A model based on transient optical depletion of causal
impurity molecules successfully accounts for the ob-
served efficiency of luminescence quenching. Although
these experimental and theoretical results prove the ap-
plicability of the present method to a certain extent, this
technique must still be examined by further extensive
studies that include many luminescent materials of var-
ious origins. From a practical viewpoint, however, it seems
advisable to simply try pulsed excitation in place of the
conventional cw method. It must be noted in conclusion,
however, that the present method is by no means ap-
plicable to a case in which luminescence originates from
the sample molecule itself.
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High-Repetition-Rate Excimer-Based UV Laser Excitation
Source Avoids Saturation in Resonance Raman
Measurements of Tyrosinate and Pyrene
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UV resonance Raman excitation using low-duty-cycle pulsed lasers such
as the Nd:YAG can result in photophysical processes that interfere with
Raman spectral studies of ground-state species due to the high incident
laser energy fluxes. Depletion of the ground state occurs due to optical
absorption and due to the population of intermediate levels which have
lifetimes comparable to or longer than the excitation pulse width. In
addition, formation of photochemical intermediates can occur. For ex-
ample, excitation in resonance with the tyrosinate L, electronic transition
(~240 nm) results in formation of tyrosyl radicals which deplete the
concentration of ground-state tyrosinate molecules: as a result, de-
creased resonance Raman intensities are observed for vibrational modes
of ground-state tyrosinate. For pyrene, excitation in resonance with the
S, electronic transition results in population of the long-lived §, state
via rapid internal conversion. This long-lived state bottlenecks relaxation
back to the ground state, thus causing saturation of the ground-state
pyrene Raman intensities. Given similar incident average laser powers
and focusing conditions, higher-duty-cycle lasers result in decreased sat-
uration. A comparison between a 20-Hz Nd:YAG and a 200-Hz excimer
laser-hased UV Raman excitation source demonstrates superiority of the
excimer in avoiding both Raman saturation and interferences from pho-
tochemical transients. For the identical energy flux per pulse, the ac-
companying tenfold increase in average energy flux for the excimer, over
the YAG, results in a dramatic improvement in the spectral signal-to-
noise ratios. We report the first measurement of the absolute resonance
Raman cross section of pyrene within the S, transition. The Raman cross
section of 48 barns/str measured for the 1632-cm~' vibration with 240-
nm excitation is the largest observed to date,

Index Headings: Resonance Raman spectroscopy; UV laser sources;
Raman saturation of tyrosinate and pyrene.
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INTRODUCTION

The recent development of UV laser excitation sources
has permitted the extension of resonance Raman spec-
troscopy to molecules with electronic transitions in the
near-, mid-, and far-UV spectral regions."”” The impor-
tance of these studies is (1) that they advance the fun-
damental understanding of molecular structure and dy-
namics and (2) that UV resonance Raman spectroscopy
can be applied to important problems in biophysical,
analytical, and physical chemistry. It is now possible to
resonantly excite Raman spectra within the = — =* tran-
sitions of molecules as small as ethylene,® as well as within
the strong absorption bands of larger molecules such as
aromatic amino acids*'' and nucleic acids'? and the ab-
sorption bands of polycyclic aromatic hydrocarbons 51312
For any Raman study it is crucial to determine the Ra-
man cross sections, since the resulting intensity infor-
mation can be used to determine the concentrations of
species of interest,” as well as to monitor molecular
environment® and to examine molecular excited-state
distortions.'®!” This factor has led to numerous recent
studies of resonance Raman cross section excitation pro-
files.7®1116 For example, the individual aromatic amino
acid excitation profiles can provide the information re-
quired to selectively enhance particular aromatic amino
acid residues in proteins.®911.18

The excitation wavelengths required to spectroscopi-
cally probe UV molecular transitions can be generated
with the use of nonlinear optical frequency conversion
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techniques.'® Pulsed laser sources such as the Nd:YAG
and excimer lasers provide the high electric field strengths
necessary for efficient frequency conversion. Wave-
lengths down to 217 nm may be obtained from these
systems with the use of nonlinear crystals to modulate
the fundamental and dye laser frequencies.! Unfortu-
nately, the high power fluxes (W/em?) and pulse energies
associated with these pulsed UV excitation sources can
induce processes that complicate resonance Raman spec-
tral measurements.” In addition to resonance Raman
scattering, excitation within an electronic absorption band
results in significant population of the resonant excited
state, which can lead to sample photochemistry. Satu-
ration of the Raman intensities will also occur at high
incident energy excitation if significant depletion of the
ground-state population occurs during the leading edge
of the laser pulse; fewer ground-state analyte molecules
become available for Raman scattering during the trail-
ing edge of the pulse. Experimentally, the ratios of the
intensities of the analyte Raman bands to those of the
internal standard bands will decrease with an increase
in incident average laser power and tighter focusing. Re-
cent UV resonance Raman studies of tyrosine and of
tyrosinate were plagued by both saturation and photo-
transient formation, which resulted in the mistaken as-
signment of photochemical intermediate bands as ground-
state vibrations.®'® Raman saturation induced by the high
peak pulse powers and the high pulse energies of Nd:
YAG lasers complicates measurements of the excitation
profiles of the aromatic amino acids and has effectively
prevented quantitative measurements of the excitation
profiles of tryptophan and pyrene.®!1* _

In this study we demonstrate that use of a lower-peak-
pulse-power, lower-pulse-energy 200-Hz excimer laser
avoids saturation for tyrosinate and pyrene. We compare
the Raman spectral measurements of pyrene and tyro-

sinate, using the Nd:YAG and excimer excitation sources
under conditions of similar incident average laser power
flux per pulse, and find dramatic improvements in the
signal-to-noise ratios with the excimer-based system,; for
the same power or energy flux per pulse, the 200-Hz
excimer permits the use of ten times the average power
or energy flux.

EXPERIMENTAL

Figure 1 shows the block diagram of the laser excita-
tion sources and the spectrometer used. The 308-nm fun-
damental of a 200-Hz Lambda-Physik Model EMG 103
MSC XeCl excimer laser was used to pump a Lambda-
Physik Model FL 3002 dye laser, which was frequency-
doubled to generate the UV excitation light used in this
study.

The Nd:YAG UV laser excitation source and the Ra-
man spectrometer have been described previously.! The
frequency-doubled fundamental of a Quanta-Ray DCR-
2A laser operated at 20 Hz was used to pump a Quanta-
Ray Model PDL-1 dye laser. The dye laser output was
frequency doubled and mixed with the IR fundamental
to obtain the UV excitation frequency used to excite the
samples. The same monochromator and detection system
was used for both the YAG and excimer experiments.
The 0.1 mM solutions of pyrene (Chem Services, West
Chester, PA) in acetonitrile were recirculated through a
1.0-mm-i.d. suprasil quartz sampling capillary. The 5
mM tyrosinate (Sigma) aqueous solutions at pH = 12
were pumped through a dye laser nozzle; the resulting
thin film of solution was excited with the focused laser
beam, and the ~5-mL solutions were recirculated during
each spectral measurement. The Raman scattered light
was collected at ninety degrees and focused onto the
entrance slit of a Spex Triplemate monochromator by
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an ellipsoidal mirror. The 1200 groove/mm grating used
in the spectrograph stage of the Triplemate gave a spec-
tral bandpass of ~24 cm™! at 240 nm for our spectrograph
slit width of 200 um. A crystalline quartz polarizing wedge
was used to eliminate any polarization bias of the mono-
chromator. An EG&G PAR Model 1420 Reticon detector
and an optical multichannel analyzer (PAR OMA II)
were used to acquire the data. Typical scan times were
five minutes. The absolute Raman cross-section values
were obtained after the Raman scattering intensities were
corrected for monochromator efficiency. The Raman cross
sections for the internal standard bands were obtained
from the measurements of Dudik et al.” Self-absorption
corrections were neglected; the short pathlength of the
sample film (0.1 mm) used to acquire the tyrosinate data
results in minimal self-absorption. The pyrene intensi-
ties were not corrected for self-absorption, since the Ra-
man scattered frequencies occur in spectral regions where
the molar absorptivities are essentially identical for the
pyrene and internal standard Raman bands.

The incident pulse energy flux was varied either by
adjusting the focusing lens which directs the laser beam
into sampling capillary or jet or by using neutral-density
filters to attenuate the incident average laser power. The
energy flux at the sample was calculated from measure-
ments of the laser beam width at the sample with dif-
ferent focusing conditions. The YAG beam width was
determined to be ~110 yum when focused by a 25-cm-
focal-length lens directly into the sample and ~210 and
410 um when defocused 15 and 45 mm past the sample,
respectively. The excimer beam diameters at the sample
were ~90, 210, and 450 um when the beam was focused
in the sample and focused 15 and 45 mm past the sample,
respectively. The beam diameters derive from measure-
ments over numerous pulses and therefore represent an
upper limit for the focused beam diameters; we will over-
estimate the spot size of a single pulse if spatial beam
jitter is significant. Furthermore, the spatial mode profile
of the excimer is irregular and deviates from the cylin-
drical beam shape assumed in our calculations. The pulse
widths used in the pulse energy flux calculations were
measured as 6 ns for the YAG and 16 ns for the excimer
laser. The actual temporal shape of the Q-switched YAG
excitation pulse is an envelope of short ps pulses which
derive from different longitudinal modes of the cavity.
Since this envelope varies between pulses, and since we
average over numerous pulses in our measurements, we
ignore the YAG temporal fine structure but recognize
that the actual instantaneous peak energy fluxes can be
higher than those we calculate. The energy flux depends
inversely upon both the square of the beam diameter and
the pulse length. We estimate that our calculated energy
flux could be in error by as much as 50% when we com-
pare the YAG to the excimer; however, the relative en-
ergy fluxes within a series of experiments using only the
YAG, or experiments using only the excimer, are likely
to be accurate to better than 20%.

RESULTS AND DISCUSSION

Tyrosinate. We previously described the phototran-
sient formation and Raman saturation phenomena that
oceur for tyrosinate when high-peak-pulse-power UV ex-
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citation occurs within the tyrosinate S,(L,) = — =* elec-
tronic transition.?? Tyrosinate saturation was shown to
increase with increasing molar absorptivity''* and was
most severe with excitation at the L, absorption maxi-
mum (240 nm). Tyrosinate is easily oxidized and prob-
ably photoionizes with excitation into S, via a charge
transfer to the solvent.? Figure 2 shows the resonance
Raman spectra of tyrosinate excited at the S, absorption
maximum (240 nm) with the use of both the excimer and
Nd:YAG lasers. Ground-state tyrosinate vibrations occur
at 831, 852, 1174, 1207, and 1599 cm~. At high incident
energy fluxes, new vibrational bands are observed in the
Raman spectra that derive from tyrosyl radical species
that form as a result of a monophotonic photoionization.
Resonance Raman scattering from the tyrosyl radical
results in the appearance of new bands at 810, 975, 1160,
1402, 1510, and 1565 cm™' with 245 nm excitation. The
transient bands at 810, 975, and 1160 cm ! are not ap-
parent in Fig. 2, either because they strongly overlap the
ground-state tyrosinate vibrational bands or because of
their weak intensities.

The spectra are arranged so that the data acquired
under similar experimental conditions (i.e., same focus-
ing and incident average laser power) with the Nd:YAG
and excimer lasers are adjacent to one another, to facil-
itate direct comparison (also see Table I). The spectra
are arranged in order of decreasing energy flux within a
particular column. Note that, given the same focusing
and incident average laser power, a higher energy flux is
delivered to the sample with the use of the YAG exci-
tation source, because of the lower pulse repetition rate
relative to that of the excimer source. Saturation is clear-
ly evident with both excitation sources; the ratios of the
tyrosinate band intensities relative to the internal stan-
dard band intensity increase with decreasing incident
energy flux.

It is obvious, comparing the YAG and excimer spectra,
that the higher energy fluxes of the YAG consistently
result in greater saturation and phototransient forma-
tion. Figure 2A (YAG), which was acquired with the use
of the highest energy flux, shows severe saturation of the
tyrosinate ground-state vibrational intensities. Intense
bands are observed from tyrosyl radical. Tyrosyl radical
formation removes molecules from the ground state,
causing decreased resonance Raman scattering from the
tyrosinate ground-state species. However, as the incident
energy flux of the YAG is decreased, the intensities of
the photochemical transient bands decrease, until these
vibrations are no longer observed [see Fig. 2D (YAG)];
while, at the same time, the relative intensity ratios of
the ground-state tyrosinate bands to the internal stan-
dard intensity increase.

For the excimer-excited spectra, saturation is obvious
only for the spectrum excited at the highest energy flux
[i.e., Fig. 2A (EX)]. Saturation is less evident in Fig. 2B,
C, and D (EX), which were obtained under low energy
flux conditions; the measured intensity ratios of the 1174
and 1599 cm™! tyrosinate ground-state vibrations relative
to the internal standard band show only slight changes
with lower energy flux. The dependence of these intensity
ratios upon incident energy flux is shown in Fig. 3. As
expected, the ratio of intensities of tyrosinate to the in-
ternal standard decreases as the integrated power flux



Nd-YAG EXCIMER
Exci-240 nm 2 .18 H _
A A -oQotrrg-coo
P - KH,y
-]
g &
it T &
B 8

B B
>
=
%)
=
i
=
=
2
< |C C
=
<
o

D D

ket ' i | o] WA O
600 1000 1400 1800 600 . 1000 1400 1800

WAVENUMBERS / cm™

Fic. 2.

UV resonance Raman spectra of 5 mM aqueous sclutions (pH = 12) of tyrosinate excited at 240 nm with the use of Nd:YAG and excimer

laser sources. Experimental conditions for spectra A-D are reported in Table 1. The 932 cm * perchlorate (1 M) internal intensity standard band

is shaded, and tyrosyl radical bands are starred in the figure.

(pulse energy flux) increases. Further, the intensity ratio
for the 1510 ¢cm™ tvrosyl radical band shows an approx-
imately linear increase as the pulse energy increases.

Previously, we derived'* a relationship for the de-
pendence of saturation of Raman intensities upon inci-
dent power flux for the simple model where a photon
may either be absorbed or give rise to resonance Raman
scattering. Absorption transfers a ground-state molecule
to an intermediate state, which may be either a molecular
excited-state or a photochemical product. This excited-
state or photochemical product may also show Raman
bands, provided that they can be resolved from that of
the ground-state analyte. The model assumes that no
relaxation back to ground state occurs during a laser
pulse and that the sample solution is replenished be-
tween pulses.

For low pulse energies, the relative intensities of the
ground-state analyte Raman bands, compared with the
intensities of the photochemically inactive internal stan-
dard bands, will decrease linearly with increasing pulse

energy. The slope of this decrease is propertional to the
absorption cross section. The Raman intensity of any
photochemical intermediate will increase with a slope
which is also proportional to the absorption cross section.
The ratio of the slopes of the ground-state species and
the photochemical trnasient is directly proportional to
the ratio of their Raman cross sections:

ool aads
By cho[l 2 ] (1)
O'TPOU'AJQ
Sp=—"—"7" 2
T ot (2)

where Sy and S; are the relative intensities of the ground-
state species and the transient compared with that of
the internal standard, respectively, while ¢z, and o, and
o, are the Raman cross sections of the ground-state an-
alyte, the transient, and the internal standard, respec-
tively. o, is the absorption cross section of the ground-
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TABLE I. Experimental conditions.
Nd:YAG Excimer
Incident Incident
Power* Energy® average Power* Energy® average
Spectrum flux fux power (mW) Focus® flux flux power (mW) Focus®
Tyrosinate experimental conditions
Fig. 2A 800 4800 9 F 55 880 11 F
B 200 1200 2 F 10 160 2 F
C 200 1200 8 D2 6 96 7 D2
D 50 300 2 D2 2 32 2 D2
Pyrene experimental conditions
Fig. 4A =70 >420 3 D1 >2 >32 2 D1
B 70 420 3 D2 2 32 2 D2
C 10 76 2 D3 0.5 6 2 D3
D 3 19 0.5 D3 0.1 1.6 0.5 D3
E 1 4 0.2 D3 0.04 0.3 0.2 D3

* Mega-Watts/em?-pulse.
» Millijoules/cm?* pulse.

< Using a 25-cm-focal-length lens, we measure beam diameters of 110 pm (90 xm), 210 um (210 gm), and 410 pm (450 pm) for the Nd:YAG
(excimer) when the beam was focused at the sample (F), focused less than 15 mm past the sample (D1), diffusely focused 15 mm past the sample

(D2), or very ditfusely focused 45 mm past the sample (D3).

state analyte, while P, and C, are concentrations of the
analyte and internal standard, respectively. J/,, is the in-
tegrated power flux or pulse energy.

The more general model for saturation must include
the common situation where excited-state relaxation
takes place during the laser pulse. In this case the expres-
sion for saturation becomes more complex, and the de-
gree of saturation depends intimately upon both the pow-
er flux and the pulse length. For temporally complex laser
pulse shapes the saturation can only be calculated by
integration of the kinetic expressions over the pulse shape.
We will describe these dependences in detail in the near
future.22 However, the saturation phenomena observed
here are completely described by the simple model, since
negligible ground-state recovery occurs within the laser
pulse, due to the long lifetimes of the intermediate states
of tyrosinate and pyrene (vide infra).

The data indicate that in the wavelength region stud-
ied here tyrosinate saturation derives primarily from ty-
rosyl radical formation. It should be noted, however, that
although Fig. 2C, B, and A (YAG) show increasing sat-
uration, no accompanying increase is evident for the 1510
em-! tyrosyl radical band intensity relative to the inter-
nal standard intensity at the highest energy fluxes. This
suggests that at high energy fluxes the tyrosyl radical
concentration remains relatively constant as the exci-
tation energy flux increases—a result which is inconsis-
tent with a simple saturation mechanism where an in-
creasing degree of saturation would be accompanied by
the formation of more tyrosyl radicals. Apparently the
tyrosyl radical Raman intensities also saturate at these
higher energy fluxes, due to other photochemical reac-
tions. Because of the large enhancements shown by ty-
rosyl radical with 240 nm excitation, it is clear that a
strong absorption must occur at this wavelength. Pop-
ulation of radical excited states, or possibly formation of
a second photochemical intermediate at higher energy
fluxes, may deplete the tyrosyl radical concentration.

Saturation has a dramatic impact on the measured
relative intensities. For example, in the YAG data, a
factor-of-four change occurs in the relative intensities of
the tyrosinate to the internal standard. The lack of sat-
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uration in excimer spectra of Fig. 2B, C, and D (EX)
allows us to accurately measure the absolute Raman cross
section of the 1599 cm ! tyrosinate vibration as 0.44 barns/
str (1 barn = 10~ em?/molc) for 240 nm excitation. (We
estimate a =15% error present in the absolute Raman
cross sections that derives primarily from experimental
uncertainties in our peak height measurements at the
lowest laser powers.) A previous measurement of this
cross section, which attempted to minimize saturation
with the YAG laser system, gave a value which was ~25%
lower.?

Pyrene. The photophysical mechanism for pyrene
saturation differs from that for tyrosinate saturation. We
demonstrated that excitation into pyrene's S, excited
electronic transition results in absorption followed by
rapid internal conversion to the S, excited electronic
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Fi. 3. The pulse energy flux dependence of the observed ratios of
the 1599 cm! tyrosinate ground-state band intensity and the 1510 cm™
tyrosyl radical band intensity relative to the 932 em~' Cl0, internal
standard band intensity. The intensity data are from Fig. 2, while the
energy flux data are listed in Table 1. Note that the highest energy
flux data from Fig. 2A (YAG) are not included, since this energy flux
exceeds the values where a linear dependence occurs. Excimer (+),
YAG (®). The solid lines show the least-squares fit to the initial slope.
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UV resonance Raman spectra of 0.1 mM pyrene in acetonitrile excited at 240 nm with the use of both the Nd:YAG and excimer laser

-ources. Experimental conditions for spectra A-E are reported in Table I. The 918, 1376, and 2249 em ' acetonitrile internal intensity standard

vibrations are shaded in the figure.

state for pyrene in solution. Population of this long-
lived (~300 ns) first excited singlet state results in sat-
uration of pyrene vibrational intensities, since relaxation
back to the ground electronic state is bottlenecked during
the laser excitation pulse.?*

Resonance Raman spectra of pyrene excited at the S,
absorption maximum (240 nm) with the use of both YAG
and excimer excitations are shown in Fig. 4. All bands
observed derive from resonance Raman scattering from
ground-state pyrene molecules. Pyrene in-plane ring vi-
brations resonantly enhanced with excitation in S, ap-
pear at 1067, 1145, 1179, 1408, 1553, and 1632 cm™".

The pyrene spectra obtained under similar experi-

mental conditions (i.e., incident average laser power and
focusing) with the YAG and excimer lasers are adjacent
to one another in Fig. 4. The pulse energy fluxes and
experimental conditions are given in the lower portion
of Table I. As for tyrosinate, the high energy flux per
pulse of the UV laser sources results in saturation of the
pyrene Raman intensities; this is manifested as an in-
crease in the ratios of the intensities of the pyrene bands
relative to that of the internal standard band as the
incident energy flux decreases. This dependence is
graphically displayed in Fig. 5. The higher incident en-
ergy flux delivered by the YAG once again results in
greater pyrene saturation than does the excimer laser
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source. Figure 4 spectra C, D, and E (EX), which were
acquired under low energy flux conditions, exhibit little
saturation; thus, reliable absolute Raman scattering cross
sections of the pyrene vibrations can be obtained. The
1632 cm ! pyrene mode, the vibration most strongly en-
hanced with excitation in resonance with the S, elec-
tronic transition, has an absolute Raman cross section
of 48 barns/str at 240 nm excitation. To our knowledge,
this is the largest absolute resonance Raman cross section
reported to date. This cross section is ~ 10 times larger
than that which would have been incorrectly calculated
with the use of the saturated Raman spectra obtained
with the YAG excitation source under the highest energy
flux.

The dependence of saturation on the pulse energy flux
displayed in Figs. 3 and 5 indicates that, as expected,
tyrosinate remains linear over a larger energy flux region
than does pyrene, due to its eight fold smaller value of
o,. The agreement between the observed slope ratio (3.8)
and the ratio (3.8) calculated by the use of the measured
values for o,, 0., Py, and C, strongly supports our model
for saturation for the lower energy flux conditions.

Examination of Figs. 2 and 4, as well as Table I, clearly
shows that, under similar energy flux conditions, Raman
spectra obtained with the excimer consistently show
higher signal-to-noise ratios than those obtained with
the YAG. This improvement in the spectral signal-to-
noise ratio for the excimer (compared with the YAG)
occurs because, for the identical energy flux per pulse,
the excimer delivers ten times more average energy flux
per second that does the YAG, due to its tenfold higher
repetition rate. This translates directly into a tenfold
increase in the measured Raman intensities. Both lasers,
if tightly focused, can easily deliver energy fluxes which
cause significant saturation of the Raman intensities.
These energy fluxes can be attenuated either by defo-
cusing the beam or by attenuating the incident intensity.
The important parameter is the effective average energy
that can be imaged into the sample volume that is col-
lected by the sampling optics and transferred into the
spectrometer. Obviously, the excimer permits a tenfold
increase in the average Raman intensity for the same
incident energy flux per pulse. The advantage of the
excimer will be even greater in situations where relax-
ation can repopulate the ground state during the 16-ns
interval of the excimer pulse. In this case the 2.6-fold
increase in the excimer pulse duration, compared with
that of the YAG, will result in additional Raman scat-
tering from ground-state molecules.

The tenfold increase in energy imaged into the sample
volume, which results in a tenfold increase in the Raman
intensity, translates into an increase in the signal-to-
noise ratios. For the high signal limit where shot-noise
dominates, the tenfold intensity increase corresponds
to a signal-to-noise increase of 3.2. In contrast, for the
typical UV Raman measurement, where the noise derives
directly from the Reticon detector and is independent
of signal, the signal-to-noise will improve by a factor of
ten. An upper limit exists for the maximum pulse energy
flux which can be used to study ground-state species due
to saturation, photochemical transient formation, and
nonlinear optical processes such as stimulated Raman
scattering. Because of this limit, the excimer laser source,
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compared with the YAG, invariably leads to higher sen-
sitivity and signal-to-noise ratios.

This improvement in signal-to-noise comes at a sig-
nificant cost in equipment, ease of use, and cost of laser
dyes. While the cost in terms of laser dye degradation
has decreased somewhat, in comparison to the sums we
estimated earlier,® it is still significant; in the experi-
ments here, the cost ran to about $45/h. We are devel-
oping other techniques for upconverting the dye laser
light into the UV to minimize the cost and inconvenience
of excimer lasers. We are investigating multiple-order H,
gas anti-Stokes Raman shifting, as well as using the new,
high-efficiency 3-BaB.,0, frequency-doubling crys-
tals,”*" and will report on these efforts in the future.

CONCLUSIONS

The high peak powers which often accompany the use
of nonlinear techniques for frequency upconversion can
result in saturation and photochemical transient for-
mation which can interfere with Raman spectral mea-
surements. We demonstrate here that the use of a high-
repetition-rate UV excimer pumped frequency-doubled
dye laser (200 Hz, 16 ns pulses) avoids these optical
phenomena and allows us to measure, for the first time,
the absolute Raman cross sections of bands resonantly
enhanced in the pyrene S, and tyrosinate S, electronic
transitions. In addition, we demonstrate improved sig-
nal-to-noise ratios for spectra measured with the lower-
energy-flux-per-pulse excimer-based UV excitation
source.
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Phase-Modulation Fluorometry for On-Line Liquid
Chromatographic Detection and Analysis of

Mixtures of Benzo(k)fluoranthene

and Benzo(b)fluoranthene

W. TYLER COBB* and LINDA B. McGOWN*}
Department of Chemistry, Oklahoma State University, Stillwater, Oklahoma 74078-0447

A phase-modulation fluorometer was used for on-line detection of ben-
zo{k)fluoranthene and benzo(b)fluoranthene in a mixture of the two that
was isocratically eluted from a high-performance liquid chromatographic
celumn. Three different mobile-phase solvent compositions provided three
degrees of chromatographic separation, ranging from complete to almost
no separation. Fluorescence lifetimes were calculated from phase and
modulation data that were collected at three different excitation mod-
ulation frequencies. Heterogeneity analysis was then used to calculate
the fluorescence lifetimes and fractional intensity contributions of each
component at each point along the chromatograms. The fractional in-
tensity contributions were multiplied by the fluorescence intensities in
the steady-state chromatogram of the mixture in order to construct the
iluorescence intensity chromatograms of the individual components. Re-
tention times and fluorescence lifetimes of the components obtained from
the constructed chrematograms were in good agreement with values
obtained from steady-state chromatograms of the individual components.
Relative errors of the peak intensities were as high as 23%. Batch ex-
periments were also performed to determine the best results that could
be expected for the heterogeneity analysis of mixtures of the two com-
ponents in the solvent systems that were used in the chromatographic
experiments.

Index Headings: HPLC; Fluorescence detection for HPLC; Phase-mod-
ulation fluorescence detection; Phase-modulation fluorescence hetero-
peneity analysis.
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INTRODUCTION

Multidimensional data formats have been used in flu-
orescence spectroscopy to provide highly selective de-
terminations of fluorescent compounds in mixtures
through the use of fluorescence spectral and lifetime in-
formation, as well as selective quenching and enhance-
ment, linear and circular polarization, and other phe-
nomena."? However, analysis of complex samples
containing many fluorescent compounds will often re-
quire the use of a separation technique prior to the fluor-
imetric determinations; even then, the analyses of real
samples may not be easily achieved.

Several approaches to the incorporation of on-line flu-
orescence lifetime determination into the fluorimetric
detection of compounds eluted during high-performance
liquid chromatography (HPLC) have been recently de-
scribed, including the use of pulsed source laser excitation®
and the use of phase-modulation fluorometry.* In the
latter experiments, the apparent fluorescence lifetimes
are calculated from the phase-shift and demodulation of
the emission signal relative to the exciting light. The
degree of agreement between the apparent phase and
modulation lifetimes can be used as an indicator of chro-
matographic peak overlap, i.e., the presence of more than
one fluorescent component at a given point along the
chromatogram. Phase-modulation fluorescence chro-
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