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3.1 INTRODUCTION 
Photosynthetic organisms display a set of photoprotection mechanisms known as 
nonphotochemical quenching (NPQ).103 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 amount 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. Large differences are found between classes of 
photosynthetic organisms.104 To date, three types of mechanisms are reported, 
referred to as qE, qI and qT.105 In qE, singlet excitations in the light harvesting 
antenna are dissipated as heat before reaching the reaction center. qE is triggered 
by acidification of the lumen side of the photosynthetic membrane and is rapidly 
reversible. Several molecular mechanisms were suggested for qE: I) Chlorophyll to 
carotenoid energy transfer, followed by carotenoid internal conversion,30,48 II) 
Chlorophyll-carotenoid charge transfer and subsequent recombination to the 
ground state,52,53 III) Chlorophyll-chlorophyll charge transfer and recombination 106 
and IV) Chlorophyll-carotenoid excitonic coupling and internal conversion.107 

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.26,56-58,76,83,108 In such artificial systems 
interactions between tetrapyrroles and carotenoids can be studied isolated from 
the complexity of its biological environment. Almost a decade ago, Berera et al 
were the first to demonstrate that efficient energy transfer from a tetrapyrrole to 
the low-lying, optically forbidden carotenoid S1 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 S1 state from energy donor into energy acceptor.57,64 In that work, 
significantly shortened singlet excited state lifetimes of the tetrapyrrole of down 
to 30 ps were observed.57 That work served as basis for identification of a similar 
mechanism in LHCII aggregates, where lutein was identified as a quencher of Chl 
excited states through energy transfer to its optically forbidden S1 state.48 
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 
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arising from excitonic coupling between the Pc Q state and the optically forbidden 
carotenoid S1 state, resulting in similarly shorted lifetimes.58 The results and 
interpretation of that work were later confirmed by Polli and co-workers.108 The 
potential role of electron transfer between tetrapyrroles and carotenoids for NPQ 
processes52,53 was addressed in a number of dyads and triads dissolved in polar 
solvents.56,58,83,109 

The linker between the carotenoid and tetrapyrrole can have an effect by 
partitioning in the energy transfer mechanism and by influencing the relative 
orientation of the two chromophores.72,83,110 Here, we report that the same 
caroteno-phthalocyanine dyad with a phenyl linker can undergo quenching by 
energy transfer, quenching by excitonic coupling and non-quenching. The co-
existence of these three regimes is explained by conformational variation. This 
conformational effect demonstrates a switching mechanism that is potentially 
used in biological photosynthesis to adapt to light intensity changes on fast 
timescales.  

The dyad (Figure 3.1) consists of a carotenoid linked to a Zn-phthalocyanine by a 
phenyl linker. The carotenoid has 9 double bonds in the polyene chain, an 
additional double bond in the β-ionone ring and an elongation of the conjugated 
system into the linker moiety by a phenyl group. We compare the dyad with a 
Zinc-tetra-tert-butyl-phthalocyanine (Figure SI 3.1). A study of the carotenoid part 
of the dyad has been reported previously.84 The dyad has been synthesized at 
Arizona State University. Transient absorption spectroscopy was carried out as 
described previously.76 For details on the synthesis and the spectroscopic analysis 
method we refer to the supporting information. 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 part of the dyad 
will be called ‘Pc’ and ‘Car’. 
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Figure 3.1 Structure of the caroteno-phthalocyanine dyad. 

 

3.2 RESULTS AND DISCUSSION 
The absorption spectrum of the dyad and Pc-ref in toluene are shown and 
discussed in Figure SI 3.2. In short, the dyad displays the typical Soret and Q-bands 
of Pc and the S0 - S2 transition of Car. The Q-band of the dyad is red-shifted by 7 
nm and broadened, compared to Pc-ref. The broadening is likely caused by 
heterogeneity in the sample through different conformations of the dyad. We can 
safely exclude aggregation as a source of Q-band broadening, because the 
spectrum does not resemble the absorption spectrum reported for aggregated Zn-
phthalocyanine derivatives.111 

To assess the photophysics of the dyad and compare the quenching mechanisms 
with previously studied systems, Pc-ref and the dyad were studied by transient 
absorption spectroscopy. Global analysis of the transient absorption data was 
performed using the Glotaran program.6,8 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.9 The parallel decay 
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scheme produces decay associated difference spectra (DADS). For a more detailed 
description of global analysis we refer to Van Stokkum et al. 2004. 6 

Transient absorption spectroscopy of Pc-ref in toluene upon excitation at 670 nm 
(Figure SI 3.3 and Figure SI 3.4) yields a singlet excited state lifetime of 3.0 ns and 
a triplet spectrum that does not decay on the 3.5 ns timescale of our experiment. 
Small changes in the spectrum occur with time constants of 192 fs and 2.3 ps and 
are assigned to solvation.112 A component at 50 fs was needed to account for 
coherent and cross-phase modulation artefacts around time zero.  

For the dyad, upon excitation at 670 nm the photophysics is more complex 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, 2.7 ns and a component that does 
not decay on the 3.5 ns timescale of our experiment. The EADS resulting from 
global analysis are presented in Figure 3.2, and the DADS and time-traces in Figure 
SI 3.5 and Figure SI 3.6. The first EADS with a fixed time constant of 50 fs includes 
mainly coherent and cross-phase modulation artefacts around time zero – similar 
to those observed in Pc-ref – and is not shown. The subsequent EADS have as 
most prominent feature a negative band at 690 nm, with a shoulder at the high 
energy side, assigned to stimulated emission and ground state bleach of the Pc 
moiety, respectively. At wavelengths shorter than 670 nm and in the near-IR, 
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). We conclude that the majority of dyads is significantly quenched with 
respect to Pc-ref, while a minor fraction has a lifetime that is essentially identical 
to that of Pc-ref.  
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Figure 3.2 EADS resulting from global analysis of the dyad in toluene upon 670 nm 
excitation. 

Further inspection of the EADS of Pc-ref and the dyad reveals the mechanisms 
that govern the quenching phenomena in the dyad. A comparison of the 192 fs 
and 348 fs EADS of Pc-ref and the dyad (Figure 3.3) shows that significant 
differences between Pc-ref and the dyad exist on this early timescale. Strikingly, 
the ESA signal at wavelengths shorter than 545 nm is lower for the dyad, while the 
ESA signal between 545 nm and 615 nm is higher. This phenomenon has been 
reported previously in carotenoid-phthalocyanine 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 phthalocyanine Q-state with the S1 
state of carotenoid.58 Upon excitation of this excitonically coupled state, Car GSB 
and S1 absorption appear in the initial spectrum, together with features of the Pc 
Q-state.  

In Figure SI 3.7 we present the ΔA spectra (raw data) that were recorded during 
the instrument response function. Indeed, no changes in spectral shape were 
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 al58 is operational 
in the dyad.  
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Figure 3.3 Initial EADS of the dyad (348 fs EADS) and Pc-ref (192 fs EADS) in toluene upon 
670 nm excitation. 

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. 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 timescale than the solvation 
process, but could not be resolved separately by the analysis. Because the 
spectral change is small its characteristics are optimally inspected from the DADS. 
Figure 3.4 shows an overlay of the 3.6 ps DADS of the dyad with the 2.3 ps DADS 
of Pc-ref. The Pc-ref DADS is spectrally silent at wavelengths shorter than 670 nm; 
in contrast, the DADS of the dyad displays positive amplitude below 550 nm and 
negative amplitude between 550 and 670 nm. This is a typical signature for a 
rising contribution of the carotenoid S1 state.57 The feature rises on a timescale 
comparable to that reported for decay by internal conversion.84 It indicates 
excitation energy transfer from Pc to Car with an ‘inverted kinetic scheme’ in 
which Car is populated on a timescale longer its decay time. As a result, we find a 
Car S1 rise signal on the short timescale and a decay superimposed on the 
spectrum of the Pc donor. We conclude that in addition to the aforementioned 
excitonic quenching mechanism, a quenching mechanism through Förster-like 
energy transfer similar to that reported by Berera et al57 is in effect in the dyad. 
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Figure 3.4 Second DADS of the dyad (3.6 ps DADS) and Pc-ref (2.3 ps DADS) in toluene upon 
670 nm excitation. 

In the kinetics that follows, the signal evolves with time constants of 77 ps, 213 ps, 
2.7 ns and a time constant beyond the timescale of our experiment (EADS in 
Figure 3.2). What spectral features decay on which timescales can be seen most 
clearly from the normalized DADS, as displayed in Figure 3.5. The 2.7 ns (magenta) 
and non-decaying (cyan) time-constants and the corresponding spectra are very 
similar to the singlet and triplet decay DADS found for Pc-ref. 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 S2 excitation (vide infra), showing that 
the component arises from the intact dyad. 

The 77 ps and 213 ps time-constants have no analogs in the reference 
components. Compared to the singlet DADS, they have a larger amplitude in the 
530 – 610 nm region, typical of Car S1 absorption. Given that the 77 ps component 
has a larger S1 contribution and represents the largest fractional decay, we 
propose that this fraction represents the excitonically coupled state as in Kloz et 
al.58 Given that the 3.6 ps process represents a very small amplitude, the 213 ps 
component with a smaller fractional decay most likely corresponds to an inverted 
kinetics energy transfer process as reported by Berera et al.57 These assignments 
however remain rather uncertain. 
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Figure 3.5 Last four DADS of the dyad in toluene upon 670 nm excitation, normalized at 
minimum. 

In a recent theoretical paper, Valkunas and co-workers attempted to address the 
quenching mechanism in the Berera and Kloz dyads.113 Although they 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 
in Kloz et al. In addition, they proposed that the Berera dyad dynamics did not 
correspond to inverted kinetics, but described the ps dynamics in terms of 
establisment of a thermal equilibrium between Pc and S1, which would imply that 
the carotenoid S1 would be energetically higher than Pc. This is however quite 
unlikely given that the same dyads do not show any S1-Pc energy transfer upon 
excitation of the carotenoid S2 state, for carotenoids with 10 and 11 double 
bonds.59,64 In addition, the kinetic modeling in Berera et al. reproduced the correct 
amplitude for the carotenoid S1 state with respect to that of Pc.57 Taken together, 
the results presented by Berera and Kloz are robust and correctly interpreted in 
the respective papers. 

The final triplet that is formed shows maxima at 520 and 550 nm. The Pc triplet 
displayed a maximum at 505 nm. A maximum at 550 nm is typical for carotenoid 
triplets. The maximum at 520 can be explained by phthalocyanine triplet ESA 
overlapped with carotenoid bleach at short wavelengths. The final spectrum thus 
consists of a mixture of carotenoid and phthalocyanine triplets and/or a 
delocalized triplet.42,85 
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Transient absorption spectroscopy results for the dyad upon 530 nm excitation 
are presented in Figure SI 3.8 and Figure SI 3.9. The elucidated kinetic pathway 
matches with the findings discussed so far. Interestingly, a Car S* to S1 evolution 
process was found, a process that was reported previously by Berera et al.64 A 
small fraction of Pc Q decays on a nanosecond timescale, assigned to the non-
quenching subpopulation. This phthalocyanine Q-state must originate from 
energy transfer from Car S2, confirming that there is a fraction of intact dyad in 
which Pc Q to Car S1 energy transfer does not occur.  

 
Figure 3.6 Kinetic pathways corresponding to the three degrees of coupling found in the 
data. 

The presented transient absorption data contains three kinetic pathways that are 
found to occur in parallel, as illustrated in Figure 3.6. We have proposed that the 
parallel pathways are a result of subpopulations of conformers. The dyad is free to 
rotate around the phenyl-Pc bond. The strongest coupling is expected for a (close 
to) planar conformation, in which the conjugated system can be extended 
throughout the two chromophores. The observed excitonically coupled excited 
state is expected to arise from this conformation. Twisting will decrease the 
degree of coupling. Less strong coupling leads to independent excited states in 
which Pc Q can be quenched by excited state energy transfer. If the coupling is 
further decreased, the excited Pc Q state decays without interaction with Car S1, 
although the state can still accept energy from Car S2. Our results on the dyad 
show that it is possible to switch between different regimes of quenching and 
non-quenching by a conformational change. This demonstrates a switching 
mechanism that is potentially used in biological photosynthesis to adapt to light 
intensity changes on fast timescales.  
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SUPPORTING INFORMATION TO CHAPTER 3 
SI 3.1 MATERIALS AND METHODS 

SI 3.1.1 Materials 
The caroteno-phthalocyanine dyad was synthesized at Arizona State University. 
Zinc-tetra-tert-butyl-phthalocyanine (Pc-ref) was purchased from Sigma-Aldrich 
and was purified by 500:1 CH2Cl2:ethanol. The structure of Pc-ref is given in 
Figure SI 3.1. 

 
Figure SI 3.1 Structure of reference Zn-phthalocyanine. 

SI 3.1.2 Spectroscopy  
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. Room-temperature absorption spectra were recorded on a Cary 4000 
UV/VIS spectrometer.  

Ultrafast transient absorption spectroscopy was performed on a setup described 
earlier.4 In short, the output of an 800 nm, 1 kHz amplified Ti:Sapphire laser 
system was used to drive an optical parametric amplifier to produce the excitation 
pulses. The excitation wavelength was set at 670 nm for Pc-ref and at 520 and 670 
nm for the dyad. The pulse energy was set to 100 nJ per pulse and focused to a 
spot of 200 µm diameter.  

The probe pulse was created by focusing part of the 800 nm beam on a sapphire 
plate. The pump and probe were focused on the sample and the polarization was 
set to the magic angle of 54.7˚. Absorption difference spectra (ΔA) were 
calculated by ΔA(λ) = -log(Ipumped)/log(Iunpumped) for delays up to 3.5 ns. The 
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instrument response function had a width of 100 fs (full width at half maximum). 
The spectral chirp was fitted with a third order polynomial. 

 

SI 3.2 STEADY-STATE ABSORPTION SPECTROSCOPY 

 
Figure SI 3.2 Absorption spectra of the dyad and Pc-ref in toluene, normalized at the 
maximum. 

The absorption spectrum of Pc-ref (red line) agrees with previously reported 
spectra of zinc-phthalocyanines in the monomeric form.111 The Q-band (S0 – S1 
transition) has a maximum at 677 nm and vibronic progression bands at 648 and 
611 nm. The Soret band (S0 – S2 transition) has a maximum at 349 nm. The 
absorption spectrum of the dyad contains the spectral features of Pc-ref reported 
here and 7ʹ-Apo-7-(4-tolyl)-β-carotene (carotenoid reference including the phenyl 
ring) reported by Berera et al.84, but differs in three respects from the sum of 
these spectra. First, the carotenoid vibronic bands are less sharp, resulting from 
the influence of 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 nm to 685 nm. Third, the Q-
band in the dyad is broader; 26nm at half height, compared to 17 nm for Pc-ref. 
We assign the broadening of the Q-band to heterogeneity in the sample by 
different conformations of the dyad. We can safely exclude aggregation as a 
source of Q-band broadening, because the spectrum does not resemble the 
absorption spectrum reported for aggregated Zn-phthalocyanine derivatives.111  
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SI 3.3 TRANSIENT ABSORPTION SPECTROSCOPY 

SI 3.1.1 Zn-phthalocyanine 

A 

 

B 

 
Figure SI 3.3 EADS (top) and DADS (bottom) resulting from global analysis of Pc-ref in 
toluene upon 670 nm excitation. 

Transient absorption spectroscopy data of Pc-ref and the dyad were analyzed 
globally. Five components with time constants of 50 fs (fixed), 192 fs, 2.3 ps, 3.0 
ns and a non-decaying component are needed for a sufficient fit of the data. The 
first, with a fixed time constant of 50 fs includes mainly time-zero artifacts and is 
not shown.  
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The second EADS (gray, 192 fs) has a minimum at 679 nm. This band originates 
from 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.111 The minima at 651 nm 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 
VIS and NIR probed range.  

The changes in the 192 fs and 2.3 ps processes are small. The 192 fs and 2.3 ps 
DADS (gray and red), that show the spectral changes on these timescales, consists 
of a band-shift pattern. We attribute these timescales to two phases of solvation.  

In the 3.0 ps EADS, assigned to the relaxed excited state, the GSB/SE band peaks 
at 681 nm. The 3.0 ns DADS (blue) shows loss of ESA, GSB and SE. We assign this 
timescale to decay of the Pc Q-state, partly into the triplet state and partly into 
the ground state. The triplet ΔA spectrum of Pc-ref is given in the last EADS 
(green), which is not decaying on the 3.5 ns timescale 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 inter system crossing. The results for Pc-ref in toluene 
reported here agree well with the transient absorption spectroscopy results of Zn-
phthalocyanine in DMSO reported by Savolainen et al.112 
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Figure SI 3.4 Time traces of Pc-ref upon in toluene upon 670 nm excitation. Black: raw 
data, red: fit 
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SI 3.1.2 Caroteno-phthalocyanine dyad  

 
Figure SI 3.5 DADS resulting from global analysis of the dyad in toluene upon 670 nm 
excitation. 

 
Figure SI 3.6 Time traces of the dyad in toluene upon 670 nm excitation. Black: raw data, 
red: fit.  
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A 

 

B 

  
Figure SI 3.7 ΔA spectra (raw data) of Pc-ref (A) and dyad (B) upon 670 nm excitation 
around time zero, time is in ps. 

ΔA spectra are given with an interval of 30 fs. The spectra show an early rise at 
the short wavelength side and a late rise on the long wavelength side due to 
group velocity dispersion of the probe pulse. It can be seen that the Car S1 
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features are already present during the rise of signal and are not imposed on a 
later timescale. 

A 

 

B 

 
Figure SI 3.8 EADS (top) and DADS (bottom) resulting from global analysis of dyad in 
toluene upon 530 nm excitation. 

Upon 530 nm excitation dyad is excited to the carotenoid S2 state. In global 
analysis, seven components are needed for a sufficient fit of the data. The first 
EADS (black, 83 fs) shows the typical carotenoid S2 spectrum, mixed with artifact 
features. The decay time of this EADS is on the edge of our time resolution and 
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cannot be determined accurately. The second EADS (red, 339 fs) has a negative 
band at 690 nm, assigned to phthalocyanine bleach and stimulated emission. The 
second EADS displays a positive ∆A signal between 520 and 665 nm and above 
710 nm. The ESA around 550 nm is assigned to carotenoid S*, around 600 nm to 
carotenoid S1 and around 650 and above 710 to phthalocyanine excited state 
absorption. Like in the 670 nm excitation case, the kinetic processes discussed 
below provide evidence for the presence of both the excitonically coupled excited 
state and weakly coupled carotenoid and phthalocyanine states. We therefore 
postulate that in the conformation with coupled excited states S2 evolves into this 
coupled excited state, while in the uncoupled conformation the S2 is quenched by 
energy transfer to phthalocyanine and by internal conversion to S1 and S*. 

The second DAS (red, 339 fs) shows a loss of signal around 540 nm and a growth 
around 610 nm. This is interpreted as energy transfer from S* to S1. This 
phenomenon was observed before by Berera et al. in a carotenoid-
phthalocyanine dyad with an amino linkage.64 The second DADS also contains the 
loss of phthalocyanine bleach around 682 nm. Due to the rich kinetics on this 
timescale these processes cannot be fitted individually.  

Subsequently, the third DADS (blue 7.3 ps) shows the decay of the typical 
carotenoid S1 spectrum together with a band-shift pattern at the phthalocyanine 
Q-band position. It is assigned to decay of carotenoid S1 of dyads in the weak-
coupling conformation; the timescale agrees well with the lifetime of carotenoid 
reported by Berera et al.84 The band-shift at the phthalocyanine Q-band can be 
explained by a change of the local environment of the phthalocyanine upon Car 
relaxation. 

In the 54 ps (green) and 148 ps (magenta) processes a large decay of the Q-band 
bleach occurs. The spectral evolution is very similar to the 82 ps and 438 ps 
processes found upon phthalocyanine excitation and are assigned to relaxation of 
the excitonically coupled excited state and energy transfer from phthalocyanine 
to carotenoid. 

The 3.4 ns component (cyan) is assigned to phthalocyanine decay in dyad 
conformations without excited state coupling or energy transfer. This 
phthalocyanine Q-state must originate from energy transfer from carotenoid S2, 
confirming that there is a fraction of intact dyad in which phthalocyanine Q to 
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carotnoid S1 energy transfere does not occur. The non-decaying component (gray) 
is assigned to triplet formation. 

 
Figure SI 3.9 Time traces of dyad in toluene upon 530 nm excitation. Black: raw data, red: 
fit. 


