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ABSTRACT

We have measured UV resonance Raman near and at the resonance phonon-allowed absorption lines of several liquid
species. Resonance absorption with excitation on the symmetry-forbidden but strongly phonon coupled bands in the 230-
290 nm spectral band present enhancement corresponding to the vapor phase absorptions rather than those of the liquid
phase. This effect is related to the coherence forced by the internal molecular resonance required to absorb light at this
energy. Large resonance gains (~3500x) reflect the narrower vapor phase lines. At the low laser fluence used, bubble
formation is observed when the excitation energy corresponds to the maximum in Raman signal generation, not at the
wavelength of maximum absorption in the liquid sample, which is several nanometers away.
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1. INTRODUCTION

Resonance Raman typically has a pre-resonance region that spans a large excitation wavelength range [1,2,3,4,5,6,7],
and the maximum resonance gain is found at the maximum absorption for the phase (liquid/gas) measured. We show that
when resonance Raman is excited near a phonon-allowed absorption in liquid benzene, the situation is quite different. In
particular, there is almost no pre-resonance region. Instead, a change in Raman signal level (resonance gain) by more
than a factor of 3500 results from a change in excitation wavelength by 0.01 nm — in a liquid! These narrow and large
magnitude resonances follow the isolated molecule (vapor phase) absorption, even though the sample is in the liquid
phase. Observation of this phenomenon has been made in liquid benzene and liquid toluene [8,9,10,11,12,13]. Here, the
phenomenon is investigated with a much narrower line width laser (high resolution along the excitation or resonance
axis) than the previous studies, but with lower wavenumber resolution along the Raman axis (wider slit setting on the
spectrometer to increase signal levels). Since this study focuses on the change in integrated Raman intensity with
excitation wavelength shift, the loss of resolution along the Raman shift axis is irrelevant. The extremely narrow
response requires careful measurement of the laser wavelength achieved by tuning. We insure this by referencing each
scattered laser line and spectra to remnant 266 nm laser output. Very low power excitation is used to eliminate the
possibility of sample damage. The small signal required larger slits on the Raman spectrometer to be used, reducing the
resolution along the Raman shift axis. The vapor phase (isolated molecule) dependence of the integrated Raman signal is
attributed to a limit on the interaction time imposed by the requirement of the presence of a phonon for absorption when
symmetry alone does not permit it. The absorption can only happen when the nuclei are displaced from equilibrium by
the phonon. This happens for a fraction of a vibration period, a time ~10"% seconds. Therefore, the process is fast, in
contrast to usual expectations for resonance Raman, which has a real intermediate state. Off-resonance Raman is well
known to be a very rapid process [14,15]. Since the molecule does not have time to exchange energy with its neighbors
during the absorption process, the interaction appears to be that with an isolated molecule, so the resonance Raman
follows the isolated molecule absorption features. The neighbor interaction time can be estimated from a comparison of
the line widths (which relate in part to lifetimes or energy exchange rates) of the liquid to the isolated benzene molecule
[14]. If an absorption measurement were simultaneously acquired, it would, of course, follow the liquid phase
absorption, since the absorption process is not fast, so interactions with the neighbors and the long interaction time
guarantees the validity of the dielectric function, which is defined in the frequency domain, a conjugate variable to time.
It is somewhat surprising that a molecule in such a dense, condensed state does not realize it has neighbors, but it simply
does not have the time to respond.

At resonance, a reddish glow is emitted from the laser spot in the liquid benzene. We measure this and attribute it to
bubble formation driven by the laser power input. The bubble will form only long after the Raman interaction is
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complete, and emits light when the bubble bursts. Since the reddish glow appears only near resonance maxima, we
suggest that the Raman process creates so many phonons (one per Raman event), and that these phonons are efficient at
driving the benzene towards bubble formation, more efficiently than electronic absorption. Benzene and hydrogen
emission in the UV and red part of the spectrum are observed when excitation is set to the wavelength of largest Raman
resonance, as expected for excited state benzene emission (as also in plasma or flame emission studies).

2. METHODS

The tunable excitation in the deep UV spectral range is accomplished using an optical parametric oscillator (OPO)
driven by a frequency-tripled Nd-YAG laser and the output of the OPO doubled to reach the UV region. The OPO uses a
type 11 configuration with a BBO crystal, which produces a narrow laser line width (~1-2 cm™). This contrasts the ~40
cm’' laser line width used in the previous studies [8,10,12]. The liquid benzene is held in a Teflon container with a silica
window, and is illuminated from the bottom through the window by the excitation laser. The Raman signal is collected at
90 degrees from incidence, and the silica window is oriented so that surface reflections do not approach the spectrometer
input. A short, a two stage subtractive spectrometer can be used to filter the visible wavelengths, but we leave it set to
pass all wavelengths. A 1-meter spectrometer is used at 2nd order in the UV, so that the ~500 nm blazing is still
optimized for the ~260 nm light used for the phonon-allowed benzene absorption. An Andor ‘Newton’ EM-CCD
collects the Raman signal and scattered laser light.

The narrow spectral features make wavelength calibration crucial in this experiment. We use scattered laser light for
this purpose. A small amount of laser light at the excitation wavelength and a small amount of remnant 266 nm (pump
laser 4th harmonic are produced, since the doubling crystal following the OPO is tuned to wavelengths close to the 532
to 266 conversion) laser light is scattered and collected by the EM-CCD camera when it is tuned to the proper
wavelength. The quantities that we accurately need (assuming the spectrometer is calibrated) are the number of
nanometers per pixel for light incident on the CCD and the pixel value that corresponds to the set wavelength of the
spectrometer. The difference wavenumbers for any pixel value can then be calculated from the excitation wavelength
(measured with respect to the 266 nm light and using the nanometers per pixel), the spectrometer setting, and the
nm/pixel and set pixel values. Figure 1 shows the calibration curve, which is the pixel position of the 266 nm light
(center of peak) as the spectrometer is tuned to different wavelength set points. Two nm/pixel and set pixel parameters
are extracted from the fit line to these data. The calibration curve is excellent, but the scatter visible on the plot means
that the set-ability of the wavelength is not good enough for the 0.01 nm accuracy needed for this experiment. Therefore,
for each spectrum, we collected scattered laser lines as well as Raman data, and used the spacing between the 266 nm
reference signal and the tuned laser signal, along with the nm/pixel calibration, to determine the excitation wavelength
rather than using the direct laser setting. This provides more accuracy on the particular wavelength set for each
measurement. Typical laser power is ~7 micro-Watt average, in a spot size of ~ 5 mm® This ~3.5x107 W/cm® is low
enough that we do not need to be concerned about sample damage by orders of magnitude [16,17]. The liquid holder was
rotated between spectra so that fresh benzene (beyond
simply replenished by self-diffusion) was used for each
4 setlam measurement anyway. Raman signals were integrated for
1000 seconds, and most laser line spectra for 400 seconds
(although a few weaker cases required 1000 seconds).
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Normally one would be concerned that the scattered
laser light would swamp the detector and use layers of
neutral density filters to reduce the laser signal. Figure 2
shows that this is not the case for a clean system such as
this liquid one, and with the high resonance gain on the
Raman signal. Raw camera outputs show that the Raman
signal is actually orders of magnitude larger than the
scattered laser light signal. One reason for the reduced
laser scatter is that the window is oriented so that surface
reflections are not directed into the spectrometer.
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Figure 1. The calibration curve for the camera in nm/pixel and
pixel value of the set point is determined by observing the position
of the 266 nm ‘reference’ beam on the detector for different
spectrometer settings.
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Figure 2. Raw camera outputs with xy axes are in pixels, 200 vertical and 1600 horizontal, for (a) the Raman signal at the maximum
resonance with range of 275 counts (1000 s integration); the left end of the detector corresponds to 260.69 nm, and the right side to
281.32 nm. (b) The scattered laser signal with range of 27.5 counts (400 s integration) The laser signal extends form the top to the
bottom of the camera output just under half-way across, and the 266 nm is about 0.8 the way to the right, both just above noise level
and much weaker than the Raman signal. (c) The vertical averages of the laser scatter shown in (b) are plotted to aid observation of
the lines in the image. For (b) and (c), the left side corresponds to 249.69 nm and the right side to 270.32 (20.63 nm across detection
CCD).

3. RAMAN SCATTERING

We observed Raman peaks at several benzene vibration modes, similar to those observed in our previous resonant
Raman studies of benzene described in the literature and referenced above, including overtones and combinations. The
weak excitation and limited Raman spectral range, combined with the use of wide slits resulting in poor spectral
resolution along the Raman energy axis, means that we do not observe all the vibrations. Our aim in this study is to
investigate the amplitudes of the Raman signal with high resolution in the excitation energy. Observed Raman lines [18],
in Herzberg notation, are 2vg near 1400 cm’l, vo+vig near 1700 cm'l, 2v, near 1850 cm'l, v, +vy7 near 2000 cm’l, Vot+2vig
near 2100 cm’l, v, +2vg near 2200 cm'l, and 2v,+v 5 near 2500 cm’. These peaks are similar to what has been observed
before on resonance [8,9], which largely consist of replicas of the same line format with multiples of v, phonons created.
The 2v;5 (added to n*the v, energy) is the strongest, and has been identified as such here. The key v, phonon is the ring
breathing mode, which creates replicas in the
absorption spectrum also, and is expected to be
——259.55 strongly enhanced since the ~260 nm absorption
breaks a ring ‘back-bond,” which should primarily
impact the breathing mode. It is interesting to note that
259.61 v,+2vg appears only on resonance, and at different
energies for each independent observation. It strongly
depends upon the excited state
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Figure 3 shows three resonant Raman spectra on a

Nﬁ' q logarithmic scale, since the strongest resonance, at
\ |J ‘ “” 258.62 nm excitation, is more than an order of
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magnitude larger than the other two major resonances.
The spectral shapes are quite similar in the three cases,
0 although there are different Raman energies for each

1250.0 1750.0 2250.0 2750.0 3250.0 case. These likely reflect slightly different excited

Raman Shift (cm-1) state vibrational manifolds obtained at the different

absorption features. In Fig. 4, we keep one of the

Figure 3. Raman spectra at several excitation wavelengths are shown.  resonance spectra, the smallest of the three, while
These spectra at 2_58.62, 259.55 and 259.61 are at the Fhree main displaying spectra between the main resonances. We
resonances found in this work. The 258.62 resonance is much call these non-resonant spectra. The scale is set to cut
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about 12 units, so that the features of the other spectra are more visible. They are reduced by more than another order of
magnitude from the smaller resonance spectra. Again, the spectra show roughly the same vibration mode enhancement,
although it is harder to discern at this scaling and signal to noise.
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Figure 4. Raman spectra at several excitation wavelengths are
shown. The spectra at 259.14 and 258.83 excitation wavelength
are between the large resonances, while the spectra at 259.61 is
the smallest of the three main resonances found in this work, and

can be used to compare to Fig. 3.
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The peak shifts between the off-resonance peaks and
those on resonance are intriguing, so we plot the positions
of the peaks in Fig. 5 for all observed peaks. The vibration
energies show remarkably little variation away from the
three resonances, with the exception of v,+vy;, which
slopes towards the peak it is a shoulder on. This effect may
be due to the difficulty in identifying the peak value next to
the larger peak. At the resonances, different behaviors are
seen. Most observed vibration energies increase, which is
opposite to both the heuristic expectation with a broken, or
weakened bond, and theoretical prediction [19, but see 15
to convert Wilson to Herzberg numbering]. The Ilatter
predicts that all vibrations except the by, vibration vy will
decrease in energy, while that will strongly strengthen. At
the strongest resonance, with 258.62 nm excitation, the
vy+vig weakens, while everything else strengthens. At the
second resonance, at 259.55 nm excitation, the 2v,+vg
mode is not observed, and the v,+2vg is the only Raman
energy that appears to be modified. At the 259.61 resonance
peak, the only significant observation is the appearance of
the 2v,+v g peak at different energies for slightly different
excitation wavelengths on the resonance peak.
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Figure 5. Raman peak energies as a function of excitation laser wavelength. Note that line at ~2000 em’, vytvys, appears as a
shoulder on the stronger line at higher wavenumber shift, v,+2vyg, so does not always appear in the chart.
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The primary result of this study is the high resolution Raman signal strength measurements as the excitation
wavelength is varied through the phonon-allowed absorption of benzene near 260 nm. Figure 6 shows the integral over
the observed Raman peaks as a function of excitation energy.

The most obvious observation is that the peak is

160000 very narrow. In fact, the Raman integral changes by

a factor of 3500 as the excitation wavelength

140000 changes by 0.01 nm! This behavior is not typical
for a condensed system, a liquid in this case. Our

’;:120000 explanation relies on the use of a phonon-allowed
i_'; 100000 (symmetry forbidden) absorption. No pre-resonance
c related to this absorption has been observed in
i_%’ 80000 previous studies of benzene pre-resonance Raman.
c They do, however, observe a pre-resonance to the
g 60000 shorter wavelength (higher energy), allowed
& 40000 absorption. We do not observe pre-resonance either,
just a sharp resonance. Absorption at a phonon-

20000 allowed absorption requires that a phonon be

0 . present to break the symmetry of the molecule such

that absorption is allowed. Thus, the molecule can
only absorb while the nuclei involved are out of
place. This happens for a fraction of a vibrational
Figure 6. Integrals over the observed Raman spectra as a function of the ~ Period, ~10" seconds. This time scale in too short
excitation wavelength. for inter-molecular energy transfer, so the process is

coherent, and the energy structure reflects that of an

isolated molecule rather than a condensed system.
The timing is controlled by the molecule (its vibration) and not by experimental conditions such as the laser pulse length
(here ~7 nanoseconds).
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When a logarithmic vertical scale is used, then
1000000 we can observe other interesting features in Fig. 7.
First, we have managed to obtain more than one
point on each resonance. Interestingly, the
100000 resonances appear to be very abrupt (<0.01 nm) on
the lower energy (higher wavelength) side, but
10000 more gradual on the other side, up to several
hundredths of a nanometer in excitation
wavelength. Next, we observe three resonances,
1000 with clear minima between. The lower level is
presumably off resonant, but some structure is
l observed.

To understand the structure of the Raman
resonance, we compare to the isolated (vapor)

19550 2585 2500 2505 2600 2605 2610 molecule absorption in Fig. 8. The absorption
Excitation Wavelength (nm) spectrum has been shifted by 1.1 nm so that the

peaks line up. Note that the liquid absorption (not

Figure 7. Integrals over the observed Raman spectra as a function of the shown) [20,21] shows no sharp structure in this
excitation wavelength with a log scale on the vertical axis so that all parts ~ spectral region, with a broad maximum near the
of the spectrum show structure. Also shown is the laser intensity measured right edge of the plotted region. The wvapor
on the same camera, which is used to normalize the data. absorption data was acquired with about 2 cm’™
resolution. Our laser line width is narrower, so we

observe a splitting compared to the absorption data in the resonances in the 256.6 nm excitation region. We also see that
the rise in the background level of the integral under the Raman lines corresponds to a small peak in the absorption
spectrum also. This rise is much broader than the three narrow resonances, and indicates that, although still isolated
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molecule-like, the reason for the enhancement of the broader rise is likely to be physically different from that at the
narrow resonances.
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Figure 8. The integrals over the observed Raman spectra of a liquid sample as a function of the excitation wavelength are compared
to the vapor phase (isolated molecule) absorption spectrum from Etzkorn [22].

We compare the prior results with a relatively broad excitation laser (bandwidth ~40 cm™ = 0.27 nm) [8, 12] to these
results with a narrow-band excitation laser (bandwidth ~1 cm™ = 0.007 nm) in Fig. 9. In both cases, the spectra are
observed to be close to zero, rising to a large value, then returning to near zero (comparatively). The data in part (a),
however, is over a 2 nm excitation band while the data in (b) is over an 0.08 nm excitation band (shifted by one ring
breathing mode energy in wavenumbers from that in (a)). In fact, the data in part (a) is limited by the laser line width. In
contrast, we can see by the presence of some enhanced Raman intensity at 0.04 nm below the maximum in Fig. 9(b) and
Figs. 7-8 that we are observing the actual molecular properties with the narrow line excitation laser. For higher
excitation energy than the maximum Raman gain, the molecular response is still at least as sharp as the laser bandwidth.
The asymmetric line shape is typical for threshold phenomena, which increase very rapidly once the threshold energy is
reached, but the excitation is still strong above threshold. Although the plots are in terms of excitation wavelength, the
conversion to energy shows that longer wavelength corresponds to lower energy.
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Figure 9. (a) Several Raman spectra after correction for laser power with a relatively broad laser bandwidth and 2 nm excitation
range. (b) Several Raman spectra after correction for laser power with a narrow laser bandwidth and 0.08 nm band.

4. BUBBLE FORMATION

Evidence for bubble formation is a red glow from the region where the laser spot encounters the benzene. When a bubble
collapses, the energy gets concentrated enough that plasma forms. The benzene molecules will break up in this
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environment, and the red emission is due to the hydrogen molecular emission created by this large energy concentration
when the bubble bursts. It is similar to a component of the flame emission spectra of benzene, and is expected to be
around 380-385 nm and near 655 nm [23]. The red emission is shown in Fig. 10, the UV emission was measured but not
shown. Our prior work also found a red emission, accompanied by an audible clicking, when the excitation wavelength
was set exactly at the isolated molecule absorption peak [8]. We do not observe any audible signal since the total beam
energy is much less here than in the previous study, but we do observe red emission when the excitation wavelength
gives the resonance in the Raman signal. The prior work did not measure the emitted spectrum. The absorption away
from the strongest Raman signal resonance is not accompanied by eventual bubble formation. The vapor-like resonance
cannot have anything to do with the bubble eventually formed, as the laser pulse length is much shorter than the time it
takes to form a bubble — the molecules simply cannot move fast enough to form a bubble while the laser is still within a
~7 ns long pulse. Bubble lifetimes are much shorter than the 100 ms between pulses, so bubbles created in the past will
no longer be present. Thus, the bubble formation should be considered a separate process that is interesting since it
occurs for a weak excitation beam at a wavelength away from the maximum in the liquid absorption, but at the
wavelength of the maximum Raman resonance. The Raman process is associated with phonon creation; however, the
resonance Raman results in the creation of an enormous number of phonons. This suggests that the Raman process, by
directly creating phonons, couples energy more efficiently into modes that can create a bubble. The energy density of the
excitation beam is also extremely small, further indicating the efficiency of the Raman-bubble energy conversion.
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Figure 10. The emission in the red from the bursting bubble is measured with the same spectrometer as is used for the Raman data.

5. SUMMARY

The Raman signal magnitude is found to vary as the isolated benzene molecule absorption in liquid benzene as the
excitation laser is tuned over the phonon-allowed, ~260 nm, B,, absorption of benzene. This results in very narrow
spectral features — we observed a change of 3500x in the Raman signal intensity as the excitation wavelength is changed
by 0.01 nm, which is very surprising for a liquid. The explanation lies in the time domain, driven by the requirement for
a phonon to be present, which forces a short duration to the absorption and Raman processes. Long after the Raman
process completes, a bubble forms if the excitation wavelength is set to that which gives the largest resonance Raman
signal level. Since this is not the wavelength at which the absorption length is shortest, this suggests that the phonons
generated during the Raman process are more effective at creating a bubble than simple absorption in the liquid.
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