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Abstract This is the second in a series of two papers that
presents an updated fluorescence model and compares
with the new experimental data reported in the first paper,
as well as the available literature data, to extend the range
of acetone photophysics to elevated pressure and tempera-
ture conditions. This work elucidates the complete acetone
photophysical model in terms of each and every competing
radiative and non-radiative rate. The acetone fluorescence
model is then thoroughly examined and optimized based
on disparity with recently conducted elevated pressure and
temperature photophysical calibration experiments. The
current work offers insight into the competition between
non-radiative and vibrational energy decay rates at elevated
temperature and pressure and proposes a global optimiza-
tion of model parameters from the photophysical model
developed by Thurber (Acetone Laser-Induced Fluores-
cence for Temperature and Multiparameter Imaging in Gas-
eous Flows. PhD thesis, Stanford University Mechanical
Engineering Department, 1999). The collisional constants
of proportionality, which govern vibrational relaxation, are
shown to be temperature dependent at elevated pressures.
A new oxygen quenching rate is proposed which takes
into account collisions with oxygen as well as the oxygen-
assisted intersystem crossing component. Additionally,
global trends in ketone photophysics are presented and
discussed.
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1 Introduction

Fluorescence is a radiative process between states of simi-
lar multiplicity that involves spontaneous emission of light.
The highest probability de-excitation paths are non-radia-
tive ones. For ketones such as acetone, crossover to the first
excited triplet (77) occurs at near unity probability in many
molecules due to closely spaced energy levels between
the first excited singlet (S7) and triplet states [2]. Emis-
sion energies are always smaller than absorption energies
since one or more energy dissociative processes precede
emission.

For laser-induced fluorescence (LIF), laser light tuned to
a specific wavelength targets an absorbing species of inter-
est in Sp. The light excites a fraction of the ground state
molecules to an excited electronic state. The allowed tran-
sitions that form the absorption spectrum of the molecule
are governed by spin and symmetry selection rules. Then,
the fluorescent photons are converted to a working signal
or image through the use of a detection system with appro-
priate filtering and collection optics. For a steady-state sys-
tem, the signals are usually gated and integrated in time
and processed to acquire a physical property of interest.
Though somewhat complicated to model due to the exist-
ence of multiple relaxation paths, interpretation can be still
straightforward and signal levels are typically high, because
fluorescence involves electronic energy differences.

Thurber [1] introduced a basic model to describe acetone
fluorescence and experimentally determined the fundamen-
tal dependence of fluorescence on excitation wavelength
at varying temperature under 1 atm, as well as at varying
pressure under constant temperature of 300 K. Although
the fluorescence model of [1] was able to represent impor-
tant photophysical features, there was considerable dispar-
ity between model and experimental data, even at the room
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temperature, intermediate pressure and room pressure, high
temperature range over which the model was validated.
When extended to the coupled elevated pressure and tem-
perature data, the model of [1] does not agree at all with the
four available literature studies [3—6] or the current work
[7]. Extension of the model of Thurber [1] to more practi-
cal engine-like environments, thus, requires further insight.

This is the second of two papers that presents updated
fluorescence modeling to extend the range of acetone pho-
tophysics to elevated pressure and temperature conditions
at an excitation wavelength near the absorption peak. The
first of the two papers presented the experimental design,
methodology, design validation, and experimental results
for the system used to study both the independent and cou-
pled effect of elevated pressure and temperature on acetone
photophysics over pressures of 0.05-4.0 MPa and tem-
perature of 295-750 K for 282 nm excitation wavelength
in nitrogen (N,) and air as bath gases. The purpose of this
paper is to present the complete acetone photophysical and
fluorescence models and model re-optimization based on
new elevated pressure and temperature calibration data to
enable acetone LIF to be applied as a diagnostic technique
in high pressure and temperature systems. Specifically, for
the purpose of advancing overall ketone fluorescence mod-
eling, it is desired to validate/update the non-radiative rate,
kar, as well as collisional constants, at higher excitation
energies.

2 Background
2.1 General fluorescence

Information regarding general fluorescence may be sum-
marized via a fluorescence rate, lifetime, or overall “quan-
tum yield”. Typically in LIF systems, one can measure the
time dependence of the fluorescence,

1
B kt + keon + kic + kise + kpd + ke + koz ' M

¢
and/or the total fluorescence quantum yield (FQY):

ke
%=Mﬁ=§€’ 2

where the fluorescence k¢, collisional k.o, internal con-
version (IC) kj¢, intersystem crossing (ISC) kjs., photodis-
sociative kpq, thermal dissociative kg, and oxygen quench-
ing rate ko, are represented, respectively [8]. Typically,
the photodissociative rate is taken as a function of laser
energy, and the thermal dissociative rate is a strong func-
tion of temperature. Although non-radiative rates cannot be
measured directly, it is possible to infer the total non-radi-
ative rate, assuming that these two physical observables,
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fluorescence lifetime and fluorescence quantum yield, have
been obtained. Meanwhile, the oxygen quenching rate is
taken as the oxygen quenching efficiency (the probability
that a collision with an oxygen molecule will cause direct
quenching to T7), (p), times the product of oxygen number
density, 1,, and oxygen collisional frequency Z, [9]:

ko, = (P)NoZo. 3)
2.2 Ketone photophysical model

Historically, ketones have been attractive fluorescing spe-
cies for use in tracer LIF studies due to the fact that ketone
LIF is dominated by fast ISC, reducing fluorescence sig-
nal complexity [10]. These polyatomic organic molecules
exhibit a broadband absorption feature because of a high
density of vibrational states in S;. Ketone fluorescence
from the S; follows absorption of ultraviolet (UV) laser
light from the vibrationally allowed, symmetry forbidden
n — m* transition from the C-O bond, corresponding to
the promotion of a nonbonding electron to an antibonding
orbital. Compared to the 7 — 7 * transition (promotion of a
bonding electron to an antibonding orbital) associated with
aromatics and alkenes, absorption strength and de-excita-
tion energy transitions are generally weaker for ketones due
to the inefficient transition of near orthogonal orbitals.

Fast vibrational relaxation in §; increases overall fluo-
rescence signal levels and guarantees long emission wave-
lengths in the visible region [11]. The small fraction of
excited state ketone molecules that have not undergone ISC
to 71 will quickly de-excite via collisions, and then fluo-
resce. Therefore, in ketones, the probability of fluorescence
from lower vibrational levels is high. Since ISC involves a
spin change, de-excitation from 7 to Sp occurs on a much
longer time scale. Ketone phosphorescence is significantly
quenched in the presence of even a small amount of oxygen
because the ground state configuration of molecular oxy-
gen is T1. Thus, oxygen assists energy transfer and electron
pairing in 7.

2.3 Acetone photophysical model
2.3.1 Absorption

Typical ketone photophysical behavior is illustrated in
Fig. 1 through the use of a Jablonski diagram, using ace-
tone as the representative tracer. Acetone absorbs UV
light in the wavelength range of 225-320 nm, peaking at
275 nm, and fluoresces in the visible range of 350-550 nm.
The acetone absorption spectrum is broad and gener-
ally featureless. Vibrational structure has been resolved at
lower acetone partial pressures [12]. Subsequently, Zuck-
ermann and Haas [13] performed higher resolution studies
of rotational structure in lower lying S; vibrational bands,
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Fig. 1 Jablonski diagram for acetone vapor

detailing a constant threefold splitting of each line due to
methyl group torsional motion. Vibrational frequencies and
bond lengths and angles of S; were experimentally obtained
and compared with calculations [14].

2.3.2 Collisional rate

Following acetone absorption to Sj, the most probable path
for de-excitation involves either tracer—tracer or tracer—bath
gas collision. As governed by the Stern—Volmer relation-
ship, this gain in electronic energy is quickly transferred to
and from the vibrational modes of the absorbing species via
collision and is governed by a species-specific collisional
rate, kcon. Collisional de-excitation is favorable because the
ratio of high energy ground state molecules to low energy
excited state molecules is small.

Specific information about collisional energy transfer
is indirectly obtained through the pressure dependence of
fluorescence. The collisional rate itself is dependent on
preponderant parameters such as temperature, pressure,
and specific colliding partner and is derived through the
Lennard-Jones equation. At standard temperature and pres-
sure, the collisional rate for acetone in nitrogen bath gas is
1.07 x 10'% s7!1. All collisional parameters and Lennard-
Jones calculations in this work were taken from [15].

Early on, the pressure dependence on fluorescence of
large polyatomic molecules was studied [16, 17]; colli-
sional probabilities showed strong dependence on excited

state vibrational energy level and the specific colliding
partner [18-22], such that the average energy transferred
per collision can be defined in the following way:

AEcon = a(E; — Ethermal) (@)

where E; is the ith energy level above the thermalized level,
Ethermal 1S the room temperature Boltzmann distribution,
and « is the constant of proportionality loosely defined as
a measure of the collision efficiency for a given bath gas. «
is generally taken to be constant, and this linearity has been
demonstrated through a relatively wide range of vibrational
energies for large polyatomics such as toluene [20] and
azulene [21]. However, there is deviation from linearity at
both low and high pressures; collisional energy approaches
zero for weak excitation and levels off for high excitation
[23].

It was also verified through both experiment and com-
putation that the amount of energy transferred per collision
was approximately proportional to the number of atoms in
the colliding partner for many large polyatomic molecules,
including sec-butyl radicals [24], toluene [20], and azulene
[23, 25]. Meanwhile, computational work also supported
experimental evidence for stepwise collisional de-excita-
tion [22, 26]. Normalized collisional information about a
particular bath gas is obtained through the so-called refer-
ence collisional frequency and is available in the literature
for many bath gases, see [20, 21, 25] for example. Although
direct work on acetone collisional energy transfer is sparse,
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the results of azulene and toluene are widely accepted and
easily extended to other large polyatomics like acetone.

2.3.3 Intersystem crossing

As an acetone molecule de-excites through collisional
events, it may undergo either a radiative or non-radiative
process at any step. The second most probable path of de-
excitation is a crossover to 7. The ISC is defined as the
non-radiative transition between two states of different
spin quantum number. It is a highly probable event since
energy levels of S; and T are so closely matched (near
coincidence) and transitions to the triplet state require sig-
nificantly less energy than spontaneous fluorescence emis-
sion. Since ISC is a non-radiative phenomenon, one must
infer its values and dependencies through experiments that
reduce collisional effects by placing the excited state mol-
ecule closer to the thermalized level [27, 28]. By varying
temperature or excitation wavelength, one can monitor
changes in phosphorescence and, thus, deduce ISC rates.
For acetone and other large polyatomics, this ISC rate
increases with increased vibrational energy in Sy [10, 29, 30].
Early work in formulating the acetone mechanism showed an
overall decrease in fluorescence with increased temperature
[31]. Fluorescence lifetimes were approximated as the inverse
of the non-radiative rates [10, 32]. The energy dependence
of the non-radiative rate of acetone was further supported
through examination of phosphorescence. Experimentalists
varied excitation energy to study phosphorescence emission
of “hot” triplets (i.e., higher lying state) as well as “thermal-
ized” (lower lying states) triplets to further validate the energy
dependence of &y, e.g., [17, 33]. For an excited state acetone
molecule with average vibrational energy, the non-radiative
rate is 2-3 orders of magnitude larger than the radiative rate.

2.3.4 Quenching due to oxygen

In the presence of oxygen, the ISC rate is further enhanced
because of oxygen’s natural triplet ground state. In previ-
ous works such as [31, 34], even minute amounts of oxy-
gen were capable of completely quenching acetone phos-
phorescence. But the effect on acetone fluorescence was
poorly understood until the studies of [4, 35]. Nau and Sca-
iano [36] determined a weak interaction between oxygen
and ketone and diketone fluorescence and hypothesized an
oxygen-enhanced ISC rate that was proportional to oxygen
number density, which proceeds through an intermediate
encounter complex that includes charge—transfer inter-
actions [37]. At low enough oxygen partial pressures in
Eq. 3, the rate resembles a collision frequency [38]; at high
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oxygen partial pressures, the rate will increase the overall
ISC rate and quench acetone fluorescence.

2.3.5 Fluorescence and phosphorescence

The third most probable path of de-excitation is fluorescence
or phosphorescence defined as direct, spontaneous emission
of a photon from S; or 77, respectively. Early work focused
on low pressure applications to characterize acetone and bia-
cetyl fluorescence yields on an absolute basis [32, 34, 39].
As indicated in these works, however, there was significant
uncertainty and disparity among these early absolute fluores-
cence measurements. Information regarding acetone fluores-
cence and phosphorescence has been deduced through study
of its decay rates [31, 33], its spectrum [10], and its pressure
[35, 40], temperature [4, 41], and excitation wavelength [39,
41, 42] dependencies. Fluorescence (and phosphorescence)
rates were assumed to be constant with vibrational level, as
are most carbonyl compounds [8] so changes in the FQY are
tracked through changes in the fluorescence lifetime.

Acetone phosphorescence rates (k, = 1 x 10* s71) are
slightly slower than fluorescence rates (kf = 1 x 10° s71)
because an electron occupying an excited 77 state must first
undergo spin change before photon emission and de-exci-
tation back to Sp. Phosphorescence emission is red shifted
and weaker in signal strength with respect to fluorescence
since T; energy levels are, on average, slightly lower than
their S counterparts [33]. Since fluorescence can be spec-
trally separated from phosphorescence and since the two
events occur at differing time scales, it is assumed that the
minute amount of phosphorescence emission during fluo-
rescence signal measurements is negligible.

2.3.6 Internal conversion

There are three other primary non-radiative de-excitation
processes which are considered, including internal con-
version, thermal dissociation, and photo destruction, all of
which contribute to the acetone fluorescence mechanism.
Internal conversion (IC) is defined as the de-excitation and
rearrangement of a systems internal energy via collisions
from the excited state thermalized level to the ground state.
Molecules that have not emitted a photon after successive
collisions in the excited state reach the thermalized level and
eventually collide back to the ground state. Prior to experi-
ments on IC, experimentalists assumed that the probability
for IC was higher than that of ISC because IC only occurs
between states with the same multiplicity [43]. However,
it was experimentally and theoretically verified that most
fluorescing species used in combustion studies have signifi-
cantly low IC rates. For acetone, the probability for IC is
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significantly less than that of fluorescence [11, 22, 44] and
is thus ignored in all subsequent work presented here. In
addition, the chemical and photo dissociation of acetone is
neglected in this study, because the temperatures and pump-
ing energies investigated were not extremely high.

3 Baseline acetone fluorescence modeling

In the past, thorough interpretation of acetone fluores-
cence was crippled by unknown collisional and/or quench-
ing rates, especially quenching by oxygen. Also reducing
model complexity was the fact that ketone ISC probabilities
were near unity. Because of discrepancies in quantitative
acetone fluorescence data, a new and comprehensive model
was needed. First formulated by [1] and influenced heavily
by [41], the model was central to progressing tracer LIF. At
present time, it may only be treated as a semi-quantitative
representation of the acetone fluorescence mechanism. Key
parameters of the model may not yet be extracted as physi-
cal observables on a fundamental basis until fluorescence is
characterized over the complete range of pressure, tempera-
ture, excitation wavelength, and bath gas. The fluorescence
model is briefly described in this section; a more detailed
discussion is reserved for the literature [1].

3.1 Model formulation
3.1.1 Assumptions

First, transitions of a single “average” molecule were
considered so that second-order distortion effects on

Table 1 Baseline fluorescence model parameters

the ground state energy distribution introduced by the
absorption cross section can be neglected, and the entire
ensemble of molecules may be approximated by a sin-
gle molecule [1]. Second, kic, kg, and kpq are ignored in
the model; the physical and chemical dissociative effects
introduced by high temperature and pumping energy
were assumed to be negligible and only faults of experi-
mental design. Third, the model simplifies the collisional
rate by neglecting upward collisions and assumes a grad-
ual downward collisional cascade in discrete energy steps
of AE.q, as theorized by [18, 26]. Fourth, ky is assumed
irreversible. Fifth, perfect harmonic oscillators were
assumed for the vibrational energy levels to allow for
straightforward calculation of the average thermal energy
at each iteration of the fluorescence calculation. Lastly,
the model was fit to low pressure and temperature data
from [1].

3.1.2 Overview

Table 1 lists original model parameters. Note that the pres-
sure and temperature sensitive collisional rate and the
energy-dependent non-radiative rate are evaluated at stand-
ard temperature and pressure; in the fluorescence model,
they are calculated at each iteration. Model input param-
eters are excitation wavelength, partial pressure or mole
fraction of the fluorescing species, and total gas tempera-
ture and pressure. Initially, an “average” molecule sits in
thermal equilibrium in the ground state with an average
energy determined solely by the Boltzmann distribution,
AEermal- Laser light tuned to a specific wavelength excites
the molecule with photon energy equal to Ej,,. Thus, the

Model parameter Value
Radiative/non-radiative
ke [1/5]? 8.0 x 10°
k, [1/s]° —3.82 x 10° 4 8.82 x 10%*exp(E/1650) + 4.08 x 10%*exp(E/7.73 x 10%
Model parameter Value
Collisional N, He CH, 0, Air
Kooy [1/51° 1.067 x 10" 1.304 x 10'° 1.444 % 10" 9.988 x 10° 1.051 x 10'°
ol 0.22 0.0098 0.03 0.22 0.22
Model parameter Value
Quenching
e 0.00399%kcol1 0,

% Hansen and Lee [10]

 Breuer and Lee [27], Shortridge et al. [28], and Ossler and Alden [35]
¢ Value taken from [15], evaluated at 295 K, 1 atm

4 Thurber [1]
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initial vibrational energy, E,

initiap> OF this “average” molecule
in S1 is approximated by

Einitial = AEthermal + Elaser — Eo, 5)

where E| is the energy difference between the lowest vibra-
tional level of Sy and S. For each vibrational level in S, the
molecule can decay in discrete energy steps determined by
the quantity kconAEcon, where AE.,; is defined in Eq. 4
and collisional properties may be calculated from Lennard-
Jones parameters derived through knowledge of the bath gas.
As the molecule decays, it may cross over to 77 with a rate
of knr(E;) = kisc (E;), quench directly in the presence of oxy-
gen with a rate of ko,, spontaneously fluoresce to So with a
rate of k¢, or further decay through collision with a rate of
keonn(T', P, Xvathgas)» Where Ybathgas is the mole fraction of the
bath gas, en route to the thermalized level in Sj. Since IC is not
considered, the molecule must then fluoresce or cross to 77.
For a given pressure, temperature, and excitation wave-
length, the total FQY may be calculated by summing the
individual fluorescence contributions from each ith vibra-
tional energy level through the following relationship:

kg
kf + kcoll + knr,l + ka
N—-1

¢ =

1

Z ke 11:[ coll
kf + kcoll + knn + kOZ j=1 kf + kcoll + knr,/ + ka

- 6
+ H keoll ( )
ke + knrN + k07 =1 ke + keonl + knr,/ + k()z

where the summation starts at the initially excited level
(i = 1) and terminates when the molecule reaches a vibra-
tional state sufficiently close to the thermalized (Nth) level.
FQY is equal to the probability of fluorescing from the ini-
tial level, plus the probability of colliding downward, times
the probability of fluorescing from the ith energy level, plus
the probability of fluorescing from the thermalized level
(times the probability of colliding downward).

The wavelength dependence enters explicitly through
the initial energy calculation; the temperature dependence
enters though the collisional frequency and the tempera-
ture-dependent non-radiative rate; the pressure dependence
enters into the model through the reference collisional fre-
quency and bath gas properties. The baseline model was
originally intended to elucidate relative, not absolute fluo-
rescence dependencies; absolute values indirectly depend
on kisc and, thus, the absolute measurement of Heicklen
[34], which has a significant amount of uncertainty.

3.1.3 Trends

Figures 2, 3, 4 and 5 plot the trends in the baseline fluores-
cence model which can be summarized as follows:

@ Springer

Height Above S, Origin [cm'1]

14004 11227 8022 5274 2893 810

2.5x10° |
2x10° |-
1.5x10° |-
1x10° |-

0.5x10° |-

Fluorescence Quantum Yield, ¢

220 240 260 280 300 320
Excitation Wavelength [nm]

Fig. 2 Excitation energy dependence of absolute FQY as predicted
by the model for P,,, = 2.53 kPa, at standard temperature and pres-
sure

1. For shorter excitation wavelength (i.e., larger Ejager),
the “average molecule” is pumped into a higher initial
state in S| where faster ISC prevails. Therefore, model
predictions demonstrate reduced FQY for increasing
excitation photon energy as shown in Fig. 2.

2. For increased temperatures, the molecule has more
thermal energy in the ground state prior to excitation.
For the same excitation wavelength and pressure, the
molecule is pumped into a higher initial vibrational
state in S| where the molecule crosses over to 7 at a
faster rate. Thus, for constant excitation wavelength
and pressure, the model predicts an overall decrease in
fluorescence with increased temperature as shown in
Fig. 3a.

3. For constant excitation wavelength and temperature
and increasing pressure, vibrational relaxation domi-
nates over ISC such that the “average molecule” has
a higher probability of collisional deactivation in the
S1 manifold. Thus, the “average molecule” in S; has
a higher probability of fluorescing from these lower
vibrational energy levels, since the ISC rate decreases
with decreased excited state energy. For constant tem-
perature, model predictions indicate an increase in ¢
with increased pressure shown in Fig. 3b. Further, as
shown in Fig. 4, the model predicts a low pressure
limit on fluorescence, solely dependent on the initially
excited state energy level, which is determined by the
combination of temperature and excitation wavelength.
It also predicts a high pressure limit on fluorescence,
independent of the initial excited state energy level,
which reaches a single value asymptote represent-
ing complete vibrational relaxation. On an absolute
basis, this asymptote is independent of initial height



Acetone photophysics at 282 nm excitation at elevated pressure and temperature. II....

Page 7of 14 193

(a) 1.2 T T T T T T T T T T T T T T T T L L L
1 -
Q 0.8 —
')
(@)
< 06 i
)
& 04 N -
N
Model 248nm
0.2 | -— Model 266nm _
----- Model 308nm
O L1111 ‘ | - ‘ L1111 ‘ L1111 ‘ 1111 ‘ | ‘ | ‘ |
200 300 400 500 600 700 800 900 1000

Temperature [K]

(b) 3 L — L — L — L — T L — T T
25
Model 248nm
< ==— Model 266nm
e | e Model 308nm
= 2L _
—
=]
= ———
9 _—
g 1.5 -
a9
=
o R/ RS S PP P T EEEE LD
1 f7° —
0.5\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 0.2 0.4 0.6 0.8 1 1.2 14
Pressure [MPa]

Fig. 3 Relative a room pressure, variable temperature dependence and b room temperature, variable pressure dependence of acetone FQY in an
N, gas bas, with varying excitation wavelengths. All points are normalized to 295 K, 0.101 MPa

0.003

g0.00lS —
=3

0| il Ll Ll
0.01 0.1 1 10 100

Pressure [MPa]
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Fig. 5 Model generated absolute bath gas dependencies of acetone
fluorescence at 308 nm excitation in N,, methane (CH,), and He bath
gases. P, = 2.53 kPa, T = 295 K for all curves

(as determined by the combination of excitation wave-
length and temperature) in S1. On a relative scale, lower
excitation wavelengths will produce more sensitivity to
large pressures since fluorescence is weaker at room
temperature and pressure.

4. For constant excitation wavelength, temperature, and
pressure, for differing bath gases, the model predicts an
increase in overall FQY proportional to the number of
atoms in the collider. Per Table 1, both the frequency
of collision (Z¢op or keon) and the size of the collider
influence the overall energy transferred per collision.
The product of Z.,jo essentially tracks the collisional
dependence. For example, nitrogen (N,) may have a
slower collisional frequency than helium (He) gas, but
is a bigger molecule and, therefore, yields higher FQY
as illustrated in Fig. 5. Meanwhile, the FQY decreases
with increasing oxygen content (oxygen number den-
sity).

3.2 Predictions for elevated pressure and temperature

In general, it was demonstrated that there is a higher
probability of absolute fluorescence from lower vibration
levels in S and a lower probability of fluorescence from
high vibrational levels. In the limit of high temperature or
low excitation wavelength, k,, dominates. As the distribu-
tion of excited state molecules reaches higher vibrational
levels in Sy, either by increased pumping energy or higher
temperature, absolute FQY will on average be higher for
a single high pressure. The collisional rate dominates
over the non-radiative rate in the limit of high pressure,
returning molecules back down to lower vibrational lev-
els where they more easily fluoresce. Data and model
both demonstrate this trend. But when initial temperature
is simultaneously increased with pressure, competition
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Fig. 6 Model predicted effect of elevated temperature on pressure
dependence of acetone fluorescence with varying excitation wave-
lengths. For all curves, P, = 2.53 kPa with N, as the bath gas

between ky, and ko is reintroduced into the photophysics
of the system.

Figure 6 plots the effect of elevated temperature on the
pressure dependence for acetone at the two edges of the
acetone absorption spectrum. As expected, the low pres-
sure asymptote is fixed for a given excitation wavelength
and temperature. Interestingly, the model predicts that the
high pressure asymptote will be fixed for a given tempera-
ture, independent of excitation wavelength. This is due to
the fact that AEermal, @ quantity that both collisional and
non-radiative rates are dependent upon is fixed for a given
temperature in the fluorescence calculation. This implies
no matter how high the pressure, acetone cannot overcome
the non-radiative effect associated with high temperature.
Clearly, the model predicts an insensitivity of high tem-
perature on the pressure-dependent fluorescent behavior at
long excitation wavelengths and that the collisional effects
will dominate over non-radiative effects at shorter excita-
tion wavelengths.

At 282 nm excitation wavelength in the current exper-
imental work [7], it is important to note that, although it
is predicted that fluorescence will increase slightly with
increasing temperature and pressure, the effect may be
much less dramatic than that at previously reported excita-
tion wavelengths. This is due to the fact that 282 nm lies
very near to the acetone absorption peak. In Fig. 7, the
model predicts a minimal variation in the high pressure
asymptotic value at 282 nm excitation.

4 Improved acetone fluorescence modeling
The baseline model fails when pressure and tempera-

ture are simultaneously increased, as is evident in the
data presented in this work [7], as well as the limited
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Fig. 7 Effect of elevated temperature on pressure dependence of
acetone fluorescence in an N, bath gas at 282 nm excitation. For all
curves, T'=295K, P,., =2.53 kPa

literature data sets. For example, Fig. 8a, b plot model
results against the elevated pressure and temperature
data from [4] and [7], respectively. For acetone seeded
in both air and oxygen at 248 nm excitation, as tem-
perature is increased with increasing pressure, relative
fluorescence decreases in the data and as predicted by
modeling; the same over-prediction with increasing pres-
sure still prevails [4]. Meanwhile for the 282 nm excita-
tion data from [7], for N,, the model predicts a weak,
but steady increase in fluorescence with increasing tem-
perature, while data show strong evidence for the exist-
ence of an isotherm at which fluorescence is maximum.
For air, the model predicts an initial quenching behavior
where FQY briefly peaks in the intermediate pressure
range, followed by a steady increase in fluorescence with
increasing temperature. Data indicate that fluorescence
gradually increases with pressure and temperature, fol-
lowing the same general behavior as in the case for N,.
Although not shown, data at 282 nm excitation, 700 K
exhibit a limit to the positive effect of collisional deac-
tivation on fluorescence where the 700 K pressure trend
lies below the room temperature pressure trend, and
suggest a maximum isotherm where non-radiative rates
begin to dominate again.

In general, the baseline model greatly over-predicts
high pressure effects, especially at higher excitation ener-
gies. The baseline model especially breaks down in the
high pressure range in the presence of oxygen, and data
suggest that the oxygen-assisted ISC rate is coupled with
the collisional rate for bath gases that contain oxygen.
It is also unclear as to whether fluorescence peaks at a
given isotherm at constant pressure and then decreases
in the presence of oxygen, or follows similar behavior as
that of an inert bath gas.
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Fig. 8 Relative fluorescence predictions at higher pressures for a acetone seeded in air and oxygen at 248 nm excitation, 383 K, P,., = 1.47 kPa
from Grossman et al. [4] and b acetone seeded in N, and air at 282 nm excitation, 500 K, P, .. = 4.4 kPa

The majority of the inabilities of the baseline model to
predict fluorescence behavior at higher pressure, tempera-
ture, and excitation energies are contained within the initial
assumptions in formulating the code. First, model param-
eters were originally fit to the lower pressure range of [40]
and the atmospheric pressure, high temperature data of [1].
Second, since certain non-radiative rates were neglected
and the model neglected upward collisions where non-
radiative rates are faster, the baseline model will naturally
over-predict the FQY. Third, the collisional energy transfer
of proportionality, o, was assumed to be the same for N,,
air, and oxygen bath gases. This renders it impossible for
the code to recover the collisional effects in mixtures con-
taining differing percentages of oxygen.

4.1 Updated model parameters
As such, comparison between baseline model and new

elevated pressure and temperature data warranted model

Table 2 Updated acetone fluorescence model parameters

improvements. Rather than simply adjust the model to
the current work, model parameters were readjusted glob-
ally to include the 4 literature studies at elevated pressure
and temperature [3—6]. Results of the global optimization
scheme are summarized in Table 2 in the order by which
parameters were adjusted. Baseline and newly adjusted
rates are presented, along with the average overall error
based on minimizing the least squared distance between
data and model predictions. Several immediate model
improvements are made possible through studies in tracer
LIF that were done previously and concurrently with this
work, along with a new optimization scheme. For sim-
plicity and ease of computation, re-optimization of model
parameters was split into cases with and without oxygen
present in the colliding partner. The optimized values
of kg, knr, an2,1, and an22 were simultaneously adjusted
and then used to optimize ko,, 0Air,1, and aair2. All other
collision constants were adjusted independently with
these new rates. Naturally, the most rigorous code would

Model parameter Baseline value

Error before adjustment (%)

Optimized value Error after adjustment (%)

ke [1/s] 8 x 10 6.30

ky, [1/5] —3.82 x 10° + 8.82 x 107*ex
P(E/1650) + 4.08 x 10%*exp
(EI71.73e4)

N2t N2 0.021,0

AcHa 0.03 5.50

e 0.0098 6.70

ko, [1/5] 3.99 x 107 *koy1.00 135

@ pir1s Aair2 0.021,0

Ceo, 0.021 11.1

3 x 10° 3.08

—3.63 x 10° + 4.25 x 107*ex
P(E/1532) + 3.88 x 10%*exp

(E/88066)
0.021, —0.74
0.026 3.64
0.0056 3.42
6.60 x 1077* exp(E/1999)*  3.74
kcoll,oz
0.045, 0.382
0.03 3.02
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involve simultaneous re-adjustment of all model param-
eters. The rationale of using an2,1, &n2.2, CAir,1, and oair2
will be introduced in due course.

First, the overall radiative and non-radiative rates and
bath gas constant for N, were simultaneously re-adjusted.
Due to the large amount of available data in the literature
at different temperatures, pressures, and excitation wave-
lengths relative to other bath gases, nitrogen was chosen
to update the value for k,.. But as shown in Table 2, the
overall least squares difference between baseline and
optimized model predictions for the combined effect of
these parameters reduced in half from 6.30 to 3.08%.

First, through the work of Koch et al. [42], who con-
ducted the first absolute acetone FQY measurement since
the studies of Heicklen [34] and Halpern and Ware [32],
a new lower value for the constant rate of fluorescence,
ke, is assigned. Second, a modified non-radiative rate
is proposed as was done in the work of [5], where the
rate was fit to the acetone LIF data at 248 nm excitation,
1-2 MPa and 295-690 K. The bi-exponential behavior of
knr was preserved while only the portion that represents
excitation energies higher than 8000 cm™' was modi-
fied. However, this rate was only modified in [5] to fit
the range of data in that work and it failed to recover the
low pressure and temperature data from previous stud-
ies. Also, because the k- value was adjusted to fit data
exclusively done in that work, rather than by global opti-
mization, it is unclear as to whether or not the adjusted
model parameters can truly track changes in experimental
data at high pressure and temperature. Therefore, a new
globalized non-radiative rate is proposed in this work to
optimize the value over the entire range of all experimen-
tal acetone data in N,. Both the low and high vibrational
energy-dependent exponential components of k, were
adjusted, as shown in Fig. 9.

Third, the value for the collisional constant of propor-
tionality for N, was adjusted to include a modified tem-
perature dependence. In conditions at high temperature and
shorter excitation wavelengths where the baseline model
diverged from experimental data the most, using the abso-
lute fluorescence data from [3] as a guide, it was desired to
modify the collision constant for N,. It is hypothesized that
N, may have a decreased collisional efficiency at higher
temperatures than what was previously anticipated from the
model of [46]. Although there is no a priori knowledge of
a temperature-dependent collisional transfer for acetone,
results here are extended from the work done on ethyl ace-
tate where AEco) was shown to decrease with increasing
temperature and follow a general functional form of:

(AEcon) oc T™" (7)

where the exponent 7 is chosen to fit high temperature data
of [46]. In that work, for ethyl acetate dilute in N, over the

@ Springer
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Fig. 9 Comparison between the baseline and optimized non-radiative
rate as a function of excess energy above the excited singlet origin

range of 340-850 K, the exponent was chosen as n = 0.4.
For this work, the assumed collisional constant of propor-
tionality for N, in the baseline model is adjusted to take on
the following functional form:

T ON22
aN2 = an21 <300) (®)

Examination of the elevated temperature and pressure
absolute fluorescence data from [3] revealed that acetone
diluted in N, exhibits a relatively strong negative tem-
perature dependence on collision efficiency. As such, the
exponent in Eq. 8 fits accordingly:

anz,1 = 0.021
aN22 = —-0.74

©))

and plotted in Fig. 10a, along with the baseline model
value.

Fourth, all other collisional constants of proportion-
ality without oxygen were modified using the newly
obtained fluorescence and non-radiative rates. Only room
temperature data for He and CH, existed in the literature;
therefore, no temperature dependence on these collisional
constants is justified at this time. Still, these values were
optimized based on available data and updated as shown
in Table 2.

Then, bath gases containing O, were addressed. Upon
gathering all available data for acetone in bath gases con-
taining O,, it was revealed that the largest pool of data
existed for an air bath gas. Therefore, as in the case of
the non-radiative rate, the value for k., and the collisional
constant for air were adjusted simultaneously. aaj is
plotted in Fig. 10b.

A new O, quenching rate is proposed, which was based
on the studies of [36]. The newly adjusted rate takes into
account collisions due to bath gases containing oxygen as



Acetone photophysics at 282 nm excitation at elevated pressure and temperature. II....

Page 11 of 14 193

(a) 0.022

0.02
0.018
o
4
. 0.016

0.014

0.012

----- Baseline
— Optimized

0.01 L Ll Ll Ll Ll
300 400 500 600 700

Temperature [K]

(b) 0.07
0.06
0.05
,;_;
S 004 |- _
----- Baseline
0.03 — Optimized -
(.02 FImmmmmmmmmmmms e eesseeeeesoesoeseoooesoooooe <
| P P P P
300 400 500 600 700

Temperature [K]

Fig. 10 Optimized collisional constants of proportionalities for a N, and b air as a function of temperature

107 e

L

3 | === Baseline
10 — Optimized

Oxygen Quenching Probability <p>
=)
\
\

10°¢ Do b b b b

0 3200 6400 9600 12800 16000
Excess Vibrational Energy [cm']]

Fig. 11 Optimized model generated oxygen quenching probability

well as the oxygen-assisted ISC component in accordance
with the high excitation energy and temperature data of
[5] and the current work. In [5], different quenching rates
were proposed for air and carbon dioxide (CO,). The new
global quenching rate proposed here takes into account
pressure, temperature, excitation wavelength, and oxygen
number density over the available air bath gas data in the
following exponentially decaying form:

k02 = [kl exp(E/kz)] kcoll,oz (10)

where keol1,0, is listed in Table 1. A single exponential
function for the oxygen quenching probability was cho-
sen to account for the energy-dependent assisted ISC rate.
Interestingly, as shown in Fig. 11, the newly optimized
rate resembles a constant for oxygen quenching acetone
fluorescence, owing to its weak energy dependence.

To recover the temperature dependence of the collision
efficiency for air, a functional form similar to that of N, is
chosen:

T O\ %Air2
UAir = QAj — .
Air Air, 1 (300>

Consistent with data in this work, as shown in Fig. 10b,
air is shown to have a weak positive temperature collision
efficiency; this behavior is much more common of bath gas
molecules [45, 47]. A new value for acetone in air is pro-
posed, along with a positive exponent, as shown in Table 2.
On average, the optimized model predicts that air will
transfer twice as much energy per collision as N, at room
temperature.

Finally in the optimization scheme, all other bath gases
containing oxygen were addressed. Since elevated tempera-
ture data for CO, existed in the literature, a new optimized
collisional constant was fit to the data as shown in Table 2;
it was found that a single constant fitting term provided
adequate fit to the CO, data. Since no new experiments
for acetone in a pure O, bath gas were conducted, the col-
lisional constant was not adjusted for temperature depend-
ence. As shown, overall error between model predictions
and experimental data was reduced below 4% in the pres-
ence of oxygen colliders.

In addition to the global optimization of model parame-
ters, two other general model improvements were included
in accordance with the suggestions of [5]. Collisions
between polar and nonpolar molecules were calculated, and
real bath gas functions were used to replace the ideal gas
behavior assumed in previous work [15, 48, 49]. Unfortu-
nately, these two adjustments produced little to no effect
on fluorescence results and were thus omitted from sub-
sequent calculations. Regarding recent attempts at model

an
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improvements for other ketones such as 3-pentanone and
biacetyl, the ky, rate proposed by [45] was unmodified in
the work of [50]; only the bath gas collisional transfer coef-
ficient and probability of quenching were modified to fit the
model curves.

4.2 Comparison with data

After optimization of the model parameters, discrepancies
in this and previous work between model predictions and
experimental results for the coupled elevated temperature
and pressure effects on acetone fluorescence may now be
readdressed. First, acetone LIF data in bath gases not con-
ducted in this work are presented. Figure 12a shows the
optimized results for data taken at 248 nm excitation in
He and CH, bath gases [51]. Clearly, the model and data
match well. Figure 12b presents new model results against
elevated pressure and temperature CO, data from [5]. As

(@ 25
~ 2+
<
2™
p=
)
— 15
=
54
&
< 1L O He data from [51] -
. O CH4 data from [51]
EJI —— Optimized Model, He
S - Optimized Model, CH4
0.5"\\\\\\\\\\\\\ L .
0 0.2 0.4 0.6 0.8 1 1.2

Pressure [MPa]

shown, there is very good agreement when using the newly
optimized rates.

Secondly, the room temperature, variable pressure range
and room pressure, variable temperature range for ace-
tone in N, was re-examined. As shown in Fig. 13a, b, the
optimized model clearly tracks the fluorescence data well
throughout the entire range of temperatures, pressures,
and excitation wavelengths. Maximum deviation occurs at
longer excitation wavelengths.

Third, the optimized model was applied to the current ele-
vated temperature and pressure range examined in this work.
Results are plotted in Figs. 14a, b. As shown, the new model
parameters successfully account for the maximum fluo-
rescing isotherm in N,. Both data and model show that the
relative fluorescence pressure trace at 400 K rises above the
room temperature pressure trace, and then slowly decreases
with increasing temperature for 282 nm excitation. In an
air bath gas, there is also good agreement between data and

Fig. 12 Optimized model results for a He and CH, bath gases against data from [51] and b CO, bath gas against data from [5]
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Fig. 13 Optimized model results for acetone fluorescence in an N, bath gas for a room temperature, elevated pressure, and b room pressure,

elevated temperature
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Fig. 14 Optimized model results for acetone fluorescence in elevated pressure and temperature using a N, and b air as bath gases

model. It shows that air has a positive collision efficiency
at elevated temperatures, and although the model does suc-
cessfully track this dependence, it does slightly under-predict
the magnitude of this effect. More elevated temperature data
in an air bath gas are needed to fully examine this trend.
Although not shown here for brevity, the new optimized
model matches well with data from [6].

Finally, for illustrative purposes, and to interpret antici-
pated signal levels in high temperature and pressure envi-
ronments, especially where both may vary simultaneously,
one can interpolate both experimental and model results
to map out fluorescence as a function of temperature and
pressure. Interpolated model results, which are based
on the experimental data in [7], are plotted in Fig. 15. As
shown for 282 nm excitation, when acetone LIF is used in
elevated pressure combustion systems, the high pressure
can counter the signal degradation due to elevated tempera-
ture. For example, the normalized FQY value of 1 persists
at elevated temperatures up to ~600 K at pressures beyond
25 atm.

5 Conclusions

Elevated temperature and pressure experimental data in
[7] and the four available literature studies [3-6] con-
tradict the baseline model assumption that fluorescence
continually increases at elevated pressures and tempera-
tures. Instead, collisional effects are in fact saturated
at high enough temperatures such that ky causes suffi-
cient crossover to the triplet, even at high pressure. As a
result, the three parameters, ky;, o, and (p), of the base-
line model have been optimized, along with an updated k¢
based on global consideration to account for vibrational
energy levels in excess of 7000 cm™' in N, and air bath
gases. The collisional constants of proportionality which

Normalized FQY
B

Temperature [K]

Y
m
(=]

400
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300
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Fig. 15 Interpolated two dimensional model results for acetone fluo-
rescence in an N, bath gas for 282 nm excitation. The color bar indi-
cates lines of constant normalized fluorescence quantum yield. All
fluorescence points are normalized by the value obtained at 295 K,
0.101 MPa

govern vibrational relaxation are shown to be tempera-
ture-dependent at elevated pressures. An improved oxy-
gen-enhanced intersystem crossing model improves dis-
parity between model and oxygen-content bath gases.

Results show an improved agreement between pre-
dicted model values and both low temperature and pres-
sure experimental data from previous work, as well as
elevated temperature and pressure data from this work
and other studies. Also, the general over-prediction of the
pressure dependence on acetone fluorescence was sig-
nificantly improved through model global optimization.
As more data become available, especially at elevated
temperatures and pressures, the values of the parameters
should be re-examined concurrently.
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Aside from adding to the tracer LIF consolidated data-
base by obtaining more data at elevated pressure and tem-
perature, and different excitation wavelengths and bath
gases, future work should include additional improvement
on fluorescence modeling. For example, further investiga-
tion is required on the temperature functionality of the col-
lision transfer constant of proportionality, ¢, for each bath
gas. Secondly, once data have been obtained for many bath
gases with and without the presence of oxygen, the k, rate
could be modified to account for both low and high vibra-
tional energy channels. Third, there is no fluorescence
model for biacetyl. Due to the recent renewed interest in
this tracer as a diagnostic in internal combustion engines, it
would beneficial to formulate its own fluorescence model.
Once acetone, 3-pentanone, and biacetyl fluorescence have
been characterized over a wide range of experimental con-
ditions, global considerations regarding general ketone
fluorescence modeling may be completed. Ultimately, the
goal of these improvements is in being able to extract the
non-radiative rate, oxygen quenching rate, and the col-
lisional constants of proportionality of each bath gas as
physical observables. Nevertheless, even in its current state
the newly optimized acetone photophysical mechanism can
be confidently extended to model acetone fluorescence in
elevated pressure and temperature systems where acetone
LIF is used as a diagnostic technique to extract physical
variables of interest.
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