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We present results from transient absorption spectroscopy on a series of artificial light-harvesting dyads made
up of a zinc phthalocyanine (Pc) covalently linked to carotenoids with 9, 10, or 11 conjugated-earbon
carbon double bonds, referred to as dyad®, and 3, respectively. We assessed the energy transfer and
excited-state deactivation pathways following excitation of the strongly allowed carotergiateSas a function

of the conjugation length. The,State rapidly relaxes to the S* and Sates. In all systems we detected a

new pathway of energy deactivation within the carotenoid manifold in which the S* state acts as an intermediate
state in the 8— S; internal conversion pathway on a sub-picosecond time scale. In3jyadovel type of
collective carotenoietPc electronic state is observed that may correspond to a carotenoid excited-state(s)
Pc Q exciplex. The exciplex is only observed upon direct carotenoid excitation and is nonfluorescent. In
dyad1l, two carotenoid singlet excited states,&@d S, contribute to singletsinglet energy transfer to Pc,
making the process very efficient 00%) while for dyad® and3 the § energy transfer channel is precluded

and only S is capable of transferring energy to Pc. In the latter two systems, the lifetime of the first singlet
excited state of Pc is dramatically shortened compared to the 9 double-bond dyad and model Pc, indicating
that the carotenoid acts as a strong quencher of the phthalocyanine excited-state energy.

Introduction The S* state was discovered some years ago in spirilloxanthin,
] o ) ] both in solution and bound to the light-harvesting (LH1)

Carotenoids are ubiquitous pigments in nature where they ¢omplex ofRhodospirillum rubrunf It is characterized by an
serve a number of functions. In photosynthetic systems they g jted-state absorption (ESA) band blue-shifted with respect
act mainly as light harvesters and photoprotectdisey absorb 4 that of the $— S, absorption but red-shifted with respect to
light in the blue-green region of the spectrum and transfer the {he gpically allowed §— S, transition. In spirilloxanthin bound
energy to neighboring chlorophyfisin this spectral region 5| 41, the S* state is a precursor for the formation of the
chlorophylls display very little absorption; photosynthesis thus 4rotenoid triplet state on the picosecond time scale via the
relies on carotenoids to optimize the absorption cross-section.Singlet fission mechanism. In later work, S* was found in
Concerning the photoprotective role, carotenoids can scavenge,arious carotenoids bound to light-harvesting (LH) complexes
injurious singlet oxygen and limit its sensitization by quenching ¢ other species of purple bactet&l314in some carotenoids
chlorophyll triplet stated.Carotenoids are also involved in the in solutions and in artificial LH construct3® S* is involved
thermal dissipation of excess energy in photosystem Il (PSII) iy energy transfer from carotenoid to chlorophyll (Chl) or other
via the process of nonphotochemical quenching, and there IStetrapyrroles in many of these systems. In all cases, S* and S
evidence that thgy can directly quench the singlet excited state,yore formed in parallel by internal conversion (IC) froma S
of chlorophylls via either energy or electron transfér. and evolved independently, decaying on the picosecond time

All the aforementioned properties originate from the extraor- scale by either IC, energy transfer, or, in the case of S*, triplet
dinary excited-state manifold of carotenoids. The strong absorp- formation. Despite its common occurrence, the electronic nature
tion in the visible region is due to the strongly allowegl-S of S* has remained rather elusive. It was proposed that it
S, transition. Hidden below the,State is another Singlet state, corresponds to the theoretically predicted, optically d%&‘

electronic dipole forbidden and known as®S’ In recentyears  stat@ or to excited dark states in geometrically distorted
it has become clear that this two excited-state levels representacarotenoidd? Alternatively, it was suggested that S* corre-

tion is incomplete: additional electronic states that lie below sponds to a hot ground stdfe.
S; have been theoretically predictédsxperimental evidence In recent years advances in chemical synthesis have made it
for some of them has been presented by several wotkéts.  possible to synthesize artificial light-harvesting antennas capable
of mimicking many of the functions carried out by their natural
T Part of the special issue “Norman Sutin Festschrift”. _ counterpart$®1920These systems mimic light-harvesting, energy
Authors to whom correspondence should be addressed. E-mail: yransfer, electron transfer, and photoprotective functions of
gust@asu.edu; tmoore@asu.edu; amoore@asu.edu; john@nat.vu.nl. tural phot thesis. Th tud f del t . f
*Vrije Universiteit. natural photosynthesis. The study of model systems is o
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systems, typically made up of a very small number of chro- Results and Discussion
mophores, allows one to establish the basic photophysical and
photochemical mechanisms underlying the behavior of the
natural systems. Of more practical interest would be the

incorporation of these systems into nanodevices, where they
could function in light-harvesting, photoprotection, and energy

transduction.

Figure 1A shows the structures of the compounds. The
absorption spectra of dyads 2, and3 as well as model P4
dissolved in tetrahydrofuran (THF) are shown in Figure 1B.
Transient absorption experiments were performed on d¢ads
2, and 3 with excitation of the carotenoid moiety at 475 nm

In thi q i i f the oh hvsi ; and broadband detection with a white light continuum.
n this report we describe our studies of the photophysics o Dyad 2. Because dya@ exhibits the simplest behavior of

a series of _three dyads made up OT azinc phthalocyar_nne (Pc)the three systems studied, it will be discussed first. Figure 2A
covalently linked to a carotenoid with 9, 10, or 11 conjugated shows the EADS for dyad in THF, whereas Figures 2BD
doubl_e bpnds. We determlne_d the energy transfer and ENeT9¥show kinetic traces at selected wavelengths. Nearly identical
deactivation pathways following excitation of the carotenoid results were obtained for dya?l in dioxane as shown in
moiety to its strongly allowed Sstate. W.e report a previously Figure 1 of the Supporting Informatior{For spectroscopic
unobserved pathway of energy deactivation within the caro- qy,qjes in different solvents see ref) &£ive components are

tenoid, where the S* state acts as an intermediate indhe S o0 qeq to satisfactorily fit the data. The first EADS (black line)
S1IC pathway. In dyad, a novel type of collective caroteneid 5556415 at time zero and represents population of the optically
Pc electronic state is observed that may correspond 10 agjioyed S state of the carotenoid. It presents a region of
carotenoid excited statefspc Q exciplex. In dyad. a mul- negative signal at wavelengths below 570 nm originating from
tiphasic carotenoid to Pc energy transfer process is observedine carotenoid ground-state bleach, stimulated emission in the
assigned to contributions from the carotenojchBd S excited 570—-600 nm region, and a band-shift-like signal in the Pc Q

states as well as a minor contribution from the hetS* excited region around 680 nm due to perturbation of Pc by the proximate
state. As the conjugation length of the carotenoid is increased gy cited carotenoid.

t0 10 and 11 double bonds in dyadind dyads, respectively, The first EADS decays in 58 fs into the second EADS (red

the hot $ and § energy transfer deactivation channels are line). This EADS presents the carotenoid ground-state bleach
precluded. below 520 nm and carotenoid ESA between 520 and 650 nm.
This ESA originates from both the S* state, absorbing mainly
Materials and Methods in the 550 nm region, and the, State (around 570 nm) of the
carotenoid populated from,Svia IC. In the region around
680 nm the ground-state bleach of the Pc Q-band is observed
as well as a vibronic band at 610 nm. These bleaches on this

The synthesis of the compounds has been previously de-
scribed? Femtosecond transient absorption spectroscopy was

carried out with a setup described in detail eafieFhe output time scale are prima facie evidence for carotenoidt&SPc

of a1 kHz amplified Ti:_sapphire laser system (C(_)herent-B_MI energy transfer. The signal above 700 nm is due to carotenoid
@1000) was used to drive a home-built non-collinear optical gga’

parametric amplifier. The excitation wavelength was tuned to The second EADS evolves into the third EADS (green line)

475. nm to selectlvely excite the; State of the carotenoid in 840 fs. As before, in the region below 510 nm the carotenoid
moiety. The pulse width was 100 fs,.and the energy was ground-state bleach is seen. The carotenoid excited-state region
100 r."] per pglse. A Wh".[e light continuum, generated by shows an interesting phenomenon: the signal below 555 nm
focusing amplified 800 nm lightroa 1 mm Cafcrystal, served has decreased concomitantly with an increase of the signal above
as a probe beam. The pump and probe were focused on %his wavelength. This behavior is suggestive of an IC process

1 mm path length cuvette, and to avoid sample degradation arlOlv\/ithin the carotenoid where the State (ESA to the red of that

exposure of the sample to multiple laser shots, the cuvette was, ¢ S*) is populated from the S* state and was further

mounted on a shakgr. The polarization between pump and prObG?nvestigated by target analysis (vide infra). Figures 2B and 2C
was set to the magic angle (537 show the kinetic traces for dy&irecorded at 550 and 570 nm,
The data were first analyzed globally using a sequential model respectively, along with the corresponding fits from global
with increasing lifetimed2 The data are thus described by a ana|ysis_ The 550 nm data represent the decay of theSg
small number of lifetimes and evolution-associated difference ESA, and the 570 nm data represent the evolution of the-S
spectra (EADS). Each EADS corresponds in general to a 5 ESA. Within the first picosecond the two traces clearly show
mixture of states and does not portray the spectrum of a puredifferent dynamics in that the decrease in amplitude for the
state. To extract spectra of pure states a target analysis modebs0 nm trace (Figure 2B) is accompanied by an increase of the
was also applied to our data. amplitude at 570 nm, further confirming the S*S, IC process.
The fluorescence up-conversion measurement was carried oufThe fact that the Pc Q bleach at 680 nm (Figure 2D) does not
by employing laser pulses of 100 fs at 800 nm generated from increase with the decay of S* (Figure 2B) or &igure 2C)
an amplified, mode-locked Ti:sapphire kilohertz laser system supports the conclusion that neither the S* state nor {retae
(Millennia/Tsunami/Spitfire, Spectra Physics). Part of the laser is transferring energy to Pc in this system. Furthermore, energy
pulse energy (gate pulse) was sent through an optical delay linetransfer from S* would repopulate the carotenoid ground state,
and mixed with the sample fluorescencea 1 mmg-barium and that is not observed. The ground-state bleach below
borate (BBO) crystal. The remainder of the pulse energy was 510 nm is similar in the second and third EADS.
used to pump an optical parametric amplifier (Spectra Physics) The fourth EADS (blue line) appears after 8.1 ps. The
to generate excitation pulses. Up-converted UV light was sent structured carotenoid ESA above 510 nm has disappeared as
through a double monochromator and recorded by a photomul-well as the carotenoid ground-state bleach below 500 nm
tiplier tube (PMT) coupled to a box car integrator (SR250, implying that the carotenoid;Sstate has now decayed to the
Stanford Research Systems). The absorption spectra wergground state. In the 520 nm region the spectrum presents a band-
measured before and after each experiment to confirm sampleshift-like signal that is absent in the spectrum of the relaxed,
stability. fully solvated model Pc excited state (not shown) but previously
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Figure 1. (A) Molecular structures of the dyads and reference carotenoid. A zinc phthalocyanine is covalently linked to a carotenoid with 9

conjugated carboncarbon double bonds (dydd, 10 carbor-carbon double bonds (dy&), and 11 carborcarbon double bonds (dy&). Model

carotenoid?’ has a terminal methyl ester group instead of a phthalocyanine. (B) Absorption spectra in THF fot ¢ietine),2 (blue line), and
3 (green line) and model P£ (black line).

observed in the same dyad with excitation in the Pc Q dtate. also indicates that the yield of the triplet species is minuscule;
Similar phenomena were observed in photosynthetic light- the quenching process primarily yields the ground state.
harvesting complexes and assigned to a change of the local Target Analysis of Dyad 2: Characterization of a S*—
electric field of the carotenoid and excitonic coupling between S, IC Process.The sequential analysis of the data allows one
Chl and the optically allowed carotenoid &ate?324In the Pc to extract the intrinsic lifetimes of the processes, but the spectra
bleach region (680 nm) there is no detectable increase of theportrayed by such an analysis are not in general pure spectra of
bleach, indicating that the carotenoid Sate is incapable of  molecular species but rather represent a mixture of the latter.
energy transfer to Pc. To provide further evidence of the S* S; IC process in the

A comparison of the Slifetime (8.1 ps) for dyad® with the systems, we applied a target analysis of the data collected on
S, lifetime (12 ps) of the model carotenoi*16 reveals that dyad 2, employing a specific kinetic model. The model is
the lifetime of the carotenoid (Car) State in the dyad is shorter.  depicted in Figure 3A and consists of five compartments. The
In light of the absence of any energy transfer from thst8te, first compartment corresponds to the carotenocidstate. It
this observation suggests that specific-€Rc interactions lead  decays to the S* state by a fractidn and to the $state by a
to a shortening of the ;Slifetime in the dyad. Possibly, the fraction®,. A fraction ®; transfers energy to give the Pc excited
vibronic coupling between the carotenoid ground and the S state, Pc*. The S* state decays to the ground state with rate
state has been enhanced by covalent linkage of Pc, leading taconstantk; and undergoes IC to the State with rate constant
an enhanced rate of IC to the ground state. Note that in k.. The S state decays entirely to the ground state (GS) with a
recombinant light-harvesting complex Il (LHCII) with altered rate constanks. The fourth compartment corresponds to the
carotenoid pigments a similar phenomenon was obséfved.  excited Pc, Pc*, which transfers energy back to thestate

The fifth EADS (cyan line) appears in 268 ps and does not with a rate constarks, decays to the ground state with a rate
decay on the time scale of the experiment. We observe that byconstantks, and undergoes intersystem crossing (ISC) to the
now the Pc Q bleach has almost disappeared and at the sam#iplet state with a rate constaky.
time a broad ESA between 480 and 570 nm with low amplitude  The species-associated difference spectra (SADS) obtained
has appeared. The shape of this non-decaying EADS is likely from the target analysis are displayed in Figure 3B; the estimated
to be due to a mixture of long-living species, e.g., Pc and rate constants and branching fractions are summarized in
carotenoid triplets. It is interesting to note that the lifetime of Table 1. The SADS corresponding te iS not shown. The S
the Pc Q state (268 ps) is dramatically shorter compared to thestate decays to the S* state (red SADS) with= 15% and to
lifetime of the Pc Q state in dyaldand model Pc (3 ns) meaning the § state (green SADS) witlb, = 25% and by energy
that the 10 double-bond carotenoid acts as an effective quenchetransfer to Pc withdz = 60%. S* decays to the ground state
of the Q state of P&.The low amplitude of the fifth EADS with a rate constark; (4 ps)* and to the $state with a rate
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Figure 2. (A) Evolution-associated difference spectra that follow from : : *
a global analysis of data for dyatin THF with excitation at 475 nm. dyad2 and provides good evidence that the S* state undergoes

(B) Kinetic trace with excitation at 475 nm and detection at 550 nm |C to the § state.

e oo g (IS Dyad 3. Figure 4A shows the EADS fr dya with Kineti
panel B with detection at 680 nm. traces shown in Figures 4BD. Six components are needed for

a good fit of the data as demonstrated by the strongly
constantk; (4 ps)t. The S state decays to the ground state multiphasic character of the traces, especially in the-G&M
with a rate constarks (8.3 ps)yL. The Pc Q singlet excited state  and 696-700 nm regions (see Figure 2 in the Supporting
(blue SADS) transfers energy to the carotenoid with a rate |nformation for a study in acetone). The first EADS (black line)
constantk, (416 ps)*, decays to the ground state with a rate gpnears at time zero and is associated with the carotenoid S
constanks = (830 ps)™, and undergoes ISC to the triplet state state. It evolves into the second EADS (red line) in 43 fs. At

(cyan line) with a rate constakg = (2.5 nsJ™. this stage the Sstate has decayed to the S* angsates as
The SADS representing S* (red line) has the typical shape displaygd by thzz broad ESA in t?]le 52620 nm regign. Around

of the S*— S, absorption for a 10 double-bond caroterdid - .
with a peak at 547 nm, a tail above 575 nm, and a ground-state®80 "M, the appearance of a large bleach signal is observed,

bleach below 497 nm. The SADS representingdeen line) corresponding partly to the Q state of Pc, indicating that energy
has the typical shape of the S- S, absorption: it peaks at  transfer from the carotenoid, State to Pc has occurred (and
577 nm and displays a tail above 610 nm. Below 522 nm it partly population of a putative exciplex has taken place, vide
shows a ground-state bleach. A comparison of the shapes ofinfra).

the two SADS with the rather broad and flat shape of the second . . .

EADS of dyad2 (Figure 2A) shows that the segaration of the The third EADS (green line) appears _after 1.4 ps. This EADS
spectral features of the two states has been successful. Th&OWs @ decrease of ESA corresponding to the S* state and a
SADS corresponding to excited Pc, Pc* (blue line), has the concomitant increase of the signal in the 5&20 nm region.
typical shape of Pc in the Q stateith bleaches at 680 and  As for dyad2, we assign this evolution to the decay of the S*
610 nm, and a flat ESA below 600 nm. We conclude that the state partly by IC to the ground state and partly by IC to the S
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TABLE 1: Yields at Branching Points and Rate Constants for Dyad 2 in THF Obtained from Target Analysis
(o2} D, D3 ke ko ks Ks ks ks
15% 25% 60% (4 ps} (4 ps)? (8.3 psy?t (416 ps)y* (830 psyt (2.5 nsy?t

state. Unlike the case with dy& the third EADS displays a  corresponds to the singlet excited state of Pc. The final EADS
decrease of the Pc Q bleach around 680 nm with respect to the(magenta line) has a very low amplitude and corresponds to
second EADS. The evolution to the fourth EADS (blue line) long-living triplet states. The lifetime of the Pc Q state, 90 ps,
takes place in 5.7 ps. It shows both carotenoid features with ais shorter than that of Q in dyad, and it is dramatically
bleach region below 540 nm and a considerably decreasedshortened compared to those of dyadnd model Pc, which
carotenoid excited-state absorption in the 540 to 650 nm region.implies that the carotenoid acts a strong quencher of the Q state
The decreased carotenoid ESA indicates that the carotenoid Sof Pc, as noted previousfySimilar results were obtained for
state has decayed to the ground state. Concomitant with thedyad 3 dissolved in acetone (Figure 2 in the Supporting
decay of the Sstate, the fourth EADS features a further decrease Information).
of the Pc Q bleach. A most intriguing observation of this experiment is that part
The fifth EADS (cyan line) appears iv18 ps and has a  of the carotenoid excited state(s) appears to decay together with
lifetime of 90 ps. It displays Pc Q bleach in the 680 nm region the Pc Q state, mainly with a time constant of 18 ps. To
and relatively flat excited-state absorption below 650 nm and investigate whether these decay processes are coupled, an
experiment was carried out with excitation and detection in the
Q state of Pc at 680 nm (Figure 4D, blue daslotted line).
As can be seen from the kinetic traces in thelD ps time
frame, a picosecond decay component that is present upon
excitation at 475 nm does not appear upon direct excitation of
Pc at 680 nm. To further investigate this phenomenon a
fluorescence up-conversion experiment was performed with
selective excitation to the carotenoig Sate at 480 nm and Pc
fluorescence detection at 700 nm (Figure 4D, closed circles and
red dashed line). The fluorescence kinetics do not show the fast
T T T S —— decay component that is present in the transient absorption
=4 Rl o8 70 experiment upon carotenoid excitation.
Wavelength (nm) We conclude that the concomitant decay of the carotenoid
i excited-state absorption and the Pc ground-state bleach is not
104 vl B fortuitous and must arise from a collective, nonfluorescent
WL excited state containing both carotenoid and Pc character. A
Y carotenoid excited state is the obligatory precursor of this state.
\\ Tentatively, this collective excited state can be assigned to an
0 | il S exciplex® formed by the carotenoid in the; @nd/or S* state
and Pc in the ground state. The occurrence of the putative
exciplex and its spectral and temporal properties are investigated
C by applying a target analysis, as described below.
10] Mg Target Analysis of Dyad 3: Identification of a Caro-
; tenoid—Pc Exciplex. For a better understanding of the photo-
physics of dyad3, a target analysis has been applied with the
f < kinetic model depicted in Figure 5A consisting of six compart-
/ W ments. The excited carotenoid Sate decays in parallel to the
S* (fraction®;) and S (fraction ®,) states as well as to a Car
Pc Q exciplex (denoted as EXC) with a fractidrs. The S
state also transfers energy to the Pc moiety (fraciah The
S* state besides decaying to the ground state with a rate constant
ks undergoes internal conversion to populate thestSte (rate
constank;). The S state decays to the ground state with a rate
constantks. The excited Pc is quenched by energy transfer to
the carotenoid Sstate with a rate constam, as observed
_ _ _ _ earlier! and partly decays to the long-living state denoted T,
0 2 4 10 100 1000 which corresponds to a mixture of Pc and carotenoid triplet
delay (ps) states.
Figure 4. (A) Evolution-associated difference spectra that follow from The SADS obtained from the kinetic model are displayed
a global analysis of data for dy&in THF with excitation at 475 nm. in Figure 5B, while the fractions and rate constants are reported
(B) Kinetic trace with excitation at 475 nm and detection at 550 nm in Table 2. The black SADS corresponds to the initially excited
(solid line), along with thg result of the global analysis fit (dotted line). carotenoid $state. The red SADS corresponds to the S* state
(C) Same as panel B with detection at 590 nm. (D) Same as panel Byith g ground-state bleach below 520 nm and excited-state

with detection at 680 nm. The blue dastiotted line denotes a kinetic - . . .
trace with excitation and detection at 680 nm. Closed circles and the absorption in the 526600 nm region. Moreover, it shows a

red dashed line show Pc fluorescence decay kinetics and a twoSMall negative signal in the Pc Q region. The SADS of the S
exponential it with 50 ps (80%, major component) and 220 ps lifetimes, State is in green and features carotenoid ground-state bleach
respectively. below 540 nm and excited-state absorption between 540 and
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The occurrence of the exciplex upon relaxation from the S
state may arise from excitonic interaction between the Pc Q
states and the intense/S* — S, absorption of the carotenoid.
A Indeed, the 8S* — S, absorption of the 11 double-bond

carotenoid of dyad is nearly in resonance with the vibronic
band of the Pc Q transition near 610 nm, as can be observed in
the third EADS in Figure 4A. (The vibronic Q bleach at
610 nm is nearly superimposed on thgS3 — S, ESA.) In
dyadsl and?2, the spectral overlap of the carotenoid-S S,
absorption with the vibronic Q-band is less extensive, which
qualitatively explains the absence of such an exciplex in these

&6 systems. Moreover, the long carotenoid of dyall double
bonds) is expected to be more flexible than the carotenoids of
ks ks EXC ks dyads 1 and 2, which may lead to specific conformational
lk 4 T changes of the carotenoid, as detected for caroteno-SiPc4fiads,
and this could favor exciplex formation with the Pc Q state.
GR GR GR GR The longer carotenoid could also have a stronger charge-transfer

character of the Sstate and promote further charge shift to Pc
and exciplex formation; a carbonyl group in the carotenoid
moiety of the dyads confers a partial charge-transfer character
to the S state?8

It should be noted that the Pc Q bleach signals in the EADS
of Figure 4A are made up of two components. These negative
signals arise from both the population (and decay) of the Pc
excited singlet state due to energy transfer from the carotenoid
and from the exciplex formation, which depletes the ground
- state of Pc as well. The picosecond time scale decay of the
= —EXC \ f bleach, the exciplex decay, correlates with the relaxation of the
Pce T . -
804 _ | | carqtenmd 8_8 state. _Because on_Iy grounc_zl-state Pc molecules

\ / are involved in the exciplex formation, the picosecond time scale
decay of the Pc Q bleach does not constitute an additional decay
550 600 650 700 t)athv]yay_ 01:j th; Pc excited state initially formed by energy
ransfer in dyacB.

Wavelength (nm) Dyad 1. The results from a global analysis of the data for
Figure 5. (A) Schematic _representation o]‘ the excited-state energy dyad1 are shown in Figure 6A. Figures 68 show kinetic
transfer and IC pathways in dy&dupon excitation of the carotenoid traces at selected wavelengths for dyladix components are

moiety at 475 nm. EXC denotes an exciplex state between the . . .
carotenoid excited state(s) and the Pc Q state. See text for details. (B)needed for a satisfactory fit of the data. The first EADS (black

Species-associated difference spectra from the target analysis for dyadiN€) appears at time zero and represents population of the
3in THF. See text for details. optically allowed $ state of the carotenoid. It presents a region

of negative signal below 570 nm originating from the carotenoid
640 nm. In the Pc absorption region the spectrum shows a band-ground-state bleach and stimulated emission and a band-shift-
shift-like signal. The Pc excited state (cyan line) displays a like signal in the Pc Q region around 680 nm. It evolves in
bleach around 680 nm as well as a region of relatively flat 37 fs into the second EADS (red line), which is characterized
excited-state absorption. The long-lived component (magentaby ESA in the 486-600 nm region. The second EADS is
line) corresponds to a mixture of carotenoid and Pc triplet statesassigned to a mixture of the vibrationally hot Sate and the
with the typical carotenoid — T, excited-state absorption in ~ S* state. The hot SESA is expected to have a maximum around
the 4806-560 nm region and Pc Q bleach around 680 nm. 560 nm while that of the S* state is around 525 nm.
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The blue SADS corresponds to the putative carotenBid The second EADS also displays strong bleach at 680 nm
exciplex. It displays carotenoid bleach below 530 nm and corresponding to the Pc Q state and a dip at 610 nm that
carotenoid excited-state absorption between 530~argD nm. originates from a vibronic band of the Pc Q state superimposed

In the Pc Q region the spectrum displays bleaches. Thus, aon the ESA of both the Pc and the carotenoid moieties. The
mixture of Pc and carotenoid signals constitutes the SADS of presence of the bleach in the Pc ground-state absorption region
the exciplex, consistent with the assignment to a carotenoid indicates that the carotenoic State is active in transferring
excited statePc Q exciplex. It is interesting to note that the energy to Pc. The evolution to the third EADS (green line) takes
exciplex bleach in the Pc Q region is blue-shifted with respect place in 500 fs. It corresponds to a decrease of ESA at the red
to the negative signal that results from the Pc singlet excited side of the $absorption, which may be assigned to vibrational
state (cf. cyan line). This observation indicates that stimulated cooling of the $ state?-3° Moreover, an increase of the Pc Q
emission from Pc does not contribute to the spectral shape andbleach at 680 nm is observed that is likely to originate from
amplitude of the exciplex, consistent with our finding that the energy transfer from the hot; State and possibly the S* state
exciplex is non-emissive. to Pc. (Note that the third EADS overlaps with the fourth EADS,

TABLE 2: Yields at Branching Points and Rate Constants for Dyad 3 in THF Obtained from Target Analysis
D, D, D3 Dy ki kz ks Ka ks
30% 12% 34% 24% (1.4psh (102ps)* (5.7ps)* (18ps)* (750ps)*
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-80 . : S — . .
L 9 ! 16 g0 1900 the carotenoid S— Pc energy transfer is followed by two
delay (ps) slower rises corresponding to hot-S5* — Pc and $ — Pc
Figure 6. (A) Evolution-associated difference spectra that follow from ?”ef9¥ t.ransfer. The carotenoid .to Pc e”efgy transfer in dyad
a global analysis of data for dyddn THF with excitation at 475 nm. is reminiscent of several natural light-harvesting antennas where

(B) Kinetic trace with excitation at 475 nm and detection at 520 nm high carotenoid to chlorophyll energy transfer efficiency is
for dyad1 (solid line), along with the result of the global analysis fit obtained by employing a multiphasic Car to Chl energy
(dotted line). (C) Same as panel B with detection at 560 nm. (D) Same trgnsfer2.11.21,3+33
as panel B with detection at 680 nm. The final EADS (magenta line) appears after 2 ns and
g represents the component that does not decay on the time scale
of the experiment. It features the typical carotenoid triplet ESA
in the 475-550 nm region as well as a bleach/band-shift-like
d, signal in the Pc Q region. Thus, the carotenoid triplet state rises
directly upon decay of the singlet excited state of Pc. This
observation implies that tripletriplet energy transfer from Pc
to the carotenoid occurs much faster than the ISC process in
dyads2 and3 on similar time scales. Pc, which effectively oc;curs in 2 ns. A similar phenomenon
The evolution to the fith EADS (cyan line) takes place in Was observed recently in carotenoid-SiPc triéds.

7.8 ps. At this stage the carotenoid ESA has decayed, and the Target Analysis of Dyad 1.To quantify the yields of the
fith EADS corresponds very well to that of the excited Pc Q Vvarious energy transfer and energy deactivation pathways in

blue line, in the Pc Q region and is not visible.) The next EAD
(blue line) appears after 900 fs and has a lifetime of 7.8 ps.
The signal in the 500540 nm region, where the main
contribution to the spectrum is given by S* has decrease
whereas the signal in the 54620 nm region, where the

absorption is mainly due to;Shas slightly increased, indicating
decay of S* in about 0.9 ps, partly by IC tq,%s observed for

state with a flat ESA in the 456600 nm regiorf. Around dyadl we carried out a target analysis with the kinetic model
680 nm, the bleach presents a sizable increase with respect té¢lepicted in Figure 7A.
the previous EADS, which implies that the carotenoicstte The initially excited S state partly relaxes to the ho{-SS*

has transferred energy to Pc. Figure 6D shows the kinetic tracestate with a fraction®; and transfers energy to the phthalo-
recorded at 680 nm corresponding to the maximum of the Pc cyanine moiety (fractiob,). From the hot $—S* state the S*
Q absorption. The ultrafast rise of the bleach corresponding to and S states are populated in parallel with fractiois and
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TABLE 3: Yields at Branching Points and Rate Constants
for Dyad 1 in THF Obtained from Target Analysis

D, D, D3 Dy ke kz ks ks
31% 69% 70% 30% (11ps) (1.1ps)t (25ps)* (1.98 ns)?t

d,, respectively. The hot;SS* state relaxes to the ground
state with a rate constakg and transfers energy to Pc with a
rate constank;. The S* state internally converts into thg S
state with a rate constakg, contributes to energy transfer to
Pc with a rate constamhg, and relaxes to the ground state with
a rate constanks. The S state transfers energy to Pc with a
rate constank; and relaxes to the ground state (rate constant
ks). From the excited Pc a long-lived mixture of carotenoid and . - . ) ; 5 ; y
Pc triplets is populated with a rate constant 550 600 650 700

Figure 7B depicts the SADS obtained from the kinetic model
while the fractions and rate constants are reported in Table 3. WaV9|ength (nm)
The black SADS corresponds to the initially excited carotenoid Figure 8. Evolution-associated difference spectra that follow from a
S, state with a ground-state bleach below 560 nm. The et S global analysis of data for model caroten@dn THF with excitation
S* state (red SADS) shows a ground-state bleach below at 475 nm.
290 nm and excited-state absprption ass',ociaFed with bOth. theTA_B!_E 4: Carotenoid to Phthalocyanine Energy Transfer

and the g states. It relaxes in 0.5 ps (fixed in the analysis) Efficiency from the Various Excited States
to the S* state (blue SADS) and, State (green SADS). The dvadl dvad2 dvad3
S* state displays excited-state absorption blue-shifted with ya ya ya
respect to $and a ground-state bleach below 490 nm. The S & 69% 60% 24%
state displays the typical;S~ S, excited-state absorption and hot 5/S* and S* ;510;/0 g?;’ 8(;//"
a ground-state bleach below 500 nm. For both states the excited- ° ° °

state absorption regions are blue-shifted with respect to the hot_ 4 15 the ensuing IC process. Possibly, the presence of the

$i—S* state. _ covalently linked Pc leads to some distortion or twisting of the

The Pc excited state (magenta SADS) displays the Pc Q carotenoid, which could be responsible for the occurrence of
bleach at 677 nm and a vibronic band at 610 nm as well as aipe S* state in the dyad and not in the model carotenoid.
region of relatively flat excited-state absorption. The long-lived Interestingly, twisting or distortion of the carotenoid backbone
component shows the typical carotenoid-¥ T, excited-state a5 peen shown to influence the properties of S* in spirillox-
absorption in the 486560 nm region and some residual Pc Q  anthin and spheroidene, where the extent of S* formation and
bleach meaning that the spectrum corresponds to a mixture ofjtrafast triplet formation from the S* state depends upon the
carotenoid and Pc triplet states. degree of the deformatici:13

S* — S Internal Conversion. The experiments on dya2i The IC pathways available to S* thus depend on how the
indicate that upon excitation of the optically allowed carotenoid carotenoid is bound in a specific system. In bacterial LH
$; state the S* and Sstates are rapidly populated. Interestingly, complexes and caroteno-SiPc triads, S* andegolve inde-
the S* state, besides relaxation to the ground state, undergOE$)endent|y, which was explained by high energetic barriers
IC to the § state. The similar evolution in the global analysis between these state$s In the Car-Pc dyads studied herein,
suggests that the same process is present in all three dyads. Thig* rapidly internally converts to Son a sub-picosecond time
is the first report of such an IC pathway in carotenoids and scale, indicating a nearly barrierless transition. These observa-
gives us more insight into the still mysterious nature of the S* tions indicate that in the various carotenoid-binding systems a
state. Showing that S* can act as an intermediate state in.the Slarge variation exists in the energy landscapes of the S* and S
— $; IC pathway establishes unequivocally the singlet excited- potential energy surfaces. Very likely, these potential energy
state nature of the S* state. Furthermore, the IC process allowssurfaces are strongly dependent on the exact geometry of the
us to locate S* above;Sn these particular cases. carotenoid and its specific interaction with nearby pigments. It

To investigate the role of the covalent linkage to Pc in the is conceivable that S* and;&ctually represent distinct local
carotenoid excited-state dynamics, we performed a transientminima on the same potential energy surface and that it may
absorption measurement on caroten@id a model for the not be appropriate to refer to them as separate electronic tates.
carotenoid of dya@, where Pc has been replaced by a methyl  Car to Pc Energy Transfer and Vice Versa.Our study
ester. The results from a global analysis of the time-resolved shows that the carotenoid to phthalocyanine energy transfer can
data are shown in Figure 8. Three components are needed foibe tuned by changing the conjugation length of the carotenoid.
a good fit of the data: the first spectrum (black line) appears (For a summary of the results, see Table 4.) The efficiency of
at time zero and corresponds to carotenaictate. It evolves energy transfer to Pc from the optically allowed carotenaid S
into the second EADS (red line) in 125 fs. This spectrum has state is similar for dyad$ and2 and amounts to 69% and 60%,
the typical shape of the hot State and vibrationally relaxes in  respectively. This number is significantly higher than that
440 fs2°30 The § state (green EADS) relaxes to the ground observed in caroteno-SiPc triads where the same carotenoids
state in 11.8 ps. This evolution suggests that in the model have been axially linked to the central silicon atom of Pc. In
carotenoid either the S* state is not populated or it is not these systems, the energy transfer efficiency from thst&e
distinguishable from the;State; i.e., the two present the same was found to be~35%216:35|t is probable that the orientation
dynamics. Thus, the presence of the covalently linked Pc in of the transition dipole moments is more favorable for a dipole-
the dyad must be responsible for some specific interaction with coupling-based energy transfer mechanism in the dyads than
the carotenoid leading to the separation of the S* apst&es in the triads, where the angle between the chromophores is close

A A(107)
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to 9C°. In addition a stronger electronic coupling by electron Conclusions

exchange terms is expected for the dyads, due to the partial gy applying ultrafast time-resolved spectroscopy and rigorous
conjugation provided by the amide bond, which is not present spectro-temporal analysis, we have uncovered previously un-
in the ester linkage of the caroteno-SiPc triads. observed energy relaxation pathways and a novel type of

In dyad1, the carotenoid to Pc energy transfer is extremely collective carotenoig phthalocyanine excited state in caroteno-
efficient (>90%). Energy transfer from both the State and phthalocyanine dyads. In dyads 2, and 3, which have a
the optically forbidden, low-lying carotenoid state(s) is required phthalocyanine covalently linked to a carotenoid with 9, 10,
to reach such a high efficiency. The addition of one double bond and 11 conjugated carbetmarbon double bonds, respectively,
to the conjugation length of the carotenoid (dy&dreduces rapid internal conversion and energy transfer processes take
the contribution from the low-lying Sstate and leads to adrop  place upon excitation of the carotenoid moiety at 475 nm. In
in the energy transfer efficiency. It is likely that the carotenoid all dyads we observed internal conversion from the optically
S; state energy, which is energetically above that of the Q state allowed $ state to the optically forbidden;S&nd S* states.
of Pcin dyadl, is lowered upon the extension of the conjugation Remarkably, internal conversion from S* te &curs on a sub-
length of the carotenoid so that the spectral overlap with the Pc picosecond time scale in all three dyads. This phenomenology
Q state diminishes significantly. Indeed, in triads made up of contrasts with all previous observations of S* in carotenoids
the same carotenoids and a SiPc, the spectral overlap wasand carotenoid-based LH systems, where S* was found to evolve
estimated to diminish by a factor of 3 upon addition of one independently from all other carotenoid excited states.
double bonda a 9 double-bond carotenclél This trend was In dyad 3, we have characterized a novel type of collective
corroborated by the study of the Pc Q state quenching in the carotenoid-phthalocyanine excited state, which we tentatively
same dyads reported herein where the addition of one doubleassign to a carotencttPc exciplex. The exciplex is only
bond to the conjugation length, from dyaddo dyad?2, turns observed in transient absorption upon excitation of the caro-
the carotenoid Sstate from an energy donor to the Pc Q excited tenoid and is non-emissive, and we therefore propose that it
state into a quencher of the Pc Q sthfhis demonstrates the  arises from population of the optically forbidden S* and/er S
“molecular gear” mechanism in a model system, which has long states, which excitonically couple with the Pc ground-state
been speculated to take place in plai§t¥.Upon addition of absorption through their strong/S* — S, transition.
another conjugated double bond to the carotenoid (@)yathe Finally, the results on dyad$, 2, and 3 show that the
S; state of the carotenoid becomes an even stronger quenchecarotenoid $and § energy levels must be matched to that of
of the Pc Q excited state. Moreover, as described in this reportphthalocyanine for an optimal light-harvesting function. Dyad
for dyad 3, the carotenoid excited state(s) appears to form an 1 exhibits a light-harvesting function at near unity through
exciplex with the Pc ground state. This interaction could be energy transfer from the optically allowed State and the
fine-tuned by the local environment to lead to energy or electron optically forbidden $ state to phthalocyanine. In dya?|
transfer; experiments designed to test this and to look for similar efficient energy transfer from®ccurs, but energy transfer from
states in natural systems are underway. Another factor possiblyS; is precluded, presumably as a result of unfavorable energetics.
affecting the yield of $energy transfer is the shorter intrinsic  In dyad3, energy transfer efficiency from the 11 double-bond
S, lifetime as the energy of the;State is lowered. This IC  carotenoid to the phthalocyanine is low. The carotenqist&te
follows roughly the energy gap law; typically, the [Hetime does not transfer energy, and the energy transfer quantum yield
of an 11 double-bond carotenoid-iss times shorter than that ~ from $ is only ~24%. Remarkably, S* does not appear to
of a 9 double-bond carotenoid. It should be noted that the contribute significantly in the energy transfer process in any of
conjugated system of the carotenoid moiety in the dyads containsthe three dyads, which is likely related to its rapid internal
a carbonyl group, which confers a partial charge-transfer conversion to the Sstate.
character to the Sstate. This partial charge-transfer character ~ The findings reported herein bear on the suggestion of a
has been shown to be responsible for the strong solvent polarity“molecular gear” mechanism controlling energy transfer between
dependence of the Pc excited-state quenching by the carotenoidchlorophylls and carotenoids in plarfs}” While dyad 1
and in principle could also affect the energy transfer efficiency demonstrates;So phthalocyanine energy transfer, in dyals
from the S state as was recently shown in similar systéfns. and3energy flows the other way- from the phthalocyanine to

In contrast to many bacterial LH antennas and artificial 1€ carotenoid 5 The switch in energy flow with the change

caroteno-SiPc triads, the carotenoid S* state does not transfed? conjugation length in a model system demonstrates the
energy to Pc in dya@ or 3. Given that in the former systems  molecular gear” mechanism in a model dyad system.
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