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Abstract

In any photosynthetic/photocatalytic  device, multiple  steps are required between the arrival of a solar photon and the formation of a stable product.  Here we explain and demonstrate the target analysis methodology to develop minimal models, identify the steps and estimate the parameters that characterize energy converting  devices. With this modelling tool the molecular mechanisms of the loss processes can be iden- tiﬁed and quantiﬁed.  This can then inspire photosynthetic  device optimization  by




a   This chapter extends the data analysis and modelling of Pillai et al. (2013).
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precisely targeting  those sites involved in the most signiﬁcant losses. Two case studies of recently published measurements (Pillai et al., 2013)  on a carotenoporphyrin  dyad and a carotenofullerene  dyad are modelled  in depth. After carotenoid excitation, no excited state energy transfer (EET) to porphyrin  was found, but EET from carotenoid hot S1 to the fullerene moiety occurred with a rate of 1.6/ps. The total radical pair yields of these dyads were found to be, respectively, 46% and 79%. Out of these 79%, 31% were due to electron transfer from the fullerene excited state. The triplet yields were
3.8% and 4.6%. The remainder  of the excitations decay to the ground state from the carotenoid hot S1 and S1 states.


List of Abbreviations
Car 	Carotenoid
DADS 	Decay-associated difference spectra
EADS 	Evolution-associated difference spectra
EET 	Excited state energy transfer
ESA 	Excited state absorption
ET 	Electron transfer
Ful 	Fullerene
FWHM 	Full width at half maximum
IC 	Internal conversion
ICT 	Intramolecular charge-transfer
IRF 	Instrument response function
NIR 	Near infrared
rms 	Root mean square
RP 	Radical pair
SADS 	Species-associated difference spectra
SE 	Stimulated emission


1. INTRODUCTION

In any photosynthetic/photocatalytic device, multiple steps are required between the arrival of a solar photon and the formation of a stable product: light absorption, exciton migration, charge separation, charge transport and the catalytic events. Each step is associated  with unavoidable losses and as a consequence the overall process may have a low yield. To optimize the functioning of a prototype photocatalytic/photosynthetic de- vice, these loss processes  must be identiﬁed rigorously. A model-based description of natural, hybrid or artiﬁcial photosynthetic devices should identify and quantify the states and the losses and thereby facilitate a quan- titative comparison of the different devices. To assess  the efﬁciency of a photosynthetic/photocatalytic  device, most often a variety of time-resolved spectroscopic (Vis-IR, ESR etc.) measurements are employed to monitor the dynamics of the light absorption, energy transfer, charge separation,
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charge transport and catalysis. Time-resolved emission spectroscopy moni- tors the fate of the excited states, whereas time-resolved difference absorp- tion spectroscopy can also probe nonradiative states, in particular charge separates states. Reviews of ultrafast measurements (fs, ps, ns time scales) are (Berera, van Grondelle, & Kennis, 2009; Fleming, 1986; Holzwarth,
1995; Polívka & Sundstrom, 2004).
In every step, loss processes can occur, leading to a decrease in efﬁciency or unwanted by-products. To study the functioning of a device, a quantita- tive model that describes all time-resolved spectroscopic measurements is mandatory. Typically, the models consist of differential equations containing unknown kinetic parameters (kyield and kloss) and unknown spectral param- eters that characterize molecular states (1, 2,., n, product) (see Fig. 1). The target analysis methodology (Holzwarth, 1996; van Stokkum, Larsen, & van Grondelle, 2004; van Stokkum, van Oort,  van Mourik, Gobets, & van



Figure 1 Kinetic scheme of an organic solar cell with species-associated difference spectra  (SADS) of four states (Williams, V^an Anh, & van Stokkum, 2013). Excited state S1 (dark grey) produces  a charge transfer state (CT, black)  which yields free charge car- riers (FCC, black).  The losses through charge recombination result in triplets (T, light grey). A target analysis identiﬁes the states involved and quantiﬁes the losses.
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Amerongen, 2008) is necessary   to develop minimal models, identify the states by means of their species-associated difference spectra (SADS) and es- timate the parameters that characterize energy converting devices. With this modelling tool the molecular mechanisms of the loss processes can be iden- tiﬁed and quantiﬁed. This can then inspire photosynthetic device optimiza- tion by precisely targeting those sites involved in the most signiﬁcant  losses.
In this chapter we will reanalyse and model measurements of molecular donoreacceptor systems (dyads) (Pillai et al., 2013). The emphasis will be on the data analysis methodology. For the details on design, synthesis, experi- ment and photophysics, the reader is referred  to the original publication.
Photophysical investigations of molecular donoreacceptor systems have
elucidated many details of natural photosynthesis and revealed design prin- ciples for artiﬁcial photosynthetic systems (Berera, Herrero, et al., 2006; Berera, Moore, et al., 2006; Fukuzumi, 2006; Guldi, 2002; Kloz et al.,
2011, 2012; Kodis et al., 2004; Williams, Zwier, & Verhoeven, 1995). To obtain insights into the factors that govern the partition between excited state energy transfer and electron transfer (ET) processes among carotenoids and tetrapyrroles or fullerenes, Pillai et al. (2013) have designed artiﬁcial photosynthetic dyads that  are thermodynamically poised to  favour ET over EET processes. Two biomimetic artiﬁcial photosynthetic constructs were synthesized and investigated: a carotenoporphyrin dyad (dyad 1) and a carotenofullerene dyad (dyad 2), as depicted in Fig. 2.
Dyad 1 consists of a carotenoid covalently attached to a porphyrin moi- ety, substituted with electron withdrawing CN groups to enhance its elec- tron accepting properties. The carotenoid has nine double bonds in the polyene chain, an additional double bond in the b-ionone ring and an elon- gation of the conjugated system into the linker moiety by a phenyl group. The effective conjugation length of this carotenoid  is estimated at 11 double bonds (considering the phenyl group as  1.5 conjugation length and the cyclohexene-like b-ionone  ring as  0.5 conjugation length, because it is rotated out of the plane of the polyene). The bulky substituted phenyl groups are oriented at steep angles to the porphyrin plane and are added to prevent the dyad from stacking. The two pigments are linked through two phenyl rings and a peptide bond.
Dyad 2 has a carotenoid with eight double bonds in the polyene chain and one in the adjacent b-ionone ring, which gives an effective conjugation length of 8.5 double bonds. It is coupled to a C60  by a positively charged methylated pyrrolidine linker. Fullerenes are not found in biological systems but are promising components for artiﬁcial photosynthesis (Gust, Moore, &


Resolving Energy and Electron Transfer Processes in Dyads	173



Figure 2 Structure of the dyads: carotenoporphyrin  (dyad 1) and carotenofullerene
(dyad 2).

Moore, 2000; Wro'bel & Graja, 2011). They have a small reorganization en- ergy in ET reactions, which can help place the ET reaction at the peak of the Marcus curve, facilitating fast photoinduced ET and slow recombination (Hiroshi et al., 1996; Marcus & Sutin, 1985).
Both dyads were studied by transient difference absorption spectroscopy, measuring the time-resolved difference spectrum after excitation of the carotenoid moiety. Global analysis was used to describe the data with a min- imal set of lifetimes and associated spectra. Subsequently, in a target analysis a detailed kinetic model including EET and ET pathways was tested, and the corresponding rates and species-associated spectra were estimated. For dyad
1, Pillai et al. (2013) found that ET from the carotenoid S2 state to the porphyrin completely outcompetes any EET process. In dyad 2, ET from carotenoid to the fullerene is the dominant process, but an EET process from the optically forbidden carotenoid S1  state to the lowest fullerene singlet-excited state is observed as well. Here we test their interpretation, propose detailed kinetic schemes and quantify all photophysical processes in terms of the spectra of the states involved and the rate constants describing their interconversion.
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2. METHODOLOGY
2.1 Model-Based Data Analysis
In time-resolved spectroscopic experiments, a very large amount of data is collected which can be analysed by global and target analysis tech- niques. A time-resolved experiment DAðt; lÞ typically consists of time-gated spectra at several 100 delays, each spectrum consisting of several 100 wave- lengths, resulting in a collection of tens of thousands of data points. The aim of the data analysis is to obtain a model-based description of the full data set in terms of a model containing a small number of precisely estimated param- eters, of which the rate constants and spectra are the most relevant. A description of the basic ingredient of kinetic models, the exponential decay, will be given ﬁrst, followed by a description of how to use these ingredients for global and target analysis of the full data. Our main assumption here is that the time and wavelength properties of the system of interest are sepa- rable, which means that spectra of species or states are constant. For details on parameter estimation techniques, the reader is also referred to I. H. M. van Stokkum et al. (2004). Software issues are discussed in I. H. M. van Stokkum and Bal (2006).

2.2 Modelling an Exponential Decay
Here an expression is  derived for describing an exponentially decaying component. The instrument response function (IRF) that accounts for the convolution of excitation, and probe pulse is  usually modelled with  a Gaussian parameterized using m  and D for, respectively, location and full width at half maximum (FWHM):
 (
1
) (
2
 
)IRFðtÞ¼ ~ pﬃﬃﬃﬃﬃﬃ exp( - logð2Þð2ðt - mÞ=DÞ
D  2p


where
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ð   Þ Þ.  Typically the  FWHM  is  z100 fs  in the
visible and z200 fs in the near-IR. The convolution (indicated by an *) of this IRF  with  an exponential decay (with rate k) yields an  analytical expression which facilitates the estimation of the decay rate k and the IRF parameters  m and D:
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By the nature of the white light generation process, the white light is
‘chirped’ on generation, ie, the ‘blue’ wavelengths are generated later in time than the ‘red’ wavelengths. Hence, the white light continuum has an intrinsic group velocity dispersion. When travelling through optically dense materials such as lenses  and cuvettes, the group velocity dispersion in the white light readily increases to picoseconds. The group velocity dispersion can be modelled with a polynomial function that describes the wavelength dependence of the IRF location m:



mðlÞ ¼ mlc  þ


jmax
X

j¼1



 (
Þ
)aj ðl - lc  j


Typically, with visible difference absorption measurements over a large wavelength range, the order of this polynomial ðjmax Þ is three. The reference wavelength lc  is conveniently at the centre of the spectrograph. In addition, also the IRF width can be wavelength dependent, and an analogous poly- nomial description can be employed.


2.3 Global and Target Analysis
The basis of global analysis  is the superposition principle, which states that the measured data DAðt; lÞ result from a superposition of the spectral prop- erties εl ðlÞ of the components present in the system of interest weighted by their concentration cl ðtÞ.
ncomp
DAðt; lÞ¼ X cl ðtÞεl ðlÞ
l¼1

The cl ðtÞ of all ncomp  components  are described by a compartmental model, that consists of coupled ﬁrst-order differential equations, with as so- lution  sums  of  exponential decays. We  will consider three  types of compartmental models: (1) a model with components decaying monoex- ponentially in parallel, which yields decay-associated  difference spectra (DADS), (2) a sequential model with increasing lifetimes, also called an un- branched unidirectional model (Nagle, Parodi, & Lozier, 1982), resulting in evolution-associated  difference spectra (EADS) and (3) a full compart- mental scheme which may include possible  branchings and equilibria, yielding SADS. The latter is most often referred to as target analysis, where the target is the proposed kinetic scheme, including possible spectral as- sumptions.  When  analysing  ﬂuorescence data (which are nonnegative) the word Difference is not applicable, and the nomenclature is DAS, EAS and SAS.
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With parallelly decaying components, the model reads

ncomp
DAðt; lÞ ¼ X cI ðkl ÞDADSl ðlÞ
l¼1

The DADS thus represent the estimated amplitudes of the above-deﬁned exponential decays cI ðkl Þ. When the system consists of parallelly decaying components, the DADS are true species difference spectra. In all other cases, they are interpreted as a weighted sum (with both positive and negative con- tributions) of the true SADS.
In addition to exponentially decaying components, scattering or a coherent artefact can be present. This can often be modelled as an extra component with as time proﬁle the IRF shape. Such spectra are typical in nonlinear optics and can also contain Raman scattering from the solvent (Berera et al., 2009).
Following a successfully converged  ﬁt, the matrix of residuals is then ana-
lysed with the help of a singular value decomposition (SVD). Formally the residual matrix can be decomposed  as

m
X

resðt; lÞ¼ 

uresðtÞsl wresðlÞ

l	l
l¼1

where ul  and wl  are the left and right singular vectors, sl  the sorted singular values and m is the minimum of the number of rows and columns of the matrix. The singular vectors are orthogonal and provide an optimal least squares approximation of  the  matrix. The  SVD is  useful to  diagnose shortcomings of the model used or systematic errors in the data.
A  sequential model  consists of  components  decaying sequentially
1/2/./ncomp where the decay rates kl are decreasing, and the lifetimes
1=kl are increasing. It is a convenient way to describe the spectral evolution,
and each component possesses an EADS. The model for the data now reads

ncomp
 (
l
)DAðt; lÞ¼ X cII EADSl ðlÞ
l¼1

where each concentration is a linear combination of the exponential  decays,
 (
l
  
 
¼
 
P
)cII	l	I
j¼1 bjl c  ðkl Þ, and the amplitudes (Nagle et al., 1982) bjl  are given by
b11  ¼ 1 and for j ::; l:
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When the system truly consists of sequentially decaying components
1/2/./ncomp , the EADS are true SADS (see later discussion). In all other cases, they are interpreted as a weighted sum (with only positive con- tributions) of SADS.
In a more general target analysis a compartmental scheme is  used to describe the concentrations of the compartments (states).  Transitions to and from compartments are described by microscopic rate constants. The model that is ﬁtted to the data now reads

ncomp
DAðl; tÞ¼ X ciðtÞSADSiðlÞ
i¼1

where ciðtÞ now corresponds to the concentration of the i-th compartment. SADSiðlÞ is the i-th SADS. The concentrations of all compartments are collated in a vector. When  a carotenoid is  excited, which ultimately
T
 (
T
)results in a product, such a vector reads: cðtÞ¼ ½c1 ðtÞ c2 ðtÞ.	cncomp ðtÞ]    ¼

½ Car  ðtÞ	.	IntermediateðtÞ	.	ProductðtÞ] 
differential equation

which   obeys   the


d
dt cðtÞ¼ KcðtÞþ jðtÞ
where the transfer matrix K contains off-diagonal  elements kpq, representing the microscopic rate constant from compartment q to compartment p. The diagonal elements contain the total decay rates of each compartment. The
T

input  to  the  compartments is  jðtÞ ¼ IRFðtÞ½ 1	0	0 ]

.  In  most cases

spectral constraints are needed to limit the number of parameters and render the target model identiﬁable.
A software package called TIMP (Mullen & van Stokkum, 2007) which implements these models was developed for the statistical computing lan- guage R (R Development Core Team, 2010) and a corresponding sophis- ticated graphical user interface called Glotaran has been released (Snellenburg, Laptenok, Seger, Mullen, & van Stokkum, 2012).



3. APPLICATIONS TO SYNTHETIC SYSTEMS

The  absorption spectra of dyads 1 and 2 in the nonpolar solvent toluene (dielectric constant 2.4) are shown in Fig. 3, in black and grey respectively. With dyad 1, the double band around 450 nm corresponds to the porphyrin Soret band, the bands around 660 and 680 nm to the
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Figure 3 Absorption spectra. Black: dyad 1 in toluene. Grey: dyad 2 in toluene. All spectra were measured in a 1 mm path length quartz cuvette.



porphyrin Q-band  absorption. The carotenoid absorption bands overlap with the porphyrin Soret band, except for the lowest vibronic S2 transition, which is found at 515 nm.
With dyad 2, the carotenoid absorption is shifted to the blue with respect to dyad 1, as expected from the shorter conjugation length of the molecule, leading to  a larger energy gap between  the  ground  and excited states (Polívka & Sundstrom, 2004). Fullerene has an absorption band around
300 nm (Guldi & Prato, 2000) (not shown) and an absorption tail with very small amplitude that extends throughout the visible range.


3.1 Dyad 1
Dyad 1 (Fig. 2) has been excited in toluene solution in its carotenoid  moiety at z515 nm. The data from transient absorption measurements have been globally analysed using a simultaneous analysis  for measurements in the visible and near-IR. Fig. 4 contains the EADS for dyad 1 in toluene. At least six components are needed for a sufﬁcient ﬁt of the data. The estimation of the fastest process crucially depends upon an adequate description of the wavelength dependence of the IRF. Both the location and width of the IRF  are wavelength dependent.  With  six components (lifetimes 78 fs,
1.1 ps, 4.5 ps, 243 ps, 810 ps, long lived) the overall rms error of the ﬁt is
0.555, but a trend is visible in the ﬁrst left singular vector of the residual ma- trix of the NIR  data. Addition of a seventh component (lifetimes 30 fs
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Figure 4 EADS of dyad 1 in toluene after 515 nm excitation.


(ﬁxed), 116 fs, 1.45 ps, 4.8 ps, 227 ps, 766 ps, long lived) results in a signif- icant decrease of the overall rms error of the ﬁt to 0.524, and the above- mentioned trend is no longer visible. Here we present this seven component ﬁt. In the visible, due to dispersion, the IRF location increased by 0.83 ps between 410 and 710 nm. In the near-IR, the IRF location increased by
0.26 ps between 830 and 1120 nm. Concomitantly, the FWHM  of the
IRF decreased from to 0.19 to 0.12 ps in the visible and increased from
0.31 to 0.38 ps in the near-IR. A broadening of the IRF towards 410 nm results from the higher energy of the probe light. The  ﬁrst lifetime of
30 fs was ﬁxed, to summarize the relaxation of the S2 state. Next, a second lifetime of 116 fs was estimated,  that could be attributed to the decay of the relaxed carotenoid S2 state. We will ﬁrst discuss the EADS, since they corre- spond to a spectral evolution that can be intuitively understood, and later discuss the DADS, which are more difﬁcult to interpret. The ﬁrst EADS (grey) shows negative DA bands in the visible and a positive band in the near-IR region (Note that the latter is much larger that the later signals in the near-IR and was multiplied by 0.2 for comparison.). This is the typical absorbance difference spectrum due to population of the carotenoid S2 state and is characterized  by ground state bleach and stimulated emission (negative DA signals) in the visible and excited state absorption (positive DA signal) in the near-IR(Zhang, Inaba, Watanabe, & Koyama, 2000a,
2000b). The minimum at 490 nm can be attributed to Raman scatter of the toluene solvent, which is maximal at 1000/cm (Hitchcock & Lapiosa,
1975). This energy corresponds to the difference between the 515 nm exci- tation wavelength and 490 nm  ð107=490 - 107 =515z1000=cmÞ.  Note
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that the SE from S2 to S0 is largest  at 558 nm. This location red shifts to
579 nm in the second EADS (green), which largely represents the relaxed
carotenoid S2 state. Moreover, in the NIR  the EADS can be interpreted as an SE from S2 to Sx superimposed upon a ﬂat ESA. Thus this EADS is minimal near 950 nm, due to the opposite contributions of ESA and SE. From the difference between these minima, we estimate the energy of the Sx state as 107 =579 - 107 =950z6750=cm. This is reminiscent  of the peri- dinin carotenoid where (Zigmantas, Polívka, Hiller, Yartsev, & Sundstro€m,
2001) found SE from an intramolecular charge-transfer state, with  SE around 1000 nm. These ultrafast carotenoid S2  dynamics on  the 100 fs time scale deserve further investigation. In the remainder we concentrate on the carotenoid porphyrin interactions. The second EADS (green) evolves into the third EADS (black) with a time constant of 116 fs.
Both the third (black, 1.45 ps) and fourth (red, 4.8 ps) EADS show a pos- itive band between 530 and 700 nm, originating from carotenoid S1 excited state absorption (Koyama, Kakitani, Miki, Christiana, & Nagae, 2010; Polívka & Sundstrom, 2004). The excited state absorption of the fourth EADS is blue-shifted  with respect to the third, which corresponds to a tran- sition from vibrationally hot to relaxed S1 (Koyama et al., 2010; Polívka & Sundstrom, 2004). Both the 1.45 ps EADS and the 4.8 ps EADS show a negative signal below 530 nm, which can be interpreted as a mix of carot- enoid and porphyrin Soret bleaching. In the near-IR, these EADS show a band at 1060 nm  that can be assigned to  the carotenoid cation radical (Jeevarajan,  Wei, Jeevarajan, & Kispert, 2011; Kodis et al., 2004). This, together with the presence of porphyrin bleaching, indicates that charge sep- aration has taken place. Hence we can attribute these two spectra to a mix of carotenoid S1 (or hot S1) and the charge-separated Car•þ  Por•-  state.
The  ﬁfth  (blue, 227 ps) EADS shows bleaching signatures around
650 nm originating from porphyrin and around 450 and 500 nm originating from both porphyrin and carotenoid. Furthermore, the spectrum shows an increased absorption of the carotenoid cation radical in the near-IR. The cation absorption band has increased with respect to the fourth spectrum (red 4.8 ps), while the carotenoid S1 absorption band has decreased. This observation shows that charge separation has taken place from the S1 state in 4.8 ps. The 766 ps EADS (magenta line) has a spectral shape that is virtu- ally identical to that of the 227 ps EADS, but with signiﬁcantly reduced amplitude, and hence the 227 and 766 ps time constants are assigned to radical pair recombination.  The need for two recombination time constants is   probably  related  to   heterogeneity  in  the  sample  or  the  typical
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Figure 5 DADS of dyad 1 in toluene.

multiexponential decay reﬂecting disorder. Structural heterogeneity has been demonstrated previously in axially linked caroteno-phthalocyanine tri- ads by NMR  spectroscopy (Palacios et al., 2006). Alternatively, there is a
227 ps evolution towards a state with less carotenoid cation radical absorp- tion (see later discussion).
The last EADS (cyan, long lived) is nondecaying on the time scale of this experiment. The spectrum has been expanded 10X for clarity. It shows an excited state absorption band at 550 nm. This band is characteristic  of the long-lived carotenoid triplet state (Berera, Herrero, et al., 2006; Berera, Moore, et al.,2006; Koyama et al., 2010; Polívka & Sundstrom, 2004). Usu- ally, this band is only accompanied by carotenoid bleaching. Here, we also see porphyrin bleaching at both the Q and Soret wavelengths. The presence of porphyrin features in the ﬁnal state is surprising,  as the charge-separated state has recombined in the previous processes, and porphyrin triplet states are, in general, energetically higher than those of carotenoids.  As observed previously in several natural and artiﬁcial light-harvesting systems, this obser- vation suggests that the triplet state is delocalized  on the carotenoid and the porphyrin, which leads to a ground state bleach signal of both moieties (Alexandre et al., 2007; Angerhofer, Bornh€auser, Gall, & Cogdell, 1995; Bonetti et al., 2010; Gall et al., 2011).
To complement this EADS discussion we now describe some of the DADS features, cf. Fig. 5. Recall that the quality of the ﬁt is  identical with a sequential or parallel model; however, the DADS provide a differen- tial view on the spectral evolution, stressing the changes.
The ﬁrst DADS (grey) shows a decrease of the 550 nm SE and an in- crease of the 580 nm SE, that correspond to the relaxation of the S2 state.
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Figure 6 Kinetic scheme for dyad 1 with estimated rate constants in 1/ps. Car, Carot- enoid; RP, radical pair.


The second DADS (green) shows a large negative band from 500 to 650 nm. This can be attributed to the decay of the carotenoid S2 stimulated emission and the rise of the carotenoid S1 excited state absorption. In addition a small positive band near 450 nm indicates rise of the porphyrin bleaching. In the NIR  the negative band around 950 nm reﬂects SE from relaxed S2 to Sx superimposed upon a ﬂat ESA. The third DADS (1.45 ps) shows positive bands from 600 to 700 nm and from 1000 to 1070 nm, which can be attrib- uted to the relaxation of the vibrationally hot S1. The negative band at
1060 nm of the 4.8 ps DADS (red) indicates the main rise of the carotenoid
cation radical. The differences between the 227 and 766 ps DADS are subtle in the visible. The porphyrin bleaching near 450 nm is stronger  in the 227 ps DADS, and porphyrin signals near 660 nm  are strongest in the  766 ps DADS. In the near-IR the main decay of the 1060 nm carotenoid cation radical band is with 227 ps. Strikingly, the 470 and 520 nm bleaches are almost equal in the 227 and 766 ps DADS. The shapes of the ﬁnal DADS and of the ﬁnal EADS are (by deﬁnition) identical.
Surprisingly, the transient absorption data show no indication of EET from carotenoid to porphyrin. It was conﬁrmed by ﬂuorescence excitation experiments performed by Pillai et al. (2013) that EET from carotenoid to porphyrin is indeed absent.
The kinetic scheme that was used in our target analysis with the esti- mated microscopic rate constants is given in Fig. 6. The carotenoid is excited to the hot S2 state, followed by relaxation to the S2 state, where internal con- version to  the  hot  S1  state competes with  ET  to  the  porphyrin. The
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Figure 7 SADS of dyad 1 in toluene using the kinetic scheme of Fig. 6 (top) and zoom of the visible region (bottom). RP, Radical  pair.

populated hot S1 state relaxes to the S1 state. Both the hot and relaxed S1 state possess identical rates for ET to the porphyrin and for decay to the ground state by internal conversion. The biexponential decay of the radical pairs was modelled with a sequential scheme, which simpliﬁes the charge separation description to single rates from each Car excited state. The ade- quacy of this kinetic scheme crucially depends upon the physicochemical interpretability of the estimated SADS. These are depicted in Fig. 7. In the zoom of the visible region all expected features are present. The last three states, RP1, RP2 and triplet show a bleach in the porphyrin Soret and Q regions (460 and 650e700 nm). In addition, RP1 and RP2 show three  ESA bands between 530 and 630 nm.  The  carotenoid bleach at
515 nm is smaller  with the S2, hot S1 and S1 states than with RP1  and
RP2, because ESA compensates this bleach. In the NIR  we ﬁnd almost
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ﬂat ESA with the hot S1 and S1 states. The 1060 nm bands are entirely encompassed in the RP1 and RP2 SADS. Why this band is twice bigger in RP1 remains to be explained. The model carotenoid has been measured by Berera, Herrero, et al. (2006) and Berera, Moore, et al. (2006), who re- ported an S1 decay rate of 0.13/ps in toluene, ascribed to IC to the ground state. This agrees well with the 0.125/ps rate estimated. The estimated ET rates are 0.08/ps from the hot S1 and S1 states, and 1/ps from the S2 state. The total RP yield is thus 46%, to which the S2, hot S1 and S1 contribute, respectively, 12%, 11% and 23%. The total triplet yield is 3.8%, which means that 50% of the excitations decay to the ground state from the S2, hot S1 and S1 states.
Summarizing,  careful global analysis taking into account the wavelength
dependence of the IRF resolved an additional state, the carotenoid hot S2. Target analysis (Fig. 6) quantiﬁed the ET pathways: 0.08/ps from the hot S1 and S1 states and 1/ps from the S2 state. All estimated SADS (Fig. 7) were well interpretable.

3.2 Dyad 2
Dyad 2 (Fig. 2) has been excited in toluene solution in its carotenoid  moiety at z470 nm. The  coherent artefact contributions are so large that we exclude the 466e472 nm traces from the analysis. At least six components are needed for a sufﬁcient ﬁt of the data. With six components (lifetimes
66 fs, 0.59 ps, 6.6 ps, 196 ps, 730 ps, long lived) the overall rms error of the ﬁt is 0.242, but a trend is visible in the ﬁrst left singular vector of the re- sidual matrix of the visible data. Addition of a seventh component (lifetimes
86 fs, 226 fs, 2.0 ps, 12.5 ps, 143 ps, 514 ps, long lived) results in a signiﬁcant
 (
u
res
)decrease of the  overall rms error of the  ﬁt  to  0.222, and the  above- mentioned trend is no longer visible. This is demonstrated  by a comparison of the ﬁrst left singular vectors of the residual matrix of the visible data. The
1  ðtÞ of the model with six lifetimes shows clear trends between 0 and
500 ps, which are absent in the model with seven lifetimes, cf. Fig. 8A
and B.
The EADS of the seven component models are presented in Fig. 9. The ﬁrst EADS in global analysis corresponds to the carotenoid S2 spectrum, of which the lifetime was 86 fs (Fig. 9, grey). The second EADS (green, 226 fs) consists of carotenoid ground state bleach, carotenoid hot S1 excited state absorption from 520 to 700 nm and carotenoid radical cation absorption at 900 nm. The presence of the signature of both S1 and the charge-sepa- rated state in the second EADS implies that the carotenoid hot S1 state
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Figure 8 First left singular vector of the residual matrix of the visible data of dyad 2 in toluene after 473 nm excitation using a model with six (A) or seven (B) lifetimes.  Note that the time axis is linear until 10 ps (after the maximum of the instrument response function), and logarithmic thereafter.



Figure 9 EADS of dyad 2 in toluene after 473 nm excitation.


decays via at least two pathways, IC to S1 and ET to the fullerene. EET from S2 to the fullerene could also take place, but it cannot be identiﬁed because the spectral signature of singlet-excited fullerene is  absent in the probed spectral window, since there is  no  change in the carotenoid bleach at
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450 nm. Due to the shorter conjugation length of this carotenoid compared to the one in dyad 1, the carotenoid signals are shifted to the higher energy side of the spectrum. The anion of pyrollidinofullerene that was previously reported around 1010 nm (ε ¼ 8 X 103 M-1  cm-1) (Guldi & Prato, 2000) was not detected and is probably obscured by the large signal of the carot- enoid radical cation (ε ¼ 105 M-1  cm-1) (Jeevarajan et al., 2011).
The second EADS (green) evolves in 226 fs into the third EADS (black). This evolution includes a large decay of the S1 excited state absorption and a decrease of the carotenoid ground state bleach. Note that this is accompa- nied by only a minor increase of the radical cation band, suggesting that the carotenoid hot S1 transfers most of its energy to the fullerene. The third EADS (black) evolves in 2.0 ps to the fourth EADS (red). The growth of the radical cation band shows that ET takes place from the carotenoid S1 state to the fullerene, preserving the carotenoid ground state bleach. Most strikingly, when the fourth EADS (red) evolves in 12.5 ps into the blue EADS, the carotenoid ground state bleach increases again, accompanied by a further in- crease of the 900 nm radical cation band. This can be interpreted as a charge separation process from the lowest fullerene excited state, whose energy level is  estimated at 14,000/cm from the absorption spectrum. Decay of fullerene to the ground state can be neglected, as the lifetime of fullerene and derivatives  is reported to be more than a nanosecond (Fujitsuka, Luo, Ito, Murata, & Komatsu, 1999). The last three steps are analogous to those of dyad 1. The radical pair population decays biexponentially with lifetimes of 143 and 514 ps, and a small triplet population remains (cyan). Selected traces and ﬁts are depicted in Fig. 10. The decrease, increase and ultimately, decay of the carotenoid bleach are clearly seen at 435 nm. Decay of the S2 is visible as a spike at 494, 506, 512, 541 and 1013 nm. The rise and decay of the radical pair are visible in all traces, except for 541 nm. At 541 nm the decay of ESA from the carotenoid (hot) S1 state dominates. The ﬁnal triplet state is clearly  present at 506 and 512 nm.
The DADS (Fig. 11) show clear rises of the radical cation band at 900 nm with time constants of 2.0 and 12.5 ps (black and red). A minor rise with
226 ps (light green) is also discernible.  In the carotenoid bleach region the positive red band indicates the 12.5 ps rise attributed to ET from Ful*, the fullerene excited state. The  small band at 550 nm  is  interpreted as slow ET from a population of carotenoid S1  taking place on the same time scale.
The kinetic scheme used for the target analysis is more complicated than with dyad 1. We need an additional fullerene excited state, which is assumed
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Figure 10 Selected time traces of data (grey, in mOD) and ﬁt (black) of dyad 2 in toluene. Note that the time axis is linear until 3 ps (after the maximum of the instrument response function), and logarithmic thereafter.



Figure 11 DADS of dyad 2 in toluene.


to possess a zero SADS in the measured wavelength region since there is virtually no bleach nor SE because fullerene has an absorption band around
300 nm (Guldi & Prato, 2000). We will return to this assumption later. In addition a slowly decaying carotenoid S1 state is  present, as can be seen from the 12.5 ps DADS and EADS. Leaving out  the hot  S2  state, we
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Figure 12 Kinetic scheme for dyad 2 with estimated rate constants in 1/ps. Car, Carot- enoid; RP, radical pair.




Figure 13 SADS of dyad 2 in toluene using the kinetic scheme of Fig. 12. Note that the
Ful* SADS is assumed to be zero in this wavelength region.


need eight species, one more than the number of estimated components in the global analysis.  After careful adjustment of the branchings from the carotenoid hot S1 state, we could estimate the ET rates from the carotenoid (hot) S1 and Ful*. The ET rates from the carotenoid (hot) S1 are about six times larger than with dyad 1, 0.46 versus 0.08/ps. This together with the contribution via Ful* results in a total RP  yield of 79%, to which Ful* and the carotenoid excited states contribute, respectively, 31% and 48% (cf. the dashed and solid RP3 of Fig. 14). The total triplet yield is 4.6%, which means that only 16% of the excitations decay to the ground state from the carotenoid S2, hot S1 and S1 states. The populations of the states are depicted in Fig. 14.
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Figure 14 Populations of the states, dashed lines indicate RP (radical pair) created from Ful*. RP3 integrates the decaying RP1 and RP2 states, whereas  S0 integrates the decay- ing S2, and (hot) S1  states.
The estimated SADS are presented in Fig. 13. The three carotenoid hot S1
and  S1  states (black, red  and  orange) are very similar:  bleach around
450 nm and ESA around 550 nm. Note that this ESA extends to 730 nm
in the visible, and in the NIR  a peak around 900 nm is present. This peak is the largest with the slowly decaying carotenoid S1 state (orange). Several explanations are possible. Perhaps a small fraction of the RP decays on this
12.5 ps time scale. More likely  is a contribution of the ESA of Ful* (Guldi
& Prato, 2000), which we have assumed to be negligible. Apparently, this assumption  is incorrect, and this  leads  to a reinterpretation of the ESA in the 650e1000 nm region of the (hot) S1 state. This ESA is now attributed to a mixed excited state (Car-Ful)*. An experiment with fullerene excitation could shed more light on this. Then a simultaneous target analysis of the ex- periments  with carotenoid or fullerene excitation could further  clarify the complicated dynamics of the excited state manifold of dyad 2.
Above 1050 nm the signals are more noisy, therefore, we used spectral constraints in that region: the black and red SADS are assumed equal, and the orange SADS has the same shape, but a larger amplitude. The triplet SADS is assumed  to be zero above 1000 nm. In this way, four SADS can be resolved above 1050 nm from the more noisy data.
In conclusion, careful global analysis resolved the 2.0 and 12.5 ps life- times and the 226 fs lifetime  of the carotenoid hot S1 state. Target analysis (Fig. 12) established that this state decays in ﬁve ways: to Ful* and S1 in (both with 1.6/ps), to a population of S1 showing slow ET (with 0.8/ps), to RP1 (with 0.46/ps) and to the ground state (with 0.06/ps). All estimated SADS (Fig. 13) were well interpretable and indicate a mixed excited state (Car-Ful)*.
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4. CONCLUSION

In the above described case studies, we have demonstrated that the target analysis methodology is mandatory  to describe the processes of energy transfer and charge transfer in artiﬁcial photosynthetic systems. Thus we have developed minimal models, identiﬁed the steps, and estimated the pa- rameters that characterize the energy conversion in these systems. With this modeling tool the molecular mechanisms of the loss processes  have been identiﬁed and quantiﬁed. This can then inspire photosynthetic device opti- mization by precisely targeting those sites involved in the most signiﬁcant losses.
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