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ABSTRACT
Two-dimensional infrared (2DIR) spectroscopy has become an established method for generating vibrational spectra in condensed phase
samples composed of mixtures that yield heavily congested infrared and Raman spectra. These condensed phase 2DIR spectrometers can
provide very high temporal resolution (<1 ps), but the spectral resolution is generally insufficient for resolving rotational peaks in gas phase
spectra. Conventional (1D) rovibrational spectra of gas phase molecules are often plagued by severe spectral congestion, even when the sample
is not a mixture. Spectral congestion can obscure the patterns in rovibrational spectra that are needed to assign peaks in the spectra. A method
for generating high resolution 2DIR spectra of gas phase molecules has now been developed and tested using methane as the sample. The 2D
rovibrational patterns that are recorded resemble an asterisk with a center position that provides the frequencies of both of the two coupled
vibrational levels. The ability to generate easily recognizable 2D rovibrational patterns, regardless of temperature, should make the technique
useful for a wide range of applications that are otherwise difficult or impossible when using conventional 1D rovibrational spectroscopy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0109084

INTRODUCTION

Infrared spectroscopy has long been one of the most widely
used techniques for determining the identity and structure of a
molecule. As a conventional 1D spectroscopic technique, however,
its capabilities become severely degraded if the sample consists
of a mixture. Two dimensional infrared spectroscopy (2DIR) has
become a well-established technique for its ability to use the cou-
pling between vibrational peaks in order to overcome the limitations
of conventional 1D IR spectroscopy. Recent bioanalytical appli-
cations include studying the structure of proteins1 and unfolded
peptides,2 rapid screening of DNA-ligand complexes,3 and detection
of drug-binding to target proteins.4 2DIR has recently been used for
studies involving molecular structures and dynamics on surfaces,5–7

total internal reflection,8 microscopy,9 polaritons,10–12 ionic
liquids,13 crystallography,14 and photocatalyzed reaction
dynamics.15 The technique has also been expanded to permit
three dimensional vibrational spectroscopy.16–18

Despite its success in the condensed phase, the use of
2DIR spectroscopy to study freely rotating gas phase molecules

has remained largely unexplored. High resolution coherent 2D
spectroscopy (HRC2DS) for probing electronic resonances in gas
phasemolecules with rotational resolution19 has been developed and
produces peaks that assemble into easily recognizable 2D patterns
such as an X-shape20 or a double parabola.21–23 Pure rotational 2D
spectroscopy of gas phase molecules has been described theoretically
by Suzuki and Tanimura24 and demonstrated experimentally byNel-
son and co-workers.25,26 The theory and potential use of frequency
combs for 2DIR spectroscopy of gas phase molecules have very
recently been described by Kowzan and Allison.27,28 2DIR spectra
have been recorded in supercritical fluids29 that show the same over-
all X-shape19 previously observed in the gas phase.22 However, the
individual rovibrational peaks in the supercritical fluid 2DIR spectra
were not resolved. One issue is that the types of lasers used for many
2DIR experiments employ femtosecond pulse lengths that provide
excellent temporal resolution, but their linewidths are too broad to
spectrally resolve the rovibrational structure in gas phase samples.
By contrast, nanosecond pulsed lasers provide narrower bandwidths
that are better suited for gas phase work. Many 2DIR experiments
employ time-domain 2D Fourier transform spectroscopy methods
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where the spectral resolution is controlled not by the bandwidth
of the laser pulses but instead by the varied time delay between
pulses. These time domain systems were designed for condensed
phase applications, where high temporal resolution may be more
important than high spectral resolution. However, the optical delays
required to achieve the high spectral resolution needed for gas phase
samples would need to be much longer relative to those currently
used in condensed phase samples. Furthermore, femtosecond pulses
are orders of magnitude shorter than gas phase dephasing times and
provide very little time for the coherent signal to build, resulting in
signals that could be weak.30

In this paper, we demonstrate how to generate rotationally
resolved 2DIR spectra of gas phase molecules using a combina-
tion of narrowband and broadband nanosecond laser pulses in
the infrared region to generate purely coherent four wave mixing
(FWM) signals. The spectra are inherently off-diagonal because the
narrowband and broadband pulses cover different regions of the
infrared spectrum, and the output beam is easily detected because it
is in the visible region. This method allows one to scan over regions
of the infrared that contain large numbers of peaks while record-
ing a 2D spectrum that contains a smaller subset of coupled peaks
in a few tens of minutes. Like previously recorded high resolution
coherent multidimensional spectroscopies (HRCMDS) based upon
electronic resonances, these observed rovibrational peaks are assem-
bled into easily recognizable patterns that automatically sort peaks
by their quantum numbers. The patterns also make it possible to
determine molecular constants (vibrational and rotational) and the
identity of the FWM process responsible for generating the peaks.
This approach could, therefore, be useful for assigning rotational
and vibrational quantum numbers in molecular systems that are
otherwise difficult or impossible to assign.

BACKGROUND

Compared to condensed phase IR spectroscopy, gas phase IR
spectra contain peaks that are many orders of magnitude narrower
in linewidth and many orders of magnitude greater in number
and density. For example, consider methane, the simplest hydro-
carbon with only five atoms and 3N − 6 = 9 vibrational degrees of
freedom. Methane’s tetrahedral geometry makes it relatively simple
to model compared to other hydrocarbons because spherical rigid
rotors are described by just one rotational quantum number and one
rotational constant. Furthermore, methane only has four fundamen-
tal vibrational frequencies: six modes are triply degenerate [ν3 (F2)
= 3013 cm−1 and ν4 (F2) = 1311 cm−1], two are doubly degen-
erate [ν2 (E) = 1533 cm−1], and one is nondegenerate [ν1 (A1)
= 2920 cm−1]. However, the HITRAN database includes more
than 90 000 rovibrational peaks for methane between 1100 and
3200 cm−1. For methane, the rovibrational spectrum is complicated
due to a high degree of vibrational degeneracy and the similarity in
frequencies among ν1, ν3, 2ν2, and 2ν4, which lead to a polyad struc-
ture extending throughout the near infrared region of the spectrum.
Additional factors such as anharmonicity and Coriolis effects further
complicate the ability to locate patterns needed to assign methane’s
rovibrational peaks. This problem is even worse in the near infrared
regions, where the large number of poorly characterized interactions
affect peak intensities. Such effects on intensity are especially prob-
lematic for 1D spectroscopies, where intensities and peak positions
are key for pattern identification and peak assignment.

The challenges involved in interpreting the rovibrational spec-
trum of methane are not unique; severe congestion and complexity
are commonly encountered when recording conventional (1D) rovi-
brational spectra of most gas phase molecules at room temperature.
One widely used approach has been to use cryogenic cooling (i.e.,
molecular jet) to drastically remove most of the rotational peaks.
However, such techniques do not work for practical applications
where the sample needs to be at higher temperatures. These applica-
tions include probing chemical reactions and the analysis of spectra
from planetary atmospheres. Alternative approaches to overcom-
ing severe congestion and finding patterns include double resonance
spectroscopy and the use of Loomis-Wood plots for trial-and-error
post-processing of data.

During the past two decades, HRC2DS techniques have been
developed that make use of multiple resonances and multidimen-
sional plots where peaks are automatically sorted into easily rec-
ognizable patterns. These techniques have been highly effective for
gas phase molecules and mixtures that otherwise yield patternless
spectra due to severe spectral congestion. HRC2DS was originally
developed for and applied to the rotationally-resolved electronic
spectroscopy of diatomic molecules.21,24 3D techniques were later
added in order to deal with the higher levels of congestion and com-
plexity expected with polyatomic molecules.31–33 The capabilities of
these techniques include the following. First, the expansion to higher
dimensions (1D → 2D and 2D → 3D) helps in increasing the spac-
ing between peaks and reducing the peak overlap. Peaks that appear
overlapped in one dimension may be clearly resolved in an orthog-
onal dimension and will, therefore, appear to be clearly resolved
in a 2D or higher dimensional plot. Furthermore, peaks produced
by similar species, quantum numbers, and selection rules are auto-
matically grouped into easily recognizable 2D patterns (parabolas,
X’s, squares, triangles, etc.), depending upon the selection rules and
technique. The center x,y position of these patterns in 2D spec-
tra yields two separate resonance frequencies on orthogonal axes
from two coupled levels and can be used to help distinguish peaks
associated with different species25 or vibrational/vibronic levels. In
addition, the spacing between peaks within each 2D pattern helps
in providing rotational constants and facilitating the ability to dis-
tinguish between patterns from different molecules, which can be
useful if the sample is a mixture. Expansion into the third dimen-
sion provides additional capabilities, such as selectivity where the
observed peaks come from a single selected species in a mixture34
and more advanced 3D pattern recognition and pattern-generating
techniques.35

Extending these capabilities to 2DIR could give insight into the
detailed structure and behavior of gas phase molecules, facilitate the
assignment of rovibrational peaks that have resisted analysis, and
provide the ability to analyze gaseous mixtures in situ. The infrared
region is attractive because of the relationship between vibrational
frequencies and functional groups, which is why it is so commonly
used for studying organic molecules. Several different methods
for generating 2DIR spectra have been developed, including fully
coherent frequency domain methods such as Doubly Vibrationally
Enhanced (DOVE) spectroscopy36,37 and time-domain 2DIR pump-
probe methods.38 One reason the DOVEmethod is especially attrac-
tive for high resolution gas phase spectroscopy is that it generates
an output signal in the visible region where CCD array detectors
can be used to record spectra with high sensitivity. When coupled
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with monochromators, commercial systems can resolve visible
wavelengths that differ by less than a picometer. DOVE spectra may
also be simpler to interpret because they would contain rovibrational
peaks from purely coherent processes rather than from a mixture of
both population and coherent processes.

Prior work onDOVE by Zhao andWright has shown that peaks
are produced by two different four wave mixing (FWM) processes: a
parametric process called DOVE-Raman and a nonparametric pro-
cess called DOVE-IR.39 The FWM diagrams for these processes are
shown in Fig. 1. In both diagrams, levels b and c can be rovibrational
levels of fundamental vibrations, combination bands, or overtones.
The intensities of the generated output beam are proportional to the
product of the input laser frequencies times the squared modulus of
the third order nonlinear susceptibilities, which are described in the
following equation for the DOVE-Raman process:

χ(3) = μacμcbμbdμda
ΔcaΔbaΔda

(1)

and in the following equation for the DOVE-IR process:35

χ(3) = −μabμacμcdμdb
Δ∗baΔca

[ 1
Δda
+ iΓacb
ΔcbΔdb

− iΓadb
ΔdaΔdb

], (2)

where for the ji transition, μji is the transition dipole moment, Δji is
the resonance denominator (Δji = ωji − ωlasers − iΓji), and ωji is the
difference in frequency between levels j and i in units of cm−1. ωlasers
is the combination of laser frequencies required for achieving reso-
nance, Δ∗ ji is the complex conjugate of Δji, and Γji is the linewidth

FIG. 1. Wave-mixing energy level diagrams (left) and Liouville diagrams (right)
for DOVE-Raman (top) and DOVE-IR (bottom) FWM processes. These diagrams
show the flow of coherence from the initial population state to the final coherence
that launches the output beam. The DOVE-Raman process is parametric because
the starting and ending levels are identical (level a). The DOVE-IR process is non-
parametric because the process starts in level a but ends in level b. It includes
two accompanying FWM pathways with different input photon orders: 2,1,3 and
1,3,2, as shown in its Liouville diagram. The combined contribution from all three
DOVE-IR pathways is described by Eq. (2) in the text.

in units of cm−1. This linewidth depends upon both the population
relaxation rate and pure dephasing,

Γji = Γjj + Γii
2

+ Γ∗ji . (3)

In the absence of pure dephasing, Γaji = Γ∗ji − Γ∗ja − Γ∗ia − Γaa
approaches Γaa, which is typically zero, and the last two bracketed
terms in Eq. (2) can be neglected.

For the DOVE-IR process, if level b is an IR-active fundamental
vibration, the intensity of the FWM process will increase as the fre-
quency of ω2 approaches ωba, the difference in frequency between
levels a and b. In a 1,2 plot where the intensity of the FWM signal is
plotted as a function of ω1 along the x-axis and ω2 along the y-axis,
Δ∗ba in Eq. (2) predicts a ridge of maximum intensity running hori-
zontally along the 2D plot (see the top left quadrant of Fig. 2) for all
points where ω2 = ωba. That ridge is referred to as a singly resonant
line with the resonance equation ω2 = ωba. For the DOVE-Raman
process, however, the vibrational level for b needs to be Raman-
active and Δba in Eq. (1) predicts a singly resonant line that runs
diagonally since its resonance equation will be ω1 − ω2 = ωcb, or
y = mx − ωcb where y = ω2, x = ω1, and m = 1 (see the top right
quadrant in Fig. 2).

Peaks in a 2DIR spectrum may appear at the point where two
singly resonant lines produced by either a DOVE-IR process or
a DOVE-Raman process intersect [i.e., two Δ’s in Eqs. (1) or (2)
equal Γ]. Points in the 2D plot where that occurs are doubly res-
onant. For example, doubly resonant peaks may be created in a
coherent 2D spectrum if level c is an IR-active level that is coupled
to the fundamental vibration at level b and if the transition dipole
moments μba (for DOVE-IR) and/or μcb (for DOVE-Raman) are
nonzero. A simple example of such a case would be if level b was a
fundamental vibration that is both IR-active and Raman-active and

FIG. 2. A 2DIR spectrum can be displayed as a 1,2 plot if the intensity of the gener-
ated FWM signal (coming out of the page) is plotted as a function of ω1 along the
x-axis and ω2 along the y-axis. This figure shows the orientation of singly resonant
lines in 1,2 plots for four possible scenarios. The top left diagram illustrates that a
singly resonant DOVE-IR process where level b is real (but levels c and d are vir-
tual) can produce a horizontally resonant line based upon the resonance equation
ω2 = ωba (see the text for more details). The top right diagram shows a diagonally
oriented singly resonant line for the DOVE-IR process based upon the resonance
equation ω1 − ω2 = ωcb. The bottom two diagrams show that if level c is real (and
levels b and d are virtual), the resulting singly resonant line will be vertical for both
DOVE-IR and DOVE-Raman.
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level c was its IR-active overtone. In such a case, both DOVE-IR and
DOVE-Raman peaks could be generated in the 2DIR spectrum.

To correctly interpret a HR-2DIR spectrum and assign its
peaks, one needs to be able to distinguish between peaks pro-
duced by DOVE-IR and those produced by DOVE-Raman. In the
condensed phase, the contribution from both processes can over-
lap and interfere because the anharmonicity is comparable to the
linewidth of the vibrational peaks. In the gas phase, peak linewidths
are small compared to the anharmonicity, so peaks from the two
different processes may be clearly resolved and the contributions
from the two FWM processes may appear to be clearly separated.
Prior work on HRCMDS has shown that the shapes of the pat-
terns and the way that the peaks are ordered by the rotational
quantum number within the patterns depend upon which lasers are
scanned and which FWM process produces the peaks. One possi-
ble way to distinguish between peaks produced by DOVE-IR and
those produced by DOVE-Raman is to examine the orientation of
the singly resonant lines that intersect to form these doubly reso-
nant peaks in the 2D spectrum. For example, if levels b and c are
the fundamental and overtone vibrations for the same vibrational
mode, then their rovibrational peaks will be coupled for DOVE-
Raman and DOVE-IR if that vibrational mode is both IR and Raman
active and frequencies (ω1 and ω2) obey their corresponding rota-
tional selection rules. Figure 2 shows that for a 1,2 plot where the
x-axis is ω1 and the y-axis is ω2, the orientations of the resulting
singly resonant rovibrational lines in the 2D plot will be differ-
ent; the singly resonant DOVE-Raman lines will be vertical and
diagonal while the DOVE-IR singly resonant lines will be vertical
and horizontal.

Rotational selection rules also help in determining the struc-
ture of the 2D pattern in high resolution coherent 2D spectra. In
the UV–VIS region, X-shaped patterns have been observed when

B′ ≈ B′′ and the rotational selection rule was ΔJ = ±1.20 If the excited
and ground electronic states have very different rotational constants,
the branches of the X-shape become curved, resulting in a double
parabola pattern.40 For resonances in the infrared region, the differ-
ences in rotational constants among levels a, b, and c are likely to
be smaller because the molecule’s electronic configuration remains
constant. Figure 3 shows simulated 2DIR patterns made with the
assumption that the rotational constants for levels a, b, and c are the
same. The resulting pattern resembles an asterisk for the rotational
selection rule ΔJ = 0, ±1, which is common for infrared spectra of
polyatomic molecules. The asterisk shape is produced by nine pair-
ings: three values of ΔJ for ω1 (corresponding to P, Q, and R) are
paired with three values of ΔJ for ω2. Each of the nine possibilities
(PP, PQ, PR, QP, QQ, QR, RP, RQ, and RR) produces a different
branch in the asterisk, except for the QQ peaks, where peaks accu-
mulate to form an intense center. These nine branches are labeled
on the DOVE-IR and DOVE-Raman asterisks in Fig. 3. For exam-
ple, if J = 0 for level a (i.e., Ja = 0), then for DOVE-IR, Jb must
be 0 or 1 and Jc must be 0 or 1 (i.e., there are four possibilities).
The QQ branch in the center of the DOVE-IR asterisk is produced
when both Jb and Jc are zero, the red QR peak is produced when
Jb = 1 and Jc = 0, the red RQ peak is produced when Jb = 0 and
Jc = 1, and the red RR peak is produced when Jb = 1 and Jc = 1. For
Ja ≥ 1, the number of peaks increases from 4 to 9, eight of which form
a rectangle (see the gray peaks for Ja = 1 and the yellow peaks for
Ja = 2). Higher values of Ja produce larger rectangles. For the DOVE-
Raman process, the repeating pattern is a trapezoid rather than
a rectangle.

In Fig. 3, the centers of the two asterisks have different y-axis
values due to vibrational anharmonicity, which causes the resonance
frequency of ω2 needed for ωba (DOVE-IR) to be greater than that
for ωcb (DOVE-Raman). By contrast, the x-axis values for the two

FIG. 3. 2DIR simulations showing 1,2 plots of DOVE-IR (left) and DOVE-Raman (right) rovibrational patterns, based upon the selection rule ΔJ = 0, ±1. The red, gray, and
yellow peaks have ground level Ja values of 0, 1, and 2, respectively. The larger purple peak at the center of each asterisk marks the position of a group of peaks that
have the same coordinate and that accumulate to form the QQ branch. The basic repeating pattern for Ja ≥ 1 consists of nine peaks that have the same shape as the eight
yellow peaks plus one peak in the QQ branch. The size of this basic repeating pattern grows systematically as Ja increases. For example, the basic pattern for the DOVE-IR
process consists of eight peaks that form a rectangle (see the yellow peaks on the left asterisk) plus a peak inside of the QQ branch, and higher values of Ja produce larger
rectangles. The basic repeating pattern for the DOVE-Raman process also consists of eight peaks plus a peak in the QQ branch, but the shape is a trapezoid (see the yellow
peaks on the right asterisk). For this simulation, ωba = 3019 cm−1 and ωca = 6000 cm−1 and B = 5.24 cm−1 and the molecule was assumed to behave like a rigid rotor.
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centers are similar because both the DOVE-IR and DOVE-Raman
processes involve the same ωca resonance. The fact that the centers
of the asterisks are displaced vertically but not horizontally should
be useful for identifying which asterisks in HR-2DIR spectra involve
the same vibration for level c, for determining the size of the anhar-
monicity, and for discerning which peaks come from DOVE-IR and
which ones come from DOVE-Raman.

The simulation shows additional slight differences in the inter-
nal structure of the two asterisks. Each asterisk is composed of
horizontal, vertical, and diagonal branches that intersect at a cen-
tral point. For each asterisk, however, the diagonal branch with a
negative slope does not pass through the central QQ point. For the
DOVE-IR process, that diagonal branch travels above and to the
right of the QQ point, and for the DOVE-Raman process, that diago-
nal branch travels below and to the left of the QQ point. The number
of resonances is also different; the DOVE-IR rectangle has three ω1
and three ω2 values, while the DOVE-Raman trapezoid has three ω1
values and seven ω2 values.

In summary, these simulations show that there are several
methods for determining whether an experimentally observed aster-
isk pattern is produced by the DOVE-IR or DOVE-Raman process,
a determination that is needed to accurately interpret the results
and assign rotational quantum numbers. First, since the peaks in the
experimental HR-2DIR spectrum will be produced by the intersec-
tion of two singly resonant lines, examination of the FWM intensity
around the base of the peaks can reveal the orientation of these lines.
Comparison of these line orientations with those shown in Fig. 2
can then be used to determine whether the peak is from DOVE-IR
or DOVE-Raman. At the base of each peak, these singly resonant
line intensities should be increased by near-resonance enhancement,
making them easier to see. Second, as described in the previous
paragraph, the DOVE-Raman patterns and the DOVE-IR patterns
have slightly different diagonals with a negative slope. Third, in the
case of studies involving a fundamental vibration for level b and
its overtone for level c, the QQ branch for the DOVE-IR aster-
isk will have a higher frequency than that for the DOVE-Raman
asterisk. Finally, the DOVE-IR peaks are more susceptible to absorp-
tion effects because ω1 and ω2 photons connect the ground level a
with levels c and b. For DOVE-Raman, however, absorption only
affects ω1 because ω2 is resonant with levels b and c and does not
involve ground level a (see Fig. 1). Therefore, as ω2 is scanned, the
intensity of the DOVE-IR peaks will be decreased by absorption
at their peak resonance wavelengths (ω2 = ωab), but the DOVE-
Raman peaks will not because anharmonicity causes the absorp-
tion wavelengths to be different from the DOVE-Raman resonance
wavelengths (ωab ≠ ωcb).

EXPERIMENTAL METHODS

Figure 4 shows a simplified experimental layout for the
HR-2DIR spectrometer. To facilitate multichannel detection with a
monochromator and CCD, a multiwavelength output beam in the
visible region was generated by spatially and temporally overlapping
three focused input beams: a broadband near IR optical paramet-
ric oscillator (OPO) for ω1, a narrowband tunable mid-IR optical
parametric oscillator/optical parametric amplifier (OPO/OPA) for
ω2, and a fixed wavelength visible beam (λ = 532 nm) for ω3. The
narrowband tunable mid-IR beam had a linewidth of ∼0.2 cm−1 and

FIG. 4. Simplified experimental layout of the HR-2DIR spectrometer.

was produced using a LaserVision OPO/OPA that was pumped by
an injection-seeded SpectraPhysics PRO-250 laser. The pump wave-
length was 532 nm for the OPO stage and 1064 nm for the OPA
stage. The broadband near IR OPO was pumped by the output of a
hydrogen Raman shifter cell that was pumped by a beam of 532 nm
light from an injection-seeded Nd:YAG laser (SpectraPhysics GCR-
230). Operating an OPO near degeneracy causes its bandwidth to
increase, and this BBO OPO was tuned slightly off degeneracy to
produce idler beam photons of the range of 1400–1900 nm. A band-
width with a FWHM of >400 cm−1 was inferred after recording a
spectrum of the signal beam with a near IR spectrometer equipped
with an InGaAs array detector. The 532 nm beam used for ω3
came from the GCR-230 laser, and its exact wavelength (as well
as the exact wavelength of the 532 nm beam from the PRO-250
laser) was measured to an accuracy of <0.004 nm using a 1.25 m
monochromator equipped with a CCD.

The two IR beams were combined collinearly using a Thor-
labs 3250 nm bandpass filter (bandwidth of 500 nm), and a silicon
beamsplitter was used to combine them with the 532 nm beam. The
three beams were then focused into the sample cell using an off-axis
parabola with a focal length of 152.4 mm. The 10 cm pathlength
static sample cell had CaF2 windows and was filled with methane
using an inflatable bag glove box so that the methane pressure was
1 atm. The beam energies at the cell were ∼0.5 mJ for ω1, 2.5 mJ
for ω2, and 0.25 mJ for ω3. A strong multiplex CARS signal from
methane (>50 000 counts per second at 460.6 nm) was used to opti-
mize the spatial and temporal overlap of the three input beams. The
generated FWM signal was detected using a 1.25 m monochroma-
tor (SPEX or JY 1250m) equipped with a 2400 g/mm grating and
a 2048 × 512 element CCD (with 13.5 μm wide pixels). Typical
collection times were less than an hour for a spectrum containing
3000 × 2048 points.

The wavelength produced by the tunable OPO system was cal-
ibrated by diverting a small portion of its beam reflected from the
silicon beamsplitter into a 1.5 cm thick methane absorption cell and
monitoring the intensity of the transmitted light during the scan.
Dips in that transmittance spectrum were matched to peaks in a
FTIR spectrum of methane. Light from a neon lamp was used to
wavelength calibrate the monochromators.

RESULTS AND DISCUSSION

Figure 5 shows a HR-2DIR spectrum recorded by scanning the
signal beam of the tunable narrowband OPO (that was not sent into
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FIG. 5. Unprocessed HR-2DIR spectrum of methane (4,2 plot). The x-axis is the
monochromator wavelength λ4 and the y-axis is the tunable OPO signal beam
wavelength λ2. Features that look like they are created by vertical and diagonal
singly resonant lines are encircled in a red oval and are attributed to the DOVE-
Raman process. Features that are long and diagonal are encircled in yellow ovals
and are attributed to the DOVE-IR process. The small black square encloses
the QQ central branch for the DOVE-Raman asterisk while the small black circle
encloses the QQ central branch for the DOVE-IR asterisk.

the cell) from 800.1 to 814.5 nm and monitoring the output beam
intensity as a function of its wavelength (λ4) with the monochroma-
tor centered at 459 nm. As a result, the corresponding narrowband
OPA idler beam that was focused into the cell was scanned over
a range of ∼2880–3100 cm−1 so that it would be resonant with
methane’s symmetric and asymmetric CH-stretching modes. Mean-
while, the center of the broadband near-IR beam was set to approx-
imately twice that frequency so that it would be resonant with the
CH-stretching overtone at around 6005 cm−1.

The saturated vertical line at the λ4 detection wavelength of
460.6 nm is a singly resonant line that is attributed to a singly reso-
nant FWM process that is similar to DOVE-Raman FWM, but with
level c as a virtual level. The vibration responsible for this line is the
symmetric CH stretch of methane (ν1), which is Raman-active but
not IR-active and is, therefore, unable to contribute peaks in the 2D
spectrum. This feature is convenient for finding and optimizing the
FWM signal because it can be found at the same detection wave-
length for all wavelength values of the narrowband tunable OPO (λ2)
in the scan range. It also shows dips in intensity due to absorption
whenever wavelength λ2 is strongly absorbed by methane.

The peaks to the left and right of the 460.6 nm saturated singly
resonant line are weaker in intensity by 1–2 orders of magnitude.
These doubly resonant peaks are attributed to methane’s asymmet-
ric CH stretch (ν3), which is IR-active and Raman-active. Some of
these peaks appear to be created by vertical and diagonal (negative
slope) singly resonant lines (see the red oval in Fig. 5) while oth-
ers appear to be long, diagonal and negatively sloped (see the yellow
ovals in Fig. 5). The diagrams in Fig. 2 predict that DOVE-IR peaks
should be formed by the intersection of vertical and horizontal res-
onance lines and DOVE-Raman peaks should be formed by vertical
and diagonal (positive slope) resonance lines. However, this predic-
tion is for 1,2 plots (where the x-axis is ω1 and the y-axis is ω2).
Figure 6 shows how singly resonant features in a 1,2 plot (in units
of cm−1) will appear if plotted using a 4,2 plot (where the x-axis is
λ4, the y-axis is λ2, and the units are in nm) and vice versa. Accord-
ing to Fig. 6, the predicted orientation of singly resonant lines in a

FIG. 6. Transforming the plot from 4,2, to 1,2 and vice versa changes the orienta-
tion of vertical, diagonal, and horizontal branches of peaks. These plots show how
these orientations change and were produced by rearranging the FWM equation
ω4 = ω1 − ω2 + ω3 and by converting between units of cm−1 and nm.

4,2 plot becomes diagonal (negative slope) and horizontal for
DOVE-IR and vertical and diagonal (negative slope) for DOVE-
Raman. Therefore, the peaks enclosed in the red oval in Fig. 5 are
attributed to DOVE-Raman. The peaks in the yellow ovals can be
attributed to DOVE-IR if the absence of the horizontal resonance
line is attributed to absorption. This attribution is supported by the
observation that the y-axis values for the peaks in yellow ovals match
the y-axis values of absorption dips observed in the saturated singly
resonant line at 460.6 nm.

The small black square encloses the QQ central branch for the
DOVE-Raman asterisk while the small black circle encloses the QQ
branch for the DOVE-IR asterisk. These centers are surrounded by
the other eight branches that comprise the asterisk pattern, but the
asterisks appear asymmetric in the 4,2 plot. The symmetry of the
asterisk can be restored by converting the 4,2 plot into a 1,2 plot
that more closely resembles the simulations in Fig. 3. The proce-
dure for this conversion involves converting the y-axis from near
infrared wavelengths (of the OPO signal beam) to the mid-infrared
wavenumber values (for the OPA idler beam) and transforming the
x-axis from the monochromator wavelength to the corresponding
ω1 value in cm−1. To carry out the latter step, a 2D peak picker
(using a modified version of nmrDraw) was used to identify the x,y
coordinate for each peak in the spectrum shown in Fig. 5. Those
coordinates were then converted to cm−1 and the formula ω1 = ω2
− ω3 + ω4 was used to calculate the new x-axis value for each iden-
tified peak. The formula ω2 = ωOPO signal beam – ω1064 was used to
calculate the new y-axis values.

The resulting 1,2 spectrum is shown in Fig. 7, next to a sim-
ulation that is similar to the one shown in Fig. 3. The combined
transform of both axes (from 4,2 in nm to 1,2 in cm−1) changed the
orientation of the horizontal, vertical, and diagonal branches that
connect related peaks in Fig. 5 in a way that agrees with that dis-
played in Fig. 6. Displaying the results as a 1,2 plot of the identified
peaks also makes pattern recognition easier because the asterisk pat-
terns appear to be more symmetrical in the 1,2 plot than they do in
the 4,2 plot. The symmetry also makes it easy to distinguish between
peaks from the DOVE-IR and DOVE-Raman processes and to iden-
tify important relationships. For example, the 1,2 plot allows one to
clearly see which DOVE-IR peaks and DOVE-Raman peaks have
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FIG. 7. The experimental HR-2DIR 1,2 plot in cm−1 on the left and the simulated HR-2DIR peaks from DOVE-IR (green peaks) and DOVE-Raman (purple peaks) for methane
on the right. The simulation includes Coriolis splitting of the triply degenerate ν3 mode, which was observed in the experimental plot. Both plots show that both the DOVE-IR
and DOVE-Raman processes produce highly symmetric asterisks that are separated along the y-axis but have many similar ω1 values along the x-axis. These ω1 values
are useful for determining which photons in the ω1 broadband beam were resonant with rovibrational levels in the overtone region that were coupled to the fundamental CH
asymmetric vibration. Additional peaks in the experimental plot may be attributed to cosmic ray events (irreproducible) or contributions from other overtones or combination
bands (reproducible). The solid diagonal line with a positive slope is a singly resonant line due to the ν1 symmetric CH vibration that does not contribute any peaks in the
HR-2DIR spectrum (see the text). The horizontal lines just below ω2 = 2875 and 3125 cm−1 are markers from a flash of light used to help calibrate the y-axis during the scan.

the same ω1 values and, therefore, involve the same CH overtone
rovibrational peaks for level c.

The simulated plot in Fig. 7 includes Coriolis effects that cause
three-featured structures in both the experimental and simulated
plots. The three features appear to be diagonally aligned (negative
slope) in the 4,2 plot and vertically aligned in the 1,2 plot. Further-
more, the singly resonant CARS line for the symmetric CH stretch
that was a vertical line in the 4,2 plot (Fig. 5) now appears as a
diagonal line with a positive slope in the 1,2 plot. The change in ori-
entations of these features also agree with that predicted by Fig. 6.
Some of the peaks in Fig. 7 that are not in the simulation are due to
cosmic rays hitting the CCD. However, others are reproducible and
may be due to contributions from other combination bands or over-
tones. To assign these other peaks and extract molecular constants,
a more detailed analysis of the positions of all peaks in this spectrum
is currently underway and will be submitted for publication.

CONCLUSION

The ability to generate high resolution 2DIR spectra of gas
phase molecules has been demonstrated for the first time. Peaks in
the HR-2DIR spectra of methane are produced by either a DOVE-IR
or DOVE-Raman process, each of which assembles the peaks into
an asterisk pattern due to the rotational selection rule ΔJ = 0, ±1.
Within each asterisk, all the peaks have the same vibrational quan-
tum number but different rotational quantum numbers. The shape
and structure of the DOVE-IR and the DOVE-Raman asterisks are
slightly different. The way that the peaks are sorted by rotational
quantum number also differs for the two FWM processes, so iden-
tification of the correct FWM process is essential for accurately
assigning quantumnumbers to the peaks. Pairs of asterisks produced

by the same vibrational levels but different FWM processes align
vertically but are displaced horizontally in 1,2 plots due to anhar-
monicity. The shapes of individual peaks can also be used to identify
the FWM processes.

Splitting of the triply degenerate asymmetric CH stretch by
the Coriolis effect is also observed in the HR-2DIR spectrum
of methane. Methane has both symmetric and asymmetric CH
stretches, but only the asymmetric stretch produces peaks in the
HR-2DIR spectrum because it is both IR and Raman active. The
symmetric stretch is IR inactive and Raman active, and, therefore,
only generates a singly resonant line that runs vertically in the
4,2 plot and diagonally in the 1,2 plot. The 1,2 plot is generally more
convenient to use for comparison with simulations, recognition of
symmetric patterns, and identification of the ω1 resonances (CH
overtone peaks) that are coupled to the ω2 resonances (CH funda-
mental vibration peaks). Additional features in the HR-2DIR spectra
are observed that may be due to contributions from other overtones
and/or combination bands.

The ability to record 2DIR spectra with higher spectral res-
olution should permit gas phase molecules to be studied in ways
that could give greater insight into detailed molecular structures
and behavior compared to traditional 1D methods, where spectral
congestion and complexity have limited the ability to assign peaks
by their quantum number and/or species. With a sufficiently high
resolution monochromator, the x-axis resolution of the HR-2DIR
technique would be limited by the linewidth of the 532 nm beam,
which is <0.003 cm−1 due to injection seeding.Methane is a spherical
rotor, and the HR-2DIR patterns produced by other kinds of rotors
will form different kinds of patterns that might lead to additional
capabilities and insight into molecular structures and behavior. The
ability to analyze complex spectra at any temperature (without the
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use of rotational cooling in a molecular jet) restores rotational infor-
mation and expands applications of rovibrational spectroscopy to
higher temperatures. This technique could potentially be useful for
probing chemical reactions in situ, identifying different molecules in
gaseous mixtures, and studying conformers and floppy molecules.
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