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Abstract: The resonance enhanced Raman spectra in the IB,, mode of the
forbidden benzene electronic transition band, ~230-270 nm, has been
investigated. Resonance enhanced Raman scattering in both liquid benzene
and liquid toluene exhibit the greatest enhancement when the wavelength of
excitation is tuned to the vapor-phase absorption peaks; even though the
sample volume is in a liquid state. Raman signals for the symmetric
breathing mode of the carbon ring are found to be resonantly enhanced by
several orders of magnitude (>500X) with deep UV excitation compared to
non-resonant visible excitation. Since the benzene absorbs near this
resonant wavelength, its effect on the sampled volume cannot be neglected
in determining the resonance gain, as we discuss in detail. Large resonant
gains correspond with excitation at the 247, 253, and 259 nm absorption
peaks in the benzene vapor spectrum. The narrow region of resonance gain
is investigated in detail around the absorption peak located at 259 nm using
0.25 nm steps in the excitation wavelength. We observe the resonance gain
tracking the vapor phase absorption peaks and valleys within this narrow
range. Results are interpreted in terms of the coherence forced by the use of
a forbidden transition for resonance excitation.
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1. Introduction

Many studies have documented resonance enhancements of Raman signals in benzene [1-6].
However, these studies were performed in the pre-resonance regime, which use excitation
energies close to but not matching the absorption maxima. Here, we report first results from
on-peak-resonance measurements (gains >500X), using fine tuning of the excitation
wavelength to examine the resonance Raman scatter in the context of the absorption features
present at and near the resonances. This study demonstrates an unexpected and interesting
phenomenon: that the maxima in the resonance Raman enhancements actually occur when the
excitation is positioned at wavelengths corresponding to the vapor-phase absorption maxima
in samples of liquid benzene and liquid toluene. Specifically, the resonance enhanced Raman
spectra in the 'B,, mode of the forbidden benzene electronic transition band, ~230-270 nm,
has been investigated. We propose an explanation for this phenomenon based upon coherence
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due to driving the resonance with photon energy matching a forbidden transition. We employ
methods to calculate the resonance enhancement similar to the approach used by others [7,8].

The observation that resonance Raman, when excited on a forbidden transition, has the
higher gain and narrower line width associated with a vapor phase absorption feature, while
remaining in the liquid phase, has important implications stemming from the resultant large
resonance gain values and therefore a sensitivity that is even higher than expected. This
permits analysis of trace components even in a liquid state system, with particularly high
impact on biological systems since many biological molecules are known to become rigid
when desiccated. It also provides a scheme for remote detection of trace species [9—12], and
enables nano-spectroscopic imaging [13,14] as a routine analysis.

2. Experimental approach

An Optical Parametric Oscillator (U-Oplaz) system produces a continuously tunable signal
beam output in the wavelength range from 420 to 710 nm when pumped by the third
harmonic of a Nd:YAG laser (Spectra Physics) [15—-17]. Frequency doubling the OPO output
with a B-BBO crystal generates the excitation source for this experiment, with an ultraviolet
tuning range from ~210 nm to 355 nm. The OPO cavity uses a type-1 BBO crystal to generate
a tunable signal with a wavelength dependent bandwidth of approximately 40 cm™" at 260 nm.
The OPO average power output is ~1 mW in the ultraviolet (depending on wavelength) with a
7-ns pulse length and a 10-Hz pulse repetition rate. In order to avoid saturation effects, the
peak laser power densities are kept below 1 mW/cm?, corresponding to the useful upper limit
described previously [18,19]; the laser is not focused on the sample. The laser beam diameter
of 0.8 cm typically provides a peak irradiance of ~0.4 mW/cm® for the measurements
described in this paper. The Teflon sample cell at 45° to the incident beam uses sapphire
windows mounted in a 90° scattering geometry, see Fig. 1. The laser light enters and scattered
light exits through a window at the bottom of the sample cell, precluding any volume of vapor
phase sample in the beam path. The scattered light is collected with a lens system and focused
onto the slits of a Jobin Yvon Spex Triplemate 1877 spectrometer with a 2400 gr/mm grating
blazed at 250 nm. Slit widths of 4.0 mm, 2.0 mm, and 250 pm are used for the input, filter,
and main slits of the spectrometer, respectively. The spectrometer output is imaged onto an
Andor Ixon (model: DU 897) back illuminated UV enhanced EM-CCD (Electron
Multiplying-CCD) detector. Integration times of one to two minutes are typically used to
achieve well defined Raman signatures with typical signal-to-noise ratios between 5 and 15.

Mounting Post
L

PTFE Sample Holder 90° Scattering Configuration
Coupling Optics

Raman Signal

UV incident Laser

|
Sample

SPEX Triplemate 1877
Entrance Slit

Fig. 1. Optical arrangement for the resonance Raman experiments.
3. Results

The benzene gas phase ('By, — A, ) absorption band between 230 nm and 270 nm, shown in
Fig. 2, contains several very narrow prominent absorption peaks with the larger peaks
occurring near 253 nm and 259 nm [20-22]. The absorption feature at 259 nm was chosen for
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detailed examination of resonance Raman scattering using narrow-width ultraviolet excitation
because it experiences less self-absorption of the Raman scatter signals within the benzene.
The periodic structure of the benzene vapor absorption exhibits maxima separated by a
constant step on the order of 923 cm™', which corresponds to the energy of a strong resonance
peak in the Raman spectra due to the v, symmetrical ring-stretch mode of the excited state.
When the Raman scattering excitation wavelength is 253 nm, the resonance Raman scattering
peak occurs near 259 nm, where it is strongly self-absorbed according to the liquid absorption
spectra. Excitation at 259 nm results in less self-absorption of the scattered v, (993 cm™) ring-
stretch mode at 265.8 nm, where the absorption in benzene is more than an order of
magnitude smaller.

Graphs in Fig. 3 show the resonance enhanced Raman spectra of benzene for several
excitation wavelengths near 259 nm. Each spectrum has been processed to remove
background, normalized to remove the inherent Raman v dependence, and corrected for
changes in laser power as a function of tuning wavelength. The particularly interesting result
is that the maximum of the resonance enhancement occurs at the vapor-phase absorption
peaks; even though the measurements are made in liquid benzene. The very large change in
the maximum intensity, as the excitation wavelength is shifted by 0.25 nm steps, indicates
that the resonance peak is likely even narrower, and the measured features are limited by the
width of the excitation laser rather than the molecular properties. Thus, the actual resonance
gain is expected to be larger if measured with a narrower-line laser and finer steps in
excitation wavelength. Perhaps the most convincing evidence of this point is that the
resonance Raman gain, as a function of increasing wavelength, begins low, rises, decreases,
then again increases at the longest wavelength measured in this region, as does the vapor
phase absorption, see Fig. 4. It is unlikely this could be explained by anything other than an
interaction within the individual molecules and occurring on a short time scale [23,24]. For
this to be the case, the Raman timescale must be short enough that the process involving an
individual molecule is completed before energy can be exchanged with its neighbors in the
liquid; therefore, the scattered signal responds as an isolated molecule (as in the vapor).

Figure 3 shows the relative intensity for the v, (993 cm™, ring breathing) vibrational
mode, along with a feature that could be identified as first overtone of the vig (2 x 608 cm™)
vibrational mode (Herzberg v;s is equivalent to Wilson vg [25]), but which is actually the
stiffened (strengthened) vio (1150 cm™) vibrational mode (Herzberg vio is equivalent to
Wilson vys5) [26]. Stiffening is observed as the excitation wavelength moves closer to the
vapor-phase absorption peak and the excited state is probed. A resonance Raman excitation
profile is constructed by integrating the area under each of the v, and vy vibrational modes
shown in Fig. 3. Those areas are plotted in Fig. 4 to illustrate the correlation between the
relative intensities of the mode enhancements and the vapor-phase absorption features. As is
evident in Fig. 4, the resonance of the Raman lines follows the vapor absorption rather than
the liquid absorption, even when the sample is in the liquid state.

We have observed the same phenomenon in other species; for example, Fig. 5 shows the
absorption corrected resonance Raman signal for liquid toluene, when scanning the excitation
wavelength through its vapor-phase absorption peaks. A strong correlation is observed
between the vapor phase absorption spectrum and the strength of the Raman scattered signal,
similar to the observations in our benzene measurements. Again, we suggest that the
forbidden nature of the absorption, where the Raman excitation is resonant, forces the
timescale of the process to be short compared to the interaction time with the molecule’s
neighbors, so a coherent, single molecule (i.e., vapor) response is observed.
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Fig. 2. Benzene liquid and vapor absorption spectra; (a) liquid spectra from API [20] and
PhotoChemCad [21] are compared with benzene vapor absorption measured by Etzkorn [22] in
the By, band, (b) expanded plot showing locations of the laser excitation wavelengths used in
Fig. 3.
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Fig. 3. Benzene resonance Raman spectra are plotted for several excitation wavelengths (each
spectrum is offset) as the wavelength is stepped through a vapor absorption maximum.
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We now discuss why the molecular time scale is short; this fact is more clearly seen when
the excitation energy is not exactly at resonance. In Raman spectroscopy, a virtual interaction
with the sample is limited by the Heisenberg uncertainty relation At > h/AE. Here, AE is the
energy difference between the nearest real state and the virtual state. The fact that this time is
short is why Raman scattering is often termed an instantaneous process [27]. This Raman
scatter time must be compared to the times for energy exchange with the surroundings. In
other words, the time for the Raman process must be compared to the time for energy
exchange with the neighboring molecules in a liquid or solid. If the interaction time is short
enough, the dielectric function (defined in frequency, i.e., energy), would not apply. For
purposes of this argument, the primary difference between the Raman process and the
absorption process is the time scale of the interaction. The photons involved in absorption
interact with the sample for as long as is required, thus, the dielectric function is a good
indicator for the response. The short non-resonant Raman interaction need not follow the
absorption curve, which can be calculated from the dielectric function. The important work of
Harmon and Asher [28] gives further evidence that the short Raman time is important. They
studied pre-resonance Raman enhancement in liquid and vapor phase benzene, in addition to
other compounds, and found that the enhancement does not depend upon the phase of the
material, in contradiction to the expectation that the enhancement should increase in the liquid
state due to the increased local field strength created by the dielectric environment produced
by the neighbors. If the dielectric screening is incomplete when the Raman process
completes, then the enhancement would be similar to the vapor phase enhancement, as they
observed. This underscores the ubiquitous importance of the Raman time in understanding the
resonance Raman phenomenon.

Resonance Raman is usually considered a slow process, since the real intermediate state
removes the Heisenberg constraint. However, the interaction time is still limited when the
excitation is at a forbidden transition, one that requires a simultaneous phonon interaction.
Since the 'B2u mode of benzene is a forbidden electronic transition, the resonance Raman
from it requires a particular non-equilibrium position of the nucleus in conjunction with the
Raman generation [7]. This requires a condition of resonance within the molecule itself, and
is likely why the molecular resonance energy, rather than that of the liquid system, is required
to describe the resonance Raman process. The resonance condition does not last long enough
for the molecule to sense its surroundings. Korenowski et al. state [7] that “this contribution
quite likely requires resonance conditions to be conspicuous because it requires a nuclear
coordinate dependence of the electronic transition moment.” Additionally Korenowski et. al.
continue, stating that “in fact, all but one scattered fundamental are found to derive their
intensity from states in the deep ultraviolet, not the 'B,,. As such, the only fundamentals that
will be resonant in such forbidden transition resonances will be totally symmetric.” We
experimentally observe that the only fundamental modes that are enhanced are symmetric: the
symmetric ring-breathing mode v, (992 cm™) fundamental, as well as the symmetric Kekule
modes of vy and vo. In addition, combinations and overtones are also observed to be
resonantly enhanced [29].

An interesting observation in the work of Harmon and Asher [28] is that the symmetric
ring-breathing mode v, (992 cm™) pre-resonance enhancement data are fit very well when
taking into account only resonances with modes to the blue side of the 'B,, mode of benzene.
This means that the mode that we study here is not significantly involved away from
resonance. Indeed, we see a dramatic decrease in the enhancement away from the very narrow
resonance, Fig. 4. Apparently, the additional requirement for the intramolecular resonance
significantly decreases the width of the resonance phenomenon such that it does not
contribute to the pre-resonance above 280 nm, in the region studied by these researchers.
Their observation is also consistent with our explanation for the phenomenon.

The strong response of the resonance excitation at vapor-phase absorption lines, rather
than the liquid, leads to the question about whether some vaporous benzene might be present.
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Note that we measure at the bottom of the liquid sample, through a window, so there is no
surface vapor. If the liquid phase material (most of the material) contributed any resonant
signal, the strongest response should be a broad maximum around 261 nm. We do not detect
any Raman scattering at that wavelength, which suggests the surprising result that the liquid
resonance is not important. There is some evidence that a vapor phase is eventually present in
the sample, for reasons discussed elsewhere [17]. We have observed indications: light
emission and audible popping, that a bubble is eventually formed (only) when the excitation
energy is tuned precisely to the vapor resonance. This cannot describe the Raman resonance
since typical bubble formation times (hundreds of nanoseconds to several microseconds) are
orders of magnitude longer than the few nanosecond excitation pulse length, while the 0.1
seconds between pulses is very long compared to typical small bubble lifetimes. The
molecules simply cannot respond to the energy input fast enough to attain vapor densities in
nanoseconds. One might presume that a newly formed collection of excited molecules could
become sufficiently disordered by the absorbed energy to exhibit vapor-like properties (lack
of correlation and solvation with neighbors) while maintaining near liquid densities, but the
excitation of a benzene molecule to a vapor-like state followed by a measurement before it
relaxes is a nonlinear phenomenon, and we do not see evidence of a nonlinear dependence on
excitation power. Further, if the signal is really due to a small subset of the molecules, then
the enhancement would need to be much larger. In fact, if half of the photons were absorbed
in the sample with 100% quantum efficiency, ~0.005% of the molecules would be excited,
and the cross section for Raman scattering from these molecules, and not others, would need
to be very large to explain the data. The fact that no resonance gain peak is found near the
liquid absorption is unexpected, since there would be a much larger number of liquid-like
benzene molecules present.

Finally, we address the question of possible sample damage. Due to the low fluence of our
unfocussed beam, and due to the diffusion from the thin absorption layer [30], the impact of
energy dissipation on our results should not be measurable. A simple calculation of the
number of photons in the scattering volume implies that less than 0.01% of the benzene
molecules would be damaged, assuming 100% quantum efficiency for damage. Liquid
benzene has a self-diffusion coefficient of ~2.27 x 10~ m?s [30], and the diffusion length
(given the time between pulses) would be approximately 15 pm. The effective scattering
volume is only a few microns thick at the resonant excitation wavelength, so multiple
complete changes of the molecules in the scattering volume are expected before the next
pulse.

4. Resonance gain

The magnitude of the resonance enhanced Raman scattering gain is not simply the ratio of
peak areas. The benzene strongly absorbs both the excitation radiation and Raman scattered
wavelengths in the ultraviolet region. We correct for the effect of absorption by estimating the
number of molecules in a manner similar to the method used by Strekas et al. [25]. The
resonance gain is considered to be a separate gain from the inherent frequency dependent
increase in Raman scattering cross-section, and the data have been pre-corrected to account
for this power dependence (v*). Additionally, the data have been corrected for differences in
quantum efficiency of the camera detector, as well as throughput efficiency of the
spectrometer. Therefore, the overall resonance gain for the v, vibration can be calculated by
comparing the relative intensities, and the relative number of scatters, in the cases of the
resonance and off-resonance Raman scattered signals.

The relative intensity of the Raman scattered mode is determined by the area under the
curve of the Raman scattered signal using a best-fit Gaussian curve. The number of scattering
molecules is determined by estimating the scattering volume and density of benzene. In our
case, the v, vibration is chosen for the parameters used in calculating the figure of merit for
the resonance enhancement, as this feature is clearly observed in both the resonant and off-
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resonant Raman spectra. In particular, the relative intensity of the Raman scattered signals of
the v, vibrational mode were fit with Gaussian curves as shown in Fig. 6. These Gaussian fits
were used to determine the area under the curve for the resonant (259 nm) and non-resonant
(430 nm) excitations:

area of 259 nmv, 1.56

Gaussian fit area ratio = =
area of 430nmv, 2.11

=0.74£10%

The primary factor in determining the resonance gain is the number of scattering molecules,
and is based on the minimum of the volume illuminated by the excitation source (UV) or the
volume from which signal is collected (visible). In both cases, the density of the liquid state is
used to calculate number of molecules, since any bubble formation will only take place after
the laser pulse has passed and Raman signals have been emitted as noted above. We assume
Beer's law is valid in the UV, and calculate the absorption length. As the laser excitation
wavelength is tuned through the absorption maximum, the laser effective sampling depth
drastically falls due to the rapid extinction from the absorption. Figure 7 illustrates the paths
where self-absorption of the Raman scattered component and the attenuation of the excitation
beam occur.

1

——259 nm Raman (b) ——430 nm Raman
0.75 -~ Gaussian fitv, 0.75 - Gaussian Fit v,
) =
s &
> 05 (3) f A Z 0s
E £
0.25 { 0.25
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700 800 900 1000 1100 1200 1300 850 900 950 1000 1050 1100 1150
Raman Shift [cm'1J Raman Shift [r:m"]

Fig. 6. Gaussian curve fits to Raman signals of the v, state; (a) 259 nm excitation Raman
spectra, (b) Raman spectrum for 430 nm excitation.

The calculation can be separated into two steps; first, the absorption along the excitation
laser path is calculated, and then the absorption on the exit path for the Raman scattered
wavelength is calculated. Figure 7 shows the path lengths used to calculate the absorption and
effective volume of scattering. The loss on the entry path can be described as,

VI, =exp(-d, ), whered,, = x/cos(0)

in ““excitation

where Oexcitation 18 the absorption coefficient at the excitation wavelength. The loss on the exit
path (Raman scatter) is,

/1, = exp(-dy, Xgomen )» Where d,, = x/sin(0),

out

where og,man 18 the absorption coefficient at the Raman scattered wavelength. Thus, the total
loss over the distance X (deepest penetration laser penetration depth) is averaged to find an
effective sampling depth, from which all scattering would take place,

effective sampling depth = j eXP [, iion X €08 (0)- O X/ sin () Jdx". (1)
0

The absorption coefficients are the product of the cross section and the number density,
6.78x10*' molecules / cm’® for the liquid.
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Fig. 7. Diagram shows; (a) a portion of the laser excitation absorption and self-absorption, (b)
the Raman scattered signal, and (c) the absorption loss and scatter paths calculated using the
distance X from the laser entry point. The distance dj, is the path length of the excitation
wavelength, d,, is the path length of the Raman shifted wavelengths, and the sample window
is held at 8 = 45°.

The effective sampling depth, for resonant excitation near 259 nm in benzene, calculated
using Eq. (1), is approximately 7 pm, when applying the liquid phase absorption cross-section
of 1.16 x 107" cm*/molecule at 259 nm and 3.32 x 10° cm*/molecule at the Raman shifted
265.85 nm and using the liquid density [22]. In the case of non-resonant excitation at the
visible wavelengths, the depth of sampling is approximately equal to the slit height (20 mm)
divided by the magnification (5X), yielding 4 mm. The error in the calculated gain is
dominated by the estimation of the number of scattering molecules in our scattering volume,
and is about + 10%. The ratio of the active volume for the visible wavelengths to the volume
of the resonance Raman scattering at ultraviolet wavelengths is ~600. The overall gain for the
v, vibrational mode in benzene can be found by multiplying the ratio of Raman scattered
intensities (0.74) and the ratio of the effective scattering volumes (~600) yielding a resonant
enhancement of 450 + 10%.

The resonant enhancement of the v, mode of benzene was also examined at the largest
vapor-phase absorption peaks near 253 and 247.2 nm. Figure 8 shows the resonance
enhancement near the vapor peak absorption for these two wavelengths; note that the
wavelength of the excitation peak is pulled toward shorter wavelength (stiffening) as the
narrow energy state is approached. The resonant excitation depth near 253 nm in benzene,
calculated using Eq. (1), is approximately 4.8 um when applying the liquid phase absorption
cross-section of 1.49 x 107"’ cm*/molecule at 253 nm and 1.33 x 107" cm*molecule at the
Raman shifted 259.57 nm and using the liquid density. The resonant excitation near 247.2 nm
in benzene, calculated using Eq. (1), is approximately 5 um when applying the liquid phase
absorption cross-section of 1.39 x 107" cm?molecule at 247.2 nm and 1.84 x 107
cm’/molecule at the Raman shifted 253.46 nm and using the liquid density [22]. The Raman
scatter spectra obtained for several steps with a bandwidth of + 0.5 nm are shown in Fig. 8 for
these excitation wavelengths. The ratio of Raman scattered intensities and sampling depths
were calculated for these cases as well, yielding gain factors of 600 + 10% at 253 nm, and
600 + 10% at 247.2 nm.

Figure 9 shows the spectra measured between 252 and 272 nm when the excitation
wavelength was changed from 259 to 253 nm, then to 247.2 nm. The magnitude of the
fluorescence interference in the Raman spectra is found to be markedly less at short
wavelengths. The fluorescence background increases at wavelengths greater than ~267 nm;
however, using deeper UV excitation allows retrieval of Raman signals without interference
from the strong fluorescence background signals.
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Fig. 8. (a) Resonance enhanced Raman scatter around the 253 nm peak absorption wavelength.
(b) Resonance enhanced Raman scatter around the 247.2 nm peak absorption wavelength in
benzene.

—247.2nm
—253 nm
—259 nm

Intensity Arbitrary Units

252 254 256 258 260 262 264 266 268 270 272
Wavelength [nm]

Fig. 9. Raman spectra on a wavelength scale showing fluorescence background of benzene
liquid increase as the excitation steps toward longer wavelengths. The wavelength range of
fluorescence emission is rather independent of the excitation wavelength, while the Raman
signals (notably narrow peaks at 992 cm™ and 1200 cm™) shift with the excitation.

5. Conclusion

An investigation of the resonant enhanced Raman spectrum of liquid benzene using a ~0.25
nm bandwidth excitation wavelength is reported. Measurements were made while tuning
through the regions of the ultraviolet absorption features between 230 and 270 nm. Resonance
Raman gain factors of 450, 600, and 600 are found corresponding to excitation wavelengths
of 259, 253, and 247.2 nm, respectively. The major enhancements in the liquid-sample
Raman scattered spectrum coincide with the wavelengths of the vapor-phase absorption peak
maxima of the 'B,, band of benzene. This effect is explained by a short Raman time enforced
by the intra molecular resonance condition required to allow resonance Raman emission on
this forbidden electronic transition. In addition, the same effects are observed in liquid
toluene when scanning the excitation wavelength through the vapor phase absorption.
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The advantage of enhancement from vapor phase lines rather than liquid phase lines stems
from the much narrower line widths of the vapor phase. The narrow line means a much larger
enhancement and much larger signal to noise ratio in an experiment. This work identifies a
means by which to choose excitation wavelengths to take advantage of this phenomenon in
many types of materials: a forbidden transition must be identified; its excitation should
influence the molecule so that a totally symmetric vibration mode of interest will be
enhanced. In the case of benzene and toluene, a forbidden transition disrupts bonding around
the aromatic ring, so the ring-stretch mode is strongly impacted and resonates. The choice in
general will depend upon the molecule and sites of interest.
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