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Wave packet motion in the laser dye oxazine 1 in methanol is investigated by spectrally resolved transient
absorption spectroscopy. The spectral range of-@3D nm was accessible by amplified broadband probe
pulses covering the overlap region of ground-state bleach and stimulated emission signal. The influence of
vibrational wave packets on the optical signal is analyzed in the frequency domain and the time domain. For
the analysis in the frequency domain an algorithm is presented that accounts for interference effects of
neighbored vibrational modes. By this method amplitude, phase and decay time of vibrational modes are
retrieved as a function of probe wavelength and distortions due to neighbored modes are reduced. The analysis
of the data in the time domain yields complementary information on the intensity, central wavelength, and
spectral width of the optical bleach spectrum due to wave packet motion.

1. Introduction resolution and therefore the upper limit of the vibrational
L . frequency range accessible for the experiment. The progress in
Spectroscopy of .V|brat|onal wave packet. dyﬂam'cs IS a pulse generation, amplification, and compression in the last years
modern tool to monitor coherent nuc_lear motion in molecul_ar made tunable pulses in the 10-fs range available from the near
systems. The vibrational coherence induced by a short optlcaIUV to the IR spectral rang&=® Therefore the investigation of

pulse is observed immediately after excitation and can thereforevibrational wave packets in the interesting frequency ranges up

equda}e the energetic "’“?d structqral changes n the V€Yo 2000 cml, where most of the indicative molecular modes
beginning of a photochemical reactibr®. Moreover, in the

; are found, is feasible.
coherent quantum control schehtailored wave packets are Inat ient ab i . t the effect of ket
explored recently in order to influence the path of these q na .ran.5|enba sorg lon experlr'rl1|ert1, eefiect o \{(vave r;acl €
photoreactions. Therefore exact knowledge about vibrational ynamics IS observed as an oscillatory component overlaying

wave packets is mandatory for those experiments. The opticalthe k|ne_t|cs determined by changes m_popl_JIatl_on. Ina stanc_iard
addressability of distinct vibrational modes together with the €valuation, the usually slower population kinetics and possibly

decay time of the vibrational coherence limits the spectral and & dy”ff‘”_“c Stokes shift due to t_h(_a solve_nt are subtracted f_rom
temporal window in which coherent control experiments can the original data set. The remaining residuum of the transient
take place absorption signal contains only the oscillatory part of the
Because of different equilibrium conformations in the ground transient absorpti_on signal. In the standard procgdure Of_ data
and the excited states, the broadband optical excitation of aevaluatlon, a Fourier t_rans_formatlon (FT) of th_at resm!uum yields
molecule in the Franekéondon region with an ultra-short pulse the spectrum of the vibrational modes associated with the wave
generates a vibrational wave packet on a steep part of thepaCket' With this common treatment, frequency, amplitude,

excited-state potential-energy surface. By a Raman-like interac-gziﬁ?ﬁ:meiiﬁﬁg dt'(rjnaetz gfetthgr\gaﬁgnﬁlamgﬂiz zxﬁeixg?’g:ﬁ(
tion, the excitation pulse can also lead to coherence in the : y

electronic ground state forming a ground-state wave padket. ::;?“Z%réal AnrllO(:i?uI(;]ethse gc'(;g:tygi t%r?t::gsvricﬁ?]eopase tv?let;ek
In a simple picture, the molecular wave packet evolves on a yzea. P 'SP P '

single vibrational coordinate and the molecule undergoes no mode will be distorted due to interference effects as outlined

reaction to product states. In this case the wave packet movesbelow' B ) ) ] ]
In addition, an unambiguous assignment of the vibrational

back and forth in the ground/excited-state parabola. Therefore ; . !
the optical properties of the molecule connected to the electronic T SPectrum to either the ground state or excited state is not
state in which the wave packet evolves are modulated with that 2lways straightforward. Especially for systems where the probed
vibrational frequency. Sensitive optical transitions for the study Molecule experiences a small dynamic Stokes shift, the absorp-
of vibrational wave packets are for example the induced fion and emission spectra overlap in a broad spectral range.
absorption, stimulated emission, and bleaching of the ground- Therefore a simple assignment of the modes according to the
state absorption. probe wavelength is not possible.

The most powerful tool of the experimentalist to observe  Interesting information is expected from the analysis of the
vibrational wave packet motion in real time is femtosecond time- Phase of the oscillations. When the wave packet oscillates on
resolved pump probe spectroscopy. Here the cross-correlation the potential-energy surface, the central wavelength of the

width of pump and probe pulse determines the temporal respective optical transition oscillates correspondingly. This
leads to a phase shift of between the oscillations monitored

*To whom correspondence should be addressed. E-mail: On the red and blue edges of the signal and a reduction of the
markus.braun@physik.uni-muenchen.de. Faxt-49 +89 2180 9202. oscillation intensity at the mean wavelength. In practice the
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overlap region between absorption and emission with only _
slightly frequency shifted vibrational modes in the ground and Figure 1. (a) Steady-state absorptioh(1) and fluorescencé=(1)

excited state does not lead to unambiguous re&tfs. spectrum of oxazine 1 dissolved in methanol (normalized spectra plotted

as A(A)-4 and F(1)-A%). (b) Nanosecond component of the transient

In this study, we present transient absorption data on the laserabsorption signal as obtained from global fit (squares) and a linear

dye oxazine 1 in methanol. The influence of the wave packet syperposition (thick line) of absorption and emission spectrum (dotted
motion on the optical transitions is investigated by using data lines). The spectrum of the long-lived transient absorption signal is
evaluation methods in the time and frequency domain. We reproduced by the steady-state absorption spectra. (c) Spectrum of pump
introduce a FT evaluation algorithm that allows the determi- Pulse (duration of 13 fs at 570 nm) and probe pulse (duration of 15 fs
nation of frequency, amplitude, and decay time of vibrational & 650 nm). Above, the GVD of pump (dotted line) and probe (solid
wave packet modes even in the vicinity of a stronger one. For line) pulses is shown as determined by cross-correlation FROG

. . . - . measurement.
a further evaluation method in the time domain, a Gaussian fit

of the transient absorption spectra as a function of delay time 1 ns in advance of the probe pulse. The transmitted light of
is applied to the data. The contributions of optical frequency hoth pulses is spectrally resolved by two identical spectrometers.
shift and optical transition dipole moment to the observed The spectra are recorded with two photodiode arrays (42
oscillatory component in the transient absorption measuremente|ements each) that are read out with 1-kHz repetition rate in
are separated by evaluating the width, amplitude, and spectralorder to realize single-pulse detection. The sample is photoex-

position of the Gaussians. cited by the output of the second NOPA that delivers the pump
pulse. The delay between pump and probe pulse is varied by a
2. Materials and Methods mechanical de|ay Stage.

The laser system for the transient absorption measuretents  1he laser dye oxazine 1 was purchased by Lambda-Physik
consists of a home-built Ti:Sapphire oscillator (100-MHz and dissolved in methanol (Merck, p.a.) without further purifica-

repetition rate, 20-fs pulse duration, 10-nJ pulse energy) and ation. Ten mi!liliters of this solution was pumped throygh aquartz
regenerative amplifier (1-kHz repetition rate, 80-fs pulse dura- 10W cell (thickness 5Qim) to exchange the excitation volume
tion, 3504J pulse energy) at a central wavelength of 800 nm completely after each laser shot. The small thickness of the flow
(see Scheme 1). The output of the laser is used to pump twoCell ensures that no group _vel_ocny effects |n_f|uence the pulse
NOPAs (noncollinear optical parametric amplifie®) that parameter during the_ excitation and problng_ process. _The
deliver pump and probe pulses for the transient absorption concentration of oxazine 1 was chosen to yield an optical
measurements. During the fine tuning of the NOPA process, transmission of 10% at the absorption maximum at 643 nm in

particular attention was paid to obtain preferably unstructured the 50xm cuvette. _ _
spectral profiles of the pulses in order to reduce pre- and Resonance Raman data (Figure 4) of oxazine 1 was recorded

afterpulses (see Figure 1c). The pulses were compressed by by steady-sta.te excitation thh a HeNg laser. For these measure-
combination of a quartz prism compressor and pulse shaperMents, oxazine 1 was dissolved in DMA to quench the
(with 256-pixel liquid—crystal phase and amplitude modulator SPoNtaneous fluorescente.

in a 4f-geometry zero-dispersion) to pulse durations of 13 and

15 fs, respectively. The pulses were characterized by measuring3' Results

the spectrum, autocorrelation, and cross-correlation frequency- In Figure 1 the spectral properties and slow kinetics of
resolved optical gating (FROG). The group velocity dispersion oxazine 1 in methanol are summarized. Figure 1a shows the
(GVD) of pump and probe pulse is shown in Figure 1c. normalized steady-state absorptia@l) and fluorescenc€&(A)

For the measurement of the transient absorption signal thespectra of the sample (plotted A&L)-A andF(4)-A3) which peak
output of one NOPA was split in two parts, the probe pulse at 643 and 672 nm. In Figure 1b the long-lived nanosecond
and a reference pulse. Both pulses pass the sample at the sammmponent of the transient absorption spectrum (described
position, but the reference pulse travels through the sample aboubelow) is shown. This spectral signature can be nicely repro-
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0 Figure 4. Fourier transformed data set of the transient absorption data,
) ) ] . . as described in the text. The Fourier amplitude (in a color code) is
Figure 2. 3-D plot of transient absorpt_lon signal as a function of probe plotted against the probe wavelength and vibrational frequency. For
wavelength (606690 nm) and delay time-{0.1t0 2.1 ps). Atadelay  comparison also the Raman spectrum is plotted, below. The vibrational
time of 0.0 ps an immediate negative transient absorption signal of Up modes as obtained from the evaluation algorithm for a probe wavelength
to —80 mOD is observed, that peaks at about 647 nm. The transient of 637 nm are: 260.2, 560.8, 606.6, 695.1, 768.1, 872.4, 1126.2, 1172.7,
absorption signal is modulated with an amplitude of about 10 mOD a4 1249.5 ¢, also denoted by arrows. Also observed is a vibrational
and a main period of about 60 fs. mode at 1030 cnit, which is assigned to the solvent<{© stretch of

methanol).
20 M 1 1 M 1 M 1 1 M T M 1 )

Figure 3), a phase shift of for the oscillations can be seen.
The amplitude of the oscillations decreases with a time constant
of about 2 ps. Beside these immediate observations on the data

> =

8 M g = 676 | in the time domain a more thorough analysis is achieved by

S 1 the investigation of the FT data set in the frequency domain.

’g \/\/\/\/\/\/\/\j\/\/\/\/\ For a quantitative evaluation of the data the following

2 ] procedure was applied for all data sets. The long term behavior

g i of the transient absorption signal (Figure 1b) was determined

2 in a global fitting routine by an exponential fit of the data using

§ /\ /\ \/\/\/\/\/\/\l the measured cross correlation function of pump and probe pulse
/\ /M from the FROG experiment. After subtracting the slow popula-

tion kinetics with a time constant of several nanoseconds from

-100 - M e = 637 M 2 the original data a residuum remains that yields only the fast

: 0'0 0‘1 : 0'2 . 0'3 0'4 . 0'5 . ols : 0'7 . oscillatory part of the signal on a zero signal offset. To exclude
delay time / ps effects of any time-zero artlfgcts, only thg data for delay times

longer than 50 fs was used in the following procedure. For an

Figure 3. Transient traces recorded for probe wavelengths of 676 and gna|ysis in the frequency domain the time-resolved residuum
637 nm. The oscillation on the transient absorption shows an obvious data set was Fourier transformed. This procedure yields the
phase jump ofr. wavelength-dependent frequency spectrum of the observed

duced by a linear superposition of the steady-state absorptionoscillations as shown in Figure 4, where the intensities are
and fluorescence spectra, which identifies the spectral rangedisplayed in a color code.
where absorption bleach < 680 nm) and stimulated emission As can be seen in Figure 4, the two dominant vibrational
(A > 630 nm) signals are observed. The spectra of pump andmodes, which are also responsible for the beating behavior in
probe pulse used for the transient absorption studies arethe transient traces, are about 560 and 609'cifihe general
presented in Figure 1c. The probe pulse (6600 nm) covers  frequency of the time-resolved traces leads to a period of
the spectral region where ground-state bleach and stimulated(c-560 cnt?)~1 = 59.5 fs (see Figure 3). The beating behavior
emission signals are partially overlapping. is explained by the frequency difference of the 560 and 609
In Figure 2, the transient absorption spectrum of oxazine 1 ¢cm ! modes ofAv = 49 cni! leading to a period Ofpeat =
in methanol in that wavelength range recorded over 2 ps is (c49 cnm%)~1 =680 fs, which was noticed in the transient traces
shown. Immediately after excitation of the sample, a long-lived (Figures 2 and 3). Also several other weaker modes (indicated
transient absorption signal over the whole spectral range isby arrows in Figure 4) are visible in the FT data set. For
observed (see also Figure 1b). On this signal a fast oscillatory comparison the resonance Raman spectrum of oxazine 1 in
component with a period of about 60 fs is noticed that shows DMA is also shown and good agreement between the modes
a beating behavior with a period of about 650 fs. This indicates from the transient absorption measurement and the Raman
at first glance the presence of two dominant vibrational modes method is found.
at around 600 cm, which are separated by about 50 ém Nevertheless, a closer look at the FT data set reveals a number
By comparison of transient traces on the blue and red wings also strong periodic side maxima and asymmetric line shapes.
of the transient absorption spectrum at 637 and 676 nm (seeThese additional features will be analyzed and used to gain
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520 540 560 580 600 620 640 660 Figure 5a depicts in the frequency range between 520 and
" mode ('|) ' L ,F(f); 660 cnt! the FT amplitudes of four data sets on a logarithmic
(a) T IEE%)I scale: the FT amplitudg=(f)| of data set I, the FT amplitude
— — FOI+IF@) |F(g)| of data set IlI, the FT amplitudg(f + g)| of their sum,

mode (Il)

and the sum of their FT amplitudés(f)| + |F(g)].
The two modes at 555.6 and 606.1 ¢m|F(f)| and|F(g)],
. are both found to have symmetrical Lorentzian shapes due to
el D their decay times of 1500 and 1000 fs. By comparing them to
T the FT amplitude of their surtF(f + g)|, one finds the mode

8 E § parameters to be changed evidently, especially for the weak
2 gllg mode Il. The center frequency is shifted by 1.9¢no 608.0
g t t } } } } cm™1; the line shape is strongly asymmetric and the amplitude
o == [F(A) of the mode is increased. For the strong mode (l), no noticeable
b mode (1) ===+ [F()l ; :

(b) — IF(f+g)] influence is found.

= = IF(O+IF(g)I

ol The origin of these observations can be explained by taking
mode

into account the phase behavior of the vibrational modes. At
the center frequency of the vibrational mode the phase experi-
ences a change of due to the FT. For both modes, this phase
change happens at the respective vibrational center frequency.
Therefore both modes are in phase in the frequency range below
555.6 cnt! and also above 606.1 crh but between 555.6 and
606.1 cnt! they experience a phase difference mfand
therefore interfere destructively in the frequency domain. This
example shows that the phase has to be considered explicitly
) ) ) ) for the evaluation of vibrational FT spectra in order to obtain
Figure 5. Demonstration of interference effects between neighbored ot mode parameters. The phase jump at the center frequency
vibrational modes in a FT spectrum (the FT amplitude is plotted on a - ) .
logarithmic scale): FT amplitude of mode i at 555.6¢rand a decay Ieads_ tP _asymmetrlc line shapes, _eSpeC_"’?‘”y for weak _modes in
time of 1.5 ps (dashdotted line); FT amplitude of mode ii at 606.1  the vicinity of a stronger one. This falsifies the amplitude of
cm! and a decay time of 1.0 ps (dotted line); FT amplitude of the the mode and makes an evaluation of the decay time from the

sum of modes i and ii (thick line), denoted as iii; sum of the FT width of the Lorentzian impossible.

amplitudes i and ii (thick dashed line), denoted as iv. (a) The data sets A long time m rement for the study of wav ket motion
in the time domain extend over about 41 ps. (b) the data sets in the ong uime measurement for (he Study or wave packet motio

time domain extend over 2.1 ps. Therefore the Lorentzian profiles in '€quires an experimental setup that has an absolute accuracy of
b are convoluted with a sinc function due to the finite temporal range. a few femtoseconds over a wide delay time range. This is
The line profile of the FT data setiii is in both cases strongly distorted, experimentally demanding, especially for high-frequency vi-
asymmetric, and shifted, as indicated by the arrows. brational modes. Therefore, considering a more realistic ex-
perimental situation also the additional influence of a limited
range of delay times has to be taken into account. We plot in
Figure 5b the FT specti&(f)|, |F(9)|, |F(f + g)|, and|F(f)| +

|[F(g)| for a delay time range of 82000 and 5-fs step size.
Because of the finite delay time range, we observe a pronounced
sinc(v) behavior for all spectra (with sing = sin()/v). The

611.1cm’  _.~"

I 606.1 cm”

520 540 560 580 600 620 640 660
frequency / cm’”

further information on the wave packet motion (see section A).
Because of the side maxima of a strong mode, the mode
parameters of weak neighbored modes can be influenced
significantly. We will show that the simple procedure of just
fitting the FT vibrational spectrum by a sum of Lorentzians with

different spectral position, amplitude, and width can lead to ~. . ; .
P P P distortions in the FT spectrum of the combined mogg$ +

distorted results. .
A. Evaluation Algorithm for the Data in the Frequency 0)| are obvious. Here the parameters of the weak mode at 606.1
-1 are even more distorted: the vibrational mode is shifted

Domain. The effect of interference between two neighbored cm-a )
vibrational modes in the FT amplitude spectrum will be (O @ vibrational frequency of 611.1 crhand also a strong
illustrated on simulated data sets (Figure 5). The mode decrease in amplitude is observed.

parameters were chosen to be similar to the oxazine 1 data set In a typical pump-probe experiment vibrational wave packet
presented above. We generated two data sets in the time domaitnotion is analyzed from FT data sets similar to data/Bgt+

that describe the vibrational modes | and Il g)| in Figure 5b. The influence of the phase shifts and the
_ resulting interference effects have to be explicitly considered
f(t) = 1.0 exp(-t/1500 fs) sin(zt/60 fs);t = 0 for a correct interpretation of the measurements. The example

. . in Figure 5 illustrates the need for an evaluation method that
g(t) = 0.2 exp{-v/1000 fs) sin(2t/55 fs);t = 0 (1) accounts for the phase shift and the sintructure in the FT
Data set | describes one strong oscillatory mode with a period SPectrum. Such a method is applied in the following for the
of 60 fs (555.6 cm?) and a decay time of 1500 fs. Data set Il  transient absorption measurement on oxazine 1 presented above
describes a weaker oscillation with a period of 55 fs (606.1 (Figure 2).
cm 1) and a decay time of 1000 fs. In a typical transient ~ The algorithm consists of two steps: (i) approximate the
absorption measurement, the sum of these two modes wouldcomplete FT spectrum by a sum of sinc functions with complex
be observed in time domain. Like in a real measurement, theseamplitudes that represents the individual modes and their phase;
two data sets were generated as a list of discrete delay timeg(ii) fit the spectral position, amplitude, width, and phase of each
with a step size of 5 fs between two data points. Each data setmode, using the approximation of the first step i to account for
consists of 8192 values, so it starts at a delay time of O fs and all other neighbored modes. The calculation of the approximated
ends at a delay time of 40955 fs. FT spectrum i is explained below.
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The limited time range is related in the frequency domain
with a convolution of the ideal spectrumyea(v) by a sinc

J. Phys. Chem. A, Vol. 110, No. 32, 2008797

away from a mode may be weak. In general that would be the
case for strongly damped modes.

function. As a consequence, it is advantageous to expand the For weakly separated lines the sampling points associated

FT spectrum measuref’) Of the limited data set (delay time range
from 0 to Tp) into a series of sinc functions

lneasuei) = ¥ Au@) = 3 A sinc(eTo—j)m) (2)

J J

It has been shown that the sinc functiasorm a complete
orthogonal systert: For a FT spectrum consisting of a number
N of individual bands (of Lorentzian shapes), one can strongly
reduce the number of free parameters by the following assump-
tion: The convolution of the ideal FT spectrum with the sinc
function is written as a sum of the contributions from the
individual bands (shapB,) with center frequencies,, spectral
width wy, and amplitude$,. Each band is than expanded into
(2k + 1) sinc function with a limited number of components

N
Bn(vniwn'bn) X

n=

Imeasuregv) = Iideal(V) X SinC(UTOﬂ) =

N k+1

sinc@pTyr) ~ Z Z A sinc((¢ — v) Ty + m)z) (3)
n=1 m=—k

The measured data set from the transient absorption experimen
to which the FT is applied has a finite duratidgof 2 ps. Thus
finding the coefficientdy, vn, andw, is a well-posed probleri.

As the Lorentzians of two well-separated modes are also nearly
orthogonal, finding the expansions of several moggsato the
respective sinc functions sincg(¢ vn)To + m)xr) should be a
well-posed problem too. As the signal-to-noise ratio is best in
the surrounding of the line, one can try to extract as much
information on the profile as possible from that region.

From these considerations the following concept for the
analysis of well-separated modes is derived: identify the
individual modes, and then find the corresponding expansion
into sinc functions in the immediate surrounding of the line.
Therefore in our analysis we used only three coefficients for
each linetn= -1, 0, 1).

In the case of a spectrum composed of a number of purely
Lorentzian modes as ideal line shapga (v) from eq 3, thus
the following approximation is used

1—i

x sSincEpTyr) =

N
Z (A, —1 sinc((v — v Ty — L)m) +
n=1

Ano sinc((¢ — v))To)m) + A, 4 sinc((¢ — v,))To + 1))
(4)

To account for the correct phase behavior of approximation the
amplitudesAn -1, Ao, andA, 11 are complex numbers. As the
sampling points of all three terms in eq 4 are identical, the three
complex amplitudes are the values of title line profile at these
sampling points. For that reason finding the coefficients is a
well-posed problem. The fit is only performed in the direct
neighborhood of the modes. The advantage of this approxima-
tion is the possibility to evaluate not only Lorentzian modes
but also more general ones. However, the approximation far

with A, +1 andAn11-1 are in close vicinity. Thus the spectrum

at these sampling points is strongly dependent on Bath
andAn;1-1. As a consequence, the singular value spectrum of
the problem was analyzed and, if required, regularized by
truncation. This reduces the information that may be extracted
and therefore we concentrate on amplitude, phase, and width
of the line. The damping time of the line may be reduced from
the latter.

A single mode may be evaluated better by adding a single
term of the sum on the right-hand side to the residuum of the
approximation. In the case of a purely Lorentzian mode an
improvement may be gained by approximating the neighborhood
of the mode by a Lorentzian convoluted with a sinc function.
The damping times given later are found in this way. It is clear
that the results could be refined by iteration. The single steps
for the final data analysis are as follows:

(1) The approximate positions of the vibrational modgs
are determined using the standard FT spectrum that was
averaged over all probe wavelengths in order to improve the
signal-to-noise ratio. These positions are used as initial param-
eters for the fitting routine that models the vibrational spectrum
for each probe wavelength separately.

(2) Each vibrational mode is described by the sum of three
sinc functions (eq 4, right side). The maxima of the sinc
functions with the complex amplitudég —; andA, +; are shifted
by £(cTo)~? relative to the central sinc function with the
complex amplitudé\, o. To account for asymmetric line shapes,
the complex amplitude&, —1, Ano, @andA, +1 are determined as
free parameters. Also the vibrational frequencigsre opti-
mized by the fit.

(3) In the final step the line shape of each vibrational mode
for each probe wavelength is determined separately by using
corrected FT data sets. A Lorentzian convoluted with a sinc-
function serves as model function for the fitting procedure (eq
4, left side). Such a corrected FT data set for a distinct
vibrational modevy is produced by subtracting the fitted line
shapes of all other vibrational modaswith (n = k) determined
in step ii from the original FT data. By this procedure any
oscillatory side maxima or tails due to the spectral shape of
neighbored lines have been removed from the FT data set.

This is shown in Figure 6 for the original data set. The FT
amplitude (logarithmic scale) of the transient absorption signal
is plotted between 510 and 710 cthin Figure 6a. The result
of the fitting routine using eq 4 is shown in Figure 6b and the
remaining residuum in Figure 6¢. The corrected data set for
the vibrational mode at 606.6 crhis presented in Figure 6d.
The subtraction method described above leads to the observed
shift of the central frequency from 611.1 to 606.6 ¢nand
the changed symmetric line shape. Therefore the fitting proce-
dure can now yield the parameters of vibrational modes without
influence of neighbored modes.

By this algorithm, the line shape parameters of the vibrational
modes in oxazine 1 have been determined (see Figures 4 and
7). In particular the mode at 609 ¢ that is by a factor of 10
weaker then the nearby lying mode at 560 émcould be
evaluated without systematic error by this procedure.

The results of the evaluation for the three strongest lines are
shown in Figure 7 as functions of the probe wavelength. The
amplitude of the oscillations (Figure 7a) is maximal at about
635 and 670 nm for all modes. A phase shiftwofs observed
(Figure 7b) at the spectral position of the minimum amplitude
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Figure 6. (a) FT amplitude (logarithmic scale) of the transient
absorption signal. (b) Fit of data using eq 4. (¢) Remaining residuum
of the fit. (d) Corrected data set for the vibrational mode at 606.6,
according to the evaluation procedure described in the text.
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Figure 7. Mode parameters for the three strongest modes 260, 560,
and 609 cm? as a function of the probe wavelength: (a) FT intensity,
(b) phase, and (c) decay time of the vibrations are shown. At about
650 nm for all modes a minimum of FT intensity, a phase jump,of
and a change of the decay time is observed.

at about 650 nm (maximum of the cw absorption spectrum).

The frequencies of the vibrational modes show no noticeable

shift as a function of probe wavelength (not shown here).
However, the vibrational decay times (Figure 7c¢) for all modes

in the blue wing between 600 and 640 nm are shortened in the

red part of the spectrum (260 ci 0.9-0.6 ps; 560 cm?,
1.75-1.35 ps; 609 cmt, 1.8-1.3 ps). In the blue part of the
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Figure 8. Parametrization of the transient absorption spectra at different
delay times. The transient absorption data (shown as squares) are fitted
by a Gaussian profile (line) in the spectral range between 625 and 660
nm. For the delay time 0.620, 0.635, and 0.650 ps the Gaussian
amplitude and center wavelength are indicated by the arrows.

wave packets, we had a closer look at the time-dependent
transient absorption data.

B. Evaluation by a Gaussian Fit of Transient Absorption
Spectra in the Time Domain.In Figure 1b it is shown that
the transient absorption spectrum can be nicely reproduced by
the superposition of steady-state absorption and emission spectra.
In the spectral range between 625 and 660 nm close to its peak
the transient absorption spectrum is reproduced in a good
approximation by a Gaussian representing the spectral signature
of the dominant ground-state bleach. This guided us to the
following approach. We fit the transient absorption difference
spectra for each delay time setting a Gaussian line shape (see
Figure 8) and analyze the time dependence of the Gaussian.
By this way we gain information averaged over the dominant
peak of the transient absorbance change. It should be noted
that it is not intended to model ground- and excited-state wave
packet motion by this approach. Instead, the experimentally
observed main features of the complex two-dimensional data
set (Figure 2) can be described in a clear representation by this
procedure.

The obtained fit parameters are peak amplitude, peak position,
and width of the Gaussian as a function of delay time, as shown
in Figure 9. At first sight the typical oscillatory behavior with
a beating period of about 650 fs is found for all three parameters.
The result of the FT analysis of the time dependence is also
shown in Figure 9 as insets. Obviously the vibrational modes
of the molecule are found for the three parameters as a result
of the evaluation method described above (see Figure 4).
However, by analysis of amplitude, spectral position, and

investigated spectral range ground-state wave packets arespectral width separately, further information is available.
expected to be dominant, and in the red part excited-state wave The main effect of wave packet motion on an optical

packets should play a major role. Therefore the observed transition is often described in a simple first-order approximation

difference in decay time is a strong hint for the superposition

as a modulation of its spectral position. Indeed we find a change

of ground-state and excited-state wave packet dynamics. To gainn peak position, which oscillates between 637 and 643 nm
further information about the ground-state and excited-state (Figure 9b). Also the spectral width is found to change between
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(@) Gaussian amplitude T T T explains the observed phase shift of the oscillations at the
-70 - transient absorption maximum (see Figure 7b). The shift in the
spectral position of the transient absorption signal is also
confirmed by the evaluation method in time domain using

transient absorption / a.u.

-80
L Gaussian fits presented in Figure 9b.
- -1
o §-56° em T Nevertheless it is assumed that at the central wavelength,
’ & [ 260 cm* /{609 cm™ ] where the transient absorption spectrum peaks, the signal
1 L 1 L

modulation due to the wave packet reaches not only its minimum

644 |- : - :
[(b)  center wavelength but vanishes. This can obviously not be observed for the

E 642 presented data. Therefore a further signal has to contribute to
< 640 { the modulation of the transient absorption due to wave packet
g 638 Il motion. This signal is also identified from the Gaussian fit data
S evaluation in the time domain as a periodic change of the
= 636 transition dipole moment (Figure 9a), which contributes to the
634 T RS A . : oscillation most at the spectral maximum position. Therefore

[ () Gaussian width the spectrum of the FT amplitude (Figure 7a) can be modeled
as a superposition of the transient absorption spectrum and its
first derivative. This should be kept in mind as a possible
mechanism that may lead to a complex behavior of the phase
as a function of the probe wavelength. Therefore an assignment
of vibrational modes to the ground or excited state only relying

30

25

Gaussian width / nm

20 _ ) at
N d on the phase information seems to be not sufficiently accurate

02 04 06 08 10 12 14 16 18 20 in the overlap region of the transient absorption and emission
delay / ps spectrum. Further studies on the assignment were carried out

Figure 9. Result of the Gaussian fit as in Figure 7 for the delay times With the help of chirped excitation puls&s.
between 0.1 and 2.1 ps. (a) amplitude of the Gaussian, (b) center ~ Alsp a closer look at the Gaussian fit data (Figure 9) reveals

wavelength of the Gaussian, and (c) width of the Gaussian profile as g, mq jnteresting details about the behavior of ground-state wave
a function of delay time. The three parameters oscillate with the same Kets i . 1. BI h intensit tral width d
frequency spectrum as shown in the insets. The dotted lines (as guidesoac SIS (_))_(azlne e '_n ensity, . spectral width, an

to the eye) represent the evolution of the averaged behavior of the threeSPeCtral position are modulated in phase: the strongest bleach

mode parameters, as described in the text. is observed in the blue part of the spectral range, where the
spectral width of the Gaussian is narrow. A similar behavior

25 and 31 nm (Figure 9c). This leads to the experimental can be observed when the averaged evolution of the Gaussian
observation that the FT intensity in Figure 7 reaches its parameters is analyzed (dotted lines as guide to the eye in Figure
maximum (about 635 nm), where the spectral slope of the 9). The average bleach intensity (Figure 9a) decreases over the
transient absorption spectrum is steepest (Figure 1b). Howevershown time range of 2 ps. This is associated with a slight
this would also suggest that at the spectral position of the optical increase of the spectral width (Figure 9¢) and a red shift of the
transition maximum (643 nm, Figure 1b) the FT intensity of spectral position from about 639 to 643 nm. This means that
this mode should be exactly zero. This however is not observedthe maximum transition probability is found in the blue wing
for the FT intensity in Figure 7. of the bleach spectrum, where also a high Frarn€kndon

The reason for that behavior is the decrease and increase ofactor is expected. When the modulation of the transient
the transition intensity with a modulation amplitude of about absorption signal due to the decay of the wave packet motion
10% (see Figure 9a). This effects the oscillation on the transientdecreases, the spectral position of the Gaussian evolves to the
absorption signal strongest at the spectral maximum position steady-state absorption maximum of 643 nm. The decay of the
of the optical transition (643 nm). Therefore the modulation of wave packet is also monitored by the decay of the modulation
the transition dipole moment due to the wave packet motion of the spectral width of the Gaussian. Additionally a slight
can lead to similarly strong oscillations in the optical probe increase of the spectral width of the Gaussian is observed for
signal as the modulation of its spectral position. This effect can |ater delay times (dotted line in Figure 9) to the value observed
complicate for example the determination procedure for the for the long-lived nanosecond kinetic (see Figure 1b). It should

correct phase of the oscillations. be noted that also larger values for the spectral width were
_ ) observed in the oscillatory signal, because due to the wave
4. Discussion packet motion more vibrational excited states contribute to the

In the following the results for the wave packet dynamics Wave packet.

initiated by a transform limited ultrashort light pulse are The different vibrational decay times (Figure 7c) observed
discussed. The wavelength-dependent evaluation of the wavein the blue (606-640 nm) and red part (656690 nm) of the
packet motion for the three modes 260, 560, and 609'dm spectrum for the modes 260, 560, and 609 Emre a strong
seen in Figure 7. We assume that the absorption and emissiorindication that the wave packets observed in these two spectral
spectra are changed due to the motion along the respectiveregions are propagating on different parts of the potential-energy
vibrational coordinate. This leads to a wavelength-dependentsurfaces. Therefore they will experience different decay mech-
modulation of the transient absorption signal with the respective anisms. The faster decay times observed for the vibrational wave
vibrational frequency that is proportional to the derivative of packets in the excited state can be explained by a weak selvent
the transient absorption spectrum. That behavior explains well solute interaction. The system oxazine/methanol is photoexcited
that the maxima of the Fourier transformed data of the three whenitis in a collective equilibrium geometry in the electronic
modes are at 635 and 670 nm, where the slope of the transiengground state. After generation of the ground-state wave packet
absorption spectrum is at its maximum (see Figure 7a). Also it this equilibrium geometry is not changed. However, for the case
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of a wave packet in the excited state solvent molecules will was determined. We also presented an advanced evaluation

start to realign to a new equilibrium geometry. Therefore algorithm of the FT data set taking into account the decay time

decoherence is induced in the molecular system and thisand sinc structure of the FT data. In an iterative approach this

additional dephasing mechanism leads to a shorter lifetime of algorithm allows to determine the parameters of neighbored

the excited-state wave packet. modes without systematic error. This evaluation scheme is
Also experimental and theoretical work was presented in the promising for the correct evaluation of vibrational FT spectra

literaturel® where different decay times of vibrational wave with several neighbored modes.

packets were explained in a way that higher-lying vibrational

states show a faster relaxation. Therefore it was concluded that Acknowledgment. We thank A. Peine, P. Gilch, and W.
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