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1. Introduction

Unraveling the electronic origin of a special
feature in the triplet-minus-singlet spectra of
carotenoids in natural photosystems

a

Agostino Migliore, (2 *® Stefano Corni, (22 Alessandro Agostini and

Donatella Carbonera (2 *@

The influence of carotenoid triplet states on the Q, electronic transitions of chlorophylls has been
but the
interpretation of the resulting spectral feature in the triplet minus singlet (T-S) absorption spectra of
photosystems is still debated, as the physical-chemical explanation of this feature has been elusive.
Here, we resolve this debate, by explaining the T-S spectra of pigment complexes over the Q,-band
spectral region through a comparative study of chlorophyll—carotenoid model dyads and larger pigment

observed in experiments on light-harvesting complexes over the past three decades,

complexes from the main light harvesting complex of higher plants (LHCII). This goal is achieved by
combining state-of-the-art time-dependent density functional theory with analysis of the relationship
between electronic properties and nuclear structure, and by comparison to the experiment. We find that
the special signature in the T-S spectra of both model and natural photosystems is determined by
singlet-like triplet excitations that can be described as effective singlet excitations on chlorophylls influ-
enced by a stable electronic triplet on the carotenoid. The comparison with earlier experiments on dif-
ferent light-harvesting complexes confirms our theoretical interpretation of the T-S spectra in the Q,
spectral region. Our results indicate an important role for the chlorophyll-carotenoid electronic cou-
pling, which is also responsible for the fast triplet—triplet energy transfer, suggesting a fast trapping of
the triplet into the relaxed carotenoid structure. The gained understanding of the interplay between the
electronic and nuclear structures is potentially informative for future studies of the mechanism of photo-
protection by carotenoids.

be particularly significant. Therefore, the constitutive mecha-
nism of triplet-triplet energy transfer (TTET), carried out by

Among the accessory pigments participating in the natural
light harvesting processes, carotenoid (Car) is of paramount
importance." The function of carotenoids in photosynthesis is
twofold, stemming from their remarkable photophysical and
photochemical properties. They not only complement the
absorption of chlorophyll (Chl) in the green and blue spectral
regions, but also play the indispensable role of preventing the
formation of singlet oxygen and subsequent harmful oxidation
reactions, thus protecting photosystems from photo-oxidative
damage.”™ In fact, it is well known that, under light-
stress conditions, the formation of Chl triplet states (*Chl)
and singlet oxygen (‘O,) in the photosynthetic apparatus can
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carotenoids to quench °Chl (Car + *Chl — *Car + Chl),
represents a fast and efficient response to excess illumination
before other slower photoprotective mechanisms become fully
functional. Once populated, >Car, lying at a lower energy than
'0,, relaxes harmlessly to the ground state on a microsecond time
scale.>® TTET has been shown to occur in light harvesting
complexes from photosynthetic bacteria and algae, as well as
in the antennas of the light harvesting complex (LHC)
superfamily.”°

TTET from 3Chl to 'Car requires a Dexter-type exchange
mechanism. Its occurrence is therefore limited to rather short
distances between the two molecules."' ™

Time-resolved EPR (TR-EPR) and pulse EPR have been
extensively employed in the past to gain insight into the TTET
mechanism in several light harvesting complexes, revealing
some structural requirements for efficient Chl triplet quench-
ing, and especially a short center-to-center distance between
the excitation donor and acceptor.”'* Interestingly, microwave
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Fig. 1 Experimental T-S spectra obtained from different light-harvesting
complexes (we refer to the indicated experimental studies for details). These
traces (from the top to down) were produced making use of data published in
ref. 10 and 30 (Copyright 2014, Elsevier), ref. 14 (Copyright 2010, Elsevier), ref.
31 (Copyright 2012, Elsevier), and ref. 32 (Copyright 2008, Elsevier). The red
box encloses the special features in the Q,, spectral region.

induced triplet minus singlet (T-S) absorption spectra of car-
otenoids in several light harvesting complexes, obtained via
absorption detected magnetic resonance, have shown the
presence of bands in the Q, region (i.e., the S, — S; electronic
transition) of chlorophyll. Such bands have been attributed to a
change in the interaction between chlorophyll and carotenoid
as the latter accedes its triplet state. These interaction bands
were first observed in the T-S spectra of the light harvesting
complex II (LHCII) from higher plants, and later they have been
also observed in the T-S spectra of a variety of light-harvesting
complexes, such as LH2 from purple photosynthetic bacteria,
PCP and LHC from dinoflagellates, FCP from diatoms, and VCP
from eustigmatophytes,”'*'>"” thus leading to their consid-
eration as a general signature of Chl-Car interaction in photo-
synthetic systems (see Fig. 1).

Later, the same bands have also been identified in the time-
resolved optical spectra not only of light harvesting
complexes'®?* but also of carotenoporphyrin molecular
dyads.>® The intensity and shape of the bands are characteristic
of the molecular systems, but, in all cases, the major feature is a
main bleaching surrounded by positive bands in either the red
or the blue side, or both.
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Fourier-transform infrared spectroscopy T-S spectra per-
formed on light harvesting complexes have shown the presence
of bands assigned to a *Chl a contribution long after the initial
excitation, which in principle might explain the presence of the
bands in the Q, region mentioned above. The hypothesis
advanced to explain those data is that the triplet electron
density could be shared between the carotenoid and chloro-
phyll molecules,” and it has been inferred that the resonance
Raman spectra reported in ref. 25 provide further indication of
triplet sharing. However, such a delocalization of the electronic
triplet is considered unlikely, due to the large energy gap
between the triplet states of carotenoid found in natural
photosystems and those of chlorophyll molecules.**"*° Indeed,
electron nuclear double resonance experiments on carotenoid
triplet states populated in LHCII and PCP have demonstrated
that the triplet state resides only in the carotenoid moiety.?”>°

Despite numerous observations that the presence of the
triplet state on the carotenoid has a strong perturbation on
the Q, electronic transition of Chl a, a convincing explanation
of the origin of such a perturbation has not yet been produced.
The common occurrence of positive bands (Fig. 1) makes the
T-S feature even more intriguing, because it would apparently
require that, in the illuminated sample, the pigment complexes
in the triplet state can undergo (triplet) transitions with fre-
quencies in the Q, spectral region (which would be missing
when these pigment complexes are in their singlet ground
electronic state), although the triplet spin density of chloro-
phyll-carotenoid systems or their mimics is known to be
localized on the carotenoid®*” and triplet electronic excitations
of the carotenoid do not occur in this spectral range. In summatry,
although many details of the excited state properties of carote-
noids are known, there are still many controversies and unraveled
aspects concerning the molecular mechanisms through which
carotenoids perform their photoprotective function.

In this work, we perform extended time-dependent density
functional theory (TDDFT) calculations with the aim of explain-
ing the physicochemical basis of the relationship between
triplet and singlet transitions in the Car-Chl complexes of
natural photosystems over a spectral range of particular spec-
troscopic interest. We especially focus on LHCII and the emer-
ging physicochemical picture allows us to consistently explain
the specific feature appearing in the T-S spectra of carotenoids
in natural photosystems. By examining the interplay of electro-
nic and structural features in the response of the systems to
irradiation, we show that the structure-dependent electronic
interaction between the carotenoid and the chlorophylls plays a
fundamental role in determining the appearance of the T-S
spectroscopic signature in the Q, spectral region. We examine
the shape of the T-S signal in realistic molecular models from
LHCII, for which we obtain a T-S feature similar to that
observed experimentally, and also in a model dyad®® which
mimics the simplest carotenoid-chlorophyll system still able to
perform TTET. In more general terms, our analysis helps us
understand the mutual electronic interaction between the carote-
noid and chlorophyll pigments in both pigment complexes from
natural photosystems and model dyads. Therefore, the gained
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Fig. 2 Molecular structures investigated. (@) Minimum-energy atomic struc-
tures of the ortho-carotenoporphyrin dyad in the singlet (blue) and triplet
(red) spin states (coordinates from ref. 23). (b) Crystal structure of LHCII's
monomer A from PDB file 1RWT.>* The pigments are drawn in the Licorice
style (the phytyl chains of chlorophylls are not shown). The Car and Chl
moieties used in our TDDFT study are colored in orange and different shades
of green, respectively, while the other pigments and the protein are in white.
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(c) Comparison of M and M’ structures. Chlorophylls a610, a611 (colored in
orange), and a612 (blue) have the same coordinates in the two model systems.
The geometries of Lut620 in M (ie., the singlet structure) and M’ (triplet) are
represented in red and blue, respectively. (d) Comparison of structure M (orange)
with M” (blue). (€) Comparison of the triplet structures M’ (cyan) and M”” (pink).

information may also aid the implementation of bioinspired
pigment complexes characterized by a suitable photo-resistance.

2. Methods

2.1 Molecular structures

We first investigated the ortho-carotenoporphyrin dyad from
ref. 23, with coordinates optimized®® in both its singlet and
triplet electronic states (Fig. 2a). We also used this model
system to test the robustness of our theoretical conclusions
with respect to the computational setup employed and possible
effects of the molecular environment on the electronic excita-
tions. All other molecular structures used were instead derived
from an X-ray structure of LHCII.

The crystal structure of LHCII was taken from the PDB file
with ID 1RWT.*’ Its monomer A was used for our investigation.
Each monomer in the light-harvesting complex contains four
carotenoids, eight Chls a and six Chls b, which are involved in
the light harvesting mechanism. Moreover, the carotenoids
sitting in site L1 are also involved in the protection from
photooxidative stress.”> The L1 site comprises a lutein
(Lut620) in the vicinity of three chlorophylls (Chls a610, a611,
and a612) (Fig. 2). These molecular moieties were pruned from
chain A, and the resulting model system was saturated with H
atoms using the VMD program.** The positions of all H atoms were
then refined by means of a density functional theory (DFT)
geometry optimization of the system in its ground singlet (So)
electronic state, with the heavy atoms fixed. The optimization was
carried out using the NWChem software package,®>*® with the
DRIVER optimizer, the 6-31g* basis set, and the M06-2X exchange-
correlation functional.”” This density functional has been shown to
yield reliable conformations of the carotenoporphyrin dyads®
thanks to its implicit inclusion of the dispersion energy.*®

The model system {Lut620, Chl a610-612} thus obtained is
herein denoted M. To investigate the excitonic coupling effects
resulting from the close proximity of the chlorophylls, we also
studied the model systems M;, = {Lut620, Chl ak}, with k = 610,
611, and 612. Since we are interested in triplet-minus-singlet
(T-S) spectra, and the triplet spin density is expected to be
localized on the carotenoid moiety,>**” we also optimized the
geometry of Lut620 in the lowest triplet (T,) electronic state. As
a first approximation, we optimized the geometry of the iso-
lated Lut620 molecular moiety, which was then reinserted into
the complete model. The H atoms of a Lut620 methyl group
turned out to be quite close to Chl a612; therefore, their
positions were further optimized in the presence of the chlor-
ophyll moiety. The geometry relaxation was performed in a
solvent modeled as a continuum with a dielectric constant
erur= 7.4257 representative of tetrahydrofuran (THF) (this
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choice made for the geometry optimization of the carotenoid
moiety helps the comparison with the computations in the
model dyad), by using the default self-consistent reaction field
method implemented in the Gaussian 16 software®® (that is, the
polarizable continuum model using the integral equation
formalism,*® requested by the SCRF keyword), with the
®B97X-D functional*" and the 6-31g* basis set (this computa-
tional setup was recently used to describe carotenoporphyrin
dyads that mimic carotenoid—chlorophyll pairs in ref. 23). The
resulting structure, M’, is compared with M in Fig. 2c.

As the above approach neglects the correlations of both
nuclear and electronic degrees of freedom of Lut620 with those
of Chls a610 and a611, we also took a more accurate approach
which consisted in optimizing the geometry of Lut620 under
the constraint of a triplet electronic state for the entire M
system, with fixed chlorophylls. Moreover, also to assess the
robustness of our theoretical conclusions with respect to both
the approximations inherent in the model system and the
computational setup of choice, geometry optimization was
performed in a continuum medium with ¢, = 4, which mimics
the interior of a protein (and thus, in particular, the internal
protein environment of LHCII).**** This procedure yielded
structure M”, which is compared with M and M’ in Fig. 2d
and e, respectively.

2.2 Electronic excitation calculations

The computations of electronic state excitations were all per-
formed using the Gaussian 16 software package. We used the
TDDFT method, with the ®B97X-D density functional*' and the
6-31g* basis set where not otherwise specified. Computational
tests were performed using the CAM-B3LYP*! and M06-2X
density functionals, as well as different basis sets (see the ESIT).

We studied the electronic excitations for the different model
systems in a vacuum and in continuous polarizable media that
mimic protein interiors, THF, and protein surfaces (g = 20*°).
The absorption properties of the molecular systems are
described in terms of the electronic dipole oscillator strength
(A*¢*® distributions of the singlet and triplet excitations. A
Gaussian broadening of these distributions is used to better
visualize the T-S spectra. The spin contamination®® is used to
assess the reliability of the triplet excited states obtained using
spin-unrestricted TDDFT. These states are considered for the
analysis if the computed expectation value of > (where S is the
total spin operator) differs from the exact one by about 10% or less.

The redistribution of electron density on the molecular
systems as a result of electronic transitions is derived from
the Mulliken population analysis®® of the DFT molecular orbi-
tals (MOs) involved in the transitions within the TDDFT
description. DFT MOs are consistently used within the frame-
work of TDDFT. In more general terms, despite the fundamen-
tal conception of DFT, the utilization of DFT MOs is supported
by a vast literature.*®*'>* Furthermore, we use natural transi-
tion orbitals (NTOs)** to provide a compact qualitative descrip-
tion of the excitations. We find that most electronic transitions
cannot simply be described as occurring from the highest
occupied NTO to the lowest empty NTO. However, few NTOs
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are required in general for an adequate description of the
electronic transitions.

The use of the Mulliken scheme is the default in the
Gaussian program and has been supported by quantum
mechanical analysis,> as well as by a wide use (also in post-
Hartree Fock approaches®®>’) of chemical-physical contexts
that range from the spectroscopic properties of molecules to
the dynamics of chemical bonding,>***® although they have
been shown not to be an optimal choice in some cases (e.g., see
ref. 64, where the iterative Hirshfeld method shows a better
performance). Furthermore, our analysis implicitly explores the
robustness of the theoretical conclusions (which consistently
interpret the experiments) with respect to variations of the
Mulliken population, as the latter is sensitive to the different
molecular models and approximations to the exchange-corre-
lation energy here employed.

3. Results and discussion

3.1 Electronic excitation in a model carotenoid-porphyrin
dyad

To investigate if the special spectral feature in the Q, region of
the T-S spectrum is intrinsically present in simple synthetic
model systems or requires pigment-protein interactions,
we first study an ortho-carotenoporphyrin dyad reported to
be capable of rapid chlorophyll-to-carotenoid triplet-triplet
energy transfer.”®> Consistently with electron paramagnetic
resonance”” and DFT>* analyses, we find that, in the dyad with
optimal coordinates for the triplet electronic state, the electron
spin density is localized on the carotenoid. In fact, calculating
the total densities of excess spin-up (n;) and spin-down (n))
electrons around the atoms of the two molecular moieties,
we obtain n;-n; = 1.998 on the carotenoid and thus n;-n;=
0.002 on the tetra(4-methylphenyl)porphyrin (see also the ESI,
Fig. S1).

The root-mean-square deviation between the optimized
structures of the dyad in the lowest singlet and triplet states
is 1.08 A, which is within the range one may expect from the
dynamics of a molecular system of this size. However, for the S,
state of the dyad with the optimal atomic coordinates of the
lowest triplet state (Ty), in a protein-interior (or THF) environ-
ment, we obtain a DFT total energy that is 1.23 (or 1.25) eV
higher than that of the optimal geometry of the S, state. This
energy difference indicates that the thermal fluctuations of the
molecular dyad in its state S, cannot cause it to take conforma-
tions optimal for state Ty, in which electronic excitation by
irradiation and following intersystem crossing to a triplet state
would lead directly to the localization of the electron spin
density on the carotenoid component. However, even at low
temperatures, if the system reaches the T; excited state upon
irradiation while it is still in a typical S,- or S;-state atomic
conformation, the molecular structure will relax to an optimal
one for a triplet electronic state, with localization of the triplet
on the carotenoid, as this relaxation is an exergonic process,
unless a barrier in the free energy landscape of the molecular

Phys. Chem. Chem. Phys., 2023, 25, 28998-29016 | 29001


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03836j

Open Access Article. Published on 20 October 2023. Downloaded on 2/12/2026 1:23:05 PM.

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

(cc)

PCCP

+ E(Q)
A =Eg (Qs)— E; (O5)=0.60eV
\Az =E, (0, )~ E; (0;) =0.78¢V

v

Qs[, QT1

Fig. 3 Schematic of the energy landscape of the model dyad. OSo
corresponds to Q = 0 and the parabola representing the energy of the
So state as a function of Q is assigned a unit curvature in the otherwise
unspecified collective nuclear coordinate Q. In the Qs | conformation, the
triplet electronic state is lower in energy than the S; state by 43, and
the dyad in the triplet state releases an energy 4, relaxing from QSO to the
optimal triplet conformation OTr

complex hinders the relaxation process at very low tempera-
tures. De facto, there is experimental evidence for the localiza-
tion of the triplet states on carotenoids in light-harvesting
complexes even at cryogenic temperatures.*” 2°

For the model dyad considered, our DFT analysis suggests
the energy landscape patterns sketched in Fig. 3. For simplicity,
we used the parabolic approximation to represent the energies
of Sy, S1, and T; as functions of the nuclear coordinates Q. In
this approximation and defining Q as a single, collective
nuclear coordinate, the relative positions of the energy curves
are consistent with the computational data. Although we did
not determine the actual energy landscape and therefore the
real relative positions of the state energy minima along Q, this
energy scheme reflects the energy differences among the three
electronic states at the Qs and Qr, coordinates as computed for
the dyad in the protein-interior environment. Fig. 3 shows that
the energy of state T, is lower than that of state S; also at the
molecular conformation Qs, of minimum energy for state S,,
and, in addition, the relaxation of the dyad in its triplet state
from the S, to the T; minimum-energy structure (Qr,) releases
an energy of 0.78 or 0.75 eV in a protein interior or a THF-like
environment, respectively.

It is worth noting that, since the TTET is ultrafast, ref. 23
suggests that the donor triplet state of the porphyrin moiety
(which replaces chlorophyll in the experimentally produced
carotenoporphyrin mimics of chlorophyll-carotenoid dyads)
corresponds to still unrelaxed Qs coordinates. Furthermore,
in calculating the chlorophyll-carotenoid electronic coupling,
Qs, is assumed to be close to Qs and is thus replaced by the
latter.>® Fig. 3 supports this assumption, as the potential energy
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curve of state T, crosses that of state S; near its minimum, and
the intersection point is expected to be the starting point for
the TTET.

We can gain insight into the photoexcitation processes in
the dyad by considering the singlet and triplet excitations at the
coordinates of minimum energy for both the singlet state (Qs )
and the triplet state (Qr,) of the dyad. In particular, this means
to also consider the So(Qr,) — S,(Qr,) transitions. Incidentally,
we note that, although the state So(Qr,) cannot be reached by
thermal fluctuation of the dyad, since its energy is ~1.2 eV
higher than that of the minimum of the S, parabola at Sy(Qs)
(as is discussed above), the dyad can also be considered, to
some extent, as a model for pigment pairs in fast TTET
configuration within natural photosystems, where the interac-
tions with other pigments nearby and the protein environment
can change the (free) energy landscape of the system and could
allow for a non-negligible population of the analog of the
So(Qr,) state in the real system.

Fig. 4a and Table 1 describe and compare Sy(Qs,) = Sa(Qs,)
and So(Qr,) — S,(Qr,) transitions derived for the dyad. The
intensities of the excitations are described by their dipole
oscillator strengths. In the conformation Qr, we obtain an
So-S; transition, at a wavelength of 978 nm (the properties of
this transition are reported in ESI,} Table S1), which is absent
in Qs, and is primarily characterized as an electronic transition
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) occurring
inside the carotenoid moiety (the highest densities of HOMO
and LUMO are found respectively on atoms C8’ and C4 of the
carotenoid moiety, with atomic indices as in ref. 23; see the
ESIT). Although this transition shares properties with the bright
So — S, transitions in a number of carotenoids, the following
points should be noted: (i) the singlet electronic excitations
are sensitive to the flexible structure of carotenoids.®>®® (ii)
So(Qr,) — Su(Qr,) transitions refer to the ortho-caro-
tenoporphyrin dyad (where the carotenoid structure is influ-
enced by the strong coupling with the porphyrin®) at the
equilibrium coordinates of the triplet electronic state, Qr,.
Therefore, we expect substantial differences from the singlet
electronic transitions of an isolated carotenoid in or near its
ground singlet state coordinates.® (iii) Different basis sets and
exchange-correlation functionals (®B97X-D, MO06-2X, and
M11%) describe the lowest-lying singlet electronic transitions
So(Qr,) — $4(Qr,) in a similar way (see the ESI,i Section S3).
This excitation corresponds to the bright transition S, — S, in
isolated carotenoids with the S, geometry, but at the Qr,
coordinates of the carotenoporphyrin dyad it is much lower
in energy than both So—S; and S, — S, electronic excitations
in isolated carotenoids. Moreover, it is worth noting that, at the
Qs, coordinates of the dyad, the S,— S, transition typical of the
isolated carotenoid contaminates the lowest-lying singlet tran-
sitions of the dyad mainly localized on porphyrin, while the
bright transition is higher in energy (ESLt Table S1) as
expected, and can be mostly identified with the Sq — S;
transition of the dyad. The S¢(Qr,) — S,(Qr,) transition is
instead substantially localized on the porphyrin portion of
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Fig. 4 Electronic excitations in the ortho-carotenoporphyrin dyad proposed in
ref. 23, studied by TDDFT at the ®B97X-D/6-31g* computational level of accuracy.
The dyad was surrounded by THF, consistent with the environment used in ref. 23
to perform the experiments and optimize the geometry of the dyad. (a) Excitation
wavelength (4) and oscillator strength (f) of the singlet transitions from state So to S,
in the global energy minimum dyad structures with Sp and T spin states (the
absorption spectra are shown over a wider 4 range in the ESI,} Fig. S2a). (b) Analog
of Fig. 4a for triplet transitions in the two conformations of the dyad. The dashed
vertical line represents the rejected excitation with 2 = 621.25 nm. (c) Singlet and
triplet excitations in the Qs and Qr, structures, respectively.
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Table 1 Electronic excitations in the ortho-carotenoporphyrin dyad in
THF?

Electron
Functional ~ Conformation transition A (nm) f (s%)?
®B97X-D Qs, Sy — S, 607.94  0.025
Sy — S, 553.25  0.046
Qr, Sy — S, 612.90  0.024
So = S3 564.48 0.042
T; > T, 611.02 0.036  2.27
T, > T  556.44 0.038 2.24
CAM-B3LYP  Qr, T, > T, 59583 0.041 2.26
T, - T3 543.94 0.029 2.29

¢ Excitations with similar electron density redistribution are distin-
guished by whether or not italics are used. The complete set of
calculated electronic transitions is reported in the ESI, Table S1. The
numbering of the triplet transitions takes into account only the excita-
tions obtained with acceptable spin contamination. Similar triplet
excitations are obtained in protein environment (ESI, Table S2). * These
values are to be compared with the expected value of 2.

the dyad, in agreement with the Q, excitation in Chl a,°® (see
the ESL T Fig. S3), while an examination of the higher singlet
states shows more significant mixing of the porphyrin and
carotenoid electronic structures.

While the absorption spectrum depends, as expected, on the
nuclear coordinates, by inspection of the electronic excitations
we find a physical correspondence between singlet transitions
in the Qs or Qr, structures that involve electron densities
mainly localized on the tetrapyrrole. In particular, we focus
on the singlet excitation from S, to S; in the Qs structure
(which occurs at a wavelength of 607.94 nm) and the excitation
with the closest wavelength in the Qr, structure, that is, the
So-S, transition, which occurs at 612.90 nm. These wavelengths
lie within the range [600, 700] nm of our interest in the T-S
spectrum (more specifically, we are interested in the peculiar
signal appearing in the spectral region of the Q, band of
chlorophyll a), also considering that the wavelength of the Q,
electronic transition of chlorophyll a is expected to have a
wavelength of about 623 nm from quantum chemistry vertical
excitation calculations.®®®® The two electronic transitions are
characterized by similar dipole oscillator strengths (namely,
0.0250 and 0.0237, respectively) and involve initial and final
wave functions with similar spatial densities on the two struc-
tures. The electron densities involved in the transition are
mainly localized on the porphyrin, with small tails on the
carotenoid component (see the ESI, Section S3). Such tails
are a consequence of the proximity of the carotenoid to the
porphyrin (and hence of their strong electronic coupling) and,
obviously, they also depend on the covalent bonding of the two
molecular moieties in the model dyad. The tail of the S,
electronic state is slightly larger in structure Qr, than in
structure Qs, which can be interpreted as being due to the
slightly less stable localization of the ground singlet state on
the porphyrin in the non-optimal Qr, structure. On the other
hand, one expects less influence of the nuclear geometry on the
excited singlet state. Therefore, the excitation energy is lowered
in structure Qr,, compared to Qs, (the wavelength associated
with the electronic transition increases from 607.94 nm to
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612.90 nm). Apart from these small and yet appreciable differ-
ences, the similarity of excitations S¢(Qs ) 51(Qs,) and
So(Qr,) — S2(Qr,) is an expression of the adiabatic approxi-
mation inherent in the Born-Oppenheimer approximation,”®
applied to electronic states mostly localized on the tetrapyrrole
that are rather insensitive to relatively small changes in the
coordinates of the same porphyrin and to even larger changes
in the coordinates of the outer nuclear environment repre-
sented by the carotenoid moiety.

Contrary to the above, triplet excitations show stronger
variations in response to structural changes leading from Qs
to Qr, (see Fig. 4b). However, the comparison of the electronic
excitations of our primary interest is hindered by the spin
contamination issue. In fact, while the triplet excitation in
the Qr, structure (A = 611.02 nm) was obtained with an
acceptable spin contamination, the closest triplet electronic
excitation in the Qg structure (4 = 621.25 nm) was obtained
with unacceptable spin contamination ((S*) = 2.9; see the ESI,}
Table S3, and see the ESI,f Table S4 for the dyad in different
media). Importantly, we find that in the Qs, conformation the
spin density is localized on the tetrapyrrole moiety, where
ny—n; = 1.992. This fact indicates that the carotenoid must
rearrange its nuclear structure, compared to that in the (singlet)
ground state, in order to host the triplet electronic state.

In Fig. 4c (see values in Table 1 and the ESI,t Table S1) we
compare directly the singlet and triplet excitations occurring in
the respective singlet (Qs ) and triplet (Qr,) equilibrium struc-
tures. The presence of the triplet causes frequency shifts and
changes in the oscillator strengths of the relevant transitions
which, although relatively small, are responsible for the
observed special feature in the T-S spectrum. We also tested
the properties of the triplet electronic excitations in the Qr,
structure with respect to the computational approach, by using
different basis sets and the CAM-B3LYP** exchange-correlation
functional. The basis set effects are unimportant (e.g., see the
ESIL, T Table S5). CAM-B3LYP, compared to ®B97X-D, produces
triplet electronic excitations with shorter wavelengths in the
relevant spectral region (Table 1 and ESI,¥ Table S6). This
difference may result both from the fact that the geometry of
the system was optimized using ®B97X-D and from the differ-
ent approximations to the exchange and correlation energies in
the two functionals. However, the physical properties of such
excitations are very similar. In particular, we find that, in both
cases, the lowest (reliable) triplet transition essentially corre-
sponds to a redistribution of electron charge on the porphyrin
moiety, while the electron spin density remains localized on the
carotenoid moiety.

The SO(OSO) - S1(Qso), SO(QTI) - SZ(QTJ; and T1(QT1) -
T,(Qr,) transitions reported in Fig. 4a-c are contrasted in the
unified and magnified view of Fig. 5a. In spite of their differ-
ences in spin multiplicity and/or underlying nuclear frame-
work, these transitions are characterized by comparable
wavelengths and oscillator strengths and share the localization
of the electron density changes on the porphyrin moiety
(Fig. 6). In particular, the singlet transitions in the two mole-
cular conformations occur between quite similar electronic
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Fig. 5 (a) Comparison between the wavelengths and oscillator strengths
of the electronic excitations SO(OSO) - Sl(OSO), SO(OTl) - SZ(OTl): and
T1(Qr)) = Ta(Qr). (b) T-S spectrum expressed in terms of the difference in
oscillator strength distribution, Afr_s(4), between the triplet electronic
transitions in structure OT1 and the singlet transitions in structure OSO. To
better visualize Afy_s(4), we show its Gaussian broadening with a width
parameter of 5 nm (the value of the width parameter influences the peak
shape but not its position; see the ESI,T Fig. S4 for example). This broad-
ening has clearly no connection with the vibrational broadening in the
experimental spectra.

660

states, with oscillator strengths differing by only 5% (Fig. 6
shows the two most representative NTOs for each transition,
while more NTOs are reported in the ESL{ Fig. S3), thus
highlighting the robustness of this type of singlet excitation
with respect to changes in the atomic frame. The comparison of
the So(Qr,) — S»(Qr,) and Ty(Qr,) — T,(Qr,) excitations in Fig.
5a and 6 shows that the triplet state excitation is, essentially, a
singlet transition localized on the porphyrin with no significant
change of the triplet electron spin density residing in the
carotenoid moiety (this fact is analyzed in the next section
and is supported by the data in the ESI,{ Table S7, which show
that upon the transition the electron spin density changes by at
most a very few percent, around a few atoms). That is, (i) the
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Fig. 6 NTOs most representative of the indicated electronic excitations
(their weights are provided in parentheses) of the ortho-caroteno-
porphyrin molecular dyad in THF-like solvent, represented using an iso-
value of 0.02. Lobes of different signs are drawn in different colors. This
distinction is used for better visualization but is clearly irrelevant for
describing the degree of MO similarity. The MOs were rendered using
the gOpenMol 3.00 molecular visualization program.”*”?

differences in the spin-up and spin-down electron densities
occur within the carotenoid portion of the system and very
similarly in the T; and T, states; (ii) upon transition from T,
and T,, the electron density changes in a molecular region
(within porphyrin) in which the spin-up and spin-down elec-
tron densities essentially coincide and hence a singlet-like
electron density is observed. Therefore, T; and T, essentially
differ by a change in singlet-like electron density on the
porphyrin moiety. Compared to the singlet excitation in the
same Qr, conformation, the triplet excitation is characterized
by a higher, but comparable oscillator strength and by quite
similar (and substantially of the same kind) NTOs for both
spin-up («) and spin-down (f) electrons. The similarity of
electron density redistribution in these two transitions, com-
bined with the insensitivity of the singlet transition to the
nuclear frame, explains the occurrence of the triplet transition
T1(Qr,) = T2(Qr,) and the singlet transition So(Qs ) — S1(Qs,) in
the same spectral range. Yet, the differences in the 4 and f
values between these electronic excitations produces a spectral
signal in the T-S spectrum of the molecular dyad over a
wavelength range assimilable®® to that of the Q, band of
chlorophyll a. This spectral feature is shown in Fig. 5b, where
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it is described in terms of triplet-singlet oscillator strength
difference.

3.2 Effects of the structure and electronic interaction on the
electronic excitations

The theoretical analysis in this section provides a compact
formulation and a physical characterization of the relation-
ships between the relevant electronic excitations considered in
Fig. 4-6, also helping us understand the physical origin of the
T-S spectrum in Fig. 5b.

By limiting the description of the system state to linear
combinations of Slater determinants of the most relevant MOs
and neglecting their tails at the covalent link between the
porphyrin and carotenoid moieties (in accordance with the
results shown in Fig. 6 and the ESL,{ Fig. S3), the Sy(Qs) —
S1(Qs,) transition can be approximately described in terms of
tensor product states of the system components as

[So(P;Qs,) )[S0(C;Qs,)) — 1S1(P;Qs,)) [So(C;Qs,))  (1a)
or, in the reduced vector space of the porphyrin moiety,
1So(P;Qs,)) = [S1(P;Qs,) (1b)

In eqn (1a and b), |S,(X;Qs,)) (X =P, C, where P and C stand for
porphyrin and carotenoid, respectively) denotes, in Dirac nota-
tion, state S, of the X component when the nuclear coordinates
of the dyad are Qs . Similarly, the So(Qr,) — S»(Qr,) transition is
approximately given by

[So(P; QT1)>|SO(C; QTJ) - |S,(P; QT1)>|SO(C; QTJ) (2a)

or

|So(P; Qr,)) — [S2(P; Qr,)) (2b)

Note that, in the dyad structure Qr,, the S; — S; excitation
entails electronic structure changes on the carotenoid, and
this electronic transition is not found in structure Q.
Eqn (1)-(2) express the localization of the excitations on the
porphyrin. Furthermore, as is illustrated by the comparison of
Fig. 6a and b,

{yso(P;QTl >: (P 0s,)) )

|So(
1S2(P; O1,)) 2 [S1(P; Os,))

The Ti(Qr,) — T,(Qr,) transition can be approximately

described as

IS'(P; Qr,))IT4(C; Qr)) — [S"(P; Q)| T4(G; Qr,))  (4a)
or
|S'(P; Qr,)) — [S"(P; Qr,) (4b)
where
{ |S:/(P; 01,)) = |So(P; Os,)) 5)
|S"(P; Or,)) ~ [S1(P; Os,))

(in eqn (5), the symbol ~ denotes a looser approximation than
that indicated by the =~ symbol in eqn (3)). Indeed, eqn (4) and
(5) are a compact representation of the data reported in the
ESI,f Table S7 and Fig. 6c and d. In fact, they describe a
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substantial localization of the electronic structure changes
caused by triplet transitions on the porphyrin. The use of
T1(C;Qr,) as an approximate description of the triplet electronic
state on the carotenoid is based on the negligible spin density
changes that emerge from the T;(Qr,) — T,(Qr,) transition spin
density (see the ESI, T Table S7). Moreover, eqn (5), compared to
eqn (3), stresses the more appreciable dependence of the
singlet states of the porphyrin subsystem on the electronic
state of the carotenoid subsystem when a triplet, rather than a
singlet, is localized on the latter.

Eqn (3) and (5) summarize the effects of the triplet localized
in the carotenoid on the singlet excitation in the porphyrin
(which corresponds to the Q transition in chlorophyll a) within
the dyad model. As for the electron densities involved in the
singlet electronic transition, eqn (3) and (5) mean that the effect
of the interaction (which can be seen primarily as a polarization
interaction in the approximate picture in terms of tensor-
product states) between the electron density on the porphyrin
and the electron spin density on the carotenoid is clearly
greater than the effect of the change in the nuclear framework,
in agreement with what has been suggested by recent studies
(see ref. 30 and references therein).

Next, we use the above approximations to gain insight into
the positioning of the spectral lines in Fig. 5a and therefore
understand the T-S spectrum of Fig. 5b. Eqn (1b) and (2b)
would entail equal excitation energies for the homologous
singlet transitions in the two structures of the dyad if the
electronic structures were fully independent of the Qs -Qr,
structural change. In reality, the electronic wave functions at
stake depend to some extent on the nuclear coordinates, and a
more appreciable dependence is expected for the lower singlet
states of the two transitions. Then, since Qg is the conforma-
tion of minimum energy for the singlet ground state, the energy
gap is expected to be larger (and hence the wavelength shorter)
for the So(Qs,) — S1(Qs,) transition than for So(Qr,) — S»(Qr,)- A
similar consideration applies to the comparison of eqn (1b) and
(4b). Furthermore, as the optimization of the overall dyad
structure in the triplet electronic state primarily reduces the
energy of state T, from the comparison of the electronic states
in eqn (2b) and (4b) it is expected that the excitation energy in
the T;(Qr,) — T»(Qr,) transition is larger than that in Sy(Qr,) —
S5(Qr,)- These simple considerations provide a rationale for the
relative positions of the excitation frequencies in Fig. 5a. In
particular, the occurrence of Ty(Qr,) — T,(Qr,) at a longer
wavelength than Sy(Qs) — S1(Qs)) explains the T-S signal of
Fig. 5b, considering that only the transitions T1(QT1) — TZ(QTI)
and Sy(Qs,) — S1(Qs,) are visible in the range of wavelength
represented. Ultimately, we predict that the model dyad pro-
duced in ref. 23 shows a T-S spectrum like that in Fig. 5b,
which is a signature of electronic interaction between the
porphyrin and carotenoid moieties and takes place over a
spectral range assimilable to that of the Q, band of chlorophyll
a in a real pigment pair. This theoretically predicted T-S
feature differs from that observed experimentally for the LHCII
system,*® while it qualitatively resembles that measured in the
peridinin-chlorophyll a-protein (PCP).** Finally, we incidentally
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note that based on the results in Fig. 4a and b we expect a T-S
feature of similar shape if both singlet and triplet transitions
can occur in the Qs conformation or a similar one, although
the comparison is hampered by spin contamination. This
comparison is instead feasible for the molecular systems drawn
from the crystal structure of LHCII (see the next section).

3.3 Electronic excitations in LHCII carotenoid-chlorophyll
systems

The results in the previous section predict the influence of the
carotenoid triplet state on the Q, electronic transitions for a
simplified model of chlorophyll-carotenoid pair consisting of
covalently bonded porphyrin and carotenoid. We now study
LHCII, the first system for which this triplet effect was experi-
mentally observed. The molecular complex here investigated
via TDDFT was derived from a monomer (A) of the LHCII crystal
structure in the PDB file 1RWT>® (Fig. 2) and comprises one
carotenoid (Lut620) and three chlorophylls (Chls a610-612).
This pigment complex has been recognized as the site of the
photoprotective function in LHCIL,”® and it is characterized by
the proximity of the three chlorophylls to each other, which has
exciton effects on the relevant electronic excitations,”*”® and
the vicinity of the carotenoid to the chlorophylls, and especially
to Chls a610 and a612, which is responsible for a strong
chlorophyll-carotenoid electronic coupling and can therefore
enable a fast TTET. Performing the TDDFT investigation on the
full pigment complex (317 atoms in total), we retain the effects
of both structural features on the electronic wave functions. In
particular, we take into account exciton effects, thus avoiding
the possible artificial localization of electron density involved
in excitations on individual chlorophyll-carotenoid pairs.

The singlet and triplet excitations that occur in M = {Lut620,
Chl a610-612} (which is part of a molecular system in its
ground singlet state S,), with wavelengths in the Q, region of
chlorophyll a and large, or appreciable, fvalues, are reported in
Table 2 (the entire set of excited states obtained by TDDFT
computation and the expectation values of S for the triplet
states are given in the ESI,{ Table S8). In this system, the
wavelengths of the relevant transitions are longer than those
found for the dyad model, that is, in between the wavelength
expected theoretically for the Q, transition in chlorophyll a®**

Table 2 Electronic excitations in LHCIl subsystem M = {Lut620, Chl
a610 - 612}

Singlet As Triplet Jor
Environment transition (nm) fs transition “ (nm)  fr
Protein interior S, — S; 652.11 0.74

So » S, 64319 0.18 T, — T 644.23 0.49

So = S;3 632.62 0.09 T; —» T, 639.19 0.27
THF So & S 656.24 0.76

So > S, 645.65 021 T, > Te 646.69 0.53

So = S3 637.65 0.09 T; — T, 642.95 0.23

? The triplet state numbering results from the fact that the TDDFT
calculations also yielded triplet excitations with small oscillator
strengths and longer wavelengths (see ESI Table S8).
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and the experimental spectral region of the Q, band, over which
the T-S signal is observed.'®'**°~*> Furthermore, and impor-
tantly, the oscillator strengths of these electronic transitions
are one order of magnitude larger than those associated with
the relevant transitions in the model dyad (note that the crystal
structure is expected to belong to the minimum of the singlet
ground state in the free energy landscape of LHCII, and there-
fore these electronic excitations should be compared to the
singlet and triplet excitations in the Qs structure of the ortho-
carotenoporphyrin dyad). All these characteristics of the excita-
tions are similarly obtained simulating the system in the
polarizable continuum models of protein interior, THF solvent,
solvated-protein surface, and vacuum (see the ESIT).

NTOs representative of the singlet and triplet electronic
excitations in internal protein environment are shown in
Fig. 7. This is the most appropriate environment for the LHCII
subsystems considered here, but similar NTOs are obtained in
the other model environments, and especially in THF (ESL¥
Fig. S5-S7), as its characteristic dielectric constant is quite
similar to expected values within proteins.

Fig. 7 shows that the initial and final states of various
electronic transitions are mainly localized on one of the three
chlorophyll and also spread over one or both other chloro-
phylls. For example, the S, — S; transition primarily involves
electron density changes on Chl a611, but also well-appreciable
changes on Chl a612 (see Fig. 7a). This feature is a consequence
of the excitonic coupling between chlorophylls. The S, — S,
excitation is instead essentially localized on Chl a610 (Fig. 7b).
The S, — S; excitation is stronger than S, — S,, but both
electronic transitions are characterized by relatively large oscil-
lator strengths (see f values in Table 2). T; — T, mostly takes
place on the Chl a610 (Fig. 7c). The T; — T, excitation mainly
involves Chl a612 instead (Fig. 7d). It is worth noting that the
triplet transitions (as well as S, — S,) primarily involve the two
chlorophylls that are spatially closer and therefore more
strongly coupled to the carotenoid, compared to Chl a611,
therefore confirming the significance of the chlorophyll-caro-
tenoid coupling for the electronic excitations at stake. The
exciton coupling effects are also clear in the triplet transitions
and can be influenced by the environment. For example, while
the T; — T transition mainly involves Chl @610 in both protein
interior and THF-like environments, the localizations of the
NTOs describing the second and third largest contributions to
the excitation (which are similar to each other in size) are
inverted in the two media (¢f. ESI,T Fig. S5, as well as the ESL, T
Fig. S6 and S7 for the molecular system in a polarizable
continuous medium that mimics protein surfaces and in a
vacuum, respectively).

Both T; — T¢ and T; — T, excitations do not involve any
significant change in the electron spin density. Thus, these
triplet transitions can be approximately described as singlet
transitions within the subsystem of chlorophylls in the
presence of a triplet distribution that essentially remains as
in the T, state (for example, see the high similarity between the
electron density redistributions in the Sy — S, and T; — Ts
transitions in Fig. 7b and c). Thereby, over the spectral region of
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interest, the comparison between the triplet and singlet excita-
tions describes the effects of a stable triplet on the properties of
the singlet excitations nearby.

The similarity of the electron density redistribution in the
singlet and triplet transitions analyzed explains the occurrence
of the latter in the Q, spectral region. However, since the M
system is derived from the crystal structure of LHCII, which is
expected to be in the singlet ground state, we accordingly find
that the triplet density is localized on the chlorophylls portion
of the system. The same holds for the subsystems M; =
{Lut620, Chl ak} (k = 610, 611, 612) (the excitations in Me;,
are reported in the ESIL{ Tables S9-S11), consistent with the
triplet localization on the tetrapyrrole moiety found for the
ortho-carotenoporphyrin model dyad in the Qs conformation.
The experiments show instead that the triplet resides in the
carotenoid moiety,*?”*® and the TDDFT study of the ortho-
carotenoporphyrin mimic (albeit with some limitations) of
chlorophyll-carotenoid pairs showed that both the triplet
ground state T;>* and the triplet excited states with frequencies
in the Q, range are localized on the carotenoid after geometry
optimization of the full system in the triplet state. This means
that, beginning with the excited system in singlet coordinates,
the triplet spin density localizes on the carotenoid moiety only
after adequate structural changes. Therefore, in chlorophyll-
carotenoid complexes, the population of state T, is expected to
be accompanied by the relaxation of the carotenoid moiety to a
geometry optimal to accommodate the pertinent spin density.
Furthermore, this relaxation is an exergonic process, which can
thus occur even at cryogenic temperatures.

Based on the above considerations, although the electronic
excitations described by Table 2 and Fig. 7 can in principle give
rise to a signal in the Q, region (and, therefore, could be of
interest for understanding the behavior of biomimetic chloro-
phyll complexes), we performed the analysis of the singlet and
triplet electronic excitations in the M’ and M’ structures
resulting from triplet-constrained optimization of Lut620 iso-
lated and in the presence of the chlorophylls, respectively (see
Methods). In the M’ and M” structures, the positioning of the
carotenoid relative to the chlorophylls is, overall, somewhat
similar to that in the LHCII crystal structure, but part of Lut620
is closer to the chlorophylls and the internal coordinates of
Lut620 are optimal to accommodate a triplet spin density.

Table 3 summarizes the properties of the singlet and triplet
electronic excitations of the M’ and M” systems in a protein
environment with wavelengths that are, computationally, in the
spectral region of the Q, band of chlorophyll a (the complete
sets of excited states obtained using the density functionals
indicated are reported in the ESIL,{ Tables S12-S14; the excita-
tions in the Mg, = {Lut620, Chl a612} pigment pair are also
reported in the ESL{ Table S15). Note that in M’ (M”), com-
pared to M, the Lut620 moiety is closer to Chl a612 (a610), thus
favoring higher spin contaminations of the triplet states on
average. The electronic transitions obtained with the M06-2X
functional are shifted to higher frequencies with respect to
those obtained using the ®B97X-D functional. This fact
indicates the importance of the short and medium range
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0.72

Fig. 7 NTOs most representative of the indicated electronic transitions in the M subsystem of the LHCII crystal structure from the PDB file 1RWT,**
surrounded by an inner protein-like medium. The weaker Sqg — Ss transition is not shown. The weights for the highest occupied and lowest unoccupied
NTOs are in blue. The isovalue 0.02 is shown. Chl a610 is on the left (cf. Fig. 2b).
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Table 3 Electronic excitations in the M’ and M” systems (Lut620 in
optimal triplet geometry)

Singlet As Triplet Ar
System Method transition (nm) fs  transition “ (nm) f;
M ®B97X-D S, — S;  651.30 0.66 T; — T,* 656.60 0.43
So - S, 642.50 021 T, — Ts 644.06 0.47
T, > T, 641.35 0.03
Sy = S5 632.77 0.07
MO06-2X Sp —» S; 624.33 0.68 T; — T, 623.06 0.65
So - S5 611.97 036 T; — Ts 611.84 0.37
M’ ®B97X-D S, —» S;  650.03 0.64
So -S4  646.26 0.10 T; — T, 643.71 0.20
So — S5  628.11 0.09 T, - Ts 633.96 0.07
MO06-2X S, — S, 623.37 079 T, » T3  622.95 0.75
So —» S¢ 613.40 027 T, > T, 613.44 0.25

% For this triplet excitation in system M’, the triplet excited state was
obtained with an $> expectation value of 2.31, which is above the
acceptation threshold.

exchange-correlation energy in these excitations, as the ®B97X-
D functional is characterized by a relatively small value of the
range-separation parameter (w = 0.2) and the short-range
Hartree-Fock component (22.2%) of the exchange term in
®B97X-D is much smaller than that in the global hybrid M06-
2X functional (that is, 54% at all distances). We only report the
two singlet and triplet transitions computed using M06-2X with
relatively large oscillator strengths (the other excitations in the
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relevant wavelength range, which have fvalues of at most a few
cents, are reported in the ESI,{ Table S14).

The spin density is substantially localized on Lut620 in both
model molecular systems. In fact, the electron spin densities on the
Lut620 atoms add up to n;—n; = 1.982 for the M’ system in both
protein and THF environments, and to 1.994 (1.993) for the M”
system in a protein interior (THF) environment. Similar conclu-
sions are obtained for the subsystems from LHCII with one
chlorophyll. For example, in the triplet state of Mg;, = {Lut620,
Chl a612} the electron spin density on Lut620 is ny—72; = 0.002 or
ny-n; = 1.993 depending on whether this pigment pair is in
crystallographic coordinates (as it is derived from M) or in the
M" geometry, respectively. All such results consistently indicate the
triplet localization on the carotenoid after appropriate rearrange-
ment of its nuclear coordinates, irrespective of the fact that the
partner chlorophyll system consists of one or more chlorophylls.

Some relevant excitations in M’ obtained using ®B97X-D are
described by the NTOs in Fig. 8. The Sy — Sz and S; — S,
transitions in M’ are primarily localized on Chl @611 and Chl
a610, and are very similar to the S, —» S; and So — S,
transitions in system M, respectively (compare Fig. 7a and b
with Fig. 8a and b). The weaker S, — Ss transition mainly
involves Chl a612 (ESL,f Fig. S8). The energy ordering of the
electronic excitations occurring on the three chlorophylls
agrees with the expectations based on the singlet excitation
energies of the individual chlorophylls from LHCII (see

Fig. 8 NTOs most representative of the indicated electronic transitions in the M’ system, which is shown in Fig. 2c (NTOs for the weaker So — Ss and
T, — T4 transitions in Table 3 are reported in the ESI, T Fig. S8), obtained using the ®B97X-D exchange—correlation functional. The weights of the highest
occupied and lowest unoccupied NTOs are in blue. An isovalue of 0.02 is used.
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Table S16 in the ESIt and cf. ref. 76). Moreover, the three singlet
transitions obtained in the full model system are clearly iden-
tified with transitions S, — $,(Q,), each mainly localized on
one of the chlorophylls, with some spreading on the other two
chlorophylls due to excitonic coupling (see the ESI, T Table S17
and its discussion in the ESIt). These considerations hold for
M, M/, and M, that is, regardless of Lut620 relaxation to its
optimal triplet geometry.

The most representative NTOs for the description of the
T, — T3 and T; — T, excitations are very similar to each other
(e.g., see the NTOs for the stronger T; — T; excitation in Fig. 8)
and closely resemble the NTOs for the T; — T, transition in
system M (compare the highest occupied and lowest unoccu-
pied NTOs in Fig. 7c and 8c, d). The electron spin density
rearrangements in these triplet transitions are minor. There-
fore, a picture similar to the one emerging for the ortho-
carotenoporphyrin dyad (eqn (4) and (5)) applies to transitions
such as, e.g., So —» S; and T; — Tj, which, like S, — S, and
T; — Te in the M system, are characterized by very similar
electron density redistributions (compare Fig. 8b-d). The com-
parison between the S, — S; and T; — T, excitations is instead
affected by the rather significant spin contamination in the
determination of the latter (this issue is exacerbated in the
M’ structure, for which the triplet excitation with similar
frequency and oscillator strength was obtained with an expecta-
tion value of S close to 3; see ESI Table $12). Clearly, this spin
contamination also affects the electron spin density, and therefore
the changes in electron density distribution for the computed
T; — T, excitation. Nevertheless, the wavelength and value of f for
this transition show its correspondence to the S, — S; transition
and its physical meaning, as arising from a due’® comparison
with the experimental evidence, cannot be neglected.

It can be expected that this spin contamination problem is
favored by the proximity of chlorophylls to the carotenoid,
which is accentuated in the M’ and M” systems compared to
M (in particular, Chl a612 is closer to the carotenoid in M’ than
in M, as is shown by Fig. 2c, while Chls a610 and a611 are closer
to Lut620 in M” than in M, as shown by Fig. 2d), and, in
principle, a different description of the electron exchange and
correlation may more appropriately describe the T; — T,
excitation and the corresponding triplet excitation in M’ and
M". In fact, we obtained these excitations with spin contamina-
tions well within the common acceptance range using the M06-
2X density functional (see Table 3 and the ESI,{ Table S14).
Moreover, we again find that the triplet excitations in the
relevant frequency range entail minor changes in the spin
density on the carotenoid and singlet-like electron density
variations on the chlorophylls. For example, Fig. 9 shows the
singlet and triplet transitions in M” in terms of the NTOs
obtained using the M06-2X functional. The electron density
changes describing the triplet transition T; — T; are deloca-
lized on Chl @611 and Chl a612, with a larger component on the
former, as is shown by the NTOs in Fig. 9c. Such a delocaliza-
tion is slightly more accentuated in the S, — S, transition, and
thus its most representative NTOs are spread over the two
chlorophylls (Fig. 9a). However, the electron density redistributions
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in the Sp — S, and T; — T; excitations are very similar to each
other. In fact, the two highest occupied NTOs describing the S, —
S, excitation in Fig. 9a resemble each other and can be approxi-
mately constructed as linear combinations of the two occupied
NTOs describing the T; — T; excitation in Fig. 9c; and the same
consideration holds for the empty NTOs. The Sy — Sgand Ty — T,
excitations are, instead, very similarly localized on Chl a 610.

Although the extent of the electronic excitation delocaliza-
tion on the chlorophylls can also depend on the amount of
Hartree-Fock exchange in the exchange-correlation functional
used, the singlet-like character of the triplet transitions
robustly emerges from the TDDFT computations as a charac-
teristic of the photosystem response to irradiation. This prop-
erty explains the occurrence of triplet excitations in the Q,
frequency region (as these excitations entail electron density
rearrangements similar to those produced by Q, transitions)
and the resulting T-S absorption spectra with a bleaching
flanked by two positive bands shown in Fig. 10.

The singlet and triplet electronic excitations leading to
the T-S spectra in Fig. 10 were obtained at the respective
optimal nuclear coordinates of the carotenoid. They thus
represent the most realistic situation in which (i) the carote-
noids in the sample are initially in their singlet states, with
accordingly optimal nuclear structures, and the chlorophyll-
carotenoid complexes are liable to singlet excitations; (ii) under
suitable — approximately stationary over a certain time range —
illumination, the sample has a triplet-state population, or
change in population depending on the experimental techni-
que used,®® with such triplets, or extra triplets, localized on
some carotenoids of the sample, which have readily relaxed to
their optimal triplet geometries. It is worth stressing that the
difference spectra shown in Fig. 10 are described in terms of
dipole oscillator strengths (which measure the integrated line-
shapes, as they are obtained by integrating the extinction
coefficient over frequency®®?) and therefore do not account
for the vibrational broadening of spectral lines observed in the
experiments. Nevertheless, these T-S absorption spectra can be
compared to those experimentally observed in natural
photosystems'®'*3%31:83 (gee the next section).

Fig. 10a and b highlight the substantial robustness of the
T-S absorption spectra with respect to the computational setup
employed. The comparison between Fig. 10b and c (both
computed using the M06-2X functional) highlights the depen-
dence of the signal shape on the relative positions of the
chlorophylls and the carotenoid, which are appreciably differ-
ent in M’ and M” (Fig. 2e) and clearly influence their inter-
action, whence the electronic properties of the Q, excitations on
the chlorophylls. In all cases, the bleaching is more pro-
nounced than the absorption enhancement over the Q, region,
and inspection of the computational data (see ESIt Tables S12-
S14) suggests that the missing oscillator strength is at least
partly redistributed over the Q, spectral region.

3.4 Comparison with experiments and their interpretation

Fig. 1 reports T-S spectra obtained experimentally by optically
detected magnetic resonance at 1.8 K from different light-
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Fig. 9 NTOs most representative of the indicated electronic transitions in system M” (Fig. 2d), obtained using the M06-2X exchange—correlation

functional An isovalue of 0.02 is represented.

harvesting systems. Fig. 11 reports the T-S spectrum of LHCII
detected at 77 K by time resolved absorption. Our computed
T-S spectrum for the ortho-carotenoporphyrin model dyad
(Fig. 5b) qualitatively resembles the experimental one for PCP
(see the last panel in Fig. 1), but we found no obvious structural
basis for this similarity, which deserves future investigation.
Inspection of the experimental spectra in Fig. 1 and 11
shows that the shape of the special feature in the T-S spectrum
is strongly system-dependent. The T-S feature is sensitive to the

This journal is © the Owner Societies 2023

relative positions and oscillator strengths of the singlet and
triplet excitations, which depend on the interaction between
the electron spin density on the carotenoid and the electron
density on the chlorophylls. In turn, this interaction depends on
the specific mutual geometry of chlorophylls and carotenoid, as is
exemplified by Fig. 10b and c. Our theoretical T-S absorption
spectra in Fig. 10b and ¢ show a noticeable agreement with the
T-S spectra obtained experimentally for LHCII in ref. 83 and 30,
respectively. This agreement underlines the interpretative value of
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Fig. 10 T-S spectrum in terms of electronic dipole oscillator strengths,
Afr_s(4), for the subsystem {Lut620, Chl a610 — 612} of LHCII in a model
protein environment. Afr_s(4) is represented using a Gaussian broadening
with a width parameter of 5 nm. The T-S absorption spectrum for the M’
system was computed using the (a) ®B97X-D/6-31g* and (b) M06-2X/6-
31g* computational setups. (c) The T-S spectrum of M” was obtained
using the M06-2X functional. The 1 and f values producing the T-S signals
are reported in ESIT Tables S12-S14 (ESI+).

640 660

our theoretical-computational analysis, as the atomistic models
employed were derived from the LHCII system.
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Fig. 11 T-S spectrum, over the Q, spectral region, of LHCII monomers at
a temperature of 77 K. The decay associated spectrum is shown. The curve
describes the 12 ps signal due to 3Car (the open squares represent the
experimental data points). Adapted from ref. 83. Copyright 1997, American
Chemical Society.

4. Conclusions

Via TDDFT study of chlorophyll-carotenoid complexes, we
explain the interplay between nuclear framework and electronic
interactions among pigments which is at the origin of the
special signature in the T-S spectra of natural photosystems
such as LHCII. We consistently predict the T-S feature for
model carotenoporphyrin dyads, which allows us to emphasize
that this feature is not due to influence of the protein environ-
ment, except for its keeping the molecules in close relative
positions.

We find that, in LHCII, the triplet on the carotenoid per-
turbs several Q, transitions, which primarily occur on one of
the chlorophylls but also involve the other two due to their
exciton coupling. The perturbation caused by the interaction of
the triplet electron density on the carotenoid with the electron
density on the chlorophyll subsystem is greater than that due to
structural changes of the carotenoid upon triplet localization
(this was described by means of eqn (3) and (5) in the case of
the model dyad). Our analysis shows that the triplet excitations
involved in the T-S signal cause no significant change in the
triplet electron density on the carotenoid moiety, since they
essentially consist in electron density changes on the chloro-
phylls similar to those produced by the Q, singlet transitions of
the system in its overall singlet spin state. This similarity
enables the description of the relevant triplet excitations as
singlet excitations occurring in the chlorophyll subsystem with
a triplet maintained approximately unaltered on the carotenoid
subsystem (as is described by eqn (1)-(5) for the ortho-
carotenoporphyrin model dyad and the natural extension of
these equations to the pigment complex containing several
chlorophylls in LHCII), thus explaining the similar wavelengths
of the relevant singlet and triplet transitions in the Q, region.
However, the singlet-like triplet transitions are expectedly per-
turbed by the nearby triplet, so as to differ in wavelength and
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electronic oscillator strength (namely, absorption intensity)
from the singlet transitions observed for the system in overall
singlet state to an extent that determines the T-S signal in both
the model dyad (Fig. 4-6) and the pigment complex from LHCII
(Fig. 7-10).

The understanding of the electronic properties underlying
the T-S spectra also enhances our understanding of the mole-
cular mechanisms of the carotenoid photoprotection function
and guide future implementations of biomimetic pigment
structures in photosynthesis research. The electronic coupling
between the chlorophyll and carotenoid subsystems which is
responsible for the T-S spectral feature is also a determinant of
the fast TTET. In photosynthetic light-harvesting systems, the
relative geometry of the chlorophyll and carotenoid moieties
seems to be optimized to reach picosecond time scales for
TTET.*** Given the large TTET rate, the chlorophyll triplet
state from which the excitation transfer takes place may corre-
spond to S; coordinates rather than to relaxed T, coordinates
(this approximation was used to calculate the electronic cou-
pling between porphyrin and carotenoid in the model dyad,*
and it is meaningful if the vibrational energy relaxation involves
slow modes, thus requiring up to tens of picoseconds as in
other systems®®). If we assume a parabolic behavior for the
energies of the electronic states of the pigment complex as a
function of the nuclear coordinates, such as in Fig. 3, the
energy of state T; crosses that of state S; near its minimum,
and (based on the high speed of TTET), moving down the T,
curve, the localization of the triplet on the carotenoid could
occur appreciably before the full relaxation to the nuclear
coordinates of triplet minimum energy. These considerations,
while deserving future investigation (and facing the experi-
mental difficulty of correlating triplet state kinetics to band
intensity), theoretically relate the T-S feature in the Q, spectral
region to the photoprotective mechanism efficiency.
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