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ABSTRACT: Steady-state and ultrafast transient absorption spectra were obtained
for a series of conformationally constrained, isomerically pure polyenes with 5−23
conjugated double bonds (N). These data and fluorescence spectra of the shorter
polyenes reveal the N dependence of the energies of six 1Bu

+ and two 1Ag
− excited

states. The 1Bu
+ states converge to a common infinite polyene limit of 15 900 ± 100

cm−1. The two excited 1Ag
− states, however, exhibit a large (∼9000 cm−1) energy

diff
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polyene electronic spectra, cf. vibronic spacings of ∼1400 cm−1

for the 11Ag
− → 11Bu

+ transitions of N = 7−11 (Figure 2). This
increase, first noted in high-resolution optical spectra of model
pentaenes and hexaenes,12−14 is due to vibronic coupling
between the 11Ag

− and 21Ag
−



excited 11Ag
− states,25 which later were attributed to population



the NIR transient absorptions can be identified with a
symmetry-allowed, 11Bu

+ → n1Ag
− absorption. As expected,

these transitions show a systematic shift to longer wavelength
with increasing conjugation (∼840 nm for N = 7; ∼1400 nm
for N = 19). The lifetimes of these components are in good
agreement with the 11Bu

+ lifetimes (90−180 fs) from the EADS
analysis of the transient absorption spectra in the visible region
(Table 1). The energies of 11Ag

− → 11Bu
+ (0−0) bands can be

added to the 11Bu
+ → n1Ag

− transition energies to calculate the
energy of the n1Ag

− state as a function of conjugation length.
The transient absorption experiments thus provide detailed
data on a second, higher energy dark state, which cannot be
detected in the steady-state absorption spectra (Figure 2).



primarily due to the much larger (∼100×) transition dipole of
this strongly allowed transition.26



difference in this series. Our interpretation of these spectra also
builds on previous vibronic analyses of the NIR, 21Ag

− → 11Bu
+

transient absorption spectra of several carotenoids.27,57,71

The limit of our spectral range in the NIR (7000−11 000
cm−1) precludes the direct observation of transient absorption
features that can be identified with the 21Ag

− → 11Bu
+

electronic origins ((0−0) bands). We thus considered several
options for the assignments indicated in Figure 7. Our analysis
of the room temperature and 77 K fluorescence spectra for N =

7 forces the assignment of the 21Ag
− → 11Bu

+ vibronic bands
indicated in Figure 7. Comparison of the 21Ag

− → 11Bu
+ (0−2)

and 11Ag
− → 11Bu

+ (0−2) energies for N = 7 then allows the
direct calculation of the room temperature 21Ag

− zero-point
energy as 18 800 ± 90 cm−1 (532 nm). Figure 6 compares this
estimate of the room temperature (0−0) band with the
electronic origin observed in the 77 K S1 → S0 fluorescence
(19 900 cm−1, 503 nm). The approximately 1000 cm−1

difference is consistent with the shift between the 77 K and
room temperature emissions seen in Figures 5 and 6 and shifts
noted in other polyenes (see above). The relatively broad N = 7
fluorescence spectrum at room temperature precludes the
accurate measurement of the S1 → S0 (0−0), but the shift in
the vibronic envelope of the room temperature emission
relative to the 77 K emission supports the assignments of the
vibronic bands in the 21Ag

− → 11Bu
+ spectrum given in Figure

7. No other choice for these assignments can be reconciled with
the N = 7 fluorescence spectra, and the central vibrational band
that occurs ∼8500 cm−1 for N = 7−19 thus can be safely
assigned to the (0−2) vibrational band of the 21Ag

− → 11Bu
+

transition. Comparisons between the (0−2) bands for the
21Ag

− → 11Bu
+ and 11Ag

− → 11Bu
+ transitions lead to the 21Ag

−

energies presented in Table 2. As anticipated from Figure 7, the
11Bu

+ − 21Ag
− energy difference is essentially constant (5900 ±

200 cm−1) for N = 7−19 and also agrees well with our estimate
(5800 ± 300 cm−1) for the energy gap for N = 5, based on its
room temperature absorption and emission spectra (see
above). Measurements of the 11Bu

+−21Ag
− energy gap for a

series of dimethyl polyenes indicated a small, systematic
increase with conjugation length, i.e., the gap increases from
∼4500 cm−1



shown in Figure 8, the backbone of rings has an important
impact on the transition energies and oscillator strengths of all





discussed previously,93 the convergence of all of the allowed
transition energies in the infinite polyene limit accounts for the



state conformers. Measurements of the 21Ag
− energies and

lifetimes by detection of the symmetry allowed 21Ag
− → 11Bu

+

and 21Ag
− → n1Bu

+ transitions thus provide a more reliable set
of data for exploring the connections between 21Ag

− decay rates
and energies.

Figure 12 shows excellent fits to the energy gap law for the
open-chain carotenoids (N = 9−13) and the polyenes (N = 7−
19). This figure illustrates the uniformly lower 21Ag

− energies
(∼2000 cm−1) for carotenoids with a given N. The nonradiative
decay rates also are systematically smaller for the carotenoids,
and these counteracting effects result in 21Ag

− lifetimes that are
quite comparable for polyenes and open-chain carotenoids with
the same conjugation length, cf. τ1 = 4.5 ps for lycopene vs τ1 =
6.1 ps for the N = 11 polyene. Comparison between these two
series (Figure 13) illustrates the very similar nonradiative decay

rates for molecules with a given N. Longer open-chain
carotenoids tend to have slightly shorter lifetimes than their
polyene counterparts, but the 21Ag

− dynamics are rather similar.
To underscore this point, we also include data for β-carotene
and its synthetic analogues (N = 9−19). Note (Table S4,
Supporting Information) that the 21Ag

− lifetimes for the N = 15

and N = 19 analogues of β-carotene are identical to the 2





decays of both synthetic and naturally occurring polyenes as a
function of their conjugation lengths, structural features, and
solvent environments.
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