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Dispersed transient absorption spectra collected at variable excitation intensities in combination with time-
resolved signals were used to explore the underlying connectivity of the electronic excited-state manifold of
the carotenoid rhodopin glucoside in the light-harvesting 2 complex isolated fromRhodopseudomonas
acidophila. We find that the S* state, which was recently identified as an excited state in carotenoids bound
in bacterial light-harvesting complexes, exhibits a different response to the increase of excitation intensity
than the S1 state, which suggests that the models used so far to describe the excited states of carotenoids are
incomplete. We propose two new models that can describe both the time-resolved and the intensity-dependent
data; the first postulates that S1 and S* are not populated in parallel after the decay of the initially excited S2

state but instead result from the excitation of distinct ground-state subpopulations. The second model introduces
a resonantly enhanced light-induced transition during excitation, which promotes population to higher-lying
excited states that favors the formation of S* over S1. Multiwavelength target analysis of the time-resolved
and excitation-intensity dependence measurements were used to characterize the involved states and their
responses. We show that both proposed models adequately fit the measured data, although it is not possible
to determine which model is most apt. The physical origins and implications of both models are explored.

1. Introduction

Carotenoids are pigments abundant in nature that play a
number of important physiological roles, including free radical
scavenging,1 nonphotochemical quenching,2 and light-harvesting
(LH) in the photosynthetic apparatuses of plants and bacteria.3

Their spectroscopic properties and functions are, to a large
extent, determined by their backbone of conjugatedπ-elec-
trons.4,5 The carotenoids bound in LH proteins absorb blue-
green sunlight and subsequently donate the collected energy to
nearby bound (bacterio)chlorophyll (BChl) molecules, from
where the energy flows to the reaction center protein that
mediates the ensuing charge separation reaction.6 The tradition-
ally established perspective of carotenoid electronic structure
is that the excited-state manifold has two low-lying electronic
states: S2 and S1 (1Bu

+ and 2Ag
- in polyene notation).4,5

Because the S1 state has the same electronic symmetry as the
ground electronic state S0 (1Ag

-), it is a one-photon symmetry-
forbidden transition and is “dark”; i.e., it is not observed in the
ground-state absorption spectrum. The strong absorption of blue-
green light by carotenoids corresponds to the symmetry-allowed
transition from the ground state to the second excited state, S2,
and is easily observed in pump-probe (PP) measurements by
a broad stimulated emission (SE) in the visible region and
excited-state absorption (ESA) in the near infrared. Decay of
the S2 by internal conversion (IC) populates the S1 state, which

decays to the ground state, by IC, with a lifetime that depends
strongly on the conjugation length of the carotenoid (from∼1
to ∼100 ps). The S1 state is easily observed and characterized
in PP signals because of its distinct and strong ESA in the visible
region.4,5

The assignment of additional temporal components and
spectral evolution observed in recent PP measurements in some
carotenoid-containing systems has been hotly debated. A
subpicosecond component, which has been observed during the
S2-S1 relaxation both in solution7,8 and in LH complexes9

corresponds to a blue shift of ESA in the visible within a few
hundred femtoseconds and has been attributed either to vibra-
tional relaxation within the S1 state7,8 or to the population of
new transient electronic states (e.g., 1Bu

-),10 whose presence
was theoretically predicted earlier.11,12 The observation of a
component, in dispersed PP measurements, with distinct spectral
and temporal signatures from S1, led to the identification of an
additional state of elusive character, the S* state, first by
Gradinaru et al.,13 as a singlet excited state of spirilloxanthin
in hexane and in the light-harvesting 1 (LH1) complex of
Rhodospirillum rubrum. The next year, Papagiannakis et al.9

reported the existence of S* in spheroidene bound within the
light-harvesting 2 (LH2) complex ofRhodobacter sphaeroides.
After these initial studies, the S* state was then observed in
the LH2 complexof Rhodopseudomonas (Rps.) acidophila.14

In these three studies, the S* state was modeled as a direct
product of S2 relaxation that is populated in parallel with the
S1 state. Furthermore, the S* state was identified as a precursor
in the generation of carotenoid triplet excited states, presumably
via an intramolecular singlet-fission process.11,12,15The existence
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of S* contributes to a greater efficiency of excitation energy
transfer (EET) from carotenoids to BChls in theRb. sphaeroides
LH2 complex.9 The fact that the S* state can transfer energy to
the singlet excited states of BChl, together with the observation
that on spirilloxanthin in solution the S* state decays to the
ground state in 5 ps and no long-lived triplets are observed,13

supports the notion that the S* is a true singlet excited state.
The distinct temporal and spectral characteristics of S* and S1

suggest that they are separate electronic excited states. Even
though no electronic characterization of S* has been made so
far, it was shown that its production yield and its efficiency in
producing triplets is affected by the protein-imposed twist of
the carotenoid backbone in the LH complex.16

To complicate matters further, other “new” excited electronic
states have recently been detected in other carotenoids. In
â-carotene dissolved in hexane, a new state (termed Sq), which
is reminiscent of S*, was observed and characterized with
dispersed multipulse transient absorption measurements;17 how-
ever, the relationship between Sq and S* has not been established
yet. Carbonyl-containing carotenoids have the peculiar property
of generating an intramolecular charge transfer (ICT) state,18

which is mostly evident in the complex carotenoid peridinin18,19

bound in the peridinin-chlorophyll protein (PCP) of dinoflagel-
lates and was recently shown to be in an excited-state equilib-
rium with the S1 state in solution.20 The electronic character
and the spectroscopic properties of these “new” carotenoid
excited states have yet to be fully characterized and integrated
into a comprehensive model linking structure with function.
Clearly, identifying the underlying connectivity of temporally
overlapping states is of prime importance for interpreting their
origin and understanding how and why nature selected and
shaped these molecules into biological pigments.

This paper is the first in a series exploring the nature of
excited-state dynamics of carotenoids in bacterial LH complexes.
Here, we show how excitation-intensity-dependent dispersed PP
measurements can be used to explore the relationship between
the S1 and the S* states in the LH2 complex ofRps. acidophila.
This antenna complex, whose crystal structure was resolved to
atomic resolution in 1995,21 features three distinct types of
intrinsically bound pigments (Figure 1A): the 11-double-bond
carotenoid rhodopin glucoside (red), B800 bacteriochlorophylls
(green), and B850 bacteriochlorophylls (blue). Each pigment
molecule exhibits multiple low-lying electronic states, which
results in a complex EET network (Figure 1B).22 We show that
new models must be constructed to describe and interpret the
measured dispersed PP data. In the second paper of the series
(hereby referred to as paper 2), one such multistate model will
be used to shed light on earlier optimal control results in LH2.23

2. Experimental Section

2.1. Sample Preparation.The Rps. acidophila10050 LH2
complexes, isolated as described previously,24 were suspended
in a 20 mM Tris buffer (7.9 pH) containing 0.1% LDAO
detergent. The sample had an optical density of 0.25 mm-1 at
525 nm (Figure 1C) and was kept in a 1-mm quartz cuvette
during the experiment, which was rapidly translated to avoid
exposure to multiple laser shots. The absorption spectra of the
sample measured before and after the measurements exhibited
no signs of sample degradation.

2.2 Transient Absorption Setup. The dispersed pump-
probe setup has been described in detail earlier.25,26 The basis
of the system is a 1-kHz amplified Ti:sapphire system delivering
450-µJ, 60-fs, 800-nm pulses. A home-built noncollinear optical
parametric amplifier (NOPA) pumped by the second harmonic
(400 nm) of the amplified laser system was used to generate
the 40-fs, 525-nm pump pulses to excite the LH2 complexes
(Figure 1C). For 800-nm excitation, the output of the amplifier
was used directly. The white-light continuum, used for broad-
band probing, was generated by focusing a weak 800-nm beam
into a slowly translating CaF2 crystal. Reflective optics were
used to steer and focus the probe beam into the sample, which
reduced the group velocity dispersion to∼200 fs over the 450-
650 nm probe region. The relative polarization of the pump
and probe pulses was set to the magic angle (54.7°), and the
pump and probe spot sizes at the focus were∼200 and∼50
µm, respectively. After the spatial overlap of the beams in the
sample, the white-light probe pulse was dispersed with a
spectrograph onto a home-built diode array detector. The
collected data have a∼1-nm wavelength resolution with an
average noise level of<0.5 mOD, and the instrument response
function, which is limited by the probe light duration, is∼120
fs.

3. Results

3.1. Time-Resolved Pump-Probe Signals.To study the
excited-state connectivity of rhodopin glucoside and BChl in
the LH2 of Rps. acidophila, we collected spectrally resolved
PP signals, which are nearly identical to previously reported
data.14,27 Excitation with 525-nm photons promotes rhodopin
glucoside in LH2 to its S2 state, which is manifested by the
appearance of a strong negative ground-state bleach (GSB)
below 550 nm and SE bands extending above 600 nm (Figure
2A). The decay of S2 is rapid28 and is correlated with the
appearance of three species: the S1 and S* states (via IC) and
the excited BChl (via EET). The S* and S1 populations exhibit
distinct ESA bands peaking at 550 and 580 nm, respectively,

Figure 1. LH2 antenna complex ofRps. acidophila. (A) Structural arrangement of the pigments: carotenoids (red), B800 bacteriochlorophylls
(green), and B850 bacteriochlorophylls (blue). (B) Highly simplified energy flow pathways from the excited carotenoid molecules to the B850
molecules, including both direct transfer and indirect transfer via the B800 bacteriochlorophylls. The thick dashed arrow represents the initial
excitation of the carotenoid to the S2 state. (C) Absorption spectrum of the LH2 antenna ofRb. acidophila. The absorption of the S2 state of
rhodopin glucoside is resolved around 440-550 nm (optical density at 525 nm) 0.2), and the absorption of the bacteriochlorophylls appears at
590 (Qx), 800, and 850 nm (Qy). The filled curve at 525 nm shows the spectrum of the pump laser.
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and in Rps. acidophilathis spectral separation is more ap-
preciable than that in other S*-exhibiting LH proteins.9,13 To
further complicate the relaxation dynamics, the nascent S1 state
population undergoes vibrational relaxation (i.e., a blue shift
of ESA) on a few hundred femtoseconds time scale before
decaying by IC to the ground state with a∼3-ps lifetime.14,27-29

In contrast, the S* state population decays on an appreciably
slower time scale into a long-lived triplet state, while the excited
BChls decay on a nanosecond time scale. We will use these
time-resolved data, in combination with intensity-dependent data
discussed below, to model the dynamics with different models.

The proper interpretation of the PP spectra and dynamics of
rhodopin glucoside in the LH2 complex requires characterizing
the spectral and temporal contributions of not only the excited
carotenoid signals but also the overlapping signals of excited
BChls. When rhodopin glucoside is excited by 525-nm pulses,
excited BChl molecules (and their signals) are produced via
the rapid EET from S2 and to a smaller extent via EET from
the lower energy states (S1 and S*) of rhodopin glucoside.14,28

To characterize the contribution of the excited-state BChl in
the PP signals measured in the visible region, we directly excited
the B800 bacteriochlorophylls with 800-nm pulses. The resulting
PP data set (Figure 2B) is distinctly different from the 525-nm
excited data set and exhibits several features: (1) the Qx bleach
at 590 nm (Figure 1C), (2) a broad ESA peaking at 640 nm,
(3) an electrochromic (Stark) shift of the carotenoid absorption
bands around 525 nm,30,31and (4) the slowly rising carotenoid
triplets at nanosecond delays, generated by the quenching of
the BChl triplets formed from intersystem crossing.32 These
signals include dynamics of different origins, such as ultrafast
Qx-Qy relaxation,22 B800-B850 energy transfer,22 singlet-
singlet annihilation components that appear when multiple
excited BChl molecules coexist on the same LH2 ring,33,34and
carotenoid triplet formation.32

3.2. Excitation-Intensity-Dependence Measurements.Fig-
ure 3 contrasts the dynamics measured at three characteristic
wavelengths in the visible region after 525-nm excitation with
low (60 nJ per pulse) and high (200 nJ per pulse) intensities.
These probe wavelengths are selected because they are pre-
dominately sensitive to the rhodopin glucoside signals with only
weak contributions from overlapping BChl signals (Figure 2).
At 480 nm (Figure 3A) the signal is sensitive to the carotenoid
GSB and describes the magnitude of the excited-state population.
At 550 and 580 nm (Figures 3B and 3C) we directly probe the
population kinetics of the S* and S1 states, and contrasting these
two traces shows that the S* population decays distinctly slower
than the S1 population. At early times, a negative signal is
observed in the 550- and 580-nm probe wavelength signals,
which corresponds to the SE from the short-lived S2 state.28

The kinetics of the populations probed at these visible wave-
lengths do not appear to depend on the excitation intensity.

We collected the 4-ps PP spectrum using 525-nm pulses of
different intensities (Figure 4). At this probe delay, the excited-
state population of rhodopin glucoside occupies either the S1

or the S* state,14,27 with a magnitude that can be directly
estimated from the amplitudes of the corresponding absorption
bands. The 4-ps PP spectrum exhibits four distinct spectral
features in the visible region (Figure 4A): (1) the negative signal
from 420 to 525 nm corresponding to the bleach of the S0 f
S2 transition of the rhodopin glucoside molecules, (2) a positive
band peaking at 550 nm that corresponds to the S* ESA, (3) a
positive band peaking at 580 nm corresponding to the S1 f Sn

Figure 2. Dispersion-corrected pump-probe spectra of LH2. (A) The
dynamics observed during the first 350 ps after excitation of rhodopin
glucoside to the S2 state with a 525 nm pulse. The time scale (y-axis)
is linear up to 0.5 ps and logarithmic from 0.5 to 350 ps. The excitation-
pulse power is 60 nJ. (B) The dynamics observed after direct excitation
of bacteriochlorophylls at 800 nm. The time scale is linear up to 0.5
ps and logarithmic from 0.5 ps to 3.25 ns.

Figure 3. Normalized kinetic traces measured at different pulse
intensities: 200 nJ/pulse (filled circles), 60 nJ/pulse (open circles). (A)
Ground-state bleach probed at 480 nm, (B) the S* ESA band probed
at 550 nm, and (C) the S1 ESA at 580 nm.

LHCs: Relationship between the S1 and S* States J. Phys. Chem. B, Vol. 110, No. 11, 20065729



ESA transition, and (4) a weak dip at 590 nm that is ascribed
to the bleach of the S0 f Qx transition of the BChl molecules
populated by EET from the excited carotenoids.

In contrast to the normalized decay kinetics in Figure 3, the
shape of the transient absorption spectrum exhibits a pronounced
intensity dependence. At low excitation intensities, the S1 ESA
band at 580 nm has a greater amplitude than the S* band at
550 nm, but as the excitation intensity increases, this relationship
reverses and the amplitude of the S* band starts to dominate
the spectrum. This dependence is further illustrated when these
transient spectra are normalized either on the peak of the S1

ESA band (Figure 4B) or on the blue-most peak of the GSB at
460 nm (Figure 4C). It is interesting to note that the intensity
dependence of the GSB band is essentially uniform from 410
to 510 nm and the S1 ESA band responds homo-
geneously from∼575 nm to 650 nm. The weak deviation
observed at 590 nm can be ascribed to the effect of the
decreasing relative amplitude of the Qx bleach of BChl,
originating from annihilation, which exhibits a different intensity
dependence than the S1 and S* populations (vide infra). The
amplitude of annihilation, which is directly monitored at the
Qx region, is too small and at the improper wavelength to
account for the pronounced intensity-dependence effect on the
S1 and S* bands in Figure 4.

Although this paper focuses on the LH2 complexes isolated
from Rps. acidophila, similar intensity-dependent PP signals
were observed in other LH complexes that exhibit S*
(Supporting Information). The normalized excitation-intensity-
dependent PP spectra measured on theRb. sphaeroides2.4.1
LH2 and theRs. rubrumLH1 complexes (Figure S3) reveal
markedly similar properties to those of the carotenoids in these
complexes (spheroidene and spirilloxanthin, respectively). This
strongly supports the hypothesis that the underlying intensity
dependence of the S* and S1 bands is not unique to rhodopin
glucoside in the LH2 ofRps. acidophilabut rather a property
in LH complexes in general. Furthermore, we examined the
response to increasing excitation intensity of other carotenoids
that exhibit “new” electronic states:â-carotene dissolved in
hexane and peridinin dissolved in methanol (Figure S4). For
â-carotene, we found that the response of the ESA to the
increase of the intensity of the 400-nm excitation pulses was
uniform across the Sq/S1 region. Similarly, in peridinin, the S1
and the intramolecular charge transfer state,18,19 which is
populated in polar environments, show indistinguishable intensity-
dependent responses.

4. Modeling and Target Analysis

In PP studies conducted with low excitation intensities,
assuming a single one-photon transition, the magnitude of the
excited-state populations and corresponding signals increase
linearly with increasing excitation intensity. However, when
more than∼10% of the sample is excited,35 this “linear regime”
limit is exceeded and the measurement enters a “saturated
regime” where the observed signals increase in a less-than-linear
rate as the applied laser pulse transfers excited-state population
back to the ground electronic state (e.g., via SE pumping). If
there were an ESA in the Franck-Condon region of excitation,
then this will lead to the “repumping” of population to higher-
lying excited electronic states, the relaxation of which may open
additional pathways.36

In traditional saturation measurements,35 where the transient
absorption signals are measured as a function of excitation
intensity, all states that evolve from the same one-photon
transition are expected to exhibit that same intensity dependence,
and hence a uniform relative amplitude would be observed
across any measured transient PP spectrum. However, the PP
spectra in Figure 4, clearly show that this is not the case for
LH2, and other models must be developed to properly describe
the underlying photodynamics.

Three models (Figure 5) are discussed below to address the
observed time-resolved and intensity-dependence signals. The
corresponding set of differential equations underlying each
model (Supporting Information) was solved numerically with
a Runge-Kutta algorithm via the MATLAB software package
and compared directly to the relevant experimental data. The
homogeneous model (Figure 5A) is essentially the one used
previously to describe the carotenoid dynamics in LH113 and
LH2.9,14,27This model is one-photon-initiated, and the ground-
state population is homogeneous. The PP data sets measured
with 525- and 800-nm excitation (Figure 2) were simultaneously
analyzed by target analysis (Supporting Information),37,38using
this simple model, to estimate the spectrum (i.e., species-
associated different spectrum, or SADS), and the time-resolved
concentration profile of each constituent state of the system,
including the vibrationally excited S1, S1, S*, and triplet states
of rhodopin glucoside and the Qy state of BChl (Figure 6).

However, models based on a single, one-photon transition,
like the homogeneous model in Figure 5A, predict populations

Figure 4. Excitation-intensity-dependent transient absorption spectra
collected 4 ps after exciting rhodopin glucoside in the LH2 antenna of
Rps. acidophilawith 525-nm pulses. The pump pulse energies are 40,
85, 135, 260, and 370 nJ. (A) Raw transient absorption spectra. (B)
Transient absorption spectra normalized on the peak of the S1 band at
580 nm. (C) Transient absorption spectra normalized on the peak of
the ground-state bleach (GSB) band at 460 nm. The arrows indicate
the trends observed with decreasing pulse intensities.
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that exhibit identical intensity dependence, since they are all
generated ultimately from the same transition. The saturation
curves extracted from the data in Figure 4, at the peaks of S1

(blue squares), S* (red triangles), and GSB (black circles), are
shown in Figure 7A. To explain this intensity dependence we
propose two new models that include multiple photon transitions
occurring either sequentially (via a pump-repump pro-
cess)17,20,31,39 or in parallel (requiring multiple ground-state
populations).

One such model is based on introducing an inhomogeneity
in the ground-state population (Figure 5B). In samples that
consist of multiple subpopulations with different extinction
properties, the saturation measurements may be used to identify
and characterize the underlying inhomogeneity (Supporting
Information). Typically, the homogeneous and inhomogeneous
models predict near identical population dynamics but may
exhibit dissimilar intensity dependences, assuming the extinction
coefficients differ appreciably for each subpopulation. In such
a case, one subpopulation will saturate at a lower excitation

intensity than the other, thus predicting an intensity dependence
similar to that in Figure 4. Within this model, the relative
extinction coefficients can be characterized by simulating the
different saturation behaviors of one population over the other
(S* vs S1 signals), and the relative occupation of the total
ensemble can be determined by the similarity of the GSB signals
to each of the other signals; i.e., the closer the saturation curve
for the bleach is to a specific signal, the larger the subpopulation
responsible for that signal contributes to the total population.
A fit of the raw time-resolved and intensity-resolved experi-
mental data with the inhomogeneous model in Figure 7A (dotted
lines) indicates that (if this model is applicable) the ground-
state population that generates S1 has a∼70% greater extinction
coefficient than that generating S* and furthermore constitutes
about∼40% of the total ground-state population. Hence, within
the context of the inhomogeneous model, more rhodopin
glucoside carotenoids in LH2 ofRps. acidophilagenerate S*
than those generating S1, albeit with a significantly smaller
extinction for the ground-state absorption (Table 2).

An alternative model, which also accounts for excitation-
intensity dependence, assumes a homogeneous ground state and
introduces a second light-driven transition (Figure 5C). This
model postulates the existence, upon excitation to S2, of a weak
ESA transition that is resonant with the 525-nm excitation pulse;
consequently nascent S2 population may be “repumped” into a
higher electronic state, Sn. As the excitation intensity is
increased, more S2 population will be repumped into Sn, and
this, combined with a branching ratio of forming the S*/S1 states

Figure 5. Connectivity schemes and concentrations used to interpret
the light-induced dynamics in the LH2 complex. The large gray arrows
represent the light-induced transitions. The small solid arrows denote
the natural evolution of population, and the dotted arrows represent
the singlet-singlet excitation energy transfer reactions to the
bacteriochlorophyll manifold and the triplet-triplet energy transfer back
to the carotenoid(s).

Figure 6. Target analysis of the time-resolved data. (A) SADS of the
excited states in the LH2 antenna ofRps. acidophilaas estimated by
the combined target analysis of the 540- and 800-nm excitation data
using the model in Figure 5A. (B) Time-dependent concentration
profiles of the different species estimated with target analysis (solid
lines) and with both the inhomogeneous and the two-photon models
(symbols).
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after the relaxation of/from Sn, which favors the formation of
S* over S1, leads to an intensity dependence similar to that
observed in the data (Figure 7A, dashes). It should be noted
that since the excited-state lifetime of such Sn states have so
far not been resolved,17,20,31,39the state that generates the S1

and S* is likely a highly vibrationally excited S2 population
and not the Sn state. The time-dependent populations estimated
by these models for the different species present in LH2 are
compared in Figure 6B. As expected, the concentration profiles
predicted for all three models are essentially identical, although
the underlying connectivity schemes differ appreciably (along
with the corresponding kinetic parameters (Tables 1-3)). A plot
highlighting the quality of the fits to the experimental data is
included in the Supporting Information (Figure S2). This shows
that time-resolved PP data alone is not sufficient to extract the
underlying model for the 525-nm photoinduced dynamics of
the rhodopin glucoside carotenoid within the LH2 complex
isolated fromRps. acidophila.

As a test of the robustness of the target analysis of the time-
resolved and intensity-dependent PP data, the SADS estimated
for only the states that coexist at 4 ps, S1, S*, and excited BChl,
were used as a basis to fit, by multiple linear regression, the
excitation-intensity-dependent 4-ps PP spectra (Figure 4) and
estimate their intensity-dependent amplitudes (inset in Figure
7B). The S1 (blue squares) and S* (red triangles) intensity-
dependent amplitudes compare well with the raw data shown
in Figure 7A, because the peaks of S1 and S* are essentially
free of overlapping contributions from each other. The different
excitation-intensity dependences estimated from the global
analysis decomposition are illustrated in Figure 7B, where the
three intensity-dependent PP signals have been scaled to exhibit
similar behavior in the “linear”, i.e., low excitation intensity,
regime. In this analysis, the bleach signal was not separated
from the excited-state signals, and thus the relative percentage
of the ground-state populations cannot be directly identified
(although the relative extinction coefficients can be). The BChl
signal exhibits a significantly different intensity-dependent curve
than both S1 and S* signals, which is due to the additional
contribution of annihilation effects34,40within the BChl manifold.
The differing intensity dependences have consequences for the
determination and interpretation of the photophysical properties
(e.g., EET yields) of LH2; these effects will be addressed in
the context of optimal control experiments in paper 2.

5. Discussion

Because dispersed PP signals are intrinsically self-referenced,
i.e., the amplitude of a signal measured at one wavelength is
directly correlated to the amplitude of the signal at another
wavelength, subtle differences in the intensity dependence
measurements can be identified and subsequently characterized,
as in Figure 4. Such measurements on the LH2 complex ofRps.
acidophila show that the relative amplitude of the S1 and S*
populations exhibits a clear dependence on excitation intensity.
A markedly similar behavior was also observed in LH com-
plexes from other purple bacteria (Supporting Information),
indicating that this phenomenon is not unique toRps. acidophila
or rhodopin glucoside but rather a general aspect of carotenoids
in LH proteins. The EET yields from S1 and S* to BChl are
different;9,14 therefore a direct consequence of the intensity
dependence of the S1/S* formation ratio is that the measured
EET yields are unreliable at higher excitation intensities.

In this paper, we constructed two fundamentally different new
models that reproduce both the experimental time-resolved and
excitation-intensity-dependence properties of the PP signals. The
first model entails the assumption that the ground-state popula-
tion of the carotenoids in LH2 is intrinsically inhomogeneous
and multiple one-photon interactions (one for each subpopula-
tion) will lead to the observed intensity dependencies. The
second, and somewhat simpler, model does not necessitate the
introduction of an inhomogeneity but does require that a two-
photon process occurs within the excitation pulse that modulates
the S1/S* branching yield from either a higher-lying electronic
state or the vibrationally excited S2 state. The interpretations
of these models are intrinsically different, and therefore we will
address the underlying features and feasibility of each model
individually.

5.1. One-Photon Model: Origins of Inhomogeneity.The
inhomogeneous model constructed in section 4 corresponds to
the “extreme inhomogeneous situation” where one subpopulation
of carotenoids generatesonly S* and the otheronly S1. Even
though this model mandates the presence of a ground-state
inhomogeneity, just how this inhomogeneity generates the S1

Figure 7. (A) Intensity-dependent amplitudes for the S1 ESA signal
at 580 nm (blue squares), the S* ESA at 550 nm (red triangles), and
the bleach at 485 nm (black circles), which are scaled to the initial
slope to give an initial linear dependence. The dotted lines denote the
intensity dependence simulated with the inhomogeneous model of
Figure 5B with a relative extinction ratio (S*/S1) of 1.70 and an
occupation of (S*/S1) of 0.6/0.4) 1.5. The dashed lines denote the
model of the data to the two-photon model (Figure 5C) with aµESA/
µGSA ratio of 0.3. (B) Global analysis from time-resolved and intensity-
dependent data. Excitation-intensity-dependent amplitudes of the S1,
S*, and BChl SADS estimated by analyzing the saturation measurement
of the 4-ps PP spectrum (Figure 4). The curves have been scaled to
have the same initial slope, to illustrate the different behavior of the
three states; the straight dashed line is the estimated saturation-free
signal. The inset contains the raw amplitudes as estimated by the fit.
Note that the BChla populations (green triangles) were not resolvable
from the raw data in part A and the bleach (black circles) signals were
not separable from the S* and S1 populations in the global analysis
results of part B.
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and S* population is somewhat arbitrary, and we assume the
extreme situation to maintain a relatively simple and tractable
model. Different distributions can be constructed that would
also describe the measured data (e.g., one with different
subpopulations that branch into S* and S1 with different yields),
but these would require that the ratio of the extinction coefficient
be greater than the 1:1.7 ratio observed in the extreme
inhomogeneous model. In the framework of this model, two
distinct ground-state populations are saturating, yet the entire
GSB spectrum behaves homogeneously, indicating that the
underlying inhomogeneity affects only the amplitude (extinction)
of the ground-state absorption spectrum and not its shape as is
common in the case of disordered systems. Hence, each
subpopulation must exhibit a similar, or nearly identical,
absorption spectrum, albeit with significantly different ground-
state extinction coefficients. Several questions require addressing
regarding the feasibility of this inhomogeneous model: (1) What
is the nature of this inhomogeneity? (2) How does this
inhomogeneity account for the different ground-state absorption
extinction coefficients (and no spectral changes)? (3) And how
realistic are the extracted parameters from the model?

The carotenoid content of the LH complexes of purple
bacteria has been the object of many biochemical and structural
studies.41-43 A potential origin for the underling inhomogeneity
could be that the carotenoid content of these LH complexes is
mixed. However, the amount of carotenoids typically found in
these complexes as impurities is rather small as determined from
biochemical analysis41 and does not account for large differences
in optical properties such as the ones observed here. Alterna-
tively, it could be argued that the inhomogeneity may correspond
to the existence of cis/trans subpopulations; the determination
of the structure of LH2 in 1995 speculated the presence of a

second carotenoid per structural unit,21 and the recent redeter-
mination of the structure presented stronger evidence for a
population of cis carotenoids bound to the outer part of the LH2
ring, with a∼25% occupancy.44 However, such a difference in
the conformation of the carotenoids in the complex would lead
to a distinct splitting of the absorption bands at low temperature
absorption measurements, since cis carotenoids typically exhibit
absorption blue-shifted by several nanometers.45 The 0-1
absorption band of rhodopin glucoside in isolated LH2 com-
plexes of Rps. acidophila46 and of spheroidene in LH2
complexes ofRb. sphaeroides31 is narrow and displays well-
defined vibronic bands at 77 K, arguing against the coexistence
of cis/trans carotenoids in the isolated LH2 complexes. This
notion is further supported by resonance Raman spectroscopy,
which provided little spectral evidence supporting the presence
of cis rhodopin glucoside molecules in the LH2 complex of
Rps. acidophila, in full agreement with detailed pigment
analysis, finding a carotenoid/BChl ratio of 3:1.41,42Earlier linear
dichroism (LD) measurements supported the existence of
discrete pools of carotenoids in the LH2 complex ofRb.
sphaeroidesby measurements on both chromatophores and
complexes.47,48 However, no splitting of the 0-1 absorption
transition was observed even in the 4 K absorption spectrum,49

and the recent modeling of the 77 K absorption and circular
dichroism (CD) ofRps. acidophilaLH2 complexes did not
require the introduction of such inhomogeneity.46

It is unclear how any of these potential inhomogeneities can
result in such strongly differing extinction coefficients. It has
been found that the S0 f S2 extinction coefficient among cis
and trans isomers of spheroidene may vary by as much as 40%,49

but as discussed above this is an unlikely case here. Furthermore,
only carbonyl-containing carotenoids exhibit S0 f S2 absorption

TABLE 1: Homogeneous Model Parametersa

S2 hot S1 S1 S* trip BChl

τeffective 40 fs 350 fs 3 ps 30 ps ∞ 1.5 ns
branching yields 35% (hot S1) 3% (BChl) 20% (BChl) 80% (trip)

20% (S*) 97% (S1) 80% (S0) 20% (BChl)
45% (BChl)

a Estimated parameters of the time-resolved dynamics obtained from the simultaneous fitting the 525- and 800-nm excitation data in Figure 2
with the homogeneous model in Figure 5A. Note that this model does not fit the intensity-dependent data in Figure 4.

TABLE 2: Inhomogeneous Model Parametersa

S2 S2* hot S1 S1 S* trip BChl

τeffective 56 fsb 350 fs 3 ps 30 ps ∞ 1.5 ns
τ 100 fs (hot S1) 100 fs (S*) 420 fs (S1) 3.3 ps (S0) 40 ps (trip) ∞ 1.5 ns

100 fs (BChl) 150 fs (BChl) 2.2 ps (BChl) 40 ps (BChl) 125 ps (BChl)
yields 50% (hot S1) 60% (S*) 10% (BChl) 10% (BChl) 75% (trip)

50% (BChl) 40% (BChl) 90% (S1) 90% (S0) 25% (BChl)

a Estimated parameters of the time-resolved dynamics obtained from simultaneously fitting the 525- and 800-nm excitation data in Figure 2 with
the inhomogeneous model in Figure 5B. The ground-state population was selected from the 60 nJ excitation data. The ground-state population was
set to 60% (S1)/40% (S*), and the extinction coefficients were set to 1.7 (S1) and 1.0 (S*), respectively. The average error for these parameters is
∼10%. b Lifetime for weighted average of S2 and S2*.

TABLE 3: Two-Photon Model Parametersa

S2 Sn hot S1 S1 S* trip BChl

τeffective 40 fs 40 fs 350 fs 3 ps 30 ps ∞ 1.5 ns
τ 120 fs (hot S1) 40 fs (S*) 420 fs (S1) 3.3 ps (S0) 40 ps (trip) ∞ 1.5 ns

85 fs (BChl) ∞ (Hot S1) 2.2 ps (BChl) 40 ps (BChl) 125 ps (BChl)
220 fs (S*)

yields 33% (hot S1) 100% (S*) 10% (BChl) 10% (BChl) 75% (trip)
47% (BChl) 0% (Hot S1) 90% (S1) 90% (S0) 25% (BChl)
20% (S*)

a Estimated parameters of the time-resolved dynamics obtained from simultaneously fitting the 525- and 800-nm excitation data in Figure 2 with
the two-photon model in Figure 5C. The extinction for the S0 f S2 transition was set to 1.0, while for the S2 f Sn transition it was set at 0.3. The
average error for these parameters is∼10%.
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extinction coefficients that depend appreciably on solvent
conditions (e.g., polarity, polarizability).50-52 Hence, influences
from charged amino acids or the exposure of carotenoids from
disrupted LH2 rings into the nonpolar detergent environment
can be excluded. To complicate the study further, both extinction
coefficients and excited-state lifetimes modulate saturation
phenomena. In the simulations presented above with the
inhomogeneous model, the analysis of the time-resolved PP data,
the excited-state lifetimes of S2 and S2* were locked together
with the same time constant (Table 1). Assuming equal
extinction coefficients, an estimated lifetime of∼15 fs is
required for S2 to model the saturation curves in Figure 7A,
which is unreasonably short. If the S2 lifetimes between each
subpopulation were to differ, then an intensity dependence would
be observed in the measured S2 lifetimes, which has not been
previously explored to the authors’ knowledge.

5.2. Two-Photon Model: Excited-State Intricacy.In con-
trast to the inhomogeneous model, the two-photon model does
not require the introduction of inhomogeneity in the ground state
but instead entails the introduction of an additional light-induced
transition occurring within the excitation pulse. If the S2

population, which has a lifetime comparable to the duration of
the excitation pulse, exhibits an ESA that overlaps the 525-nm
excitation wavelength, then the S2 population can be subse-
quently promoted to a higher-lying excited state by the
absorption of a second photon. Presumably, this repumped
population will then be redistributed into the lower singlet state
manifold (assuming no photochemistry occurs, e.g., ionization).
If the S1/S* branching ratio in this redistribution differs from
that observed after excitation to the lower vibrational levels of
S2, then, because of the multiphoton nature of this mechanism,
the excitation-intensity dependencies of the S1/S* populations
will differ. It is noteworthy that in this case, due to the excessive
amount of thermal energy, the S* state may undergo some
vibrational relaxation like the S1 state,7,8 which has not been
observed before; however this would only be observed after
mapping the excitation-dependence of the dynamics of rhodopin
glucoside at early times and not just the 4-ps transient absorption
spectrum (Figure 4).

It should be noted that only a true nonresonant two-photon
transition will exhibit a quadratic power dependence and that
any additional complexity and/or transitions (e.g., introducing
an electronic state between the absorption of the two photons)
will produce more a complex nonquadratic excitation-intensity
dependence.26,53 Once an underlying kinetic model is adopted,
the corresponding excitation-intensity dependence can then be
simulated, either numerically or analytically. The resulting
power dependences for the two-photon model considered here
are shown in Figure 7.

It is difficult to confirm the existence of the S2 ESA transition
from PP measurements alone, because its observation is
obscured by the strong negative GSB and SE signals in this
spectral region and is further complicated by the short (<100
fs) lifetime of the S2 state.28 However, it is clear that for many
carotenoids in solution the GSB band does not follow the
absorption spectrum exactly and is often zero at wavelengths
where there is still a clear ground-state absorption (Supporting
Information), which is clearer for spectra measured at later times
than the S2 lifetime. The deviation of the GSB signal from the
ground-state absorption spectrum indicates that there is an
overlapping ESA signal with an excitation that is comparable
with the ground-state extinction.17 It is not surprising that a weak
ESA would overlap with the spectrum of the 525-nm excitation
pulses as required within the two-photon model. To fit the data

with the numerical simulations of this model (Table 3), the
amplitude of the ESA needs only to be∼30 ( 5% of the
amplitude of ground-state absorption, which is certainly possible.
In principle, the structure and amplitude of the ESA of S2 can
be examined by probing the intensity dependence of the PP
signals after exciting at different wavelengths. Thus, an optimal
wavelength can be identified that would minimize interfering
contributions to the PP signals. Unfortunately, the ESA bands
of carotenoids are typically quite broad, and such a complicated
experiment may not necessarily yield positive results.

The decay of the higher, Sn, states in carotenoids appears to
be extremely rapid; in previous pump-probe54 and pump-
repump-probe17,31,39,55experiments the higher-lying electronic
state that was directly populated was not observed directly;
consequently little can be said about its properties. Moreover,
the consequences of exciting carotenoids beyond the S2 state,
either via multiple excitations or with higher-energy photons,
will vary depending on the excitation energies and the involved
transitions (e.g., ionization or rapid IC). The dependence of the
excited-state relaxation dynamics of carotenoids on the excita-
tion wavelength has only been studied in solution, where the
excitation of additional molecules (i.e., BChls) is avoided.
Peridinin exhibits a pronounced dependence of its relaxation
properties on the excitation wavelength when dissolved in protic
solvents19,20but should not be considered typical because of its
uniquely complex structure. Previously, it was shown that the
excitation ofâ-carotene on the blue edge of its S2 absorption
led to the population of an excited state, Sq, in parallel with
S1.55 Even though Sq has properties not too dissimilar from the
S* state, their possible relationship was not established. Recent
PP measurements on zeaxanthin54 using excitation at different
wavelengths showed that high-energy excitation produces
transient spectra indicative of enhanced S* population. Both
studies have suggested that high-energy excitation involves
overcoming a barrier along a conformational coordinate that
preferentially favors the population of the Sq/S* states. This
mechanism that might also be responsible for our observations
and is not ruled out by the modeling (e.g., overcoming an
energetic barrier for twisting of the molecule while relaxing
from the higher states). Within the framework of the two-photon
model, we do not distinguish whether the branching that favors
S* occurs on the Sn state or at higher vibrational levels of the
S2 state, which are populated after the relaxation of the Sn state.
Although the former scenario was explicitly incorporated into
the model for fitting to the measured data (since the Sn state is
never really observed), these two possibilities are effectively
identical.

Adopting this two-photon model has implications for the
interpretation of signals from other ultrafast studies on caro-
tenoids, either in proteins or isolated in solution. The existence
of a resonantly enhanced multiphoton process (which occurs
when an ESA overlaps with the excitation pulse, both temporally
and spectrally) implies that in ultrafast spectroscopies the
repumping of a portion of the S2 population will contribute to
the signals. This is unique to ultrafast measurements where the
peak excitation intensities are high, and may result in the
observation of different intensity-dependent properties (e.g.,
spectral aspects, kinetics, or population branching yields). This
ability to double pump carotenoids in ultrafast experiments
allows for the possibility to induce ionization reactions.26,39,53

In cases that the total excitation energy is not sufficient for
ionization, other phenomena may be observed. For example, in
the Cerullo et al. study of the ultrafast relaxation ofâ-carotene
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in solution,56 a new state, “Sx”, was observed, which was
interpreted as an intermediate state between S2 and S1. Within
the two-photon model this may be reinterpreted; the Sx state
can be ascribed to an S2 population that is repumped by the
intense and ultra-broad excitation pulse; as it is trickling down
the excited-state manifold and reaches the S2 state, this
population may exhibit a significantly red-shifted ESA spectrum
due to its highly vibrationally excited nature. This is similar to
the vibrational relaxation observed in the nascent S1 population
following IC from S2,7,8 which has significantly less excess
energy (∼5000 cm-1) than the repumped S2 population (∼20 000
cm-1).

Although both the inhomogeneous and the two-photon models
adequately describe the measured intensity-dependent and time-
resolved data, the feasibility of the parameters extracted from
the two models requires addressing. While inhomogeneity has
been observed and predicted in several LH2 complexes, the
observed 70% greater extinction coefficient predicted for one
subpopulation without any change in the absorption spectrum
is doubtful (although not necessarily impossible). In contrast,
the presence of an ESA that allows the repumping of the S2

population to higher electronic state within the excitation pulse
is more plausible, and a similar multipump phenomenon has
been observed in dispersed PP signals from other biological
systems.26,57 Moreover, a 30% amplitude of the ESA relative
to the GSB is sufficiently small to not be clearly observed.
Although neither model can be definitively excluded, we feel
the two-photon model is a more likely candidate for the
appropriate LH2 model. This model is subsequently adopted in
paper 2 of this series to reinterpret recent optical control
experiments.

6. Concluding Comments

Carrying out excitation-intensity-dependent PP measurements
has allowed us to gain further insight into the light-induced
dynamics of the LH2 complex ofRps. acidophila. We have
observed that the population ratio of the S1 and S* states depends
on the intensity of excitation, an observation in itself important
for realizing how difficult it may be to interpret simple transient
absorption measurements. It is not possible to explain this
observation within the previously used model to describe
carotenoid dynamics from time-resolved measurements because
it describes carotenoids as a uniform population or neglects the
possibility for resonantly enhanced two-photon transitions that
affect branching ratios. We have constructed two new models
to describe the excitation-intensity dependence pump-probe
experiments.

In the first model, the generation of S1 and S* populations
within the rhodopin glucoside carotenoid in the LH2 ofRps.
acidophila (and other bacterial light-harvesting complexes) is
dictated by a ground-state inhomogeneity. Although the nature
of such inhomogeneity is uncertain, it appears to be dynamic,
not static (spectral), and hence may not necessarily be observed
in many “traditional” inhomogeneity-sensitive experiments (e.g.,
excitation wavelength dependence studies), which are difficult
to perform in the presence of other pigments, as in the LH
complexes. The second model differs from the original one in
that it includes a resonantly enhanced transfer of population,
by the excitation pulse, from the S2 state to a higher state,
leading to a redistribution of the excited-state population that
favors S* formation.

Even though we cannot decide for one of the two proposed
models from the PP data presented here, we postulate that in
both cases the conformation of the carotenoid plays a significant

role. In the case of ground-state inhomogeneity, as was already
shown, small deviations from planar configuration affect the
S* yield.16 In the case of two-photon excitation, it seems quite
likely that the excess excitation energy allows the molecule to
access different minima along a conformational coordinate,
which lead to different relaxation pathways. Consequently,
attempts to understand the nature and generation of S*, or other
carotenoid “dark” states, should address the role of conformation
as well as protein-carotenoid interactions.

It should be noted that although the intensity-dependent PP
signals presented here cannot distinguish between the applicabil-
ity of the inhomogeneous and two-photon models for the studied
LH2 systems, one should be able to distinguish between these
models with additional secondary measurements. Theoretically,
the two models would exhibit different (single-beam) intensity
dependences with respect to the observed excitation-pulse
transmission. For the saturation model, the predicted pump
intensity will lead to anincreasedtransmission (after the sample)
at elevated excitation intensities, while for the two-photon
model, adecreasein pump transmission is expected since the
ESA transition will absorb more photons at elevated excitation
intensities. Performing such experiments requires the choreo-
graphing of the dispersed PP signals with the pump pulse
transmission intensities, and such experiments are currently in
preparation.

Irrespective of which model is applicable, we show that the
application of either model, when modified with a proper
description of annihilation dynamics (within the B850 popula-
tion), can be used to interpret and dissect complex pulse
sequences obtained from coherent control studies on LH2. This
is the subject of the following paper in this series.
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Note Added in Proof: Two new observations lend support
to the two-photon model. Kosumi et al. (Phys. ReV. Lett.2005,
95, 213601) have recently postulated a three-state model for
explaining the transient cross-phase modulation artifact in
dispersed PP measurements for theâ-carotene carotenoid in
cyclohexane, which is qualitatively similar to the two-photon
model proposed here. Furthermore, it has been observed that
the putative ascribed cis carotenoid observed in X-ray crystal-
lography is not a carotenoid but is really a detergent molecule
(Dr. Miroslav Papiz, personal communication). Any observed
inhomogeneity therefore cannot be ascribed to this source.
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