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Synergic photoprotection of phenolic compounds
present in tomato fruit cuticle: a spectroscopic
investigation in solutionf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 12791

© Eva Dominguez,©
*b

Ana Gonzalez Moreno, (2 *® Jack M. Woolley,
Abel de Cozar, (29 Antonio Heredia® and Vasilios G. Stavros

Coumaric acids and flavonoids play pivotal roles in protecting plants against ultraviolet radiation (UVR)
exposure. In this work, we focus our photoprotection studies on p-coumaric acid and the flavonoid
naringenin chalcone. Photoprotection is well-understood in p-coumaric acid; in contrast, information
surrounding photoprotection in naringenin chalcone is lacking. Additionally, and vitally, how these two
species work in unison to provide photoprotection across the UV-B and UV-A is unknown. Herein, we
employ transient absorption spectroscopy together with steady-state irradiation studies to unravel the
photoprotection mechanism of a solution of p-coumaric acid and naringenin chalcone. We find that the
excited state dynamics of p-coumaric acid are significantly altered in the presence of naringenin

Received 8th February 2023, chalcone. This finding concurs with quenching of the p-coumaric acid fluorescence with increasing

Accepted 6th April 2023 concentration of naringenin chalcone. We propose a Forster energy transfer mechanism is operative via
DOI: 10.1039/d3cp00630a the formation of dipole—dipole interactions between p-coumaric acid and naringenin chalcone. To our

knowledge, this is the first demonstration in plants of a synergic effect between two classes of phenolics
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1. Introduction

Around 450 million years ago, plants started to migrate from
water to dry land. This necessitated plants to develop mechan-
isms to protect them against new stresses, including harmful
radiation." The most energetic radiation that reaches the Earth
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to bypass the potentially damaging effects of UVR.

is ultraviolet radiation (UVR). It can be subdivided into UV-A
(400-315 nm), UV-B (315280 nm) and UV-C (280-100 nm).
Since the ozone layer absorbs much of this radiation, notably
UV-C and UV-B, only 5% of UVB and 95% of UV-A reach the
Earth’s surface.”

UVR is required for plant survival and it is involved in
photosynthesis and gene signalling, among other functions.?
Nevertheless, a strict balance is needed as excessive exposure to
this radiation has deleterious effects such as DNA damage,
protein and lipid damage, formation of reactive oxygen species
(ROS), plant growth and development disruption.* Plants
respond to UVR exposure by accumulating aromatic ‘screening’
compounds, known henceforth as UV-filters.

UvV-filters have a broad absorption within the UV-A and UV-B
radiation range, often with critical wavelengths greater than
370 nm,’ typically dissipating this gained (usually electronic
excitation) energy into non-harmful vibrational energy (or heat).
Furthermore, these UV-filters are photostable even after pro-
longed periods of irradiation. Indeed, there is a growing library
of such UV-filters being explored as potential plant-based sunsc-
reens including sinapoyl malate. sinapic acid,® sinapate ester
derivates”® and symmetrical esterification of sinapic acid.”*°

The plant cuticle which covers the aerial parts of plants has
been recently reported as a very efficient filter against UVR.
Phenolic compounds accumulated within the cuticle, specifically
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Fig. 1 (a) UV-Vis spectra of pca (black line) and nch (red line) in ethanol. Vertical lines give their theoretical peak absorptions associated with HOMO—

LUMO transitions. Photostability of solutions of (b) pca, (c) nch and (d) a 1:1 mixture of pca and nch in ethanol. The inset in (b) shows the difference
spectrum after 2 h of solar irradiation. UV-Vis spectra were recorded at different time intervals of solar irradiation. The downwards arrows represent the
absorbance difference before and after two hours of irradiation. The vertical dashed lines indicate the critical wavelength for each molecule. Molecular
structures of pca and nch are shown in (b) and (c), respectively. Carbon atoms from the dihedral responsible of the potential trans—cis isomerization are
numbered in blue in (b) and (c), respectively. Molar extinction coefficient (¢) and peak absorbance (Amax) are also highlighted.

p-coumaric acid (pca), have been reported to be responsible for
this photoprotection.'*
accumulates the flavonoid naringenin chalcone (nch) during

Interestingly, the tomato fruit cuticle also

ripening, which is responsible for the orange colour of the cuticle.
Both pca and nch are secondary metabolites synthesised via the
phenylpropanoid pathway and participate in plant protection
against UVR."” These molecules have complementary absorption
spectra: pca mainly absorbs in the UV-B (4. = 312 nm, Fig. 1b,
see the Results and discussion section) and nch has its maximum
in the UV-A" (Aax = 365 nm, Fig. 1c). They also have a double
bond which can undergo ¢rans-cis photoisomerization; the
chemical structures are shown in Fig. 1b and c.

The trans—cis isomerization of pca is a reported radiationless
mechanism for energy dissipation in bacteria®* and plants."" In
contrast, and to the best of our knowledge, the excitation dynamics
of nch have never been studied despite it being one of the few
flavonoids that preserves this double bond. This information would
be useful in assisting to unravel how this flavonoid provides
photoprotection in the tomato fruit cuticle. Herein, we study the
interaction between UVR and pca/nch present in the tomato fruit
cuticle. Samples of pca and nch were dissolved in ethanol to

12792 | Phys. Chem. Chem. Phys., 2023, 25, 12791-12799

simulate polar domains present in the tomato fruit cuticle. A
combination of steady-state absorption and fluorescence spectro-
scopy and transient electronic absorption spectroscopy (TEAS) were
employed to elucidate the photoprotective role of pca and nch, both
separately and in a mixture. Moreover, we report the fluorescence
quenching of pca in the presence of nch and its potential biological
implications in photoprotection.

2. Experimental section
Materials

p-Coumaric acid (>98%, pca) and naringenin chalcone (95%,
nch) were purchased from Sigma-Aldrich and abcr GmbH,
respectively. Ethanol absolute (> 99.8%, AnalaR NORMAPUR™)
from VWR was used as a solvent in this research. All reactants
were used without further purification.

Steady-state spectroscopy

UV-Visible (UV-Vis) spectra were recorded using a Cary 60
spectrometer (Agilent technologies). Samples were placed in a

This journal is © the Owner Societies 2023
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1 mm pathlength quartz cuvette. Steady-state irradiation mea-
surements were performed irradiating a sample of pca or nch
(in ethanol) with a solar simulator (Oriel Instruments, 94011A-ES)
for 2 hours, recording the UV-Vis spectra at selected time points.
To imitate solar incidence conditions, the output power was set to
1 sun (1000 W m™?). UV-Vis spectra of highly saturated solutions
were recorded in a nanodrop™ one (controltecnica).

Critical wavelengths were calculated for pure solutions of
pca and nch along with solutions at equimolar mixtures and a
2:1 ratio of nch:pca. Critical wavelength for UV-filters sets the
wavelength at which the integrated area beneath the absor-
bance spectrum equates to 90% of the total area within the 290
and 400 nm range."’

Fluorescence emission spectra were scanned using an FLS920
spectrofluorometer (Edinburgh Instruments) fitted with a 400 W Xe
lamp employed for continuous measurements. The photomulti-
plier R928P (200-800 nm) was utilized as a detector. The Edinburgh
Instruments FAST software was used for data processing.

'H-NMR measurements (500 MHz, DMSO-D;) of pre- and
post-irradiated samples of 500 pM of nch in ethanol were
carried out using a Bruker Avance III 400 NMR spectrometer.
The sample was constantly irradiated at 365 nm for 5 hours
using a TOPAS amplifier (Spectra Physics, USA) with a beam
fluence of 0.1 mJ em?.

Ultrafast transient electronic absorption spectroscopy (TEAS)

TEAS measurements were carried out in the department of
chemistry at the university of Warwick. The setup has been
described previously.'® Briefly, samples were set in a 1 mm
pathlength quartz cuvette and were continuously translated to
limit sample photodegradation. A spectrometer detector
(Avantes, Avaspec-USL1650F-USB2) records the changes in the
optical density of the transmitted probe beam after alternating
photoexcitation and no photoexcitation of the sample.

TEAS spectra of solutions of peca (500 uM), nch (500 pM) and
an equimolecular mixture of these (500 uM each) were collected
in ethanol. This concentration was chosen to closely mimic a
dilute solution of phenolics, given that these are secondary
metabolites of plants."”” Moreover, the concentration was opti-
mized to be compatible with TEAS measurements, which gave a
sample absorption commensurate with previous work.'® The
photoexcitation wavelengths used corresponded to the max-
imum absorbance peaks of pca (312 nm) and nch (365 nm).

TEAS spectra were chirp corrected for visual purposes using
the KOALA software package.'® Dynamical lifetimes with asso-
ciated errors up to twice the standard error were extracted
through a global sequential model using the Glotaran program
which included a third order polynomial to model the
chirp.>*®*' The instrument response function (IRF) was mod-
elled using a Gaussian, having a full width at half maximum of
100 fs and 185 fs for ethanol excited at 312 nm (integrated over
355-360 nm) and 365 nm (integrated over 420-425 nm), respec-
tively (Fig. S1, ESIt). The quality of the fits was evaluated
through the residuals shown in the (ESL+ Fig. S2). This fitting
procedure provides a qualitative analysis for the excited state
lifetimes, in both neat samples and the mixture.
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Computational methods

DFT (Density Functional Theory)*” calculations were executed
using Gaussian 16 software.>® TD-B3LYP** with the def2tzvp>®
basis set was used for the calculations of the vertical excitation
energies using the geometries previously optimized with the
B3LYP functional. This TD-B3LYP method has been chosen
because it is the method that better reproduces the experimental
values."®> ®B97XD*® in combination with the 6-31+g(d,p) basis set
has been considered for the exploration of the isomerization
process in S, and S; energetic surfaces. Conical intersections
were computed by means of Complete Active Space-Self Consis-
tent field (CASSCF®’) calculations using the OpenMolcas
software.>® The five occupied n-symmetry orbitals and the occu-
pied bonding CO orbital and five unoccupied n-symmetry orbi-
tals were chosen as the active space for the proper description of
the system (namely CASSCF(12,11) method, see the ESIt) starting
from Hartree-Fock initial Hessian.

Ethanol (¢ = 24.852) was included as model solvent through
the polarizable continuum model (PCM)>° corresponding to the
self-consistent reaction field (SCRF) approach to approximate
some hydrophilic microenvironments present in the tomato
fruit cuticle. MOs were represented with the software UCSF
Chimera.*®

3. Results and discussion

3.1. Photodegradation study

As a first step of this study, we investigated the photostability of
solutions of pca and nch. UV-Vis spectra of pca and nch have
their absorbance maxima around 312 and 365 nm, respectively
(Fig. 1a and Fig. S3a, ESIT). They are in good agreement with
the theoretically calculated UV-Vis spectra (Fig. 1a and Fig. S4
and S5, ESIt). Additionally molecular orbitals (MOs) were
computed (Fig. S4 and S5, ESIt) to give a better assignment
of the transitions from their optimized geometries in the
ground state (Fig. S6, ESIT). An equimolar mixture of both
compounds displays these two bands (312 and 365 nm) (Fig. 1d
and Fig. S3a, ESIT). The sum of the spectra of the individual
compounds returns almost the same UV-Vis spectrum as their
equimolar mixture (Fig. S3b, ESIf), suggesting the lack of
aggregation between these compounds in ethanol. An increase
in concentration did not show any new band or change in the
existing bands of the mixture (Fig. S3c, ESIT).

Among the requirements to fulfil for the design of new UV-
filters (for commercial sunscreen application), are a high
absorption coefficient and a critical wavelength longer than
370 nm."> A high absorption coefficient is observed for all
solutions (see Fig. 1b-d and Fig. S7, ESIt for more details).
Despite the low critical wavelength of pca (330 nm), nch and the
mixtures of both compounds provide critical wavelengths in the
range 385-388 nm (see Fig. 1b-d and Fig. S7, ESIt). Moreover, a
mixture of both compounds results in an absorption spectrum
spanning both the UV-A and UV-B.

Another crucial aspect for UV-filters is their degradation
profile. The mild decrease in absorption intensity after two

Phys. Chem. Chem. Phys., 2023, 25,12791-12799 | 12793
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hours of solar irradiation is a good indication of the long term
photostability of the molecules. The pca solution shows a drop
of around 29% of its absorption after two hours of irradiation
(Fig. 1b). From the difference spectrum before and after 2 h of
solar irradiation (inset in Fig. 1b), two main features can be
observed: the emergence of a new absorption band around 240-
270 nm and the (very mild) broadening of the 350-500 nm
band. These are indicative signals of the cis isomer formation®"
and agree with previously reported isomerization of pca under
UV irradiation.’* In contrast, very little degradation was
observed for nch (~2% Fig. 1c). The reason for this improve-
ment in the photostability is ascribed to the lack of trans—cis
isomerization in nch solution. To confirm its photostability,
the NMR spectra of the solution of nch before and after 5 h
of irradiation at its Ap,ay (365 nm) were obtained (Fig. S8, ESIT).
No new features related to the presence of the cis isomer were
observed.

For the mixture, while the band associated with pca
(312 nm) decreases to around 20% of its initial intensity after
two hours of irradiation, the decrease in the 365 nm band is
virtually identical to that for the nch solution. The lower
percentage of degradation of the band at 312 nm of the mixture
compared with the solution of pure pca could have multiple
potential origins: (1) both pca and nch contribute to the
absorption around 312 nm band; (2) nch could act as a
stabilizer through an energy transfer process limiting the
formation of the cis isomer of pca; and (related to (2)); (3) the
formation of aggregates between the two molecules, albeit
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unlikely given the minimal impact on the ground state absorption
spectra of the mixture compared to the individual solutions
alongside the degradation intensity remaining at 20% for ratios
of 1:1 (Fig. 1d) and 1:2 (Fig. S7, ESIf). Given the similar
percentage of degradation found for pure pea solution and for
the equimolar mixture after subtracting the contribution to the
spectrum from nch (Fig. S9, ESIT), points towards the difference
observed supra stemming from the spectral overlap of pca and
nch (ie. origin (1)).

Fluorescence quenching

pca in ethanol has an emission band centred at 380 nm (Fig. S10,
ESIY). By increasing the nch/pca ratio, this band starts to decrease
(Fig. 2a). The attenuation of this emission band is asymmetrical as
the decrease in fluorescence is higher in the emission range where
the maximum of absorbance of nch is located (350-370 nm).
Fig. 2b illustrates the two mechanisms of relaxation which coexist
in a solution of peca after UV irradiation: a radiative mechanism
resulting in a blue fluorescence and a non-radiative mechanism
mediated via a conical intersection (CI)."! With regards to quench-
ing, there are two general mechanisms: static quenching and
dynamic quenching (Fig. 2c and d). The main difference between
them is that static quenching requires the formation of a complex,
while dynamic quenching relies on the depopulation of the
excited state of the fluorophore by collision with the quencher.
Stern-Volmer kinetics showed a linear relationship at lower
concentrations (up to 25 pM of the quencher), while a positive
deviation from the linearity occurred at higher concentrations
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Fig. 2

(a) Quenching of pca fluorescence with increasing concentrations of nch after excitation at 312 nm. (b) Schematic deactivation of pca after UV

excitation. Representation of plausible mechanisms based on (c) collisional and (d) static quenching of mixtures of pca and nch.

12794 | Phys. Chem. Chem. Phys., 2023, 25,12791-12799

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00630a

Open Access Article. Published on 11 April 2023. Downloaded on 12/4/2025 7:17:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

(see Fig. S11, ESIY). The occurrence of this upward curvature has
been related to the combination of static and dynamic quenching
by some authors.>*** However, this positive deviation has also
been ascribed to pure dynamic quenching in some systems.** A
definitive method to distinguish between dynamic and static
quenching is the measurement of fluorescence lifetimes; this
was not possible with the current set up due to experimental
limitations. That being said, additional evidence points towards
the hypothesis that in our system, dynamic quenching prevails:
(1) The UV-Vis spectrum of an equimolar mixture of pca and nch
and the sum of the individual pca and nch spectra are virtually
identical. To add, the increase of concentration of the mixture up
to 10 mM did not reveal any new band nor broadening of the
existing ones, which one would expect upon the formation of a
ground state complex. (2) Theoretical evaluation of pca-nch
heterodimers in S, (Table S1 and Fig. S12, ESIt) returns positive
binding free energies (AGA(X, Y) in Fig. S13 and S14, ESIY),
suggesting that dimer formation is not energetically favourable.

The absence of complex formation between nch and pca
favours dynamic quenching. Forster resonance energy transfer
is a type of dynamic quenching where the molecules can be
separated by 10-100 A.>* For this relaxation mechanism to
occur, the emission spectrum of the fluorophore must overlap
with the absorbance spectrum of the quencher. This require-
ment is met in the mixtures of pca and nch (Fig. S10, ESIT).
Dynamic quenching may serve as a photoprotection mechanism
in ripe tomato fruits. A portion of the UVR which reaches the
fruit can be absorbed by the cuticle pca to be promoted to S;.
This excited molecule would subsequently be deactivated via
interaction with nch to potentially protect against photodamage.

The existence of dipole-dipole interactions between these
molecules in solution could have biological implications. These
interactions could only occur if pca and nch are in close
proximity. Given the restricted mobility of these molecules
within the plant cuticle, these interactions would imply a co-
transport of both molecules from the cytoplasm to the outer
cuticle, since an individual transport and further interaction
within the cuticle would be highly unlikely. This scenario would
be in agreement with the recently reported co-localization of
both molecules within the ripe tomato fruit cuticle*® and opens
a very interesting avenue of research. Moreover, blue enriched
light is key in the plant kingdom: it increases the photosyn-
thetic activity and the resistance against pathogens, relocates
chloroplasts, promotes the flavonoid synthesis, etc.’” Thus
fluorescence emission of pea after UV excitation, albeit weak,
could be absorbed by other parts of the plant and/or act as a cue
in plant-insect interaction.*® Quenching of this blue fluores-
cence associated to pca due to the action of nch coincides with
tomato fruit ripening process, and its possible biological role
needs to be evaluated.

3.3. Ultrafast transient absorption spectroscopy

3.3.1. Unravelling the photodynamics of a phenolic mixture.
Fig. 3a and b show the transient absorption spectra (TAS) of pca
and nch, in ethanol following excitation at 312 nm (A, Of pca)
presented as false-colour heat maps. It should be noted that we

This journal is © the Owner Societies 2023
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have elected to photoexcite at the A, of pea to investigate the
dynamic quenching mechanism stipulated supra whilst also not-
ing that nch absorbs some proportion of the 312 nm radiation
(see Fig. 1a). TAS following photoexcitation at the A, of nch can
be found in the ESL{ Fig. S15a.

In the pca solution heat map (Fig. 3a, left) a strong excited
state absorption (ESA) is observed at 375 nm. Additionally,
three further absorptions can be seen centred at 330, 390 and
600 nm with increasing pump-probe time delay. A global
sequential fit was performed to quantitatively assign lifetimes.
Three lifetimes are required for pca solution (Table 1); evolution
associated difference spectra (EADS) are also shown (Fig. 3a, right).
The spectral features related to the two shortest lifetimes (t; and 1,)
correspond to one-photon induced dynamics according to power
dependence studies (Fig. S16a, ESIt). 7, (180 fs) is assigned to the
fast geometry relaxation within the first excited state (S;) towards
the S,/S, CI; here the excited state population encounters the small
barrier of 2.78 keal mol " found in previous calculations™ (Fig. 4a).
The second lifetime, 7, (~1.5 ps) is attributable to internal conver-
sion through a ‘late’ CI (i.e. CI dihedral Oc;cyc3cs Of 90.3°, structure
notation shown in Fig. 1b)."" Therefore due to the geometrical
similarity between CI and TS-S, (see later), the subsequent vibra-
tional cooling can proceed until reaching the trans or cis stabilized
ground state geometry. The third and longer lifetime, 7; (>>2 ns),
displays three features, centred at 330, 390 and 600 nm respectively.
The feature centred at 330 nm corresponds to the presence of the
cis isomer photoproduct of pca, showing a one-photon induced
dynamics (Fig. S16b, ESIT), and in agreement with previous work.""
The two features at 390 nm and 600 nm are multi-photon processes
(Fig. S16c and d, ESIt). The band at 390 nm could be attributed to
the formation of phenoxyl radicals in solution®* while the band
centred at 600 nm is assigned to the appearance of solvated
electrons in ethanol.*® Further evidence for this assignment is
given by the two-photon dependence of the feature given in Fig.
S16d (ESIt). A proposed relaxation mechanism is shown in Fig. 4a.

Considering now the nch solution heat map (Fig. 3b, left)
two main features are observed: a ground state bleach (GSB)
around 360 nm and a strong ESA around 420 nm. Due to the
lack of trans-cis isomerization in the NMR after irradiation (Fig.
S8, ESIt), the deactivation mechanism is very likely different
from that observed for pea in solution. A sequential fit extracts
three lifetimes for the dynamics of nch in ethanol with asso-
ciated EADS (Fig. 3b, right). We add, we have photoexcited nch
at 365 nm (its Amax) (Fig. S15a, ESIT) and observed very similar
features to those obtained after excitation at 312 nm (Fig. 3b,
right). 7; and 7, are similar between both excitations, never-
theless, 7; significantly differs (see Table 1 and Fig. S2, ESIf).

We assign the first lifetime, 7; (580 fs) to fast geometry
relaxation in the electronic excited state, which includes (en
route to the CI) a small barrier calculated to be 2.96 kcal mol .
The second lifetime, 7, (~3 ps) is assigned, once again, to
traversal through a CI and population of vibrational hot ground
electronic state and subsequent vibrational cooling. A third
lifetime 73 (~ 1 ns) persists beyond the maximum time-window
of our experiment suggesting some fraction of the population
remains trapped in the excited state. Theoretical exploration of
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp00630a

Open Access Article. Published on 11 April 2023. Downloaded on 12/4/2025 7:17:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

LY
~—

600

Wavelength (nm)
a
o
o

10 100
Time delay (ps)

1000
mAOD

D
o
o

Wavelength (nm)
3
o

10 100
Time delay (ps)

1000
mAOD

(2)
-

(2]
o
o

Wavelength (nm)
3
o

0 1 10 100
Time delay (ps)

1000

View Article Online

PCCP
140
— T,
> — 5
;g 100 1 — 10 x’l:3
c
3
(=
.; 60 -
2
5
¢ 20
‘20 T T T T
400 500 600 700
Wavelength (nm)
50
— T,
> 30 2
= — 5xT
=
2
[=
° 10
2
k]
& -10
'30 T T T T
400 500 600 700
Wavelength (nm)
100
—_— ‘Cl
— T,
2 70 A — 10T,
[72]
c
3
[=
.q_, 40 -
2
5
© 10 -
'20 T T T T
400 500 600 700

Wavelength (nm)

Fig. 3 TAS (left) and evolution associated difference spectra (EADS) computed by sequential fit (right) of (a) 500 uM pca, (b) 500 pyM nch and (c) a 1:1

mixture (500 pM: 500 puM) of pca and nch in ethanol (excitation at 312 nm).

Table 1 Summary of the excited state lifetimes of solutions of pca, nch
and a 1: 1 mixture of both pca and nch after excitation at 312 nm in ethanol
from a sequential fit. Errors are given as twice the standard error extracted
from the Global fitting

Jpump = 312 nm

74 (fs) 7, (ps) 73 (ns)
pca 180 £ 50 1.52 £ 0. 05 >2 ns
nch 580 £+ 50 3.14 £+ 0.05 1.15 £ 0.06
mix 540 £ 50 4.01 £+ 0.05 >2 ns

12796 | Phys. Chem. Chem. Phys., 2023, 25,12791-12799

the S, and S; energetic surfaces for nch isomerization shows
that it corresponds to the deactivation mechanism depicted in
Fig. 4b.*" Within this scheme, after vertical excitation to the S;
electronic state, the molecule will relax in the excited towards
So/S;1 CIL In this case, contrary to pca, we find an ‘early’ CI where
the isomerization of the double bond is not fully accomplished
(CI dihedral angle Ocicacsca = 108.1°, Fig. 5). That is, after
relaxation to the S, ground state, it would be necessary for an
additional rotation of the dihedral angle in order to reach the
TS-S, geometry (dihedral angle Ocicacsca = 92.1°, Fig. 5), i.e., an
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Fig. 4 Schematic representation of the different postulated isomerization reaction profiles, where 1; and 1, are shown, of (a) pca and (b) nch solutions in
ethanol. These models are supported by data obtained by NMR, TAS and previously reported models.1>** Notation of carbon atoms of pca and nch

molecules are shown in Fig. 1b and 1c, respectively.

additional energy would be required. Therefore, the nch will
cool down towards trans conformer rather to isomerize. This
absence of isomerization accords with NMR and photodegra-
dation studies (see Fig. 1c, and Fig. S8, ESIt). We finally add
that the observed dynamics are one-photon induced for the
420 nm band (Fig. S16e, ESI{).

Lastly, TAS measurements were then performed on an equi-
molar mixture of both compounds (Fig. 3c, left). If both mole-
cules behave independently of one-another, one could predict
that the extracted TAS would be a sum of the individual pca and
nch TAS. However, the sum of the TAS maps from individual
compounds (pca and nch) strongly differed from the experi-
mental TAS map (Fig. S17, ESIf). A cursory inspection of the
measured TAS (and associated EADS) of nch and the mixture

AP

0c1.co-ca-ca = 108.1°

S-S,
0c1-c2-ca-c4 = 92.1°

Fig. 5 Main geometrical features of conical intersection Cl and TS-Sq
associated with the nch isomerization reaction profile.

This journal is © the Owner Societies 2023

show stark similarities. The EADS extracted from the global fit of
the TAS (Fig. 3c, right) are dominated by nch dynamics; granted,
small differences are observed in the lifetimes.

Within error, the value of t; (Table 1) for nch is comparable to
that for the mixture; nevertheless, 7, and 7; are longer in the mixture,
which points towards the interaction of nch with pea that slows
down the relaxation of the molecules to the ground state. The t;
(Table 1) EADS of the mixture (Fig. 3c, right) includes features from
both nch and pea: a positive (albeit noisy) band around 330 nm from
the cis pca; a broad band around 600 nm of formation of solvated
electron; and the GSB from nch around 360 nm. Importantly, the cis
pca signature is much weaker than photoexcitation of pca alone.

Based on quenching data presented in Fig. 2 as well as the
data from TAS measurements shown in Fig. 3, the photoexcited
state dynamics of ¢rans pca supports a Forster energy transfer
mechanism, evidently born from substantial dipole-dipole inter-
actions between pca and nch, even at 500 pM concentrations.
The Forster energy transfer mechanism appears to severely
impact the trans-to-cis isomerization mechanism operating in
pca, to the point of almost extinguishing it; the TAS data show
mild contributions from the cis pea isomer photoproduct sug-
gesting that the isomerization mechanism is still operative. We
also note, in closing this section, that a 1:1 mixture (500 puM:
500 uM) of nch and pca in ethanol photoexcited at 365 nm (the
peak maximum of nch) shows very similar EADS to those computed
from the nch solution excited at the same wavelength (Fig. S15,
ESIT), but their associated lifetimes are shorter (Table S2, ESIt).
This implies that the interaction reported above would impact the
lifetimes or it could be a convolution of nch molecules that are both
interacting with pea and those that are isolated.

4. Conclusions

In the present work, a multi-pronged spectroscopic study of a
coumaric acid and flavonoid which coexist in the ripe tomato
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fruit cuticle to provide photoprotection, p-coumaric acid (pca)
and naringenin chalcone (nch), has been carried out. Photo-
degradation studies in combination with NMR have shown that
in contrast to the well-established isomerization of pca, nch is
not able to isomerize after solar irradiation, implying different
mechanisms of photoprotection in both molecules. A mixture
of both compounds has revealed a quenching mechanism of
pca fluorescence with increasing proportions of nch. Forster
energy transfer, a special type of dynamic quenching, is
proposed to explain this observation through the formation
of dipole-dipole interactions among both molecules, which
potentially contributes to the prevention of photodamage in
ripe tomato fruits.

The hypothesis of a dipole-dipole interaction between both
molecules is reinforced with data obtained by transient absorp-
tion spectroscopy (TAS) where importantly, the features of the
equimolar mixture of pca and nch are dominated by the latter.
Moreover, the combination of both compounds displays a UV
spectrum which covers a wide range of the UV radiation acting
as versatile UV filter.

Our study suggests an interaction between pca and nch
within the cuticle where they provide a synergic photoprotec-
tion mechanism. The biological implications of this quenching
in ripe tomato fruits deserves further exploration. Lastly, our
study of different ratios of these plant-derived compounds
offers a potentially new avenue to create biomimetic UV-
screening formulas spanning both the UVA and UVB regions
of the electromagnetic spectrum.
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