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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 framdl G.

Coherent 2D resonance Raman spectroscopy (C2DRRS) is aovibrational levels in the ground state and by processes that
new technique that uses the coupling between rovibrational involve rovibrational levels in excited electronic states.
levels in different electronic states to separate and sort congested This paper describes the use of pattern recognition as a means
peaks in gas-phase electronic spectroscobike other two- for distinguishing multiple processes in C2DRRS spectroscopy.
dimensional forms of spectroscopy.' C2DRRS can improve  Figure 1 shows the energy level diagrams for two different types
spectral resolution as it spreads the peaks across the secongf doubly resonant C2DRRS four-wave mixing processes.
dimension and displays coupled peaks in the off-diagonal Levels a and b are in the ground electronic state, levels ¢ and
regions of the spectrum. A traditional challenge for conventional d are in the excited electronic state, and level e represents a
gas-phase spectroscopy has been that large numbers of rovivirtual level. Input frequenciesy; and w, are generated by
brational peaks from different processes often overlap, resulting broadband near-infrared beams that together induce Raman-
in congestion and the appearance of disorder. A recent bapertype resonances. The3000 cnt? range covered by these broad-
describes the ability of C2DRRS to also sort congested and band beams ensures that all Raman-active rovibrational levels
disordered rovibrational peaks from @to patterns of neigh-  are probed simultaneously. Input frequeney comes from a
boring parabolas according to rotational and vibrational quantum tunable narrowband visible or UV input beam that induces a
number, sequence, and selection rule. Unlike conventional 1D resonance between the ground and excited electronic states.
emission spectra, where transitions can originate from any level  The Raman-type interaction (from, — ) for the first
in the excited state, the C2DRRS four-wave mixing process process in Figure 1 probes vibrational levels in the ground
employs rules that are more restrictive. In the case of the gjectronic state. In contrast, the second process probes vibronic
C2DRRS results from £ each peak in the resulting 2D eyels (the Raman-active vibrations are in the excited electronic
spectrum is attributed to a pair of ground-state rovibrational state). To produce an experimental C2DRRS spectrum, intensity
levels that are each coupled (by a single photon) to a common | ~. ,3)2) is recorded as a function of bot (y axis) andw,

level in the excited state. As a result, all peaks within a given (y ayis). The equations describing the nonlinear susceptibility
parabola have the same rotational selection rule, have the samgg these two doubly resonant processes are

vibrational quantum numbers (and vibrational sequence), and
are ordered by rotational quantum number.

©))
The demonstrated ability to sort peaks in @ises the % ibrational J = Uactebtpabtad AeaPdpala
guestion of how to use and interpret C2DRRS spectra for general @
application. One particularly relevant issue is the existence of X vibronic 1 Z Uactcetedtad Dea Dealda

differing four-wave mixing processes. The existence of multiple-

wave mixing processes has been well studied and is responsiblevhere

for effects such as pressure and dephasing-induced extra
resonance®13In conventional 1D spectroscopy, the determi- Ay
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 Ag= w0 — w3 — 1T,
in 1,.14 For resonantly enhanced coherent Raman spectroscopy,

peaks can generally be produced by processes that involveand
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and their points of intersection that produce a repeating rectangular

a a
vibronic pattern (dark circles) and/or a repeating parallelogram

vibrational pattern (light circles).

Figure 1. Energy level diagrams for both the vibrational (left) and

vibronic (right) processes. The wider arrows represent broadband beams.
horizontal A¢y), vertical (Agq), and diagonal Apg) resonance
lines when plotted in 2D frequency or energy space. More

for the vibrational process, but intense than these singly resonant lines will be the doubly
resonant points that occur where the singly resonant lines
Aea= W= (w3+ wy) — 1T, intersect. For the vibronic process, the intersection points (dark
circles) should occur between horizontal, resonance lines
for the vibronic process. The difference between the ftwg and verticalAg, resonance lines. The complete set of vibronic
terms is of little concern because level e is nonresonant. A morelevels includes both the fundamental and overtones. The
important difference is thahc, which varies withws only, is resulting vibronic process produces a frame of cross-peaks that

part of the vibronic expression but not the vibrational expression. resembles a rectangular grid. On the other hand, the vibrational
For simple diatomic molecules, the frequencies of the states process contain&p, andAg, and therefore has doubly resonant
(wha wca €tc.) can be determined using the conventional cross-peaks (light circles) where diagonal resonance lines cross
expressions for the sum of electronic, vibrational, and rotational the vertical resonance lines. Vibrational overtones are also
energies. Simulations indicate that the shape of the parabolas commonly observed in resonance Raman spectroscopy. The
is largely controlled by the rotational spectroscopic constants, vibrational process therefore should produce a frame of cross-
while the location is primarily affected by the electronic and peaks that align vertically but not horizontally (i.e., they form
vibrational constant® Therefore, neglecting rotational terms, a parallelogram rather than a rectangular grid). Each doubly
the ,y) location of these parabolas for the vibrational process resonant cross-peak consists of a series of two (or more)

is given by intersecting parabolas, with its location defined by the point
where these parabolas inters&ct.
(wg w3) = (AT + Gy — G, AT, + Gy — Gy On the Stokes side (not commonly used due to the increased
potential for spectral interference from incoherent luminescence),
and the location for the vibronic process is the processes should be symmetric to the anti-Stokes side with
respect to the diagonals = w4. Therefore, the pattern on the
(wg 05) = (AT, + G4y —G', AT, + G —G") anti-Stokes side should be mirrored (in frequency space) by the

process on the Stokes side. For the vibronic process, however,

Here,G'q is the vibrational energy corresponding to level d (in the pattern is unchanged on either side of the diagonal. For the
the excited electronic statel3", is the vibrational energy  vibrational process, the diagonal lines retain a slope of 1 (if
corresponding to level a (in the ground electronic state), and plotted in the frequency or energy domain), but the lines that
ATe=T¢ — T¢'. Thew, values for both processes are identical, were vertical on the anti-Stokes side should convert to horizontal
but thews values are not. For the vibronic process, ¢ and d can lines on the Stokes side.
be any vibronic level, so the set of possilobe values is the Both processes should reveal information about the relation-
same as the set of possihle values. This result suggests a ship between spectroscopic peaks (i.e., what peaks are coupled
similarity between spacings on thxeaxis and spacings on the to a common level through interaction with a photon). As
y axis for the vibronic process. However, the value &g — mentioned before, the vibrational process reveals peakssin (
G"4 is generally different fronG'q¢ — G, except in the rare  w3) space from two vibrational levels (a and b) that are each
situation whemwe = w¢"'. Therefore, the same type of pattern coupled by a single photon (eitheg or w,4) to a common level
should not normally be observed for the vibrational process. in the excited electronic state (level d). Therefore, the vibrational

Further insight into the location of both singly and doubly process reveals “coupled” emission peaks. On the other hand,
resonant contributions can be made by plotting resonance linesthe vibronic process reveals peaks from two vibronic levels (c
in 2D space (see Figure 2). Singly resonant processes producend d) that are each coupled by a single photon (eitheor
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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).

576.47 1

Results and Discussion

el / e
wif / : . - Figures 3 and 4 show C2DRRS spectraofB3z, — X1Z,
& ! £y transition) and € (g — ax). lodine’s relatively small
A "d . "': Sk vibrational frequencyde = 126 cnt?, e’ = 214 cnml) results
% /,,./ / 4 7 / in closely spaced cross-peaks, several of which fit into t#8(
P, : nm wide) single exposure spectral window of the detection
860:0 SR w0 system. On the other hand, the large vibrational frequencies for
A4 (nm) Co (we' = 1641 cm', we = 1788 cn'?) produce wide spacings
Figure 3. Experimental C2DRRS spectrum of The corners of the  between cross-peaks. The @sults in Figure 4 therefore show
(red) solid line boxes mark vibronic processes that start fone 0, selected portions of several C2DRRS spectra, along with a
while those of the (green) broken line boxes indicate vibronic processessimulation to indicate their respective locations. Another dif-
that start frome”" = 1. ference between the,Gpectra and the bpectra is the direction
and shape of the parabolas. The difference is due to the rotational
w4) to a common level in the ground electronic state (level a). constants: B<B" for I, but B>B" for C,. The magnitude of
Therefore, the vibronic process reveals “coupled” absorption thjs difference in G is smaller than that in,) causing the €
peaks. parabola to be wider than that of!{

The results indicate that the $pectrum is dominated by the
vibronic process. The parabola vertices align both vertically and

The C2DRRS setup for £has been described previoudly. horizontally, forming a series of rectangles. This pattern was
C2DRRS spectra of;lwere recorded using the same laser found to repeat itself over a wide range of wavelengths
system but a different detection system (1.25 m Czeffyrner throughout both the Stokes and anti-Stokes regions. Horizontal
SPEX 1250m monochromator equipped with a 1200 g/mm and vertical lines can be drawn through the parabola vertices,
grating and a Spectrum One 2048512 CCD, pixel width of ~ leading to a good approximation for the frequencies of the
13.5um). The quartz sample cell (cylindrical, 1 in. diameter Vibronic fundamental and overtones (the spacings between
and 4 in. long) contained saturated iodine vapor at@3Both parabola correspond to the rotationless spacing between vibronic
BOXCARS phasematching (similar to that used in ref 1) and levels).
collinear phasematching were explored, and both methods The dimensions of the rectangles vary slightly due to two
yielded comparable spectra. For the collinear phasematchingfactors: anharmonicity and the conversion from energy (or
setup, the input beams (produced using a Spectraphysics MOPGrequency) space to wavelength space. However, these effects
730 and home-built broadband OPO) were combined using aare relatively small; forJ, the anharmonicity changes the width
dichroic mirror and focused into the sample using a 20 cm FL and height of neighboring rectangles by a value of about 2¢m
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Figure 4. Simulated (left) and experimental (right) C2DRRS spectra nfT@e simulated plot was generated using spectroscopic constants from
the NIST website, and assumed that all transition dipole moments were equal in madfiithdeelative 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 Under somewhat unusual circumstances, it might be difficult
changes the width and the height of neighboring rectangles byto determine whether the process is vibronic or vibrational. One
about 1%. The resulting combined effect for neighboring example is the case where the vibrational and vibronic constants
rectangles was found to be around 4%. Since these types ofare identical (e.gwe = we'). Another is the unusual case (e.g.,
distortions only affect consistency in the spacing between the temperature approaching infinity) where all vibrations in the
vertical and horizontal resonance lines (and not the slope of ground state are equally populated.

these lines), they do not cause the vibronic process to resemble Finally, this work also suggests a possible way to compare
the vibrational process. Fos, Ithe degree to whichAga is truly the Raman scattering activity of molecules in their ground and
vertical was measured by comparing the positions of individual excited states. For example, the fact that iodine is consistently
peaks within vertically adjacent parabolas. No deviation sig- dominated by the vibronic processes (experimentally verified
nificantly greater than the resolution of the detection system over a wide spectral range fromy = 515 to 567 nm) suggests
(~0.01 nm) could be detected. that promoting the iodine molecule to its excitedP4p state

In Figure 4, the locations of the parabola clusters are labeled raises its Raman scattering coefficients. In other words, this
by the location of the upper right-hand vertices. The intensity dominance of the vibronic process could be explainedfjel]
and quality of the twa\v" = 2 clusters (labeled 473, 558 and  [&lu|dLlis substantially greater thelalu.|eCl(&|«|bL] (Note that
438, 509) are weaker and poorer than that of the three otherthe transition dipole momentq, appears in both vibrational
clusters that arise fromhs" = 1. Nevertheless, the overall —and vibronic expressions, aneg and uac contain identical
pattern is sufficiently clear to show that the parabola clusters €lements or elements that are similar in magnitude.) The
align vertically but not horizontally; instead of resembling a Same arguments suggest that promoting thenGlecule from
rectangu|ar grid’ the pattern appears to resemble the para|_the éﬂu state to the @hg state decreases its Raman Scattering
lelogram pattern characteristic of the vibrational process. properties.

Both spectra show evidence of temperature-dependent popu- .
lation effects. In the vibronic process, the spacings between Conclusion
parabolas are influenced by only the vibronic levels, not the  The interpretation of conventional spectra can be complicated
ground state vibrational levels. A thermally excited state process by the existence of multiple processes that involve different
originating from thes” = 1 level will produce a second selection rules, a variety of types of levels (electronic, vibra-
rectangular grid identical to the” = 0 grid (if plotted in tional, and rotational), and a large range of possible quantum
frequency space), but shifted to lower frequencies in botlxthe numbers. Conventional spectroscopy is restricted to one dimen-
andy direction by a constant equal to the frequency of the sion, which limits the amount of information and the ability to
ground-state fundamental.df’ ~ w¢" and the anharmonicities  use pattern recognition. Not only is it challenging to match peaks
are relatively small, then the location of all > 1 parabolas  to their respective process, but it is also not obvious what type
will be very close to the location af' = 0 parabolas, shifted  of processes produce the resulting spectra. By using an
to lower frequency in both the and y direction by the additional dimension, C2DRRS can provide a means for sorting
corresponding quanta of vibrational energy. This proximity peaks according to rotational and vibrational quantum number,
occurs because the size of the shift depends on the frequencyibrational sequence, and rotational selection rule. This paper
of the ground-state vibrational frequencies, while the size of extends this capability by demonstrating how pattern recogni-
the spacing between parabolas depends on the vibronic levelstion in two-dimensional spectroscopy can be used to im-
For Iz, the considerable difference between the vibrational and mediately distinguish resonantly enhanced processes that probe
vibronic constants results in a noticeable shift between the the ground electronic state from those that probe the excited
location of thev” = 0 boxes and the'" = 1 boxes shown in electronic state.
Figure 3.
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