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Abstract

We have developed the technique of femtosecond stimulated Raman spectroscopy (FSRS), which
allows the rapid collection of high-resolution vibrational spectra on the femtosecond time scale. FSRS
combines a sub-50 fs actinic pump pulse with a two-pulse stimulated Raman probe to obtain
vibrational spectra whose frequency resolution limits are uncoupled from the time resolution. This
allows the acquisition of spectra with <100 fs time resolution and <30 cm™ frequency resolution.
Additionally, FSRS is unaffected by background fluorescence, provides rapid (100 ms) acquisition
times, and exhibits traditional spontaneous Raman line shapes. FSRS is used here to study the
relaxation dynamics of B-carotene. Following optical excitation to S, (1B,*) the molecule relaxes in
160 fs to S; (2Ag") and then undergoes two distinct stages of intramolecular vibrational energy
redistribution (IVR) with 200 and 450 fs time constants. These processes are attributed to rapid (200
fs) distribution of the internal conversion energy from the S; C=C modes into a restricted bath of
anharmonically coupled modes followed by complete IVR in 450 fs. FSRS is a valuable new
technique for studying the vibrational structure of chemical reaction intermediates and transition
states.

Introduction

Vibrational spectroscopic techniques with femtosecond time resolution are needed to reveal
the structural changes underlying ultrafast chemical and biological reaction processes. Time-
resolved vibrational spectroscopy has advanced toward the femtosecond time domain, while
struggling against two fundamental obstacles: (1) the difficulty of generating ultrafast laser
pulses throughout the mid-infrared for direct IR absorption and (2) the pulse duration/
bandwidth transform limit in Raman spectroscopy. Direct IR probing techniques have heen
generally limited to ~200 fs time-resolution in a narrow (~200 cm™1) spectral region.l'
Alternatively, a full vibrational spectrum over a 3000 cm™1 window can be obtained by using
Raman speé:téroscopy, but pulse durations >0.7 ps are necessary to achieve acceptable spectral
resolution. = Coherent anti-Stokes Raman spectroscopy (CARS) has the same bandwidth
limitations as spontant%ous Raman with the additional difficulties of phase matching and
complex band shapes.” We present here the alternative technique of femtosecond-stimulated
Raman spectroscopy (FSRS), which provides <100 fs time resolution and can capture a broad
high-resolution vibrational spectrum.

Stimulated Raman scattering (SRS) occurs any time two coherent optical fields, the pump beam
at op and the Stokes beam at ws, are incident on a sample that contains a molecular vibration
whose frequency, wy, is equal to p — ws. The Stokes Raman transitions of the sample cause
net attenuation of the pump beam and net gain in the probe beam. The evolution of the system
can be described by coupled wave equations in which the pump and Stokes fields are coupled
parametrically by the polarization response of the sample.”~ The gain of the Stokes field is
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determined by the third-order Raman susceptibility, 3, which is directly proportional to the
spontaneous Raman cross section, do/dQ, and the derived polarizability tensor, da/dQ. n
an elegant and general treatment of nonlinear spectroscopies, Lee and Albrecht™ have
presented derivations of the explicit expressions for y3 and have shown that spontaneous and
stimulated Raman spectroscopies probe the same molecular response, the imaginary part of
v3r..In the 1970s, stimulated Raman was chaTsoioned as a high-resolution spectroscopic

tool™ and as a vibrational pumping technique.” Recently, several research groups q%vle7begun
to investigate Stokes and anti-Stokes SRS as a femtosecond vibrational technique.

However, these studies have been hindered by low signal-to-noise ratios and complex anti-
Stokes line shapes that obscure the fundamental advantages of FSRS.

A schematic for femtosecond stimulated Raman spectroscopy is presented in Figure 1. A ~50-
fs actinic pump pulse (1) initiates the photochemistry, after which the Raman spectrum is
collected with two pulses overlapped in time: the Raman pump (2), a narrow-bandwidth pulse
~1 ps in duration that provides the SRS pump field, and the Raman probe (3), a broadband
~50-fs pulse red-shifted from the Raman pump that provides the SRS Stokes field. The
stimulated Raman effect produces amplification of the Raman probe at Raman frequencies
shifted from the Raman pump. The FSRS spectrum is obtained by determining the gain of the
Raman probe pulse throughout its spectrum. Since the Raman gain spectrum is generated only
during the time that the Raman probe pulse is on the sample, <100 fs time-resolution can be
obtained, determined only by the durations of the actinic pump and Raman probe. Because the
dispersion and detection of the Raman probe intensity is not time-resolved, the FSRS frequency
resolution is independent of the time-energy Fourier relationship of the femtosecond pulses.
Instead, the frequency resolution is determined by the bandwidth of the Raman pump and the
inherent resolution of the spectrographic system.

B-Carotene is used here as a test system for FSRS because of its well-established excited-state
relaxation dynamics and excited-state Raman spectrum. Albrecht and co-workers first
established the time-lsé:ales for excited-state relaxation in pB-carotene using femtosecond
transient absorption.” Excitation in the visible absorption band (~460 nm) populates the
second excited singlet state (1B,*, S,) which relaxes in ~200 fs to the first excited singlet state
(2Ag~, S1) followed by internal conversion to the ground-state (1Aq", Sp) in ~91 gsz.lover the
past decade several authors have improved the precisiozg of these measurements™ "~ and have
recently identified the NIR Sy, «— S, absorption band.”™ The vibrational spectrum of S; has
been observed in several picosecond resonance Raman studies and consists of three distinctive
features: (1) the 1230 cm™1 band, assigned to C—C stretching modes, (2) the 1545 cm™2 peak,
assigned to the terminal C=C stretch, and (3) the 1770-1800 cm 1 peak, assigned to the central
C=Cstretch.” ="~ The unique frequency of this latter S; mode allows it to be used as a definitive
signature of the S; population. Picosecond anti-Stokes Rarznan spectra of B-carotene from our
group established that Sy is vibrationally relaxed in <2 ps,” in agreement with transient
absorption studies of other carotenoids, which reported spectral shifts of the S absorption band
on the 400-700 fs time scale.” """ However, the specific mechanism of this relaxation
remains unknown.

Here we demonstrate that FSRS can be effectively implemented by using a standard
femtosecond Ti:sapphire laser system and that the system produces broad-band vibrational
spectra with <100 fs time resolution and < 30 cm™1 frequency resolution with data acquisition
times of only ~100 ms. By applying FSRS to -carotene, we are able to observe the vibrational
relaxation of Sq directly using the distinctive S; C=C mode as a probe of both the internal
conversion and the intramolecular vibrational energy redistribution (IVR) processes. Itis found
that the S,—S internal conversion occurs in 160 fs and that the vibrationally excited S, state
relaxes with 200 and 450 fs time constants in a two-step 1\VVR process. This work demonstrates
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that FSRS is a powerful new vibrational technique for femtosecond time-resolved structural
studies of chemical reaction dynamics.

Materials and Methods

Instrumentation. The femtosecond stimulated Raman spectroscopy laser system (Figure 2)
is based qa regeneratively amplified Ti:sapphire laser. A Kapteyn-Murnane Ti:sapphire
oscillator™ seeds a regenerative amplifier (BMI Alpha 1000/US) pumped by an intracavity
doubled Nd:YLF laser (BMI 621-D). The amplifier produces 45-fs, 800-uJ pulses at a 1-kHz
repetition rate with a spectrum centered at 795 nm and a 23-nm fwhm. The actinic pump pulse
is produced by passing 20% of th% amplifier output to a noncollinear phase-matched optical
parametric amplifier (NOPA).” ™ The NOPA is capable of producing pulses from 470 to 700
nm with 20 nm of spectral bandwidth and 3 pJ/pulse. For these experiments the center
wavelength of the NOPA output was 492 nm with an 11-nm bandwidth. The pulses were
compressed by an SF10 prism compressor  to a 40-fs fwhm Gaussian pulse, measured by an
SFG autocorrelator.” The optimum separation of the prisms was found to be 11.4 cm, with
the 3-mm diameter NOPA beam passing through the apex of each prism. The actinic pump
beam was optically delayed relative to the Raman probe pulse with a computer-controlled
translation stage, attenuated to 100 nJ/pulse and focused to a 40-um diameter spot at the sample
by a 150 mm fl concave mirror.

The Raman pump beam is produced by spectrally filtering the remaining output of the amplifier
with two narrow bandpass interference filters (CV1). The sequential filtering produces an 800-
fs Raman pump pulse centered at 793 nm with a Lorentzian spectral profile and a 1.1-nm (17
cm~1) fwhm.

The Raman probe beam is produced by focusing the residual 795 nm beam from the NOPA
into a 3 mm thick sapphire plate, producing a continuum extending from 400 to 1100 nm. The
continuum was compressed with an SF10 prism pair in which only the NIR portion of the
spectrum was transmitted. The continuum was split after compression to produce probe and
reference beams that allowed shot-by-shot normalization of the continuum intensity. The pulse
duration and chirp of the Raman probe pulse was measured at the sample point by optical Kerr
effect cross correlation (OKE-XC) with the actinic pump pulse.” The frequency-resolved
OKE-XC indicated that the pulse had an 80-fs Gaussian cross correlation, with <15 fs of chirp
from 868 to 951 nm, corresponding to Raman shifts of 10902100 cm~1. The bluest portion
of the continuum (830-860 nm, corresponding to Raman shifts of 600-980 cm™1) had an
irregular cross-correlation shape approximately 200 fs in duration with a delay of up to 100 fs
relative to the rest of the continuum.

The Raman pump and probe beams were made collinear at a dichroic beam splitter and focused
onto the sample with a 150 mm fl concave mirror. The Raman pump pulse energy was 0.8
ud/pulse with a 150-um beam diameter at the sample point (~6 GW/cm? peak power), and the
Raman probe beam was 30 nJ/pulse with a 60 pm beam diameter. The spatial and temporal
overlap of these beams were adjusted to maximize Raman gain signal from cyclohexane. After
the sample, the Raman probe was separated from the actinic and Raman pump pulses with an
aperture and a colored glass filter (Schott, RG830). The Raman probe and reference pulses
were focused onto the slit of the spectrograph (slit =150 um or 11 cm™L; spectrograph = ISA
HR320, 600 gr/mm, 1000-nm blaze) by two cylindrical lenses which separately controlled the
vertical displacement and the horizontal width of the two beams at the slit. The two beams
were dispersed by the spectrograph and imaged onto a dual-diode array detector (Roper
Scientific, DPDA-1024). The time-resolved spectra presented here were obtained with all three
beams polarized horizontally, corresponding to collection of the polarized or parallel
spontaneous Raman spectrum. The depolarized or perpendicular component of the Raman
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signal was collected by rotating the polarization of the Raman pump 90° relative to the Raman
probe.

Sample Preparation. all-trans-B-Carotene (Aldrich) was recrystallized from benzene and
methanol. The 0.27 mM sample in cyclohexane was recirculated through a 0.5-mm path length
flow cell (Harrick Scientific) with 0.15-mm glass windows at a rate sufficient to replenish the
illuminated volume between shots. The OD at the actinic pump wavelength was 1.3 per 0.5
mm and there was negligible ground-state absorption at the Raman pump and probe
wavelengths. The absorption spectrum of the sample did not exhibit any changes over the
course of the experiment.

Data Collection. The detector exposure was controlled by an electronic shutter positioned at
the entrance slit of the spectrograph. To prevent saturation of the detector, the exposure was
limited to 40 ms (40 probe and reference pulses), after which the detector was read out while
the shutter was closed for 10 ms. During the readout period, the Raman pump beam was toggled
on or off so that sequential exposures corresponded to either Raman-pump-on or Raman-pump-
off conditions. The stimulated Raman spectrum is obtained by calculating the Raman gain
induced in the probe beam by the Raman pump. Initially, the dark background levels are
subtracted from the probe and reference spectra, then the probe spectrum is normalized for
intensity fluctuations in the continuum by dividing by the reference spectrum. Finally, division
of the normalized Raman-pump-on probe continuum by the normalized Raman-pump-off
continuum produces the gain spectrum:
[(probe — bkgnd) + (ref — bkgnd

)] Raman pump on

(1)

Raman gain = — N —
[(probe bkgnd) : (ref bkgnd)] Raman pump of f

Although a single spectrum could be collected in ~100 ms, 200 such Raman gain spectra were
collected and averaged to improve the signal-to-noise ratio. The residual systematic noise
caused by the mismatch of the odd and even pixels in the DPDA was removed by smoothing
the spectra with a Savitsky-Golay smoothing algorithm. The total time for data collection at
each time delay was 20 s.

After the Raman gain spectra are obtained, a baseline is spline-fit and subtracted to remove
artifacts in the baseline due to transient absorption of the sample and phase modulation of the
probe spectrum by the Raman pump, which causes a slight blue shift in the Raman probe
spectrum.” At positive times, the fitted baseline deviates <6% from the expected gain baseline
of 1.0, while at negative times within 1 ps of At = 0, an oscillatory baseline is observed.

The transient transmission spectrum of the sample can be obtained in a manner similar to eq
1, in which the normalized actinic-pump-on spectrum at time delay At is divided by the
normalized actinic-pump-off spectrum. The transient absorption spectrum can then be directly
calculated as A(At) :—Iog[‘zrgAt)]. Because our Raman probe spectrum lies within p-carotene’s
strong S, absorption band,”™ the dynamics of the S, population can be obtained directly from
the transient absorption kinetics. In fitting the S, absorption kinetics, the zero-of-time was
allowed to vary to provide a more accurate determination of the At = 0 point for each
experiment.

A comparison of the FSRS spectrum of -carotene with both a CW Raman spectrum and a
picosecond resonance Raman (ps RR) spectrum™ is presented in Figure 3. In each case, the
solvent spectrum has been subtracted to reveal the ground-state B-carotene spectrum dominated
by the methyl rock at ~1007 cm~1 (C-CHs, v3), the carbon single-bond stretch at ~1159
cm~1 (C-C, v), and the carbon double-bond stretch at ~1525 cm™ (C=C, v4). The picosecond

J Phys Chem A. Author manuscript; available in PMC 2006 May 18.



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

1duasnuey Joyiny vd-HIN

McCamant et al.

Page 5

RR spectrum has much lower spectral resolution than the CW spectrum due to both the
increased bandwidth of the ps laser and the relatively large spectrograph slit width typically
employed for efficient light collection in the picosecond experiment. In the FSRS spectrum
much of the resolution of the CW spectrum is recovered, allowing observation of the small -
carotene peaks at 1352 and 1386 cm ™1 and clear resolution of the peaks at 1451, 1524, and
1591 cm™L. The frequency resolution is quantified by the fwhm of the C=C peak in each
spectrum: 17 cm~1 in the CW spectrum, 45 cm™1 in the picosecond RR spectrum, and 27
cm~1 in the FSRS spectrum. The width of the C=C peak in the FSRS spectrum is determined
by a convolution of the Raman pump bandwidth (17 cm™1) with the CW peak profile, which
includes the molecular line shape and the spectrographic slit width. The FSRS spectrum has a
baseline noise level of ~0.02%, an order of magnitude larger than the expected shot noise limit
of ~0.004%. This systematic noise, especially visible above 1600 cm™?, is due to an
interference pattern formed as the probe and reference beams pass through an alignment
window before the spectrograph. This pattern is not perfectly removed by the intensity ratioing
of eq 1 because of fluctuations in the Raman probe intensity. Finally, it should be noted that
the 20-s acquisition time for the FSRS spectrum is significantly shorter than for either
spontaneous Raman technique.

Time-resolved FSRS spectra of B-carotene are presented in Figure 4. At early time delays, the
depletion of the ground state is visible as the decreased intensity of the Sy 1005, 1157, and
1524 cm™1 peaks. The growth of the S; C=C peak between 1770 and 1798 cm™ 1 over the first
picosecond and its decay at longer times is also evident. Comparing the S; C=C peaks at 300
fsand 1 ps, it is clear that the peak is blue-shifting and narrowing, signatures of vibrational
cooling. No peaks attributable to S, were observed perhaps because of the systematic baseline
ripple at short time delays, which decreases over the S, lifetime. This baseline ripple has the
same general structure as the baseline noise seen in the ground state only spectrum, and we
believe it is caused by the interference pattern discussed above. The resonance of the Raman
pump with the S,—S, transition causes a change in the transmission of the Raman probe when
comparing the Raman-pump-on vs Raman-pump-off spectra thereby increasing the residual
interference pattern in the gain spectrum.

The dynamics of B-carotene's Sg and S; populations can be determined by following the areas
of the Sg and Sy peaks in Figure 4 over time. The kinetics of the 1524 cm™ peak, shown in
Figure 5a, are well fit by the convolution of our 80-fs instrument response to a molecular
response incorporating an instantaneous bleach followed by a 9+1 (1c) ps recovery. The
amplitude of the depletion indicates that 42% of the sample is excited by the actinic pump
pulse. In Figure 5b, the kinetics of the S; C=C peak area are presented. The data were collected
in four different experiments and normalized to the maximum observed area before fitting the
entire data set using a weighted nonlinear least-squares algorithm. It is apparent that the S;
peak grows in until 1-2 ps and then decays with an 8-9-ps lifetime. The precise kinetics of the
growth and decay of the S peak can be fit with several schemes. Using a simple three-state

hoon
model of the excited-state relaxation, S,— S,— S, the kinetics are fit by a 500 + 50 fs Sy
Sy internal conversion time (t1) and a 7.6 £ 0.8 ps Sy lifetime (t5). However, this kinetic model
(dashed line, Figure 5b) overestimates the peak areas at early time delays (At < 300 fs),
underestimates the peak intensity elbow at ~700 fs, and is inconsistent with previous

L T

measurements of the S lifetime. A four-state relaxation scheme, S,—~ X— S,— S,
incorporating a “dark” state before the formation of Raman active S, fits the short time data
better. Here, the S, decay rate (t7) is fixed at 163 fs, as determined by the transient absorption
kinetics (vide infra), and 1, and 13 are varied to fit the data. The best fit parameters of the four-
state model are T, = 200 + 20 fs and t3 = 8.7 £ 0.9 ps (solid line, Figure 5b).
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The vibrational relaxation in S1 can be quantified by examining the rate at which the S; C=C
peak blue shifts and narrows over the first several picoseconds (Figure 6). The center and width
of this peak were determined by fitting to a Lorentzian line shape function. Fitting the dynamics
to a single exponential reveals that the peak blue shifts from 1770 to 1798 cm™1 with a 470 +
40 fs time constant and narrows from 70 to 45 cm™1 fwhm with a 400 + 150 fs time constant.

Parallel and perpendicular Raman spectra of p-carotene in cyclohexane 2 ps after excitation
by the actinic pump pulse are presented in Figure 7. In general, the depolarization ratios of the
solvent agree with the most accurate values in the literature.” The 801-cm™! cyclohexane
mode is strongly polarized, p = 0.036 + 0.002, while the three other largest cyclohexane modes
at 1028, 1266, and 1444 cm~1 all have depolarization ratios within 10% of the predicted values
of 0.75. The peak at 1157 cm™1 (p = 0.27 + 0.01) is a superposition of the cyclohexane mode
with P 0.16™" and B-carotene's C—C stretch, with an expected depolarization ratio of

0.33.7" The depolarization ratio ford%—carotene's C=C peak is 0.32 + 0.03 in Sy (1524 cm ™),
agreeing with previous CW values,  and 0.29 + 0.06 in S; (1798 cm™1).

The transient absorption kinetics due to the Sy_Sy,, NIR absorption (not shown) were fitto a
convolution of our instrument response with an exponential lifetime. The average decay time
for different wavelengths on different days was 163 + 9 fs, which we assign to the Sy lifetime.
This lifetime is consistent with other determinations of the S, lifetime by visible transient

. 1821 . 1920 S .
absorption™ "™ and fluorescence up-conversion.” "~ The decay time increased slightly as the
wavelength increases: 156 + 13 fs at 880 nm, 162 + 16 fs at 903 nm, 179 + 26 fs at 926 nm,
and 197 + 41 fs at 949 nm, consistent with previous NIR transient absorption studies.”” We
did not observe any delay in the onset of the long wavelength (949 nm) absorption, which
Zhang et al.”” observed at wavelengths beyond 1000 nm. The absorption kinetics were also
used to determine the experimental zero-of-time, which was —130 fs for the FSRS spectra
shown in Figure 4. The difference between the zero-of-time established by OKE-XC and that
determined by the transient absorption kinetics may be attributed to the slight alignment
adjustments necessary after collection of the OKE traces. The time-points in Figures 5 and 6
use the corrected time delays.

Discussion

We have developed a femtosecond time-resolved stimulated Raman apparatus which has the
ability to obtain vibrational spectra with femtosecond time resolution and high vibrational
resolution. The practicality of the FSRS technique has been demonstrated by collecting Raman
spectra of B-carotene excited-state dynamics on the 100-fs time scale with 27 cm™ frequency
resolution. Since FSRS measures small changes in a coherent and intense output beam, the
technique is naturally fluorescence background free and has a theoretical noise limit determined
only by the shot noise of the detected beam. With a collection time of 100 ms, the ~10™4 M
B-carotene solution's C=C peak has a signal-to-noise level (S/N) of ~20, while the cyclohexane
peak at 1444 cm~1 hasa S/N of ~50. Elimination of the residual systematic interference pattern
should increase these S/N levels by at least a factor of 10 and allow realization of the shot-
noise limit. Independent of its inherently high time resolution, such performance would make
FSRS a very useful tool for obtaining conventional ground-state Raman spectra of fluorescent
systems. The current spectral resolution can be improved by a factor of 2-3 by decreasing the
bandwidth of the Raman pump and improving the focusing at the spectrograph slit. These
improvements should not significantly degrade either the time resolution or signal strength.
Although here we have only shown Raman spectra from 700 to 2000 cm™1, the breadth of the
Raman spectrum is limited only by the extent of the Raman probe and the detection limit of
the diode array, allowing the collection of Raman spectra from 100 to 3200 cm™! (800-1060
nm). Finally, the observation of the Sy bleach within the 80-fs cross-correlation and the 200—
500-fs time constants established by the S; C=C dynamics indicate that we are observing
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Raman spectra with time resolution limited only by the actinic pump and Raman probe pulse
widths. With careful pulse compression, FSRS can attain a time resolution of < 40 fs,
considering the spectral breadth of the Raman probe (2500 cm™1) and the ease of <20 fs actinic
pulse generation in the visible.” ™ With this time resolution and the elimination of the
systematic noise at short times, FSRS should be capable of recording vibrational spectra of
transition states and reaction intermediates in the fastest photochemical and photobiological
reactions.

The high time and frequency resolution vibrational spectra provided by FSRS has allowed the
observation of new relaxation dynamics in B-carotene. At early times, the growth of the S;
C=C peak does not match the S, lifetime established by transient absorption, indicating the
presence of an intermediate dark state, X, between S, and the Raman-active S, state. The four-
state relaxation scheme establishes the X lifetime as 200 fs. At longer times, the recovery of
the Sy C=C intensity matches the S; CdC decay time, 9 £ 1 ps, and can be assigned to the S;
lifetime. This Iifetirqg agrees quite well with previous room-temperature observations by
transient absorption™ " and is consistent with the slightly longer lifetime at ~10 °C
established by our picosecond resonance Raman™ studies when the temperature dependence
of the internal conversion rate is considered.

The S,_S; internal conversion occurs by curve-crassing through a conical intersection in Sy
that is displaced along the C=C normal modes ™ and produces S; with several quanta of
excitation in these modes. We believe that such highly vibrationally excited (nc=c ~ 3)
molecules provide the best explanation for the dark state, X, in the four-state relaxation scheme.
This highly excited species will have negligible C=C Raman intensity because of the extremely
short vibrational dephasing time. The 200-fs time constant established by the S; C=C peak
area kinetics describes the rapid intramolecular vibrational relaxation of this state to a subset
of the normal modes of the molecule that are strongly anharmonically coupled to the central
C=C stretch. We will refer to this collection of modes as the “anharmonic bath”. Relaxation
to nc=c = 0 allows the growth of the S; C=C Raman intensity. The anharmonic bath's strong
coupling to Elh?e4C:C stretch has two effects; (1) the coupling will allow rapid IVR between
thesemodes "~ and (2) the coupling will cause a downshift in the frequency of the C=C stretch
to ~1770 cm~1 when the anharmonic bath is excited. - !

In a second stage of IVR, occurring with a constant, ~450-fs time the anharmonic bath
distributes the internal conversion energy throughout the entire set of normal modes of the
molecule. The loss of excit%%ig? in the anharmonic bath will cause the observed upshift and
narrowing in the C=C peak.” "~ The two time scales of S; VR are simply due to the variations
of the magnitude of the anharmonic coupling constants, which will be largest for the totally
symmetric backbone modes (the anharmonic bath) and weaker for the rest of the modes,
Similar two-stage IVR has been observed in the ground states of bacteriorhodopsin,

.54 .5 o
rhodopsin,” " B-carotene,” and canthaxanthin.” From these studies it appears that the second
stage of IVR occurs on a slower ~3 ps time scale in the ground state, most likely because of
decreased anharmonicity in Sy relative to Sq. Our 200 and 450 fs VR time constants are
consistent with the 400-700 fs time-constants assignezq 5% 3801 vibrational relaxation observed
in several transient absorption studies of carotenoids. ,

Figure 8 compares the picosecond resonance Raman (ps RR) spectrum of S; [3—carotene23 with
the S; FSRS spectrum obtained by subtracting a scaled ground-state spectrum from the time-
resolved spectrum in Figure 4. The two strongest ps RR bands at 1230 and 1543 cm ™1 have
dramatically reduced relative intensity in the FSRS spectra. This is most likely due to strong
resonance enhancement of the 1230 and 1543 cm™1 bands in the ps RR splesctra. While the ps
RR probe wavelength (532 nm) lies within the visible S, < S; absorption,” the FSRS Raman
pump wavelength (793 nm) lies between the visible absorption band and the NIR S, « S,
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transition.30 Analysis of the perpendicular FSRS spectrum indicated that there is no dramatic
perpendicular intensity in the 1230 and 1543 cm™1 FSRS bands, nor is the S; C=C
depolarization ratio (0.29) exceptionally low, either of which might have accounted for the
relative intensities in the unpolarized picosecond RR spectrum. Further analysis of the
resonance enhancement and depolarization ratios of the S; peaks may allow new insights into
the assignment of the excited-state Raman spectrum and the nature of the resonant electronic
states.

Conclusions

The unique time resolution, frequency resolution, and data acquisition times of the FSRS
technique have allowed a more complete examination of B-carotene's internal conversion and
vibrational cooling dynamics. In agreement with Albrecht's seminal work,” we find that the
relaxation occurs via a 160-fs S,—S internal conversion and a 9-ps S;—-Sg internal conversion.
Additionally, by observing the evolution of the S, vibrational spectrum on the 100-fs time
scale, it is found that intramolecular vibrational relaxation in S; occurs in a two-step process
whereby excitation in the C=C mode is distributed to the strongly coupled vibrations in 200 fs
and then equilibrated throughout the complete set of normal modes in ~450 fs. Unlike
observations made by transient absorption, the 200- and 450-fs vibrational relaxation times
observed here can be assigned to specific vibrational cooling mechanisms. The future use of
FSRS to examine structural changes that take place during the transcis isomerization of
bacteriorhodopsin's chromophore and the primary cis—trans isomerization in vision should
provide similarly valuable new insights into chemical reaction dynamics.
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Figure 1.

Energy level diagram (a) and pulse timing schematic (b) for femtosecond stimulated Raman
spectroscopy (FSRS). The actinic pump pulse 1 excites the sample and initiates the
photochemical events. The narrow band Raman pump pulse 2 and the broadband Raman probe
pulse 3 arrive simultaneously. The resolution of the stimulated Raman spectrum imprinted on
the Raman probe pulse is determined by the bandwidth of the Raman pump (~15 cm™1). The
collected Raman spectrum extends from 600 to 2100 cm™L. The limiting time resolution is
determined by the cross-correlation of the actinic pump and Raman probe pulses and is typically
~80 fs.
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Figure 2.
Laser system for femtosecond stimulated Raman spectroscopy. Solid line =795 nm Ti:sapphire

amplifier fundamental and Raman pump; dotted line = visible actinic pump; dashed line =
Raman probe continuum; BS= 20% R beam splitter; PC1 = SF10 actinic pump prism
compressor; PC2 = SF10 Raman probe prism compressor; BPF = narrow band-pass filter, 1.5
nm at 795 nm; DBS =dichroic beam splitter, 790 nm T, 830-930 nm R; M = spherical focusing
mirror, 15 cm fl; L = 10 cm lens; S = sapphire plate, 3 mm thick; F = colored glass filter,
RGB830; Spec. = single grating spectrograph; DPDA = dual diode array detector.
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Comparison of Raman spectra of B-carotene obtained by three different methods: (a) CW

spontaneous Raman (laser = 793 nm, 80 mW; sample = 240 uM B-carotene in toluene;

spectrograph slit = 10 cm™1; 4-min acquisition). (b) Picosecond resonance Raman (laser =
531.5 nm, 16 cm ™1 fwhm, 1.5 ps pulse; sample = 18 uM B-carotene in toluene; spectrograph
slit = 26 cm™L; 5 min acquisition). The picosecond experiment was not optimized for spectral
resolution, which could be improved with changes in the detection optical parameters. (c) FSRS
(Raman pump = 793 nm, 17 cm~1 fwhm, 800 fs pulse; Raman probe = 830-960 nm, ~70 fs;
sample = 270 uM B-carotene in cyclohexane; spectrograph slit = 11 cm™1; 20-s acquisition).
In each case, the solvent spectrum has been subtracted. Representative FSRS gain intensities
were 3% at 801 cm 1 and 1% at 1444 cm™1 for cyclohexane and 0.3% at 1157 cm ™1 and 0.4%

at 1524 cm™1 for B-carotene.
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Figure 4.

FSRS spectra of 3-carotene's Sg and Sy electronic states. The intensity of the Sy peaks at 1157
and 1525 cm~1 decrease at 0 fs and the Sy peak at ~1780 cm™1 grows from 200 fs to 1 ps. The
large baseline ripple at early times is an interference artifact enhanced by the transient
absorption of B-carotene’s S, state (see text). Each spectrum is vertically offset 0.2% and the
nominal times noted have not been corrected for the offset in the At = 0 time determined by
the transient absorption spectra.
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Figure 5.

Kinetics of B-carotene's Sy C=C and S; C=C FSRS peak areas. (a) The Sq C=C intensity at
1524 cm~1 bleaches within the 80-fs cross-correlation (see inset) and recovers in 9 + 1 ps. (b)
The S; C=C integrated area at 1770 and 1798 cm™! rises to a maximum at a ~2-ps time delay
and then decays with a ~9-ps lifetime. The early time behavior (b, inset) of the S; C=C peak
is poorly fit by a simple three-state (dashed) kinetic model. The kinetics are better fit by a four-
state model incorporating a 163 (£9) fs S, lifetime determined by transient absorption, a 200
(£20) fs intermediate lifetime, and an 8.7 (£0.9) ps S lifetime (solid). Also shown in the inset
is the actinic pump—Raman probe cross-correlation (80 fs, dot-dot-dashed) and the Raman
pump envelope (800 fs, dot-dashed). The S; C=C data were collected in four different
experiments (A,V,0,0), plotted versus the corrected time delay (see text) and fit using a
weighted nonlinear least-squares algorithm.
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Figure 6.

Vibrational cooling of the Sq state of B-carotene observed through the blue shift (a) and
narrowing (b) of the S; C=C peak. The peak position shifts from 1770 to 1798 cm™1 with a
470 (+40) fs time constant. The peak narrows from an initial fwhm of 70 cm™1 to a final value
of 45 cm™1 with a 400 (+150) fs time-constant.
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Parallel and perpendicular stimulated Raman spectra of Sg and S; B-carotene in cyclohexane
(time delay of 2 ps). For the parallel spectrum, Raman pump and probe pulses are polarized
horizontally. For the perpendicular spectrum, the Raman pump polarization is rotated 90°.
Depolarization ratios, p = _L/ll, of cyclohexane are marked with an asterisk (*). The parallel

spectrum is vertically offset 0.5% for clarity.
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Figure 8.

1800

Comparison of Raman spectra of B-carotene's Sy state obtained by using picosecond resonance
Raman (ps RR) and femto-second stimulated Raman (FSRS) spectroscopies at time delays of
3 ps. The picosecond RR spectrum (L + II) of B-carotene in toluene was obtained by using a
2.9 ps, 400 nm actinic pump pulse and a 1.5 ps, 532-nm probe pulse with a 90° scattering
geometry. The upshift of the S; C=C frequency from 1781 cm~1 in the picosecond RR spectra
to 1798 cm~1 in the FSRS spectra is due to the change in solvent polarizability.
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