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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 20thfs

time resolution and<30 cnm? 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 dynamfzsarbtene. Following optical excitation te S

(1B,") the molecule relaxes in 160 fs ta A4~) 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 th€-SC 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 In an elegant and general treatment of nonlinear spectroscopies,
Lee and AlbrecHt have presented derivations of the explicit
expressions fory® and have shown that spontaneous and
%timulated Raman spectroscopies probe the same molecular
response, the imaginary part g¥z. In the 1970s, stimulated
Raman was championed as a high-resolution spectroscopit tool
and as a vibrational pumping technigtieRecently, several

Vibrational spectroscopic techniques with femtosecond time
resolution are needed to reveal the structural changes underlyin
ultrafast chemical and biological reaction processes. Time-
resolved vibrational spectroscopy has advanced toward the
femtosecond time domain, while struggling against two funda-

mental obstacles: (1) the difficulty of generating ultrafast laser h h b . . K d anti K
ulses throughout the mid-infrared for direct IR absorption and research groups have begun to investigate Sto es and anti-Stokes
P SRS as a femtosecond vibrational techni¢tié’” However,

(2) the pulse duration/bandwidth transform limit in Raman these studies have been hindered by low signal-to-noise ratios

spectroscopy. Direct IR probing techniques have been generally - - i
limited to ~200 fs time-resolution in a narrow~R00 cn ) and complex anti-Stokes line shapes that obscure the funda

spectral regioA:2 Alternatively, a full vibrational spectrum over mentalhadvanta;gefs of FSRS. d stimulated

a 3000 cm?! window can be obtained by using Raman . Asc ema(?c_ or femtosecon st]:mu ated Raman sp?ctroscopy
spectroscopy, but pulse duratiord.7 ps are necessary to !s_presenr:e ;]n Flghure_l. AVSfO' S ?]C_t'r?'ch puRmp pulse (1)
achieve acceptable spectral resoluttohCoherent anti-Stokes !n't'atlfs ¢ 3 p_ct:toc emllstry, aterlw ¢ dt. € ar.naﬂ spectrum
Raman spectroscopy (CARS) has the same bandwidth limita- 'Sufno e(czt)e aV\rl:tarrgl\\//vo-bgli]Z\?vsi d(t)r\: eruallggf smir:lrgﬁ.ra':io?] Fter?;?an
tions as spontaneous Raman with the additional difficulties of pump (<), ) p P

phase matching and complex band shdpéée present here provides the SRS pump field, and the Raman probe (3), a broad-

the alternative technique of femtosecond-stimulated Ramanband ~50-fs pulse red-shifted from the Raman pump that
spectroscopy (FSRS), which provided 00 fs time resolution provides the SRS Stokes field. The stimulated Raman effect

and can capture a broad high-resolution vibrational spectrum. Eirg:i%?;e%mfegxﬂ%n Ig;m:nRSlTrﬁg p_:_(l)ql;e I?élggmsa;)r:agtfg:we?s
Stimulated Raman scattering (SRS) occurs any time two . L C
coherent optical fields, the pugp(bearzmqt and theyStokes obtained by determining the gain of the Raman probe pulse
Y - throughout its spectrum. Since the Raman gain spectrum is
beam aws, are incident on a sample that contains a molecular

S ; _ generated only during the time that the Raman probe pulse is
vibration whose frequencyy, is equal taw, — ws. The Stokes on the sample,<100 fs time-resolution can be obtained,

Rl?r:qnarg;;amnsgrl%nﬁe(:f t:ii isr?mle r%%fﬁer;er:] a.?ﬁgl:/tggﬂgatgfdetermined only by the durations of the actinic pump and Raman
pump gal P ) ) . .~ probe. Because the dispersion and detection of the Raman probe
the system can be descr_|bed by coupled wave equations in whic ntensity is not time-resolved, the FSRS frequency resolution
tho?a?ilirgt?oﬁrlgssg):sees (];Ifetlf?es :;ﬁqgfé%qlﬁg p:ir:rglfettr:g:asli)(l)feysthe is independent of the time-energy Fourier relationship of the
polar 'SP . ’ 9 . femtosecond pulses. Instead, the frequency resolution is deter-
f|el_d |s_detgrm|ned by th‘? third-order Raman susceptibijty, mined by the bandwidth of the Raman pump and the inherent
which is directly proportional to the spontaneous Raman cross

. . R 8.10 resolution of the spectrographic system.
section, @/dQ, and the derived polarizability tenson.gQ. pB-Carotene is used here as a test system for FSRS because

. B ) " of its well-established excited-state relaxation dynamics and
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Figure 1. Energy level diagram (a) and pulse timing schematic (b)

for femtosecond stimulated Raman spectroscopy (FSRS). The actinic
pump pulsel excites the sample and initiates the photochemical events.

The narrow band Raman pump pusand the broadband Raman probe

pulse3 arrive simultaneously. The resolution of the stimulated Raman
spectrum imprinted on the Raman probe pulse is determined by the

bandwidth of the Raman pump~(5 cnT?). The collected Raman
spectrum extends from 600 to 2100 ¢miThe limiting time resolution

is determined by the cross-correlation of the actinic pump and Raman

probe pulses and is typicalk80 fs.

B-carotene using femtosecond transient absorgfiéxcitation
in the visible absorption band(460 nm) populates the second
excited singlet state (4B, ) which relaxes in~200 fs to the
first excited singlet state (2, S;) followed by internal
conversion to the ground-state (A S) in ~9 ps. Over the
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Figure 2. Laser system for femtosecond stimulated Raman spectro-
scopy. Solid line= 795 nm Ti:sapphire amplifier fundamental and
Raman pump; dotted lire visible actinic pump; dashed lire Raman
probe continuum; BS 20% R beam splitter; PCE SF10 actinic pump
prism compressor; PC2 SF10 Raman probe prism compressor; BPF
= parrow band-pass filter, 1.5 nm at 795 nm; DBSdichroic beam
splitter, 790 nm T, 836930 nm R; M= spherical focusing mirror, 15
cm fl; L = 10 cm lens; S= sapphire plate, 3 mm thick; & colored
glass filter, RG830; Spec= single grating spectrograph; DPD#&

dual diode array detector.

Materials and Methods

Instrumentation. The femtosecond stimulated Raman spec-
troscopy laser system (Figure 2) is based on a regeneratively
amplified Ti:sapphire laser. A Kapteyn-Murnane Ti:sapphire
oscillato?! seeds a regenerative amplifier (BMI Alpha 1000/
US) pumped by an intracavity doubled Nd:YLF laser (BMI 621-

past decade several authors have improved the precision of thes®). The amplifier produces 45-fs, 8Qa} pulses at a 1-kHz

measurement$ 2! and have recently identified the NIR,S—
S, absorption bané? The vibrational spectrum of;$as been

repetition rate with a spectrum centered at 795 nm and a 23-
nm fwhm. The actinic pump pulse is produced by passing 20%

observed in several picosecond resonance Raman studies andf the amplifier output to a noncollinear phase-matched optical

consists of three distinctive features: (1) the 1230 tband,
assigned to €C stretching modes, (2) the 1545 cthpeak,
assigned to the terminal=€C stretch, and (3) the 177#1800
cm 1 peak, assigned to the centra=C stretch?®=28 The unique
frequency of this latter Smode allows it to be used as a
definitive signature of the opulation. Picosecond anti-Stokes
Raman spectra gf-carotene from our group established that
S, is vibrationally relaxed in<2 ps23in agreement with transient

parametric amplifier (NOPA3J?~34 The NOPA is capable of
producing pulses from 470 to 700 nm with 20 nm of spectral
bandwidth and 3uJ/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
compressdP to a 40-fs fwhm Gaussian pulse, measured by an
SFG autocorrelatots The optimum separation of the prisms
was found to be 11.4 cm, with the 3-mm diameter NOPA beam

absorption studies of other carotenoids, which reported spectralpassing through the apex of each prism. The actinic pump beam

shifts of the $ absorption band on the 46000 fs time
scale?:2%30However, the specific mechanism of this relaxation
remains unknown.

was optically delayed relative to the Raman probe pulse with a
computer-controlled translation stage, attenuated to 100 nJ/pulse
and focused to a 40m diameter spot at the sample by a 150

Here we demonstrate that FSRS can be effectively imple- mm fl concave mirror.

mented by using a standard femtosecond Ti:sapphire laser

The Raman pump beam is produced by spectrally filtering

system and that the system produces broad-band vibrationalthe remaining output of the amplifier with two narrow band-

spectra with<100 fs time resolution and 30 cnT?! frequency
resolution with data acquisition times of ontyl00 ms. By

pass interference filters (CVI). The sequential filtering produces
an 800-fs Raman pump pulse centered at 793 nm with a

applying FSRS top-carotene, we are able to observe the Lorentzian spectral profile and a 1.1-nm (17 Zinfwhm.

vibrational relaxation of Sdirectly using the distinctive S

The Raman probe beam is produced by focusing the residual

C=C mode as a probe of both the internal conversion and the 795 nm beam from the NOPA imta 3 mmthick sapphire plate,
intramolecular vibrational energy redistribution (IVR) processes. producing a continuum extending from 400 to 1100 nm. The

It is found that the $S; internal conversion occurs in 160 fs
and that the vibrationally excited, State relaxes with 200 and

continuum was compressed with an SF10 prism pair in which
only the NIR portion of the spectrum was transmitted. The

450 fs time constants in a two-step IVR process. This work continuum was split after compression to produce probe and
demonstrates that FSRS is a powerful new vibrational techniquereference beams that allowed shot-by-shot normalization of the
for femtosecond time-resolved structural studies of chemical continuum intensity. The pulse duration and chirp of the Raman
reaction dynamics. probe pulse was measured at the sample point by optical Kerr
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effect cross correlation (OKE-XC) with the actinic pump piée.  improve the signal-to-noise ratio. The residual systematic noise
The frequency-resolved OKE-XC indicated that the pulse had caused by the mismatch of the odd and even pixels in the DPDA
an 80-fs Gaussian cross correlation, with5 fs of chirp from was removed by smoothing the spectra with a Savitsky-Golay

868 to 951 nm, corresponding to Raman shifts of 1062000 smoothing algorithm. The total time for data collection at each
cm™l. The bluest portion of the continuum (83860 nm, time delay was 20 s.
corresponding to Raman shifts of 66880 cnt') had an After the Raman gain spectra are obtained, a baseline is

irregular cross-correlation shape approximately 200 fs in dura- spjine-fit and subtracted to remove artifacts in the baseline due

tion with a delay of up to 100 fs relative to the rest of the g transient absorption of the sample and phase modulation of

continuum. _ the probe spectrum by the Raman pump, which causes a slight
The Raman pump and probe beams were made collinear ajye shift in the Raman probe spectrifnAt positive times,

a dichroic beam splitter and focused onto the sample with a ne fitted baseline deviates6% from the expected gain baseline

150 mm fl concave mirror. The Raman pump pulse energy was of 1.0, while at negative times within 1 ps dft = 0, an

0.8 uJd/pulse with a 15@:m beam diameter at the sample point oscillatory baseline is observed.

(~-6 GWw/cn¥ peak power), and the Raman probe beam was 30 The transient transmission spectrum of the sample can be

nJ/pulse with a 6@m beam d'ameter' The spat_|a|_and temporal_ obtained in a manner similar to eq 1, in which the normalized
overlap of these beams were adjusted to maximize Raman gain

signal from cyclohexane. After the sample, the Raman probe actinic-pump-onspectrum at time delapt is divided by the
9 Y S Pie, prob normalizedactinic-pump-off spectrunThe transient absorption
was separated from the actinic and Raman pump pulses with

. spectrum can then be directly calculate t) = —log[T(At)].
an aperture and a colored glass filter (Schott, RG830). The_ %cause our Raman probey spectrumw]?ss) wiyﬁﬁugr[ogen)t]e's
Efatrr?gg [ggt?g ?gdhrggigge r%uésreflvgﬁﬁ-fscgcsﬁ g ?;lt(?:':the sli trong S absorption bané? the dynamics of the Spopulation
P grap K 'SP grapi= can be obtained directly from the transient absorption kinetics.
ISA HR320, 600 gr/mm, 1000-nm blaze) by two cylindrical

- . . In fitting the S absorption kinetics, the zero-of-time was allowed
lenses which separately controlled the vertical displacement and,[0 varv to provide a more accurate determination of Ate=
the horizontal width of the two beams at the slit. The two beams ryto p )

; . 0 point for each experiment.

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 threeResults

beams polarized horizontally, corresponding to collection of the A comparison of the FSRS spectrumtarotene with both
polarized or parallel spontaneous Raman spectrum. The depo-

. - . a CW Raman spectrum and a picosecond resonance Raman (ps
larized or perpendicular component of the Raman signal was RR) spectrurf? is presented in Figure 3. In each case, the solvent
collected by rotating the polarization of the Raman pump 90 P P 9 ’ ’

: spectrum has been subtracted to reveal the groundfstzde
relative to the Raman probe. otene spectrum dominated by the methyl rock-a4007 cn1?

Sample Preparation. all-trans-5-Carotene (Aldrich) was P y y

recrystallized from benzene and methanol. The 0.27 mM sampIeEg:gHs”)Vghéﬂﬁecig?ggnség%E[gg)%?}(igﬁfgigég% ggi
in cyclohexane was recirculated through a 0.5-mm path length C=C, 2 The i d RR i h b
flow cell (Harrick Scientific) with 0.15-mm glass windows at ( » V). € picosecon spectrum has much lower
a rate sufficient to replenish the illuminated volume between spectral resolution than the CW spectrum due to both the

shots. The OD at the actinic pump wavelength was 1.3 per 0.5 increased band_vvidt_h of th? ps laser and the rel_at_ively_ large
mm and there was negligible ground-state absorption at thespectr(_)gra_lph slit .W'dth typically e_mployed for efficient light
Raman pump and probe wavelengths. The absorption SIC)ec,[rum(:ollec'uon in the picosecond experiment. In the FSRS spectrum

of the sample did not exhibit any changes over the course ofmUCh_ of the res_olutlon of the CW spectrum is recovered,
the experiment., allowing observation of the smailcarotene peaks at 1352 and

1 ;
Data Collection. The detector exposure was controlled by igg? le a_llf‘r? cflear resolutlonlof_the_peaks 6.‘;[. 13%1’ %ISZf\A;V,hand
an electronic shutter positioned at the entrance slit of the cn”. The frequency resolution is quantified by the m

; f the G=C peak in each spectrum: 17 ciin the CW
spectrograph. To prevent saturation of the detector, the exposureO ) -
was limited to 40 ms (40 probe and reference pulses), after SPECtrum, 45 cmi in the picosecond RR spectrum, and 27°¢m

which the detector was read out while the shutter was closedin the FSRS spectrum. The width of the<C peak in the FSRS
for 10 ms. During the readout period, the Raman pump beam

spectrum is determined by a convolution of the Raman pump
: N , e
was toggled on or off so that sequential exposures corresponded?@ndwidth (17 cm?) with the CW peak profile, which includes

to eitherRaman-pump-olr Raman-pump-ofonditions. The

the molecular line shape and the spectrographic slit width. The
stimulated Raman spectrum is obtained by calculating the FSRS spectrum has a baseline noise levet©02%, an order
Raman gain induced in the probe beam by the Raman pump.

of magnitude larger than the expected shot noise limit of
Initially, the dark background levels are subtracted from the 0-004%. This systematic noise, especially visible above 1600
probe and reference spectra, then the probe spectrum ist™

1, is due to an interference pattern formed as the probe and
normalized for intensity fluctuations in the continuum by reference beams pass through an alignment window before the
dividing by the reference spectrum. Finally, division of the spectrograph. This pattern is not perfectly removed by the
normalizedRaman-pump-oprobe continuum by the normalized intensity ratioing of eq 1 because of fluctuations in the Raman

Raman-pump-oftontinuum produces the gain spectrum: probg .i.nten's,ity. Finally, it should be .not'ed.t.hat the 20-s
. acquisition time for the FSRS spectrum is significantly shorter
Raman gair= than for either spontaneous Raman technique.

[(probe— bkgng--(ref — bkgng]raman pump (1) Time-resolved FSRS spectra fcarotene are presented in
robe— bkand-=(ref — bkan Figure 4. At early time delays, the depletion of the ground state
[ gng-=( 9N9]raman pump off is visible as the decreased intensity of thgl805, 1157, and
Although a single spectrum could be collectechit00 ms, 1524 cm! peaks. The growth of the;SC=C peak between
200 such Raman gain spectra were collected and averaged td 770 and 1798 crt over the first picosecond and its decay at
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Figure 3. Comparison of Raman spectra @fcarotene obtained by —/
three different methods: (a) CW spontaneous Raman (aS&3 nm, Ground state only
80 mW; sample= 240uM f-carotene in toluene; spectrograph stit

10 cnT?; 4-min acquisition). (b) Picosecond resonance Raman (laser A A L L B L LA B
=531.5 nm, 16 cm' fwhm, 1.5 ps pulse; sampte 18 uM S-carotene 1000 1200 1400 1600 1800 2000
in toluene; spectrograph slit 26 cnT!; 5 min acquisition). The Raman Shift (cm'1)

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* fwhm, 800 fs pulse; Raman
probe = 830-960 nm, ~70 fs; sample= 270 uM pS-carotene in

cyclohexane; spectrograph sht 11 cn?; 20-s acquisition). In each

Figure 4. FSRS spectra gf-carotene’s $and S electronic states.
The intensity of the §peaks at 1157 and 1525 cindecrease at 0 fs
and the $peak at~1780 cnt? grows from 200 fs to 1 ps. The large
baseline ripple at early times is an interference artifact enhanced by

case, the solvent spectrum has been subtracted. Representative FSREE ransient absorptlog ptcarotene’s gstate (see text). Each spectrum
gain intensities were 3% at 801 cand 1% at 1444 cnt for IS vertically offset 0.2% and the nominal times noted have not been

cyclohexane and 0.3% at 1157 chiand 0.4% at 1524 cmi for corrected for the offset in that = 0 time determined by the transient
B-carotene ' ' absorption spectra.

longer times is also evident. Comparing theG=C peaks at  of the excited-state relaxation, S-S, —~ S, the kinetics are
300 fs _and 1 ps, Itis clegr th_at the pe‘?k 1S blue-sh|ft|ng_ and fit by a 500+ 50 fs $S—S; internal conversion timer() and a
narrowing, signatures of vibrational cooling. No peaks attribut- 76+ 0.8 ps S lifetime (z5). However, this kinetic model
able to slwere observeq perhaps becguse of the S‘ys'[ematic(dashed line, Figure 5b) overestimat,es the peak areas at
baseline ripple at short time delays, which decreases over theearly time délays At < 300 fs), underestimates the peak

S lifetime. Th's bas_ellne rlpp_le has the same general structure intensity elbow at~700 fs, and is inconsistent with previous
as the baseline noise seen in the ground state only spectrum

A i ; cgneasurements of the #fetime. A four-state relaxation scheme,
and we believe it is caused by the interference pattern discusse

71 T2 73 . .

above. The resonance of the Raman pump with theS$ S,— X—S§,— S, incorporating a “dark” state before the
transition causes a change in the transmission of the Ramanformation of Raman activeSfits the short time data better.
probe when comparing theaman-pump-ons Raman-pump- Here, the $decay ratet)) is fixed at 163 fs, as determined by
off spectra thereby increasing the residual interference patternthe transient absorption kineticside infra), andz, andrs are
in the gain spectrum. varied to fit the data. The best fit parameters of the four-state

The dynamics off-carotene’s $and S populations can be  model arer, = 200+ 20 fs andr; = 8.7 + 0.9 ps (solid line,
determined by following the areas of thg &d S peaks in Figure 5b).
Figure 4 over time. The kinetics of the 1524 chpeak, shown The vibrational relaxation in Scan be quantified by
in Figure 5a, are well fit by the convolution of our 80-fs examining the rate at which the £=C peak blue shifts and
instrument response to a molecular response incorporating amarrows over the first several picoseconds (Figure 6). The center
instantaneous bleach followed by a9 (10) ps recovery. The  and width of this peak were determined by fitting to a Lorentzian
amplitude of the depletion indicates that 42% of the sample is line shape function. Fitting the dynamics to a single exponential
excited by the actinic pump pulse. In Figure 5b, the kinetics of reveals that the peak blue shifts from 1770 to 1798 twmith
the § C=C peak area are presented. The data were collecteda 4704+ 40 fs time constant and narrows from 70 to 45¢ém
in four different experiments and normalized to the maximum fwhm with a 400+ 150 fs time constant.
observed area before fitting the entire data set using a weighted Parallel and perpendicular Raman spectrg-afarotene in
nonlinear least-squares algorithm. It is apparent that thpe&k cyclohexane 2 ps after excitation by the actinic pump pulse are
grows in until -2 ps and then decays with ar-8-ps lifetime. presented in Figure 7. In general, the depolarization ratios of
The precise kinetics of the growth and decay of thep8ak the solvent agree with the most accurate values in the liter&ure.
can be fit with several schemes. Using a simple three-state modelThe 801-cm?! cyclohexane mode is strongly polarized,=
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Figure 5. Kinetics of f-carotene’s C=C and $ C=C FSRS peak
areas. (a) TheIC=C intensity at 1524 crt bleaches within the 80-

fs cross-correlation (see inset) and recovers it 9 ps. (b) The $
C=C integrated area at 1770 and 1798 ¢mises to a maximum at a
~2-ps time delay and then decays with~®-ps lifetime. The early
time behavior (b, inset) of the;£=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 1639) fs S lifetime determined by
transient absorption, a 20&:20) fs intermediate lifetime, and an 8.7
(£0.9) ps g 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). Th€-SC data were
collected in four different experimenté (v,00,0), plotted versus the
corrected time delay (see text) and fit using a weighted nonlinear least-
squares algorithm.

I I
6 8

0.036+ 0.002, while the three other largest cyclohexane modes
at 1028, 1266, and 1444 crhall have depolarization ratios
within 10% of the predicted values of 0.75. The peak at 1157
cm! (o = 0.27 4 0.01) is a superposition of the cyclohexane
mode withp = 0.16*° and 8-carotene’s C-C stretch, with an
expected depolarization ratio of 0.838The depolarization ratio
for B-carotene’s €&C peak is 0.32: 0.03 in § (1524 cnt?),
agreeing with previous CW valué%,and 0.29+ 0.06 in §
(1798 cn1?).

The transient absorption kinetics due to the &, NIR
absorption (not shown) were fit to 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,Sifetime. This lifetime is
consistent with other determinations of thelifetime by visible
transient absorptidf?*and fluorescence up-conversit¥#°The
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Figure 6. Vibrational cooling of the Sstate off3-carotene observed
through the blue shift (a) and narrowing (b) of theGG=C peak. The
peak position shifts from 1770 to 1798 chwith a 470 ¢40) fs time
constant. The peak narrows from an initial fwhm of 70ro a final
value of 45 cm! with a 400 @&150) fs time-constant.
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Figure 7. Parallel and perpendicular stimulated Raman spectrag of S
and S -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 ratiosp = U/, of cyclohexane are marked with

an asterisk«). The parallel spectrum is vertically offset 0.5% for clarity.

Zhang et af? 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

decay time increased slightly as the wavelength increases: 156Raman apparatus which has the ability to obtain vibrational

+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 studiésWe did not observe any delay in
the onset of the long wavelength (949 nm) absorption, which

spectra with femtosecond time resolutiand high vibrational
resolution. The practicality of the FSRS technique has been
demonstrated by collecting Raman spectrA-chrotene excited-
state dynamics on the 100-fs time scale with 27 tfrequency
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resolution. Since FSRS measures small changes in a coherent
and intense output beam, the technique is naturally fluorescence

1230

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 peak

has a signal-to-noise level (S/N) 20, while the cyclohexane
peak at 1444 crmt has a 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 improve-
ments should not significantly degrade either the time resolution
or signal strength. Although here we have only shown Raman
spectra from 700 to 2000 crh 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 th(800-1060 nm).
Finally, the observation of they®leach within the 80-fs cross-
correlation and the 260500-fs time constants established by
the § C=C dynamics indicate that we are observing 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 ©f40 fs, considering the
spectral breadth of the Raman probe (2500 Ynand the ease

of <20 fs actinic pulse generation in the visife3* 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 ing-carotene. At early times, the growth of the S
C=C peak does not match the, Sifetime established by

transient absorption, indicating the presence of an intermediate-l-he

dark state, X, between,&nd the Raman-active; State. The
four-state relaxation scheme establishes the X lifetime as 200
fs. At longer times, the recovery of they £=C intensity
matches the SC=C decay time, 9t 1 ps, and can be assigned
to the S lifetime. This lifetime agrees quite well with previous
room-temperature observations by transient absortfért3

and is consistent with the slightly longer lifetime &atLl0 °C
established by our picosecond resonance Rahsamdies when

1543
1781
1798

FSRS

ps RR

\

77—
1200 1400 1600 1800
Raman Shift (cm'1)
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Figure 8. Comparison of Raman spectra @fcarotene’s g 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) of 5-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 98cattering geometry. The upshift of the

S, C=C frequency from 1781 cm in the picosecond RR spectra to
1798 cn1! in the FSRS spectra is due to the change in solvent
polarizability 24

the coupling will allow rapid IVR between these mo#fe§and
(2) the coupling will cause a downshift in the frequency of the
C=C stretch to~1770 cnt* when the anharmonic bath is
excited?9-51

In a second stage of IVR, occurring with~a450-fs time
constant, the anharmonic bath distributes the internal conversion
energy throughout the entire set of normal modes of the
molecule. The loss of excitation in the anharmonic bath will
cause the observed upshift and narrowing in thedpeak3?51
two time scales of;3VR 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 mé¥8snilar
two-stage IVR has been observed in the ground states of
bacteriorhodopsif?-53 rhodopsir’* S-carotene?® and canthax-
anthin®0 From these studies it appears that the second stage of
IVR occurs on a slower3 ps time scale in the ground state,
most likely because of decreased anharmonicityqmeSative

the temperature dependence of the internal conversion rate igg S,. Our 200 and 450 fs IVR time constants are consistent

considered?

The S$-S; internal conversion occurs by curve-crossing
through a conical intersection irp $hat is displaced along the
C=C normal mode®¥-*¢ and produces Swith several quanta
of excitation in these modes. We believe that such highly
vibrationally excited fic—c ~ 3) molecules provide the best
explanation for the dark state, X, in the four-state relaxation
scheme. This highly excited species will have negligibte
Raman intensity because of the extremely short vibrational
dephasing time. The 200-fs time constant established byithe 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 stretch. We will refer to this collection of
modes as the “anharmonic bath”. Relaxationgoc = 0 allows
the growth of the $C=C Raman intensity. The anharmonic
bath’s strong coupling to the=€C stretch has two effects; (1)

with the 400-700 fs time-constants assigned tpvibrational
relaxation observed in several transient absorption studies of
carotenoidg29.30

Figure 8 compares the picosecond resonance Raman (ps RR)
spectrum of $5-carotené® with the § 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 cnt have dramatically reduced relative
intensity in the FSRS spectra. This is most likely due to strong
resonance enhancement of the 1230 and 1543 ¢rands in
the ps RR spectra. While the ps RR probe wavelength (532
nm) lies within the visible §< S; absorptioni® the FSRS
Raman pump wavelength (793 nm) lies between the visible
absorption band and the NIR S~ S; transition3° Analysis of
the perpendicular FSRS spectrum indicated that there is no
dramatic perpendicular intensity in the 1230 and 1543tm
FSRS bands, nor is the; £=C depolarization ratio (0.29)
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exceptionally low, either of which might have accounted for

McCamant et al.

(19) Kandori, H.; Sasabe, H.; Mimuro, M. Am. Chem. Soc 994

the relative intensities in the unpolarized picosecond RR 116 2671-2672. _
spectrum. Further analysis of the resonance enhancement angogao) Macpherson, A. N.; Gillbro, . Phys. Chem. A998 102, 5049~

depolarization ratios of the;$eaks may allow new insights

(21) Cerullo, G.; Lanzani, G.; Zavelani-Rossi, M.; De SilvestriP8ys.

into the assignment of the excited-state Raman spectrum andke, B 2001 63, 241104,

the nature of the resonant electronic states.

Conclusions

The unique time resolution, frequency resolution, and data

(22) Zhang, J. P.; Skibsted, L. H.; Fujii, R.; Koyama, Rhotochem.
Photobiol. 2001, 73, 219-222.

(23) McCamant, D. W.; Kim, J. E.; Mathies, R. A. Phys. Chem. A
2002 106, 6030-6038.

(24) Noguchi, T.; Hayashi, H.; Tasumi, M.; Atkinson, G. Bl. Phys.

acquisition times of the FSRS technique have allowed a more chem.1991 95, 3167-3172.

complete examination ¢f-carotene’s internal conversion and
vibrational cooling dynamics. In agreement with Albrecht’s
seminal worki8 we find that the relaxation occurs via a 160-fs
S,—S; internal conversion and a 9-pg-SS; internal conversion.
Additionally, by observing the evolution of the Sibrational

(25) Hashimoto, H.; Koyama, YChem. Phys. Lettl989 163 251—
256.

(26) Noguchi, T.; Kolaczkowski, S.; Arbour, C.; Aramaki, S.; Atkinson,
G. H.; Hayashi, H.; Tasumi, MPhotochem. Photobioll989 50, 603~
609.

(27) Hashimoto, H.; Koyama, YChem. Phys. Lettl989 154, 321—

spectrum on the 100-fs time scale, it is found that intramolecular 325,

vibrational relaxation in Soccurs in a two-step process whereby
excitation in the &C mode is distributed to the strongly

coupled vibrations in 200 fs and then equilibrated throughout

the complete set of normal modes~##50 fs. Unlike observa-

tions made by transient absorption, the 200- and 450-fs

(28) Negri, F.; Orlandi, G.; Zerbetto, F.; Zgierski, M. Z.Chem. Phys.
1989 91, 6215-6224.

(29) Andersson, P. O.; Gillbro, 1. Chem. Phys1995 103 2509-
9.

(30) Polivka, T.; Zigmantas, D.; Frank, H. A.; Bautista, J. A.; Herek, J.
L.; Koyama, Y.; Fujii, R.; Sundstrom, VJ. Phys. Chem. R001, 105

vibrational relaxation times observed here can be assigned to;572-1030.

specific vibrational cooling mechanisms. The future use of FSRS

(31) Huang, C.; Asaki, M. T.; Backus, S.; Murnane, M. M.; Kapteyn,

to examine structural changes that take place during thetrans H. C.; Nathel, H.Opt. Lett.1992 17, 1289-1291.

cis 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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