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ABSTRACT: The spectroscopic properties and dynamics of the excited states of two
diﬀerent synthetic analogues of peridinin were investigated as a function of solvent
polarity using steady-state absorption, ﬂuorescence, and ultrafast time-resolved optical
spectroscopy. The analogues are denoted S-1- and S-2-peridinin and diﬀer from
naturally occurring peridinin in the location of the lactone ring and its associated
carbonyl group, known to be obligatory for the observation of a solvent dependence of
the lifetime of the S1 state of carotenoids. Relative to peridinin, S-1- and S-2-peridinin
have their lactone rings two and four carbons more toward the center of the π-electron
system of conjugated carbon−carbon double bonds, respectively. The present
experimental results show that as the polarity of the solvent increases, the steadystate spectra of the molecules broaden, and the lowest excited state lifetime of S-1peridinin changes from ∼155 to ∼17 ps which is similar to the magnitude of the eﬀect
reported for peridinin. The solvent-induced change in the lowest excited state lifetime
of S-2-peridinin is much smaller and changes only from ∼90 to ∼67 ps as the solvent
polarity is increased. These results are interpreted in terms of an intramolecular charge transfer (ICT) state that is formed readily
in peridinin and S-1-peridinin, but not in S-2-peridinin. Quantum mechanical computations reveal the critical factors required for
the formation of the ICT state and the associated solvent-modulated eﬀects on the spectra and dynamics of these molecules and
other carbonyl-containing carotenoids and polyenes. The factors are the magnitude and orientation of the ground- and excitedstate dipole moments which must be suitable to generate suﬃcient mixing of the lowest two excited singlet states.

■

INTRODUCTION
Correlating the excited-state spectra and dynamics with the
molecular structures of carotenoids is of critical importance in
understanding how these molecules function in nature as lightharvesting components of photosynthetic pigment−protein
complexes. The lowest-lying excited state, S1, of carotenoids is a
state into which a one-photon transition from the ground state,
S0, is forbidden. This is because both S0 and S1 are
characterized by the same Ag− irreducible representation, and
quantum mechanical selection rules require a change in both
symmetry (g/u) and parity (+/−) for the S0 → S1 transition to
be allowed.1−6 However, a one-photon transition between S0
and the S2 state which has Bu+ symmetry is strongly allowed
and responsible for the intense visible absorption bands of
carotenoids.7 Carotenoids containing a carbonyl group in
conjugation with the conjugated π-electron system of carbon−
carbon double bonds show a strong dependence of solvent
environment on the lifetime of the S1 state.8,9 Carotenoids
lacking a conjugated carbonyl group do not show this behavior.
The eﬀect has been rationalized in terms of an intramolecular
charge transfer (ICT) state that is formed due to the presence
of the carbonyl group and coupled to the S1 state. It is thought
© 2012 American Chemical Society

that the energy of the ICT state can be either stabilized or
destabilized relative to the S1 state depending on the polarity of
the solvent environment, thereby aﬀecting the excited-state
spectra and dynamics of the molecule.8,9 This behavior is
exempliﬁed by peridinin which is a highly substituted, naturally
occurring carotenoid found in the light-harvesting pigment−
protein complexes of many dinoﬂagellates.10,11 Peridinin
possesses a carbonyl group in a lactone ring attached to the
polyene chain between carbon positions 9 and 11 (Figure 1A).
The S1 lifetime of peridinin has been reported to be ∼175 ps in
nonpolar solvents and to drop to ∼10 ps in highly polar
solvents (Table 1).8,12 The idea of a solvent polarity-induced
modulation of the energy of the ICT state relative to S1 has
been supported by both theoretical computations13 and
experiments not only on peridinin, but on several other
carbonyl-containing carotenoids and polyenals.12,14−22 However, it remains uncertain whether the ICT state is quantum
mechanically mixed with S1,12,23 a separate electronic state from
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Figure 1. (A) Structures of peridinin and analogues and (B) ground-state vacuum geometries of the model chromophores used to represent
peridinin, S-1-peridinin, and S-2-peridinin in the theoretical studies. Ground-state (vacuum) dipole moment vectors and magnitudes are shown.
Geometries and dipole moments were generated using B3LYP/6-31G(d) density functional methods.

employing a YMC-Carotenoid C30 column (250 × 4.6 mm
with 5 μM particle size) and an isocratic mobile phase
consisting of acetonitrile/methanol/water (87/10/3, v/v/v) at
a ﬂow rate of 0.8 mL/min. S-1- and S-2-peridinin eluted in
separate runs at 19 ± 1 and 20 ± 1 min, respectively. The
molecules were collected from the HPLC, dried under a gentle
stream of nitrogen gas, and stored at −80 °C until ready for use
in the spectroscopic experiments.
Steady-State Absorption and Fluorescence. For the
spectroscopic measurements, S-1- and S-2-peridinin were
dissolved in solvents having diﬀerent polarities, P(ε), but
similar polarizabilities, P(n). The solvents were the following: nhexane (P(ε) = 0.229, P(n) = 0.228), methyl tert-butyl ether
(MTBE, P(ε) = 0.350, P(n) = 0.226), ethyl acetate (P(ε) =
0.626, P(n) = 0.226), 2-propanol (P(ε) = 0.852, P(n) = 0.230),
and methanol (P(ε) = 0.913, P(n) = 0.203). Steady-state
absorption spectra were measured on a Varian Cary 50 UV−
visible spectrometer. Fluorescence spectra were recorded on a
Jobin-Yvon Horiba Fluorolog-3 model FL3-22 equipped with
double monochromators having 1200 grooves/mm gratings, a
Hamamatsu R928P photomultiplier tube detector, and a 450 W
ozone-free Osram XBO xenon arc lamp. The sample
ﬂuorescence was detected at a right angle relative to the
excitation light set at 476 nm. The emission spectra were
corrected for the instrumental response using a ﬁle generated
from a standard lamp. The emission and excitation bandwidths
were set at 5 nm. All measurements were done at room
temperature.
Transient Absorption Spectroscopy. Transient absorption spectra were recorded at room temperature on a
femtosecond transient absorption spectrometer system based
on a Ti:sapphire ampliﬁer pumped by a Nd:YLF laser at a
repetition rate of 1 kHz as reported previously.30 The samples
were adjusted to an optical density between 0.4 and 0.6 in a 2
mm path length cuvette at the excitation wavelength set at 483

S1,8,13,24,25 or simply the S1 state with a large intrinsic dipole
moment brought about by mixing with the second excited
single state, S2 (also denoted the 11Bu+ state).26
In an attempt to pinpoint the precise structural features that
give rise to the solvent dependence of the excited-state
dynamics of peridinin, and to test the various models for the
nature of the ICT state, we have undertaken an investigation of
synthetic peridinins having altered π-electron-conjugated chain
lengths and diﬀerent functional groups relative to those found
in naturally occurring peridinin.27−29 In the present work, we
investigated two peridinin analogues denoted S-1- and S-2peridinin (Figure 1A) in which the lactone ring and its
associated carbonyl group, known to be obligatory for the
solvent dependence of the lifetime of the S1 state, is positioned
at diﬀerent locations along the conjugated polyene chain.
Ultrafast time-resolved spectroscopic experiments on these
molecules show that the position of the carbonyl group is
critical for determining the magnitude of the eﬀect of solvent
environment on the lifetime of the S1 excited state. Quantum
mechanical computations demonstrate that the orientation of
the ground-state dipole moment is critical for inducing “1Ag−”
and “1Bu+” state mixing suﬃcient to form the ICT state. The
experimental and computational results address the molecular
nature of the ICT state and reveal the source of the solvent
polarity-induced modulation of the S1 excited-state lifetime.

■

MATERIALS AND METHODS

Sample Preparation. S-1-Peridinin and S-2-peridinin were
synthesized according to a procedure to be reported in a future
publication, and were obtained as dried samples. Prior to the
spectroscopic measurements, the samples were puriﬁed using
high-performance liquid chromatography (HPLC) using a
Millipore Waters 600E HPLC instrument equipped with a
Waters 996 single diode-array detector. The samples were
dissolved separately in acetonitrile and injected into the system
10749
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Computational Methods. All calculations were carried out
on the model chromophores shown in Figure 1B. These model
compounds include the entire polyene chain as well as all
substitutions along the polyene chain. The large β-rings,
however, are excluded. Comparison of transition energies
calculated for the full chromophore versus the model
chromophore indicates that the level ordering of the four
lowest excited singlet states is unaﬀected by exclusion of the
rings (see Figure S1 in the Supporting Information). The
signiﬁcant advantage aﬀorded by the use of these model
compounds includes not only a smaller size but also Cs
symmetry. The combination reduces computation time by a
factor of 50 for the time-consuming equation of motion
coupled cluster singles with doubles (EOM-CCSD) calculations, and makes solvent calculations tractable.
Ground-state geometries were generated using B3LYP/631G(d) methods as implemented in Gaussian 09. Excited-state
geometries were generated using conﬁguration interaction
single (CIS) methods, with an 8 ﬁlled × 8 virtual molecular
orbital (MO) active space.31 The eﬀect of solvent environment
was simulated using the polarizable continuum model
(PCM).32−35 We found that a combination of CIS and PCM
methods provided the most reliable method of generating
excited-state geometries in the solvent environment.32−34
Spectroscopic properties were calculated using EOM-CCSD
methods.36−38 The EOM-CCSD methods work well in
conjunction with PCM solvent eﬀects.32 We also explored
the dipolar properties of the excited states by symmetryadapted clustered conﬁguration interaction (SAC-CI) methods.39−41

Table 1. Lifetimes of the Kinetic Components Associated
with the Deactivation of the Excited States of Peridinin, S-1Peridinin and S-2-Peridinina,b,c
lifetime
molecule
peridinin

solvent
n-hexane
MTBE
ethyl acetate
2-propanol
methanol

S-1-peridinin

S-2-peridinin

n-hexane
MTBE
ethyl acetate
2-propanol
methanol
n-hexane
MTBE
ethyl acetate
2-propanol
methanol

τ1/fs
<170
<170
<170
<170
<170
<170
<170
<170
<170
<170
<150
<150
180 ±
170 ±
240 ±
180 ±
150 ±
150 ±
<150
<150
<150
<150d

30
30
40
50d
30
30

τ2/ps
1.4
8
5
4
3.0
3.6
5
2.1
1.5
1.2
0.9
3.4
6.3
10
5.7
5.3
1.9
0.7
2.0
1.0
0.6
3.0

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.6
2
1
1
0.3
0.3
1
0.4
0.3
0.1
0.4
0.4
0.6
3
0.5
0.6d
0.5
0.3
0.6
0.4
0.2
0.5d

τ3/ps
186
186
185
180
88
88
54
46
11
9
155
156
132
70
16
18
88
91
91
90
64
69

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

6
10
10
10
2
2
3
1
1
1
5
6
4
4
1
2d
4
4
3
3
4
5d

a

The uncertainties in the numbers were determined from an
examination of the region of solution for each ﬁtted parameter
based on the values of the residuals. bThe results on peridinin were
taken from Niedzwiedzki et al.28 and were measured at the wavelength
corresponding to the maximum in the transient absorption bands of
the S1 → Sn (ﬁrst row of values) and ICT → Sn (second row of values)
transitions. cThe results on S-1-peridinin and S-2-peridinin were
obtained from a global ﬁtting analysis as described in the text and were
measured in the visible spectral region (see Figure S2 in the
Supporting Information) unless otherwise noted. dGlobal ﬁtting
results derived from transient absorption measurements in the NIR
spectral region (see Figure S3C,D in the Supporting Information).

■

RESULTS
Steady-state absorption spectra of peridinin and S-1- and S-2peridinin in solvents having diﬀerent polarities are shown in
Figure 2. The ﬁgure shows that the (0−0) spectral origin band
of the strongly allowed S0(11Ag−) → S2(11Bu+) transition of S-

nm for all the transient absorption measurements in the visible
and near-IR (NIR) spectral regions. The pump laser beam was
set to an energy of 1 μJ/pulse and a spot size of 1 mm diameter,
corresponding to an intensity of ∼3.1 × 1014 photons/cm2 per
pulse. The transient signals were recorded as an average over 5
s. A 2048-pixel array charge-coupled detector (CCD) from
Ocean Optics was used for detection of transient signals in the
visible spectral region. A 512-pixel array SU-LDV Digital Line
Scan Camera from Sensors Unlimited was used for detection in
the NIR region. The samples were mixed continuously with a
magnetic microstirrer during the transient absorption measurements. Steady-state absorption spectra were taken before and
after measurements to ensure no photodegradation occurred
during the course of the experiment. The transient data were
subtracted with background or scattered excitation light and
corrected with chirp due to the probe pulse using Surface
Xplorer Pro (v.1.2.2.26) software. Global ﬁtting analysis on the
basis of a sequential decay model was carried out using ASUﬁt
version 3.0 software made available by Dr. Evaldas Katilius
(Arizona State University). The quality of ﬁt was checked based
on minimization of the residuals plot and chi squared (χ2)
value.

Figure 2. Steady-state absorption (Ab) and ﬂuorescence (Fl) spectra
of peridinin (black lines), S-1-peridinin (red lines), and S-2-peridinin
(green lines) recorded in diﬀerent solvents at room temperature. The
spectra were normalized to each other. Asterisks indicate the (0−0)
vibrational bands of the S1 → S0 ﬂuorescence in n-hexane.
10750
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1-peridinin and S-2-peridinin in the nonpolar solvent, n-hexane,
is blue-shifted 7 and 9 nm, respectively, relative to the spectral
origin of peridinin. Also, in n-hexane, the molecules exhibit
resolved vibrational features in the absorption spectral line
shapes (Figure 2), but the relative intensities of the vibronic
bands are diﬀerent. The Franck−Condon maximum in the
absorption spectrum of peridinin corresponds to the 0−1
vibrational band, whereas the most prominent band in the
absorption spectra of S-1-peridinin and S-2-peridinin is the 0−0
band. This diﬀerence in intensity of the vibronic bands
indicates that there is less of a shift of the S2 potential energy
surface relative to the ground S0 state for S-1-peridinin and S-2peridinin compared to naturally occurring peridinin. However,
as the polarity of the solvent increases, the vibrational structure
in the absorption spectra becomes less evident, and for
peridinin and S-1-peridinin dissolved in the most polar solvent,
methanol, the features are broadened and completely
unresolved. This behavior is typical of carotenoids containing
a carbonyl group. However, S-2-peridinin in methanol retains a
very small but noticeable amount of vibronic resolution in its
absorption spectrum (Figure 2). Thus, moving the lactone ring
toward the center of the conjugated π-electron chain results in a
slight increase in the energy of the S0 → S2 transition (for both
S-1- and S-2-peridinin) and a modest improvement in the
vibronic resolution of the spectrum (for S-2 peridinin only)
relative to peridinin.
As seen in the absorption spectra, a blue shift is observed in
the ﬂuorescence proﬁles of S-1- and S-2-peridinin relative to
that of peridinin, and the spectra broaden and lose vibronic
resolution as the polarity of the solvent increases (Figure 2).
The prominent emission bands observed in the visible region
from all the molecules correspond to ﬂuorescence from the S1
state. The dominance of S1 emission over S2 emission is
characteristic of carotenoids having less than eight conjugated
carbon−carbon double bonds.42−44 However, the ﬂuorescence
spectra of peridinin and S-1-peridinin in methanol exhibit a
noticeable band at ∼540 nm (bottom right-hand black and red
lines in Figure 2) that can be attributed to ﬂuorescence from
the S2 state. The corresponding band in the ﬂuorescence
spectrum of S-2-peridinin in methanol (bottom right-hand
green line in Figure 2) is signiﬁcantly weaker, and it is also
evident at ∼510 nm in the spectrum of S-2-peridinin in nhexane (top right-hand green line in Figure 2). Whether S2 →
S0 ﬂuorescence appears in the overall emission spectrum
depends on the lifetime of the S2 state, which may be
modulated by changes in the S2−S1 energy gap induced by the
solvent, and further aﬀected by alterations in the molecular
structure of the carotenoid.28,45 A short S2 lifetime driven by
internal conversion to S1 or by populating the ICT state would
lead to a lower probability of observing ﬂuorescence from the
S2 state.28
Transient absorption spectra of S-1- and S-2-peridinin
recorded in the visible region at 0, 0.2, 1, 20, and 100 ps
time delays are shown in Figure 3. The samples were excited
into the (0−0) vibrational bands of their S0 → S2 transitions.
The transient spectra exhibit ground-state bleaching of the
steady-state absorption in the 450−500 nm wavelength region
and a buildup of excited-state absorption (ESA) starting at 500
nm and extending as far out as 800 nm depending on the
molecule and the solvent. For S-1-peridinin in the nonpolar
solvent, n-hexane (Figure 3A), the major ESA band reaches a
maximum at ∼1 ps at a wavelength of ∼525 nm and is
associated with a strongly allowed S1 → Sn transition. However,

Figure 3. Transient absorption spectra in the visible region of S-1peridinin and S-2-peridinin recorded in diﬀerent solvents at room
temperature at 0, 0.2, 1, 20, and 100 ps time delays. The excitation
wavelength of the samples was 483 nm.

as the polarity of the solvent increases (Figure 3B−E), the
buildup of a lower energy ESA band in this time domain at
∼610 nm is evident. This band is attributed to an ICT → Sn
transition which has been reported to be present in the ESA
spectra of carbonyl-containing carotenoids recorded in polar
solvents.8,9,16,46 The ICT → Sn spectral feature becomes much
more pronounced and merges with the S1 → Sn band as the
solvent polarity increases. In the most polar solvent, methanol,
the ESA spectrum of S-1-peridinin taken at a 1 ps delay (green
line in Figure 3E) appears almost entirely as single broad band.
For S-2-peridinin in n-hexane, MTBE, ethyl acetate, and 2propanol (Figure 3F−I), the major ESA signal at 1 ps is
characterized by a strong band peaking at ∼540 nm attributed
to the S1 → Sn transition. Also, in the solvents, MTBE, ethyl
acetate, and 2-propanol, a shoulder at ∼560 nm is evident in
the transient absorption spectra. This spectral feature may be
associated with the ICT → Sn transition, and it is signiﬁcantly
blue-shifted from ∼610 nm as seen for S-1-peridinin. The
transient absorption of S-2-peridinin in methanol (Figure 3J) is
characterized by a broad, asymmetric band, due to the fact that
the S1 → Sn and ICT → Sn transitions have coalesced.
Figure S2 in the Supporting Information shows the results of
a global analysis of the spectral and temporal data sets in the
visible region for S-1-peridinin and S-2-peridinin ﬁt to a
sequential decay model. The ﬁtting results in evolutionassociated diﬀerence spectra (EADS). In all cases, three decay
components were required to obtain a good ﬁt to data based on
a minimization of the residuals plot and χ2 value. The kinetic
lifetimes obtained from the global analysis are summarized in
Table 1. The fastest EADS component (black lines in Figure
S2) is associated with the lifetime of the S2 excited state and is
characterized by the onset of a bleaching of the S0 → S2 steady10751
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5 overlays the transient features of S-1- and S-2-peridinin in nhexane and methanol taken in the NIR region at a 1 ps time

state absorption and stimulated emission from S2. For S-1peridinin the ﬁrst EADS decayed anywhere from 120 to 240 fs
depending on the solvent, to form the second EADS (red lines
in Figure S2A−E). This second component decayed in 0.9−10
ps depending on the solvent. The third EADS for S-1-peridinin
(green lines in Figure S2A−E), which is generally thought to
correspond to the vibrationally relaxed S 1 /ICT → S n
component, decayed in 155 ps in n-hexane, 156 ps in MTBE,
132 ps in ethyl acetate, 70 ps in 2-propanol, and 16 ps in
methanol.
For S-2-perdinin, the ﬁrst EADS component decayed in
110−150 fs and is associated with the lifetime of its S2 excited
state. This component evolved into the second EADS (red lines
in Figure S2F−J), with lifetimes ranging from 0.6 to 2.0 ps. The
third EADS (green lines in Figure S2F−J) exhibited a value of
90 ± 2 ps in n-hexane, MTBE, ethyl acetate, and 2-propanol
and was slightly shortened to 64 ps in methanol.
Kinetic traces probed at the maximum of the S1 → Sn
transition of S-1- and S-2-peridinin are shown in Figure 4. S-1-

Figure 5. Overlay of the transient absorption spectra of S-1-peridinin
and S-2-peridinin in n-hexane and methanol taken in the NIR region at
a 1 ps time delay after excitation at 483 nm.

delay. From these data it is clear that stimulated emission from
the ICT state is not observed for the molecules dissolved in the
nonpolar solvent, n-hexane, but it is observed when the
molecules are dissolved in the polar solvent, methanol. This
supports the assignment of the emission at ∼900 nm to the
ICT state. However, the amplitude of the ICT state emission of
S-1-peridinin is stronger than that of S-2-peridinin, and is seen
by comparing the traces for the two molecules taken at a 1 ps
delay (Figure S3A,B) prior to any substantial decay of the ICT
state, and also by comparing the third EADS traces (Figure
S3C,D) which are dominated by ICT emission. Both
comparisons suggest that S-1-peridinin has a larger ICT state
population than S-2-peridinin.

■

DISCUSSION
Steady-State Absorption and Fluorescence. The
absorption spectra of S-1-peridinin and S-2-peridinin show
substantial line broadening and loss of vibronic resolution when
the molecules are dissolved in increasingly polar solvents
(Figure 2). This behavior is very similar to that seen for
peridinin (Figure 2) and is characteristic of carotenoids having
a carbonyl group in conjugation with the π-electron
system.16,28,29,47 The spectral broadening can be attributed to
the proliferation of conformational isomers with increasing
polarity of the solvent in which the carotenoid is dissolved. This
occurs because of inhomogeneity imposed by the polar solvent
whereby each spectrum of a member of the ensemble is shifted
by slightly diﬀerent amounts based on the local environment.
The vibronic distribution is also aﬀected by solvent polarity. 26,48,49 A similar phenomenon is observed in the
ﬂuorescence spectra of the molecules (Figure 2). Less vibronic
resolution is observed in the emission spectra of the molecules
dissolved in the more polar solvents, 2-propanol and methanol
(Figure 2), compared to the spectra of the molecules dissolved
in the less polar solvents, n-hexane and MTBE (Figure 2). This
behavior can also be attributed to an increase in the number of
conformational isomers when the carotenoids are dissolved in
polar solvents.
It is interesting to note that, in a given solvent, the spectral
origin (0−0) band of the S0 → S2 absorption spectrum changes
less than 10 nm in going from peridinin to S-1-peridinin to S-2peridinin. For the molecules dissolved in n-hexane, the values
are 485, 478, and 476 nm, respectively (Figure 2), which
suggests that the eﬀective π-electron-conjugated chain lengths
of all three molecules are very similar. This observation stands
in contrast to the signiﬁcant diﬀerence in the position of the
spectral origin in the S1 → S0 ﬂuorescence spectra of the three
molecules. For the molecules dissolved in n-hexane, the (0−0)

Figure 4. Experimental kinetic traces (symbols) monitored at the
maximum wavelength associated with the S1 → Sn transient absorption
with ﬁts (solid lines) obtained from a global analysis. The probe
wavelengths for S-1-peridinin were 524 nm (n-hexane), 530 nm
(MTBE), 536 nm (ethyl acetate), and 555 nm (2-propanol and
methanol). The probe wavelengths for S-2-peridinin were 534 nm (nhexane), 536 nm (MTBE), 539 nm (ethyl acetate), 540 nm (2propanol), and 549 nm (methanol). The amplitudes of the kinetic
traces were normalized to facilitate comparison.

Peridinin displayed a dramatic shortening of the S1 state
lifetime from 155 to 16 ps in going from the nonpolar solvent,
n-hexane, to the most polar solvent, methanol. S-2-Peridinin,
on the other hand, displayed only a very weak dependence of
solvent on the S1 excited-state lifetime, which changed from 88
ps in n-hexane to 64 ps in methanol.
To further investigate the nature of the ICT state, the
transient spectra of S-1-peridinin and S-2-peridinin were
recorded in the NIR region from 850 to 1300 nm. Transient
data taken at diﬀerent time delays for the molecules dissolved
in methanol, and the corresponding EADS resulting from a
global ﬁtting analysis, are shown in Figure S3 in the Supporting
Information. The results of the kinetic analysis in the NIR
reveal that the lifetimes are consistent with those obtained from
spectra recorded in the visible region (Table 1). The transient
spectra in the NIR for both molecules were dominated by a
negative band at ∼900 nm which is the feature typically
associated with stimulated emission from the ICT state. Figure
10752
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band blue-shifts from 615 nm to 585 nm to 555 nm for
peridinin, S-1-peridinin, and S-2-peridinin, respectively (Figure
2). Thus, the energy of the S1 state is much more profoundly
aﬀected by the position of the lactone ring along the polyene
chain of the structure than is the energy of the S2 state. The S1
state shifts to higher energy as the lactone ring moves toward
the geometric center of the molecule. This experimental
observation is reproduced in the theoretical calculations
discussed in detail below.
Excited-State Spectra and Dynamics. For the molecules
dissolved in the nonpolar solvent, n-hexane, although the S1
state energy increases in going from peridinin to S-1-peridinin
to S-2-peridinin, the lifetime of the S1 state decreases from 186
ps to 155 ps to 88 ps for the molecules in this same order
(Table 1). This trend is precisely the opposite of that expected
for carotenoids based on the energy gap law for radiationless
transitions.28,50,51 Thus, the present data suggest that factors
other than the energy of the S1 state are controlling the
dynamics of this state. These factors most likely involve the
ICT state.
It is observed that, as the polarity of the solvent in which the
carotenoid is dissolved increases, the S1 lifetime decreases. This
eﬀect is substantial for peridinin and S-1-peridinin, but much
less for S-2-peridinin (Table 1). Previous work has attributed
the trends in the dynamics of the lowest-lying excited state of
carbonyl-containing carotenoids to the relative positions of the
S1 and ICT excited states which can change as a function of πelectron chain length and solvent polarity.28 Alterations in the
π-electron conjugation aﬀect primarily the S1 energy, whereas
the polarity of the solvent modulates the position of the ICT
state. As the polarity of the solvent increases, the ICT state
becomes stabilized, and in many cases falls below that of the S1
state, opening up a new avenue for nonradiative deactivation of
the S1 state. The present kinetic data suggest that either
stabilization of the ICT state is occurring for S-1-peridinin, and
much less so for S-2-peridinin, or that the formation of the ICT
state of S-2-peridinin is somehow otherwise inhibited. In any
case, the precise π-electron conﬁguration and the nature of the
solvent must be considered simultaneously to fully interpret the
excited-state spectra and dynamics of these molecules.
Modeling the ICT State in S-1- and S-2-Peridinin. In
order to address the molecular nature of the ICT state, we
explored the hypothesis that in peridinin it is an evolved state
formed via interaction of the lowest-excited singlet state with a
polar solvent environment.52 The ﬁrst excited singlet state
geometries were minimized in n-hexane and methanol using the
CIS and PCM methods. (See the Computational Methods
details in the Materials and Methods section.) We then
calculated the transition energies and oscillator strengths using
EOM-CCSD theory.36−38 The EOM-CCSD results are
presented in Figures 6 (n-hexane) and 7 (methanol). The
experimental results indicate that the ICT state is only formed
in polar solvent and, furthermore, that a pure ICT state is only
observed in peridinin and S-1-peridinin. As shown in Figure 6,
the calculations predict that all three chromophores have
lowest-lying forbidden states in n-hexane. As we will explore in
more detail below, the relaxation process involves a bond order
shift which previous studies indicate would be complete in less
than 100 fs.47 Thus, we can assume that ﬂuorescence occurs
from the relaxed S1 state. The model compound calculations
shown in Figure 6 predict oscillator strengths of 0.02, 0.05, and
0.23 for peridinin, S-1-peridinin and S-2-peridinin. These values
are consistent with an inverse relationship with the lifetimes

Figure 6. Properties of the excited-state manifolds of peridinin, S-1peridinin, and S-2-peridinin calculated in n-hexane (ε = 1.8819) on
EOM-CCSD theory. The EOM-CCSD calculations used a 16 × 16
molecular orbital active space and are referenced to the partially
correlated MP3 ground state. Calculations were carried out for the
ground-state geometry in n-hexane (FC = Franck−Condon geometry,
rlxd = S1-relaxed) and for the ﬁrst excited singlet state relaxed
geometry in n-hexane. The lowest excited singlet state geometries were
calculated by using single CI methods and an 8 × 8 active space and
PCM solvent methods. Calculations were based on the model
compounds shown in Figure 1B.

Figure 7. Properties of the excited-state manifolds of peridinin, S-1peridinin, and S-2-peridinin calculated in methanol (ε = 32.613) based
on EOM-CCSD theory. The EOM-CCSD calculations used a 16 × 16
molecular orbital active space and are referenced to the partially
correlated MP3 ground state. Calculations were carried out for the
ground-state geometry in methanol (FC = Franck−Condon geometry,
rlxd = S1-relaxed) and for the ﬁrst excited singlet state relaxed
geometry in n-hexane. The lowest excited singlet state geometries were
calculated by using single CI methods and an 8 × 8 active space and
PCM solvent methods. Calculations were based on the model
compounds shown in Figure 1B.

shown in the last column of Table 1, which are 186, 155, and
88 ps, respectively. The corresponding values for methanol
from Figure 7 are 1.359 (11 ps), 1.390 (16 ps), and 1.060 (64
10753
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Figure 8. Comparison of the dipolar and conﬁgurational characteristics of the low-lying excited singlet states in peridinin (left) and S-2-peridinin
(right) for the relaxed S1 geometries in methanol. The properties were calculated using SAC-CI methods including full single and partial double
conﬁguration interaction using level three integral selection. The eﬀect of solvent was calculated using PCM methods (see text). Calculations were
based on the model compounds shown in Figure 1B.

the ground-state dipole moment should be as large as possible.
This goal is achieved to a maximal extent in peridinin, and
poorly achieved in S-2-peridinin. S-1-Peridinin represents an
intermediate case. Formation of the ICT state must be
accomplished in less than 100 fs based on experimental
observation (see above). Thus, the excited-state solvent
distribution must be nearly identical to the ground-state
distribution to achieve the <100 fs goal. This observation
explains why the ground- and excited-state dipole moments
must be nearly coaligned for eﬃcient formation of the ICT
state.
Molecular Rearrangements in the ICT State. The
formation of the ICT state involves bond order reversal near
the center of the polyene chain. The key bond lengths in the
lowest excited singlet states of the model compounds of
peridinin, S-1-peridinin and S-2-peridinin are shown in Figure
9, where the arrows indicate bonds, which have shortened upon
relaxation into the S1 equilibrium geometry. Note that all of the
bond order reversals take place between the β-carbon of the
lactone ring (the carbon atom within the polyene chain closest
to the carbonyl group) and C13 (Figure 9). The electronic
origins of these constraints are associated with the nature of the
LUMO orbitals, and the role that the lactone ring plays in
mediating these orbitals. This observation follows from the fact
that the dominant conﬁguration of the lowest-lying relaxed
singlet state is a HOMO → LUMO single excitation, and it is

ps) for the oscillator strength and lifetime in parentheses.
Again, we observe an inverse relationship. It should be noted
that if we use the Franck−Condon oscillator strength (FC in
Figures 6 and 7), we get a very poor agreement with
experiment. These results justify the comparison of the
experimental data with the relaxed S1 results and provide
support for our methods and theoretical procedures.
Conﬁgurational analysis of the EOM-CCSD calculations
indicates that in methanol, peridinin and S-1-peridinin form a
lowest-lying ICT state but that S-2-peridinin retains the
standard level ordering of a lowest-lying “1Ag−” state (Figure
7). Polar solvent does increase the mixing of the “1Ag−” and
“1Bu+” states in S-2-peridinin which is a prerequisite to the
formation of the ICT state.
The molecular origins of the above diﬀerences and the eﬀect
of solvent on the dynamics can be attributed to the directions
and magnitudes of the ground- and excited-state dipole
moments. To explore this issue in quantitative detail, we used
SAC-CI methods to calculate the dipolar properties of the
chromophores. The results for peridinin and S-2-peridinin,
based on the model compounds (Figure 1B), are shown in
Figure 8. These results are associated with the static groundstate dipole moments shown in Figure 1B. First, the position of
the lactone ring has an important inﬂuence on the magnitude
and direction of the ground-state and excited-state dipole
moments. For optimal ICT state formation, the ground- and
excited-state dipole moments should be aligned identically and
10754
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The primary reason is that the ground-state dipole moment is
smaller and directed nearly orthogonal to the long axis of the
chromophore (Figure 1B). This observation leads to a poorly
prepared solvent ﬁeld that does not provide the necessary
electrostatic support for ICT state formation. Second, although
the relaxed excited singlet state of S-2-peridinin has a dipole
moment with an appropriate directional component, the
magnitude is lower by 17 D than that generated by the relaxed
excited singlet state of peridinin (Figure 8). Thus, the S-2
chromophore is not capable of generating a suﬃcient reaction
ﬁeld to induce the strong “1Ag−” and “1Bu+” state mixing that
yields the ICT state.
These data provide a rationale for the formation of the ICT
state and the solvent-modulated eﬀect on the excited-state
lifetime of peridinin. The critical factors are the magnitude and
orientation of the ground- and excited-state dipole moments
which must be of adequate size and in the right direction to
induce suﬃcient mixing of excited-state conﬁgurations for the
formation of the ICT state that is unique to carbonylcontaining carotenoids and polyenes.

■

ASSOCIATED CONTENT

* Supporting Information
S

Comparison of the ground states of the model compounds in
methanol based on DFT (B3LYP/6-31G(d)) methods, EADS
in the visible region, and transient absorption spectra and
EADS in the NIR region. This material is available free of
charge via the Internet at http://pubs.acs.org.

Figure 9. Comparison of the excited-state relaxed geometries of the
model compounds in methanol based on Hartree−Fock CIS methods
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