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Polynuclear aromatic hydrocarbons (PAHs) are a vast class of organic compounds. Many PAHs
show carcinogenic effects, which in general are strongly dependent on their molecular structure.
Hence, some, even structurally strongly related, PAHs may show a large difference in carcinoge-
nicity. Low-temperature fluorescence spectroscopy of PAHs embedded in a polycrystalline «-alkane
matrix (or Shpol'skii matrix) is a powerful technique to identify trace amounts of PAHs in complex
samples. The fluorescence spectra show vibrational resolution, so that even very similar isomers
can be discerned. Since the Shpol'skii effect is matrix-induced, both the fluorescence emission and
excitation spectra display narrow lines, so that a maximum of information can be obtained via the
application of fluorescence excitation-emission matrices. To demonstrate the possibilities of "high-
resolution excitation-emission matrices (HREEMs)," a marine sediment sample has been inves-
tigated, containing, among others, benzo[a]pyrene and benzo[/t]fluoranthene, PAHs with very
similar spectral features, but the former being a notorious carcinogenic compound. The two PAHs
could be clearly distinguished in the HREEM. Subsequently, a comprehensive set of data was
obtained with a multitude of combinations of excitation and emission wavelengths, which allows
for the screening of many PAHs, including all priority pollutants, in one analysis step. A simpler
and also highly informative screening method, which can be applied over a wide wavelength
region, is that of synchronous scanning: the fluorescence signal is obtained by scanning the exci-
tation and emission monochromators simultaneously. When a fixed wavenumber difference is
maintained during the scan, the screening can be done based on structural characteristics of the
molecules of interest. High-resolution constant-energy fluorescence (CESF) spectroscopy also has
been applied to acquire vibrationally resolved spectra for PAHs in the marine sediment sample.
When a relatively small energy difference (<800 cm"1) is applied between excitation and emission
wavelength, simple CESF spectra are obtained, which allow for rapid and specific screening of
PAHs. Larger energy differences lead to more complex spectra, with spectral features showing up
due to various combinations of vibronic excitation and vibronic emission of the same molecule.
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INTRODUCTION

Conventional, room-temperature, absorption, and
emission spectra of polycyclic aromatic hydrocarbons
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(PAHs) yield broad and structureless bands. Hence, such
spectra do not give much information on the identity of
the compounds, which may be used for identification
and accurate quantification of the PAH compounds. Just
for this type of environmental contaminant it is neces-
sary to be able to perform the determinations with a high
degree of specificity: strongly related structures—with
very similar electronic spectra at room temperature—
may show completely different toxicological effects. The
use of low-temperature luminescence methods, in partic-
ular, for PAHs embedded in polycrystalline w-alkane
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Fig. 1. Schematic diagram of EEM as obtained for a molecule (a) in liquid solution or in an amorphous matrix under
nonselective excitation, (b) in a Shpol'skii matrix, and (c) in a cryogenic, amorphous, solution under selective excitation.

matrices which present a highly ordered crystalline en-
vironment to the guest molecules on a molecular level,
allows for the measurement of highly resolved spectra
allowing for specific identification. Via the so-called
Shpol'skii method, named after its Russian inventor, Ev-
genii Shpol'skii, vibrationally resolved spectra are ob-
tained with fingerprint specificity like infrared or Raman
spectra, but obtained with the same level of sensitivity
as fluorescence spectra [1]. Particularly for the deter-
mination of the, generally strongly fluorescent, PAHs,
such methods have proven to be very useful [ 2 – 4 ] . In
contrast to also applied laser site selection (or fluores-
cence line narrowing) techniques, where selective optical
excitation results in the formation of a well-defined sub-
set of excited molecules [1], the vibrationally resolved
fluorescence spectra in Shpol'skii spectroscopy are at-
tributable solely to a homogenization of the local struc-
ture of the host material. Therefore both absorption
(excitation) and emission spectra show narrow lines. The
highly resolved character of the excitation spectrum has
been exploited for further selectivity and sensitivity en-
hancement in "laser-excited Shpol'skii spectroscopy"
[5,6].

The ultimate specificity is obtained by making use
of an excitation-emission matrix (EEM) approach. The
EEM, also referred to as the total luminescence spectrum
(TLS) or two-dimensional spectrum (TDS), comprises
all information from the excitation and emission spectra
of the fluorescent molecules [7–10]. The EEM is ob-
tained by measurement of luminescence intensities for
all kinds of combinations of fluorescence emission and
excitation frequency in a certain interval:

types of EEMs can be obtained, as depicted schemati-
cally in Fig. 1 in the form of an isointensity plot. The
EEM in Fig. la is obtained for a fluorescent molecule
in a liquid solution or in a completely amorphous matrix
under nonselective, broad-band excitation. For a com-
pound obeying Kasha's rule which emits from a com-
pletely relaxed state, the EEM can be represented as the
simple product of the emission and excitation spectra
obtained under conventional conditions:

Depending on the nature of the solvent, roughly three

where Sem(vem) and Sex(vex) represent the one-dimensional
(1-D) emission and excitation spectra, respectively. The
1-D spectra are depicted along the sides of the EEM
plot. In Fig. 1b the EEM acquired for a molecule in a
Shpol'skii matrix is shown [11]. The lines are narrow
and exhibit a weak shoulder to the low-energy side in
emission and to the high-energy side in excitation, re-
sulting from coupling of the electronic transitions to the
matrix vibrations (electron-phonon coupling). Again,
the EEM can be represented by the formula given in Eq.
(2); the corresponding 1-D spectra are shown at the side
of the EEM. The third EEM, shown in Fig. 1c, is ob-
tained when selective excitation is applied of molecules
in an amorphous, cryogenic, medium [11]. The excita-
tion wavelength determines the location and the shape
of the—narrow-line—emission spectrum. Now no sim-
ple relation can be made between the conventional 1-D
spectra (which in fact consist of the summed contribu-
tions of many narrow line spectra), and Eq. (2) cannot
be applied. In Shpol'skii spectra sometimes contribu-
tions are noted from molecules in amorphous sites; in
such cases a combination of the EEMs depicted in Figs.
1b and c may be expected.
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EEMs have been applied for the study of PAHs in
liquid solution, e.g., by the group of McGown (in com-
bination with a fluorescence lifetime filter) [12-14]. The
application of low-temperature EEMs has been reported
by Wild and co-workers, in combination both with
Shpol'skii matrices and with selective excitation ap-
proaches [9,11,15]. The application of low-temperature
EEMs for determination of PAHs in environmental sam-
ples has not been reported before.

On the basis of EEMs, on the one hand, very se-
lective determinations of selected PAHs can be
achieved, but on the other hand, simplified detection
schemes can be devised. Since the complete 2-D fluo-
rescence spectrum of the mixture of PAHs present in a
particular sample is observed in the EEM, optimum con-
ditions for synchronous scan fluorescence measurements
(i.e., the optimum wavelength or wavenumber difference
between excitation and emission monochromators) can
be chosen at a glance. Particularly, low-temperature con-
stant-energy synchronous scans (CESSs) are useful for
detection of PAHs and PAH derivatives, since one may
focus on structural characteristics, based on the selective
detection of a characteristic vibration. Some examples
are Dv = 1600 cm–1 for aromatic compounds, Dv =
1700 cm–1 for compounds containing a carbonyl group,
and Dv = 1200 cm–1 for compounds containing C-F
bonds. Constant-energy synchronous fluorimetry has
been pioneered by the group of Winefordner [16,17].

EXPERIMENTAL

Instrumental

EEMs were recorded with a high-resolution, com-
puter-controlled spectrometer using photon-counting de-
tection. For excitation the output of a 2.5-kW high-pres-
sure xenon lamp was passed first through a water filter
and then through a SPEX 0.85-m double monochroma-
tor. Detection was performed with a similar monochro-
mator for separation of the fluorescence light followed
by a RCA 31034 photomultiplier tube as single-photon
detector. The experiment was controlled by a modified
DEC PDP11/73A computer that ran the monochroma-
tors and acquired the data points at equidistant points (in
wavenumbers). The spectra were corrected for the wave-
length dependence of the excitation light intensity using
a concentrated solution of oxazine-1-perchlorate in eth-
anol as a quantum counter (in the 350- to 690-nm in-
terval). The emission light of the quantum counter
solution was guided through an optical fiber to a Ha-
mamatsu R928 photomultiplier tube, operated in single-

photon counting mode. The measurement of the quan-
tum counter was also controlled by the computer. The
resolution of the low-temperature spectra which have
been obtained is determined mostly by the instrumental
bandwidths of the excitation and emission monochro-
mators, which was 0.2–0.3 nm for most experiments. For
Shpol'skii spectroscopy this is a relatively large band-
width, but it was required due to the low throughput of
the high-resolution monochromators. To keep the data
acquisition time within limits, experiments were focused
on limited spectral regions, e.g., around 400 nm for
benzo[k]fluoranthene and benzo[a]pyrene and around
360 nm for chrysene. Typical high-resolution EEMs of
about 30,000 data points were recorded in about 12 h,
with a 1-s sampling time per point.

The sample was contained in an Oxford Instru-
ments CF204 helium flow-through cryostat, which can
be operated in the 3-300 K temperature range; the ex-
periments reported here were recorded at a temperature
varying from 6 to 10 K. Front-face illumination and de-
tection was applied.

Materials

Experiments were done on the National Research
Council of Canada standard reference material HS-6,
originating from a polluted harbor in Nova Scotia. The
materials were freeze dried, sieved over 125-um mesh,
and homogenized. PAH concentrations were determined
by the NRCC Atlantic Research Laboratory in Halifax,
Canada; typical concentrations for the priority pollutants
chrysene, benzo[a]pyrene, and benzo[k]fluoranthene are
2.0 ± 0.3, 2.2 ± 0.4, and 1.43 ± 0.15 ug/g sediment,
respectively. About 2 g of dry sediment was extracted
in a Soxhlet apparatus with acetone/hexane, 1:3 (during
4 h at 80 D C). The crude extracts with PAHs at 10–6–10–7

M concentrations were carefully transferred to a solution
in the same volume of n-octane (from Janssen Chimica)
using a mild nitrogen stream. Care was taken not to re-
move the solvent completely.

RESULTS AND DISCUSSION

Excitation-Emission Matrices

To demonstrate the applicability of EEMs for anal-
ysis of PAHs in view of the time-consuming data ac-
quisition, it was decided to focus on the analysis of the
two priority pollutants, benzo[a]pyrene and benzo[k]
fluoranthene. The former is known as a highly carcino-
genic compound, in contrast to the latter [18]. The two
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Fig. 2. Excitation–emission matrix obtained for the marine sediment
extract by scanning the excitation monochromator from 23,670 to
22,870 cm–1 and the emission monochromator from 24,870 to 24,570
cm–1. Main peaks are indicated: (a) benzo[a]pyrene and (b)
benzo[k]fluoranthene.

PAHs exhibit fluorescence in the same wavelength re-
gion, around 400 nm. On the basis of their conventional,
broad-band, spectral characteristics, they can hardly be
distinguished, but their Shpol'skii spectra provide suf-
ficient resolution to identify and quantify them indepen-
dently. The S1-S0 0-0 transition of benzo[a]pyrene in
n-octane is found at 403.0 nm; that of benzo[k]fluor-
anthene, at 403.5 nm. Major vibronic emission bands are
observed at 408.5 nm for benzo[a]pyrene and at 412.8
nm for benzo[k]fluoranthene.

Figure 2 shows the EEM obtained by scanning the
excitation monochromator from 23,670 to 22,870 cm–1,
and the emission monochromator from 24,870 to 24,570
cm–1. The spectrum indeed shows the features as predicted
in Fig. 1. Major Shpol'skii bands are observed at an ex-
citation wavenumber of 24,818 cm–1 and an emission wav-
enumber of 24,480 cm–1 (peak a, benzo[a]pyrene; vibronic
band at 338 cm–1) and at an excitation wavenumber of
24,782 cm–1 and emission wavenumbers of 24,230 and
23,980 cm–1 (peaks b and c, benzo[k]fluoranthene; vi-
bronic bands at 552 and 802 cm–1, respectively). In ad-
dition, some weaker bands are observed, due to other
vibronic transitions. The two PAHs are clearly distin-
guishable due to the highly specific combination of nar-
row excitation and emission bands. In addition to the
typical "spikes" obtained for the molecules embedded
in the crystalline, Shpol'skii matrix, some additional fea-
tures are noted. The weak features extending from the
spikes along the excitation and emission axes are due to
electron-phonon coupling, coupling between electronic

transitions of the PAH guest molecules with the collec-
tive matrix vibrations or phonons. For benzo[a]pyrene
and benzo[k]fluoranthene in n-octane, the electron-pho-
non coupling is weak. In addition, some weak slanting
bands are observed, which also comprise the spikes.
These bands are due to the selective excitation of the
PAH molecules which occupy noncrystalline amorphous
sites [19]. The excitation wavelength in that case deter-
mines the position of the emission peak, in the so-called
fluorescence line-narrowing or fluorescence site selec-
tion spectrum [1]. The spectrum is narrow along the
emission or along the excitation axis, but a synchronous
scan shows the heterogeneously broadened spectrum.
The intense feature in the upper left-hand corner is due
to scatter from the matrix: the excitation and emission
wavenumbers approach each other and the polycrystal-
line matrix produces significant Rayleigh scatter.

The interpretation given above can be further illus-
trated when the EEM is cut at the excitation waven-
umbers 24,817.3 and 24,783.4 cm–1, respectively, the
0-0 transitions of benzo[a]pyrene and benzo[k]
fluoranthene, as shown in Fig. 3. The main peaks de-
scribed above are easily identified. From the spectra the
spectral bandwidth can be estimated. For both PAHs it
amounts to approximately 20 cm–1 full width at half-
maximum (FWHM), which is clearly dominated by the
instrumental conditions. The instrumental bandwidth is
12 cm–1, and the step size 5 cm–1, for the spectra de-
picted in Figs. 2 and 3. The relatively large bandwidth
and stepsize are required to keep the total spectral ac-
quisition time within reasonable limits. The EEM in Fig.
2 is composed of almost 10,000 points, which has been
measured with a dwell time of 1 s. In combination with
the time needed to scan the monochromators, the total
time needed to obtain the EEM is about 6 h.

Constant-Energy Synchronous Fluorescence

An alternative approach is to record a constant-en-
ergy synchronous fluorescence (CESF) scan of the sam-
ple. Synchronous fluorometry is well known as a method
for selective measurement of PAHs; in the most-applied
approach a constant wavelength difference is used be-
tween the excitation and the emission monochromators,
which are scanned in tandem [20]. The main advantage
of the CESF scan over convential synchronous fluores-
cence methods is that the constant wavenumber differ-
ence reflects the vibrational structure of the analyte. The
wavenumber spectrum reflects the energy levels of the
molecules. The CESF can therefore be applied to mon-
itor a particular structural feature of the analytes, by
choosing a wavenumber difference which represents a
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Fig. 3. Cut of the EEM shown in Fig. 2 at excitation wavenumbers
24,817 cm–1 (benzo[a]pyrene 0-0 transition) and 24,783 cm–1

(benzo[k]fluoranthene 0–0 transition).

vibrational mode. In the EEM it was observed that a
characteristic frequency for a ground-state vibrational
mode of benzo[k]fluoranthene was 552 cm–1. Therefore
a CESF scan was made with a constant energy difference
of 550 cm–1 between the excitation and the emission
wavenumbers. The excitation wavenumber was scanned
from 28,000 cm–1 (357 nm) to 16,000 cm–1 (625 nm).
The CESF obtained is shown in Fig. 4. A large number
of well-resolved peaks are observed across this wide wave-
number range. Let us focus on the 25,000- to 23,000-cm–1

region, where the resonances of benzo[a]pyrene and
benzo[k]fluoranthene are expected. Four major peaks are
noted. The first peak (a, excitation at 25,374 cm–1, emis-
sion at 24,824 cm–1) corresponds to excitation in an ex-
cited-state vibronic band of benzo[a]pyrene and
subsequent 0-0 emission. The second peak (b, excitation

Fig. 4. Constant-energy synchronous fluorescence scan obtained by
scanning the excitation monochromator from 28,000 to 16,000 cm–1

at a constant-energy difference of 550 cm–1 between excitation and
emission monochromator.

at 25,327 cm–1, emission at 24,777 cm–1) corresponds
analogously to vibronic excitation and 0-0 emission for
benzo[k]fluoranthene. The third peak (b, excitation at
24,778 cm–1, emission at 24,228 cm–1) can be attributed
to 0–0 excitation followed by vibronic emission of
benzo[k]fluoranthene; benzo[a]pyrene does not have a
significant transition corresponding to a 550-cm–1 vibra-
tional mode in the ground state and is, therefore, not ob-
served. The strongest band in the CESF is found for
excitation at 24,344 cm–1 and emission at 23,794 cm–1.
This peak, c, is due to benzo[g,h,i]fluoranthene; a vibronic
excitation and the 0–0 emission of this compound exactly
match the observed excitation and emission wavenum-
bers. The NRCC datasheet of the SRM unfortunately
mentions only the EPA priority pollutants, to which
benzo[g,h,i]fluoranthene does not belong. Figure 4 shows
a number of additional bands, which may be identified as
well.
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The interpretation of a CESF scan with a waven-
umber difference of 550 cm–1 is fairly simple, since not
many transitions are found in the highly resolved fluo-
rescence spectra which represent such a relatively small
difference in energy. The number of allowed vibronic
transitions with such a low vibrational energy is low in
PAHs. Most bands therefore can be attributed either to
vibronic excitation and 0-0 emission or to 0-0 excitation
and vibronic emission. When larger energy differences
are applied, other combinations of excitation and emis-
sion wavenumbers become possible, e.g., vibronic ex-
citation in combination with vibronic emission.
Fortunately, in general the oscillator strength of 0-0
transitions is significantly larger than that of vibronic
transitions, so that the most intense bands can be easily
attributed. The use of EEMs obviously is very helpful
for the interpretation of the CESF scans, because the
signals can be comprehensively evaluated. Obviously,
the advantage of CESF over HREEM is that a signifi-
cantly shorter acquisition time is needed to obtain the
desired information.

CONCLUSION

HREEMs of fluorescent molecules in low-temper-
ature Shpol'skii matrices can be applied to obtain highly
specific vibrationally resolved fingerprints, which are
useful to identify trace contaminants in environmental
samples. Even molecules with similar spectral charac-
teristics can be distinguished on the basis of such spec-
tra, as has been demonstrated by the example of a harbor
sediment sample containing benzo[a]pyrene and
benzo[k]fluoranthene, the former being a notorious car-
cinogenic compound. A comprehensive set of data is
obtained with combinations of excitation and emission
wavenumbers, which allows for the screening of many
PAHs, including all priority pollutants, in one analysis
step. The acquisition of HREEMs is time-consuming,
unless special instrumental setups are applied, which are
comprised of parallel excitation and detection hardware
(e.g., distributed excitation using prisms and parallel de-
tection with an intensified CCD detector). However,
such hardware is not easily prepared so that high-reso-
lution data are obtained; at least a resolution of the order
of 1-nm is required to get vibrational resolution in flu-
orescence spectra. New developments like Optical Par-
ametric Oscillators, intense laser sources with a very
broad tuning curve of adequate linewidth for high-res-
olution spectroscopy, enable one to obtain laser-excited
HREEMs, which couple the specificity of the high-res-
olution excitation-emission matrices to the high sensi-

tivity afforded by the high-intensity excitation source.
For practical applications in environmental analysis, in
particular, when a limited number of pollutants with
well-characterized spectral features are to be determined,
sufficient specificity can be attained by straightforward
1-D high-resolution spectra, as has been demonstrated
by the excitation and emission cuts in the EEM in Fig.
1. In particular, laser-excited Shpol'skii spectroscopy
(LESS) [5,6] is a powerful and distinctive, and at the
same time sensitive, technique for such applications.

An alternative way to get fingerprint data over a
wide wavelength region in a single scan is by synchro-
nous fluorescence spectroscopy. High-resolution CESF
can be applied to obtain vibrationally resolved spectra
for many PAHs as well, at a significantly shorter acqui-
sition time than HREEMs. When a relatively small en-
ergy difference (<800 cm–1) is applied between
excitation and emission wavenumber, simple CESF
spectra are obtained, which allow for rapid and specific
screening of PAHs in environmental samples. Larger en-
ergy differences lead to more complex spectra, with
spectral features showing up due to various combina-
tions of vibronic excitation and vibronic emission of the
same molecule. For the interpretation of such complex
spectra it is useful to have HREEM data available, which
allow the straightforward identification of peaks derived
from one species. Once such identifications have been
made, obviously CESF can be applied without further
need of HREEM "background information."
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