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It has long been recognized that visible light harvesting in Peridinin—
Chlorophyll-Protein is driven by the interplay between the bright (S,) and
dark (S;) states of peridinin (carotenoid), along with the lowest-lying
bright (Qy) and dark (Q,) states of chlorophyll-a. Here, we analyse a chromo-
phore cluster in the crystal structure of Peridinin-Chlorophyll-Protein, in
particular, a peridinin—peridinin and a peridinin—chlorophyll-a dimer, and
present quantum chemical evidence for excited states that exist beyond the
confines of single peridinin and chlorophyll chromophores. These dark
multichromophoric states, emanating from the intermolecular packing
native to Peridinin—-Chlorophyll-Protein, include a correlated triplet pair
comprising neighbouring peridinin excitations and a charge-transfer inter-
action between peridinin and the adjacent chlorophyll-a. We surmise that
such dark multichromophoric states may explain two spectral mysteries in
light-harvesting pigments: the sub-200-fs singlet fission observed in caroten-
oid aggregates, and the sub-200-fs chlorophyll-a hole generation in
Peridinin-Chlorophyll-Protein.

1. Introduction

Photosynthesis is made possible by intricate biological pigment—protein com-
plexes that trap energy from the sun and subsequently transfer electronic
excitation energy so as to spur charge separation in the reaction centre [1]. Nat-
ure’s interchromophore orientation in these complexes may have underlying
significance for engendering efficient energy transfer crucial to the light-harvesting
mechanism [2]. This energy transfer arises from the interplay between polyene-
like carotenoids (Cars) surrounding porphyrin-like (bacterio)chlorophyll (Chl)
chromophores [1,3]. Achieving effective interplay is especially important in
Peridinin—-Chlorophyll-Protein (PCP) found in dinoflagellates [3]. Dinoflagel-
lates are positioned in the water column in such a way that the most
abundant source of (limited) light energy available to them is in the 450-
550 nm range where Cars uniquely absorb—meaning PCP light harvesting is
driven by peridinin Cars [4], in stark contrast to most other membrane-
bound photosynthetic antennae that experience (bacterio)Chl-driven light har-
vesting. Cars in PCP surround neighbouring Chl-a in a 4:1 Car:Chl
stoichiometric ratio [3]. Each cluster of closely packed chromophores in PCP
has precisely four Car and one Chl, with two such clusters comprising a PCP
protein subunit, of which there are three in an overall trimeric complex as ident-
ified from the crystal structure of the dinoflagellate Amphidinium carterae [3,5].
As the trimeric PCP simply is the combination of identical chromophore cluster
pairs forming individual subunits, it seems reasonable to deduce that the chro-
mophore interaction within these clusters forms the basis for energy transfer [3].

As energy transfer results from 450 to 550 nm absorbed solar energy donated
exclusively by Cars to accepting Chl, researchers have focused on the intrinsic
manifold of Car and Chl excited states to describe this process [1,3]. Car excited
states involved in light harvesting may be traced back to those of their parent
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polyene backbones, while the corresponding Chl excited states
stem from quasi-orthogonal polarization directions in the
plane of its porphyrin ring [6]. Since the foundational discovery
by Hudson & Kohler nearly 50 years ago of anomalous
fluorescence in a functionalized polyene [7], carotenoids
have been described as exhibiting a lowest-lying dark one-
photon-forbidden excited state labelled S;. This labelling
casts the dark state as being energetically below the bright
one-photon-allowed excited state labelled S, [4].

It should be mentioned, however, that while the dark S;
state has been identified from experimental fluorescence spec-
troscopy [8,9], additional dark states of possibly intermediate
excitation energy between S, and S; have been proposed [10],
but have not been straightforwardly identified—thereby
remaining controversial assignments [4,11]. On the other
hand, the assignment of the two lowest-lying states of Chl-a,
the dark Q, and the bright Qy in the quasidegenerate Q band,
dates back to the early 1960s [12,13], and this nomenclature
remains in use today [4]. In this case, the only lingering question
concerns the relative energetic position of the dark Q, state,
which cannot clearly be distinguished from the vibronic pro-
gression of the bright Q, state in experimental absorption
spectroscopy [12,14-17].

Might Car—Chl energy transfer in PCP stem simply from the
basis of these four identified individual-chromophore excited
states, two on each chromophore? The exceptional energy-
transfer efficiency of PCP suggests otherwise [3]. While the S,
and S; emission spectra generally overlap well with the
corresponding Q, and Q, absorption spectra, energy transfer
from the bright S, state [18]—more strongly coupled than S,
to Chl-a states through its large transition dipole [3]—needs to
compete with ultrafast Car S,-S; internal conversion in the
time scale of 50-300 fs [19]. Internal conversion could entail
significant efficiency losses in energy transfer.

Nonetheless, this framework ignores the unique chemical
nature of the peridinin Car—containing an allene tail and a lac-
tone ring—that may support intramolecular-charge-transfer
(ICT) character and even a separate ICT state [20]. Yet much
like the claims of spectral evidence for dark intermediate
states, the nature of ICT in peridinin remains controversially
assigned, as evidenced by twenty-first-century experimental
[21-23] and computational [24-27] investigations. On one
hand, red-shifted emission with diminished lifetime in the
face of polar solvent [20] and a distinct low-lying electronic
excited state with ICT character [24] have been reported; on
the other hand, conformational bright-state local minima
[21,22] and bond-vibration-driven interplay between the
lowest-lying bright- and dark-state properties [25] have been
proposed as explanations for peridinin’s anomalous photophy-
sics. Whether ICT character exists as its own independent
electronic excited state, and whether it impacts S,/S; state
properties, may have important implications in energy trans-
fer. Imbuing the lowest-lying state with bright-state-like
properties through ICT character may well represent the key
missing ingredient explaining the energy-transfer efficiency
in PCP [3,28].

But what about the impact of intermolecular interaction on
the manifold of Car and Chl states? This computationally
under-explored question touches on the role of the biological
supramolecular organization in mediating Car and Chl photo-
synthetic function. It is well known that electronic coupling may
give rise to exciton migration among delocalized excited states
[29]. Exciton theory describes this delocalization by including

the coupling matrix elements between diabatic states expressed [ 2 |

in the basis of individual chromophores [30,31]. This leads to a
coherent superposition of localized molecular states that
coherently spreads the excitation across the molecular network.

While pigment—protein complexes have been described as
‘warm, wet and noisy’ [32], intimating that incoherent
dynamics in response to light dominate, others have argued
for the existence of an underlying order in the supramolecular
assembly in which the structure of the molecular environ-
ment may also support quantum coherent dynamical effects
[2,29-43]. Here, we investigate static effects in the context of
dark states distributed across dimers.

In this report, we present quantum chemical calculations
supplying evidence for dark multichromophoric excited
states that are indescribable in single-chromophore bases.
Unlike the physical picture in exciton theory, in which coupling
delocalizes the excited state by creating a superposition of
locally excited (LE) states, these dark multichromophoric
states are inherently non-local. A Car dimer system seems to
support a correlated triplet pair state in which local Car-specific
triplet excitations are coupled into an overall spin singlet state.
On the other hand, a Car—Chl dimer system seems to support
the intermolecular charge-transfer character in which the excited
electron on the Car comes from the Chl-a chromophore. On the
basis of their excitation energies, we surmise that these dark
multichromophoric states may unlock alternative pathways
to visible light harvesting in PCP. These include sub-200-fs
singlet fission observed previously in carotenoid aggregates
[44] and sub-200-fs ground-state bleaching of Chl-a stemming
from hole generation following Car optical excitation in ultra-
fast laser spectroscopy [3,27,28]. We also present quantum
chemical evidence for direct peridinin 5,-S; internal conver-
sion in the single-molecule picture without the involvement
of intermediate states—ICT or otherwise—with S; falling
below the photoexcited-state energy following nuclear reor-
ganization as we, and others, have previously found
[25,45,46]. The lowest-lying Car bright and dark states are
shown to be quasidegenerate prior to S; population.
We, therefore, dispense with the term ‘intermediate’” when
describing our calculated dark multichromophoric states.

In this paper, we compute excited-state manifolds—both
intramolecular and intermolecular—corresponding to the
chromophore cluster containing peridinin residues 611N and
612N along with the adjacent Chl-a residue 601N. We preserve
the intramolecular conformations and intermolecular orien-
tations of these residues in the PCP crystal structure. We refer
the reader to our earlier work [47] detailing the theoretical
treatment applied here to investigate energetically relevant
dark multichromophoric excited states so as to comment on
their potential roles in the light-harvesting mechanism of PCP.

2. 611N crystal-structure results

Let us first consider the individual peridinin residue 611N so as
to ground ourselves in the intrinsic peridinin photophysical
framework within PCP. Our results suggest that neither in
the ground-state biological conformation—assumed to be stati-
cally represented by the crystal-structure geometry—nor in the
relaxed excited-state equilibria does an intermediate excited
state between S; and S, manifest.

Our results stem from the application of multireference
state-averaged complete-active-space self-consistent field
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Table 1. The low-lying electronic excited states of peridinin 611N at its crystal-structure geometry (transition dipole moment in Debye, excitation energy in eV, [JEJi}
Nogq = odd-electron count defined in equation (3.1)).

transition predominant
excitation energy active space dipole moment configuration assignment
S 212 (16,16) 0.238 HoMo’ 3.03 dark
LUMO
. ,5.2 o R (4,4),. . o oo s bﬁght‘
LUMO
S, 30 (1616) 0552 CHOMO dak
LUMO
HOMO-1
LUMO
. 54 e (16,16) : vso oo e
LUMO
HOMO-1
LUMO
S 417 o (1616) | dark
. 56 S (16,16) D A
57 e R (16,‘16‘)‘ OO OO . PR
_ + s, 152ev suggests S; population may be mediated by near-degeneracy
£>)/ 35 35 with S; (table 1 and figure 1).
3 4+, 078ev 3.0
5 0 ~ ' 3. 611N crystal-structure discussion
'é 2.5 0.12 6V, 2.5 Given that the S, state is below the S, state by only 0.12 eV in
g 20 +S1 /+ S, 20 the crystal-structure geometry of peridinin 611N, it x.Nould
‘ . seem that these two states would be able to couple directly
(') S g S 1'0 S 1'5 S through off-diagonal elements of the nuclear kinetic energy

transition dipole moment (D)

Figure 1. The excitation energies of the four lowest-lying excited states of
peridinin with respect to their oscillator strengths. Arrows are for visualization
of the excitation-energy difference between each dark state (S;, S5 and S4)
and the bright state (S,), which is labelled next to the higher-lying state.
The dark S;, S3 and S, states are clearly distinguishable from the bright
S, state in terms of their transition dipole moments.

(CASSCF) and its approximate density-matrix-renormaliza-
tion-group (DMRGSCF) form paired with second-order
N-electron valence-state perturbation theory (NEVPT2)—an
approach we have applied previously [45,47,48]—to capture
the different electron-correlation types defining bright and
dark states. Our optimal results from the best variational
wave functions, tabulated in table 1 and graphically dis-
played in figure 1 for different active spaces, suggest that
the S; and S; states are quasidegenerate for 611N in its crystal
structure. Moreover, the peridinin 611N S; and S, states
appear polyene-like in their character—the S; dark state fea-
tures a lower transition dipole moment by over an order of
magnitude (table 1). Just as important as this distinction is
the lack of distinguishable ICT character in the excited
states. Though it is not clearly attributable to a conformation-
al effect from Nature’s interchromophore packing rather than
uncertainty in the crystal-structure bond lengths, this result

operator—vibronic coupling—without a bridging intermedi-
ate state. S; and S, appear traceable to the dark and bright
states of polyenes based on their predominant wave function
configurations as we previously noted [45].

Yet it must be noted that the dark S, state is not a pure
correlated triplet pair as it historically has been rationalized
to be [49,50]. This is suggested by the calculated odd-electron
count (Nogq) displayed in table 1, which is defined by the
following equation [51]:

Nodda = 2(Ttlyl = Triyy™D = 2(N — Trlyy"D), (3.1)

where y corresponds to the state’s one-particle density matrix.
The number is equivalent to four for a pure correlated triplet
pair of non-interacting triplet excitations, since the individual
triplets would consist of two unpaired electrons each. The
near-integer deviation from this ideal value indicates that the
intrinsic peridinin S, state is an impure dark correlated triplet
pair—one that, due to this impurity, lacks the wave function
character to split into two triplets (singlet fission).

The interplay between the S, and S; states is mediated by
non-symmetric vibrational modes according to their idealized
respective B, and A, state irreducible representations in group
theory. As these non-symmetric modes are Franck—Condon
inactive, intramolecular vibrational redistribution IVR) must
preface population transfer from S, to S;, and IVR may
manifest in the 50-300-fs lifetime of the peridinin S, state [3].
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Table 2. Manifold of peridinin excited states at its relaxed S, equilibrium geometry following reorganization in a frozen MM environment of surrounding PCP [}
molecular residues (transition dipole moment in Debye, excitation energy in eV, Nygq = odd-electron count defined in equation (3.1)).

transition predominant
excitation energy active space dipole moment configuration assignment
S 2.68 (16,16) 0.446 HOMO? 2.53 dark

LUMO?

. ,5.2 e (4’4) T e e 'bﬁght'
LUMO

. ,5.3 e (1616) o o B . it
LUMO
HOMO-1
LUMO
LUMO?

4. 611N equilibrium-structure results

The interplay between S; and S, is further evidenced by an
energetic inversion between still-quasidegenerate S, and S,
stemming from nuclear reorganization in the peridinin 611N
S, state. We consider this nuclear reorganization in the PCP
environment by calculating the peridinin 611N S, (QM, TDA)
equilibrium geometry in the presence of all surrounding
amino acids and lipids in subunit N, as well as the surrounding
three Car and one Chl-z in the half-subunit chromophore clus-
ter (Computational details). Our results, tabulated in table 2
and graphically displayed in figure 2, suggest that this reorgan-
ization serves to drive peridinin closer to its minimum ground-
state potential away from the more displaced crystal-structure
geometry. As a result of the relatively flat S, potential, the effect
of this reorganization is to raise the S-S, excitation energy but
more significantly increase that of S;—S; (table 2 and figure 2).

The counter-intuitive nuclear reorganization in S, from the
crystal structure—a highly distorted peridinin conformation—
involves C=C contraction rather than elongation as we have
reported previously for polyenes [47] and for peridinin [45]
from an Sy equilibrium geometry. Owing to intrinsic uncertainty
in the protein crystal structure, it is unclear as to whether the
geometric distortions in the 611N crystal-structure geometry
are consequences of biological orientation or artefacts of
extracting nuclear coordinates from a crystal structure.

Nonetheless, within the domain of the computational
chemistry applied (Computational details), it is apparent
that excited-state nuclear reorganization in S; under the
same QM/MM framework breaks the quasidegeneracy com-
puted for the S, equilibrium. Using CASSCEF to describe the
dark S, state electronic structure, we find that S; stabilizes
through C=C bond-length elongation back toward crystal-
structure values and away from the S, equilibrium values.
Therefore, this reorganization has the effect of re-introducing
the conventional ordering of states—S; below S,—that
appears in the quasidegenerate manifold corresponding to
the crystal structure (table 3 and figure 2).

5. Intermolecular dimer-pair results

Now let us switch to the multichromophoric picture by consid-
ering how intermolecular interactions between peridinin 611N

—~ 35_
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o 2.5
=}

19
=
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=

5

X

)

1.5 4 S, Geom.

T
1.38 1.39 140 141 142 143 1.44 145

C=C bond length (A)

304 g0 —
dark state (S,) dark state (S;)

bright state (S,)

Crystal Geom. S, Geom.

Figure 2. Summary of nuclear reorganization from the crystal structure in the
S, and S, states. Peridinin 611N (ball-and-stick representation) reorganizes in
S, through (=C bond-length contraction, whereas it reorganizes in S,
through (=C bond-length elongation relative to the crystal-structure geome-
try (Geom.). S; and S, excitation energies are shown to decrease with
increased (=C bond-length elongation, but the S; state is more strongly
stabilized by this distortion on account of the greater displacement of its
minimum from the S, equilibrium geometry.

and its neighbouring 612N peridinin residue, along with its
neighbouring 601N Chl-a residue, impact the manifold
of states. Here, we separately analyse the intermolecular
Car-Car dimer 611N-612N system and the intermolecular
Car-Chl 611N-60IN pair using DMRGSCF quantum chem-
istry paired with NEVPT2. We compute two additional
low-lying excited states that do not appear in the intrinsic peri-
dinin 611N or Chl-a 601N manifold—diagnosing them as dark
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Table 3. Manifold of peridinin excited states at its relaxed S; equilibrium geometry following reorganization in a frozen MM environment of surrounding PCP
molecular residues (transition dipole moment in Debye, excitation energy in eV, Nygq = odd-electron count defined in equation (3.1)).

transition
dipole moment

excitation energy

active space

Y 1.73 (16,16) 0.1

94

predominant

configuration assignment
HOMO? 321 dark

LUMO?

LUMO

LUMO

LUMO

Table 4. Manifold of 61TN—612N intermolecular peridinin dimer and 611N—60TN Car—Chl pair states (excitation energies relevant to energy transfer bolded,
transition dipole moment in Debye, excitation energy in eV, N,qq = odd-electron count defined in equation (3.1)).

excitation excitation active
energy type space
Q 175 absorption (8,8)

51 . 265 [ absorpt|on B (88) e
S1 173em|55|on (1616)
QX . 303 e, absorptmn B (88) el
S* . 211 e, absorpt|on IR (88) e,
(T 258 absorptlon (88) R
T1+T2210absorpt|on

multichromophoric states. As summarized in table 4 and figure 3,
these states, which we call S* and CT (not the intramolecular CT
state intrinsic to peridinin [24], but rather a dimeric CT) that
appear in the respective Car-Car and Car-Chl systems (vide
infra), open up alternative pathways to intrinsic S,-S; Car
internal conversion by spreading electronic excitation energy
across multiple chromophores.

6. Intermolecular dimer-pair discussion
6.1. The Car—Chl 611N—601N dimer

In table 4, we list the intrinsic Chl-a Q, and Q, states identified
from computation on the Car-Chl pair system. The Chl-z Q,
state wave function has been reported to consist of a predomi-
nantly Chl-a HOMO-LUMO transition, while that for Q, a
HOMO-LUMO +1 [52], recover
corresponding excited states with these predominant confi-
gurations in our calculations. We similarly distinguish the

transition and we

transition predominant
dipole moment configuration Nogd assignment
9.29 HOMOch.q bright
LUMOch-q
LUMOZ,,
LUMOZ,,
LUMOcp.q
239%10 o El: iﬁgﬂg‘;ﬁz dark
AT HOMOCM,, ................................... w0
LUMOca

e

Car S; state within the Car—Chl manifold based on its retained
predominant double-excitation configuration.

With the Car-and Chl-specific excited states identified within
the multichromophoric picture, we note that an additional
singlet excited state appears in our five-singlet-state-averaged
calculation. This state is computed to have a predominant
HOMO-LUMO transition in the multichromophoric system—
that is, the state comprises an excitation from the Chl-a HOMO
to the Car LUMO. This makes such a dark multichromophoric
state a CT excitation. The CT state is supported by through-
space electrostatic interactions between the confined Car and
Chl-a chromophores within the PCP chromophore cluster.
Owing to the
separation associated with this state, it attains an exceptionally

long-range intermolecular electron-hole
dark character—a transition dipole moment over four orders
of magnitude below that of the bright Car state! Therefore, its
identification would prove exceptionally challenging in steady-
state experimental spectroscopy, given that the oscillator
strength is so far below those of the intrinsic putative ‘dark’
excited states of Car and Chl-a: S; and Q.. The CT state excitation
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Figure 3. Excitation energies of all excited states of interest—intrinsic to
peridinin and multichromophoric—as well as the possible pathways connect-
ing them. The anticipated interplay between computed excited states is
denoted by double-headed arrows, while the fates of these excited states
are denoted by single-headed arrows. On either side of the intrinsic peridinin
Sy and S, states (emission energies shown), we display the intrinsic Chl-a Q,
and Q, states, as well as the S* and CT dark multichromophoric states next to
the identified S; computed for these systems.

energy of 2.58 eV is robust to active-space expansion (changing
by only 0.06 eV following a larger 16-orbital-active-space calcu-
lation) and is, therefore, proximal to the computed S, emission
energy. Yet it is assumed here that biological ground-state
conformations are represented by crystal-structure geometries.

6.2. Speculated implications of 61IN—601N dimer
results

While not ‘on-pathway’ with respect to energy transfer
between two intrinsic Car/Chl states, we speculate that ‘off-
pathway’ coupling—that is, coupling outside of the {S;, S,,
Q., Qyl four-state basis—between these S, locally excited
("LE) and 'CT states may manifest. This manifestation would
stem from non-adiabatic, or vibronic, dynamics based on
time-dependent overlaps between states of LE and CT charac-
ter. We remark that S,-CT population transfer relaxes the
symmetry selection rules that otherwise limit the vibrational-
mode symmetries facilitating S, population transfer to S;.
This may help explain the observation of sub-200-fs Chl-a
ground-state bleaching within the S, depopulation window
(50-300 fs) [3,271.

What might be the fate of this CT state if it were to be popu-
lated? The exceptionally small transition dipole moment of this
state suggests a negligible exchange energy separating 'CT
from °CT, where °CT is the corresponding charge-transfer
state of triplet spin multiplicity. Thus, while our calculation
of a lower-lying Chl-a Q, singlet state leads us to speculate
that 'CT might internally convert to Q, once populated, we
also speculate that this off-pathway dark multichromophoric

state might lead to intersystem crossing into the triplet [ 6 |

manifold. The second-order spin-vibronic coupling [53-55]
mechanism, whereby vibronic coupling mediates transfer
between CT states of different multiplicity through 'LE
states, is likely to drive the intersystem crossing, given that
direct spin—orbit coupling between such CT states is forbidden
by El-Sayed’s rules [56,57]. This is why we label two possible
fates for the CT state in figure 3: internal conversion and inter-
system crossing. We note that experimentalists also have
speculated on a ‘delocalized triplet state’ connecting Car and
Chl-a in PCP [58], and we suggest that such a state may
be CT in origin. This would supply an additional photoprotec-
tive mechanism for Cars in PCP [58] and thus hint at the CT
state’s purpose.

6.3. The Car—Car 611IN—612N dimer

Let us now turn our attention to the other computed dark mul-
tichromophoric state: what we label as the S* state appearing
for the Car dimer system. Our S* label is based on the literature
assignment of a dark state appearing only in photosynthetic
antenna complexes—that is, a state that is not intrinsic to inde-
pendent chromophores—and potentially playing a role in the
singlet-fission mechanism of ultrafast triplet-state generation
[11,59-62] (‘fission’, figure 3). Singlet fission leads to ultrafast
triplet-state generation due to the population of a correlated
triplet pair intermediate singlet state following one-photon
photoexcitation—making  the
spin-allowed [63].

Here, we remark that the S* wave function we compute for
the Car dimer (table 4 and figure 3) appears to be such an inter-
mediate. This is suggested by E(5*) = E(T1) + E(T,) and the
pure four-unpaired-electron nature of this state that we glean
quantitatively by computing Ny4q (table 4). As indicated in
table 4, the Nyqq value of S* not only equals the ideal value
for a correlated triplet pair of spatially decoupled spin-paired
triplet excitations, but also is 0.79 greater than the Noqq
value of the intrinsic Car S; state. While singlet-excitation
contamination of S; is expected to hinder the intramolecular-
singlet-fission process, we remark that S* may unlock the
intermolecular-singlet-fission process observed in carotenoid
aggregates [44,64]. Further evidence of S* fissionability is
found in the quasidegeneracy between S* and the lowest-
lying quintet state of the Car dimer—indicating a negligible
exchange splitting and an effectively non-interacting pair of
spin-paired triplets. Finally, we note that this correlated triplet
pair is predominantly characterized by two superimposed
charge-transfer excitations between the Cars, which not only
explains its exceptionally small transition dipole moment
(table 4), but also indicates how superexchange could couple
S* ("TT) to S, ('LE) via the CT state according to the second-
order electronic coupling formulation involving states with
charge-transfer character [65].

That competitive population of this correlated triplet pair in
lieu of internal conversion to S; could elicit singlet fission was
also articulated by Musser et al. [44], though they did not
adopt the S* label we use here. We note that carotenoids are
aggregated natively in photosynthetic antenna complexes
such as PCF, and because correlated triplet pairs have been
described as dimer-pair-specific [66-68], we simulate the inter-
molecular correlated triplet pair in aggregates simply by using
the crystal-structure nearest-neighbour Car-Car dimer-pair
orientation. Our results help to validate the arguments in

triplet-generation ~ process
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Musser et al. [44] that through-space interactions between
carotenoids manifest in a fissionable correlated triplet pair.

6.4. Speculated implications of 61IN—612N dimer

results
Nonetheless, there exists an important caveat. For Musser
et al. [44] to have observed sub-100-fs ultrafast singlet fission as
they report, the correlated triplet pair must have been strongly
coupled to the photoexcited state to outcompete S-S; internal
conversion kinetically. On the other hand, we surmise that
our correlated triplet pair S* state would be weakly coupled to
the photoexcited state because of the weakly overlapping super-
position nature of the two-particle transition, meaning that the
consequential lack of charge-transfer/triplet-pair mixing [65]
would lead to weak second-order superexchange-based coupling.

In fact, we speculate that this weak CT-based coupling to
the S* state allows for the observed energy-transfer efficiency
in PCP to be so exceptional [3]. We reiterate that the S* dark
multichromophoric state represents an off-pathway inter-
mediate in the context of energy transfer to Chl-a, since its
population corresponds to activation of the singlet-fission
mechanism that populates low-lying Car triplets in lieu of
transferring excitation energy to the Chl-a Q, and Q, singlet
states [11]. While we compute that S* population from S, is
thermodynamically favourable, its kinetic competitiveness with
S,-S; internal conversion is doubtful in light of the 6.84 A
intermolecular separation.

That improving fissionability of the correlated triplet pair
leads to worsening the kinetic competitiveness of its popu-
lation is a problem that has been thoroughly analysed by
Pensack et al. [69] and described as ‘striking the right balance
of intermolecular coupling for high-efficiency singlet fission.”
Essentially, for intermolecular singlet fission to achieve optimal
efficiency, the spatial overlap must be decreased only to the
extent that correlated triplet pair formation can remain kineti-
cally competitive with populating trap states (such as the
Car S; state). The purity of the Car—Car dimer ITT state hints
that this limit has been exceeded, enabling the energy-transfer
pathways like 5;-Q,, (see ‘S; Emission’ in table 4 and figure 3) to
dominate. We briefly remark that the S; emission and Q,
absorption energies underlying this pathway are in agreement
with experimental values [26] and would seem to support the
notion of energy transfer from the impure dark correlated
triplet pair S; state with non-negligible oscillator strength.
Yet we speculate that Car—Car intermolecular coupling can
be tuned by protein breathing motions under conditions of
excessive photon flux so as to activate the photoprotective
mechanism and disrupt this energy-transfer pathway [4]. We
thus comment that this report may serve as the basis for
future quantum dynamical investigations involving these
multichromophoric systems—embedded in the native protein
environment—to investigate further what we surmise here.

7. Conclusion

In this report, we have evaluated the intrinsic and multichro-
mophoric manifolds of peridinin Car and Chl-a excited states
in their native PCP environments and conformations so as to
understand how nature’s complexity controls photophysical
properties. We find that the native interchromophore orien-
tations in PCP clusters support dark multichromophoric

excited states sustained by through-space electrostatic inter-

actions between adjacent pigments. In addition to identifying
the S; and S, lowest-lying Car bright/dark states, as well as
the Q, and Q. lowest-lying Chl-a bright/dark states, we
uncover two additional states that are not intrinsic to Car or
Chl. We label these states as S* and CT in accordance with
their wave function properties: S* is computed to be a fission-
able correlated triplet pair, while CT is computed to be a
long-range charge-transfer state between a Chl HOMO and
neighbouring Car LUMO. We speculate that S* and CT account
for two photophysical phenomena determined experimentally:
singlet fission in carotenoid aggregates and sub-200-fs Chl-a
bleaching in PCPE respectively. We also note that these states
may serve to funnel population toward triplet-state formation
in lieu of singlet energy transfer.

8. Computational details

PCP geometrically was extracted from its A. carterae crystal
structure (PDB ID 1PPR) [26,70] and adapted to include
only residues associated with subunit N. Hydrogen atoms
were added to these residues using GaussView (v. 6.0.16).
Following the correct application of hydrogen atoms to residue
611N—corresponding to the carotenoid peridinin—to form the
correct peridinin chemical formula (C39H5005), the resulting
atomic coordinates were extracted from PCP and used for the
single-molecule excited-state electronic-structure calculations
yielding the results in table 1 and figure 1. These excited-state
electronic-structure calculations were carried out using state-
specific NEVPT2 on top of state-averaged CASSCF and
DMRGSCF wave functions using algorithms launched
through PySCF [71] that, in the case of DMRGSCE was
interfaced with the BLOCK [72-76] algorithm (v. 1.1.1).

We have detailed our application of CASSCF/DMRGSCF
and NEVPT2 in prior publications [45,47,48]. Briefly, we
considered the variational quality of the wave functions com-
puted across different active spaces by comparing variational
CAS/DMRGSCF excitation energies with those after applying
NEVPT2. Starting with active spaces correlating the two
highest-energy occupied (along with their four total electrons)
and two lowest-energy unoccupied orbitals in the mean-field
picture (4,4), we expanded this active space up to a complete-
n-orbital-active space (16,16). In the process, we incorporated
progressively higher-lying excited states into our state aver-
aging with predominant configurations corresponding to
lower-lying and higher-lying molecular orbitals.

We assessed these predominant configurations by
looking at CASSCF wave function configuration coefficients
and DMRGSCF one- and two-particle transition densities.
We noticed that the smallest discrepancy between variational
and perturbative excitation energies was obtained for the
bright S, state (dynamically correlated) using the (4,4) active
space, whereas that for the non-dynamically correlated dark
states was obtained using the complete-n (16,16) active space.
We obtained transition dipole moments and odd-electron
counts using the one-particle transition and reduced density
matrices, respectively, for these wave functions. These methods
formed the basis for our crystal-structure results in table 1
and figure 1.

We then considered geometry optimizations of peridinin
611N in its native PCP environment using the QM/MM
approach carried out with the ONIOM [77-87] keyword in
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Gaussian 16 [88]. We optimized the bright S, excited-state
geometry using the single-reference Tamm-Dancoff approxi-
mation (TDA) to time-dependent density functional theory—
applying the Def2SVP basis set and PBE1PBE functional for
the QM layer containing 611N and the universal force field
(UFF) for the MM layer containing all other residues—via an
ONIOM calculation with Gaussian 16 [88]. These other residues
included the three Car and one Chl molecules in the chromo-
phore cluster containing 611N, as well as all amino acids and
the two DGD molecules associated with subunit N according
to its crystal structure. As the objective in this work was to con-
sider the impact of the PCP protein scaffold on peridinin
reorganization and interaction with other pigments, we elimi-
nated all water residues associated with subunit N so as to
make the calculation independent of solvent.

We applied the same truncated PCP crystal environment to
an excited-state geometry optimization calculation of the S;
state—this time using CASSCF with the Def2SVP basis set
and a four-orbital, four-electron active space (4,4) as the QM
level to capture this dark-state wave function. We extracted
the 611N S, and S; geometries yielded by these calculations
for subsequent single-molecule 611N excited-state wave func-
tion and energy analysis using multireference perturbation
theory, leading to the results in table 3/figure 2 and table 4/
figure 3, respectively. All calculations in the tables and figures
of this manuscript were based on pure QM calculations with-
out consideration of the surrounding PCP environment,
which was considered only for the geometry optimizations
and crystal-structure chromophore orientations. We expanded
the number of states and active space in the same manner
as before.

For the multichromophoric calculations leading to the
results in table 4 /figure 3, we computed the change in the mani-
fold of excited states for 611N in a collective quantum system
encompassing 612N to form a QM 611N-612N Car dimer
pair, as well as the change in the manifold of excited states for
611N in a collective quantum system encompassing 601N to
form a QM 611N-601N Car—Chl dimer pair. We did not attempt
calculations on the 611N-612N-601N trimer system, but we
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ground state together with the lowest-lying singlet and quintet
correlated triplet pair states. We then used these multireference
optimized orbitals as the initial guess for a subsequent spin-
state-averaged calculation using spin-adapted DMRGSCEF(8,8)
encompassing five singlets, five triplets and one quintet.

For the Car—Chl dimer pair, we first performed a five-singlet-
state-averaged DMRGSCF(8,8) calculation to acquire multirefer-
ence optimized orbitals that were used as the initial guess for a
subsequent six-singlet-state-averaged DMRGSCF(16,16) calcu-
lation. We identified the excited states listed in table 4 by
considering their largest one- and two-particle transition density
matrix elements corresponding to optimized multireference
molecular orbitals that we found to be single-molecule-specific
based on their visualization using Jmol [89] from Molden [90]
files printed using PySCF. The S; absorption energy listed
in table 4 was computed from the Car-Car dimer system,
and all multireference perturbation theory calculations in this
manuscript were performed with the cc-pVDZ basis set.
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