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Pump-degenerate four wave mixing (pump-DFWM) is used to simultaneously study the early events in structural
and electronic population dynamics of the non-adiabatic passage between two excited electronic states. After
the precursor state,$ populated by an initial pump beam, a DFWM sequence is set resonant with the S

— S, transition on the successor state Bhe information obtained by pump-DFWM is two-fold: by scanning

the delay between the initial pump and the DFWM sequence, the evolution of the individual excited-state
modes is observed with a temporal resolution of 20 fs and a spectral resolution of 10Auditionally,
pump-DFWM vyields information on electronic population dynamics, resulting in a comprehensive description
of the S — S; internal conversion. As a system in which the interplay between structural and electronic
evolution is of great interest, dltans$-carotene in solution was chosen. The pump-DFWM signal is analyzed

for different detection wavelengths, yielding results on the ultrafast dynamics betwger{SBand 2A,~

(S1). The process of vibrational cooling on B discussed in detail. Furthermore, a low-lying vibrationally

hot state is excited and characterized in its spectroscopic properties. The combination of highly resolved
vibrational dynamics and simultaneously detected ultrafast electronic state spectroscopy gives a complete
picture of the dynamics near a conical intersection. Because pump-DFWM is a pure time domain technique,
it offers the prospect of coherent control of excited-state dynamics on an ultrafast time scale.

Introduction dipole moment on both ground and excited states of this
naturally occurring dye. Because of their inherent advantages,

Time resolving structural dynamics on short-lived molecular techniques have been applied to a wide range of time-
excited states presents a challenging yet wide ranging field of dependent studies of molecular vibrations since the advent of

ultrafast spectroscopy. The relevance of the problem is Clearultrashort pulse§101419 When applying a DFWM sequence
because such molecular modes may represent movement alongesonant to an electronic transition from the ground state
the reaction coordinate and hence determine the photochemistryexcited_State vibrations can be observed. However. the sam’e
of the molecule. Transient absorption is a widespread teChniqueambiguities concerning the origin of the \;ibrational ﬁodes as
that has proven to yield information on excited-state dynamics for transient absorption measurements apply. This can be

ﬁ%, a i i 6
on a number of ST"a” Systems: nd moleculg§ n sol.utlo?r. resolved by adding an additional pump pulse prior to the DFWM
A drawback of this approach is the non-trivial assignment of sequence. Excited-state resonances can be exploited, when an
the observed vibrations to either ground or excited state. This a qro riat.el set DEWM sequence onlv aives ?ise tola reso-
can be clarified by prior theoretical knowledge of the system, nggtlypenhaﬁced signal if it 3vas prececi/eg by an initial pump
which limitation mall molecules. An experimental . . R .

ch poses a limitation to small molecules experimenta pulse. This pump-DFWM scherf&l®depicted in Figure 1 is a

method to facilitate the assignment of vibrational modes in iime d . thod with a t | lution determined
complex molecules is given by scanning the second-order chirp pure ime domain method with a temporai resolution determine
by the cross correlation between the ultrashort initial pump and

of the excitation pulsé8If the vibrational amplitude is enhanced o o
b P DFWM pulses. The spectral resolution is only limited by the

by a negative chirp, it can be regarded as a ground-state mode. ! i o : L
Another aspect to be considered is ti|? dependency of natural line widths of the vibrational features under investigation

the transient absorption sighaith « as the rovibronic with no theoretical lower wavenumber limit. The upper limit is

transitions dipole moment ard as the number density of the determined by the specFra.I width of the DFWM pulses. )
examined species. Nonlinear methods like degenerate four wave Oberfeet al. used a similar approach to detect the excited-
mixing (DFWM)0-13 scale withN?u[8, consequently exhibiting ~ State populgtlorj dyna_1m|cs |rr_ansstllbené_*° and d|ph_enyl-
a radically different intensity pattern in comparison to conven- Polyene derivatived with subpicosecond time resolution. On
tional spectroscopic probes. For low concentrations of target @ femtosecond time scale, Siebert et’&F focused on hot
species and weak spectral transitions, this scaling reduces théround-state dynamics as examined by pump-coherent anti-
overall sensitivity of the method. For the present study of Stokes Raman scattering (pump-CARS). The vibrational re-
sufficiently concentrateg-carotene in solution, however, this  population of the ground state in dtansf-carotene was
dependence turns into an advantage given the strong transitiormonitored. Underwood and Blakkintroduced resonant pump,
third-order Raman spectroscopy (RaPTORS), where a high

* Corresponding author. Phonet49 6421 28-22540. Fax:-49 6421 INtensity non-resonant DFWM sequence was employed for
28 22542. E-mail: motzkus@staff.uni-marburg.de. probing solvent dynamics. Also, in the time domain, Fujiyoshi

10.1021/jp073727] CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/03/2007



10518 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Hauer et al.

A 1 H DFWM - Beams
(@) nc-OPA | . I i L}
1 560 nm — ,
! e 14fs
\ e Tt Chopper
. o J Wheel
| nc- OPA S
= : 510 -
= I \ 17 rf:“ Initial \\\\FI“ST
o
g\ s.o8) | Pump Uy
& 4 / s S, (2A) 1KH§ = A » ; Fhotadiods
1 rep. rate| Signal / I
A N -795 / Y
Conical o / Spatial JJ
Intersection Filter :
S, (1A) =
Reaction Coordinate
(b)

Figure 2. Experimental setup for pump-DFWM. The regenerative

|
T |
I amplifier (CPA) pumps two nc-OPAs. The initial pump triggers the

initial pump probe delay

delay i photochemistry and precedes the DFWM sequencg. lilyis blocked
+ periodically by the chopper wheel. The initial pump interacts with the
initial Pump ~ Pump, Stokes  Probe, Signal DFWM beams at the sample in a folded BOXCAR arrangement. The

probe beam (Pr) is delayed byto give transients recorded either in a
> CCD camera or in a photomultiplier tube (PMT). Transient absorption
time data are collected simultaneously in a photodiode (TA).

Figure 1. The pump-DFWM excitation scheme for &l&ns/3-carotene
is depicted in (a). The resonant initial pump promotes the system to
the S state. After_ an ultrafast internal conversion through a seam of  |nstrumentation. The experimental setup is depicted in
conical intersections, the system relaxes towagd Bie DFWM Figure 2. Its functionality was demonstrated as a proof of
sequence is set resonant with the-S S, transition. Part (b) shows T ; . L
the time ordering of the incident pulses. principle in a previous publlcat!on by our grotipin thelpresent
work, we improved the experimental parameters like spectral

et al® observed the low-frequency vibrationstcdns-stilbene resolution and signal-to-noise ratio. Furthermore, the present
on its first excited state, employing a time-resolved impulsive setup allows for detection of electronic population dynamics
stimulated Raman scattering (TR-ISRS) setup. as mentioned above.

Another set of methods for detecting excited-state modes The regeneratively amplified Ti:Sapphire laser delivered 120
exploits vibrationally induced absorbance changes (Ramanfs, 700uJ pulses at 1 kHz repetition rate, centered at 795 nm.

Materials and Methods

gains) in a broadband probe sigR&i?® In principle, a photo- This fundamental beam was split into two parts of equal intensity
generated species is vibrationally excited by either a spectrallyto pump two separate single staged non-collinear parametric
broad* or a narrow band Raman pump puféé® The vibra- amplifiers (nc-OPA). The initial pump (see Figure 2) was

tional modes are detected as absorption gains on a probe pulseentered around 510 nm with a temporal pulse width of 17 fs
at the respective frequency shifts. Such time-resolved Ramanas determined by an autocorrelator. The initial pump precedes
scattering techniques exhibit fast data acquisition rates in the DFWM sequence by (see Figure 1). The delay was set
combination with high spectral and temporal resolution, below with the aid of a computer-controlled Piezo stage. Before
50 fs according to the review by Kukura eaPump-DFWM, reaching the sample, the beam went through a synchronized
however, offers an additional spectral axis to the signal: becausechopper wheel, blocking every second pulse. This allowed for
the vibrations are recorded in the time domain, vibrational discriminating between transients with (“initial pump on”) and
spectra can be obtained at different detection wavelengths.without (“initial pump off”) the initial pump beam in Figure 2
Hence, spectrally dispersing the DFWM signal offers valuable preceding the DFWM sequence. The latter was obtained by
new insight. Structural information recorded at different spectral splitting the output of another nc-OPA into three parts of equal
cuts through the signal (see the subsection on data collection)intensity. The spectrum of the DFWM sequence (see Figure
can be compared. Frequency domain and related techniquesb) was centered around 560 nm with a duration of 14 fs fwhm.
cannot offer this perspective because the detection wavelengthOne of the three DFWM beams serving as the probe beam in
is not a degree of freedom. This advantage makes pump-DFWMthe DFWM process was delayed byTo guarantee photosta-

a method presenting the unique combination of multidimensional bility of the solution during the course of the experiment, the
information on structural (vibrational) and electronic population intensities of all incident beams were kept as low as possible at
dynamics. This linkage is of special interest at points of the sample, thatis, 40 nJ for the initial pump, 15 nJ for DFWM-
electronic degeneracy like conical intersectiéh¥. To dem- pump and Stokes, and 3 nJ for the probe beam. All beams were
onstrate the ability of pump-DFWM to dissect the dynamic horizontally polarized. Before interacting with the sample, the
behavior near such a decisive point of a potential energy surfacebeams were focused by a concave mirror with 30 cm focal
the conical intersection between the first two excited states in length, resulting in a beam radius of 4@ in the focus. The
all-transS-carotene in cyclohexane was chosen. The ultrafast spatial geometry of the incident beams, the so-called folded
dynamics of carotenoids are an active field of research. For aBOXCAR geometry, was chosen so that the resulting signal
recent summary, see the review by Polivka and Suhatsinod was unperturbed by scattering light from the other betftitgie
references there#?. signal was spatially filtered by a series of irises before it reached
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Figure 3. A typical spectrum of the pump-DFWM signal after 0 A i i
subtraction of the signal with the initial pump blocked is shown in (a). 00 04 08 12
The initial pump delayT was set to 1 ps. The vertical dashed lines o/ ps

mark two different detection wavelengths as discussed in the text. Part
(b) shows a spectrum of one of the DFWM pulses (black line) in Figure 4. Transients with (black line) and without (red line) the initial
comparison to a DFWM signal (red line) taken at probe delay indicated pump beam preceding the DFWM sequence are shown in (a). The
by the horizontal line in (a). exponential decay of the signal in the former case indicates a resonant
process. The data were taken at an initial pump d&lay 2 ps. The
dashed line marks the time window around the coherence peak, which

the detection part of the experiment to ensure a low noise level. was not taken into account in further analysis. The inset shows a fit of
In the employed setup, three different detection methods were@ Sum of damped sine functions to the data after subtraction of the

; ; ; o SlOw kinetics. See Table 1 for the obtained parameters. In (b), the effects
used. The DFWM signal was either detected in a photomultiplier of the DFWM pump and the Stokes pulse in the DFWM sequence are

after an interferometric filter or spectrally dispersed and recorded geonstrated on the basis of a transient absorption measurement. The
in a CCD camera with 1024 pixels. Even though detection by sequence was kept low in intensity (15 nJ for DFWM pump and Stokes,
a CCD camera offers a greater wealth of information because 3 nJ for the probe pulse). This kept the population loss (final level of
all of the wavelengths in the signal can be recorded simulta- the data with and without the DFWM pump and the Stokes pulse) below
neously, the photomultiplier proved to be the more feasible tool 10%-
for long transients due to its faster data acquisition times. In  As expected for & = 1 ps, the signal is positive throughout
the third method of detection, not the DFWM signal but the the window of detection, meaning that the DFWM signal is
probe beam was recorded in a photodiode after the sample at anuch stronger when the initial pump is on. This is due to the
chosen wavelength. Because the initial pump was blocked fact that the DFWM sequence can interact resonantly with the
periodically, this setup also allowed for a transient absorption S; — S, transition (see Figure 1) but is non-resonant with respect
measurement (see Figure 4b). Recording this response isto the first dipole allowed transition froffi-carotene’s ground
important to exclude possible saturation or exceedingly big state (3— ). As demonstrated in theory and experimgng?
depletion effects by the DFWM sequence. resonant DFWM signals can be up to®llines stronger than
Sample Preparation. All-trans3-carotene was used as non-resonant ones. In Figure 3b, the signal at a probe delay of
received from Aldrich and dissolved in HPLC-grade cyclohex- 210 fs (horizontal dashed line in Figure 3a) is compared to the
ane. The optical density of the sample was adjusted to OD 1 atspectrum of the DFWM beams. The intensity distribution is not
p-carotene’s first maximum of absorption near 485 nm. The equal between the two spectra due to the properties of the S
solution was placed in a 25@m thick cell with 0.5 mm thick state, showing an absorption centered around 56G8rfhe
fused silica windows. To reduce stray light from the window’s vertical dashed lines in both plots indicate the detection
surface, the sample was kept static during all measurementswavelengths for the transients discussed in Figure 4.
The solution showed no sign of degradation over the course of By delaying the probe pulse hyat a given initial pump delay
the experiment. T, transients like those in Figure 4a were obtaikedhe role
Data Collection. Figure 3a shows a typical CCD signal at of the initial pump becomes obvious when transients with and
an initial pump delayl of 1 ps. The signal with the initial pump  without the pulse are compared. The data set in Figure 4a with
blocked, that is, the non-resonant signal frgircarotene’s the initial pump off shows a measurement where the initial
ground state, is already subtracted. The strong coherenc&peak pump was blocked by a chopper wheel (see Figure 2). The
aroundzr = 0 fs is omitted for clarity. signal is dominated by an instantaneous rise arourd0 fs
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(a) to the DFWM sequence (see black line in Figure 4a). After a
@ Signal,,, ., - Signal,, . coherence peak around= 0 fs, the signal decays much more
slowly (114 fs) as compared to the case where the initial pump
| is off (40 fs). This is explained by lifetime-related terms in the
overall decay timd for resonant DFWM signals, missing for
non-resonant interactiod$3 The blue line in the inset represents
a fit to the data after subtraction of the slow kinetics and the
. data with the initial pump blocked. The details of this analysis
o7 T 1 procedure will be dealt with in Figure 5a. At the present stage
of the discussion, it is important to note that the molecular
-Fit vibrations appear as oscillations of the DFWM signal, super-
@ FET imposed on a slowly decaying background.
Multiphoton excitation leading to higher lying excited states
Zero Padding from the ground state during non-resonant interaction with the
DFWM sequence can be neglected due to the low excitation
energies used (15 nJ for the DFWM sequence’s pump and
Stokes and 3 nJ for the probe pulse). To further sustain the
exclusion of multiphoton processes, the effects of the DFWM
pump and the Stokes pulse were monitored simultaneously by
wavenumbers T a transient absorption measurement. Figure 4b compares two
such transients, one with (black line) and one without the
DFWM pump and the Stokes pulse. Because the initial pump
precedes the other pulses By= 2 ps, no coherent artifact
(b) aroundr = O fs is expected for the probe-only data set. The
signal is dominated yoa 9 psdecay, which is typical for
p-carotene’s gstate?® When the DFWM pump and the Stokes
pulse are allowed to interact with the samplerat O fs,
however, the $— S, transition centered around 560 nm causes
the signal to decrease instantaneously. This process is followed
by a rapid increase with a 310 fs rise time, which is attributed
to an internal conversion from,$®ack to S. This process is
not loss free, which explains the difference between the signal
with and without the DFWM pump and Stokes pulse at later
probe delay times. In pumgrepump-probe experimenté-36
o om0 480 &oo on -carotene, a similar net loss of population was reported.
T/fs This effect was accounted for by the formation of a radical.
Figure 5. Summary of the data analysis procedures in (a). After This species does no'.[ absorb in t_he spectral window Observ,ed
subtracting the signal with the initial pump on from the signal with the 1N the current experiment, leading to an apparent loss in
initial pump off and exclusion of the coherence peak (step 1), a slow population. Importantly, the decay time after the repopulation
exponential decay is fitted to and subtracted from the data (step 2). process (9 ps) is equivalent to the probe-only decay. This
Fast Fourier transformation (FFT) after zero padding leads directly to strongly suggests that the population returns to thet@e. The

avibrational_ spectrum (step 3). In (b), the_variables used for describing linearity of the transient absorption signal with respect to the
the non-oscillatory (upper panel) and oscillatory part (lower panel) are initial pump’s energy (40 nJ) was also ensured

summarized.

To examinef-carotene’s excited-state structural evolution
followed by a rapid decay. Superimposed on this decay, therewhile excluding non-resonant contributions from the ground
are fast oscillations with lifetimes and amplitudes summarized state, a straightforward procedure is applied (see Figure 5 for a
in Table 1. The spectra of the pulses in the DFWM sequence summary). With the purpose of acquiring transients unperturbed
(see Figure 3b) show no overlap with the-S S, absorption by the coherent artifact around= 0 fs, only data points for
band. This leads to the conclusion that in the absence of the> 100 fs were considered (see dashed line in Figure 4a). Next,
initial pump, only ground-state ¢poscillations are addressed the non-resonant transient was subtracted to reveal information
via a non-resonant excitation mechanis# Accordingly, the on the excited state only. Because the non-resonant signal is
fast decay of the red line in Figure 4a with the initial pump expected to oscillater/2 out of phase with the resonant
blocked can be attributed to the rapid dephasing of a non- contribution after interaction with the initial pump pulse, no
resonant DFWM signal. The situation is fundamentally different constructive or destructive interference between the two com-
if the initial pump is allowed to interact with the sample prior ponents will occuf” Hence, a simple subtraction suffices to

DFWM
DFWM

FFT
DFWM

A Thexp[-o/T (3. T)]

— EAeNp(-t/T)sin(u 1+4)

DFWM - Signal

TABLE 1: Fitting Parameters According to an Evolutionary Fitting Routine Based on Signabrwm (t) = S A€’T sin(wit + ¢;)

Adetection= 610 nm Adetection= 570 nm
A wilcm™t Tilfs ¢ilrad A wilcm™ Tilfs ¢ilrad
C=C stretch $ 1+0.3 1814+ 5 1504+ 50 0+0.1
C=C stretch +0.1 1524+ 2 260+ 20 0+ 0.07
C—C stretch 0.6t 0.1 1150+ 5 270+ 40 —-0.7£0.3 0.1+ 0.02 1160+ 3 260+ 30 14404
cyclohexane (solvent) 0X£0.1 800+ 1 440+ 40 —1.44+0.06 0.1+ 0.01 802+ 0 280+ 10 3.03+ 0.07
torsional mode *o0.1 100+ 23 2504+ 40 1.9+ 0.2

low-frequency mode 0.20.2 42+ 1 80+ 20 442
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Figure 6. Comparison between two FFT spectra taken at different Ay < \ -
detection wavelengths. When detected close to the DFWM signal’s 6.0 : G(7) )
maximum like in (a), the dominant spectral features are to be found in ‘
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maximum (compare to vertical dashed lines in Figure 3), vibrational 18.v ><8v'| IS.v ><8uv |
features at much higher frequencies become apparent as seen in (b).
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remove the non-resonantly excited ground-state modes. Therigyre 7. Feynman diagrams for the DFWM signal at the direction
oscillatory features are up to a factor of 500 stronger when the =k, — k, + ks. G,(7) represents the evolution of the system after the
initial pump is on, depending on the initial pump del&yTo excitation with the DFWM pump and the Stokes pulses. Depending
subtract the signal's slowly varying background, a single- on the diagramG,(z) represents different evolutions: (a) vibrational
exponential decay was fitted to the data as indicated by the coh_erence in the gro_und statg ®) vibrationgl cohe_rence ir_1the second
orange line in Figure 5a after step 1. A single decay rate sufficed excne_d state 5 (c) V|brat|on<_all coherence in the f_lrst gxcned state S

. . . 7. 777 (d) vibrational coherence in the, $tate, (e) vibrational, and (f)
to describe the non-oscillatory part of the signal. This is in gjecronic population in the State.
agreement with the model given by Joo and Albreghthich
will be discussed in the theoretical basis section. As a final step, Piezo stage. Hence, the factor determining the shape of the FFT
fast Fourier transformation (FFT) after zero padding leads to spectra is not the achievable spectral resolution but the natural
vibrational spectra like those in Figure 6. Zero padding increasesline width of the excited state’s spectral features. Figure 6b
the length of the data set to be Fourier-analyzed to the nextshows a transient taken at 610 nm detection wavelength with a
bigger power of two by adding a sequence of zero-valued dataresolution of 20 cm'. The signal-to-noise ratio in this case is
points. This procedure is needed to efficiently perform an FFT 6.0. When detected at 570 nm (Figure 6a) this ratio becomes
but does not alter the spectral resolution of the signal, which is 4.5. This difference is explained by the position of the respective
determined by the length of the transient against the probe delaydetection wavelengths relative to DFWM signal’'s central
7. Whenever spectral resolution is discussed in this Article, it wavelength (see Figure 3a): because detection at 570 nm is
is referred to the data set before zero padding as determinedclose to the maximum at 560 nm, stray light reduces the signal-
directly in the experiment. Figure 5b gives a summary of the to-noise ratio. When the vibrational spectra are recorded at
symbols used in the discussion. The slowly decaying, non- different initial pump delaysT (see Figure 9), the temporal
oscillatory part of the signal depicted in the upper panel of resolution is only limited by the cross correlation of the initial
Figure 5b is best described by a monoexponential decay with pump and the pulses of the DFWM sequence. The achieved
AL, T) exp[—1/Ty(4,T)]. The wavelength and time dependences temporal resolution was 20 fs, as determined by a measurement
of the pre-exponential amplitud&(4,T) and the overall decay in a 0.5 mm fused silica window.
constantTy(4,T) will be discussed below. The oscillating part Theoretical Basis.To describe the possible contributions to
in the lower panel of Figure 5b is reproduced satisfactorily (see the signal in the directiorks = ki — ko + ks (BOXCAR
inset in Figure 4a) by a sum of damped sine functions. The geometry), the corresponding Feynman diagrams are shown in
results of this fitting procedure will be discussed in the Results Figure 7. The possible non-resonant contribution to the signal
and Discussion. stems from the ground-state, $Figure 7a) and, after the

Because pump-DFWM is a pure time-domain method, the excitation with the initial pump, from the excited statg(Sigure

spectral resolution can be optimized until it is only limited by 7b), both dominated by vibrational coherences. The non-resonant
the intrinsic physics of the sample, rather than by instrumental signal from the ground state was already investigated in our
boundaries® In Figure 6a, a spectral resolution as low as 10 group3?In the current setup, it is subtracted for every data point
cmtis realized, as determined by the length of the employed as explained in the previous section. Non-resonant contributions
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(a) (b) photon from the initial pump pulse. Afterward, the excited
! N M.y ><s it molecule undergoes an uItra_fast relaxation to a highly excited
T-160" P o 3 g e dark § state. In solution, this process occurs within 160 fs.
y ol (W The cooling of vibrationally hot Sstate takes place on a slower
' W time scale (400 fs). Because the DFWM pulses are only resonant
G = il = with the § absorption, the DFWM signal has stronger or weaker
o, |18V 2<s,M contributions from excited vibrational levels on &epending
G Mm.Ic on the delayT between the initial pump and the DFWM
b e ol sequence. This means that the DFWM signal at early initial
= K pump delays 180 fs T < 400 fs stems from excited vibrational
/w’: Is,0 ><s,0l vm\ levels of the $ state. For later delay timeE, the population
has already relaxed to lower vibrational levels. In the former
(c) (d) case (Figure 8a), the initial-pump populating 8nd the
! o Ms 0 5¢s ot subsequent internal conversion (IC, see Figure 8b) may play a
8- >“’ o " role. After the non-adiabatic passage towaggdte decay time
o,  Gudn) of the non-oscillating DFWM signal will be determined by the
o, 18,v'><s,,0l dephasing of coherently excited high-lying vibrational levels
s, } Ered on § (Tz,s1,/2). For later delays ifm (Figure 8c and d), the

influential term is related to a coherence of vibrationally cooled
Figure 8. The effect of population flow from a vibrationally hot S states on 8(T2,s1,=0/2).

state to cold Son the induced polarization. For early deldybetween For T = 0 fs, the initial pump overlaps with the DFWM

the initial pump and the DFWM pump and Stokes pulses (a and b). ,,mp and Stokes pulses and higher order excitations may occur.
the non-oscillatory signal decays with a component proportional to the Th tributi t di db th |
coherence decay time for vibrationally hats$ates {>,s1,/2). IC stands ese contributions areé not discussed because they are only
for internal conversion. For later delays- 600 fs (c and d), the signal ~ detectable in phase matching direction different from the one
will be determined by the loss of coherence of cooled vibrational levels employed in the experiment.

on § (T2,=0/2).

A Results and Discussion
from the S state are only to be expected for initial pump delay

timesT below 160 fs, which corresponds to the state’s electronic ~ Pump-DFWM allows for multiplexed detection of vibrational
lifetime. modes. It gives information on vibrational and electronic
The resonant signal from the; $tate contains several dynamics as well as on the interplay between them. Accordingly,
contributions: Figure 7c and d represents vibrational coherencesthe following section is divided into a vibrational dynamics and
in the § state and in the Sstate, respectively. Figure 7e and f an electronic population dynamics part. In the former, the
depicts the contribution from vibrational and electronic popula- Structural evolution at a certain detection wavelength will be
tion of S. discussed in detail. In the latter, the non-oscillatory part of the
The usual theoretical approach to model the DFWM signal signal will be compared for several detection wavelengths. The
is to solve the Liouville equation perturbatively up to the third combination of these sets of data analyzed at the end of section
order and then calculate the third-order polarizatfbdoo and 2 will provide a comprehensive picture of the non-adiabatical
Albrech®?® already discussed the decay time of each of the passage between the &d the $state. Special emphasis will
possible contributions shown in Figure 7. The DFWM signal be placed on the process of vibrational dephasing.
can be separated into oscillating and non-oscillating terms (see 1. Vibrational Dynamics. In Figure 6, another intrinsic
Figure 5a). The oscillating part originates from the coherent advantage of pump-DFWM over frequency domain and related
superposition of vibrational levels in each electronic state (S Raman-gain methods becomes apparent. In the latter, vibrational
and $) depicted in Figure 7c and d, respectively, and decays features appear as net gains or losses at spectral positions
proportionally to the vibrational dephasing tiriig, for each characteristically shifted from the frequency of the scattered
state. The frequency of the observed oscillations correspondslight. Pump-DFWM being a time-domain technique, however,
to the vibrational modes found in the electronic states. The non- bears an additional spectral axis. Molecular oscillations may
oscillating part of the signal shows contributions from different occur at every detection wavelength for a spectrally dispersed
terms: (i) the real populations (Figure 7€) and (ii) the vibrational pump-DFWM signal (see dashed vertical lines in Figure 3a).
coherent superposition in the State (Figure 7c) and in thgS  Numerical simulations and experimental wofik€readily reveal
state (Figure 7d). Therefore, the monoexponential decay of thethat the signal depends on the respective position along the
DFWM signal (see Figure 4a) is composed of the electronic spectral axi$! High-frequency modes are to be expected at large
population lifetime from § (T1s/2, see Figure 7f), the  detunings to either the red or the blue side of the DFWM signal’s
vibrational population lifetime in §(Figure 7e) T1,5../2), and central frequency. This can be understood intuitively by
the vibrational dephasing timdy,/2) at each state,;&nd S. assuming that at low detunings frequency pairs with small
For early initial pump delay times, all four diagrams (Figure  energy differences are present, leading to excitation of modes
7c—f) may contribute equally to the signal. For later delay times, lower in wavenumber. For the pulse lengths employed in the
however, the contributions from the population as well as from experiment, this means that by choosing an appropriate detection
the vibrational part of the Srelated signal have decayed (see wavelength, vibrational modes up to almost 2000 &wan be
Figure 4b), leaving Figure 7c as the only influential diagram. observed without any lower wavenumber limit. Accordingly,
Because of the different time scales determining the pump- the spectrum obtained at 610 nm shown in Figure 6b mainly
DFWM transients ing-carotene, the relaxation of; Soward consists of high-frequency modes. All spectral features are
the § state and the following vibrational cooling in 8eserve unambiguously assigned to polyene vibratiéhdhe mode
a more detailed discussion. fiacarotene’s photochemistry, the around 1800 cm! is characteristic off-carotene’s §state*®
first step is excitation of Sfrom the ground state by a single The mode near 800 cmh stems from the solvent cyclohexane.
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Figure 9. FFT spectra, taken at different initial pump deldyand detected at 610 nm, are shown in (a). Partsejlrepresent cuts at indicated
wavenumbers. Red lines represent monoexponential growth fittings.

Interestingly, this feature is not present when the measurementobtained by averaging 10 runs of the algorithm after reaching
is carried out in the pure solvent. Hamaguchi et al. report a convergence. The obtained frequency values are within reason-
similar effect in a hyper-Raman (HR) scattering experiment on able agreement with values known from literattfrénterest-
B-carotene solvated in cyclohexatfelike in the experiment ingly, for detection at 610 nm, the values for the phase terms
under discussion, a mode attributed to cyclohexane wasg; are similar for all carotenoid vibrations. The mode associated
observed, which only occurred in the presence of the solute with cyclohexane, however, is shifted by approximately/2,
B-carotene but was missing in the neat solvent. The authorsindicating a non-resonant excitation mechanféior detection
ascribed this effect to a solvent-induced molecular near field, at 570 nm, the values fa@s are less meaningful, because the S
giving rise to an extra HR band. Even though different — S, electronic resonance at 560 nm introduces a complex phase
symmetry-based selection rules apply for a DFWM process, a behavior.
similar interpretation of the Raman mode near 800 tican The spectra in Figure 6 were obtained at fixed initial pump
be given, because electronic resonance plays a fundamentatielaysT. Scanning this parameter at a fixed detection wave-
role: as demonstrated in a DFWM study conducted in our group, length allows for observing the temporal evolution of the
the solvent mode under discussion is only observed after molecular modes on excited energy surfaces. In Figure 9, such
resonant excitation and is missing under non-resonant condi-a scan illustrateg-carotene’s structural dynamic around its
tions32 Furthermore, the phase of the mode under discussion conical intersection near 160 4%;52
also deviates from resonantly excited carotenoids vibrations, as  An important feature in Figure 9a is the absence of modes
will be discussed below (see Table 1). with feasible intensity at early delay times below 200 fs.
Shifting the detection wavelength from 610 nm closer toward Considering the model for the electronic stateginarotene
the signal's maximum around 560 nm gives access to a given in Figure 1, this is explained by the different resonance
fundamentally different range of vibrational frequencies (see conditions for the DFWM sequence for different initial pump
Figure 6a). At 570 nm, a broad distribution of vibrations around delaysT: if the initial pump precedes the DFWM sequence by
100 cnt! dominates the spectrum, while the high-frequency less than 160 fs, the population is still on. Shis initially
modes apparent at 610 nm detection are no longer present (sepopulated state absorbs in the near infr&€d.The DFWM
inset in Figure 6a). Such low-frequency modes play a funda- signal originating from this energy surface is therefore not
mental role in the energy relaxation pathway of polyenes in expected to experience any resonance enhancement, because
protein matrice$>46 In Table 1, a quantitative comparison of the employed DFWM sequence is centered around 560 nm (see
the spectra at different detection wavelengths is given. The Figure 3b). On the contrary, once the system evolved through
values were fitted with an evolutionary algorithm, which was the conical intersection and populates a vibrationally hat&e,
discussed in detail elsewheteA model based on Signawm- the resonance condition is fulfilled, leading to a resonantly
(1) = SiA T sin(it + ¢i) was used. This simple and intuitive  enhanced signal. The; 3nodes depicted in Figure St all
approach treats the molecular vibrations as a sum of dampedexhibit individual growth times. The solvent mode shown in
sine functions with individual amplitudes, amplitude decay Figure 9e has to be viewed independently, because it is not
timesT;, frequenciesv;, and phase termg. The decay timd; directly affected by the §— S; seam of conical intersection.
can be expressed ag = T,s1, for the respective mode, This line of degeneracy between the two states is displaced along
according to the formalism introduced in the theoretical basis the C=C normal mode as predicted by the&f?* The modes
section. The error bars represent standard deviations and arén Figure 9c and d exhibit growth times in good agreement with



10524 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Hauer et al.

e —.. (a)
(a)
1650 £
L 1540+
5 »
§ 1600 @©
» € 15204
] 5
E 1550 =
g >
% g 1500
2 1500
1450
800 1200 1600 2000 (b)
Tifs —T=60fs
(b)
1900 ©
c
=
" @
§
~ 1850 § —T=400fs
54 TR
> (a]
=
£ 1800
g
w
; T % T o T
200 400 600
. (©) t/fs
400 800 1200 1600 2000
T/fs 02— 1.2
Figure 10. Structural evolution orp-carotene’s $state m a 2 ps )
time scale. Part (a) shows the gradual increase of the mode near 1540 2
cm™L. The color code is set relative to the maximum in each plot. In T g4 Los
comparison, the €C mode near 1800 cmiin (b) only gains intensity ';
at later times. &
the S lifetime as established in transient absorption stuefies. &%
The fact that a monoexponential growth fully describes the B e T
temporal behavior of the modes in Figure-8billustrates that G 90910007500 @ 0000015002000
a two-level model (8— S;) suffices to explain3-carotene’s wavenumbers / cm

early excited-state dynamics, as recently argued by Kosumi etFigure 11. Part (a) shows a blue shift of the<€C stretch mode after
al53 On the basis of the data presented here, any contributioninternal conversion from SPart (b) depicts the comparison between
from possible intermediate stat®& can be disregarded. :jheepr?;s\{\r/g s;%’;‘y;grojﬁglitggaﬁ;ﬁ; Z?ﬁ‘;izrr‘glﬂz gg(;;i-v%hﬁ] ©
_The S-specific G=C r.nOdPT around 1800 cr, however (see The detection wavelength for all data presented is %10 nm.
Figure 9b), reveals a rise time much faster than those for the
other modes (53t 6 fs as compared to values above 100 fs).  Another aspect of structural dynamics on excited states is
The lack of a $typical time constant is explained by the fact vibrational cooling. This process can be quantified by observing
that this mode is exclusively found on.8 The delayed but  the rate at which mode’s central frequency shifts in time. To
then rapid gain in intensity for the; £=C mode is attributed explore this aspect, a Lorentzian line shape was fitted to the
to anharmonic coupling. This means that the orthogonality FFT spectra at different initial pump delay timiesThe resulting
between the highly excited modes breaks down, leading to acentral frequency for the=<€C stretch mode is plotted against
gain in energy for the initially unpopulated mode near 1800 T in Figure 11a.
cmL. It therefore gains intensity only after the other nuclear  The C=C stretch mode shifts from 1497 to 1538 that a
degrees of freedom were populated in high quantum numbersrate of 35 fs. This rapid time constant requires further interpreta-
on S. On a longer time scale (see Figure 10b), the mode neartion. It is too fast to be ascribed to vibrational relaxation
1800 cntlis only to be observed at later initial pump delay processes on;Swhich is in the range of 400 fs according to
timesT as compared to the gradual increase in intensity for the literature?® Another tempting explanation can be given by
C=C stretch mode near 1530 ctnin Figure 10a. McCamant  assigning this remarkably fast rise to the internal conversion
et al. proposed a similar mechanism but observe two IVR time from S to S;. The structural rearrangement associated with a
constants, 200 and 4504&The discrepancies from the present passage along such a non-adiabatic pathway in linear polyene
study are ascribed to (i) the shorter time window examined in chains is expected to occur on such a time staléowever,
this work and (ii) to the different excitation conditions. analysis of the origin of the involved vibrations reveals a more
McCamant et al. used a picosecond Raman pump centered ativerse picture. As shown in Figure 11b, the amplitude decay
793 nm, resonant with,S~ Sy, but off resonant to the,;S— S, timesT; for the G=C stretch mode differ greatly depending on
transition, where the DFWM sequence employed in the presentthe initial pump delayT. After the population has fully
study is on resonance. This fundamental difference leads to antransferred to §(transient afl = 400 fs in the lower panel of
alternation in the active FranelCondon region, which serves  Figure 11b), strong vibrations with an amplitude decay time
as a possible explanation for the deviant IVR behavior. below 300 fs (see Table 1) govern the oscillatory behavior.
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When considering the ultrashort lifetime (160 fs) and previous
FSRS studie$! the vibrational dephasing time is anticipated to
be even shorter for oscillations on & T < 160 fs. In strong

contrast to such expectations, the respective amplitude decay

time is above 1 ps (see transient takermat 60 fs in upper
panel of Figure 11b) and cannot be fitted accurately in the
detection window of 700 fs. Furthermore, the FFT spectra for
initial pump delay times below = 120 fs display the same
properties as ground-state vibrational spettfd2sharp bands

shifted to lower wavenumbers than the excited-state spectra and

the lack of the $specific G=C mode near 1800 cm (see
Figure 11c). However, these long-lived oscillations are only

present when the initial pump is on, which means that the system

is excited to the first optically allowed excited-state $his

discrepancy can only be resolved when considering an excitation

mechanism alternative to the one depicted in Figure 1. In the
following section on electronic population dynamics, a mech-
anism explaining all of the above phenomena will be elaborated.
For this task, it is necessary to combine vibrational and
electronic state information. Pump-DFWM turns out to be the
ideal tool for this purpose because it delivers information on
structural evolution and electronic population dynamics simul-
taneously.
2. Electronic Population Dynamics.The above discussion

concentrated on pump-DFWM as a technique to monitor time-
resolved excited-state vibrational dynamics. However, in contrast

to absorption-based Raman techniques, the presented method
also gives an opportunity to observe the changes concerning

the electronic states involved. In addition to the ability to
produce highly resolved vibrational spectra, this combination
of examining structural and electronic population dynamics in
one technique makes pump-DFWM a versatile tool for inves-
tigating the dynamics near conical intersectiéh€onsidering

the transient in Figure 5a, the contribution of the electronic states
under investigation manifests itself in the non-oscillatory part
of the signal. For analyzing the vibrational dynamics, it was
necessary to subtract the slow kinetics describedSy =
AL, T) exp[—t/Ty(A,T)], with A(1,T) as the detection wavelength-
and time-dependent pre-exponential amplitude &, T) as

the decay time. Accordingly, the following section will be
structured as follows: after a general discussion of the slowly
decaying part of the pump-DFWM signal, the pre-exponential
amplitudeA(4,T) and decay tim@gy(A,T) will be discussed. The
dependencies on detection wavelengtnd initial pump delay
time T will be considered. The results will be compared to
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Figure 12. The slowly decaying part of the probe delayransients

like in Figure 5 are plotted against initial pump del&yor different
detection wavelengths. The electronic population dynamics is visualized.
The long-lived component for initial pump delays < 100 fs is
attributed to a vibrationally hot ground state. The gradual increase of
the signal alongr-axis is due to the relaxation of the system toward
the resonantly excited;State. The color code is set relative to the

transient absorption measurements and to the conclusions drawmaximum in each plot.

from the structural dynamics section with special emphasis on
the role of vibrational dephasing.

2.1. General Aspects on the Slow Kinetics of the Pump-
DFWM Signal: St) = A, T) expf-t/Ty(4,T)]. To extract the
slow dynamics3(r) from the pump-DFWM signal, a monoex-
ponential fit to the data suffices for all values of initial pump
delay T and detection wavelength A plot of such monoex-
ponential fits for differentl along the probe delay againstT
is shown in Figure 12.

Figure 12a-e shows monoexponential fits to the pump-
DFWM signal at different detection wavelengths. The axis of
the probe delay within the DFWM sequence is plotted against
the initial pump delayl. This perspective allows one to observe
the change in electronic structure of the investigated molecule.
A common feature of all plots in Figure 12 is the slow increase
of the signal along th&-axis afterT > 160 fs. This is due to
the population buildup on;Sthe state resonantly excited by
the DFWM sequence. Because this condition is not fulfilled

for the S — S, transition, the signal is weak fdar < 160 fs,
which means on the, Sstate, as seen in Figure 12a. In other
words, the increase of the signal along Thexis is explained
by the electronic population sliding into the FrargRondon
window defined by the spectral properties of the DFWM
sequence. Figure 12a already illustrates how the slowly decaying
part of the pump-DFWM signal contributes to the picture of
the dynamics near the conical intersection: the signal is
negligible beforeT < 160 fs due to non-resonant interaction
from S. Hence, this offset is a measure for the lifetime of this
state. This value of 160 fs is in good agreement with transient
absorption measuremerifsin combination with the results
presented in the previous section, this proves that pump-DFWM
is a tool for the investigation of both electronic and vibrational
dynamics.

In analogy to transient absorption, the variation of the
detection wavelength offers a more complete view on the
system’s dynamics. When retaining the same excitation condi-
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Figure 13. Excitation scheme proposed for the population of the long-

lived state at short delay tim@sin Figures 12 and 11. Via a mechanism

similar to SEP-DFWM? a vibrationally hot ground state is populated (c)
with S, as an intermediate state. Parts (b) and (d) show the Feynman
diagrams for coherence and population build i r8@spectively. Part

(c) depicts the relative contribution of the haf Sgnal taken afl =

80 fs as compared to the vibrationally relaxedsinal atT = 600 fs.

The hot g contribution gets stronger when the signal is detected closer
to the $ — S transition around 485 nm. This provides additional
support for the assignment of the long-lived feature to a hot ground 1, =196+13 fs

state. 1, =410£58 fs

Tifs

’.,,=610 nm

tion like in Figure 12a but shifting the detection wavelength to 0 " 400 | 800 | 1200
the blue (Figure 12b), the situation remains qualitatively Tife

upaltereq forT > 160. fs.. At earlier delay t[mes, howe"ef' a Figure 14. Fits to the pre-exponential amplitude of the pump-DFWM
signal with a long lifetime along the-axis occurs. This  gjgnai A(ZT) are shown for different detection wavelengths. The
combination of short lifetime for late initial pump delays and  optained rise and decay times correspond well with lifetimes known
long lifetimes for small values df is reminiscent of the behavior  from transient absorption studies.
of the vibrational amplitude discussed in Figure 11. Based only
on vibrational dynamics data, no clear assignment of the long- pump delay time§ to a hot ground state is also supported by
lived modes at early initial pump delays could be made. In examining the behavior of this state at different detection
combination with the electronic dynamics, however, the mech- wavelengths. Whem is shifted further to the blue, the
anism depicted in Figure 13a can be proposed. contribution of the hot ground state gains in intensity as
Given the long lifetime of the DFWM signal for early initial  compared to the Srelated signal al = 600 fs. This effect is
pump delay time§, a contribution of the short,difetime seems summarized in Figure 13c. The contribution of the long-lived
improbable. To explain this behavior, the population must be state is strongest when detection is shifted toward the first
repumped to another long-lived state resonant withatSthe ground-state absorption maximum centered at 485 nm. It plays
central wavelength of the DFWM sequence (560 nm). Becausea minor role when the analyzed wavelength is further to the
S, shows no such absorption as predicted by a semiempiricalred. This interpretation of repumping to a vibrationally hgt S
guantum chemistry calculatidfthe population must be dumped also explains ground-state-like properties of the FFT spectrum
to a vibrationally hot ground state. Such a mechanism accountsfor initial pump delay times < 160 fs as depicted in Figure
for both the long electronic and the vibrational lifetime observed. 11c.
The considerable intensity of the DFWM signal is again dueto  2.2. The Pre-Exponential Amplitude/AT). A phenomeno-
resonance enhancement (see Figure 13a). The relevant Feynmanogical analysis of the slowly decaying part of the pump-DFWM
diagrams are depicted in Figure 13b and d for population and signal S(t) = A(L,T) exp[—©/T4(4,T)] showed a long-lived
coherence buildup ongSrespectively. A similar mechanism  component for early delay timeg which was attributed to a
has been exploited in the frequency domain for stimulated hot ground state. This interpretation is consistent with data from
emission pumping DFWM (SEP DFWMJ, aiming at the the vibrational dynamics analysis. In a next step, we will analyze
investigation of molecules in the regime of extreme rovibrational the pre-exponential amplitud&4,T). An analogy between the
excitation. In the case of carotenoids in solution or in a protein discussed results and transient absorption measurements will
matrix, a low lying long-lived state named S* has been be drawn.
previously reported and extensively discus¥e#:5">8Because Figure 14 shows show the pre-exponential amplitAfeT)
this Article is focused on demonstrating the capabilities of a against the initial pump delay at three different detection
technique, a full discussion of the nature of S* is beyond the wavelengths. The common rise constant found in all three plots
scope of this work but will be given in a future publication. corresponds well with the ;Sifetime?852 and is sufficient to
The assignment of the long-lived component at early initial describe the behavior at 589 nm (Figure 14b). The longer time
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TABLE 2: Decay Times T4(4,T) for T = 600 fs at Different (a)
Detection Wavelengths A

Adetection 610 nm 589 nm 570 nm 550 nm 540 nm |
Ta(A,T) 100+ 3fs 120+ 5fs 180+ 10fs 180+ 6fs 140+ 7 fs ! =

constant around 400 fs is attributed to vibrational cooling of —
hot §.36:5859F0r detection at 610 nm, that is, in the red edge S,
of the hot S absorptior?? this component manifests itself as a
decay time. At 570 nm, a component of similar magnitude is
found as one of the rise times with 66% contribution. This time
constant is in good agreement with values known from ptmp \
probe experiment®¥.Hence, the behavior of the pre-exponential .
amplitude in delay timd can be described consistently by the \Js (2A)
spectral properties of the early excited stateg-carotene, as T
is well known from transient absorption studfelt.has to be
stressed that this is a qualitative agreement, because the time >
constants obtained in such experiments are exclusively deter- Reaction Coordinate
mined by electronic lifetime effects. The pre-exponential factors
of DFWM signals are under the additional influence of loss of (b)
vibrational coherenc®33 The remarkable qualitative agreement,
however, between the temporal behavior of the pre-exponential 1
amplitude and the time constants obtained in transient absorption [
measurements suggests that, for early delay times, the DFWM 1 PRl
signal’'s amplitude is largely determined by electronic population N
effects rather than by pure dephasing. S,

2.3. The Decay Timeqt,T). The discussion of the slowly
decaying part of the pump-DFWM sign&(r) = A(1,T) exp[—

7/Ty(4,T)] will now be completed by examining the decay time
Ta(4,T). Such decay constants were already subject to many
ultrafast time-dependent four wave mixing experiments in

solution19.33.61 S, (2A
The measured decay timdg(4,T) depend strongly on the 1(2A)
detection wavelength and are summarized in Table 2. On a first .
impressi.onz the wavelength dgpendence seems to map the Reaction Coordinate -
electro_mc lifetimes of the contributing states: for red-shifted Figure 15. Sketches of the potential energy curvesfogarotene,
detection at 610 nm, one expects strong influence of the short-jjystrating the relation between detection wavelength and the vibrational
lived vibrationally hot $ state, resulting in a shofq(4,T). mode dominating the dephasing behavior. The energy spacings for
Accordingly, the decay times increase when detection takes detection at 589 nm (a) and 610 nm (b) detection wavelength are shown.
place closer to the bottom of the, otential well. Such a The respective difference from the minimum of thepBtential energy
relationship between the electronic lifetime and the decay time Well at 550 nm (18 200 cn#) indicates which mode contributes to the
of the DFWM signal was already reported toans-stilbenel® overall decay imefe(A.T).
where even on variation of the solvent, the DFWM decay time because the electronic lifetime of the respective state is
matched the population lifetime as measured in a transientsignificantly shorter: a fit to the recovery dynamics in Figure
absorption experiment. In the casefetarotene, however, this  4b revealed a time constant of 310 fs for the internal conversion
quantitative correlation breaks down: The measured DFWM between $and S. For earlier initial delay time§, contributions
decay times as shown in Table 2 are all below 200 fs. The from both $ and hot $ dephasing rates may contribute to the
electronic lifetimes of the contributing states, such as 400 fs overall decay timeTy4(4,T). When considering the effects of
for vibrationally hot § and 9 ps for $after relaxation, are all  vibrational dephasing on the electronic dynamics discussed here,
considerably above these values. the question arises whether any connection between the values
As discussed in the theoretical basis section and expressedor Ty(4,T) in Table 2 and the amplitude decay times summarized
in detail in a work by Joo and Albrectthe terms contributing in Table 1 in the vibrational dynamics section can be made.
to Ty4(4,T) can be identified as the decay time related to the This is plausible because those parameters describe the same
upper state electronic lifetim&; s/2, the decay time of the  physical process, vibrational dephasing. All modes in Table 1
population in the excited vibronic level; ,,/2, and the exhibit specific amplitude decay constants, which raises the
dephasing times for vibrational coherences on upper and lowerfollowing problem: which mode dominates the vibrational
electronic statd, ,,/2 andT; s1,/2. The latter can be obtained dephasing behavior at a specific detection wavelength, influenc-
from the time-domain evolutionary fitting analysis presented ing the DFWM signal’s non-oscillatory decay? This can be
in Table 1. The aim of the following paragraph is to estimate resolved by regarding the energy spacing between the detection
the importance of the contributing terms mentioned above for wavelength in question and the bottom of thep8tential energy
the overall decay tim&gy(4,T). surface at 550 nm as sketched in Figure 15: for example, 589
The shortest time constant in Table 2 is 100 fs for detection nm (16 978 cm?) is 1203 cn1! detuned from the lowest lying
at 610 nm. This fast decay suggests that the DFWM transientsabsorption on §(550 nm or 18 182 cimt), which corresponds
are governed by the most rapid process listed above, which iswell to the value for the €EC stretch mode (1150 cm), as
vibrational dephasing on ;S Contributions from § can be can be seen in Figure 15a. Hence, ttve 1 state of this mode
neglected for the chosen initial pump delay tifie= 600 fs, is preferably detected at 589 nm and determines the slow kinetics
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decay timeTy(4,T). Indeed, the measurel(589 nm, 600 fs) (6) Kaiser, W. eTop. Appl. Phys1992 60.

=120+ 5 fs is in good agreement with the expectation based 199(57)20%3T298e”v C.; Wang, Q.; Shank, C. Abstr. Pap. Am. Chem. Soc.
on the vibrational dephasing time from TableTis;,/2 = 135 (8) M’alkmﬁs, S.; Durr, R.; Sobotta, C.; Pulvermacher, H.; Zinth, W.;

fs. Following the same argumeniy(610 nm, 600 fs)= 100 fs Braun, M.J. Phys. Chem. 2005 109, 10488.
cannot be attributed to dephasing of the mode dominating theU 9) _Buthhgr, Pb- _lal.; C(’:/tlt:r,lngohe Elements of Nonlinear Optics
; ; ; niversity of Cambridge: , .
behavior at 589 nm detection wavelength. The.errergy qllfference (10) Motzkus, M.. Pedersen, S.: Zewail, A. B Phys. Chem1996
between 610 nm (16 393 crf) and the potential’s minimum 104 5620.
is 1788 cn! (see Figure 15b), which coincides with the value (11) Pastirk, I.; Brown, E. J.; Grimberg, B. I.; Lozovoy, V. V.; Dantus,
for the S§-specific mode near 1800 crh According to Table M-([ig)fasay DISCUPSS|}|239 401d Series in Phvsical Chemistrv: Molecul
_ H : — accaro, P. f#Advance eries in ysica emistry: olecular
1 .One. h"?"f of the amplitude decay '.[Ime T551,/2 77 fs, Dynamics and Spectroscopy by Stimulated Emission Pumphald
which is in reasonable agreement with the observed value for sgientific Publishers: New York, 1994.
Ty(4,T) = 100 fs. (13) Mukamel, S.Nonlinear Optical Spectroscopyniversity Press:

The values foff4(A,T) shift to larger values when going closer ~ Oxford, 1995. .
to the S-absorption maximum near 560 nm and decrease again 82; gnderwood Eh:ﬁngnT\h;éﬁypz%{skg?:rm\}éﬁgi.18;’)/2.732&.
for blue-shifted detection at 540 nm. The values around 180 fs 1997 270 9.
seem too high to be dominated only by vibrational dephasing. 57%6) Brown, E. J.; Zhang, Q. G.; Dantus, M.Chem. Phys1999 110,

Slower processes ||k_e IIfetl_me-lnduce_d d_ecay Qf(B.LI,Sl::_ (17) Siebert, T.; Maksimenka, R.; Materny, A.; Engel, V.; Kiefer, W.;
ps) may start to give minor contributions at blue-shifted gchmitt, M.J. Raman Spectros2002 33, 844.
detection. (18) Hornung, T.; Skenderovic, H.; Motzkus, @hem. Phys. Let2005
In summary, the time scale of the slowly decaying component 402 283. hi S Takeuchi S Tah e, Ch
of T4(A,T) for B-carotene in cyclohexane cannot be explained , (19 Fuilyoshi, S.; Takeuchi, S.; Tahara,Jt Phys. Chem. 2003 107,

only by electronic population dynamics, like it was possible " (20) Oberle, J.; Jonusauskas, G.; Abraham, E.; Rullier&f@m. Phys.
for other solvated molecules with longey Eetimes!® Only Lett. 1995 241, 281.

by employing a versatile tool like pump-DFWM, which allows cOﬁﬁzugi’Sgg’ﬁZ élfgusauskas, G.; Abraham, E.; Rulliere Oft.
for simultaneous wavelength dispersed detection of vibrational (22) Siebert, T.: Schmitt, M.: Engel, V. Materny, A.; Kiefer, W.Am.

and electronic dynamics, one can dissect the monoexponentialchem. Soc2002 124 6242.
decay into contributions from diagonal (population rates) and  (23) Yoshizawa, M.; Kurosawa, MPhys. Re. A 200Q 61, 013808.
off-diagonal (vibronic dephasing rates) elements of the respec-_  (24) Fullyoshi, S.;Ishibashi, T.; Onishi, H. Phys. Chem. 2004 108

tive density matrix. Upon examination of the energy spacings "~ (s5y kukura, P.; McCamant, D. W.; Mathies, R. Annu. Re. Phys.
at certain detection wavelengths, the conclusion can be drawnchem.2006 58, 461.
that vibrational dephasing determines the slow decaying be-C (I26_) Sarsviltlj’ ll\\/lll.;ABFerneardi, S_.; OIiVleg)%iéi l\gl Vreven, T.; Klein, S,;
< : elani, F.; RobD, V. araday DISCUSS .
havior of the DFWM signal. (27) Domcke, W.; Stock, GAdvances in Physical ChemistryViley:
. New York, 1997.
Conclusions (28) Polivka, T.; Sundstrom, MChem. Re. 2004 104, 2021.
L . 29) Dobryakov, A. L.; Kovalenko, S. A.; Ernsting, N. .Chem. Phys.

The combination of high spectral (10 c#) and temporal 20(()5 )123 02’4502. 9 Y

resolution (20 fs) makes pump-DFWM an ideal tool for studying ~ (30) Beadie, G.; Bashkansky, M.; Reintjes, J.; Scully, M.JOMod.

vibrational dynamics on molecular excited states, matching the Opgéifoﬁeitn%‘ﬁg- M.; Giordmaine, J. A.; Gatzogiannis, E.; Dogariu, A.
bgnchmarks set. .by time-resolved stimulated Raman .tech-Warren’ W. S.: Beadie. G.: Scully, ,'\,l_'@'F’)t_ Lett. 2006 31, 256. T
niques?*2°In addition to the latter methods, the results obtained  (32) Hauer, J.; Skenderovic, H.; Kompa, K. L.; Motzkus,®hem. Phys.
from pump-DFWM are more comprehensive due to the pos- Lett. 2006 421, 523.
ibili rallv di r he sianal and hen imulta-  (33) Joo, T.; Albrecht, A. CChem. Phys1993 173 17.

sib tyltO Sé)te(.:t a )f/ d SptPT Seft €s gﬁ? a ? Fe Cezto (Sj ulta (34) Larsen, D. S.; Papagiannakis, E.; van Stokkum, I. H. M.; Vengris,
neously obtain information from difrerent Frane€kondon — y -kennis, J. T. M.; van Grondelle, Rhem. Phys. Let003 381, 733.
regions of the excited-state surface. Especially when exploring  (35) wohlleben, W.; Buckup, T.; Hashimoto, H.; Cogdell, R. J.; Herek,
the dynamics near decisive points like conical intersections, J. I(-é%ygtzklgs, l\4.J-SPhy|s._ CheT.\%Oﬂﬁ toa 3\’,32?_i 3L Hash

. H R i i uckup, T.; Savolainen, J.; Wohlleben, W.; Herek, J. L.; Hashimoto,
pump ID FW'\K]' |sbexpectedht_o g'vﬁ rise to I\I/ alua;)Ie nbew e>.<per|h H.; Correia, R. R. B.; Motzkus, MJ. Chem. Phys2006 125, 199505.
mental insights because this technique allows for observing the' “37) pudovich, N.; Dayan, B.; Faeder, S. M. G.; SilberbergPHiys.
interplay between structural and electronic dynamics. Further- Rev. Lett. 2001, 86, 47.
more, the pure time domain character of the method makes ita_ (38) Lang, T.; Motzkus, M.; Frey, H. M.; Beaud, B. Chem. Phys.

: : . 2001 115 5418,
perfectly suited candidate for the coherent control of excited (39) Prince, B. D.; Chakraborty, A.: Prince, B. M.; Stauffer, H. 1.

state processes. Chem. Phys2006 125, 044502,
(40) Siebert, T.; Schmitt, M.; Michelis, T.; Materny, A.; Kiefer, W.
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