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Under excess illumination, photosystem II of plants 213
P
dissipates excess energy through the quenching of chlorophyll 'PcQ/CarS1 ?ﬁ PeQ
fluorescence in the light harvesting antenna. Various models involving CarSl Car sl
chlorophyll quenching by carotenoids have been proposed, including 73ps 27ns

(i) direct energy transfer from chlorophyll to the low-lying optically
forbidden carotenoid S; state, (ii) formation of a collective quenched
chlorophyll—carotenoid S; excitonic state, (iii) chlorophyll—carotenoid o i .

. e . excitonic coupling energy transfer  nonquenching
charge separation and recombination, and (iv) chlorophyll—chlorophyll
charge separation and recombination. In previous work, the first three wlA
processes were mimicked in model systems: in a Zn-phthalocyanine— o
carotenoid dyad with an amide linker, direct energy transfer was
observed by femtosecond transient absorption spectroscopy, whereas in a Zn-phthalocyanine—carotenoid dyad with an amine linker
excitonic quenching was demonstrated. Here, we present a transient absorption spectroscopic study on a Zn-phthalocyanine—
carotenoid dyad with a phenylene linker. We observe that two quenching phases of the phthalocyanine excited state exist at 77 and
213 ps in addition to an unquenched phase at 2.7 ns. Within our instrument response of ~100 fs, carotenoid S; features rise which
point at an excitonic quenching mechanism. Strikingly, we observe an additional rise of carotenoid S, features at 3.6 ps, which shows
that a direct energy transfer mechanism in an inverted kinetics regime is also in effect. We assign the 77 ps decay component to
excitonic quenching and the 3.6 ps/213 ps rise and decay components to direct energy transfer. Our results indicate that dual
quenching mechanisms may be active in the same molecular system, in addition to an unquenched fraction. Computational
chemistry results indicate the presence of multiple conformers where one of the dihedral angles of the phenylene linker assumes
distinct values. We propose that the parallel quenching pathways and the unquenched fraction result from such conformational
subpopulations. Our results suggest that it is possible to switch between different regimes of quenching and nonquenching through a
conformational change on the same molecule, offering insights into potential mechanisms used in biological photosynthesis to adapt
to light intensity changes on fast time scales.

photosynthetic light harvesting, artificial light harvesting dyad, energy transfer, excitonic coupling,
nonphotochemical quenching, excess energy dissipation, carotenoid, phthalocyanine, optically forbidden state, ultrafast spectroscopy

lumen acidification is sensed by the PsbS protein® through two
active glutamates’ that protonate upon acidification, triggering
a conformational change of PsbS,'”"" which in turn causes
LHCII to assume a quenched conformation.'> Several
molecular mechanisms were discussed for singlet excited-
state quenching in oxygenic photosynthesis: (i) Chlorophyll to
carotenoid energy transfer, followed by carotenoid internal
conversion; >~*' (i) chlorophyll—carotenoid charge transfer
and subsequent recombination to the ground state;*>>* (iii)

Photosynthetic organisms display a set of photoprotection
mechanisms known as nonphotochemical quenching
(NPQ)."” NPQ_protects the photosynthetic apparatus from
photodamage but limits the energy conversion efficiency, as a
large portion of solar irradiance is dissipated to heat.
Controlling the kinetics of NPQ is one of the main strategies
to increase biomass production by photosynthetic organisms.’
Intense research is focused on understanding the mechanisms
of NPQ, and large differences have been found between classes
of photosynthetic organisms.” To date, several types of May 26, 2021
mechanisms have been reported, referred to as qE, ql, qT, September 29, 2021
qZ, and qH.S_7 In gE, singlet excitations in the light harvesting September 29, 2021
antenna are dissipated as heat before reaching the reaction October 14, 2021
center. gE is triggered by acidification of the luminal side of the

photosynthetic membrane and is rapidly reversible. During qE,
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chlorophyll—chlorophyll charge transfer and recombination;”*
(iv) chlorophyll—carotenoid excitonic coupling and internal
conversion;”> and direct pH sensing in the light harvesting
complex”®”” Such mechanisms may occur simultaneously in
vivo, such as energy transfer and charge transfer.”®

Important mechanistic insights into NPQ_and the role of
carotenoids therein were obtained from studies on artificial
light harvesting antennas, in particular phthalocyanine—
carotenoid dyads and triads.”**7** In such artificial systems,
interactions between tetrapyrroles and carotenoids can be
studied isolated from the complexity of its biological
environment. Even if the involved pigments (chlorophyll and
xanthophyll in oxygenic photosynthesis versus phthalocyanine
(Pc) and carotenoid (Car) in dyads and triads) are not
identical, they are sufficiently similar to make a meaningful
comparison. More than a decade ago, Berera and co-workers
were the first to demonstrate that efficient energy transfer from
a tetrapyrrole to the low-lying, optically forbidden carotenoid
S, state was feasible in a dyad where Pc and Car were
connected through an amide linker. The directionality of the
energy flow was found to strongly depend on conjugation
length of the carotenoid, with a change of only one single
conjugated double bond turning the carotenoid S, state from
energy donor into energy acceptor.””’> In that work,
significantly shortened singlet excited state lifetimes of the
tetrapyrrole of down to 30 ps were observed.”® That work
served as a basis for the identification of a similar mechanism
in Light Harvesting Complex II (LHCII) aggregates, where
Lutein 1 was identified as a quencher of Chl a excited states
through energy transfer to its optically forbidden S; state.'*
Subsequently, Kloz et al. demonstrated an additional
quenching model in a similar dyad with an amine linker: in
that system, a shared Pc—Car electronic excited state was
observed immediately after excitation of the Pc, which was
interpreted as arising from excitonic coupling between the Pc
Q state and the optically forbidden carotenoid S, state,
resulting in similarly shorted lifetimes.”’ The results and
interpretation of this work were later confirmed by Polli and
co-workers.”* The potential role of electron transfer between
tetrapyrroles and carotenoids for NPQ processes™>® was
addressed in a number of dyads and triads dissolved in polar
solvents,>%?13336

The linker between the carotenoid and tetrapyrrole can have
an effect by partitioning in the energy transfer mechanism, in
modulating the distance and electronic coupling, and by
influencing the relative orientation of the two chromo-
phores.’>””** Here, we report that the same caroteno-
phthalocyanine dyad with a phenylene linker can undergo
quenching by energy transfer, quenching by excitonic coupling,
and nonquenching. We propose the coexistence of these three
regimes is caused by conformational variation. Such a
conformational effect suggests a switching mechanism that is
potentially used in biological photosynthesis to adapt to light
intensity changes on fast time scales.

The dyad (Figure 1) consists of a carotenoid linked to a Zn-
phthalocyanine by a phenylene linker. The carotenoid has nine
double bonds in the polyene chain and an additional double
bond in the $-ionone ring and an elongation of the conjugated
system into the linker moiety by a phenylene group. The
lifetime of its optically forbidden S, state, 7.6 ps, is similar to
that of lutein and zeaxanthin: in fact, it is somewhat shorter,
indicating that its S, energy level likely is slightly lower than
that of Lut and Zea.
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Figure 1. Structure of the caroteno-phthalocyanine dyad.

We compare the dyad with a zinc-tetra-tert-butyl-phthalo-
cyanine (Figure S1). A study of the carotenoid part of the dyad
has been reported previously.”” Transient absorption spectros-
copy was carried out as described previously.”' For details on
the synthesis and the spectroscopic analysis method, refer to
the Supporting Information (SI). In the following, we will refer
to the investigated caroteno-phthalocyanine dyad as “dyad”
and the reference Zn-phthalocyanine as “Pc-ref”. The
phthalocyanine and carotenoid parts of the dyad will be called
“Pc” and “Car”, respectively.

The absorption spectra of the dyad and Pc-ref in toluene are
shown and in Figure 2. The absorption spectrum of Pc-ref (red
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Figure 2. Absorbance spectra of the dyad and Pc-ref in toluene,
normalized at the absorbance maximum of the Q-band.

line) agrees with previously reported spectra of zinc-
phthalocyanines in the monomeric form.*® The Q-band (S,—
S, transition) has a maximum at 677 nm and vibronic
progression bands at 648 and 611 nm. The Soret band (S,—S,
transition) has a maximum at 349 nm. The absorption
spectrum of the dyad contains the spectral features of Pc-ref
reported here and 7’-apo-7-(4-tolyl)-f-carotene (carotenoid
reference including the phenyl ring) reported by Berera et al.,*
but it differs in three respects from the sum of these spectra.
First, the carotenoid vibronic bands are less sharp, resulting
from the influence of the phthalocyanine on the carotenoid
moiety. Second, the absorption features are red-shifted with
respect to the references, due to the extension of the
conjugated system. The Q-band is red-shifted by 7 to 685
nm. Third, the Q-band in the dyad is broader: 26 nm at half
height, compared to 17 nm for Pc-ref. We assign the
broadening of the Q-band to the heterogeneity in the sample
from different conformations of the dyad. We can safely
exclude aggregation as a source of Q-band broadening, because
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the spectrum does not resemble the absorption spectrum
reported for aggregated Zn-phthalocyanine derivatives.*

To assess the photophysics of the dyad and compare the
quenching mechanisms with previously studied systems, Pc-ref
and dyad were studied by transient absorption spectroscopy.
Global analysis of the transient absorption data was performed
using the Glotaran program.*”*' In global analysis, all
wavelengths are analyzed simultaneously using a sequentially
interconverting model 1 — 2 — 3 — .. Here the numbers
indicate evolution associated difference spectra (EADS) that
interconvert with successive monoexponential decay rates,
each of which can be regarded as the lifetime of each EADS.
Data from experiments in the visible and near-IR were fitted
simultaneously. The EADS that follow from the sequential
analysis are visualizations of the evolution of the (excited)
states of the system and usually represent a mixture of
molecular species. This sequential analysis is mathematically
equivalent to a parallel (sum-of-exponentials) analysis and the
time constants that follow from the analysis apply to both.**
The parallel decay scheme produces decay associated differ-
ence spectra (DADS). For a more detailed description of
global analysis, we refer to the paper by van Stokkum et al.*’

Transient absorption spectroscopy data of Pc-ref was
globally analyzed, and the data is shown in Figure 3. The
fitted kinetics are shown in Figure S2. Five components with
time constants of 50 fs (fixed), 192 fs, 2.3 ps, and 3.0 ns and a
nondecaying component were needed for a sufficient fit of the
data. The first, with a fixed time constant of S0 fs, includes
mainly time-zero artifacts and is not shown. The second EADS
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Figure 3. (A) Evolution associated difference spectra (EADS) and
(B) decay associated difference spectra (DADS) resulting from global
analysis of Pc-ref in toluene upon 670 nm excitation. The lower parts
in each panel represent an expansion of the vertical axis by a factor of
S to facilitate inspection of the ESA region between 460 and 650 nm.
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(black line, 192 fs) has a minimum at 679 nm. This band
originates from the ground state bleach (GSB) of the Q-band
absorption at 677 nm and stimulated emission (SE) at longer
wavelengths. Only one maximum can be detected for these two
contributions, in agreement with the small Stokes shift of 4 nm
reported for Zn-phthalocyanine in toluene.*® The minima at
651 and 611 nm originate from bleaching of the vibronic
progressions of the Q-band. The GSB and SE overlap with a
broad excited state absorption (ESA) feature that spans the
visible and near-IR probed range. The changes in the 192 fs
and 2.3 ps processes are small: the 192 fs and 2.3 ps DADS
(black and red), that show the spectral changes on these time
scales, consist of band-shift-like patterns. We attribute these
time scales to two phases of solvation.*’ In the 3.0 ns EADS,
assigned to the relaxed excited state, the GSB/SE band peaks
at 681 nm. The 3.0 ns DADS (blue) shows a loss of ESA, GSB,
and SE. We assign this time scale to the decay of the Pc Q
state, partly into the triplet state and partly into the ground
state. The triplet AA spectrum of Pc-ref is given in the last
EADS (green), which is not decaying on the 3.5 ns time scale
of our experiment. The triplet spectrum contains a single
absorption band with a maximum at 505 nm and Q-band GSB,
including the vibronic progressions. Compared to the singlet
spectrum, the main band has a smaller amplitude at the low
energy side, due to the loss of SE upon intersystem crossing.
The results for Pc-ref in toluene reported here agree well with
the transient absorption spectroscopy results of Zn-phthalo-
cyanine in DMSO reported by Savolainen et al.*’

For the dyad, upon excitation at 670 nm, the photophysics is
more complex than that in Pc-ref and seven components were
needed for a sufficient fit of the transient absorption data: 50 fs
(fixed), 348 fs, 3.6 ps, 77 ps, 213 ps, and 2.7 ns and a
component that does not decay on the 3.5 ns time scale of our
experiment. The EADS resulting from global analysis are
presented in Figure 4A, and the DADS are presented in Figure
4B. The time traces are shown in Figure S3. The first EADS
with a fixed time constant of 50 fs includes mainly time-zero
artifacts, similar to those observed in Pc-ref and is not shown.
The subsequent EADS have as the most prominent feature a
negative band at 690 nm, with a shoulder at the high energy
side, assigned to the stimulated emission and ground state
bleach of the Pc moiety, respectively. At wavelengths shorter
than 670 nm, excited-state absorption (ESA) is observed,
superimposed on a bleach of the Pc vibronic band at 615 nm.
The final, nondecaying EADS does not show the stimulated
emission and is assigned to a triplet state (vide infra). The
most obvious difference with the Pc-ref dynamics is the
shortened singlet excited-state lifetime of the dyad: the decay
occurs with time constants of 77 ps (blue to green evolution),
213 ps (green to magenta evolution), and 2.7 ns (magenta to
cyan evolution). The three distinct PC excited-state lifetimes
of 77 ps, 213 ps, and 2.7 ns are demonstrated more clearly in
the DADS, where loss of Pc bleach/stimulated emission
around 690 nm is clearly observed in each of these
components (we recall here that sequential analysis and
parallel, sum-of-exponentials analysis are mathematically
equivalent).”” We conclude that the majority of dyads are
significantly quenched with respect to Pc-ref (77 and 213 ps
components), while a minor fraction has a lifetime that is
essentially identical to that of Pc-ref (2.7 ns component). This
observation demonstrates that structural heterogeneity exists in
the dyad, because if there would be only one structural
conformer, a single-exponential excited-state decay would be
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Figure 4. (A) EADS resulting from global analysis of the dyad in
toluene upon 670 nm excitation. The lower part represents the same
EADS on an expanded vertical scale (5X) to facilitate inspection of
the ESA region between 460 and 650 nm. (B) DADS of the same
global analysis as in (A) with the lower part the DADS on an
expanded vertical scale.

observed. Indeed, computational chemistry calculations
indicate the presence of multiple conformers in the dyad
(vide infra). In the following, we will identify the mechanisms
by which the 77 and 213 ps excited-state decay components
are quenched.

Further inspection of the EADS of the Pc-ref and dyad
reveals the mechanisms that govern the quenching phenomena
in the dyad. A comparison of the 192 and 348 fs EADS of Pc
and dyad (Figure S) shows that significant differences between
Pc and dyad exist on this early time scale. Strikingly, the ESA
signal at wavelengths shorter than 545 nm is lower for the dyad
while the ESA signal between 545 and 615 nm is higher. This

T— dyad
---- Pc-ref

AA (mOD)

-5 T T
500 600
wavelength (nm)

Figure 5. EADS of the dyad (348 fs EADS, solid line) and of Pc-ref
(192 fs EADS, dashed line) in toluene upon 670 nm excitation.
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phenomenon has been reported previously in carotenoid—
hthalocyanine dyads with a phenyl-amine linker and was
interpreted as arising from a collective Pc—carotenoid excited
state, which arises from excitonic coupling of the phthalocya-
nine Q state with the S, state of carotenoid, where the latter
state is only slightly mixed in.’' Because the mixed-in
carotenoid S, state has a short lifetime of about 7 ps, the
lifetime of the collective Pc—car S; state will be significantly
shortened with respect to the uncoupled Pc excited state.*!

To isolate the Car S; contribution in the dyad 348 fs EADS,
we subtracted the Pc-ref EADS from the dyad EADS after red-
shifting the former by 6 nm to account for their shifted ground
state absorption (Figure S4, red line). For comparison, we
plotted the dyad Car S; spectrum that results from direct
carotenoid excitation at 530 nm (vide infra) (Figure S4, black
line) and the Car S; spectrum from the model carotenoid
reported in ref 39 (Figure S4, blue line). We observe an overall
agreement between these spectra with a ground state bleach in
the region 450—530 nm and an ESA around 540—600 nm. We
note that, at wavelengths longer than 600 nm, in the subtracted
dyad spectrum, the effects of the different absorption shapes of
the excited Pc Q-band among the two samples start to
dominate the difference spectrum.

Upon excitation of this excitonically coupled state, the Car
ground state bleach and S, absorption appear in the initial
spectrum, together with the bleach/stimulated emission of
ESA and the excited Pc Q_state, of which the latter features
dominate. In Figure SS, we present the AA spectra (raw data)
that are recorded during the instrument response function.
Indeed, no changes in spectral shape are found during the rise
of signal, showing that it is very unlikely that the appearance of
carotenoid features is an effect of fast energy transfer. Hence,
we conclude that a quenching mechanism similar to that
reported by Kloz et al.’' is operational in the dyad. As
discussed in Kloz et al.,, because the transition dipole moment
of the carotenoid S, state is zero, classical exciton theory does
not apply to the collective states and redistribution of oscillator
strength and spectral shifts do not necessarily occur.

For Pc-ref, two solvation processes were identified at 192 fs
and 2.3 ps. Similar time constants were found for the dyad: 348
fs and 3.6 ps (Figure 4). The spectral evolution of both kinetics
includes a band shift at the Q-band that can be assigned to
solvation, analogous to Pc-ref. However, for the dyad, the 3.6
ps component also includes a spectral change between 450 and
670 nm that was not found in Pc-ref. This process might occur
on a slightly different time scale than that of the solvation
process, but it could not be resolved separately by the analysis.
Because the spectral change is small, its characteristics are
optimally inspected from the DADS. Figure 6 shows an overlay
of the 3.6 ps DADS of the dyad with the 2.3 ps DADS of Pc.
The Pc-ref DADS is spectrally silent at wavelengths shorter
than 670 nm; in contrast, the DADS of the dyad displays a
positive amplitude below 550 nm and a negative amplitude
between 550 and 670 nm. This is a typical signature for a rising
contribution of the carotenoid S, state,'’”*"*° as can also be
seen by inspecting raw transient spectra in Figure S6A. The
feature rises on a time scale comparable to that reported time
for decay by internal conversion, which is 7.8 ps.”” The
observation that, in the dyad, the solvation time scale (3.6 ps)
is clearly longer than that in Pc-ref (2.3 ps) suggests the 3.6 ps
component is a weighted average of solvation and Car S,
population dynamics. It indicates excitation energy transfer
from Pc to Car with an “inverted kinetic scheme” in which Car
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Figure 6. DADS of the dyad (3.6 ps DADS, solid line) and Pc-ref (2.3
ps DADS, dotted line) in toluene upon 670 nm excitation.

is populated on a time scale longer that its decay time.”*" As a
result, we find a Car S, rise signal on the short time scale and a
decay superimposed on the spectrum of the Pc energy donor.
We conclude that, in addition to the aforementioned excitonic
quenching mechanism, a quenching mechanism through
Forster-like energy transfer similar to that reported by Berera
co-workers”*? is in effect in the dyad.

To demonstrate that the 3.6 ps component is required for a
proper description of the transient data, we performed global
analysis with one component less, resulting in an overall
decreased fit quality, presented in Figures S7 and S8.

In the kinetics that follows, the signal evolves with time
constants of 77 ps, 213 ps, and 2.7 ns and a time constant
beyond the time scale of our experiment (Figure 4). What
spectral features decay on which time scales can be seen most
clearly from the normalized DADS, as displayed in Figure 7.
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Figure 7. Last four DADS of the dyad in toluene upon 670 nm
excitation, normalized at the bleach maximum at 690 nm.

The 2.7 ns (magenta) and nondecaying (cyan) time constants
and the corresponding spectra are very similar to the singlet
and triplet decay DADS found for Pc. They are ascribed to
singlet and triplet decay of a subpopulation with a Pc moiety
that is not quenched. We can exclude contamination by free
phthalocyanine because a nanosecond lifetime component is
also found upon Car S, excitation at 530 nm (vide infra),
showing that the component arises from the intact dyad.
The 77 and 213 ps time constants have no analogs in the
reference components. Compared to the Pc-ref singlet DADS,
they have larger amplitudes in the 530—610 nm region, typical
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of Car S, absorption (Figure 7). Given that the 77 ps
component has a larger S; contribution and represents the
largest fractional decay, we propose that this fraction
represents the excitonically coupled state as in the work of
Kloz et al.”' Given that the 3.6 ps process represents a very
small amplitude, the 213 ps component, which represents a
smaller fractional decay, most likely corresponds to an inverted
kinetics energy transfer process. This assignment is supported
by the relative amplitudes of the 3.6 and 213 ps DADS and the
notion that, in inverted kinetics, the maximum transient
concentration of the quenching species is the ratio between the
slow and fast energy transfer rate constant. Given an internal
conversion time constant of 7.3 ps and an energy transfer time
constant of 213 ps, this ratio should be approximately 30. The
amplitude of the carotenoid S; DADS is about 1.2 mOD, and
the amplitude of the Pc bleach/stimulated emission is about 20
mOD. With an extinction coefficient of 120000 M~' cm™" for
the carotenoid S; state absorption and 280 000 M~ cm™ for
the Pc Q state (taking into account that bleach and stimulated
emission render the bleach/stimulated emission a factor of 2
higher in the case of a small Stokes shift), one arrives at a
transient concentration ratio of about 20, in reasonable
agreement with that estimated from the rate constants above.

In the past, Pc quenching by charge separation and
recombination, resulting in the transient formation of
carotenoid radical cations was observed in a Pc—car dyad
with amine linker dissolved in polar solvent (THF). In
nonpolar solvent (toluene), no carotenoid radical cations were
detected, and quenching was found to proceed via the
aforementioned excitonic mixing mechanism.”’ In Pc—car
dyads with an amide linker, quenching was found to proceed
via direct Pc—Car S, energy transfer and become stronger in
solvents with higher polarity, which was assigned to the mixing
of an intramolecular charge transfer state with the carotenoid
S, state, mediated by a carbonyl group on the carotenoid
conjugated backbone.”” No carotenoid radical cations were
detected in the latter study. Because the solvent in the current
study is nonpolar, we do not expect the involvement of
carotenoid radical cations in the quenching processes in this
study. Accordingly, we did not observe any contribution from a
Car radical cation, as can be seen from Figure 4A in the 900—
1000 nm region. For a carotenoid radical cation, a distinct
broad positive band should be observed around 950—1000 nm,
which is not detected, even taking into account that beyond
950 nm the signal becomes noisier.

In a theoretical paper, Valkunas and co-workers** attempted
to address the quenching mechanism in the dyads described in
the Berera® and Kloz’' papers. Although the authors claimed
to present a unified model for the quenching, their model has
an essential shortcoming in that it failed to reproduce the
delocalized excitonic state reported by Kloz et al. In addition,
they proposed that the dyad dynamics in the Berera paper did
not correspond to inverted kinetics, but described the
picosecond dynamics in terms of establishment of a thermal
equilibrium between Pc and S, which would imply that the
carotenoid S, would be energetically higher than Pc given that
the equilibrium would favor the Pc singlet excited state over
the Car S, state. This is, however, quite unlikely given that the
same dyads do not show any Car S;—Pc energy transfer upon
excitation of the carotenoid S, state for carotenoids with 10
and 11 double bonds.”>** In addition, the kinetic modeling by
Berera et al. reproduced the correct amplitude for the
carotenoid S, state with respect to that of Pc.’® Taken
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together, we consider the results presented here and by Berera
et al. and Kloz et al. to be robust and correctly interpreted in
the respective papers.

The final triplet that is formed shows maxima at 520 and 550
nm. The Pc-ref triplet displayed a maximum at 505 nm. A
maximum at 550 nm is typical for the carotenoid triplet. The
maximum at 520 nm can be explained by the phthalocyanine
triplet ESA being overlapped the with carotenoid bleach at
short wavelengths. The final spectrum thus consists of a
mixture of carotenoid and phthalocyanine triplets and/or a
delocalized triplet state.**™**

Transient absorption spectroscopy results for the dyad upon
530 nm excitation are presented in Figures S9 and S10. The
elucidated kinetic pathway matches with the findings discussed
so far. Interestingly, a Car S* to S; evolution process was
found, a process that was reported previously by Berera et al.
on a different Pc—car dyad.*> A small fraction of Pc Q decays
on a nanosecond time scale, assigned to the nonquenching
subpopulation of dyad. This phthalocyanine Q state must
originate from energy transfer from Car S,, confirming that
there is a fraction of intact dyad in which Pc Q to Car §,
energy transfer does not occur.

In the search for possible molecular conformations of the
dyad, computational chemistry was used to explore the
rotational energy barriers in the ground state for the dihedral
angles between the Zn-phthalocyanine and phenylene linker
and between the phenylene linker and the carotenoid. The
results are shown in Figure S11. We found rotational energy
barriers of about 3 and 6 kcal/mol for the two dihedral angles,
a and f, respectively. Since the thermal energy at room
temperatures is about 0.6 kcal/mol, based on these calculations
at least 2 possible ground state conformations are expected to
be significantly populated. These conformations differ from
each other significantly in terms on the distance and relative
orientation between the Zn-phthalocyanine and carotenoid,
which is consistent with the multiple quenching mechanisms
observed experimentally. Additionally, the potential energy
surface wells between the rotational barriers are quite shallow,
and thus, multiple conformations within these energy wells are
also expected to be populated. We note that in the past,
distinct Pc-car conformers were observed in Pc—car triads
using NMR spectroscopy and structural modeling.*

The presented transient absorption data contains three
kinetic pathways that are found to occur in parallel, as
illustrated in Scheme 1. As indicated by the computational

Scheme 1. Kinetic Pathways Corresponding to the Three
Degrees of Coupling between the Two Chromophores
Derived from the Data as Discussed in the Text”

Pc Q
CarS1

213ps _ P
PcQ/Carsy o BeQ

CarS1
77 ps

7.3 ps 2.7ns

excitonic coupling energytransfer  non-quenching

“For the energy transfer pathway, the internal conversion time
constant of the carotenoid was taken rather than the fitted time
constant.
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chemistry results discussed above, multiple conformers are
indeed expected with dihedral angle o assuming two distinct
conformations. We therefore propose that the parallel
pathways are a result of subpopulations of conformers. The
strongest coupling is expected for a (close to) planar
conformation, in which the conjugated system can be extended
throughout the two chromophores, corresponding to con-
formation 1. The observed excitonically coupled excited state
with a 77 ps lifetime is expected to arise from this
conformation. If the coupling is substantially decreased, the
excited Pc Q state will decay without interaction with the Car
S, state and will not be quenched. We tentatively assign this
unquenched fraction with a 2.7 ns lifetime to conformation 2.
The question arises which conformation corresponds to
quenching via the Car S, state with a 213 ps lifetime. As
noted above, the potential energy surface wells between the
rotational barriers are quite shallow, which allows for
significant twisting of dihedral angles a. Such twisting will
decrease the degree of coupling: a diminished coupling leads to
more independent excited states in which the Pc Q state may
be quenched by excited state energy transfer. We therefore
tentatively assign the quenched fraction via energy transfer to a
subpopulation of conformer 1 with significantly twisted
dihedral angles a. Further computational studies are required
to definitively conclude which conformations contribute to
each specific mechanism. We also caution that the computa-
tional chemistry results were obtained in the gas phase and that
specific solvent interactions may affect the conformational
structure energy landscape.

Our results on the dyad show that it is possible to switch
between different regimes of quenching and nonquenching,
presumably through a conformational change on the same
molecule. These results suggest that a switching mechanism to
adapt to light intensity changes on fast time scales could be
possible in natural photosynthesis given certain changes within
the protein environment that alter the pigments conformation
and orientation.

The "HNMR was recorded on a Varian spectrometer at 400 MHz, at
25 °C. The dyad was dissolved in octadeuterotetrahydrofuran (THF-
dg). Mass spectra data was obtained on a matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) spectrometer on
positive ion mode employing a terthiophene matrix. Ultraviolet—
visible ground state absorption spectra were measured on a Shimadzu
UV 2100 spectrometer. Chemicals were purchased from Aldrich. All
the solvents were obtained from EM Science. The synthesis of 7'-apo-
7'-(4-iodophenyl)-p-carotene and Pc-pinacol boronate has been
previously reported.”*’

Procedure. 7’-Apo-7’-(4-iodophenyl)-f-carotene (14 mg, 0.023
mmol), Pc-pinacol boronate (20 mg, 0.023 mmol), [1,1’ bis-
(diphenylphosphino)ferrocene]dichloropalladium(1I) (2 mg, 0.003
mmol), potassium acetate (6 mg, 0.063 mmol), were stirred in DMF
(3 mL) at 90 °C for 2 h under argon atmosphere. The solution was
then allowed to cool to room temperature and the solvent was
evaporated under vacuum. The residue was dissolved in dichloro-
methane and washed with water. The organic layer was dried over
anhydrous Na,SO, and evaporated under vacuum. The crude product
was purified by column chromatography on silica gel using 10% ethyl
acetate in toluene to yield the dyad (16 mg, 57%). '"H NMR (400
MHz, THF-dg): 61.04 (6H, s, CH;-16C and CH;-17C), 1.46—1.52
(2H, m, CH,-2C), 1.60—1.69(2H, m, CH,—3C), (30H, CH;-19C,
CH,-fBu), 1.95—2.18(11H, m, CH,18C, CH,20C, CH,-19'C,
CH,—4C), 2.42(3H, s, CH;-20'C), 6.05—7.25(14H, m, vinyl H),
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7.50-7.9 (4H, m, Car-1’ 2/, 4' §'), 8.16—8.53(3H, m, Pc-H), 9.3—
9.78(9H, m, Pc-H). MALDI-TOF-MS m/z.: calcd. for Cg;Hg,NgZn
1232.61, obsd. 1232.78; UV—vis (dichloromethane) 350, 480, 625,
695 nm.

Zinc-tetra-tert-butyl-phthalocyanine (Pc-ref) was purchased from
Sigma-Aldrich and was purified by chromatography on silica gel with
using 500:1 dichloromethane/ethanol. The structure of Pc-ref is given
in Figure S1.

For transient absorption spectroscopy, the prepared molecules were
dissolved in nitrogen-flushed toluene and transferred to a 1 mm path
length quartz cuvette. The concentration was set to produce an
absorbance of 0.6 at the excitation wavelength of 670 nm. Room-
temperature absorption spectra were recorded on a Cary 4000 UV—
vis spectrometer.

Ultrafast transient absorption spectroscopy was performed on a
setup described earlier.”"*° In short, the output of an 800 nm, 1 kHz
amplified Ti:Sapphire laser system (Coherent Legend) was used to
drive an optical parametric amplifier (Coherent OPerA) to produce
the excitation pulses. The excitation wavelength was set at 670 nm for
Pc-ref and at 530 and 670 nm for the dyad. The pulse energy was set
to 100 nJ per pulse and focused to a spot of 400 ym diameter. The
probe pulse had a diameter of 200 ym.The probe pulse was created by
focusing part of the 800 nm beam on a sapphire plate. For the UV—vis
experiments, a 750 nm short-pass filter was used to block the 800 nm
fundamental beam. For the near-IR experiments, a 850 nm long pass
filter was used to block the 800 nm fundamental beam and second
order diffraction. The UV—vis and near-IR experiments were
conducted consecutively on the same day.

The pump and probe were focused on the sample and the
polarization was set to the magic angle of 54.7°. Absorption difference
spectra (AA) were calculated by AA(1) = —log(Lyumped)/l0g-
(Iunpumped) for delays up to 3.5 ns. The instrument response function
had a width of 100 fs (full width at half-maximum). The spectral chirp
was fitted with a third order polynomial.

Global analysis of the transient absorption data was performed using
the program Glotaran.***! In global analysis, all wavelengths are
analyzed simultaneously using a sequentially interconverting model 1
— 2 = 3 — .. Here the numbers indicate EADS that interconvert
with successive monoexponential decay rates, each of which can be
regarded as the lifetime of each EADS. Data from experiments in the
visible and near-IR were fitted simultaneously. The EADS that follow
from the sequential analysis are visualizations of the evolution of the
(excited) states of the system and usually represent a mixture of
molecular species. This sequential analysis is mathematically
equivalent to a parallel (sum-of-exponentials) analysis and the time
constants that follow from the analysis apply to both.*” The parallel
decay scheme produces DADS. For a more detailed descrig)tion of
global analysis we refer to the paper by van Stokkum et al.*

The hybrid density functional theory functional wB97XD combined
with the 6-31G(d) basis set was used to perform two dihedral angle
scans of the Zn-phthalocyanine—carotenoid dyad in Gaussian 09. The
first dihedral angle scanned was between the Zn-phthalocyanine and
phenyl ring and the second between the phenyl ring and the
carotenoid. The calculation was done in the gas phase.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00008.

Structure of Pc-ref compound, raw transient spectra, raw
kinetics and fits, reconstructed Car S; spectrum, EADS,
DADS, and kinetics of dyad upon 670 nm excitation
with one less component, EADS, DADS, and kinetics of
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dyad upon 530 nm excitation, computational chemistry
structural calculations (PDF)
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NPQ: nonphotochemical quenching

qE: quenching of excitation energy

EADS: evolution associated difference spectrum
DADS: decay associated difference spectrum
ESA: excited-state absorption

dyad: caroteno-phthalocyanine dyad in Figure 1
Pc-ref: phthalocyanine reference in Figure S1
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Pc: phthalocyanine part of dyad
Car: carotenoid part of dyad
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