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A simple time domain method for the observation of polarization-specific Raman responses in electronically
nonresonant materials is demonstrated. When a cutoff filter is placed in the probe beam path before the
detector in the conventional pumprobe configuration, the in-phase dichroic optical heterodyne-detected
(OHD) response is enhanced as compared to the usual putative corresponding dichroic response observed
when the probe is not dispersed. The ultrafast excited OHD responses ob@ed by this method are
reported for parallel, perpendicular, and magic angle relative orientations of pump and probe pulse polarizations.
The observed dispersed dichroic signal can be derived from the real part alone of the third-order nuclear
response function. The decay of the ;GSotropic response is found to be dominated by%00 fs decay
process for times longer thav0.7 ps. This relaxation time scale matches the nondiffusive exponential decay
seen in the birefringent and dichroic anisotropic responses ef C8culated instantaneous normal mode
(INM) isotropic and anisotropic nuclear response functions are found to exhibit exponential decays in this
same 506-600 fs time scale, suggesting that this decay component may be predominantly determined by the
distribution of Raman-weighted density of states.

I. Introduction response of the sample may be obtained due to this source of
] - local oscillator. Simon and co-work&24employed a relatively
To fully exploit the capability of Raman measurements 10 gimple two-beam ultrafast technique for the observation of
characterize the nature of inter- and intramolecular nuclear isotropic and anisotropic responses of liquids called position-

degrees of freedom, all unique elements of the molecular songitive Kerr lens spectroscopy (PSKLS). PSKLS is due to
transition polarizability tensor should be obtained. For isotropic tne effects of beam distortion on the probe in the far field

media, electronically nonresonant Raman cross sections can b‘?esulting from the nonlinear index of the sample. The signal-
completely described by the isotropic and anisotropic cOmpo- 4_nojse ratios of these reported responses, even after long data
nents of the polarizability tensé# Different scattering mech- acquisition times, were still relatively poor compared with
anisms, selection rules, and relaxation processes can characterizg,ngard OHD responses. Subsequent techniques, employing
the spectral densities associated with each of these two scatteringy ee peams with various schemes to achieve phase-locking of
components. ® During the past decade, the optical heterodyne- e |ocal oscillator field have been demonstrated. Matsuo and
detected (OHD) transient blrefrlr!gence of transparent materialsTahara5 used a three-pulse, active phase-locking scheme in
has been shown to be a convenient probe of the low-frequencyqqer 1o obtain polarization-specific responses. Aside from the
intermolecular Raman spectral density of liquids due to the y4ged experimental complexity of this method, the relative
impulsive excitation provided by femtosecond pufse$.n the intensities of different polarization conditions are difficult to
conventional two-beam OHD configuration, firstintroduced by - compare due to the polarization dependence of the transmittance/
Levenson and co-workef$, the heterodyning of a phase- (efiectivity of optical elements. Most recently, Tokmakoff and
controlled portion of the probe pulse itself limits the measure- . \vorker&é have demonstrated a polarization-specific OHD
ment to observations_of the anisotropic or depolarized portion . athod that employs diffractive optic beam splitters, to generate
of the Raman scattering tensor. a passively stabilized local oscillator field for the observation
Previous experimental techniques have been reported for theof phase and polarization-specific, impulsive Raman responses.
observation of polarization-specific OHD impulsive Raman At the expense of a more complicated experimental setup than
measurements. Vohringer and Sch&edemonstrated that  the standard OHD impulsive pumprobe arrangement, this
polarization-specific OHD responses could be observed in a configuration provides a measure of polarization-specific third-
transient grating geometry experiment due to #i2 phase  order responses. Subsequently, Tokmakoff and co-wdrkers
heterodyning of the probe scattered in the signal direction from haye reported polarization-specific Raman responses of liquids
a thermal gra’[ing. HOWeVer, without additional phase-locking obtained by essentia"y a variation of PSKLS. We have
pulses, partial or incomplete heterodyning of the third-order discusse®® how these simple two beam measurements are
related to the so-called Z-scan measurenténts and the
* Corresponding author. E-mail: Iziegler@chem.bu.edu. standard OHD experimental observables.
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The technique reported here allows the observation of is integrated over all probe pulse frequencids)(*%41 As
polarization-specific Raman responses in the conventional expected for electronically nonresonant materials, observed
pump—probe two-beam configuration when just a single optical integrated OHD birefringent(= x/2) responses are generally
element, an optical cutoff filter, is added to the probe beam more than 1 order of magnitude larger than the corresponding
path. These effects are demonstrated for the ultrafast RamarOHD dichroic @ = 0) response& 244 Formally, this differ-
responses of GSwhich has been a benchmark material for ence is due to the larger magnitude of the real part as compared
both polarization-specific experimental and theoretical to the imaginary part of this third-order nuclear impulse response
studies?17-19.23-2631-37 After approximately 1 ps the anisotropic ~ function. These relative magnitudes may be seen as resulting,
OHD birefringent response of G$s well fit by exponential respectively, from constructive and destructive interfering CARS
decays of~1.7 and~ 0.5 ps at room temperature, as first noted and CSRS-like density matrix pathways contributing to this
by McMorrow, Lotshaw, and co-workef$ Recent OHD nuclear response functidf3-45
studied® have reported temperature-dependent biexponential ~Within a Born—Oppenheimer description of molecular states,
decay character in the anisotropic ultrafast response of a numbethe third-order impulse response functi flj(t), which in
of organic liquids including C§ While the longer time decay  general is a complex function, may be written as a sum of
component is attributed to rotational diffusion, the origin of the - contributions from electronic and nuclear degrees of freedom:
less evident, faster(500 fs) exponential decay has not been Ja = R-(ji‘f) + 'j?(?)' When the incident frequencies are not
decay include pure dephasing, energy relaxation, or motional ahsorption, the corresponding nonresonant electronic response
narrowing. Additionally, such an exponential feature can also can pe taken to be instantaneous and proportional to a real
arise from an appropriately shaped inhomogeneous distributionconstant©4148 The nuclear response is formally described in
gf Ranl:ag rallctivga mOd(fo‘”The nOV(t?': polarizationdt.echnilquet. terms of the two-time correlation function of the transition

escribed here is used to measure the corresponding relaxatio il 3 gy i 9
times of the ultrafast isotropic response of liquid CBhese Polarizability by i (O Dy (6,c6(O)LE

. g L2 ... b. Polarization Considerations.In an isotropic medium,
experimental results are compared _W|th the_ polarization-specific i ore are only three linearly independent susceptibility elements,
nuclear response functions determined by instantaneous norma

r response functions, that obey the well-known relationship:

mode (INM) calculation. R(Zsz)zz _ R(zsz)YY"' R(z?’y)zy"‘ R(Z%Yz% By Kleinman's symmetry,
II. Theory Ry = R, = R¥,, = R¥,J3 and thus the nonresonant

a. Dispersed Responsedhe dispersed optical heterodyne- electronic contribution can be described in terms of just a single
detected (OHD) birefringent or dichroic response as a function susceptibility element. When the relative polarization directions
of time delay between pump and probe pulsesand the of the pump and probe beams have parallel, perpendicular, or

selected probe pulse frequendy, is given by94! magic angle (547 orientations, the corresponding relative
O <3 magnitudes of the nonresonant electronic responBgs,
3k
Sik (Ap,7) = —2IM[E(Ap) Pija(Ap,7)] 1) R Ry ang are in the ratio 3:85:47 For nonresonant Ra-

man transitions, onlRS, = REY, . and hence two polariza-

tion observations, e.g., pump/probe parallel polarized and pump/
probe perpendicularly polarized, are necessary for the complete
characterization of the nonresonant Raman scattering response
e . (time or frequency domain). These responses can be recast
_d|:ect|ot|_1 gene_:ﬁteld bty_temp;)rallylsequte&c?g_puTp/proé)e fieldin terms of the anisotropic and isotropic contributions to the
pUmpiprobe pises ith dentioal arer Tequencies, s probe. RAMaN (nuclear) response B, = (RS, — RE)Y2 and

’ ¥ = RY,, + 2RY,)/3. This combination of observed

frequency-dependent response is described b S0 z S
q y-aep P y responses is generally taken to allow the contribution of

~(3 . o . Ao orientational motion to be separated from other sources of
Pi(Jk?(AD’T) = @)f ot (:"Xp(_'ADt)EJp (t=17) x Raman response relaxati#f*When the relative angle between

® AU\ EPUs 3) the linearly polarized pump and probe pulses is set to the so-
j;’ dry EZ(t-1) B(t-1) Rii(@) () called magic angle (54°, the observed signal is directly
proportional to the isotropic response, i, xvg = Riox

c. Calculated Spectrogram.A calculated dichroic spectro-
gram, i.e., the OHD dichroic response as a function of both
interpulse delay and probe pulse frequency, is shown in Figure
1 due to a pair of transform-limited 45 fs pulses incident on a

Ap is the detuning of the detected probe pulse frequengy,
from the carrier frequency of the probe pul§g)(i.e.,Ap = Q

— wp. Pi®(Ap,7) is the Fourier transform of the third-order
polarization response of the material polarized alongithe

-ji}(t) is theAthird-order impulse response function of the
material, anoEju(t) is the pulse envelop of the pump or probe
(0. = pu, pr) fields. The complex quantit™°(Ap) (eq 1), is
proportional to the spectrum (Fourier transform) of the probe

field, E™(Ao): material with an impulse response function given by
E(A0) = (I27) exp(-i6) [~ dtexpdol) EP(t-1) = RE) (1) = ad(t) -
(1V/27) expli(Apr — 0)] E;‘p’(AD) (3) Z p(w;) sinwt — bexp(—tity)(1 — exp(-t/t,)) (4)
|

Dichroic and birefringent OHD responses are obtained with in-

phase § = 0) andz/2 phase shifted local oscillator field8 & wherep(wi) = wi exp(-wilwc) andwe = 20 cnT?, 7y = 1.7 ps,

712), respectively. In the usual ultrafast OHD investigation of 7r = 0.15 ps,a = 1200, andb = 140. A response function of
nonresonant materials, changes in the energy of the total,this form models a typical depolarize'dtermolecuIarR(Z3Z)YY
nondispersegrobe beam as a function of interpulse delady (  responsé? The é function component represents the instanta-
are reported=2° The corresponding familiar expressions for neous nonresonant electronic response. The intramolecular
OHD bhirefringence and dichroisf®®are recovered when eq 1  librational or collision-induced and orientational diffusive
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Figure 1. Calculated OHD dichroic spectrogram (upper panel) for an all-real third-order impulse response function due to an instantaneous electronic
and intermolecular and diffusive nuclear contributions (see text for more details) and 45 fs pulses. The corresponding OHD signals due to the
totally and partially integrated spectrogram are plotted in the lower panel.

nuclear contributions are simulated by the second and third here that convolution of the nuclear impluse response function
terms, respectively, in eq 4. As seen in Figure 1, which results with the frequency selected nonresonant electronic response
when eqgs 24 are substituted in eq 1, a dispersive-like shape yields the corresponding frequency selected Raman response
with respect to bothr and Ap is observed in the region where (see Appendix}®

pump and probe overlap, ~ 0. Such a shape characterizes ) .

nonresonant electronic dichroic spectrogrdffé.In thez < 0 lIl. Experimental Section

region, the response is dominated by the instantaneous electronic The OHD responses are observed in the standard two-beam
response. Both electronic and nuclear contributions overlap in OKE pump-probe configuratiof=2° Near transform limited

the 0 < 7 < ~100 fs region. Antiphased contributions, with (<1.2 TL) 45 fs pulses centered at 595 nm are used to obtain
respect to the detuning frequendy, = 0O, are found at > the data reported here. Ultrafast pulses are produced by an OPA
~100 fs due to the intermolecular nuclear responses and exhibitpumped by the second harmonic of a regeneratively amplified
a maximum/minimum at-300 fs (see Figure 1). When this  Ti:sapphire oscillator operating at 250 kHz. In contrast to the
dichroic OHD spectrogram is integrated over all probe frequen- usual experimental observation of nonresonant OHD responses,
cies, the response vanishes, as shown in the lower panel ofa low-pass red filter (Schott RG610) is placed in the probe beam
Figure 1 (dashed line). This is a general result for transform just before the detector (photomultiplier tube). This filter has a
limited pulses when the response function is all real as modeled50% transmission at 605 nm. Thus, only a portion of the dichroic
here (eq 4). This is probably a good approximation for low- signal due to third-order polarization components on the red
frequency, intermolecular modes of interest H@r&However, side of the probe carrier frequency contributes to the responses
when the dichroism is observed at a selected frequency, orreported here. The use of dispersed OHD dichroic responses
integrated over only a portion of the probe pulse frequencies, for polarization selectivity was first qualitatively demonstrated
the exact cancellation from the red and blue sides of this dichroic via monochromator dispersidf.However, the use of a low-
spectrogram is spoiled and a nonzero dichroic response ispass filter for this purpose is simpler and cheaper to implement,
obtained. The dichroic signal resulting from an integration over avoids potential phase front distortion effeé8tat the mono-

the spectrogram responses only on the red side of the probechromator entrance slits, and provides a polarization-independent
carrier frequency illustrating this effect is displayed in the lower detection scheme.

panel of Figure 1 (solid line). Furthermore, since the dichroic ~ Spectroscopic grade % used without further purification
measurement is inherently an in-phage< 0) local oscillator and flowed throug a 1 mmquartz sample cell. The pulses were
result, there are no polarization restrictions on the relative focused with a 175 mm lens, and pulse energies at the sample
orientation of the pump and probe beam for this dispersed were of the order of 10 nJ/pulse. The intensity dependence of
technique. Thus, nonputative dichroic responses for electroni- these responses was measured in order to ensure that homodyne
cally nonresonant materials may be obtaineddoy relative contamination was minimak{(~5% at signal maximum). Time
polarization orientation of pump and probe pulses when the constants are determined by fits to the observed experimental
interpulse delay dependence of only a selected portion of thedecays from an initial delay time such that the determined time
probe pulse spectrum is observed, as demonstrated by the resultsonstants are independent of this choice (typically frony

of the calculations presented in Figure 1. We also briefly note 0.7 ps).
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Figure 2. Observed partially integrated, polarization selected OHD dichroic responses ob@$ed with 45 fs pulse excitation centered at 595
nm. A red transmitting filter (RG610) was placed in the probe beam path before the detector. The relative polarization directions of the pump and
probe are indicated.

IV. Results and Discussion distinctly different decays in the longer time regime> 0.5

ps), as noted in an earlier stuéfylt has been previously
reported, and confirmed by measurements in this lab as well,
that the birefringent anisotropic response ob@&het > ~0.5

ps region can be fitted by a sum of two exponentials with decay
time constants of-0.5 and~1.7 ps at room temperatufé®
The longer time constant is attributed to the Deb$okes-
’SEinstein-Iike rotational reorientational diffusive relaxation. The
log of the anisotropic dichroic response of Gfetermined by

a. Polarization-Specific Responsed.he partially integrated
OHD dichroic C$ responses observed for three experimental
polarization conditions, parallel, perpendicular, and magic angle
pump—probe orientations, are shown in Figure 2. These signals
are obtained when a low-pass cutoff filter, which transnits
> 605 nm, is placed in the probe beam just before the detector
as described above. The carrier frequency of the 45 fs pulses i
~595 nm. Unlike the more familiar and previously reported . - T .
birefringent CS response&17-19.23-2633.34the electronic con- f[he appropriate linear comblnat_lon of the opserve_d pa!rtlally
tribution appears as a dispersive line shape componentmear Mtegrated parallel and perp.endclgcularly 3|§)olar|;ed dichroic re-
= 0. Such a response shape is the signature of a frequencySPonses shown in Figure 2, eSS, — ShY/2, is plotted in
dispersed nonresonant electronic dichroic resp#tisecontrast, ~ the upper panel of Figure 4. In agreement with the reported
the nonresonant electronic response in an OHD birefringent @nalysis of the Cganisotropic response obtained by birefringent
measurement follows the temporal profile of the pulse auto- observations, the dichroic anisotropic response in the- 8.5
correlation. The relative intensities of this observed,CS PS regionis well fit by a biexponential decay with time constants
electronic component, determined by the depth of the negative ©f 0.52 and 1.65 ps (see Figure 4).
going feature at = —50 fs, for the parallel, perpendicular, The total many body polarizability is often separated into a
and magic angle pump/probe polarization measurements, areportion due to single molecule polarizability contributions and
1.0, 0.31, and 0.55 respectively, in excellent agreement with polarizability contributions arising from intermolecular interac-
the values dictated by Kleinman’s symmetfyThe nuclear  tion-induced effect45374°The molecular part, also referred to
portion of the parallel and perpendicular partial integrated as the librational contribution, is due to the sum of contributions
dichroic spectrogramgf’z)zz and %?Yv have the same relative  from polarizability tensors of individual molecules. The interac-
sign and qualitative shape as the previously reported birefringenttion (or collision) induced polarizability (Cl), usually described
observations of these G%esponsed3 2526 in the dipole-induced dipole (DID) approximation, derives from

A test of the self-consistency of the responses acquired by the local field fluctuations at a given scatterer due to induced
this dichroism technique is demonstrated in Figure 3. The dipoles of surrounding molecules.
unscaled Cgisotropic dichroic response obtained by pump A semilog plot of the isotropic response of £&etermined
probe magic angle orientation directly and that determined by directly by magic angle measurement is shown in the lower
(D), + 25%),)/3 are compared in this figure. As shown here, panel of Figure 4. The displayed response is the average of two
these two experimental measures of the isotropic scatteringmagic angle observations. A fit to a single exponential decay
response are identical within the precision of these observa-in the 0.7-2.1 ps region corresponding to a decay time of 0.52
tions. ps is also shown in this figure. Thus, while some additional

b. Isotropic and Anisotropic CS, ResponsesThe polariza- longer time decay components may contribute to this isotropic
tion-specific C3 responses shown in Figure 2 clearly display response, the bulk of the time scale of the decay of this scattering
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Figure 3. Comparison of the ultrafast G&otropic response obtained by the magic angle measurement and by the linear combinatic£f the
and Szxx measurements.
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Figure 4. Anisotropic response of GSonstructed from the partially integrated dichrofA4- — Szzxx) combination is displayed in the upper
panel. The results of a double-exponential fit in the-6% ps region is also given. The isotropic response of @3ermined by magic angle
observation is shown in the lower panel. A fit to an exponential decay in the2047ps region is also displayed. Note the time scale axis difference
for these two plots.

tensor closely matches the shorter time component seen in thecontributions of the rotational diffusion response, first noted
anisotropic scattering responsesQ(5 ps). Fourier analysis by Tokmakoff and co-worker may also contribute weakly
reveals some weak contributions from the strongly polarized to this isotropic response (see Figure 4). Such contributions to
660 cnt! intramolecular mode of GSn the patrtially integrated ~ the isotropic response may arise from interaction or so-called
isotropic response excited by 45 fs pulses and is evident (by collision-induced (DID for example) Raman effects direttiy?
Fourier analysis) at longer times. In addition, incomplete or via single molecule-Cl cross terms for nonrigid molecdles.
suppression of the anisotropic response or, more interestingly, The dominance of this 0.5 ps decay to the 38tropic response
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Figure 5. Anisotropic and isotropic impulse nuclear response functions of(@295 K) determined by instantaneous normal mode calculation.
These response functions are given by the imaginary part of the Fourier transform of the polarizability-weighted optical Kerr effect density of
states. Fits to a single and double exponential for the isotropic and anisotropic response functions, respectively, are also shown in this figure.

time was also reported in a recently submitted diffractive optic methods are detailed elsewhere, and the results shown here
based OHD polarization study. include contributions from only the real INM435These results
Although not controversial, the longer time scale decay are relatively insensitive to this choice. The best fits of single
dominating the anisotropic response (1167 ps) is clearly due  and double exponential decays to the INM isotropic and
to the orientational diffusive motion of the liquid ensemble anisotropic response functions are also displayed in Figure 5.
because it dominates the decay of anisotropic response inMimicking the experimental results (Figure 4), a subpicosecond
contrast to the decay of the isotropic comporiéit.Molecular decay is more evident in the isotropic response and hence a
dynamics (MD) simulatiori¥:53 and INM calculation® have single-exponential fit is shown here. It is clear that this
shown that the anisotropic response is dominated by contribu-intermediate time scale<0.5 ps) is present in both the isotropic
tions of the molecular contributions to the total polarizability. and anisotropic INM calculated response functions. The INM
The isotropic response, in contrast, is dominated by the effectsmethod, as expected, does not capture the rotational reorientation
of collision-induced scattering?® Thus, the similar decay times  dynamics, and the predicted longer time constam.{ ps) in
(~0.5 ps) of the isotropic and anisotropic responses, apart fromthe calculated INM anisotropic response (Figure 5) should fail
that due to rotational diffusion, suggests that the librational and as a quantitative measure of this relaxation rate. However, the
collision-induced scattering are phenomnologically damped by INM results are in near quantitative agreement with the
the same mechanism(s). In other words, the same phenomenoeorresponding MD derived time correlation function results in
logical damping rate is observed regardless of the coupling this intermediate time and frequency regime, and the time
mechanism responsible for the Raman activity of these inter- correlation results agree extremely well with the experimental
molecular modes (rotational diffusion aside). A recent MD data®*°> The INM spectral density is just the underdamped
simulatior?” determined an exponential relaxation time (in the inhomogeneous broadening limit description of such Raman
0.5-2.0 ps regime) of 0.62 ps for the collision-induced many response functions. This suggests that the underlying dynamics
body polarizability component of GS$s good agreement with  responsible for the commonly observed intermediate time scale
the time scale evident here for the decay of the isotropic may be a consequence of the shape of the typical polarizability-
response. weighted density of intermolecular vibrational shapes, which
This observed-0.5 ps decay, in principle, may be associated is itself a sum of the characteristically shaped hindered
with some dynamical relaxation processes, such as lifetime translational and rotational contributions. These calculated
decay, pure-dephasing, or spectral narrowidgtime scale of results are in substantial ageement with the inhomogeneous
approximately 406600 fs is not an unreasonable estimate for broadening explanation argued earlier by McMorrow and
these processes for such intermolecular modes in liquids at roomLotshaw?
temperature. Alternatively, this decay could result from the
inhomogeneous distribution of Raman-coupled density of \; conclusion
intermolecular states, as was previously proposed by McMorrow
and Lotshaw:817 Figure 5 shows the calculated isotropic and A relatively simple, novel method for the observation of
anisotropic nuclear impulse response functions given by the polarization-specific impulsively excited Raman responses in
imaginary part of the Fourier transforms of the corresponding transparent liquids is described here. The responses obtained
INM Raman-weighted spectral density. The INM calculation by this technique demonstrate how the usually putative dichroic



Polarization-Specific Ultrafast Raman Responses J. Phys. Chem. A, Vol. 105, No. 43, 2004857

responses of electronically nonresonant materials can be en- _ - o ;-
hanced when only a frequency selected portion of the probe S(Bo17) 2Im{exp( Ie)f*mdtl exp(iApty) x

pulse is observed. These responses are obtained in the simple 1Pt,) f°° dt, exp(iApt,) Epr(tl_r) E;kpr(tz_T)] (A1)
two-beam pump-probe configuration when only a single optical I

element, a band-pass filter, is added in the probe beam path.hjg expression results from egs-3 when the first probe pulse

Since the dichroism is inherently an in-phase local oscillator ,iaraction precedes the second pump field interacdiofhe
measurement, this technique allows the observation of ultrafastq g polarization directions indicegKl) have been omitted for

responses for any relative orientation of pump and probe brevity andIPu = |EPY2.

polarization vectors. Furthermore, a subtle, but nonetheless ~,nvolution of the total (electronic and nuclear) third-order

fundamental point regarding thedispersediichroic observa-  regponse function with this frequency selected electronic
tions is that these transients are generated by a response f“nCt'oFbsponseSﬂ(AD 7), yields

that can be all real (see Figure 1). This is probably a reasonable
approximation for the lowest frequency components of the (3) — [ 4 P8 o
Raman spectral density. Dispersed dichroic responses derived R(r) ® §,(Ap7) = [~ dr RY) S,(ApT—T)  (A2)
from higher frequency components of the Raman active spectral . o ., pw . nu -
density must have contributions from both the real and = —2Im[exp(—|9)f_mdr f_mdtl expiApty) | (tﬁf_wdtz
imaginary parts oR-(ji'l‘)(t)'since these features dominate the, exp(iAgty) EP(t,—7+7') EP'(t,—7+7') RO(T)] (A3)
albeit weak, observed integrated dichroic OHD signals of
nonresonant liquids. Modeling the temperature dependence ofywhent = t; + ¢ andt = t, + 7', the convolution can be
the real and imaginary portions of the nuclear impulse responserewritten as
function may prove to be an additionally useful probe of the
nature of these low-frequency responges. _ R(3)(r) ® S (Ap7) = —2Im[exp(—i0)f°° dt exp(—iAgt) x

In a subsequent report we show how the spectral density s
corresponding to the Raman impulse response function can be  EP'(t—7) f:odt' exp(iApt) EP(t—1) fjowdr' RO(7) x
obtained from the observed partially integrated dichroic re- ou ,
sponses when it is normalized by the corresponding partially I7(t=7")] = SAp,7) (A4)
integrated nonresonant electronic response (see Appéfidix).
However, we note here that the relative weighting of the
different nuclear components of the third-order impulse response
function are different for dichroic and birefringent measurements
of the same polarizability element for equivalent pulses. Higher
frequency components make relatively larger contributions to
dichroic as compared to birefringent observations for the same

The last equality is the expression that results when egs 2
and 3 are substituted in eq 1. Thus, by the convolution theorem,
the normalized spectral density due to the third-order response
function is given by the quotient of the Fourier-transformed
frequency-selected experimental response and that due to the
corresponding electronic-only response.

impulse response function and pulse shape. Thus, 0.5 and 1.7 A7)}
ps CS decays may appear with different relative magnitudes RYw) = ARV )} = ol (A5)
in the dichroic and birefringent measurements of the same AS(Ap7)}

polarizability component. For example, the 0.5 ps decay is about _ _
3 times as large relative to the 1.7 decay component in the A frequency-selected electronic only response may be obtained

experimental anisotropic response we have observed by dichroicPy replacing the sample with a material that has a response
as compared to birefringent methods. dominated by electronic contributions (such as quartz).

The dichroic isotropic response of €% found to decay
predominantly with a relaxation time 0.5 ps. This decay
time closely matches the nondiffusive relaxation time of the (1) Herzberg, Glnfrared and Raman Spectr&an Nostrand: Prin-

birefringent and dichroic anisotropic responses of.(bth Ceto&) Ndééﬁ;i‘r?- W. M. Harfis, R. AExcited StatesLim, E. C.. Ed.:
the librational and collision-induced nuclear responses appearg, iied States, Vol. 3; Academic: New York, 1977: p 1. T

to be governed by the same relaxation mechanism, apart from (3) Berne, B. J.; Pecora, Pynamic Light ScatteringJohn Wiley
rotational reorientational relaxation. The INM calculation results &Sons: New York, 1976.

fotrilg it (4) Frenkel, D.; McTague, J. B. Chem. Physl98Q 72, 2801.
presented here support the role that the distribution of the (5) Murry, R. L: Fourkas, J. T.; Keyes, T. Chem. Phys1998 109

Raman-coupled density of states, i.e., inhomogeneous broadensg14.
ing, plays in determining this time scale. Comparison of the (6) Kalpouzos, C.; McMorrow, D.; Lotshaw, W. T.; Kenney-Wallace,

i i i iB3) i Ui G. A. Chem. Phys. Lettl988 150, 138.
anisotropic apd ISotropiP™ response na nu.mber of liquids @) McMorroXN, D.; Lotshaw, W. TChem. Phys. Let199Q 174, 85.
(and state points), as well as the analysis of higher order Raman  (g) mcmorrow, D.- Lotshaw, W. TChem. Phys. Lett.991, 178 69.
responses, could further help establish the nature of this decay  (9) McMorrow, D.; Lotshaw, W. TJ. Phys. Cheml991, 95, 10395.
process. (10) Cho, M.; Du, M.; Scherer, N. F.; Fleming, G. R.; MukamelJS.

Chem. Phys1993 99, 2410.
. . (11) Castner, E. W., Jr.; Chang, Y. J. Chem. Phys1993 99, 113,
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