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Coherent 2D resonance Raman spectroscopy is a multidimensional technique that is capable of separating
and sorting peaks that appear heavily congested and disordered in conventional 1D spectra. It can sort
rovibrational peaks according to rotational and vibrational quantum number, vibrational sequence, and rotational
selection rule. New results suggest that pattern recognition methods can also be used to determine whether
the highly detailed rovibrational information is coming from the ground electronic state or the excited electronic
state. This capability is demonstrated using experimental results from I2 and C2.

Coherent 2D resonance Raman spectroscopy (C2DRRS) is a
new technique that uses the coupling between rovibrational
levels in different electronic states to separate and sort congested
peaks in gas-phase electronic spectroscopy.1 Like other two-
dimensional forms of spectroscopy,2-11 C2DRRS can improve
spectral resolution as it spreads the peaks across the second
dimension and displays coupled peaks in the off-diagonal
regions of the spectrum. A traditional challenge for conventional
gas-phase spectroscopy has been that large numbers of rovi-
brational peaks from different processes often overlap, resulting
in congestion and the appearance of disorder. A recent paper1

describes the ability of C2DRRS to also sort congested and
disordered rovibrational peaks from C2 into patterns of neigh-
boring parabolas according to rotational and vibrational quantum
number, sequence, and selection rule. Unlike conventional 1D
emission spectra, where transitions can originate from any level
in the excited state, the C2DRRS four-wave mixing process
employs rules that are more restrictive. In the case of the
C2DRRS results from C2, each peak in the resulting 2D
spectrum is attributed to a pair of ground-state rovibrational
levels that are each coupled (by a single photon) to a common
level in the excited state. As a result, all peaks within a given
parabola have the same rotational selection rule, have the same
vibrational quantum numbers (and vibrational sequence), and
are ordered by rotational quantum number.

The demonstrated ability to sort peaks in C2 raises the
question of how to use and interpret C2DRRS spectra for general
application. One particularly relevant issue is the existence of
differing four-wave mixing processes. The existence of multiple-
wave mixing processes has been well studied and is responsible
for effects such as pressure and dephasing-induced extra
resonances.12,13 In conventional 1D spectroscopy, the determi-
nation and identification of multiple processes usually requires
an investigation that involves additional experimentation and
modeling. For example, Hogervorst and co-workers recently
used a combination of broadband and narrowband lasers to
discern excited-state parametric CARS from two other processes
in I2.14 For resonantly enhanced coherent Raman spectroscopy,
peaks can generally be produced by processes that involve

rovibrational levels in the ground state and by processes that
involve rovibrational levels in excited electronic states.

This paper describes the use of pattern recognition as a means
for distinguishing multiple processes in C2DRRS spectroscopy.
Figure 1 shows the energy level diagrams for two different types
of doubly resonant C2DRRS four-wave mixing processes.
Levels a and b are in the ground electronic state, levels c and
d are in the excited electronic state, and level e represents a
virtual level. Input frequenciesω1 and ω2 are generated by
broadband near-infrared beams that together induce Raman-
type resonances. The>3000 cm-1 range covered by these broad-
band beams ensures that all Raman-active rovibrational levels
are probed simultaneously. Input frequencyω3 comes from a
tunable narrowband visible or UV input beam that induces a
resonance between the ground and excited electronic states.

The Raman-type interaction (fromω1 - ω2) for the first
process in Figure 1 probes vibrational levels in the ground
electronic state. In contrast, the second process probes vibronic
levels (the Raman-active vibrations are in the excited electronic
state). To produce an experimental C2DRRS spectrum, intensity
(I ≈ |ø(3)|2) is recorded as a function of bothω3 (y axis) andω4

(x axis). The equations describing the nonlinear susceptibility
of these two doubly resonant processes are

where

and
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ø(3)
vibrational∝ Σ µaeµebµbdµda/∆ea∆ba∆da

ø(3)
vibronic ∝ Σ µacµceµedµda/∆ca ∆ea∆da

∆da ) ωda - (ω1 - ω2 + ω3) - iΓda

∆ba ) ωba - (ω1 - ω2) - iΓba

∆ca ) ωca - ω3 - iΓca

∆ea) ωea- ω1 - iΓea
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for the vibrational process, but

for the vibronic process. The difference between the two∆ea

terms is of little concern because level e is nonresonant. A more
important difference is that∆ca, which varies withω3 only, is
part of the vibronic expression but not the vibrational expression.

For simple diatomic molecules, the frequencies of the states
(ωba, ωca, etc.) can be determined using the conventional
expressions for the sum of electronic, vibrational, and rotational
energies.1 Simulations indicate that the shape of the parabolas
is largely controlled by the rotational spectroscopic constants,
while the location is primarily affected by the electronic and
vibrational constants.15 Therefore, neglecting rotational terms,
the (x,y) location of these parabolas for the vibrational process
is given by

and the location for the vibronic process is

Here,G′d is the vibrational energy corresponding to level d (in
the excited electronic state),G′′a is the vibrational energy
corresponding to level a (in the ground electronic state), and
∆Te ) Te′ - Te′′. Theω4 values for both processes are identical,
but theω3 values are not. For the vibronic process, c and d can
be any vibronic level, so the set of possibleω3 values is the
same as the set of possibleω4 values. This result suggests a
similarity between spacings on thex axis and spacings on the
y axis for the vibronic process. However, the value forG′c -
G′′a is generally different fromG′d - G′′b except in the rare
situation whenωe′ ) ωe′′. Therefore, the same type of pattern
should not normally be observed for the vibrational process.

Further insight into the location of both singly and doubly
resonant contributions can be made by plotting resonance lines
in 2D space (see Figure 2). Singly resonant processes produce

horizontal (∆ca), vertical (∆da), and diagonal (∆ba) resonance
lines when plotted in 2D frequency or energy space. More
intense than these singly resonant lines will be the doubly
resonant points that occur where the singly resonant lines
intersect. For the vibronic process, the intersection points (dark
circles) should occur between horizontal∆ca resonance lines
and vertical∆da resonance lines. The complete set of vibronic
levels includes both the fundamental and overtones. The
resulting vibronic process produces a frame of cross-peaks that
resembles a rectangular grid. On the other hand, the vibrational
process contains∆ba and∆da, and therefore has doubly resonant
cross-peaks (light circles) where diagonal resonance lines cross
the vertical resonance lines. Vibrational overtones are also
commonly observed in resonance Raman spectroscopy. The
vibrational process therefore should produce a frame of cross-
peaks that align vertically but not horizontally (i.e., they form
a parallelogram rather than a rectangular grid). Each doubly
resonant cross-peak consists of a series of two (or more)
intersecting parabolas, with its location defined by the point
where these parabolas intersect.15

On the Stokes side (not commonly used due to the increased
potential for spectral interference from incoherent luminescence),
the processes should be symmetric to the anti-Stokes side with
respect to the diagonalω3 ) ω4. Therefore, the pattern on the
anti-Stokes side should be mirrored (in frequency space) by the
process on the Stokes side. For the vibronic process, however,
the pattern is unchanged on either side of the diagonal. For the
vibrational process, the diagonal lines retain a slope of 1 (if
plotted in the frequency or energy domain), but the lines that
were vertical on the anti-Stokes side should convert to horizontal
lines on the Stokes side.

Both processes should reveal information about the relation-
ship between spectroscopic peaks (i.e., what peaks are coupled
to a common level through interaction with a photon). As
mentioned before, the vibrational process reveals peaks in (ω4,
ω3) space from two vibrational levels (a and b) that are each
coupled by a single photon (eitherω3 or ω4) to a common level
in the excited electronic state (level d). Therefore, the vibrational
process reveals “coupled” emission peaks. On the other hand,
the vibronic process reveals peaks from two vibronic levels (c
and d) that are each coupled by a single photon (eitherω3 or

Figure 1. Energy level diagrams for both the vibrational (left) and
vibronic (right) processes. The wider arrows represent broadband beams.

Figure 2. Simulated horizontal, vertical, and diagonal resonance lines
and their points of intersection that produce a repeating rectangular
vibronic pattern (dark circles) and/or a repeating parallelogram
vibrational pattern (light circles).

∆ea) ωea- (ω3 + ω1) - iΓea

(ω4, ω3) ) (∆Te + G′d - G′′a, ∆Te + G′d - G′′b)

(ω4, ω3) ) (∆Te + G′d - G′′a, ∆Te + G′c - G′′a)

7990 J. Phys. Chem. A, Vol. 110, No. 26, 2006 Letters



ω4) to a common level in the ground electronic state (level a).
Therefore, the vibronic process reveals “coupled” absorption
peaks.

Experimental Section

The C2DRRS setup for C2 has been described previously.1

C2DRRS spectra of I2 were recorded using the same laser
system but a different detection system (1.25 m Czerny-Turner
SPEX 1250m monochromator equipped with a 1200 g/mm
grating and a Spectrum One 2048× 512 CCD, pixel width of
13.5 µm). The quartz sample cell (cylindrical, 1 in. diameter
and 4 in. long) contained saturated iodine vapor at 23°C. Both
BOXCARS phasematching (similar to that used in ref 1) and
collinear phasematching were explored, and both methods
yielded comparable spectra. For the collinear phasematching
setup, the input beams (produced using a Spectraphysics MOPO
730 and home-built broadband OPO) were combined using a
dichroic mirror and focused into the sample using a 20 cm FL

achromatic lens. After the sample, KG3 and BG40 were used
to absorb the broadband near-infrared input beams, and a
holographic notch was angle-tuned to remove light from the
tunable narrowband input beam (tuned in steps of 0.01 nm with
10 laser pulses per step).

Results and Discussion

Figures 3 and 4 show C2DRRS spectra of I2 (B3πu - X1Σg

transition) and C2 (d3πg - a3πu). Iodine’s relatively small
vibrational frequency (ωe′ ) 126 cm-1, ωe′′ ) 214 cm-1) results
in closely spaced cross-peaks, several of which fit into the (∼18
nm wide) single exposure spectral window of the detection
system. On the other hand, the large vibrational frequencies for
C2 (ωe′′ ) 1641 cm-1, ωe′ ) 1788 cm-1) produce wide spacings
between cross-peaks. The C2 results in Figure 4 therefore show
selected portions of several C2DRRS spectra, along with a
simulation to indicate their respective locations. Another dif-
ference between the C2 spectra and the I2 spectra is the direction
and shape of the parabolas. The difference is due to the rotational
constants; B′<B′′ for I2 but B′>B′′ for C2. The magnitude of
this difference in C2 is smaller than that in I2, causing the C2
parabola to be wider than that of I2.1

The results indicate that the I2 spectrum is dominated by the
vibronic process. The parabola vertices align both vertically and
horizontally, forming a series of rectangles. This pattern was
found to repeat itself over a wide range of wavelengths
throughout both the Stokes and anti-Stokes regions. Horizontal
and vertical lines can be drawn through the parabola vertices,
leading to a good approximation for the frequencies of the
vibronic fundamental and overtones (the spacings between
parabola correspond to the rotationless spacing between vibronic
levels).

The dimensions of the rectangles vary slightly due to two
factors: anharmonicity and the conversion from energy (or
frequency) space to wavelength space. However, these effects
are relatively small; for I2, the anharmonicity changes the width
and height of neighboring rectangles by a value of about 2 cm-1,

Figure 3. Experimental C2DRRS spectrum of I2. The corners of the
(red) solid line boxes mark vibronic processes that start fromV′′ ) 0,
while those of the (green) broken line boxes indicate vibronic processes
that start fromV′′ ) 1.

Figure 4. Simulated (left) and experimental (right) C2DRRS spectra of C2. The simulated plot was generated using spectroscopic constants from
the NIST website, and assumed that all transition dipole moments were equal in magnitude.16 The relative size and spacings used for the experimental
spectra are not consistent and not to scale.
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or 3%. Changing from energy space to wavelength space
changes the width and the height of neighboring rectangles by
about 1%. The resulting combined effect for neighboring
rectangles was found to be around 4%. Since these types of
distortions only affect consistency in the spacing between the
vertical and horizontal resonance lines (and not the slope of
these lines), they do not cause the vibronic process to resemble
the vibrational process. For I2, the degree to which∆da is truly
vertical was measured by comparing the positions of individual
peaks within vertically adjacent parabolas. No deviation sig-
nificantly greater than the resolution of the detection system
(∼0.01 nm) could be detected.

In Figure 4, the locations of the parabola clusters are labeled
by the location of the upper right-hand vertices. The intensity
and quality of the two∆V′′ ) 2 clusters (labeled 473, 558 and
438, 509) are weaker and poorer than that of the three other
clusters that arise from∆V′′ ) 1. Nevertheless, the overall
pattern is sufficiently clear to show that the parabola clusters
align vertically but not horizontally; instead of resembling a
rectangular grid, the pattern appears to resemble the paral-
lelogram pattern characteristic of the vibrational process.

Both spectra show evidence of temperature-dependent popu-
lation effects. In the vibronic process, the spacings between
parabolas are influenced by only the vibronic levels, not the
ground state vibrational levels. A thermally excited state process
originating from theV′′ ) 1 level will produce a second
rectangular grid identical to theV′′ ) 0 grid (if plotted in
frequency space), but shifted to lower frequencies in both thex
and y direction by a constant equal to the frequency of the
ground-state fundamental. Ifωe′ ≈ ωe′′ and the anharmonicities
are relatively small, then the location of allV′′ > 1 parabolas
will be very close to the location ofV′′ ) 0 parabolas, shifted
to lower frequency in both thex and y direction by the
corresponding quanta of vibrational energy. This proximity
occurs because the size of the shift depends on the frequency
of the ground-state vibrational frequencies, while the size of
the spacing between parabolas depends on the vibronic levels.
For I2, the considerable difference between the vibrational and
vibronic constants results in a noticeable shift between the
location of theV′′ ) 0 boxes and theV′′ ) 1 boxes shown in
Figure 3.

Peaks from such thermally excited I2 molecules at room
temperatures are also commonly observed in conventional 1D
absorption spectra of iodine. However, in the 1D spectra, the
individual rovibrational peaks from theV′′ ) 0 andV′′ ) 1 levels
can be difficult to distinguish and identify, especially in the
550-570 nm region where peaks from the two processes are
of comparable strengths. The ability to cleanly resolve and easily
distinguish these peaks in the C2DRRS spectrum illustrates one
of benefits achieved by spreading information across a second
dimension.

Unlike the vibronic spectra, which are insensitive to theV′′
g 1 levels at low temperatures, the vibrational spectra are always
influenced by the frequency of theV′′ g 1 levels. The spacing
between parabolas along thex axis (ω4) depends on the vibronic
frequencies. For they axis (ω3), however, the spacing depends
on the difference between the vibrational and vibronic frequen-
cies. If the vibrational and vibronic constants are similar, then
some of these excited state doubly resonant points may be
located in very close proximity to the doubly resonant points
from the processes originating in the ground state. In the case
of C2, the high temperature of the flame and the similarity
betweenωe′ and ωe′′ cause the parabolas to cluster together
into fingerprint-like patterns.

Under somewhat unusual circumstances, it might be difficult
to determine whether the process is vibronic or vibrational. One
example is the case where the vibrational and vibronic constants
are identical (e.g.,ωe′ ) ωe′′). Another is the unusual case (e.g.,
temperature approaching infinity) where all vibrations in the
ground state are equally populated.

Finally, this work also suggests a possible way to compare
the Raman scattering activity of molecules in their ground and
excited states. For example, the fact that iodine is consistently
dominated by the vibronic processes (experimentally verified
over a wide spectral range fromω4 ) 515 to 567 nm) suggests
that promoting the iodine molecule to its excited (B3πu) state
raises its Raman scattering coefficients. In other words, this
dominance of the vibronic process could be explained if〈c|µ|e〉
〈e|µ|d〉 is substantially greater than〈a|µ|e〉 〈e|µ|b〉. (Note that
the transition dipole momentµda appears in both vibrational
and vibronic expressions, andµbd and µac contain identical
elements or elements that are similar in magnitude.) The
same arguments suggest that promoting the C2 molecule from
the a3πu state to the d3πg state decreases its Raman scattering
properties.

Conclusion

The interpretation of conventional spectra can be complicated
by the existence of multiple processes that involve different
selection rules, a variety of types of levels (electronic, vibra-
tional, and rotational), and a large range of possible quantum
numbers. Conventional spectroscopy is restricted to one dimen-
sion, which limits the amount of information and the ability to
use pattern recognition. Not only is it challenging to match peaks
to their respective process, but it is also not obvious what type
of processes produce the resulting spectra. By using an
additional dimension, C2DRRS can provide a means for sorting
peaks according to rotational and vibrational quantum number,
vibrational sequence, and rotational selection rule. This paper
extends this capability by demonstrating how pattern recogni-
tion in two-dimensional spectroscopy can be used to im-
mediately distinguish resonantly enhanced processes that probe
the ground electronic state from those that probe the excited
electronic state.
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