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ABSTRACT: Resonance Raman spectroscopy provides much stronger Raman signal levels than its off-resonant

counterpart, and adds selectivity by excitation tuning. Raman pre-resonance of benzene has been well studied. Onresonance studies, especially at phonon-allowed absorptions, have received less attention. In this case, we observe
1
resonance of many of the vibration modes associated motion of the carbons in the ring while tuning over the B2u
absorption, including the related ν9 (CC stretch Herzberg notation, ν14 Wilson notation) and ν10 (CH-parallel bend
Herzberg notation, ν15 Wilson notation) vibrational modes along with the ν2 (CC-stretch or ring-breathing Herzberg notation, ν1 Wilson notation) mode and multiples of the ν18 (CCC-parallel bend Herzberg notation, ν6 Wilson
notation) vibrational mode. The ring-breathing mode is found to mix with the b2u modes creating higher frequency
1
composites. Through the use of an Optical Parametric Oscillator (OPO) to tune through the B2u absorption band
of liquid benzene, a stiffening (increase in energy) of the vibrational modes is observed as the excitation wavelength
1
nears the B2u absorption peak of the isolated molecule (vapor) phase. The strongest resonance amplitude observed
is in the 2×ν18 (e2g) mode, with nearly twice the intensity of the ring-breathing mode, ν2. Several overtones and combination modes, especially with ν2 (a1g), are also observed to resonate. Raman resonances on phonon-allowed excitations are narrow and permit the measurement of vibrations not Raman active in the ground state.

Introduction:
Resonance enhancements of the benzene Raman signals are presented in this paper, and they show significant enhancements when tuning over the vapor (isolated molecule) absorption peaks. Many previous studies have investigated resonance Raman in benzene but lacked the fine-tuning of the excitation wavelength that is used in this study1-4. Ziegler and
Hudson1 made measurements of the near resonance enhancement of liquid benzene diluted to 1% in acetonitrile by using
a 212.8 nm excitation in order to probe the singlet (1B1u) transition. The spectra measured here are believed to be the first
resonance enhanced Raman spectra measured, where fine resolution tuning (0.25 nm steps) of the excitation wavelength
reveals significant changes in the Raman modes of benzene5. These results show that the only fundamental enhanced
mode is the ν2 992 cm-1 - note that Herzberg notation is used throughout the balance of this paper6. Furthermore, the
overtone and combinational modes that result stem from the e2g state. Asher and Johnson2 performed measurements of
the resonance enhancement of benzene by using approximately 2 nm steps in the range 220-251 nm through the absorption bands of liquid benzene, and measuring the 992 cm-1 peak, relative to the acetonitrile peak at 918 cm-1. Gerrity et. al.3
probed benzene vapor in the deep ultraviolet confirming the ν2 (992 cm-1) enhancement as well as the e2g combinational
and overtones. Sension et. al.4 recorded resonance enhanced Raman spectra of benzene in the 1B1u region, and again the
spectra also show the enhancement of the e2g modes of vibration together with the enhanced fundamental ν2. Here we
present a detailed description of the Raman spectra for excitation wavelengths scanning through 1B2u absorption band
with a focus on the absorption peak near 259 nm. As reported earlier5, the peak in the resonance response is observed to
coincide with the vapor phase absorption peaks7,8. The results of our Raman spectra show not only enhancement of the
fundamental ν2 (993 cm-1) vibration and at multiples of the ν18 (608 cm-1) vibration, but also enhancements of the dipole
forbidden Kekule ν9 (1309 cm-1) and ν10 (1150 cm-1) b2u vibrational modes. As the excitation wavelength is scanned closer to
the absorption peak, a major increase in stiffening of ν9 is observed; it is interesting that this feature is found in the calculations and modeling performed by Haas and Zilberg9.
Experimental:
An Optical Parametric Oscillator (U-Oplaz) pumped by the third harmonic of a Nd:YAG laser (Spectra Physics) is used to
produce a continuously tunable output from approximately 420 nm to 710 nm. Frequency doubling the OPO output with
a β-BBO crystal generates the excitation source, with an ultraviolet tuning range from ~210 nm to 355 nm. The excitation
laser maintained an average output power of 1-2 mW while scanning through a wide range of ultraviolet wavelengths, and

operated with a 7 ns pulse width and 10 Hz pulse repetition. The OPO cavity uses a type-1 BBO crystal to generate a tunable signal with a bandwidth of approximately 40 cm-1 at 260 nm. In order to avoid saturation effects, the laser flux densities are kept below 1 mJ/cm2 10. The laser beam diameter of 0.8 cm typically provided an average energy density of ~0.4
mJ/cm2 for the measurements described here. The Teflon sample cell at 45° to the incident beam uses fused silica windows mounted for a 90° scattering geometry. The scattered light was collected with a lens system and focused into a Jobin
Yvon Spex Triplemate 1877 spectrometer with a 2400 gr/mm grating blazed at 250 nm. The Raman scattered lines are imaged onto an Andor back illuminated UV enhanced EM-CCD (Electron Multiplying-CCD) detector. Integration times of
one to two minutes were typically used to achieve well defined Raman signatures with typical signal-to-noise ratios of 5 to
15. The CCD camera configuration permitted a detection field-of-view corresponding to ~5.7 nm. The type-1 OPO generator of the tunable laser beam resulted in a relatively large line-width; the resolution of the system is approximately 0.25
nm (40 cm-1) at 260 nm. Additional details of the experimental setup have been discussed previously5.
Results and Discussion:
The fundamental ν2 (993 cm-1), ν9 (1309 cm-1), ν10 (1150 cm-1), and second multiple of ν18 (608 cm-1) vibrational modes11,12 are
resonantly enhanced and energy shifted to ν2 (1014 cm-1), ν9 (1407 cm-1), ν10 (1210 cm-1), and 2×ν18 (1238 cm-1) as the wavelength of excitation is tuned through vapor-phase absorption peak near 259 nm. Three of these are strong and observed as
separate peaks, while the ν10 appears as a shoulder to the left of the larger 2×ν18 peak. There is some evidence for additional peaks near 1550 and 1700 cm-1, perhaps including ν2+ν18, but the signal to noise is poor enough that we do not pursue
them further. The assignments are discussed below. Each spectrum has been processed to remove background, normalized to remove the generic Raman scattering cross section, ν4 dependence, and corrected for changes in laser power as a
function of tuning wavelength. The resonance enhanced Raman spectra at four excitation wavelengths near the vaporphase absorption maxima at 259 nm are shown in Figure 1.
At resonance, the ring-breathing mode, ν2, is found to mix with itself (first-harmonic), 2×ν18 mode, and the b2u
modes repeating the triplet (with shoulder on central peak) and is shown in Figure 1 starting at ~2000 cm-1. The strong
activity of the ν2 mode is due to its relation to the absorption, which results in a weakening of the ring bonding. This vibrational mode also forms the basis for the strong absorption near 259 nm in this phonon-allowed absorption manifold.
The resonant excitation is strongly absorbed into the ring-breathing mode, creating distortions in the carbon bonding. In
fact, all the resonantly enhanced vibration modes include motions that involve the carbon atoms of the ring. Whether all
vibrations that involve such motions are resonant is harder to determine, since ν6 (CCC-parallel bend at 1010 cm-1) would
be hidden by the strong ring stretching response, and 2×ν8 (CCC-perpendicular bend at 703 cm-1), also Raman forbidden,
could be mixed into the ν9 peak. The presence of the normally Raman forbidden Kekule modes is somewhat surprising,
and may result from the absorption-induced distortion of the Kekule ring present in the b2u symmetry. In such a case, the
Raman intensity related to these modes would be expected to decrease dramatically as the excitation is tuned away from
the resonance energy. However, the intensity of these lines in Figure 1 is observed to decrease at about the same rate as
the other, normally Raman-allowed, resonantly enhanced lines. Another possible explanation of these results can be
found in the π-avoided crossing model, which can account for the origins of the low skeletal b2u frequencies ν9 and ν10 in
the ground state and its Duschinsky mode mixing with the b2u rocking vibration ν18 resulting in the state selective frequency exhaltation of ν9.13

Figure 1. Resonance enhanced Raman scatter from liquid benzene. The ring-breathing mode (ν2) as well as ν9 and ν10 are found
to be resonantly enhanced as the excitation wavelength is tuned through the highly structured vapor-phase absorption peak.

A comparison of the two ‘triplets’ shown in Figure 1, the second shifted by the energy of ν2, indicates a slight shift
in the excitation wavelength that produces the maximum resonance gain, by ~0.1 nm, as the ν2 mode is combined with
the fundamental ‘triplet.’ This reduction in the resonance energy could relate to anharmonicity. It is odd that the stiffening of the modes remains unchanged, with the largest vibration energy shift occurring at the same excitation wavelength
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as both the maximum resonance gain and peak shift of the fundamental ‘triplet.’ The maximum enhancement returns to
the excitation wavelength of the fundamental ‘triplet’ when the ‘triplet’ is shifted by the energy of 2×ν2 (not shown).
A comparison of the resonant (258.88 nm) and non-resonant (430 nm) Raman spectra recorded is shown in Figure 2, with the modal ‘triplet’ seen again after mixing with the multiples of the ring breathing (ν2, 2ν2) vibrational mode. It
is also evident that the ν1 (CH-stretch) mode is not resonantly enhanced. This is likely due to the fact that bonding of the
hydrogen atoms to the ring is not strongly impacted by changes to the ring backbone, i.e., this vibration does not alter the
ring. The spectra have not been corrected for self-absorption effects. The correction for the absorption due to the liquid
benzene with 258.88 nm excitation accounts for the approximately 1000× fewer molecules than contribute relative to the
visible Raman spectrum. Therefore, the scattering cross section in cm2/molecule at resonance must be approximately
1000× larger.
The shifting of the peaks, as the vibrations move
from the energies in the ground state to those in the excited
state on resonance, complicates the assignment of peaks to
vibration modes. The relatively broad energy width of the
tunable excitation laser used can cause two nearby peaks to
merge into one, as noted above. The most accurate method
to resolve this problem is to plot the energy shift from
known vibration energies as a function of the excitation
wavelength as it moves away from the resonance energy. If
the shift from the reference value approaches zero far from
resonance, then the assignment is likely correct. The width
of the peak does not matter unless more than one vibration
mode contributes to it, in which case the line may approach Figure 2. Benzene resonant (258.88 nm) and non-resonant
a weighted average of their energies. The plot in Figure 1 also (430 nm) Raman spectra. The spectra have not been correctprovides a clear presentation of the stiffening of the vibra- ed for self-absorption effects.
tion modes as resonance is approached, and this feature is
more clearly shown in Figure 3. With the chosen assignments, all peak shifts do approach zero away from resonance,
which is strong evidence for their correctness.
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a numerical example, the ν9 and 2×ν18 vibrational modes in
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the ground state are found at ~1309 cm-1 and 1216 cm-1, respecFigure 3. The peak positions of the Raman peaks in Figure
tively; here in the resonantly enhanced excited state they are
1 are plotted relative to their nominal, off resonance, posifound at 1407 cm-1 and 1238 cm-1. Indications of the peak shifts
tions to show the stiffening of the vibrations as the 258.88
are observed in Figure 1, and the dependence is plotted in
nm resonance is approached.
Figure 3. The shift in ν9 is about five times larger than the
shift in 2×ν18. The large stiffening of ν9 and the mode selectivity as the excitation wavelength is moved closer to the peak
of the isolated molecule absorption was predicted by Haas and Zilberg9. This shift is found to be ~100 cm-1 (ν9 to 1407 cm1),
and it is considerably smaller than the ν9 vibration shift to ~1566 cm-1 seen in 2-photon spectroscopy15 -19 and MOcalculations20. This could be due to imperfect match of the laser wavelength, or the large bandwidth of the laser source
with respect to the isolated molecule absorption peak in benzene. Additionally, these data show the strong vibronic coupling of the b2u modes between 1A1g ground state and the 1B2u excited state, further supporting Friedrich and McClain that
the vibrational b2u modes receive the majority of their vibrational excitation from the 1B2u excited state19.
Conclusions:
The ν2, ν10, 2×ν18, and ν9 vibrational modes in liquid benzene are observed to be resonantly enhanced in a small region of
excitation wavelength near the vapor-phase (isolated molecule) absorption at approximately 259 nm. The b2u (ν9, and ν10)
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vibrational modes are observed in the resonance Raman spectra, of which ν9 exhibits an unusual increase in energy (stiffening) as the laser excitation wavelength is scanned closer to the peak of the isolated molecule (vapor phase) absorption,
as demonstrated by the excited state S1 (B2u) vibrational energy shifts. The vibrational modes energies move closer to
those seen in two-photon excitation spectroscopy, and may shift even closer with a better match (smaller bandwidth laser) between the laser excitation source and the isolated molecule absorption. This large shift is consistent with that predicted in Shaik et al. in the twin state avoided crossing model and their ab initio “Lego model” valence bond calculations
and full π Configuration Interaction MO calculations21.
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