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Abstract

The structures of a number of stereoisomers of carotenoids have been revealed in three-dimensional
X-ray crystallographic investigations of pigment-protein complexes from photosynthetic organisms.
Despite these structural elucidations, the reason for the presence of stereoisomers in these systems
is not well understood. An important unresolved issue is whether the natural selection of geometric
isomers of carotenoids in photosynthetic pigment-protein complexes is determined by the structure
of the protein binding site or by the need for the organism to accomplish a specific physiological
task. The association of cis isomers of a carotenoid with reaction centers and trans isomers of the
same carotenoid with light-harvesting pigment-protein complexes has led to the hypothesis that the
stereoisomers play distinctly different physiological roles. A systematic investigation of the
photophysics and photochemistry of purified, stable geometric isomers of carotenoids is needed to
understand if a relationship between stereochemistry and biological function exists. In this work we
present a comparative study of the spectroscopy and excited state dynamics of cis and trans isomers
of three different open-chain carotenoids in solution. The molecules are neurosporene (n=9),
spheroidene (n=10), and spirilloxanthin (n=13), where n is the number of conjugated n-electron
double bonds. The spectroscopic experiments were carried out on geometric isomers of the
carotenoids purified by high performance liquid chromatography (HPLC) and then frozen to 77 K
to inhibit isomerization. The spectral data taken at 77 K provide a high resolution view of the
spectroscopic differences between geometric isomers. The kinetic data reveal that the lifetime of the
lowest excited singlet state of a cis-isomer is consistently shorter than that of its corresponding all-
trans counterpart despite the fact that the excited state energy of the cis molecule is typically higher
than that of the trans molecule. Quantum theoretical calculations on an n=9 linear polyene were
carried out to examine this process. The calculations indicate that the electronic coupling terms are
significantly higher for the cis isomer, and when combined with the Franck-Condon factors, predict
internal conversion rates roughly double those of the all-trans species. The electronic effects more
than offset the decrease in coupling efficiencies associated with the higher system origin energies
and explain the observed shorter cis isomer lifetimes.
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Introduction

The basic molecular structure of carotenoids consists of a system of conjugated n-electron
carbon-carbon double bonds [1-3]. The extended nature of this carbon skeleton makes
carotenoids susceptible to geometric isomerization. Typically, the all-trans geometric isomer
of carotenoids is the most favored configuration thermodynamically, but stable cis
stereoisomers may be produced from the all-trans isomer by thermal, photochemical or
catalytic processes [4]. The stability of a particular cis isomer depends on the depth of the
potential well and the height of the barrier for isomerization to the trans or other cis
configurations [5].

Carotenoids are well-known for their strong visible absorption in the 400 to 500 nm region and
this gives rise to their yellow, orange and red coloration. This absorption band is associated
with a strongly allowed Sg (11A4) — S, (11B,*) transition in the idealized Cyp, point group
[6,7]. In contrast, transitions to and from Sy (llAg') and the lowest excited singlet state, S;
(21Ag'), are forbidden by symmetry. The position and shape of the strong visible absorption
band are sensitive to the length of the n-electron conjugated chain and to the presence of
attached functional groups. Hence, absorption spectroscopy is frequently used to identify
carotenoid structures [8]. Absorption spectroscopy also confirms the presence of geometric
isomers through another absorption band in the ultraviolet region whose intensity is sensitive
to the position of a cis double bond in the conjugated n-electron chain [1,4,9]. This short
wavelength band is referred to as a “cis-peak” and is associated with an Sy (11Ag') — S3
(11Ag+) transition that becomes more allowed as the symmetry of the molecule is reduced upon
isomerization from a trans to a cis configuration [1,10]. All-trans-isomers have very small,
sometimes imperceptible, cis-peaks whereas central-cis isomers have cis-peaks that may
approach half the intensity of the major visible Sy (11Ag') — S, (11B,*) absorption band.

A number of stereoisomers of carotenoids have been found in the three-dimensional X-ray
crystal structures of pigment-protein complexes from photosynthetic organisms [11-15]. For
example, of the twenty-two carotenoids resolved in the electron density map of cyanobacterial
Photosystem I, seventeen are in the all-trans configuration, and five adopt a cis isomeric form:
two are 9-cis, and one each are 9,9'-cis, 9,13'-cis, and 13-cis [15]. In another example,
carotenoids in photosynthetic bacterial reaction center pigment-protein complexes adopt a
15,15’'-cis geometric isomeric configuration whereas carotenoids in light-harvesting
complexes from the same species take on the all-trans configuration [14]. Despite this
knowledge of the stereochemistry of protein-bound carotenoids, the role these isomers play in
photosynthesis and in other biological systems is not well understood. Different geometric
isomers of carotenoids have been associated with varying levels of antioxidant efficacy, but
the molecular basis for this behavior has yet to be elucidated [16-18]. An important question
is whether the selection of cis isomers in biological systems in general, and in photosynthetic
pigment-protein complexes in particular, is determined solely by the structure of the carotenoid
binding site in the protein or by the need for the organism to accomplish a specific physiological
task. The fact that photosynthetic reaction centers, which contain cis-carotenoids, perform
electron transfer across a phospholipid membrane, and light-harvesting complexes, which
contain trans-carotenoids, and carry out the distinctly different process of excitation energy
transfer, has led to the hypothesis that the incorporation by nature of different stereoisomers
in these proteins is physiologically significant [12,19]. The natural selection of the 15,15'-cis
isomer in reaction centers has been proposed to be a structural key in the mechanism for the
deactivation of harmful excited triplet states of bacteriochlorophyll [12,19,20]. Triplet states
of bacteriochlorophyll (and chlorophyll) are known to sensitize the formation of singlet
oxygen, a powerful oxidizing agent, which must be deactivated to protect the photosynthetic
apparatus [19,21,22]. Work by other researchers have questioned whether specific geometric
isomers and geometric isomerization are controlling factors in the mechanism of
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photoprotection [23,24]. However, more systematic investigations of the photophysics and
photochemistry of well-defined, purified geometric isomers of carotenoids are needed to
understand if a relationship between stereochemistry and biological function exists.

In this work we present a comparative study of the spectroscopy and excited state dynamics
of geometric isomers three different open-chain carotenoids in solution. The molecules are
neurosporene (n=9), spheroidene (n=10), and spirilloxanthin (n=13), where n is the number of
conjugated n-electron double bonds (Fig. 1). The spectroscopic experiments were carried out
on geometric isomers of the carotenoids purified by high performance liquid chromatography
(HPLC) and then frozen to 77 K to inhibit isomerization. The spectral data taken at 77 K are
better resolved than at room temperature and provide a detailed look at the spectroscopic
properties of the geometric isomers. Transient absorption experiments revealed that the
lifetimes of the lowest excited singlet state of the cis-isomers are uniformly shorter than those
of their corresponding all-trans counterparts. This occurs despite the fact that the excited state
energies of the cis carotenoids were determined here to be higher, and therefore the lifetimes
of the cis isomers are expected to be longer, than those of the trans molecules. Quantum
computations provide a rationale for this observation.

Materials and Methods

Cells of Rhodobacter (Rb.) sphaeroides wild type 2.4.1, G1C and Rhodospirillum (Rps.)
rubrum wild type were grown anaerobically in peptone/yeast extract media or Van Niels' media
and harvested during the stationary growth phase by centrifugation. Neurosporene and
spheroidene were obtained from approximately 3 g of wet pack Rb. sphaeroides G1C and Rb.
sphaeroides 2.4.1 cells respectively. The cells were mixed with 30 mL of methanol/acetone
(1/1, viv, technical grade) and centrifuged at 6000 x g for 5 min in a Sorvall SS34 rotor. The
supernatant containing a mixture of bacteriochlorophyll and carotenoids was collected and
dried using a rotary evaporator. The dry residue was dissolved in ~200 mL of methanol/
petroleum ether (9/1, v/v, technical grade) and saponified using 5 % w/v KOH in order to
decompose the bacteriochlorophyll [25]. The solution was then washed with water in a
separatory funnel. The ether layer containing the mixture of carotenoids was collected and
dried using a stream of nitrogen gas.

Neurosporene was purified using an alumina (Sigma) gravity column (250 x10 mm) with
petroleum ether as the eluting solvent. Spheroidene was purified using a Millipore Waters 600E
HPLC system employing a preparative Nova-Pak 25 x 100 mm C4g PrePak Cartridge using a
gradient mobile phase 100% A to 100% B over 40 min, where A was acetonitrile/methanol/
water (87/10/3, v/viv), and B was ethyl acetate. The flow rate was 9.0 mL/min. Isomers of
neurosporene and spheroidene were obtained using a YMC Cgq carotenoid column and an
isocratic mobile phase of methyl-tert-butyl ether (MTBE)/methanol (38/62, v/v) with a flow
rate of 1.5 mL/min. Spirilloxanthin was obtained as described previously [26]. Isomers of
spirilloxanthin were separated using YMC Cgzq carotenoid column with an isocratic mobile
phase of hexane/2-propanol (80/20, v/v) with a flow rate of 1.5 mL/min. The isomers of all the
carotenoids were dried with a gentle stream of nitrogen and stored at -80 °C until ready to use
in the spectroscopic experiments.

Transient absorption was carried out using a femtosecond laser spectrometer system described
previously [27]. The 77 K experiments were done using a helium cryostat (Janis Model
STVP100). Neurosporene and spheroidene were studied in EPA (diethyl ether/isopentane/
ethanol, 5/5/2, v/viv), and because of its lack of solubility in EPA, spirilloxanthin was studied
in 2-methyltetrahydrofuran (2-MTHF). The samples were excited at wavelengths
corresponding to their spectral origin (0-0) vibronic bands and had optical densities of ~0.5 in
a 2 mm path length cuvette at the excitation wavelength. The integrity of the samples was
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checked by taking absorption spectra before and after every transient absorption experiment.
Surface Explorer (v.1.0.6) was used to correct for dispersion in the transient absorption spectra,
and ASUFit 3.0 software provided by Dr. Evaldas Katilius at Arizona State University was
used for global fitting of the datasets.

Steady-state absorption spectra

Steady-state absorption spectra of all-trans and cis isomers of neurosporene and spheroidene
in EPA, and spirilloxanthin in 2-MTHF at 77 K are shown in Figs. 2A-C. The low temperature
spectra display a high degree of vibronic resolution. Multiple vibronic bands are observed in
all the spectra. Also, the spectra of the molecules shift to longer wavelength and the vibronic
resolution decreases with increasing n. In all cases, the spectra of the cis isomers of the
molecules are blue-shifted by ~7 nm relative to their corresponding all-trans isomers. In
addition, the cis molecules display pronounced cis-peaks in the UV region. The large amplitude
of the cis-peaks for neurosporene and spirilloxanthin (thin lines in Figs. 2A and C) indicate
that these are spectra of central-cis configurations of these isomers: 15,15'-cis for
spirilloxanthin, and most likely 13',14'-cis for neurosporene. These are the least sterically
hindered cis-configurations of these molecules, and therefore the most stable. For spheroidene,
two stable cis isomers were obtained from the HPLC. The isomer displaying the largest cis-
peak in its absorption spectrum (thin line in Fig. 2B) has been assigned to the 13,14-cis
configuration on the basis of a computational analysis and resonance Raman spectroscopy
[28,29]. The fact that the other spheroidene isomer has a smaller cis-peak (dashed line in Fig.
2B) indicates that the cis-bond in this molecule resides closer to the ends of the conjugated -
electron chain. Hereafter, these geometric isomers will be referred to as either central-cis or
terminal-cis.

Transient absorption spectra

Transient absorption spectra of the molecules taken at various delay times after the excitation
pulse are shown in Fig. 3. At very early times the spectra exhibit negative bands in the region
450 to 550 nm. These correspond to a combination of the immediate onset of bleaching of the
strongly allowed Sy (11Ag‘) — S, (11B,*) absorption and stimulated emission from the S
(11B,™) state. For all the molecules there is a subsequent build-up of a strong transient
absorption signal to longer wavelength. This signal is associated with an Sq (21Ag‘) — S,
transition and was observed to be extremely sharp for the all-trans and terminal cis isomers
compared to the central-cis molecules (Fig. 3). The position of this band shifts to longer
wavelength with increasing n. For the central-cis molecules, a noticeable shoulder appears on
the short wavelength side of the main transient absorption band. For neurosporene and
spheroidene, the spectra taken at the 500 fs time delay exhibit broadening of the main band
that disappears at longer times. Also seen in the spectra taken at the earlier time delays are
small but noticeable bands 50 to 75 nm to longer wavelength of the major peak. These bands
are much larger for the central-cis isomers than for the trans configurations and disappear as
time progresses beyond 1 ps while the major transient absorption band persists.

Global fitting analysis

Global fitting of the transient absorption datasets taken in the visible spectral region were
carried out using a model invoking a sequential decay pathway for the photo-excited singlet
states. The results obtained in this manner are termed evolution associated difference spectra
(EADS) [30] and are shown in Fig. 4. For all the molecules three EADS components were
sufficient to obtain a satisfactory fit based on a chi square (y2) testand minimization the residual
matrix. The global fitting results of the neurosporene and spheroidene datasets are very similar
and are shown in Figs. 4A-E. The fastest kinetic component has a time constant of 120 to 160
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fs and shows several negative bands in the range 450 to 650 nm. As mentioned above, these
are associated with a combination of stimulated emission from the S, (11B,*) state, and
bleaching of the steady state Sg (11Ag') — S, (11B,*) absorption transition. The second EADS
component has a lifetime ranging from 640 fs to 1.1 ps and is assigned to transient absorption
fromavibrationally non-equilibrated Sq (11Ag+) excited state [26,27,31-38]. For all the isomers
of neurosporene and spheroidene, the lineshape of this second EADS is broad and exhibits two
well-defined peaks (dashed lines in Figs. 4A-E). The third, and last EADS component has a
spectral profile typical of a transition from a vibrationally relaxed S; (21Ag') state to a higher
Sy excited state [26,31-33,39-44]. The lifetime of this component represents that of the Sy
(21Ag') state. The S; (21Ag') lifetimes for all-trans-spheroidene and neurosporene obtained
here are in good agreement with those reported previously [26,31,45-49]. It is important to
note that the Sy (21Ag') lifetimes of the central-cis isomers are significantly shorter than those
of their all-trans counterparts. (See Table 1.)

The global fitting results for all-trans and central-cis-spirilloxanthin are shown in Figs. 4F and
G. The first EADS component has lifetimes of 140 and 150 fs for the all-trans and central-
cis isomers, respectively. The profiles (dotted lines in Figs. 4F and G) are a complex
combination of bleaching of the steady state Sp (11Ag') — S, (11B,™) absorption spectrum at
short wavelengths, stimulated emission from the S, (11B,*) excited state, evidenced by weak
negative bands around 600 nm, and transient absorption from the vibronically excited S;
(21Ag') state, appearing as positive bands in the range 620 to 750 nm. The second EADS
component (dashed lines in Figs. 4F and G) is associated with transient absorption occurring
from the relaxed Sy (ZlAg') excited state. This second EADS lineshape displays a single peak
which is narrower and blue shifted for all-trans versus central-cis-spirilloxanthin. These
components correspond to the lifetime of the S; (21Ag') state which is 2.0 ps for the all-
trans isomer and 1.7 ps for the central-cis molecule. The value for the all-trans isomer is in
agreement with previously published reports [26,50-53].

Previous room temperature investigations of spirilloxanthin revealed an additional longer-lived
kinetic component associated with transient absorption from the so-called S* state [26,52]. The
S* — S, transition is characterized by a shoulder on the short wavelength side of the main
S (21Ag') — S, transient absorption band. The third and final EADS component (solid lines
in Figs. 4F and G) displays a weak broad band between 575 and 600 nm having a lifetime of
~5 ps. Based on previous reports we assign this feature to transient absorption from S*.

Transient absorption in the NIR

Transient absorption spectra of central-cis and all-trans neurosporene, spheroidene and
spirilloxanthin in the near infrared (NIR) region are shown in Fig. 5. The NIR transient
absorption spectra of all-trans (solid line in Fig. 5A) and central-cis-neurosporene (dashed line
in Fig. 5A) taken 100 fs after excitation show multiple peaks. The spectrum of the all-trans
isomer has four peaks at 910, 1000, 1140 and 1340 nm. For central-cis-neurosporene, the first
and second peaks almost coalesce into one peak, and the first three peaks shift to longer
wavelength, compared to the all-trans-molecule. Because the fast delay time (~100 fs) of this
spectrum is comparable to the lifetime of the S, (11B,*) excited state of neurosporene, and the
fact that these peaks disappear at longer times (Fig. 5B) the spectral profiles are attributed to
an S, (11B,*) — S, transition in keeping with previous assignments [49]. Transient absorption
spectra in the NIR taken at 25 ps for all-trans-neurosporene and at 16 ps for the central-cis
isomer are shown in Fig. 5B. These spectra exhibit vibronic structure with two peaks at 1110
and 1300 nm for the all-trans isomer (solid line in Fig. 5B) and at 1135 and 1330 nm for the
central-cis molecule (dashed line in Fig. 5B). These are associated with absorption from a
vibronically relaxed Sy (21Aq) state to S, (11B,") [49].
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The NIR transient absorption spectra of the all-trans and central-cis isomers of spheroidene
taken at a 100 fs delay time are shown in Fig. 5C. The spectra have almost identical but shifted
lineshapes with two peaks at 1072 and 1210 nm for the all-trans isomer and at 1096 and 1244
nm for central-cis-spheroidene. The spectra of the vibronically relaxed S; (11Ag') — S
(11B,") transition of all-trans and central-cis-spheroidene were taken at a 4 ps delay time and
are shown in Fig. 5D. The profiles have three peaks at 1090, 1260 and 1510 nm for the all-
trans isomer, and like neurosporene, are red-shifted for the central-cis molecule to 1100, 1280
and 1535 nm.

The transient absorption spectra in the NIR of all-trans and central-cis-spirilloxanthin obtained
ata 150 fs delay time are shown in Fig. 5E. The spectrum from all-trans-spirilloxanthin displays
a maximum at 1250 nm which shifts to 1300 nm for central-cis-spirilloxanthin. Both spectra
display a weak peak at 1460 nm and have a shoulder on the short wavelength side of the main
band. The NIR transient absorption spectra taken at a 3 ps delay time for the all-trans isomer
and at a 2 ps delay time for central-cis-spirilloxanthin reveal vibronic structure similar to that
obtained for the other molecules, with three peaks at 1100, 1260 and 1510 nm for the all-
trans isomer (solid line in Fig. 5F) which red-shift to 1110, 1290 and 1540 nm for central-
cis-spirilloxanthin (dashed line in Fig. 5F).

Determination of the S; (21Ag') energies of the isomers

The difference between the energies of the Sy (11Ag') — S, (11B,™) transition and the S;
(2'A¢) — S, (11B,*) transition yields the energy of the Sy (21A") state of the molecule. The
high resolution spectra taken at 77 K enhance the precision of this determination. Figure 6
shows the steady state Sg (11Ag') — S, (11B,*) spectra (solid lines) of the all-trans and central-
cisisomers overlaid with the S (21Ag') — S, (1B, %) NIR transient absorption spectra (dashed
lines) shifted on a wavenumber scale to maximize overlap of the lineshapes. The magnitude
of the energy shift required to bring the two lineshapes into agreement corresponds to the value
of the S1 (21Ag') energy of the molecule. The data show that the S (21Ag‘) energies of the
central-cis isomers are uniformly higher than their corresponding all-trans isomers by 400-500
cmL. The values of the S; (21Ag') energies are given in Fig. 6 and listed in Table 1 along with
the values obtained previously for all-trans-spheroidene and all-trans-spirilloxanthin at room
temperature. The present work provides the first determinations of the S; (21Ag') energies of
cis-isomers of carotenoids.

Discussion

Spectroscopic features

The steady state absorption spectra shown in Fig. 2 exhibit highly resolved vibronic features
most evident in low temperature mixed crystal solutions of the type studied here [54]. Previous
investigations of model polyenes have revealed that the peaks are characterized by
combinations of totally symmetric carbon-carbon single and double bond stretching modes of
frequencies, ~1200 and ~1600 cm-?, that decrease with increasing conjugation [55,56]. For
carotenoids the vibronic features corresponding to the single and double bond stretches often
merge into progressions of bands having an intermediate frequencies. The absorption spectra
of neurosporene and spheroidene (Figs. 2A and B) have their maximum intensity in the lowest
energy (0-0) band. This most likely indicates a relatively small geometry change associated
with the promotion of the molecule from the Sp (11Ag') to the S, (11B,*) state. On the other
hand, spirilloxanthin has almost equal intensity in its (0-0) and (0-1) bands for the all-trans
isomer and has its maximum intensity in the (0-1) band for the central-cis isomer. This indicates
a significant geometry change and shift in the minimum of the potential energy surface for
spirilloxanthin in the S, (11B,,*) state compared to the ground Sy (11Ag') state. Also, from Fig.
2 it is evident that the spectra taken from the cis isomers are blue-shifted relative to those that
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taken from the all-trans isomers. The presence of a cis-bond within the -electron conjugated
chain may thus be thought of as decreasing its effective conjugation chain length which
increases the S, (11B,*) energy of the cis isomer compared to the all-trans configuration [1].

The various transitions observed in the steady state and transient absorption spectra (Figs. 2,
3 and 5) and kinetically resolved in the global fitting analysis (Fig. 4) can be understood using
the energy level diagram presented in Fig. 7. The all-trans isomers display strong steady-state
So(1'Ag) — S (11B,*), and transient S (21Ag") — Spand S (21Ag) — S, (11B,*) absorption
bands. The spectra of the central-cis isomers also display these transitions and, in addition,
show Sy (11Ag') — S3 (11Ag+) “cis-peaks” (Fig. 2). Interestingly, the EADS lineshapes of the
central-cis isomers (Figs. 4B, D and G) show two strong transitions associated with the kinetic
component assigned to the Sy (21Ag‘) state lifetime. One of these transitions occurs as a
shoulder on the short wavelength side of the second and strongest positive feature in the EADS
amplitude spectra. For all three molecules, the shoulder appears at the precise wavelength
where the transition occurs for the all-trans isomer. Upon first glance one might suspect that
this may be due to some all-trans molecules being present in the central-cis sample, but
absorption spectra taken before and after the transient experiments show this is not the case.
Moreover, the dynamics of the features are significantly different for the all-trans
configurations versus the central-cis molecules; e.g. 32.2 ps vs. 22 ps for all-trans- and central-
cis-neurosoporene, respectively. This means that despite undergoing an all-trans to central-
cis isomerization, the molecules retain some allowedness in the S; (21Ag') — Sy transition that
occurs strongly in the all-trans spectra. The position and shape of the most prominent feature
of the EADS component associated with the S; (21Ag') lifetime of the central-cis-isomers
suggest it is due to a different Sy (21Ag') — S, transition, but with a broadened vibronic band
structure. This transition is labeled S; (21Ag') — S,y in Fig. 7. It is observed that the spectral
and temporal differences between the all-trans and central-cis molecules become less with
increasing n. This is most likely due to the compression of electronic states leading to the
coalescing of spectral features and kinetics as the n-electron conjugated chain length increases.

Transitions fromavibrationally “hot” S; (21Ag‘) state to a higher singlet state are also observed.
This is clearly seen by taking a closer look at the lineshapes associated with the second EADS
component shown in Fig. 4 (dashed lines). A magnified view of the 600 to 700 nm spectral
region for the isomers of neurosporene and spheroidene is displayed in Fig. 8 (dashed lines)
which reveals very clear peaks that are present only in the in the second EADS component.
The energy separation between these small peaks appearing in these traces and the major
transition displayed in the third EADS component (solid lines in Figs. 4A-E) is nearly constant
for the all-trans and terminal-cis isomers of the molecules: 1788 cm™! for all-trans-
neurosporene; 1791 cm-1 for all-trans-spheroidene; and 1793 cm™1 for terminal-cis-
spheroidene. Previous resonance Raman studies have shown that the vibronic bands in the
absorption and fluorescence spectra of carotenoids are associated with totally symmetric C-C
and C=C stretches of constant frequencies of ~1200 and ~1600 cm™1. Femtosecond time-
resolved resonance Raman spectroscopy of all-trans-neurosporene and all-trans-spheroidene
have shown that the frequency of C=C stretch increases to 1780 cm™t and 1794 cm™1 as the
molecules are promoted to the S; (21Ag‘) state [57,58]. The strong agreement between the
vibronic assignments from the resonance Raman experiments and the energy separation
between the resolved peaks in the transient absorption spectra taken at early times supports the
view that these small bands are associated with transitions from an from upper vibronic (“hot™)
level of S¢ (21Ag) to a higher excited singlet state. In going from the all-trans configuration to
a central-cis molecule, the energy separation between the major peaks and small bands
increases by ~100 cmL. This reflects a small increase in the bond orders of the conjugated
double bonds upon isomerization to the cis configuration.
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It is important to note that there is another set of small peaks appearing in the transient
absorption spectra of neurosporene and spheroidene that are most evident in the expanded view
of the longest lived EADS components from these molecules (solid lines in Fig. 8). These
peaks appear after vibronic relaxation of the S; (21Ag') state. Summing the energies of these
bands with the corresponding energy of the S; (21Ag‘) state (Fig. 6, Table 1) brings these
features into close agreement with the cis-peaks in the steady state absorption spectra (Fig.
S1). Thus, they are assigned to transient S; (21Ag') — S3 (11Ag+) transitions.

Lifetimes of the S; (21Ay") states

The present data reveal that the central-cis isomers of the carotenoids have shorter S; (2;Ag")
lifetimes than their all-trans counterparts confirming a previous report on B-carotene and
locked-cis-spheroidene [31]. There are at least two plausible interpretations for this effect. The
first is that the Sy (21Aq) — So (11Ag)) radiative rate constant increases upon all-trans to
central-cis isomerization. As an example, if one considers the change in the S; (21Ag') state
lifetime of 11.6 ps to 8.2 ps in going from all-trans-spheroidene and central-cis-spheroidene
(Table 1), the increase in radiative rate constant required to induce this change can be
approximated by computing its value for the all-trans isomer from the equation, ¢ = Kraq * 71
and comparing it with the value computed for the central-cis isomer. Using the quantum yield
of S1 (21Ag) emission ¢ = 107 from Fujii, et al. [45] for all-trans-spheroidene and the value,
71 = 11.6 ps, obtained here, one finds kyaq = 8.6 x 103 51, Using this value in the equation 7
= (Krad + Knrad) 1, one obtains knrag = 8.6 x 1010 51 for all-trans spheroidene. Using this same
value for knraq @s an approximation for central-cis-spheroidene, an Sq (21Ag') lifetime of 8.2
ps would yield kyaq = 3.6 x 1010 571, Plugging this value and the lifetime of 8.2 ps into the
expression for the emission quantum yield of Sy (21Ag') gives ¢; = 0.3 for the central-cis isomer.
A comparison of the S; (21Ag') emission spectra of various isomers of carotenoids taken in
our laboratory indicate they are all comparable in intensity with extremely low quantum (on
the order of 10°7). Therefore, the shorter Sy (21Ag‘) lifetime of central-cis compared to all-
trans isomers of carotenoids is not consistent with a change in the rate of radiative decay upon
isomerization.

The fact that deactivation of the Sy (21Ag') excited states of carotenoids in solution occurs
primarily via nonradiative means suggests that the process can be described by the energy gap
law for radiationless transitions [59]. As previously discussed for carotenoids [60], the relevant
form of the law assumes that the reduced displacement, A4, and depth, Ep, of the minima in
the potential energy surfaces corresponding to the electronic states involved in the transition
is small compared to the energy gap, AE, between the states. In this so-called “weak-coupling”
limit, the vibrational frequencies of the accepting modes, zwmyp,, are comparable to Ey, and one
obtains

nrad=

c22m)'? [ AE

L D
h(AEhw,,)'/? | ha, (1)

where y=1n(2AE/dAfI hw,,) — 1, knraq is the rate of radiationless decay between two states, C
is the vibronic coupling matrix element, d is the number of degenerate or nearly degenerate
modes of the frequency wy, and fwy, is the energy of the accepting vibrational modes.

The shortening of the lifetime in going from the all-trans to the central-cis isomer may be due
to changes in the displacement, Ay, of the minima in the potential energy surfaces or it may

be due to differences in the vibronic coupling matrix elements. A larger displacement for the
cis isomer compared to the trans, evident in the absorption spectral profiles, would result in a

Chem Phys. Author manuscript; available in PMC 2010 February 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Niedzwiedzki et al.

Page 9

smaller value of y, and lead to a larger value of kq 44 for the cis isomer (Eqg. 1). Isomer-specific
configurational or conformational twisting of carotenoids in the S; (21Ag‘) state is not expected
to be a significant factor in controlling nonradiative relaxation at the low temperature of the
present experiments, and also based excited state resonance Raman spectroscopic experiments
which do not reveal such activity [61]. However, modulation of vibronic couplings resulting
from symmetric C-C or C=C stretching modes may be important [5,62,63]. Quantum
computations provide a more rigorous analysis of the factors controlling nonradiative energy
dissipation from Sy (21Aq).

Calculation of internal conversion rates

The rates of internal conversion from the lowest 21Ag‘ covalent states of a linear C1g polyene
(n=9) were calculated for the all-trans and central-cis configurations. These two molecules
correspond to the linear, unsubstituted analogs of all-trans and central-cis neurosporene. The
goal is to provide a quantitative explanation of why the central-cis configuration has a shorter
lifetime than the all-trans configuration despite having a higher system origin energy.

This problem is approached by invoking Fermi's Golden Rule [64]:

2
Wff=f|Mif o @

where wij; is the decay probability from the initial to the final state, Mj; is the matrix element
that describes the coupling of the initial and final states, and ps is the density of final states.
The lifetime of the initial (first excited singlet) state is given by the inverse of the decay
probability:

Wif 3)

For computational purposes, this equation is reconfigured so that it can be summed over
individual contributions to the decay probability and each contribution can be weighed by the
extent to which its total energy is in resonance with the initial state:

o0 V' sets N
o S Sl
7 v

permutations \ '

N
Vi o (Evrser)
V'’ set (4)

where the permutative sum is over all unique linear combinations of ground state vibrational
modes that have total energies equal to, or near to, the energy of the system origin of the first
excited singlet state. Although some implementations of Fermi's Golden rule make the
assumption that the vibrational quanta must add up to exactly the final state energy, the present
implementation allows for the effects of both inhomogeneity and computational error on the
vibrational coupling. Thus, the density of states term is moved inside the sum and each
permutation is weighted by its contribution to the total coupling between the initial (S;) and
final (Sp) states by:
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P (Ev”.s‘el)

(5)

where I is the inhomogeneous linewidth of the solute, EY is the system origin energy of the
initial (excited singlet) state and E, ¢ is the total energy of the combined final (ground state)
vibrational modes. The use of Eq. 5 serves two purposes. First it recognizes that molecules
have a distribution of energies associated with inhomogeneity of the environment. The
resulting inhomogeneity will allow different vibrational modes to couple to the excited state
depending upon solvent dynamics. In this instance, I" represents an the inhomogeneous
linewidth appropriate for the solute in an inhomogeneous solvent environment. Second, Eq. 5
provides a convenient method of accommodating intrinsic error in the calculations. The ground
and excited state vibrational manifolds were calculated using Hartree-Fock molecular orbital
theory and a D95 basis set [65]. This choice is not optimal for vibrational analysis, but was
necessary to allow calculation of the excited state properties using full single configuration
interation (CIS). The calculated frequencies were scaled in both the ground and excited states
using a scaling factor of 0.8883 which was calculated numerically by comparing RHF/D95
calculated frequencies with those calculated for the current molecules using properly scaled
B3LYP/6-31G(d) methods scaled [66]. The analysis is presented in Fig. S2 in the
supplementary section. The present theoretical treatment of the vibrational modes is only
accurate to + 200 cm™ and the use of Eq. 5 provides a mechanism of handling this error in a
reasonable way. A value of I' = 400 cm™! was adopted for a majority of these calculations,
although other values were investigated to determine the sensitivity of the calculations to the
value of this parameter (see below).

We now turn to the task of calculating the Franck-Condon terms and the vibrationally induced
electronic coupling terms. Franck-Condon overlap integrals are difficult to calculate for large
polyatomic molecules because the normal modes that are calculated for the equilibrium ground
state are often modified in both frequency and mode vector composition upon excitation. This
shift in the normal modes is often referred to as the Duschinsky effect (or Duschinsky rotation)
and various methods have been proposed to handle the consequences [67-69]. Recently, Chang
has proposed a new method of calculating Franck-Condon factors that is easily modified to
handle those aspects of the Duschinsky effect associated with a change in the reduced mass of
the normal mode upon excitation. The reduced mass of the ith vibrational mode is calculated
by using the following formula:

-1

3N 3N
Dy ;Lj;
Mi= r—

(6)

where Dy j is the (k,j)th element of the matrix that transforms the mass-weighted coordinates
to the internal coordinates, Lj; is the eigenvector matrix that diagonalizes the force constant
matrix to yield the vibrational frequencies, and m; is the mass of the jth atom. The indices j and
k are counting over each Cartesian component of each atom in the molecule where N is the
total number of atoms and 3N is the total number of Cartesian displacements. The reduced
mass of Eq. 6 is that which is printed out at the end of a frequency calculation in Gaussian. If
the frequencies of the kth mode in the initial and final states are oj and o, respectively, and the
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corresponding reduced masses of these modes are p; and ¢, then the Duschinsky corrected
displacement can be approximated by:

“Asi = 94.76

1 1
l 1 2 1 l/l
Wwp) 3(op)® () 3 (o) 3], ()

where the frequencies are in wavenumbers (cm™1) and the reduced masses are in amu. This
displacement is then used in the calculation of the Franck-Condon factors using the numerical
methods proposed by Chang [70]. The modified version includes the effect of changes in
reduced mass on the overlap integral and the program, as implemented in MathScriptor, is
presented in the Supplementary Section. In a large polyatomic molecule, the use of Eq. 7
requires that the vibrational modes in the ground and excited singlet states by accurately cross
referenced, which is a non-trivial requirement when the equilibrium geometries of the ground
and excited states are significantly different. This goal requires a mode-by-mode comparison
of the normal mode vectors and is facilitated in the present study by the high symmetry (Cop,
or Cyy) of the Cyg polyene.

The vibrationally induced electronic coupling term, H:f was calculated using MNDO-PSDCI
molecular orbital theory [71,72] and the following equation:

0
0,

AEsi (AQ\) — AEy;
Er (AQy) — Ef (8)

HY= <®,~(x, n)’ ‘@,« (x, n)> ~" oy ‘

where Yo is the frequency of the v th ground state mode, AEy; is the transition energy from
the ground to the first excited singlet state at the ground state equilibrium geometry, AEg
(AQy~) is the analogous transition energy after displacement of the atoms to the “turning point”
of the v” th ground state mode, Eg is the ground state energy at its equilibrium geometry and
Ef (AQy~) is the ground state energy when the molecule is displaced to the “turning point” of
the v” th ground state mode. Equation 8 was implemented using different theoretical methods
to calculate the numerator and denominator of the last term. The numerator, which involves
excited state energies, was evaluated by using MNDO-PSDCI molecular orbital theory
[71-73]. The denominator, which involves ground state energies, was evaluated by using RHF/
D95 methods within Gaussian 03 [74]. The normal modes (not mass-weighted) and the
frequencies, V'of, were also calculated by using RHF/D95 methods. The use of different
procedures for the ground and excited state calculations is motivated by both expediency and
accuracy. The MNDO-PSDCI semiempirical method is very reliable for the calculation of
polyene electronic properties and by providing both single and double excitation within the
n-system, the lowest-lying covalent state is properly described [71-73]. In the present case,
these procedures calculate transition energies for the 11B,,* state that are within 0.2 eV of the
observed linear polyene absorption maxima. The procedures also predict a lowest-lying
21Ag‘ state, although the calculated splitting is smaller than that observed. Nevertheless, these
procedures are adequate for the task of calculating the electronic coupling terms.

The excited state vibrational manifold for the 21Ag* was generated using RHF/D95 CIS
methods. The CIS methods predict a lowest-lying 1B, * state, and a second excited 21Ag* state,
and the latter was selected for both a high accuracy minimization and normal mode analysis.
The 108 ground and excited state vibrations are sorted by symmetry and ordered so that the
normal modes have optimal overlap. The coordinate shifts are calculated and the 72 ground
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and excited state vibrations with the largest shifts are collected for subsequent use in our
calculation. These vibrations, and their Franck-Condon overlap integrals and electronic
coupling terms are listed in Tables S1 and S2 of the supplementary section. The 16 vibrations
that dominate the internal conversion processes of the all-trans and central-cis C1g polyene are
listed in Tables 2 and 3. The five most important modes are shown in Fig. 9. These five modes
have an optimal combination of electronic coupling and Franck-Condon overlap integrals that
make them highly effective in depopulating the S; state. However, other vibrations contribute
in important ways (see below), and the fact that the central-cis polyene exhibits a higher internal
conversion rate is due in large part to the participation of other modes. The interested reader
can examine the properties of the 72 vibrations with observable coordinate shifts by reference
to Tables S1 and S2 in the supplementary section. The contributions of these vibrations to the
depopulation dynamics are explored in Figures 10 and 11, and discussed in more detail below.

What remains is to calculate the lifetime of the excited states. A program was written in
MathScriptor that used the data in Tables S1 and S2 to generate permutations of vibrational
levels using MonteCarlo methods. Each of the 72 vibrational modes was allowed to have 0, 1,
2 or 3 vibrational quanta. When a combination of ground state vibrations yielded a total energy
within 2*T" of the system origin energy of the target molecule, the ensemble was compared to
a library of the previously accepted combinations. If identical to any, the ensemble was
discarded. If new, the properties of the vibrational ensemble were calculated using Eq. 4 and
added to the collection. The size of the collection was set prior to the calculation to be a value,
N, between 10,000 and 20,000 (the effect of this variable on the outcome is examined in Table
4). Once N terms were accepted, the collection was sorted and new terms had to be larger than
the smallest value to be added to the library. If the new rate was larger than the smallest rate
in the sorted library, the ensemble was added to the library of accepted combinations and the
smaller term it replaced discarded. This process continued until 3x10? hits (ensemble energies
within 2*T" of the system origin energies) had been evaluated. We selected the maximum
number of hits via trial and error noting that doubling it only increased our calculated rates by
5-11%. The results are presented in Table 4. The CPU intensive part of this simulation involves
bookkeeping rather than the mathematics. A copy of the program is available upon request
(rbirge@uconn.edu).

A total of eight simulations were run to investigate the sensitivity of the calculations to the
number of included configurations (N), the inhomogeneous linewidth (I') and the system origin
energies. In all cases, the lifetime of the Cqg central cis configuration was calculated to be
shorter than the all-trans C,g configuration. The best calculation (simulation 1) gave a ratio of
t(all-trans)/t(cis) = 1.90 in reasonable agreement with the observed value of 1.58 (top row).
All lifetimes were calculated to be longer than the observed values, but this result is to be
expected. These calculations were carried out on the linear polyene analog of neurosporene,
and it is anticipated that the methyl groups and end groups would facilitate internal conversion
by adding additional degrees of freedom. Furthermore, the present calculations are for vacuum
conditions, and do not include the impact of solvent on the depopulation process. The consistent
observation that the cis-isomer has a shorter lifetime can be traced to the enhanced electronic
coupling terms observed for the majority of the vibrations (see Fig. 10) and for the most
important vibrations in particular (Tables 3 and 4). The plots shown in Figure 10 examine the
effect of configuration on the coupling product:

' 2
coupling pr()duct:IH:{, O|1)|
2

)
= ®i(x,n)‘(—‘® (x,rl)>>< o|1) ,
K 90,17 b, ©)
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Although coupling products involving higher Franck-Condon factors also contribute, the
product shown in Eg. 9 is the dominant term and higher order terms typically have similar or
smaller values. Note that the vibrational modes displayed in Fig 10 have been sorted so that
mode 1 has the highest coupling product and mode 72 the smallest. The two main plots are
logarithmic and there is a nearly three orders of magnitude difference in the coupling
efficiencies of the modes plotted in Fig. 10. The vertical bars in the center of the plot display
a running sum of the ratios of the coupling products (cis over trans). As can be seen from an
analysis of these plots, after the first five modes are included, the cis isomer is consistently
more efficient in coupling to the ground state via radiationless processes. Not obvious from an
analysis of Fig. 10 is the fact that differences in the electronic terms (Eq. 8) are the key to the
effects displayed in Fig. 10. The Franck-Condon factors are of relatively minor importance in
differentiating between the two isomers (Fig. 11), but these factors also slightly favor the cis-
isomer depopulation dynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of the all-trans isomers of neurosporene, spheroidene and spirilloxanthin.
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Fig. 2.

Steady-state absorption spectra of all-trans (—) and central-cis isomers (—) of: (A)
neurosporene; (B) spheroidene; and (C) spirilloxanthin. In the case of spheroidene the
absorption spectrum of a terminal-cis isomer (----) is shown. The spectra were recorded at 77
K in EPA for neurosporene and spheroidene and in 2-MTHF for spirilloxnthin. The spectra
were normalized to their absorption maxima.
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Fig. 3.

Transient absorption spectra in the visible (VIS) spectra region of: (A) all-trans-neurosporene;
(B) central-cis-neurosporene; (C) all-trans-spheroidene; (D) central-cis-spheroidene; (E)
terminal-cis-spheroidene; (F) all-trans-spirilloxanthin; and (G) central-cis-spirilloxanthin
taken at various delay times after excitation. The spectra were recorded at 77 K in EPA for
neurosporene and spheroidene and in 2-MTHF for spirilloxnthin.
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Fig. 4.

Global fitting results using an evolution (sequential) decay model (EADS) of the transient
absorption datasets presented in Fig. 3 from: (A) all-trans-neurosporene; (B) central-cis-
neurosporene; (C) all-trans-spheroidene; (D) central-cis-spheroidene; (E) terminal-cis-
spheroidene; (F) all-trans-spirilloxanthin; and (G) central-cis-spirilloxanthin.
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Fig. 5.

Transient absorption spectra in the near infrared (NIR) spectral region of central-cis (----) and
all-trans (—) isomers of: (A and B) neurosporene; (C and D) spheroidene, and (E and F)
spirilloxanthin. The delay times corresponding to when the spectra were taken are indicated in
the figure. The spectra were recorded at 77 K in EPA for neurosporene and spheroidene and
in 2-MTHF for spirilloxnthin.
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Fig. 6.

The S; (21Ag') — S, (11B,*) NIR transient absorption profiles (dashed lines) from Fig. 5
shifted in energy to give the best agreement with the steady-state absorption spectra (solid
lines) from Fig. 2 plotted on a wavenumber scale. The magnitude of the shift of the S;
(2'A¢) — Sz (11B,*) NIR spectra to bring the lineshapes into coincidence determines the
energy of the Sq (21Ag') state for each carotenoid isomer. These values are indicated in the

figure and in Table 1.
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Energy level schematic of all-trans and central-cis carotenoids: a, absorption; ta transient

absorption.
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Fig. 8.

Enlarged view of the long wavelength region of the second and third EADS global fitting results
from the analysis of the transient absorption spectra of the all-trans and central-cis
neurosporene and spheroidene. See Fig. 4 for the full EADS lineshapes.
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Fig. 9.

The key normal modes of all-trans Cqg (left) and central-cis Cqg (right) responsible for the
radiationless decay of the lowest-lying 21Ag' singlet state. The dimensionless coordinate shift
(AQ, Eg. 7) and the electronic coupling term (H, Eq. 8) are listed along with the vibrational
frequency (o), in wavenumbers.
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Fig. 10.

Analysis of the 72 most important ground state modes of C1g showing the log of the coupling
product (Eg. 9) in wavenumbers squared and the ratio of coupling products for the mode
fundamentals with reference to the 21Ag‘ excited state. The ratio of the rolling sum of these
terms is shown in the central part of the plot with vertical lines delineating a unit ratio of 1.0.
This plot indicates that the cis configuration of Cqg will invariably couple more effectively to
the ground state via radiationless processes in comparison to the all-trans configuration.
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Fig 11.

Average values of the Franck-Condon factors for the ground and first excited singlet states of
central-cis and all-trans Cqg polyene. The curves provide a rolling average of all vibrational
modes up to and including the mode indicated, and the modes are listed in order of importance
to coupling the two states via Eq. 4. The cis values are indicated with solid circles and the all-
trans values are indicated with open squares.
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Key ground state vibrational modes involved in the radiationless decay of the lowest-lying 21Ag' state of the all-
trans Cqg linear polyene.

v o sym [Hifo1n]? |12
cm? Con cm? cm?

71 1649.3 bu 685.046 319.104
72 1655.1 bu 476.924 138.994
21 1633.8 ag 262.510 129.732
9 1124.0 ag 177.322 24.936
36 942.9 au 83.195 1.826
52 968.9 bg 57.727 3.559
8 1094.5 ag 46.316 31.891
31 432.3 au 41.721 7.635
29 222.0 au 30.481 8.098
32 649.6 au 29.233 5.054
69 1569.5 bu 26.545 13.369
44 237.5 bg 21.482 4.683
34 906.6 au 20.103 9.408
19 1547.8 ag 18.533 12.561
28 203.5 au 18.497 5.308
46 649.0 bg 16.792 2.725
2012.429 718.883

> | ERAGITS ‘ 2 [above list]
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Key ground state vibrational modes involved in the radiationless decay of the lowest-lying
21Ag' state of the central-cis Cqg linear polyene.

Table 3

v o sym [Hifo1n]2 |Hif012]?
em? Cay cm? cm?

72 16545 b2 701.422 230,917
71 1647.1 b2 565.526 284.383
33 906.6 a2 233.251 96.855
23 1636.2 al 203.370 115.032
11 1097.9 al 179.413 25.095
50 950.9 b1 85.270 3.239
34 947.9 a2 70.045 2303
24 1639.2 al 53.967 4.476
70 1617.6 b2 53.625 33.056
m 384.3 b1 40.759 7.474
48 909.4 bl 36.213 15.267
21 1542.2 al 34,951 25.804
60 1123.2 b2 28.344 6.157
69 1569 b2 26.298 12.854
59 11014 b2 26.163 15,682
49 940.3 b1 21.942 7.201
2360.559 885.885

b | ERAGITS ‘ 2 [above list]
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Table 4

Comparison of the calculated lifetimes of the all-trans and central-cis C1g polyene with the observed lifetimes
of the corresponding configurations of neurosporene.

# .
Assumptions(®) R %
0 Neurosporene (Experimental) 34.8 22.0 1.58
1 N=20,000; '=400 cm* 70.0 36.8 1.90
2 N=15,000; =400 cm-! 74.0 37.3 1.98
3 N=10,000; T=400 cm-! 84.7 425 1.99
4 N=10,000; '=800 cm! 108 55.0 1.97
5 N=10,000; '=200 cm! 86.1 40.1 2.15
6 N=10,000; I'=50 cm-t 66.7 29.6 2.26
7 84.5 259 3.26
N=20,000; ['=400 cm™?; Et?gns = E(?IS
8 111 349 3.20
N=10,000; ['=400 cm™%; Et(r)gns = E(?I(S)
(CY

N is the number of unique ground state vibrational combinations evaluated in the calculation. I is the inhomogeneous linewidth used in Eq. 5.
Other assumptions for calculations 1-6 include: system origin of all-trans C1g =14,400 cm'l, system origin of central-cis C18 =14,950 em L,

Calculations 7 and 8 were carried out by arbitrarily setting the system origin energies of the initial states equal: ES?,,,“:E??Y: 14,675 emL,
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