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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

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 times.1-3 This method
uses tunable lasers to create double vibrational coherences
similar to the double spin coherences required for 2D NMR.
DOVE methods are particularly well suited for studying
interactions because cross peaks appear in the spectrum when
the resonances are coupled by intra- or intermolecular interac-
tions.4,5

DOVE methods isolate features that are associated with
double vibrational coherences from other competing coherent
and incoherent processes so it is now possible to perform
quantitative line-shape analyses that can determine the size of
the nonlinearities and model the line shapes expected from
different mechanisms of system-bath coupling. The line shapes
of resonances are complicated by the amplitude level interfer-
ence between the background nonlinearities of the sample and
the windows of our sample cell.6

These interferences are present whenever the overlap region
of the beams encompasses both windows and sample, and arise
from a phase difference in the third-order nonlinear polarizations
generated in the two media. The source of this phase difference
is a difference in the complex phase angles of both (1) the
window and sample third-order nonlinear susceptibilitiesøw

(3)

and øs
(3) and (2) the window and sample experimental phase

matching parameters (Mw and Ms). In nonresonant IRFWM
experiments the phases of the window and sample polarizations
are different but constant. However, many DOVE methods

require scanning infrared lasers over infrared absorption fea-
tures.7 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
from the linear susceptibilities (refractive index and absorption
coefficient) of the window and sample, significantly complicates
the spectral line shape analysis.

In order to develop and test a model for describing these
artifacts, we have studied a simple system that has a well-defined
Raman resonance and an isolated infrared absorption line. In
this paper, we describe infrared four-wave mixing (IRFWM)
scans from three different samples with increasing amounts of
absorption: (1) deuteriobenzene, (2) 10% 1,8-nonadiyne:90%
deuteriobenzene, and (3) 33% 1,8-nonadiyne:67% deuterioben-
zene (by volume). The absorptions in these samples give rise
to the possibility of a singly vibrationally enhanced (SIVE)
resonant contribution to the overall four-wave mixing signal.
The deuteriobenzene is used as an internal standard because
the Raman resonant third-order susceptibility,ø(3), of the 944
cm-1 ring-breathing mode is known.8

Two infrared beams (with frequenciesω1 and ω2) and a
visible beam (with frequencyω3) are focused into a sample.
The intensity of the four-wave mixing signal beam generated
at frequencyω4 ) ω1 - ω2 + ω3 is monitored. In each
measurement theω1 andω3 frequencies were fixed while the
ω2 frequency was scanned through the deuteriobenzene com-
bination band at 3234 cm-1 (ring distorting and C-D stretching)
and the 1,8 nonadiyne acetylenic C-H stretching band at 3301
cm-1. By including the anomalous dispersion and the absorption
explicitly in a three-layered phase-matching description, we have
been able to replicate the observed line shapes. The data analysis
shows that many IRFWM line-shape changes observed in scans
through regions of strong absorption arise from perturbations
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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
to line-shape changes in double resonance experiments.

Theory

For a three-layered sample (glass window, liquid solution,
glass window) with plane parallel interfaces, Scholten et al. have
described the dependence of the IRFWM signal intensity (I4)
on material properties.6 We extend their description to three
excitation beams (with intensitiesI1-I3) and we assume that
the windows are transparent to all four interacting beams.

The sample and window phase-matching parametersMs andMw

are given in eqs 2-9. The functional forms used for the third-
order nonlinear susceptibilities of the sample and windows,øs

andøw, are given in eqs 10-12. The explicit form of eq 1 used
to fit the data is given in eq 13.

The phase matching parametersMs and Mw depend on the
window and sample wave vectors (kwi, ksi) and on the sample
absorption coefficients (Rsi) at each experimental frequencyωi.

wherels and lw are the sample and window path lengths,

In our experimental geometryk1 andk3 are collinear andk2 is
angled atθs. The sample phase mismatch (∆ks) for this geometry
is given in eq 6.

An analogous expression describes the window phase mismatch,
∆kw. The phase-matching anglesθs andθw 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 a
wide frequency range.9 However, the refractive index of 1,8-
nonadiyne has not been reported for the frequencies of this
experiment. In the absence of refractive index data for non-
adiyne/deuteriobenzene mixtures, we use the Kramers-Kronig
dispersion relations to express the sample refractive index as a
function of the unitless absorptivity.

where

The pole atω′ ) ω is avoided by taking the principal value of
the integral. Since our measurements ofκ extend only from 2000
to 5000 cm-1 we rewrite eq 7 to isolate this portion of the
integral.

The integral from 0 to 2000 cm-1 represents anomalous
dispersion arising from infrared and microwave transitions to
the red of theω1 andω2 spectral regions. Because these have
a negligible contribution tons(ω) at the frequencies used in
this experiment, this integral is assumed to be zero in our
analysis. The integral from 2000 to 5000 cm-1 accounts for
anomalous dispersion arising from infrared transitions near
resonance with theω1 andω2 experimental frequencies. After
obtainingκ(ν) from an FTIR measurement, we evaluate this
integral numerically using Maclaurin’s formula as recommended
by Ohta and Ishida.10 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 589 nm.11

Refractive index dispersion data for benzene12 are fit to a
three-coefficient dispersion equation as recommended by Bertie
et al.13 and used to estimate the refractive index for neat
deuteriobenzene in the visible,ndeut(ω). This enables evaluation
of eq 8 to yieldns(ω). The refractive indexnwi of the BK7
glass windows was calculated at each experimental wavelength
using the dispersion for this glass.14

The description of the sample’s third-order susceptibility,
øs

(3), includes terms for modeling the Raman resonant con-
tribution (ø(3)

Raman) from the deuteriobenzene ring mode when
ω1-ω2 reaches resonance at 944 cm-1, the nonresonant
contributions (ø(3)

NRB) from all sample components, and a term
for the SIVE-FWM contribution (ø(3)

vib) which might arise from
the strong acetylenic C-H stretch at 3301 cm-1 in 1,8
nonadiyne. Thenøs

(3) is

where

I4 ∝ I1I2I3|Msøs
(3) + Mwøw

(3)|2 (1)

Ms ) ei‚∆kw‚lw(ei(∆ks‚ls)e-∆Rs‚ls - 1
i∆ks- ∆Rs ) (2)

Mw ) (1 + ei(∆ks‚ls+∆kw‚lw)e-∆Rs‚ls)(ei‚∆kw‚lw - 1
i∆kw ) (3)

∆Rs ) Rs1 + Rs2 + Rs3 - Rs4 (4)

∆ks) ks1 - ks2 + ks3 - ks4 (5)

∆ks) 2π{[ω1ns1 + ω3ns3]
2 + [ω2ns2]

2 + (ω2ns2)[ω1ns1 +

ω3ns3] cos(θs)}1/2 - 2πω4ns4 (6)

ns(ω) ) 1 + 2
π

P(∫0

∞ ω′κ(ω′)
ω′2 - ω2

dω′)

κ(ω) )
2.303A10(ω)

4πωls
(7)

ns(ω) ) 1 + 2
π[P∫0 cm-1

2000 cm-1 ω′κ(ω′)
ω′2 - ω2

dω′ +

P∫2000 cm-1

5000 cm-1 ω′κ(ω′)
ω′2 - ω2

dω′ + P∫5000 cm-1

∞ ω′κ(ω′)
ω′2 - ω2

dω′] (8)

nelmix(ω) ) ndeut(ω)(mol %nonannona589+ mol %deutndeut589

ndeut589
)

(9)

øS
(3) ) øRaman(C6D6)

(3) + øvib(C9H12)
(3) + øNRB

(3) (10)

øRaman(C6D6)
(ω1,ω2) ) ( A1

ωC6D6
- (ω1 - ω2) - iΓC6D6

) (11)
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andø(3)
NRB is a constant that includes the nonresonant contribu-

tions from the deuteriobenzene and 1,8 nonadiyne. Theωsample

and Γsample in eqs 11 and 12 are the angular frequency and
dephasing rate for the C6D6 Raman resonance (linear frequencies
of 944 and 1.4 cm-1, respectively) and the C9H12 vibrational
resonance (linear frequencies of 3001 and 15 cm-1, respectively,
as measured in this work). We assume that the window
susceptibilityøw

(3) has a constant real value,A4, and add a
constant,A5, to model baseline noise. The intensity of the four-
wave mixing can then be modeled using:

Figure 2 plots eq 13 to illustrate the nature of SIVE and phase-
matching contributions to the overallI4 line shape. The
logarithmic display is chosen to accentuate the features of the
baseline and in all of the plots the strong deuteriobenzene Raman
feature at (ω1 - ω2)/2π ) 944 cm-1 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 ) Mw ) 1) while Figure 2b shows the predicted
spectrum with the effects of absorption and refractive index
dispersion. The absorption near 3301 cm-1 attenuates theω2

beam. This absorption shortens the effective FWM path length
and results in a suppression of the nonresonant background and
Raman FWM mixing signals. In addition, there are line-shape
changes because the sample refractive index changes rapidly
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 resonance (A2 ) 0.15,Ms ) 1 andMw ) 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 differentω1 or ω2 values, depending upon which
frequency is scanned. In scans ofω2 whereω1 is fixed, the
scanned range includes an absorption feature that introduces
spectral artifacts from the changing values ofM. Interpretation
then requires that we later compare the data with a model that
includes the changingM factors in order to compare the SIVE
feature with the internal standard feature. In scans ofω1 where
ω2 is fixed, the scanned range does not include absorption
features that change the spectra but each spectral scan can have
different phase matching and absorption effects that depend on
whether ω2 is near or at an absorption feature. Since the
absorption and refractive index do not change in a spectral scan,
the individual spectra do not show the effects of scanning
through an absorption feature but comparisons between spectra
do. One expects that this scanning strategy results in the clearest
indications of SIVE features because the absorption and phase-
matching effects in a scan are nearly the same for the SIVE
and deuteriobenzene Raman resonance so one can compare the

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
the changing phase-matching conditions most clearly while scans
that do not include an absorption feature show a SIVE feature
most clearly. Examples of these normalization strategies are
illustrated in Figure 3. Figure 3a,c replot Figure 2b (with no
SIVE resonance) data that is now normalized to the deuterio-
benzene resonance to highlightω2 andω1 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 nearω2/2π ) 3301 cm-1

and in the relative 3301 cm-1 intensities at differentω1 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 3301 cm-1.
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.

Experimental Section

Three different sample solutions were examined in these
experiments: neat deuteriobenzene, a 10% nonadiyne/90%
deuteriobenzene mixture, and a 33% nonadiyne/66% deuterio-
benzene mixture. These sample solutions were sandwiched
between two 100µm thick glass windows in a variable path
length cell. The sample and window path length (ls andlw) are
calculated from a measured infrared absorbance.

øvib(C9H12)
(ω1,ω2) ) ( A2

ωC9H12
- ω2 + iΓC9H12

) (12)

I4 ) |(MS( A1

ωC6D6
- (ω1 - ω2) - iΓC6D6

+

A2

ωC9H12
- ω2 + iΓC9H12

+ A3) + Mw ‚ A4)|2 + A5 (13)

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.
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The sample is placed at the intersection of three focused
beams, designated by their frequenciesω1, ω2, andω3. Theω1

and ω2 beams are each created via difference frequency gen-
eration between a dye laser and the 1.06µm YAG fundamental
in a LiNbO3 crystal. Theω3 beam is generated by frequency
doubling the YAG fundamental. The intensities of theω1 and
ω2 beams are measured and used to correct the signal intensity
for fluctuations. The paths of theω1 andω3 beams are combined
just prior to the sample ensuring that both beams enter the
sample collinearly and at normal incidence. Theω2 beam crosses
the other two beams at a 14.6° angle (measured in air). The
overlap region of the three beams extends over the full length
(∼300 µm) of the sample sandwich and generates a material
polarization which launches the IRFWM beam with frequency
ω4 ) ω1 - ω2 + ω3. The IRFWM signal beam exits the sample
at an angle of 2.5° with respect to theω1 and ω3 beams and
17° with respect to theω2 beam. After traveling∼1 m (to allow
good spatial separation from the input beams), passing through
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,
the sensitivity in weak signal portions of the scan was
considerably improved by attenuating the IRFWM signal (with
optical density) only where resonant peaks would have otherwise
saturated the detector.

In each spectrum, theω2 frequency is scanned over two
vibrational absorption features (the ring distorting and C-D
stretching combination band in deuteriobenzene at 3234 cm-1

and the acetylenic C-H stretch in nonadiyne at 3301 cm-1)
while the frequencies of theω1 andω3 beams are held fixed.
The ω1 frequency is selected so that the Raman transition at
ω1-ω2 (the ring breathing mode of deuteriobenzene at 944
cm-1) is prominent in each scan, and is systematically stepped
between scans so that the relative position of the vibrational
and Raman features walk across one another over the series of
scans comprising the experiment. Finally, we note that there
are three other much weaker Raman lines in this vicinity. The
strongest of these is the deuteriobenzene Raman line at 868
cm-1. Although we did not fit this line, it is present in the neat
deuteriobenzene and the 10% nonadiyne data. On the other hand,
the 1,8-nonadiyne Raman lines at 931 and 936 cm-1, respec-
tively, are not observed, most likely due to masking by the much
stronger deuteriobenzene 944 cm-1 line.

Results

Figures 4-6 present the data obtained in the three experi-
ments: (I) neat deuteriobenzene, (II) 10% nonadiyne/90%
deuteriobenzene, (III) 33% nonadiyne/66% deuteriobenzene.
Each figure is composed of scatter plots displaying the IRFWM
signal collected in individualω2 scans, corrected for baseline

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 effects,Ms ) Mw ) 1, A2 ) 0. (b) No SIVE but absorption and refractive index effects are included,A2 ) 0. (c)
SIVE but no absorption or refractive index effects,A2 ) 0.15,Ms ) Mw ) 1. (d) SIVE, absorption, and refractive index effects are included,A2

) 0.15. Thez-axis shows the logarithm of the four wave mixing intensity.
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offsets and input beam intensity fluctuations. A log scale on
the ordinate axes highlights the consistent and reproducible
changes observed in the baseline over the course of eachω2

scan. Nonlinear regression analysis found the best fitting
parameters for fittingA1-A4 in eq 13. The fits are displayed as
lines running through the scatter plots. Running above each
spectrum is the sample absorbance over the relevantω2 scan
range so it is clear where the absorption resonances are located.

Two primary characteristics of these IRFWM signals are (1)
the “nonresonant background” IRFWM signal which is always
present and observable (even far from resonant interactions) and
(2) the prominent dispersive feature in the IRFWM line shape
arising from resonant enhancement of IRFWM by the Raman
line at 944 cm-1. At the beginning of anω2 scan, asω1-ω2

scans into the Raman-active deuteriobenzene ring breathing
mode at 944 cm-1, the Raman-enhanced resonant polarization
interferes constructively with the nonresonant polarization and
theI4 climbs above the nonresonant background. When theω1-
ω2 frequency is above the ring-breathing mode theI4 drops
precipitously, corresponding to a shift in the resonant/nonreso-
nant interference from constructive to destructive. With con-
tinued scanning the resonant contribution becomes weaker and
the I4 returns to the nonresonant background. AnI4 decrease is
also observed each time theω2 frequency scans though an
absorption feature. Since theI4 generated at each point in the
sample depends linearly on theω2 intensity, theω2 beam

attenuation leads directly to a decrease in theI4. The glass
windows each contribute nonresonantly to the overallI4. The
I4 generated in the front window remains constant throughout
each scan but that in the rear window increases in regions of
sample transparency and decreases in regions of opacity. This
variation is one mechanism for the window-induced line-shape
changes. A second mechanism arises from interferences between
the IRFWM fields generated in the sample and windows. If the
dispersion is constant, this interference simply results in a net
displacement of the overallI4 but if vibrational resonances cause
anomalous dispersion, the phase relationships of the fields
generated in the three layers change the interference and the
overall I4 line shape.

There are two absorption features in the spectra. The
nonadiyne has the strong absorption feature atω2/2π ) 3301
cm-1 and deuteriobenzene has a weaker feature atω2/2π ) 3234
cm-1. The deuteriobenzene feature can be seen as a depression
in the four-wave mixing signal in Figure 4. Its position shifts
for different ω1 choices because thex-axis is ω1-ω2 but the
absorption falls at constantω2 values. As the nonadiyne
concentration is raised, the strongerω2/2π ) 3301 cm-1 feature
dominates and causes substantial changes in the line shape and
baseline, especially at the highest concentration.

By including the anomalous dispersion and the absorption
explicitly in our fitting model, we have been able to account
for the line-shape changes observed as one of the IRFWM input

Figure 3. Simulations of experimental spectra where eitherω1 was fixed whileω1 - ω2 was scanned (top row) or eitherω2 was fixed whileω1

- ω2 was scanned (bottom row). In each case, the spectra are normalized by the deuteriobenzene Raman feature at (ω1 - ω2)/2π ) 944 cm-1. The
left-hand spectra have no SIVE contribution (A2 ) 0) while the right-hand spectra have a SIVE contribution (A2 ) 0.15). Thez-axis shows the
logarithm of the four wave mixing intensity.
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lasers is scanned over an infrared absorption feature. The line
shapes were fit to the model described earlier and the results

are shown as the solid lines in Figures 4-6. The principal fitting
parameters were the magnitudes of the different nonlinearities
normalized relative to the deuteriobenzene 944 cm-1 resonance
(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 100µm 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 thesample, the sample
ratios show better reproducibility than thewindow ratios.

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
to observe above the statistical uncertainties in the fitted
parameters.

The relationships between the spectra become clearer in two-
dimensional spectra. Figure 7a shows the spectral data of an

Figure 4. Experimental spectra (points) and theoretical fit (line) of a
neat deuteriobenzene sample while scanningω1 - ω2 for different
choices ofω1. The y-axis is logarithmic. The top spectrum in each
case shows the absorption spectrum as a function ofω2.

Figure 5. Experimental spectra (points) and theoretical fit (line) of a
10% 1,8-nonadiyne/90% deuteriobenzene sample while scanningω1

- ω2 for different choices ofω1. The y-axis is logarithmic. The top
spectrum in each case shows the absorption spectrum as a function
of ω2.

Figure 6. Experimental spectra (points) and theoretical fit (line) of a
33% 1,8-nonadiyne/67% deuteriobenzene sample while scanningω1

- ω2 for different choices ofω1. The y-axis is logarithmic. The top
spectrum in each case shows the absorption spectrum as a function
of ω2.
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ω2 scan for differentω1 values for the highest nonadiyne
concentration. The deuteriobenzene Raman line is the strongest
vertical feature and the 3301 cm-1 absorption appears as the
diagonal region of low intensity. The dispersion from the
interference between the Raman line and the background is clear
from the asymmetry of the low background on the right side of
the line. There is a strong change in line shape when the
absorption feature crosses the Raman feature because of the
refractive index dispersion introduced by the absorption feature.
The data are very similar to those expected from the theoretical
two-dimensional spectra in Figure 3a,b. Since both simulations
are so similar, it is not possible to use this data to distinguish

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

Figure 7b shows the spectral data of anω1 scan for different
ω2 values in the same sample.15 This scanning strategy makes
the SIVE feature more prominent because theM factors do not
change significantly in any one scan. The deuteriobenzene
Raman line is the strongest horizontal feature in this figure and
the 3301 cm-1 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 cm-1 is 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
of our ability to model the dispersion and absorption effects
that control the four-wave mixing efficiency and change the
line shapes. The choice of a simple system with an isolated
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
important to consider these effects in interpreting multidimen-
sional spectra. We find good agreement between the simulated
two-dimensional spectra and those observed experimentally. If
an experiment does not have significant contributions from
windows, the model shows the relative intensity changes in a
spectral scan over absorption resonances because the refractive
index dispersion changes the phase matching and the absorption
attenuates the excitation lasers. However, the windows of a
sample cell often make significant contributions, particularly
because the sample absorption shortens the effective mixing path
length inside the sample so it becomes comparable to the

TABLE 1: Amplitudes Used for the Fitting Modelsa

sample solution concentrations (mol%)b

[C6D6] ) 100%
[C6D6] ) 92.2%
[C9H12] ) 7.8%

[C6D6] ) 70.7%
[C9H12] ) 29.3%

ARaman

ASampleNRB
)

A1/Γ

A3[C6D6]

11.5( 0.9 9.43( 0.31 16( 3.7

ARaman

AWindowNRB
)

A1/Γ

A4[C6D6]

17.9( 3.1 13.6( 3.1 17.4( 3

a The resonant amplitude has been normalized by the transition line width,Γ. b A2 was set) 0 in the fits which yielded these results.

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. (a)ω1 was fixed whileω1 - ω2

was scanned. (b)ω2 was fixed whileω1 - ω2 was scanned. In each
case, an individual scan was normalized to the deuteriobenzene Raman
resonance at (ω1 - ω2)/2π ) 944 cm-1 and the intensity scale is
logarithmic.
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window thickness, even if the windows are thin. In this case,
the model shows there are qualitative changes in the line shape
because the window contribution can add to both the real and
imaginary parts of the sample nonlinearity. The complex phase
angle of the phase matching factor controls the relative size of
the real and imaginary parts. This phase angle depends strongly
on the exact values of the refractive indices at different
frequencies and the path length so accurate modeling requires
accurate values for these parameters. The most definitive
treatment of line shapes requires using windowless cells which
eliminate the interference effects.
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