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Doubly vibrationally enhanced four-wave mixing (DOVE-FWM) is a new technique that is capable of providing
two-dimensional spectra. These methods often require scanning lasers over infrared absorption features where
the index of refraction dispersion and the sample absorption distort the 2D spectra. In order to test a quantitative
model for treating these artifacts, we have chosen a simple model system with an isolated absorption feature
and we have compared the line shapes of a resonant Raman feature for a series of different concentrations
and experimental scanning strategies. We have identified the 2D spectral signatures that accompany the
dispersion and absorption effects and we have shown that they are qualitatively similar to the effects introduced
by singly vibrationally enhanced (SIVE) four-wave mixing. We find that the spectral changes are substantial
and must be treated correctly if one is to obtain an accurate treatment of multiresonant data.

Introduction require scanning infrared lasers over infrared absorption fea-
tures? As the frequency of a laser scans over an infrared
absorption resonance, the refractive index and the absorption
coefficient change continuously, modifying the amplitude and
phase of the IRFWM signals generated in the sample and rear
window. Because the window and sample signals naturally
heterodyne, information about the changing amplitudes and
phases of the sample and rear window polarizations are carried
into the intensity level signal. The presence of this additional
; > information in the DOVE line shapes, much of which arises
uses tunable lasers to create double vibrational coherence§rom the linear susceptibilities (refractive index and absorption

similar to the double spin coherences required for 2D NMR. ffici fthe wi le. sianifi | i
DOVE methods are particularly well suited for studying tcr?: S';gacr;%ﬁigeexgggvgsgg :iz;mp €, significantly complicates

interactions because cross peaks appear in the spectrum when -
p PP P In order to develop and test a model for describing these

the resonances are coupled by intra- or intermolecular interac- . . . -
tions 45 P y artifacts, we have studied a simple system that has a well-defined
DdVE methods isolate features that are associated with Raman resonance and an isolated infrared absorption line. In
. . . this paper, we describe infrared four-wave mixing (IRFWM)
double vibrational coherences from other competing coherent . o )
and incoherent processes so it is now possible to perform S(t:)ans fr_om t?{)eed dlffer_erg)t samples(;;ntlhol(;crlegsmg a(;poungsogf
Lo : . sorption: euteriobenzene, 6 1,8-nonadiyne:90%
guantitative line-shape analyses that can determine the size O@euteriobenzene, and (3) 33% 1,8-nonadiyne:67% deuterioben-

the nonlinearities and model the line shapes expected fromZene (by volume). The absorptions in these samples give rise
different mechanisms of systerbath coupling. The line shapes to the possibility of a singly vibrationally enhanced (SIVE)

of resonances are complicated by the amplitude level interfer- S0 _ o .

. o esonant contribution to the overall four-wave mixing signal.
ence _between the background nonlinearities of the sample an he deuteriobenzene is used as an internal standard because
the Wlndqws of our sample cell. . the Raman resonant third-order susceptibili§f), of the 944

These interferences are present whenever the overlap region. -1 ring-breathing mode is knowh
of the beams encompasses both windows and sample, and arise Two infrared beams (with frequénciesl and wy) and a
2

from a phase difference in the third-order nonlinear polarizations . . ) .
P b visible beam (with frequencws) are focused into a sample.

generated in the two media. The source of this phase difference_l_h intensity of the f - ianal b red
is a difference in the complex phase angles of both (1) the € Intensity of the four-wave mixing signal beam generate

. i ) o at frequencyws = w1 — w, + wsz is monitored. In each
wmdo(;/;/ and sample thlrd-order nonlinear SUSC.epthIhbté% measurement the; and ws; frequencies were fixed while the
and ;" and (2) the window and sample experimental phase ,, frequency was scanned through the deuteriobenzene com-
matching parametersvy and Ms). In nonresonant IRFWM — pination band at 3234 cr (ring distorting and €D stretching)
experiments the phases of the window and sample polarizations,q the 1,8 nonadiyne acetylenie-& stretching band at 3301
are different but constant. However, many DOVE methods ¢-1 By including the anomalous dispersion and the absorption
- —— - explicitly in a three-layered phase-matching description, we have
o 4;§_°"e5"°”d'”9 author. E-mail: wright@chem.wisc.edu. Fax: 608-262- peen able to replicate the observed line shapes. The data analysis
T Present address: Department of Chemistry, Stanford University, SNOWs that many IRFWM line-shape changes observed in scans
Stanford, CA 94305-5080. through regions of strong absorption arise from perturbations

Two-dimensional doubly vibrationally enhanced (DOVE)
infrared four-wave mixing (IRFWM) spectroscopy has recently
been shown to offer a number of powerful analytical capabilities
for reducing spectral congestion from overlapping modes,
enhancing contributions from specific components, isotopic
species, or conformers in complex samples, narrowing inho-
mogeneously broadened lines, and providing time resolution that
is determined by the vibrational dephasing tirlie’sThis method
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of the experimental phase mismatch and changes in the window/
sample interference. The line-shape changes arising from
resonant FWM effects (such as SIVE or DOVE) can be masked
by those arising from refractive index and absorption changes.
The ability to recognize and account for the effects of absorption
and anomalous dispersion in IRFWM scans provides a useful
framework for cleanly isolating the resonant FWM contributions

| 2.30%(0)
T dawls

(7)
The pole atw' = w is avoided by taking the principal value of
the integral. Since our measurements ektend only from 2000
to 5000 cnt! we rewrite eq 7 to isolate this portion of the

. . - integral.
to line-shape changes in double resonance experiments. tegra
10'k(w
Theory ngw) = 1 +§ P ozf:]ofm ,2_()2 do' +
For a three-layered sample (glass window, liquid solution, . w o
glass window) with plane parallel interfaces, Scholten et al. have 5000 ¢ @'k (') w "(w )

Sdo' + P 8
described the dependence of the IRFWM signal intensiy ( 2000cntt 2 2 f5000 entt ) a) ®)
on material propertiesWe extend their description to three

excitation beams (with intensitids—I3) and we assume that  The integral from 0 to 2000 cm represents anomalous

the windows are transparent to all four interacting beams.
Ly O LI IMg® + M, & @)

The sample and window phase-matching paraméteendM,,

are given in egs 29. The functional forms used for the third-

order nonlinear susceptibilities of the sample and windgws,
andy., are given in eqs 1012. The explicit form of eq 1 used
to fit the data is given in eq 13.

The phase matching parametdis and M,, depend on the
window and sample wave vectotsx, ks) and on the sample
absorption coefficientss) at each experimental frequeney.

i Akwelw glakslogrtasls _ 1)

M=e ( iAks— Aos )
=1+ gl (Aksls+Akwiw) eAaS’IS)(%) @)

! iAkw

wherels andlw are the sample and window path lengths,

Aas= as, + oS, + 0S; — 08, 4)

Aks=ks, — ks, + ks; — ks, (5)

In our experimental geometik andks are collinear andk; is
angled ats. The sample phase mismatakkg) for this geometry

is given in eq 6.

Aks= 27{[w,ns, + wns)* + [w,nS)]* + (w,NS)[w,ns, +
wynsy| cos@s)}? — 2w, ns, (6)

An analogous expression describes the window phase mismatch,

Akw. The phase-matching angl@sand6,, are calculated from

the air phase-matching angle, taking into account the effects of
refraction at each interface. Bertie and co-workers have
measured the refractive index of neat deuteriobenzene over

wide frequency rang&However, the refractive index of 1,8-

nonadiyne has not been reported for the frequencies of this

dispersion arising from infrared and microwave transitions to
the red of thew; and w, spectral regions. Because these have
a negligible contribution toqw) at the frequencies used in
this experiment, this integral is assumed to be zero in our
analysis. The integral from 2000 to 5000 chaccounts for
anomalous dispersion arising from infrared transitions near
resonance with the; andw, experimental frequencies. After
obtaining«(v) from an FTIR measurement, we evaluate this
integral numerically using Maclaurin’s formula as recommended
by Ohta and Ishid& The final integral describes the electronic
contribution to the refractive index that is significant at all
frequencies involved in this experiment. We did not have
instruments for measuring the dispersion of the electronic
refractive index. Noting that deuteriobenzene and 1,8-nonadiyne
have similar transparency in the visible region, and that the
mixtures are predominantly deuteriobenzene, the electronic dis-
persion of the mixture solutions is represented as being directly
proportional to that of neat deuteriobenzene. The proportionality
constant is the weighted average (mol %) of the refractive
indices of deuteriobenzene and 1,8-nonadiyne at 589nm.

nelmix(w) =

ndeu(w)

mol O/Ononannona589+ mol cyodeupdeutssj
Nyeutsso

9)

Refractive index dispersion data for benZ€nare fit to a
three-coefficient dispersion equation as recommended by Bertie
et all® and used to estimate the refractive index for neat
deuteriobenzene in the visiblee (w). This enables evaluation
of eq 8 to yieldngw). The refractive indexaw; of the BK7
glass windows was calculated at each experimental wavelength
using the dispersion for this glaks.

The description of the sample’s third-order susceptibility,
%< » includes terms for modeling the Raman resonant con-
tribution (¢®®ramay from the deuteriobenzene ring mode when
wi1—w» reaches resonance at 944 dnthe nonresonant
contributions ®)rs) from all sample components, and a term

afor the SIVE-FWM contribution©),) which might arise from

the strong acetylenic €H stretch at 3301 cmt in 1,8

experiment. In the absence of refractive index data for non- Nonadiyne. Then(?

adiyne/deuteriobenzene mixtures, we use the Krami€rsnig

dispersion relations to express the sample refractive index as a X(S3) XRaman((gDG) + wa(Cng )t 1 (10)
function of the unitless absorptivity.
5 o'k where
ngw) =1+ P( mz—zdw')
o' —w A,
XRaman((gDs)(wl*wZ) = (11)

where

wep, ~ (03— @) —iTcp,
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Wep, ~ 2 + 'rchl

) (12)

Xuib(Ch,)(@1,02) = (

andy®\gs is a constant that includes the nonresonant contribu-
tions from the deuteriobenzene and 1,8 nonadiyne.ddgpie
and I'sample in €gs 11 and 12 are the angular frequency and
dephasing rate for thegDg Raman resonance (linear frequencies
of 944 and 1.4 cmt, respectively) and the ¢Bl;, vibrational
resonance (linear frequencies of 3001 and 15'cnespectively,

as measured in this work). We assume that the window
susceptibility ¥ has a constant real valudy, and add a
constantAs, to model baseline noise. The intensity of the four-
wave mixing can then be modeled using:

A
w —(w, — w,) — il
CeDs (0, 2) CeDs
A,
—w,+ il
wC9H12 wz C9H12

I,=|[ms

+A3)+MW-A4 >+ A; (13)

Figure 2 plots eq 13 to illustrate the nature of SIVE and phase-
matching contributions to the overally line shape. The

logarithmic display is chosen to accentuate the features of the
n

baseline and in all of the plots the strong deuteriobenzene Ramal
feature at @1 — wz)/2r = 944 cnrt is prominent. Figure 2a

shows the predicted spectrum if there is no absorption, refractive

index dispersion, or vibrationally enhanced four-wave mixing
(A2 = 0 andMs = My, = 1) while Figure 2b shows the predicted
spectrum with the effects of absorption and refractive index
dispersion. The absorption near 3301 ¢énattenuates the,
beam. This absorption shortens the effective FWM path length

and results in a suppression of the nonresonant background an

Raman FWM mixing signals. In addition, there are line-shape

changes because the sample refractive index changes rapidl

in the vicinity of the absorption and alters the phase relationship
between the sample and window IRFWM contributions. Plots

2c and 2d show the results of adding a SIVE feature. As can be
seen in these figures, the signature of a vibrationally enhanced

four wave mixing resonancéf = 0.15,Ms = 1 andM,, = 1)
is very similar to the signature of absorption/dispersion effects.
This similarity makes it challenging to experimentally distin-
guish the two effects.

Experimentally, it is difficult to measure the absolute signal
intensity in four-wave mixing experiments so in all the

experiments, the deuteriobenzene Raman feature serves as
internal intensity standard that normalizes intensities in spectra

taken at differentw; or w, values, depending upon which
frequency is scanned. In scans ©f wherew; is fixed, the

scanned range includes an absorption feature that introduce

spectral artifacts from the changing valuesvbfinterpretation

then requires that we later compare the data with a model that

includes the changinlyl factors in order to compare the SIVE
feature with the internal standard feature. In scansoivhere

w> is fixed, the scanned range does not include absorption

S
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Figure 1. Wave mixing level diagrams that show the flow of coherence
and resonances involved in the different processes required in this paper.
The dotted arrows indicate bra side coherence changes and the dotted
levels indicate virtual electronic states.

relative intensities more easily. Comparison of the data obtained
with each scanning strategy provides a further check on the
modeling and the experimental procedures.

It is important to recognize that if absolute IRFWM intensities
and M factors are exactly measured, both scanning strategies
yield equivalent data. However, since there are experimental
drifts that hinder comparisons of data taken at different times,
the normalization allows one to build the 2D spectrum from
1D spectra taken at different fixed frequencies. Strategies where
the frequency scans across an absorption show the effects of

%:e changing phase-matching conditions most clearly while scans

at do not include an absorption feature show a SIVE feature
most clearly. Examples of these normalization strategies are

Yilustrated in Figure 3. Figure 3a,c replot Figure 2b (with no

SIVE resonance) data that is now normalized to the deuterio-
benzene resonance to highlight andw; scanning strategies,
respectively. Similarly in Figure 3, b and d, we replot Figure
2d (with SIVE resonance). The normalization procedure modi-
fies the contrast and creates new contours. The effects of the
SIVE resonance are apparent in the three Figures 2d and 3b,d.
In Figure 2d the SIVE resonance is characterized by a difference
in the IRFWM absolute intensities neaw/2r = 3301 cn!

and in the relative 3301 cm intensities at differeni; values.

In Figure 3b, the SIVE feature is seen as subtle changes in the
Shape and depth of the diagonal depression rising from bottom
left to upper right in the spectrum. The SIVE feature in Figure
3d shows up more clearly as a dispersive peak at 330%.cm

In all spectra, the deuteriobenzene Raman resonance is disper-
sive away from the absorption feature but changes in the
absorption region. Although the SIVE resonance interferes with
both the Raman resonance and the nonresonant terms, the
changes which arise in the spectrum are subtle and do not create
spectral features that are qualitatively different from those
without SIVE effects.

features that change the spectra but each spectral scan can have

different phase matching and absorption effects that depend on
whether w, is near or at an absorption feature. Since the
absorption and refractive index do not change in a spectral scan, Three different sample solutions were examined in these
the individual spectra do not show the effects of scanning experiments: neat deuteriobenzene, a 10% nonadiyne/90%
through an absorption feature but comparisons between spectraleuteriobenzene mixture, and a 33% nonadiyne/66% deuterio-
do. One expects that this scanning strategy results in the clearesbenzene mixture. These sample solutions were sandwiched
indications of SIVE features because the absorption and phasebetween two 10Qim thick glass windows in a variable path
matching effects in a scan are nearly the same for the SIVE length cell. The sample and window path lendtrafdl,) are

and deuteriobenzene Raman resonance so one can compare tloalculated from a measured infrared absorbance.

Experimental Section
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Figure 2. Simulations of spectra with and without absorption and refractive index effects and with and without a SIVE resonance. (a) No SIVE,
absorption, or refractive index effectdls = My = 1, A, = 0. (b) No SIVE but absorption and refractive index effects are includeds 0. (c)

SIVE but no absorption or refractive index effects,= 0.15,Ms = M,, = 1. (d) SIVE, absorption, and refractive index effects are included,
= 0.15. Thez-axis shows the logarithm of the four wave mixing intensity.

The sample is placed at the intersection of three focused In each spectrum, the, frequency is scanned over two
beams, designated by their frequencigsw,, andws. Thew; vibrational absorption features (the ring distorting aneGC
andw, beams are each created via difference frequency gen-stretching combination band in deuteriobenzene at 3234 cm
eration between a dye laser and the 1u86YAG fundamental and the acetylenic €H stretch in nonadiyne at 3301 cH)
in a LINbO;s crystal. Thews beam is generated by frequency while the frequencies of the, and ws beams are held fixed.
doubling the YAG fundamental. The intensities of thg and The w; frequency is selected so that the Raman transition at
w> beams are measured and used to correct the signal intensityw1—w> (the ring breathing mode of deuteriobenzene at 944
for fluctuations. The paths of the; andws beams are combined ~ cm™?) is prominent in each scan, and is systematically stepped
just prior to the sample ensuring that both beams enter the between scans so that the relative position of the vibrational
sample collinearly and at normal incidence. Ehgbeam crosses ~ and Raman features walk across one another over the series of
the other two beams at a 14.@ngle (measured in air). The scans comprising the experiment. Finally, we note that there
overlap region of the three beams extends over the full length are three other much weaker Raman lines in this vicinity. The
(~300 um) of the sample sandwich and generates a material Strongest of these is the deuteriobenzene Raman line at 868
polarization which launches the IRFWM beam with frequency ¢m™*. Although we did not fit this line, it is present in the neat
w4 = w1 — w2 + ws. The IRFWM signal beam exits the sample deuteriobenzene and the 10% nonadiyne data. On the other hand,
at an angle of 25with respect to thev; andws beams and  the 1,8-nonadiyne Raman lines at 931 and 936 ‘crespec-
17° with respect to they, beam. After traveling-1 m (to allow tively, are not observed, most likely due to masking by the much
good spatial separation from the input beams), passing throughstronger deuteriobenzene 944 Thiine.
two spectral filters (to reduce scattered light at low signal levels),
the IRFWM signal is detected with a photomultiplier tube. In
the neat deuteriobenzene and 10% 1,8-nonadiyne experiments, Figures 4-6 present the data obtained in the three experi-
the sensitivity in weak signal portions of the scan was ments: (I) neat deuteriobenzene, (Il) 10% nonadiyne/90%
considerably improved by attenuating the IRFWM signal (with deuteriobenzene, (Ill) 33% nonadiyne/66% deuteriobenzene.
optical density) only where resonant peaks would have otherwiseEach figure is composed of scatter plots displaying the IRFWM
saturated the detector. signal collected in individuab, scans, corrected for baseline

Results
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Figure 3. Simulations of experimental spectra where eithemwas fixed whilew: — w, was scanned (top row) or eithexr was fixed whilew;
— wy was scanned (bottom row). In each case, the spectra are normalized by the deuteriobenzene Ramandgatuie )2 = 944 cn. The
left-hand spectra have no SIVE contributiofy & 0) while the right-hand spectra have a SIVE contributida € 0.15). Thez-axis shows the
logarithm of the four wave mixing intensity.

offsets and input beam intensity fluctuations. A log scale on attenuation leads directly to a decrease in kheThe glass
the ordinate axes highlights the consistent and reproducible windows each contribute nonresonantly to the ovdrallThe
changes observed in the baseline over the course of @ach 1, generated in the front window remains constant throughout
scan. Nonlinear regression analysis found the best fitting each scan but that in the rear window increases in regions of
parameters for fitting\;—A4 in eq 13. The fits are displayed as sample transparency and decreases in regions of opacity. This
lines running through the scatter plots. Running above each variation is one mechanism for the window-induced line-shape
spectrum is the sample absorbance over the relevarsican changes. A second mechanism arises from interferences between
range so it is clear where the absorption resonances are locatedhe IRFWM fields generated in the sample and windows. If the
Two primary characteristics of these IRFWM signals are (1) dispersion is constant, this interference simply results in a net
the “nonresonant background” IRFWM signal which is always displacement of the overdlf but if vibrational resonances cause
present and observable (even far from resonant interactions) ancanomalous dispersion, the phase relationships of the fields
(2) the prominent dispersive feature in the IRFWM line shape generated in the three layers change the interference and the
arising from resonant enhancement of IRFWM by the Raman overalll4 line shape.
line at 944 cml. At the beginning of anw, scan, asvi1—w; There are two absorption features in the spectra. The
scans into the Raman-active deuteriobenzene ring breathingnonadiyne has the strong absorption feature#27r = 3301
mode at 944 cml, the Raman-enhanced resonant polarization cm~! and deuteriobenzene has a weaker feature/atr = 3234
interferes constructively with the nonresonant polarization and cm™. The deuteriobenzene feature can be seen as a depression
thel, climbs above the nonresonant background. Whemthe in the four-wave mixing signal in Figure 4. Its position shifts
w> frequency is above the ring-breathing mode thelrops for different w; choices because theaxis iswi—w, but the
precipitously, corresponding to a shift in the resonant/nonreso- absorption falls at constanb, values. As the nonadiyne
nant interference from constructive to destructive. With con- concentration is raised, the strongef2z = 3301 cn1? feature
tinued scanning the resonant contribution becomes weaker anddominates and causes substantial changes in the line shape and
thel, returns to the nonresonant background.lAdecrease is  baseline, especially at the highest concentration.
also observed each time the, frequency scans though an By including the anomalous dispersion and the absorption
absorption feature. Since thggenerated at each point in the explicitly in our fitting model, we have been able to account
sample depends linearly on the, intensity, thew, beam for the line-shape changes observed as one of the IRFWM input
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Figure 4. Experimental spectra (points) and theoretical fit (line) of a
neat deuteriobenzene sample while scanning— w, for different
choices ofw;. The y-axis is logarithmic. The top spectrum in each
case shows the absorption spectrum as a functian,of

10% Nonadiyne in Deuterobenzene.
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Figure 5. Experimental spectra (points) and theoretical fit (line) of a
10% 1,8-nonadiyne/90% deuteriobenzene sample while scaaning
— w> for different choices ofv;. The y-axis is logarithmic. The top

J. Phys. Chem. A, Vol. 104, No. 48, 20001287

33% Nonadiyne in Deuterobenzene
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Figure 6. Experimental spectra (points) and theoretical fit (line) of a
33% 1,8-nonadiyne/67% deuteriobenzene sample while scamning

— w; for different choices ofv;. The y-axis is logarithmic. The top
spectrum in each case shows the absorption spectrum as a function
of w?.

are shown as the solid lines in Figures@! The principal fitting
parameters were the magnitudes of the different nonlinearities
normalized relative to the deuteriobenzene 944 trasonance
(taken as unity) and these are summarized in Table 1. Note that
we did not include any contribution from the SIVE resonance.
For the lower concentration nonadiyne samples, the SIVE
resonance did not change the results appreciably, while for the
highest concentration, good fits could be obtained with and
without the SIVE resonance. This point will be discussed more
fully below.

It was noted in the fitting of individual spectra that the results
for each nonlinearity showed more variation when comparing
the relative nonlinearities of the sample and window than
comparing nonlinearities of just the sample. We attribute the
differences to changes in the path length. Since the windows
are only 100um thick, pressure changes cause bowing that
changes the relative window and sample path lengths. In contrast
the sample nonresonant background and the Raman peak always
have an identical mixing path length. Thus, it is natural that,
with the internal reference present in teample the sample
ratios show better reproducibility than tiendowratios.

We believe that the variations in the nonlinearity ratios in
Table 1 are the result of inadequacies in the modeling and do
not indicate changes of the nonlinearity within experimental
error. Certainly, the nonresonant backgrounds of deuterioben-
zene and nonadiyne are different so one would expect the
background to change as a function of the relative concentra-
tions. However, we do not believe the change is large enough

spectrum in each case shows the absorption spectrum as a functiong ohserve above the statistical uncertainties in the fitted

of 7.

parameters.

lasers is scanned over an infrared absorption feature. The line The relationships between the spectra become clearer in two-
shapes were fit to the model described earlier and the resultsdimensional spectra. Figure 7a shows the spectral data of an
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TABLE 1: Amplitudes Used for the Fitting Models?

sample solution concentrations (mof®o)

[CeDe] = 92.2%
[CoH1s] = 7.8%

[CeDe] = 70.7%

[CeDe] = 100% [CoH1z = 29.3%

Az aman AT 11.54+0.9 9.43+ 0.31 16+ 3.7
ASa\mpIeNRB AG[CGDS]
Aoman AT 17.94+3.1 13.6+ 3.1 17.4£ 3

AWindowNRB B A4[C6D6]
aThe resonant amplitude has been normalized by the transition line WideA, was set= 0 in the fits which yielded these results.

the presence of a SIVE contribution, presumably because the
absorption contributions obscure it.

Figure 7b shows the spectral data ofenscan for different
w> values in the same samgfeThis scanning strategy makes
the SIVE feature more prominent becauselthéctors do not
change significantly in any one scan. The deuteriobenzene
Raman line is the strongest horizontal feature in this figure and
the 3301 cm? absorption appears as the asymmetrical vertical
feature. The data are qualitatively similar to those expected from
the theoretical two-dimensional spectra in Figure 3c,d. The
vertical feature near 3301 crhis stronger in the data of Figure
7b than it is in the Figure 3a simulations which do not contain
the SIVE contribution but comparable to the Figure 3b simula-
tions which do contain the SIVE contribution. This example
shows that the presence of the absorption and refractive index
dispersion produce features that are qualitatively similar to those
in a vibrationally enhanced four-wave mixing experiment.
Normalization of scans across strong absorptions results in
features that obscure contributions from vibrationally resonant
four-wave mixing but scans that do not include absorption
features are better able to resolve vibrationally resonant four-
wave mixing features.

Conclusions

£

It is clear that multidimensional coherent vibrational spec-
troscopies such as DOVE can provide capabilities for chemical
measurement that are not possible with one-dimensional meth-
ods. In order to realize these capabilities, it is important to
develop our ability to perform quantitative modeling of the
spectra so that we can have confidence that we understand the
spectroscopy. In particular, detailed line-shape analysis of the
peaks and background provides an understanding of the
fundamental processes that are responsible for a spectrum. Since
these methods often involve the need to tune lasers into
resonance with strong absorption lines, we must be confident
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Figure 7. Two-dimensional display of the experimental data for the

33% 1,8-nonadiyne/67% deuteriobenzene sample with two different
scanning and normalization strategies.da)was fixed whilew; — w»
was scanned. (lp, was fixed whilew; — w, was scanned. In each

of our ability to model the dispersion and absorption effects
that control the four-wave mixing efficiency and change the

case, an individual scan was normalized to the deuteriobenzene Ramariine shapes. The choice of a simple system with an isolated

resonance ata{; — wy)/2r = 944 cnt! and the intensity scale is
logarithmic.

wy scan for differentw; values for the highest nonadiyne

absorption line provided an opportunity to test the quantitative
capabilities of a model. It is seen that the absorption and
dispersion effects mimic many of the features that are seen when
vibrationally enhanced four wave mixing is present so it is

concentration. The deuteriobenzene Raman line is the strongesfmportant to consider these effects in interpreting multidimen-
vertical feature and the 3301 cabsorption appears as the  sjonal spectra. We find good agreement between the simulated
diagonal region of low intensity. The dispersion from the two-dimensional spectra and those observed experimentally. If
interference between the Raman line and the background is cleaian experiment does not have significant contributions from
from the asymmetry of the low background on the right side of windows, the model shows the relative intensity changes in a
the line. There is a strong change in line shape when the spectral scan over absorption resonances because the refractive
absorption feature crosses the Raman feature because of thindex dispersion changes the phase matching and the absorption
refractive index dispersion introduced by the absorption feature. attenuates the excitation lasers. However, the windows of a
The data are very similar to those expected from the theoreticalsample cell often make significant contributions, particularly
two-dimensional spectra in Figure 3a,b. Since both simulations because the sample absorption shortens the effective mixing path
are so similar, it is not possible to use this data to distinguish length inside the sample so it becomes comparable to the
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window thickness, even if the windows are thin. In this case, (2) Zhao, W.; Wright, J. CJ. Am. Chem. Sod 999 121, 10994~
the model shows there are qualitative changes in the line shape1099§- Jhao. W.- Wriaht. 3. CPhvs. Re. Lett. 1999 83 1950-1953
because the window contribution can add to both the real and 543 Wr?goﬁt, J'.'c.;rghén,'P. C_?ﬁ'ame”'tor‘i 3. P.;gznia'n, A LaBuda, M.
imaginary parts of the sample nonlinearity. The complex phase J. Appl. Spectrosc1997, 51, 949-958.

angle of the phase matching factor controls the relative size of _ (5) Cho, M.; Okumura, K.; Tanimura, Yd. Chem. Phys1998 108
the real and imaginary parts. This phase angle depends strongl 32?61?;‘;"0“% T A H. M.: Lucassen. G. W.: Koelewiin. E. de Mul. F
on the exact values of the refractive indices at different £ M. Greve, JJ. Raman Spectrosd989 20, 503-516. .= e
frequencies and the path length so accurate modeling requires  (7) Chen, P. C.; Hamilton, J. P.; Zilian, A.; LaBuda, M. J.; Wright, J.
accurate values for these parameters. The most definitive C: ApPl. Spectroscl998 52, 380-392.

treatment of line shapes requires using windowless cells which , ,,\) -€venson. M. D-; Bloembergen, 8. Chem. Phys1974 60, 1323-

eliminate the interference effects. (9) Bertie, J. E.; Lan, ZJ. Phys. Chem. B997, 101, 4111-4119.
(10) Ohta, K.; Ishida, NAppI. Spectroscl988 42, 952-957.
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