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Femtosecond VIS-pump-IR-probe experiments (time resolution: 300fs, detectable
absorption change: 5.10--5, frequency range: 1000-1800 cm-1) were applied to the
ultrafast photo isomerisation of azobenzene and the protonated Schiff base of retinal.
The energy of the pump photon heats the vibrational system of the molecule, leading to
pronounced anharmonic frequency shifts which are dominated by the anharmonic
coupling between the investigated high frequency modes to hot low frequency modes. A
model taking into account this intramolecular anharmonicity and assuming a well
defined intramolecular temperature gives a good fit of the experimental data.
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INTRODUCTION

Mainly due to its importance in many biological systems, photon
induced cis-trans-isomerisation reactions have been widely studied.

Briefly, the reaction can be described as follows: After excitation, the
molecules reach a region on the excited state potential surface in a
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twisted configuration from where the transition to the So surface can
occur, transferring the excess energy to coupled vibrational modes.
The initially, non-thermal energy distribution is equilibrated by the
IVR process, leading to remarkable intramolecular temperatures
(< IO00K). In order to get new insights into the vibrational energy
after the internal conversion process we have investigated two model
systems by femtosecond IR experiments: azobenzene and retinal in
solution [1,2].

MODEL

Due to the equidistant energy levels of a harmonic oscillator and
vibrational excited state absorption, no IR absorption changes are

expected upon vibrational excitation as long as anharmonicity is not
explicitly taken into account. When considering anharmonicity, the
transition frequency ak of a mode depends on the excitation level of
the mode itself (diagonal anharmonicity) and also on the excitation
levels of the remaining ’bath’ mode (off-diagonal anharmonicity) [3]:

Cdk --k,O -t- 2Xkknk + Xikni (1)
iCk

Ck, 0 is the transition frequency in the ground state, nk, the excitation
of mode k, and Xkk and Xik are the diagonal and the off-diagonal
anharmonic constants, respectively. Since in general, most of the xkz:
and Xik are negative, Eq. (1) results in a red shift of mode k. As shown
in [1] for molecules of the size of azobenzene, having mostly
delocalized modes, the off-diagonal anharmonicity is dominating the
anharmonic effects. However, since the anharmonic constants are not
known in detail, a simplifying model is developed: It is assumed that
the off-diagonal anharmonic constant Xik between mode k and the
bath mode is proportional to the frequency coi:Xik x.coi, in rough
agreement with the anharmonic constants which have been calculated
for benzene [4]. From this formula, one can conclude that the mean
total frequency shift Acok of mode k is proportional to the total
intramolecular vibrational energy: Acol, x. Evib, regardless of the
detailed energy distribution. Thus, time resolved IR spectroscopy of
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large molecules is mostly insensitive to IVR while it provides a
measure of the total vibrational energy. This also justifies the
approach to describe the intramolecular energy distribution by a
Boltzmann distribution, i.e., by an intramolecular temperature, even

when is not clear whether the IVR-process is completed. A good
qualitative agreement between the experimental data and the model is
obtained under these model assumptions, as shown in Figure for
azobenzene.

APPLICATION TO RETINAL

As an application, the protonated Schiff base of retinal (PSBR) in
ethanol was investigated in the spectral range of the C--C, the C--C
and C--N modes [2] (see Fig. 2). With the electronic decay these
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FIGURE Transient IR absorption changes of cis-azobenzene upon switching the
molecules from the cis to the trans configuration with a short light pulse at 407 nm (top).
The model spectra (bottom) taking into account the intramolecular anharmonicity and
assuming a well defined intramolecular temperature qualitatively fit the experimental
data very well.
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FIGURE 2 Transient difference spectra of PSBR. The difference between the ps and
the 3 ps spectrum mainly reflects the recover of the bleached C--C stretching mode due
to the electronic S- So transition, which occurs on a time scale of 2 ps. A detailed
analysis shows that initially the band shows up ca. 15cm- lower than the frequency
found for the cold molecules [2]. Insert: Temporal evolution at a frequency position
marked by the arrow: The initial fast absorption rise reflects the formation of the hot
band while the subsequent slow decrease is caused by the cooling of the molecules due to
the intermolecular energy transfer to the medium.

vibrational modes are initially formed at a frequency 15 cm- lower
than found in the cold molecules. In a steady-state absorption
spectrum of PSBR, a frequency shift of 1.8cm- is obtained when
heating the sample from 300 to 340 K. This value can be used to
estimate the anharmonic constant x which subsequently is applied to
extrapolate the anharmonic effect at higher temperatures. This
’calibration’ of the thermometer yields an initial temperature of
550 K for the observed 15 cm-. Interestingly, the anharmonic effect in
the bacteriorhodopsin, i.e., the chromophore in its native protein
surrounding, is considerably smaller: For the cis-C--N mode a
frequency shift of only 5 cm- between 1.5 ps spectrum and the 9 ps
spectrum was found [5], pointing to a temperature of 400 K. Part of
the difference can be explained by the lower excitation energy used in
these experiments and the fact that ca. 0.5 eV is stored in the cis-photo
product of BR (in contrast to our experiments).
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