emphasize their importance
in both biology and chemistry. Due to their important roles in
light-induced processes, photophysical and photochemical
properties of carotenoids have been frequently studied; how-
ever, 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 (S,) is forbidden due to the multiply-
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excited character."” Thus, the lowest energy one-photon transi-
tion from the ground state occurs to the S, state, which relaxes
to the S; state whose properties are readily monitored via its
characteristic $;-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 car-
otenoids, primarily determine their photophysical properties.'”

Beyond this three-state model (Sy, S; and S,), other states
have been identified. In keto-carotenoids, featuring a conju-
gated C—O0 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 S;/ICT.>>*"' 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 S;/ICT state.”®?* 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 asymmetri-
cally while the charge transfer nature of the S,/ICT state is
minimized for long ones with two keto groups positioned
symmetrically.”>**** This is for example the case of astax-
anthin (Asx), one of the widely studied keto-carotenoids, which
has two symmetric conjugated keto (C—O) groups at the
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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 carote-
noids with long conjugation. The S* signal is typically demon-
strated 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 assighment
was later challenged and the S* signal was instead attributed to
a separate excited state.>” Since then, numerous studies favor-
ing either ground state**° or excited state*"**> hypothesis have
been reported. Yet, it seems that both hot ground state and
excited state contribute to the S* signal, with particular con-
tribution 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 under-
stand some aspects of carotenoid photophysics. These modifi-
cations often focused on synthesis of carotenoids with a
conjugation length longer than that of natural carotenoids.
Such approach, involving a synthesis of -carotene analogs with
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15 or even 19 C—C bonds (in contrast to 11 in natural B-carotene),
led to the first observation of the $* signal.”® Series of synthetic
carotenoids with varying conjugation lengths later helped to under-
stand excited-state dynamics of B-carotene,** zeaxanthin® or keto-
carotenoids peridinin®*® and fucoxanthin.*”

Besides synthesis of carotenoid series with the same struc-
ture 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 car-
otenoids have been introduced in the past few decades includ-
ing 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 excep-
tions featuring nitrogen atoms in their structure. First, ultrafast
dynamics of all-trans-7',7'-dicyano-7’-apo--carotene,** demon-
strating 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.*?

NHNH,

Ethanol
Acetic Acid
Reflux

- BPH-Asx (30%)

Scheme 1 Synthetic pathway of bis-phenylhydrazone astaxanthin (BPH-Asx).
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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 mod-
ification 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—=O 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 deriva-
tive named bis-phenylhydrazone astaxanthin (BPH-Asx) which
instead of conjugated C—O0 group has C=N bond in conjuga-
tion. 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 com-
pared to Asx.

Experimental section

Materials and methods

Astaxanthin (Sigma Aldrich, >97%, HPLC), phenylhydrazine
(Merck, >97%, for synthesis), ethanol (Penta, >97%, GC),
glacial acetic acid (Lachner, 99.8 G.R.), acetonitrile (ACN, Fluka,
>99.9%, HPLC), benzene (Fluka, >99.5%, GC), methanol
(Merck, >99.9%, HPLC), and dichloromethane (DCM, Merck,
>99.9%, GC) were used as obtained without further purifica-
tion. Reactions were monitored by thin layer chromatography
using Merck TLC Silica gel 60 with DCM/methanol (1/1, v/v) as
the eluent. MALDI-TOF 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 operat-
ing 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 DataAna-
lysis 4.4 (Build 200.55.2969) (Bruker Daltonics, Germany) soft-
ware was used for data processing. NMR spectra (‘H and *C
NMR) were recorded for all compounds in CDCI; by a Varian
INOVA 500 MHz spectrometer using TMS as internal reference.
High-performance liquid chromatography (HPLC) was per-
formed 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 acetoni-
trile : water), solvent C (100% ethyl acetate). The flow rate was
1 mL min~". Absorption spectra of the samples were measured
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in a 10-omm path length quartz cuvette using UV-vis spectrometer
(Shimadzu UV-2600). Fluorescence spectra were measured in
3 x 3 mm quartz cells using Horiba Fluorolog-3 spectrometer,
using Xe arc lamp, double monochromators and a photomulti-
plier detector at right angle detection geometry.

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 result-
ing 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, ESIY) calc.
776.50, found: 776.998 [M + H]; ESI-MS (Fig. S1, ESI%):
Cs,HezN,O, [M'] calculated 775.4945, found: 775.4936 m/z.
'H NMR (Fig. S2, ESL;i 500 MHz, CDCl;) d 9.61 (s, 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, CH,, c), 1.99-
2.00 (s, 12H, CHj, b), 1.13-1.25 (s, 18H, CHj, a) ppm. “C NMR
(Fig. $3, ESI;t 125 MHz, CDCl;) 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, ESL;i ATR, cm ™)
v =23300 cm ' (NH), v = 1750 cm~ ' (C=N), v = 1251 cm™ " (C-N),
v = 1500-1600 cm~ ' (C=0).

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 gener-
ates 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 super-
continuum generation the probe pulses are split into two parts:
the former being focused to ~100 pm spot size and over-
lapping 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 aper-
ture 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 uW, yielding excitation density of 6.5 x 10'* photons
per pulse per 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 photo-
degradation. To check for stability of each sample steady-state
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absorption measured before and after

experiments.

spectra were

Data analysis

The resulting spectro-temporal data sets were analyzed by a
global fitting software (CarpetView, Light Conversion, Lithua-
nia). 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.

Results
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 phe-
nylhydrazine 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 pur-
ification appeared as an orange-red solid. The successful con-
densation 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
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good agreement with the predicted structure, and further
confirmed by ESI-MS (Fig. S1, ESIt). The novel BHP-Asx struc-
ture was further supported by comparing its "H NMR spectro-
scopic data with that of commercially available Asx (Fig. S2,
ESIt). The proposed chemical structure for BPH-Asx 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 "*C NMR spectrum, the aromatic carbons of the
BHP-Asx were marked between 150.3 and 114.4 and the alipha-
tic carbons signals were seen between the 68.5 and 21.9 ppm
regions of the spectra (Fig. S3, ESIt). 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 Fig. S4 (ESIf). 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=O0 stretching vibrations. These spectral structural differ-
ences 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, ESIT). The chroma-
togram 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

1 Asx in ACN
7] —— BPH-Asx in ACN
—— Asx in DCM
§ ——— BPH-Asx in DCM
©
2
2 476 nm
o]
< 483 nm
§ 486 nm
T 488 nm
£
O
pd
0

I f I ! I
350 400 450

I T I T I T
500 550 600 650

Wavelength (nm)

Fig. 1 Steady state absorption spectra of Asx and BPH-Asx in acetonitrile and dichloromethane.
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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, ESIY) 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, ESIf) 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).

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 absorp-
tion maximum of Asx is at 476 nm in ACN with a single broad
peak, reflecting the Sy-S, transition, in agreement with pre-
vious 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 absorp-
tion maxima are at 483 and 488 nm in ACN and DCM,
respectively. A slightly broader distribution of the S,-S, transi-
tion energies is observed for BPH-Asx, but overall, the compar-
ison of absorption spectra suggests that the transition dipole
moment associated with the S-S, transition undergoes only
modest changes upon change from Asx to BPH-Asx. The

Energy (cm™)
24000 22000 20000 18000 16000 14000 12000 10000
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properties of the S,-S, transition are further confirmed by
fluorescence spectra shown in Fig. S7 (ESIt). The weak fluores-
cence 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.

Transient absorption spectra at different time delays follow-
ing excitation are shown in Fig. 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 S,-S,
transition. The data provide characteristic carotenoid transient
absorption spectra, comprising ground state bleaching and
excited state absorption (ESA) attributed to the S;-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;-S, 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—0O
groups that minimize the charge transfer character of the
coupled S,/ICT state as has been also demonstrated for other
carbonyl carotenoids.>> The 800-900 nm spectral region exhi-
bits an additional ESA band at early delays (0.15 ps), which is
linked to the ESA from the initially excited S, state.>

Although the general features observed in the transient
absorption spectra of both carotenoids look similar, the mod-
ification of the conjugated chain from Asx to BPH-Asx induces
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Fig. 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.
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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 S;-S,, bands of BPH-Asx have maxima
at 642 nm and 681 nm in ACN and DCM, respectively (Fig. 2¢
and d). Besides the changes in the S;-S, band, the ESA signal
associated with the S,-S, band of BPH-Asx at 0.15 ps after
excitation did not show any shift but had less amplitude
compared 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. 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

Energy (cm™)
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©
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Fig. 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 S;-S, maximum for each sample. The solid lines represent fits
obtained from global fitting analysis.
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compared to Asx, 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 S;/ICT state.>?

Decay of the hot S,/ICT state occurs within a few hundred
femtoseconds, differing slightly between ACN (350 fs) and DCM
(240 fs) and yields EADS of the relaxed S,/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
S4/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 S,/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. This EADS (blue in Fig. 4c and d) 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.

Discussion

A straightforward chemical reaction of Asx with phenylhydra-
zine 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 absorp-
tion spectrum, most likely due to enhanced conformational
disorder in the ground state produced by a broad distribution

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 EADS obtained from global fitting of Asx in ACN (a), Asx in DCM (b),

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 spec-
trum. The same apparently happens when the keto groups are
replaced by the C=N group: the overall shape of the main
absorption band is very similar, though the absorption spec-
trum of BPH-Asx is slightly broader, suggesting further
enhancement of conformational disorder. Furthermore,
absorption maximum of BPH-Asx is red-shifted by a few nan-
ometers which is the first indication of changes of spectro-
scopic 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;-S, band, but the most significant
effect of the conjugated C=N group is on the S;/ICT lifetime.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Wavelength (nm)
BPH-Asx in ACN (c), and BPH-Asx in DCM (d).

Even though the ICT band amplitude is not enhanced in BPH-
Asx, the S,/ICT lifetime drops from ~5 ps (Asx) to ~1.4 ps
(BPH-Asx). Since the S,/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 addi-
tional data for both carotenoids in non-polar benzene (Fig. S8
and S9, ESIT). The data clearly show that further decrease of
solvent polarity does not have any effect on spectroscopic
properties. The S,/ICT lifetime is the same in benzene and
ACN, proving that the observed shortening of the S;/ICT life-
time 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 S4/ICT lifetime of Asx, ~5 ps, is comparable to that of
the linear lycopene with N = 11. Shortening of the S;/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=O0 groups. Another support for explanation of the observed
changes in spectroscopic properties solely by prolongation of

New J. Chem., 2024, 48,12919-12928 | 12925
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The lines represent fits obtained from global fitting analysis.

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 > 11.>? 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 pro-
longation 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 term-
inal rings is often associated with twisting of the end rings
resulting in planarization of the conjugated system,> we have
focused on dihedral angles between the terminal rings and the
main conjugation chain. For the relaxed ground state struc-
tures of Asx and BPH-Asx in vacuo we have obtained values of
—38.5° and —43.7° (see Fig. S10 for relaxed structures, ESIt).
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

12926 | New J. Chem., 2024, 48, 12919-12928

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, elec-
tron 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 conju-
gated 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 ps in ACN.** 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.’*>® Instead, adding two symmetric
phenylhydrazone groups extends the electron distribution

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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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 com-
pounds 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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