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The Red-Shift Cascade: Investigations into the
Concentration-Dependent Wavelength Shifts in Three-
Dimensional Fluorescence Spectra of Petroleum Samples
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Samples of motor oil and creosote are subjected to three-dimen-
sional fluorescence spectroscopy to document the shifting of exci-
tation/emission maxima as the solutions undergo serial dilutions.
Effects such as self-quenching of individual polycyclic aromatic hy-
drocarbons (PAHs) and energy transfer between PAHs combine to
produce large red-shifts in the resulting fluorescence emission spec-
tra. The concentration-imposed complications are also demonstrat-
ed for several synthetic ternary PAH mixtures and a diesel residue
mimic,
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bon; Petroleum; 3-D fluorescence; Quenching; Energy transfer;
Spectra; Fluorophore; Chromophore; Concentration effects.

INTRODUCTION

Fluorescence spectroscopy should be a good technique
with which to investigate mixtures of hazardous poly-
cyclic aromatic hydrocarbons (PAHs) found wherever pe-
troleum spills have occurred. PAHs persist in the envi-
ronment, fluoresce with high efficiency, and possess
unique spectroscopic fingerprints as individual com-
pounds.

But fluorescence is a complex process. If several dif-
ferent PAHs are placed together in solution, quenching
and energy transfer processes can quickly complicate the
picture. In addition, solutions of petroleum extracts ex-
hibit marked differences in the fluorophore emission
maximum with changes in concentrations. Several pre-
vious workers have noted this, including John and Souter!
in 1976, Hornig? in 1977, and Ritenour Herz, and
McGown® in 1992.

In 1995 Downare and Mullins* provided a detailed ex-
planation of this phenomenon in their work on visible
and near-infrared fluorescence of various crude oils. Their
investigation used two-dimensional (2D) fluorescence
emission spectra of crude oils at different concentrations
establishing ‘““the variation of fluorescence emission spec-
tra of crude oils with concentration,” illustrating the ef-
fects of collisional energy transfer. They offer explana-
tions of the governing systematics of the optical proper-
ties of crude oils including concentration and spectral
ranges where collisional energy transfer dominates col-
lisional quenching.

Using three-dimensional (3D) fluorescence spectros-
copy,®> we have explored the connection between concen-
tration and fluorescent emission of mixtures. Qur results
suggest that measurements of samples possessing a mix-
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ture of potentially fluorescent species may be subject to
unrealized inferences. Unless the nature of the mixture is
known a priori, the relationship between concentration
and fluorescent intensity cannot be ensured.

This paper identifies the predictable spectroscopic
character of natural fluorophore mixtures that is observed
upon serial dilution. Entitled ‘‘the red-shift cascade”, it
demonstrates how nonradiative energy transfer and
quenching can cause 3D fluorescence maxima to system-
atically appear at shorter wavelengths as the solution
strength decreases. In 1994, Wang and Mullins® noted the
red-shifting cascade effect for 2D fluorescence. They
documented energy transfer from large-band-gap, small
chromophores to small-band-gap, large fluorophores as
the concentration increased: ““With greater energy trans-
fer which occurs at higher concentration, the excitation
energy will continue to cascade to larger fluorophores,
producing greater red shifts in the emission spectra.”

The red-shift cascade behavior of two field samples is
presented: (1) a sample of Chevron Calol motor oil, and
(2) a sample of creosote-contaminated wood from an
aged railroad tie. In addition, we present the red-shift
cascade sequence for a known synthetic PAH mixture
that demonstrates the same characteristics. Finally, we
briefly examine energy transfer in ternary systems of
PAHs to further illustrate the roles played by various pro-
cesses in this behavior.

EXPERIMENTAL

Fluorescence Spectroscopy. All three-dimensional
fluorescence spectra were obtained on a Perkin-Elmer
Model LS-30 luminescence spectrophotometer, interfaced
to a Pentium 80 computer via a CIO-Das08 multifunction
analog and digital I/O board. (Computer Board Inc.,
Mansfield, MA). An attenuator that permitted 1%
throughput was selected to the output side of the fluores-
cence optical path.

The 3D fluorescence spectrum for a fluorophore mix-
ture is dependent on its concentration. Thus, the full fluo-
rescence character of a mixture can be captured only by
measuring a series of fluorescence surfaces for a suite of
dilutions. For the mixtures in this study, we used the orig-
inal PAH extract at full strength plus seven serial dilu-
tions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128).

To compile a 3D surface, we collected a systematic set
of 21 emission scans from 200 to 600 nm. Successive
scans were gathered with the excitation monochromator
fixed at 20 nm intervals over the same range 200 to 600
nm. The data capture was performed by Labtech Note-
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[image: image2.png]book Version 10.1 (Labtech Technologies Inc., Andover,
MA). The program collected one point per nanometer for
each successive scan and compiled all 21 scans into one
Lotus file containing 8421 points. Visualizations of the
fluorescence surfaces were generated by the Axum tech-
nical graphics and data analysis package.

Field Samples. Wood samples (collected from local
abandoned railroad ties) containing creosote were extract-
ed by placing 2.0 g of the wood into a 125 mL low-
density polyethylene bottle (Nalgene) with 10.0 mL of
spectral-grade benzene (Fischer), and agitating on a
wrist-action shaker (Burrell) for 10 min. A full-strength
extract was prepared by filtering it through a 0.45 pm
PTFE filter membrane (Whatman). Serial dilutions were
produced by adding spectral-grade benzene as needed.

A stock solution of Chevron Calol motor oil was pre-
pared by mixing 2.0 g of the neat oil with 10.0 mL of
spectral-grade benzene. Again, serial dilutions were pre-
pared by adding spectral-grade benzene as needed.

Synthetic Mixtures (Ternary Systems). Synthetic
mixtures of fluorophores were prepared from stock so-
lutions containing approximately 0.010 g of selected
polycyclic aromatic hydrocarbon reference standards (Al-
drich) dissolved in sufficient spectral-grade benzene to
make a 50.0 mL stock solution. (The actual recorded
gram weights varied slightly for each.)

Two ternary PAH systems were examined for this
study. To determine the working range of each PAH on
the LS-30 spectrofluorimeter, we constructed a Beer’s law
calibration curve for each. The final solution strengths
selected corresponded to the concentration that gave in-
tensity values of one-half full scale for the LS-30’s de-
tector. Each solution concentration was well within the
Beer’s law linear range for the selected PAH. The first
system examined all possible spectral combinations of
32.6 ppm chrysene, 0.672 ppm perylene, and 4.20 ppm
fluorene. The second system contained all possible com-
binations of 32.6 ppm chrysene, 4.20 ppm fluorene, and
16.8 ppm fluoranthene.

Synthetic Mixtures (Diesel Mimic). A separate syn-
thetic fluorophore mixture was formulated to contain a
typical diesel spill reSidue suggested by Lee et al.” It was
produced by mixing 0.0417 g 2-ethyl naphthalene,
0.0464 g 1-methyl naphthalene, 0.105 g naphthalene,
0.0034 g acenaphthylene, 0.0058 g fluorene, 0.0009 g
phenanthrene, 0.0019 g anthracene, and 0.0005 g fluor-
anthene with enough spectral-grade benzene to make a
25.0 mL solution. Serial dilutions were produced by add-
ing spectral-grade benzene as needed.

RESULTS

In 3D fluorescence spectroscopy, the intensity of fluo-
rescence is plotted as a function of both the excitation
and emission wavelengths. For a pure compound, the re-
sultant surface shows peak clusters or ridges that are as-
signable to the electronic and vibrational energy transi-
tions in a given PAH molecule. Figure 1 for example,
presents the 3D fluorescence spectrum obtained from a
2,3-benzanthracene stock solution. (Note: The stock so-
lution used cyclohexane in this case only, to allow visi-
bility of spectral features down to the 200 nm excitation
range. All other samples in this study were dissolved in
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FiG. 1.

Three-dimensional fluorescence spectrum obtained from a 2,3-
benzanthracene stock solution. The contour version of the spectrum
(Fig. 1B) is keyed to the accompanying generalized Jablonski energy-
level diagram (Fig. 1C) to display electron transitions available during
excitation.

spectral-grade benzene, which interferes with the collec-
tion of spectra at 250 nm excitation. Any small anomalies
visible in this region, where benzene was used as a sol-
vent, can be attributed to the spectral bandpass of our
instrument.) The contour version of the spectrum (Fig.
1B) is keyed to the accompanying generalized Jablonski
energy-level diagram (Fig. 1C) to display electron tran-
sitions available during excitation. The locations of prin-
cipal peaks for other PAH compounds are summarized
graphically on the excitation/emission maximum (EEM)
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The location of principal peaks for typical polycyclic aromatic hydrocarbons summarized graphically on an excitation/emission grid using

three-letter acronyms (A), which are listed in the table along with their corresponding full name and structure (B). Note: The number in parentheses

after each acronym gives the number of rings.

grid of Fig. 2A, where the acronyms are matched with
the names and structures in Fig. 2B.

The red-shift cascade sequence for a sample of Chev-
ron Calol motor oil appears in Fig. 3. The red-shift cas-
cade sequence of creosote-contaminated wood extract ap-
pears in Fig. 4. For all the contour plots shown in this
study, 10 contour levels are used (0.1-1.0 V in 0.1 in-
tervals), so the relative intensities of signals can be in-
ferred from the density of the contour lines present in
each plot. To corroborate the behavior of the oil and cre-
osote fluorophore mixtures, we prepared a synthetic PAH
mixture to mimic diesel residuals reported in the litera-
ture’ (ES&T, Lee et al.). Its red-shift cascade sequence is
shown in Fig. 5.

To evaluate the roles played by various processes in
the red-shift cascade behavior, we present synthetic sys-
tems here, simplified to solutions containing no more
than three PAHs. Due to the need to emphasize fluores-
cent intensities, both wire frame and contour diagram
plots are included. Figure 6 contains results of experi-
ments investigating all possible combinations of fluorene,
chrysene, and perylene, while Fig. 7 gives the results of
a synthetic fluorene, chrysene, and fluoranthene system.

DISCUSSION

The 3D fluorescence strategy offers no new insights
over conventional fluorometry when applied to single
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Fi6. 3. Three-dimensional fluorescence spectra (contour diagram type), for a solution of Chevron Cresol motor oil in benzene (A), and a series
of seven serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 labeled B-H, respectively).
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FIG. 4. Three-dimensional fluorescence spectra (contour diagram type), for a benzene extract of aged creosote from a wooden railroad tie (A),

. and a series of seven serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 labeled B-H, respectively).
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Contour diagram plots and wire-frame fluorescence spectra for three separate PAH solutions of fluorene, chrysene, and perylene (A-C),

followed by three synthetic binary mixtures of these PAHs [fluorene/chrysene (D), fluorene/perylene (E), and chrysene/perylene (F)]. The plots

labeled G are spectra from a single ternary mixture of all three PAHs.

compounds. The same electron-transition information can
be extracted from traditional scanning protocols. It is
only when the 3D technique is applied to fluorophore
mixtures that fluorescence features missed by conven-
tional scanning arise. The 3D approach ensures, through
multiple passes, that every possible excitation/emission
combination will be visited by the fluorometer. Restric-
tion to a single excitation wavelength inevitably fails to
stimulate emission from some components in a mixture,
just as monitoring at a single emission wavelength will
inevitably exclude some fluorescent events. Even with a
synchronous scanning procedure, one will not see emis-
sion contributions that are significantly displaced from

the scatter-line. Features that synchronous scanning
would miss include the S, peak of the 2,3-benzanthracene
spectrum (Fig. 1), and the principal emission peaks for
several PAHs that have large scatter-line offsets such as
fluoranthene (see contour diagram in Fig. 7C). The ap-
pearance of features with large scatter-line offsets often
provides a strong spectral fingerprint for recognizing spe-
cific contaminant sources.

Sample of Calol Motor Oil. Peak location, peak in-
tensities, and peak shapes systematically change as one
progresses through a dilution sequence with a fluorophore
mixture. The red-shift cascade sequence exhibited by the
solution of motor oil in benzene, along with its serial
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Contour diagram plots and wire-frame fluorescence spectra for three separate PAH solutions of fluorene, chrysene, and fluoranthene (A-

C), followed by three synthetic binary mixtures of these PAHs [fluorene/chrysene (D), fluorene/fluoranthene (E). and chrysene/fluoranthene (F)].
The plots labeled G are spectra from a single ternary mixture of all three PAHs.

dilutions (Fig. 3), is typical of the hundreds of oil, diesel,
and creosote samples we have examined. For this partic-
ular sample, the emission maximum migrates from an
initial excitation/emission maximum grid location at long
wavelength 400 nm,,, 452 nm,, (for the undiluted stock
solution in Fig. 3A), through intermediate maxima loca-
tions, to a final grid location at short wavelength 300
nm,,, 357 nm,, (for the 1:128 dilution in Fig. 3H). For
serial dilutions greater than 1:128, such as 1:256 and 1:
512, the migration of the surface ceases, and the intensity
begins to subside.

The observed movement in the fluorescence maximum
is controlled by the natural distribution of the PAH fluo-
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rophores in oil, diesel, and creosote. These mixtures are
dominated by smaller and simpler polycyclics such as
naphthalenes and fluorenes.” The relative abundance of
larger polycyclics falls off as the size of the aromatic
system increases—three-ring systems are less numerous
then two-ring systems; four-ring systems are less preva-
lent then three-ring systems. In the undiluted solutions,
from which the serial dilutions are produced, the concen-
tration of the smaller PAHs is typically far above the
point at which they experience self-quenching. The only
fluorophores not self-quenching at high concentrations
are the less abundant large PAHs.

Intermediate dilutions of PAH mixtures produce a pro-
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gression of 3D fluorescence maxima that systematically
tend toward ever shorter wavelengths and, often, higher
intensities. These maxima do not simply emerge because
fluorescence from longer wavelengths subsides with di-
lutions. They emerge because dilution has brought the
concentration of previously unexpressed PAH fluoro-
phores in the mixture below their self-quenching limits.
The new PAHs arise at ever shorter wavelengths because
of the natural PAH distribution in the oil, diesel, and
creosote mixtures—those present at high concentrations
have less extensive conjugated systems and concomi-
tantly higher excitation energies. Emission maxima ex-
hibited for the red-shift cascade sequences of these mix-
tures correlate well with typical PAH peak locations
shown in Fig. 2A, potentially giving evidence of the pres-
ence of these exact species or compounds of similar
structures in real world mixtures.

Once the surface maximum has reached an excitation
wavelength of 300 nm, no further migration is observed.
The benzene solvent begins to render the solution opaque
to UV at shorter wavelengths. Even when cyclohexane
(which is UV transparent down to 200 nm) is substituted
as the solvent, no additional migration is seen. The short
wavelength maximum drops off with further dilution un-
til it is below the limit of detection.

Creosote-Stained Wood Extract. The red-shift cas-
cade sequence for a creosote-stained wood sample is giv-
en in Fig. 4. Creosote contains a higher percentage of the
large PAHs than the motor oil sample in Fig. 3, and one
would expect quite a different sequence because of this.
Also the sample of wood used in this study was obtained
from an old railroad tie that had extensive weathering.
Weathered samples exhibit an enriched population of
larger PAH components. Over time, the smaller PAHs
disappear at a faster rate because they are more water
soluble, more biodegraded, and more volatile. Since
weathered samples are depleted in small PAHs, their sur-
face maxima never completely migrate to the 310-350
nm emission range where fluorene and naphthalene emit.
At high creosote concentrations, the only fluorophores in
this system not self-quenching are the less abundant large
PAHs. Since the large PAH components have extended
conjugated bond systems, their excitation and emission
energies are encountered at the long wavelengths of the
upper right portions of the EEM grid, as seen in Fig. 4A.
The emission maximum map in Fig. 2 suggests that these
components are representative of four- and five-ring PAH
components such as 2,3-benzanthracene and pentacene.

Fluorescence in the creosote extract is less constrained
than that of the motor oil sample. Note how much broad-
er the creosote spectral ““‘footprints” are than those from
the oil in Fig. 3. The quantity of material extractable from
the wood is significantly less than one would obtain when
using a pure motor oil like the Chevron in this study, so
the amount of interference from other chromophores is
much reduced. Besides having a greater inherent inten-
sity, weathered PAH mixtures also tend to have more
detailed fluorescent fingerprints. This feature is probably
a combination of the better penetration of the incident
beam in the absence of the small PAHs, yielding a better
signal-to-noise ratio and more nearly equal concentra-
tions of the PAHs that stem from the weathering process.

One final note of interest from the creosote red-shift

cascade: a spectral signature for perylene protrudes out
of the top right side of the spectral ‘‘footprints’ of the
1:8 and 1:16 dilutions (Figs. 4D and 4E, respectively).
(The 3D spectrum for pure perylene can be seen in Fig.
6C and is discussed in a different context later in this
paper.) This feature, with its large offset from the scatter
line, is the sort that would be missed by traditional scan-
ning techniques.

Diesel Residue Mimic. We undertook a study of syn-
thetic PAH mixtures (Fig. 5), whose exact composition
was known, to confirm our observation of the natural
fluorophore mixtures found in oil, diesel, and creosote
samples. The red-shifted sequence for the diesel mimic
exhibited fluorescence behavior similar to that seen in
natural fluorophore mixtures, although a few differences
can be noted.

Most importantly, the surface maximum migrated upon
dilution from a location at long wavelength 380 nm,,, 410
nm,,, (for the undiluted mimic solution Fig. 5A), to one
at short wavelength 300 nm,,, 336 nm,, (for the 1:128
dilution in Fig. SH). The initial maximum was not noted
at as high a wavelength as in natural mixtures, but that
result was anticipated from our mixture formulation,
which did not include any of the larger 4- and 5-ring
PAH compounds.

From studies run on individual PAH compounds, we
can assert that the absence of the small PAH emissions
in the undiluted diesel mimic surface is due to processes
other than self-quenching (collision of two excited-state
fluorophores), self-absorption (reabsorption of a fluo-
resced photon before it exits the cell), or solvent quench-
ing. Many of the PAHs used in this study were first ex-
plored individually to determine their Beer’s law linear
working range. For fluorene, a lower working limit of
0.263 ppm gave an intensity reading of 0.022 V at the
300 nm,,, 310 nm,,, peak location. Doubling the concen-
tration consistently gave nearly exactly doubled intensity
readings until a higher limit of 8.40 ppm was established,
yielding an intensity of 0.860 V. Beyond this point, the
detector read 1.00 V full scale well beyond the 600 ppm
level. For the undiluted diesel mimic solution (Fig. 5A)
the fluorene concentration is 270 ppm. For the 1:2 dilu-
tion, the concentration is 135 ppm (Fig. 5B). Th® undi-
luted solution gives a fluorescence intensity reading of
0.000 V at the 300 nm,,, 310 nm,,, peak location, while
the 1:2 dilution gives a reading of 0.010 V. Since, as
demonstrated, a solution of fluorene at 135 ppm gives a
1.00 V full-scale reading without the presence of other
PAHs, we conclude that other processes must be attenu-
ating its signal, among them energy transfer to larger
PAHs in the mimic mixture. This behavior has been dis-
cussed previously by Wang and Mullins® in reference to
2D spectra of various dilutions of crude oils in benzene:
“The net effect of this energy transfer from small chro-
mophores (with large bandgaps) to large fluorophores
(with small bandgaps) is a red shift of the fluorescence.”

It should also be noted that energy transfer occurs only
with relatively short wavelength excitations. For long
wavelength excitations, only a small fraction of chro-
mophores are fluorescent, and the corresponding small
quantum yields precludes energy transfer with subsequent
emission.®

Interactions Among PAHs in Ternary Solutions.
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[image: image10.png]Our approach next turned to documenting possible inci-
dences of energy transfer from ternary solutions of small-
er fluorophores to larger fluorophores using 3D fluores-
cence. Although energy transfer has been documented in
systems of PAHs,’ a further evaluation of the roles played
by various processes in the red-shift cascade behavior
was needed. The systems studied were simplified to so-
lutions containing no more than three PAHs. Two such
experiments are described here: (1) fluorene/chrysene/
perylene mixtures, and (2) fluorene/chrysene/fluoranthene
mixtures.

PAH Mix 1 Study: Fluorene/Chrysenel/Perylene. Four
different combinations of fluorene/chrysene/perylene
were examined: (1) fluorene/perylene; (2) fluorene/chry-
sene; (3) chrysene/perylene; and (4) fluorene/chrysene/
perylene. The resulting fluorescence surfaces are pre-
sented in both wire-frame format and contour maps (Fig.
6). .

There is little likelihood for energy transfer to occur
in the fluorene/perylene binary solution since the emis-
sion energy of fluorene (300 nm,,, 325 nm,,) is at too
short a wavelength to be absorbed by perylene (shortest
observed excitation above 350 nm). As expected, the
fluorescence surfaces show two distinct peaks (Fig. 6E).
It appears that no quenching is experienced by fluorene.
By itself, fluorene has a maximum intensity of 0490 V
(Fig. 6A, wire frame and contour diagram, respectively),
and in the presence of perylene, fluorene is still fluores-
cing with an intensity of 0.500 V (Fig. 6E).

The second mixture, fluorene/chrysene, was selected
to intentionally overlap the emission band of fluorene
with the excitation band of a second PAH. Chrysene ab-
sorbs well between the 300 and 320 nm lines on the EEM
fluorescence grid. As can be seen when fluorene is in the
presence of chrysene (Fig. 6D), the fluorene peak is se-
verely attenuated to an intensity of 0.200 V. Since it is
present in this mixture at exactly the same concentration
as in Fig. 6A, some process has depleted its emission
energy. Energy transfer is a distinct possibility. Chrysene,
however, is more than 7 times as concentrated as fluo-
rene, so there is a good chance for collisional quenching
to also occur. (Again, all these concentrations were cho-
sen after careful self-quenching studies for each individ-
ual PAH to give about a % full-scale intensity in the pure
spectrum.) Finally, there is a slight possibility that chry-
sene is intercepting the bulk of the excitation radiation
before it can penetrate the complete pathlength of the cell
(a form of inner filter effects from right-angle illumina-
tion).

The third mixture, chrysene/perylene (Fig. 6F),
showed little differences in peak intensities from the pure
PAHs. There is a chance for energy transfer to occur in
the chrysene/perylene binary solution since the emission
energy of chrysene (320 nm,,, 396 nm,,) does overlap
with some of the observed perylene excitation wave-
lengths, but the maximum peak intensity of perylene oc-
curs at location 440 nm,,, 458 nm,,,. Alone, chrysene has
a peak intensity maximum of 0.830 V (Fig. 6B), and in
the chrysene/perylene mixture its maximum fluorescence
yield is 0.770 V (Fig. 6F).

The ternary mixture containing all three PAHs shows
strong peaks for chrysene and perylene, but the same
attenuated fluorene peak (Fig. 6G). One explanation con-
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sistent with these results is that there is still an energy
transfer gap between the chrysene as a ‘“‘donor” and per-
ylene as an “‘acceptor”’. While chrysene may be acting
independently of perylene, it is important to note that its
48-fold concentration dominance over perylene does not
result in an energy loss in the perylene maximum peak
intensity. (Figure 6C has perylene in a pure state, yielding
a fluorescent intensity of 0.730 V, while Fig. 6F for the
perylene/chrysene mixture still has a perylene intensity
of 0.710 V. Finally, when all three PAHs are together,
Fig. 6G, perylene remains at 0.720 V.)

PAH Mix 2 Study: Fluorene/Chrysene/Fluoranthene.
Four different combinations of a second PAH mix were
examined: (1) fluorene/fluoranthene; (2) fluorene/chry-
sene; (3) chrysene/fiuoranthene; and (4) fluorene/chry-
sene/fluoranthene. The resulting fluorescence surfaces are
presented in both wire-frame format and contour maps
(Fig. 7).

Because this study also had a fluorene/chrysene binary
mixture, we will cover that first in order to compare with
the previous results. By itself, fluorene has a fluorescence
yield of 0.510 V (Fig. 7A), and in the presence of chry-
sene it is again severely attenuated to 0.220 V (Fig. 7D).
Chrysene by itself yields 0.810 V (Fig. 7B), and in the
presence of fluorene has a yield of 0.760 V (Fig. 7D).

When chrysene and fluoranthene are together in solu-
tion, there is a noticeable loss in chrysene fluorescence
emission (Fig. 7F). This observation contrasts with the
chrysene/perylene solution in the PAH Mix 1. In this
second system, there was a more significant overlap be-
tween chrysene’s emission band and fluoranthene’s ex-
citation band. The loss in energy appears greater in the
peaks at 381 nm (a transition to the ground vibrational
state) than at 396 nm (a transition to the first excited
vibrational state). The intensities of the 381 nm peaks
have dropped about 21%; those of the 396 nm peaks have
dropped about 16%. While these are small differences,
they appear exactly when the three PAHs are together
and thus are worth noting.

Very little interaction is noted when fluorene is com-
bined in solution with fluoranthene (Fig. 7E). While the
peak intensity of fluorene shows a small drop (0.520 V
to 0.450 V), this difference does not exceed the (3X
background noise) criterion for a significant change.'®

When all three PAHs are combined in a ternary solute
system (Fig. 7G), fluorene displays about the same en-
ergy loss that it did in the binary solution of just fluorene
and chrysene. Fluorene is now 0.260 V down from 0.520
V in the single PAH solution (Fig. 7A). Chrysene once
again shows a differential depletion in emission energy
between its two vibrational emission bands at exactly the
same percentage loss as the binary solution of chrysene
and fluoranthene.

CONCLUSION

The mixtures of fluorophores that occur in the PAH
components of petroleum and creosote samples all dem-
onstrate the red-shift cascade phenomenon when exam-
ined by fluorescence techniques. Analysts attempting to
quantify individual compounds in these mixtures should
be aware that complex interactions can occur that may
interfere with accurate determinations. Energy transfers




[image: image11.png]can occur from shorter wavelengths and to longer wave-
lengths. In the former case, the incident beam intensity
can be underestimated; in the latter, emergent beam at-
tenuation will be experienced. An assessment of the red-
shift cascade behavior of a mixture, conducted with a
series of 3D fluorescence surfaces, would be well advised
as a prelude to quantitative fluorescence analysis.
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