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Abstract Time-resolved fluorescence spectra of gas-phase
toluene and naphthalene were investigated upon picosecond
laser excitation at 266 nm as a function of temperature (tol-
uene 296-1,025 K, naphthalene 374-1,123 K), pressure
(1-10 bar), and bath gas composition (varying concentra-
tions of N, O,, and CO,) with a temporal resolution of 50 ps.
In the investigated temperature range, the fluorescence
spectra of both toluene and naphthalene show a significant
red-shift, whereas the fluorescence lifetime decreases with
increasing temperature, more pronounced for toluene than for
naphthalene. Increasing the total pressure of either N, or CO,
from atmospheric to 10 bar leads to an increase by about
20 % (naphthalene at 373 K) and a decrease by 60 % (tolu-
ene at 575 K) in fluorescence lifetimes, respectively. As
expected, at atmospheric pressure collisions with O, shorten
the fluorescence lifetime of both toluene and naphthalene
significantly, e.g., by a factor of 30 and 90 when changing O,
partial pressure at 373 Kfrom 0to 0.21 bar, respectively. The
fluorescence model of Koban et al. (Appl Phys B 80: 777,
2005) for the dependence of the toluene quantum yield on
temperature and O, partial pressure at atmospheric pressure
describes toluene fluorescence lifetimes well within its range
of validity. The model is modified to satisfactorily predict
effective toluene fluorescence lifetimes in N, at pressures up
to 10 bar. However, it still fails to predict the dependence at
simultaneously elevated temperatures and pressures in air as
bath gas. Similarly, an empirical model is presented for
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predicting (relative) fluorescence quantum yields and life-
times of naphthalene. Although the fitting models have their
shortcomings this publication presents a data set of great
importance for practical LIF applications, e.g., in-cylinder
mixture formation diagnostics in internal combustion
engines.

1 Introduction

Organic molecules, such as ketones as well as mono-aro-
matics (e.g., toluene) and di-aromatics (e.g., naphthalene),
are frequently used as fluorescent tracers for visualizing
gas-phase mixing processes and for gas-phase thermometry
using laser-induced fluorescence (LIF). The tracers are
added at low concentration (1-10 %) to a non-fluorescing
surrogate fuel [1]. Due to their matching evaporation
characteristics, toluene and naphthalene are often used as
representative for gasoline [2] and Diesel or kerosene,
respectively [3, 4]. For quantitative interpretation of signal
intensities in practical applications their dependence on
environmental conditions, i.e., temperature, pressure, and
bath gas composition must be understood. Variations in the
absolute fluorescence intensity of these tracer species are
determined by the respective absorption cross-section [5]
and the fluorescence quantum yield (FQY) [3, 6, 7]. With
increasing temperature and O, concentration a red-shift in
the absorption and emission spectra are reported [3, 5, 6].
In addition, the fluorescence quantum yield varies with
increasing temperature and O, content and is mirrored by
respective changes of the effective fluorescence lifetime.
For practical applications of fluorescence tracers it is
desirable to describe these effects with models that cover
the relevant range of temperature, pressure, and bath gas
composition [6, 8—10].
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The photophysical properties of the Sy — S; (w, n*)
transition of gas-phase toluene and naphthalene have been
investigated for decades [11-14]. The broad and almost
structureless absorption spectra, located between 230 and
270 nm (toluene) and between 240 and 290 nm (naphtha-
lene) at room temperature, are easily accessible with typical
high-power UV lasers (e.g., of KrF* excimer and quadrupled
Nd:YAG lasers at 248 and 266 nm, respectively). Their red-
shifted fluorescence spectra cover the range 265-350 nm
(toluene) and 305-400 nm (naphthalene). The high fluores-
cence quantum yield [5, 15, 16] makes toluene and naph-
thalene attractive as fluorescent tracers for LIF imaging
diagnostics of gaseous mixing processes [17] and tempera-
ture in, e.g., in internal combustion (IC) engines [18, 19],
standard burners [20, 21], and shock tubes [22]. In all these
applications, the variation of the time-integrated LIF-signal
intensity (or its relative variation in selected wavelength
sections of the emission spectrum) with total pressure, O,
partial pressure, and temperature is exploited to measure the
respective quantity. Therefore, for extracting quantitative
results from such measurements the dependence of the LIF
signal on these parameters has to be explored under well-
controlled environmental conditions.

Temperature-dependent fluorescence quantum yields
have been determined by measuring absolute signal
intensities by calibration of the optical setup, e.g., with
Rayleigh scattering [3, 5]. Based on such data, for the case
of toluene excited at 248 or 266 nm, the fluorescence
quantum yield was described as a function of temperature
and O, partial pressure by a phenomenological model
introduced by Koban et al. [6]. This approach uses ana-
lytical functions fitted to temporally and spectrally inte-
grated fluorescence intensities. This model was able to
reproduce measured LIF intensities with 10 % accuracy in
the temperature range of 300-700 K at 1 bar [2, 6], in the
absence of O, even up to 950 K. The model was also
applied with limited success to predict signal intensities in
internal combustion engine applications where O, partial
pressures and temperature vary during the compression
stroke [23, 24]. For naphthalene, however, such a phe-
nomenological model has not yet been published.

An alternative, less common but more direct approach for
the determination of the (relative) fluorescence quantum
yield is the measurement of effective fluorescence lifetimes
[21, 25, 26]. For toluene and naphthalene, published data are
limited mostly to atmospheric pressure ([25-29] and refer-
ences therein), few collision partners [30-32] and for a
restricted temperature range [33]. Measurements of toluene
and naphthalene fluorescence lifetimes at simultaneously
elevated temperatures and pressures have never been pub-
lished before. For air as bath gas even no quantum yield data
are available. The present work aims at extending the
available data base into regions of higher pressures and
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temperatures which are of great interest for quantitative
engine, shock-tube, or gas-turbine diagnostics. The new
effective fluorescence lifetime information will also be of
importance when extending existing and developing new
photo-physical models for the prediction of fluorescence
quantum yields of these species. In the present work, we
analyze the dependence of toluene and naphthalene fluores-
cence lifetimes in the 296—1,200 K temperature range with
excitation at 266 nm. Measurements are carried out in pure
N,, CO,, and in air at total pressures between 1 and 10 bar as
well as at 1 bar in N,/O, mixtures with varying O, partial
pressures. For toluene, the fluorescence quantum yields are
compared to predictions of the Koban model [6].

2 Theoretical background and model description

In aromatic molecules several excited singlet states exist.
In naphthalene upon 266 nm excitation, besides populat-
ing S; the second state S, can be populated at 373 K
(at higher temperatures even the S; is reached), followed
by very fast non-radiative vibrational relaxation to S;. In
toluene, most excitation takes place into Sy, only at higher
temperatures (>600 K) the S, state can be populated. For
simplification we assume the presence of only one excited
singlet state S; and ignore radiative processes originating
from higher singlet states and from triplet states. Although
this seems to be a strong limitation, our results show that
within our experimental uncertainty this assumption is
justified. Neglecting energy transfer during photoabsorp-
tion, the intra-molecular deactivation of the excited
molecules [M*] can be described by the following rate
equation [1, 34].

— % [Mx] = (ka + kisc + kic) [Mx] (1)
where kg, kisc, kic are the rates (all in s_l) of fluorescence
emission, intersystem crossing, and internal conversion,
respectively. The total depopulation rate, k. is then
connected to the experimentally accessible effective
fluorescence lifetime, ¢, via the following relation:

1
kior = Zki = kg + knr = kn + kic + kisc + qu,/‘nq,,' =’
€

(2)

where k,; is the non-radiative decay rate (sfl) as the sum of
all decay rates except ky. k,; is the respective quenching
rate (in cm’® /s) with ng; (in m73) as the concentration of the
respective quencher species Q;. The relation between T

and the fluorescence quantum yield, ¢y, is given by

kn  Tesr
bq = = = const X T, (3)
tot Trad
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with 7,4, the radiative lifetime [34]. Thus, the fluorescence
quantum yield is proportional to the effective fluorescence
lifetime.

The deactivation processes can be separated in
intra-molecular (fluorescence, internal conversion, inter-
system crossing) and inter-molecular processes (collisional
quenching). In the latter case, energy transfer from the
excited molecule to the collider species occurs. The
quenching efficiency depends on the collision frequency
and the quenching cross-section which depends on the
species itself. O, is known as a highly efficient fluores-
cence quencher for aromatic molecules due to its triplet
structure in the ground state [1]. For the investigated spe-
cies toluene and naphthalene a Stern—Volmer relation

S?l 'Cgff
—=-=1+4+k% 4
St Tefr +Rsvitg “)

can be used [3, 6, 20], i.e., a linear dependence of the ratio
of signal intensity Sy (and thus t.¢) without (index 0) and
with presence of the quencher with number density ny. The
respective Stern—Volmer factor, ksy, can be determined
experimentally by measuring signal intensities (or life-
times) in environments with varying quencher
concentration.

Koban et al. [6] built a phenomenological model for
predicting toluene-LIF signal intensities, i.e., fluorescence
quantum yields, as a function of excitation wavelength,
Aexe> temperature, 7, and O, number density, no, relative to
a calibration performed at known conditions based on the
simplifications mentioned above. The model was validated
against experimental data obtained in a cell at 1 bar total
pressure for temperatures between 300 and 950 K in pure
N,, and between 300 and 700 K in the presence of
0-300 mbar O,. According to Eq. (3), the model should be
applicable to the present lifetime measurements, if the
latter are normalized to the fluorescence quantum yield at
calibration conditions. As outlined by Koban et al. [2, 6],
the model describes the time-integrated LIF-signal inten-
sity (cf. Eq. (5)) as being proportional to two factors:

ILIF(Ta }vexw nOZ) 08 ntolo_abs(T)

( Al (Tv ﬂvexc) Az(T, )Lexc) >
1+ ksvi(T)no, 1+ ksva(T)no,

(5)

The first part considers the number density, n,,, of toluene
and the temperature dependence of the absorption cross-
section, g,ps, Which is necessary to predict signal intensities
as a function of temperature. However, since the variations
of the absorption cross-section are not part of the calcula-
tion of the fluorescence quantum yield, it needs not be
taken into account for comparison to the present lifetime
measurements. The second factor describes the relative
quantum yield as a function of temperature and O, partial

pressure. It considers two separate de-excitation pathways
for molecules excited to the S; state represented by two
separate Stern—Volmer factors [6], which, however, is just
an empirical finding without a clear photophysical back-
ground. A shortcoming of the model is that it does not
consider effects of total pressure in, e.g., N, bath.

3 Experiment

The experiment is described in detail in [25], therefore, only a
brief overview is given here (cf. Fig. 1). Fluorescence mea-
surements were carried out in a mixture of the tracer and the
respective bath gas flowing continuously through a cylin-
drical ceramic flow chamber (outer diameter 90 mm, length
250 mm) with four holes on its circumference for optical
access, and placed inside a 400-mm-diameter stainless steel
pressure vessel. Heating elements placed around the flow
chamber and thermally insulated against the outer vessel
walls by ceramic foam elements allow heating of the gas flow
up to 1,400 K at a maximum gas pressure of 10 bar while
keeping the pressure vessel and its window flanges at below
370 K. Gas temperature and pressure in the flow chamber
were measured with an R-type thermocouple located close to
the measurement volume and a pressure transducer, respec-
tively. Constant pressure was achieved by a back-pressure
regulator in the exhaust line of the flow system. The stainless
steel vessel has four optical ports sealed with quartz windows
of 30 mm clear aperture in line with the openings of the
ceramic cell.

Toluene (for analysis grade, Merck Chemicals) was used
as a pure substance without further purification, while
naphthalene (for analysis grade, Merck Chemicals) was dis-
solved in dodecane (>99 %, purity, Sigma-Aldrich; 5 %
naphthalene by weight). Pure dodecane was tested to show no
fluorescence upon 266 nm excitation. N, (purity >5.0) and
air were provided from vaporized liquid N, and compressed
air for pressures up to 6 bar, respectively. N, and air for
higher pressures (purity 5.0) and CO, for all pressures (purity
4.6) were provided from gas cylinders (Air Liquide). For
providing gas mixtures with well-controlled composition the
liquids were metered by a high-pressure pump (HPLC
Compact Pump 2250, Bischoff-Chrom) and injected into a
heated chamber (CEM, Bronkhorst) where they were mixed
with the carrier gas. Different bath gas compositions were
provided via mass flow controllers (Bronkhorst) and a small
gas mixing chamber. To avoid condensation all tubes were
resistively heated up to 470 K. The O, partial pressure in the
chamber was varied by diluting a flow of air with varying
amounts of Nj.

The optical setup is shown in Fig. 1. A flashlamp-
pumped, frequency-quadrupled Nd:YAG laser (PL2143B,
Ekspla) delivered a pulse energy of maximum 7 mJ] at
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Fig. 1 Experimental
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266 nm with a pulse width of 26 ps at a repetition rate of
10 Hz. The diameter of the circular laser beam was
reduced by a Galilei telescope to 3 mm before entering the
cell. The signal was collected perpendicular to the laser
beam by a quartz lens and then focused with a second
quartz lens via an UV-enhanced aluminum mirror on the
entrance slit of a spectrograph (f = 300 mm, 150 grooves/
mm grating, Acton SP2300, Princeton Instruments). The
fluorescence spectrum was then imaged on the entrance slit
of a streak camera (C5680-24C, Hamamatsu Photonics)
with a streak module (M5677-01) and a CCD camera (Orca
R2), which provides a maximum temporal resolution of
20 ps. The system thus delivers two-dimensional images
with a wavelength and a time axis, respectively. Laser and
camera were synchronized with trigger pulses from the
laser via a pulse delay generator (DG645, Stanford
Research Systems).

The fluorescence intensity was investigated as a function
of laser fluence to determine the limits of the linear regime
(not shown here) which was found to be 35 mJ/cm?® at
296 K for toluene and 374 K for naphthalene, respectively.
This laser fluence was used for temperatures up to 900 K.
Because the saturation limit is known to shift to higher
fluences at elevated temperatures [23], for reasons of
gaining a better signal-to-noise ratio at higher temperatures
the fluence level was increased stepwise to 70 mJ/cm” at
the highest temperature investigated which was checked to
be in the linear regime. The partial pressures of toluene and
naphthalene were 4 and 0.4 mbar, respectively, at the
lowest used temperature (296 K for toluene, 374 K for
naphthalene, respectively). At higher temperatures the
partial pressure was increased to maintain a nearly constant
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number density of tracer molecules in the probe volume. In
additional measurements it was tested that at this number
density self-quenching can be neglected.

4 Data evaluation

Depending on the signal-to-noise (S/N) ratio, for each
condition 300-1,000 individual single-shot measurements
were acquired and stored. The respective images were then
averaged after adjusting the time axis with a jitter-correc-
tion routine provided by the streak camera software to
minimize smearing of the temporal profiles. A background
image was subtracted which was obtained while the laser
was firing with pure N, flowing through the cell. Resulting
sample images for both tracers are depicted in Fig. 2 with
wavelength along the horizontal and time along the vertical
axis. These images deliver spectrally selected temporal
profiles (horizontal binning of columns) and fluorescence
spectra for specific time intervals (vertical binning of rows)
after laser excitation. It was found that within the error
limits the number of binned columns did not influence the
evaluated effective fluorescence lifetimes, i.e., there was no
significant dependence of the lifetime on emission wave-
length. Thus, for S/N enhancement the signal within col-
umns covering the spectral range between 270 and 320 nm
(toluene) and 305 and 375 nm (naphthalene) was inte-
grated. Spectrally resolved fluorescence was determined by
binning a number of rows in the range of significant pixel
counts (red rectangles in Fig. 2). The resulting spectral
profiles were corrected for the instrument spectral response
by recording the emission of a deuterium lamp with known
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Fig. 2 Sample images (averaged over 300 single-shot images) of
time- and spectrally resolved toluene (left) and naphthalene (right)
LIF after excitation at 266 nm. Conditions: 373 K, 2 bar total
pressure of CO,, toluene partial pressure 4 mbar, naphthalene partial
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= 206K = 374K
1 374 K 477 K
3 476 K 1. 579 K
oo N . T e T instrumentresponse| [ e, | instrument response
.-'a_-_; —— fitted profile (296 K —— fitted profile (374 K) |
c
© 01
< o1d [ F Y e, e, T
E .II.
© 0.01; 1.
c 3 0.014 [
0.151— N — Y T 0.50F—— bt T T
ot0b—_ e 025]- || residual
0.05 \ residual pioola) Mypmrmmesmennr o usacseesseree e
0 50 100 150 0 100 200
Time / ns Time / ns

Fig. 3 Time-resolved LIF intensity for toluene (/eff) and naphtha-
lene (right) in 1 bar N, with excitation at 266 nm at various
temperatures. For 296 K (toluene) and 374 K (naphthalene), the
fitted function and the residuals are shown as blue and green curve,

spectral radiance using the same optical setup. The recor-
ded spectra also proved useful to detect the onset of tracer
degradation at high sample temperatures that is clearly
visible from a significant change in shape of the fluores-
cence spectra.

Figure 3 presents three examples for LIF excitation/
decay profiles for different gas temperatures together with
the instrument response function recorded in the spectral
region of the laser stray light at 266 nm in the absence of
tracers. Because decay times strongly depend on the
environmental conditions, the temporal resolution of
the streak tube was adjusted for each condition to optimize
the time resolution to take advantage of the full detector

respectively. The depicted instrument response curves (red dashed
lines) were recorded without tracer for the streak speeds appropriate
for the respective 296 K and 374 K measurements

size. For each condition the data trace covers a different
time span. Thus, separate instrument functions were
recorded.

Signal decay times, 7, were determined using the con-
volve-and-compare method described by Settersten et al.
[35, 36]. A convolution of a single- or double-exponential
decay with the measured instrument response function was
fitted to the experimental excitation/decay profiles by
minimizing the sum of squared residuals between both
curves. Figure 3 shows an example of such a convoluted
signal profile for each substance (blue lines in Fig. 3) fitted
to the 296 K LIF trace of toluene and the 374 K trace of
naphthalene, respectively (black dots), with the residuals
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shown as green curves and the respective instrument
function as red curve. The motivation for the respective
fitting functions will be discussed in Sects. 5 and 6. In the
fits the variable parameters were the decay time and a shift
on the time axis to optimize the instance where experi-
mental and simulated signal intensities reach their respec-
tive peak values. For the fastest decays the minimum
temporal resolution of the detection system was 50 ps.

5 Results

Measurements for toluene are presented for temperatures
from 296 to 1,026 K in N, and CO, bath gas. Due to the low
signal intensity and tracer oxidation, the upper temperature
for measurements in air was limited to about 800 K.
Naphthalene was investigated from 373 to 1,137 K in both
N, and CO,. At lower temperatures, the naphthalene vapor
pressure is too low to obtain useful data with the present
setup, while at higher temperatures significant naphthalene
pyrolysis occurs. As with toluene, oxidation of naphthalene
in air limited the upper temperature to around 900 K.

5.1 Fluorescence spectra

Figure 4 depicts the temperature dependence of toluene
fluorescence spectra in 1 bar N, normalized to their
respective peak intensities. Spectra recorded in CO, (not
shown) exhibit similar shapes and positions. Spectra were
smoothed by an adjacent-average filter with a window size

Norm. intensity

0,0

T T T T T T T i T
260 280 300 320 340
Wavelength / nm

Fig. 4 Peak-normalized toluene fluorescence spectra at various
temperatures in 1 bar N, bath at a toluene number density of
~2 x 102 m™3. Spectra in CO, (not shown) are similar. The arrows
indicate the spectral resolution of the detection system by the FWHM
of a recorded mercury line at 254 nm from a low-pressure discharge
lamp
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of 3 nm. At room temperature emission extends from
roughly 265 to 340 nm with a maximum at around 280 nm.
With increasing temperature, a slight red-shift of this
maximum of about 2 nm per 100 K can be observed, and
the tail on the long wavelength side of the spectra becomes
stronger relative to the peak. Due to the limited spectral
resolution of the present experiment of about 3 nm (indi-
cated by the arrows in Fig. 4), a possible “fine structure” is
not observed in the spectra at lower temperatures. The
spectral shape does not change with increasing pressure,
even when air is used as bath gas. This finding is in accord
with Koban et al. [6] and Rossow [8] who found that upon
266 nm excitation no spectral shift could be observed with
either increasing O, partial pressure or total pressure.

Figure 5 shows the temperature dependence of naph-
thalene fluorescence spectra diluted in N, bath gas at a total
pressure of 1 bar and normalized to their respective peak
intensities. As for toluene, within the measurement accu-
racy spectra in CO, (not shown) exhibit indistinguishable
shapes and positions. At 374 K, emission extends from
roughly 305 to 400 nm with a maximum at around 335 nm.
For naphthalene, the red-shift of the emission spectrum
with increasing temperature (5 nm per 100 K) is more
pronounced than for toluene. Again, the tail on the long
wavelength side of the spectrum becomes stronger relative
to the peak emission. These results are consistent with
work by other groups [3, 20, 26], regarding the general
position and the FWHM. Orain et al. [3], however, report a
different fine structure of the emission peak, where the first
vibrational peak is larger than the second.

Norm. Intensity

0,0

T - T T T T T
300 320 340 360 380 400
Wavelength / nm

Fig. 5 Peak-normalized fluorescence spectra of naphthalene upon
266 nm excitation at various temperatures in 1 bar N, at a naphtha-
lene number density of ~2 x 10> m™>. The spectra in CO, are
similar. The arrows indicate the spectral resolution of the detection
system
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5.2 Effective fluorescence lifetimes
5.2.1 Toluene

The present work enlarges the range of data from our
previous work [25] on the temperature and bath gas
dependence of effective fluorescence lifetimes of toluene to
pressures higher than atmospheric. Evaluated fluorescence
lifetimes of toluene in N, as bath gas are shown in Fig. 6
recorded for various temperatures versus total pressure
between 1 and 10 bar. Generally the lifetimes strongly
decrease with temperature, slightly more at higher pres-
sures. At fixed temperatures larger than 296 K the lifetimes
slightly decrease with increasing pressure. A similar
quenching effect with pressure in N, was also observed by
Rossow [8] for time-integrated signal intensities deter-
mined at 450 and 700 K. When normalizing his data with
the respective lifetimes at 1 bar at the nearest temperatures
from our measurements they show good agreement
(cf. Fig. 6). In CO, (not shown), the quenching effect is
slightly more pronounced (by about 5 %) compared to N».
A comparison with the model of Koban et al. is not pos-
sible because it does not include the effect of total pressure.
In Sect. 6, we will expand Koban’s model to higher pres-
sures in N,. The results of this modified model are included
in Fig. 6.

Figure 7 shows effective fluorescence lifetimes of tolu-
ene in air (symbols) as a function of temperature for
pressures from 1 to 10 bar. Due to the high O, partial
pressures, fluorescence lifetimes are much shorter than in
N, (cf. Fig. 6). For constant temperature the fluorescence
lifetime decreases with increasing air pressure, more Sig-
nificantly at lower temperatures. The effect of O,, however,
saturates at an air pressure of around 10 bar (i.e., a O,
partial pressure of around 2 bar). The temperature drop-off
is shifted to higher temperatures with increasing pressure
due to increased quenching by the higher O, concentra-
tions. For comparison, predictions from the Koban model
[6] are included in Fig. 7 (lines) by normalizing each
pressure to the respective measured lifetimes at room
temperature. The model shows large deviations at total
pressures higher than 1 bar, especially at higher tempera-
tures, which is due to the fact that the model was not
developed for this pressure regime.

5.2.2 Naphthalene

Previous work by Ossler et al. [26] has shown that the
decay of naphthalene fluorescence can be described by two
lifetime components, representing two different deactiva-
tion pathways of the excited molecule. In contrast to tol-
uene, the 266 nm excitation in naphthalene already
provides enough excess energy at low temperatures

87
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Fig. 6 Effective fluorescence lifetimes of toluene in N, (symbols) as
a function of total pressure at various temperatures. For comparison,
normalized signal intensity values from Rossow [8] are included
(cross symbols). Lines are from our modified fluorescence model. See
text for details
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Fig. 7 Effective fluorescence lifetimes of toluene as a function of
temperature at various air pressures. Solid line relative fluorescence
quantum yield calculated from the Koban model [6] normalized to the
respective values at room temperature for each pressure

(~6,000 cm ™! at 400 K) to activate an additional deacti-
vation pathway [31, 37]. Therefore, double-exponential
functions were applied when fitting all our naphthalene
fluorescence decay profiles. Section 7 will discuss this
topic in more detail.

In Fig. 8, the evolution of both components of naphtha-
lene fluorescence lifetime with temperature is shown for
pressures of N, between 1 and 10 bar. At temperatures
higher than 1,000 K the limited signal-to-noise ratio of the
fluorescence decay profiles prevented double-exponential
fits from extracting the short lifetime component. The
fluorescence lifetime decreases by a factor of 370 when
temperature increases from 373 to 1,123 K, i.e., from
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Fig. 8 Effective fluorescence lifetimes of naphthalene as a function
of temperature for several total pressures in N,. Upper part long
lifetime component, lower part short lifetime component. Compar-
ison to literature data from Ossler et al. [26]. Inset in the upper part
long lifetime component versus total pressure of N, for two
temperatures. The long lifetime component is compared to calculated
values (for 1 bar N,) from our model presented in Sect. 6

104 + 6 ns down to 0.28 £ 0.05 ns. Noteworthy in Fig. 8
is the marked increase of the negative slope of the data
points above about 800 K. Compared with results from
toluene (cf. Fig. 6) for naphthalene the effect of pressure is
not only much reduced, but it increases instead of decreases
with increasing pressure (cf. inset in upper panel of Fig. 8),
although this trend levels out within the error limits at
temperatures higher than 800 K. This difference in behavior
will be discussed in Sect. 7. At temperatures below 800 K
our data at 1 bar agree well with results from Ossler et al.
[26]. However, at higher temperatures our evaluated life-
times are significantly shorter than those reported by Ossler
et al. which might be attributed to their limited temporal
resolution of 2.5 ns. In CO, lifetimes at 1 bar (not shown
here) are the same as those in N, within experimental error.
At pressures above atmospheric lifetimes in CO, are mar-
ginally longer (by about 5 %) than in N,. The results of a
phenomenological model for naphthalene introduced in
Sect. 6 are included in Fig. 8 for a total pressure of 1 bar.
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Fig. 9 Effective fluorescence lifetimes of naphthalene as a function
of temperature for several air pressures. Lines are lifetimes calculated
from a fitting function introduced in Sect. 6 normalized to the
respective value at 373 K

As shown in the lower panel in Fig. 8, the short lifetime
component shows a similar behavior with temperature,
although with much larger experimental scatter. At tem-
peratures up to 600 K the lifetime nearly stays constant at
around 7 ns, while at higher temperatures it decreases to
0.6 ns at 923 K. A pressure effect could not be observed
within the error limits. Within the measurement uncer-
tainty, our values at 1 bar total pressure are consistent with
those of Ossler et al. [26], while at temperatures beyond
800 K our lifetimes are smaller by about a factor of 2.

In air the effect of temperature on the fluorescence
lifetime is quite different from the behavior in N, (cf.
Fig. 9). For constant temperature, increased air pressure
causes a strong decrease of fluorescence lifetime due to the
increased O, number density. The quenching effect for
naphthalene is stronger than for toluene (cf. Fig. 7). For
naphthalene the on average lifetime decrease ranges from
about 1.1 ns at 1 bar to about 0.05 ns at 10 bar, while for
toluene at 373 K these values change from 0.7 ns to
0.09 ns in the same pressure interval. For each air pressure
the fluorescence lifetime only slightly changes with tem-
perature in the range from 373 to 700 K, and then drops off
slightly, before at the highest temperatures a strong
decrease is observed. This behavior is similar to that
reported by Orain et al. [3], who also found a plateau
region for time-integrated spectral intensities at 1 bar total
pressure. For air pressures above 2 bar the range of con-
stant lifetimes (within experimental error) is extended to
even higher temperatures. In our range of conditions the
amplitude of the short lifetime component is too short to be
determined with sufficient accuracy. Our measurements
show that for naphthalene quenching by O, almost domi-
nates over the temperature effect—in contrast to toluene,
where a pronounced temperature effect is still present in air
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up to a pressure of about 8 bar (cf. Fig. 7). Therefore, our
results support the conclusion of Kaiser and Long [20] that
naphthalene should be a suitable tracer for fuel/air-ratio
measurements. Figure 9 also displays calculated lifetime
values for various total pressures normalized to the
respective value at 373 K for all air pressures above
atmospheric using a phenomenological fitting function
described below. As these functions are derived from data
at 1 bar total pressure, differences at elevated pressures
might occur due to effects not covered by this functional
dependence, e.g., non-linear Stern—Volmer behavior at
higher total pressures. More realistic models based on the
photo-physical background of these aromatic species, e.g.,
considering the detailed energy transfer and relaxation
processes in the S; state, will be necessary to improve the
consistency with experimental data.

The lifetimes at 875 K as the highest temperature are
significantly smaller than the modeled ones. This discrep-
ancy is attributed to the onset of pyrolysis and oxidation of
naphthalene in the gas flow which makes it uncertain as to
whether signal originates from naphthalene or contribu-
tions from pyrolysis and oxidation products.

5.3 Stern—Volmer coefficients

As temporally integrated fluorescence intensities of toluene
show Stern—Volmer behavior [6, 8], according to Eq. (4),
this should also be applicable to our measured effective
fluorescence lifetimes. To validate this, Stern—Volmer
coefficients for toluene were determined from the slopes of
previous lifetime data [25] plotted for constant atmospheric
pressure (with N,) versus O, partial pressures and several
temperatures (cf. Eq. 4). The resulting temperature-
dependent Stern—Volmer coefficients for quenching of
toluene by O, are depicted in Fig. 10 (filled squares)
together with values from Koban et al. [6] and Rossow [8].
There is overall agreement, especially with the values of
Koban et al., while up to 550 K the Stern—Volmer coeffi-
cients of Rossow are systematically higher by about 30 %.
Shifting his data by about 25 K towards lower temperatures
brings the values in agreement with our data. Koban’s and
our coefficients follow the same single-exponential trend
line (solid line in Fig. 10) and are close to each other within
their combined measurement uncertainty. Thus, it is more
likely that the values of Rossow are too high than that both
our and Koban’s values are too low.

We also investigated collisional quenching of naphtha-
lene by O, at various temperatures by varying the O,
partial pressure (between O and 210 mbar) at a total cell
pressure of 1 bar (held with N,). From previous work it is
known that collisional quenching of naphthalene by O,
follows Stern—Volmer behavior [3, 20], cf. Eq. (4). As
shown in Fig. 10, within the overlapping temperature range
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Fig. 10 Stern—Volmer coefficients for toluene and naphthalene at
various temperatures for 1 bar total pressure (with N5). Values of this
work (filled and open squares) compared to values for toluene by
Koban et al. (filled stars) [6] and Rossow (plus signs) [8], and for
naphthalene by Orain et al. (crosses) [3] and Kaiser and Long (open
rhomb) [20]. Lines are mono-exponential fits to our data

our evaluated Stern—Volmer coefficients (filled squares and
fitted exponential) are systematically lower and with a
somewhat larger slope than the results from Orain et al. [3].
The result from Kaiser and Long [20] at 500 K (open
diamond) is lower by 40 % relative to the function fitted to
our data. The Stern—Volmer coefficients for naphthalene
are larger than those of toluene, indicating higher fluores-
cence quenching efficiency in collisions with O,. This is in
accord with above that in air the naphthalene fluorescence
lifetime is nearly unaffected by temperature.

6 Model functions

One simplification made in Koban’s fluorescence model for
toluene [6] (cf. Eq. 5) is the neglect of the effect of total
pressure on the relative fluorescence quantum yield. To
adapt the model to our measurements at higher pressures in
N, an additional multiplicative pressure-dependent factor
was introduced, as shown in Eq. (6)

A((T)
Pre O T o <1 + ksv 1 (T)no,

Ay (T) >
1 + ksv2(T)no,

Prot

< (Bmen(- Lo smm)  ©
where py is the total pressure in bar. To obtain the new
fitting coefficients B, B, and Bj, the pressure-dependent
lifetime data in Fig. 6 were first fitted with exponential
functions for each temperature, normalized to their value at
1 bar for each temperature. Then the coefficients of the
exponential fits were plotted against temperature and fitted
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Table 1 Fitting polynomials used to model the effective fluorescence lifetime, i.e., the relative fluorescence quantum yield, of toluene after
266 nm excitation as a function of temperature, O, partial pressure and total pressure in N,

Parameter Expression

By(T) —8.713 +0.0574T — 1.22 x 107#T? + 1.12 x 107773 — 3.80 x 10~!!7*
By(T) 3.32-1.39 x 1073T

Bs(T) 7.76 — 0.0465T + 1.06 x 107*7? — 1.06 x 107’73 —3.97 x 10~11*

Temperature T is in K

Table 2 Fit coefficients and polynomials used in the expression to
model the effective fluorescence lifetime, i.e., the relative fluores-
cence quantum yield, of naphthalene after 266 nm excitation as a
function of temperature, O, partial pressure and total pressure in N,

Parameter Value

A, —6.381 x 1073

A, 6376

A, 850.6

A —424

B,(T) —0.00704—0.00117x T
Bx(T) 1.059 + gt oo
Bx(T) 1.156 + 58 oomm
kso(T) 4644 exp(— %) + 13.77
Tetf 104ns X ¢y

Temperature T is in K, total pressure p and O, partial pressure po, in
bar

with polynomials to yield the expressions in Table 1. All
other parameters in Eq. 6 can be found in [6].

A comparison of calculated fluorescence lifetimes to the
experimental data is presented in Fig. 6 showing overall
good agreement when reproducing the dependence on total
pressure with N, as buffer gas. At atmospheric pressure the
model is reduced to Koban’s expression. It should be noted
that these modifications are only valid for the conditions of
the present experiments, i.e., 266 nm excitation, tempera-
tures between room temperature and 950 K, and for total
pressures of N, ranging from 1 to 10 bar. Additional
quenching effects, that occur in the presence of O, (cf.
Fig. 7) at pressures above atmospheric, are not covered by
Eq. (6).

The model for naphthalene is a parameterized functional
fit to the experimental lifetime data. As naphthalene fluo-
rescence decay curves contain two lifetime components it
is more complex to create a model to predict relative
quantum yields. The short lifetime component, however, is
low in amplitude and not measureable in air. Therefore, for
simplification, we neglect this component and focus on the
long lifetime component.

The fitting procedure was such that, initially the tem-
perature dependence in pure N, at 1 bar was fitted, then the
influence of total pressure in a similar way as for toluene,
and then the sensitivity to O, quenching was taken into
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account by considering a temperature-dependent Stern—
Volmer expression as a multiplicative factor. Thus, the
model (Eq. 7) consists of three factors (distinguished by
square brackets): The first one describes the temperature
dependence of the relative naphthalene quantum yield
(¢re1) at 1 bar in N,. The second factor represents the
pressure dependence in N, bath in the absence of O,; it
equals unity at 1 bar total pressure. The third term con-
siders O, quenching with a Stern—Volmer relationship,
with the temperature dependence of the Stern—Volmer
coefficient is derived from the exponential fit in Fig. 10.

Ay T — A4\
= |A — | X -2
Pre 1+ (A3 x m) ©*p ( A >

Prot 1
B —— B3| |[————
e (-55) o )
(7)

Table 2 lists the respective fit-parameters of the model.
Fluorescence lifetimes can be calculated by multiplying
¢re1 With a constant factor of 104 ns as shown in the last
row of Table 2.

The derived model is valid from 373 to 1,100 K without
0O,, and up to 900 K in the presence of O,. The results of
the model are compared with the temperature dependence
of the data in N, at 1 bar in Fig. 8, and with the temper-
ature dependence in air at various total pressures in Fig. 9,
respectively. At air pressures above 1 bar the agreement
between experimental data and model predictions is
reduced, especially since the modeled lifetimes evolve
through a shallow maximum with increasing temperature,
which is not reflected in the data.

7 Discussion

The decrease in fluorescence lifetime of toluene (cf. Fig. 6)
with increasing pressure is in contrast to pressure effects
known from, e.g., ketones (e.g., [38, 39]) and naphthalene
(e.g., [3] and this work). This phenomenon is thought to
arise from the fact that upon 266 nm excitation toluene is
excited near the 0—0 band (~ 580 cm ! at 300 K) of the S;
origin, where the stabilization effect of collisions with the
bath gas is inverted into a destabilization effect. This was
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interpreted as a so-called photo-induced cooling effect of
the excited-state vibrational distribution, subsequently
followed by collisional heating by the bath gas towards
thermal equilibrium [40, 41]. This pressure-induced
destabilization effect is also found for other aromatic spe-
cies when excited near the vibrationless S-S, transition by
photon absorption, e.g., anthracene excited at 365 nm [42].
In contrast to toluene, excitation of naphthalene at 266 nm
deposits energy far above (~6,000 cm™" at 400 K) its S;
0-0 band origin. Therefore, collisions cause stabilization of
population in S; due to vibrational relaxation, and thus an
increase of the fluorescence lifetime with increasing pres-
sure. This stabilization effect was first described for
naphthalene by Beddard et al. [43] theoretically and proven
experimentally.

With respect to excited-state energy transfer and relax-
ation in previous literature for toluene [31], a so-called
“third-decay channel” is discussed if a certain amount
(~2,150 cm™") of excess energy in the S state is reached.
For benzene this third-decay channel opens up because of
enhanced internal conversion due to nonadiabatic transi-
tions via conical intersections [44, 45]. It is postulated that
for toluene similar processes occur [8, 31]. This additional
loss channel also causes the appearance of a second life-
time component in the fluorescence decay curves, e.g.,
when at room temperature excitation is accomplished with
wavelengths shorter than 250 nm. In addition to the typical
fluorescence lifetimes measured in the present work,
Zimmermann et al. [29] found a short lifetime component
when excitation of toluene is performed at 248 nm at room
temperature. Alternatively, for 266 nm excitation this
deactivation channel is opened for temperatures higher
than ~480 K. At temperatures above ~ 500 K our toluene
decay curves can be fitted equally well using double-
exponential decays. However, the fast decay component in
toluene fluorescence has a low amplitude making mean-
ingful data evaluation difficult.

For naphthalene, a similar “third-decay channel” is
reported at a threshold of 10,000 cm ™' [46]. When exciting
beyond this threshold the non-radiative decay rate increa-
ses rapidly. This energy corresponds to a temperature of
about 750 K. Thus, we can explain our change in loga-
rithmic slope in Fig. 8 for the long lifetime component and
the beginning decrease in the short lifetime component at
around 800 K. Above this limit the non-radiative processes
are enhanced and thus, the lifetime is shortened “faster”
than below this level. The short lifetime component in
naphthalene, however, cannot be explained by this third-
decay channel, as it was above in the case of toluene
because a short lifetime component can already be
observed at excess energies in S below this threshold. One
possible alternative found in literature is fluorescence from
higher excited states like S, [26] competing with

vibrational relaxation to S;, but satisfactory explanations
have not been published yet.

The presented effective fluorescence lifetimes of toluene
were compared to the existing fluorescence yield model of
Koban et al. [6]. In the regime of conditions where this
model was validated (i.e., 300-700 K, 1 bar, po, between 0
and 300 mbar) we found good agreement between the
calculated (from the quantum yield) and the measured
fluorescence lifetimes. However, when extrapolating cal-
culated values of the original Koban model to higher
pressures of air (cf. Fig. 7), significant discrepancies occur
at simultaneously elevated temperatures and pressures,
even when normalizing the model function to the respec-
tive room temperature value which even gets worse when
the modified model is applied. As it was shown previously,
the Stern—Volmer assumption for O, quenching is no
longer valid for high temperatures (>600 K) and O, partial
pressures beyond 300 mbar at 1 bar total pressure [6].
Therefore, it seems not unlikely that this non-Stern—Vol-
mer behavior is responsible for the discrepancies observed
between the modeled and measured values at simulta-
neously higher air pressures and temperatures.

For naphthalene the applicability of the model is satis-
factory in N, at various total pressures and in air at 1 bar.
At higher pressures of air discrepancies occur. In the lit-
erature a non-Stern—Volmer behavior of O, quenching is
reported [26] at simultaneously elevated temperatures and
pressures, similar as found for toluene, which might also be
an explanation for the model shortcomings for naphthalene
found in this work.

8 Conclusions

Effective fluorescence lifetimes of gas-phase toluene and
naphthalene were determined upon picosecond laser exci-
tation at 266 nm in a heated ceramic flow cell as a function
of temperature (toluene: 296-1,026 K, naphthalene:
374-1,137 K), pressure (1-10 bar), and bath gas compo-
sition (Nj, N,/O,, air, and CO,). Wavelength- and time-
resolved fluorescence detection was accomplished with a
streak camera coupled to a spectrometer. Normalized
fluorescence spectra are presented for both aromatics as a
function of temperature. At 1 bar total pressure the decay
time of the spectrally integrated fluorescence was identical
in N, and CO, within experimental uncertainty. The fluo-
rescence lifetime decreases significantly with increasing
temperature, for toluene more pronounced than for naph-
thalene. At room temperature the presence of O, strongly
reduces the fluorescence lifetime, and the derived Stern—
Volmer factors for naphthalene are larger than those of
toluene. However, for both aromatics the susceptibility to
O, quenching is reduced at higher temperatures.
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For tracer LIF applications in engine studies our finding
that both N, and CO, almost equally affect the fluores-
cence lifetime of toluene and naphthalene may render these
tracers suitable alternatives to, e.g., 3-pentanone [47]. This
would simplify the interpretation of time-integrated LIF-
signal-intensity measurements in mixing studies and ther-
mometry during the compression stroke when significant
amounts of exhaust gas residuals are present under condi-
tions of, e.g., high exhaust gas recirculation.

For toluene the measurements at 1 bar total pressure of
N, confirmed that the fluorescence lifetime is proportional
to the fluorescence quantum yield predicted by the phe-
nomenological model of Koban et al. [6]. The model was
modified by an additional multiplicative exponential factor
to take into account the pressure dependence of the fluo-
rescence quantum Yyield in the absence of O,. In total, for
266 nm excitation, and within the validated range of tem-
perature, N, pressure, and O, partial pressure (at atmo-
spheric pressure), effective fluorescence lifetimes of
toluene can be predicted with an overall uncertainty of
about 10 %. For naphthalene a similar phenomenological
model was set up for predicting fluorescence lifetimes as a
function of temperature, total pressure, and O, partial
pressure. However, as for toluene the model fails in cor-
rectly predicting fluorescence lifetimes (i.e., quantum
yields) in air at simultaneously elevated temperatures and
pressures. Our results show that more sophisticated phe-
nomenological models such as the “step-ladder” model
introduced by Thurber et al. [9] for acetone, and recently
applied to toluene and naphthalene by Rossow [8] will be
more appropriate for modeling effective fluorescence life-
times of these two aromatic species, thereby also providing
a deeper understanding of their photophysics for varying
environmental conditions.

Although the modeling can be further optimized beyond
the current fitting strategies by using approaches such as [8,
9, 38] the data and its fitting functions are highly relevant
for quantitative LIF diagnostics. They close an important
gap for conditions with simultaneously elevated tempera-
tures and pressures, and hence support quantitative LIF
diagnostics in, e.g., IC engines which otherwise would
have to be covered by uncertain extrapolations from low-
pressure, low-temperature data. As examples, for cases of
constant oxygen concentration and independent on local
tracer concentration novel measurement strategies would
enable “on-the-fly” temperature determinations from
effective fluorescence lifetimes during engine compression
strokes [48]. Also, at constant temperature oxygen con-
centrations can be determined [49], even in two-dimen-
sional approaches [49, 50].
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