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a b s t r a c t

Laser-induced fluorescence (LIF) is an effective technique for non-intrusive and on-line measurement of
PAHs in sooting flames but it is still need further investigation due to the complexity of PAH fluorescence
characteristics. Therefore, in-depth investigations on the fluorescence spectroscopy of PAHs with
different molecular structures are relevant. In this study, we investigated the fluorescence spectrum
characteristics of 13 gas-phase PAHs using LIF measurement and time-dependent density functional
theory (TD-DFT) calculation. The experimental results showed that the fluorescence emission wave-
lengths increased with more aromatic (benzenoid) rings, but this relationship no longer existed when
the PAH molecules contain the five-membered ring structures. The TD-DFT calculation showed that the
fluorescence emission wavelength ranges of PAHs with different molecular structures were dominantly
determined by the electronic structures of highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) and their energy gaps. It was found that the saturated aliphatic
branched chains (methyl and ethyl) only slightly influenced the LIF spectra, while the unsaturated
aliphatic branched chains (ethenyl and ethynyl) caused remarkable redshifts. The TD-DFT results indi-
cated that the aliphatic branched chains changed the electric structures of HOMO and LUMO of the core
aromatic rings, and then influence the fluorescence emission wavelength ranges.

© 2019 Published by Elsevier B.V.
1. Introduction distinguished approximatively by using different detection wave-
Polycyclic aromatic hydrocarbons (PAHs) catch a lot of attention
in many research areas, such as combustion [1e7], environmental
and biology science [8e10], astrochemistry [11,12] and materials
science [13,14]. PAHs are mainly generated from the incomplete
combustion of hydrocarbon fuels and are considered to be themain
processors of soot particles [15e19]. Extensive studies have
concentrated on the PAH and soot formation mechanisms [20e25].
However, understanding of PAH and soot formation, especially the
nucleation process of nascent soot particles, still has long-standing
challenges [26,27]. The accurate and reliable diagnostic method for
the PAH information is crucial to better understand the formation
process of PAHs and soot in flames. Laser-induced fluorescence (LIF)
is a widely used technique for non-intrusive and on-line mea-
surement of PAHs in various sooting flames [25]. The fluorescence
emission wavelengths of PAHs are generally increased with the
molecular sizes, so the relative size classes of PAHs can be
length bands in the LIF measurement [28e32]. However, it is still
challenging to distinguish the specific PAH species using the
existing LIF technique, due to the complexity of PAH fluorescence
characteristics and the absence of fluorescence spectrum data
[33,34]. Despite these limitations, in situ measurements by optical
methods, such as LIF technique, are the only option to obtain PAH
information in unfriendly conditions such as turbulent flames [33].

Numerous works have been conducted to obtain the fluores-
cence spectrum data of PAHs in recent years. F. Ossler et al. [35,36]
measured the LIF spectra of gas-phase naphthalene, fluorene,
anthracene, and pyrene in an optical cell using 266 nm for excita-
tion. Z. Chi et al. [37,38] detected the fluorescence spectra of
anthracene, phenanthrene, pyrene and chrysene vapors in a heated
optical cell with the excitation wavelength of 337 nm. Our group
[39,40] experimentally investigated the LIF spectrum characteris-
tics of naphthalene, phenanthrene, pyrene, fluorene and fluo-
ranthene and their mixtures in an optical cell at awide temperature
range. All these LIF spectrum data detected in gas-phase revealed
that PAHs have somewhat complicated molecular structures and
thus emit broad and complex fluorescence spectra that overlap
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with each other. This kind of spectrum overlap will make PAH
diagnosis difficult in flames. The molecular structures have a clear
influence on the fluorescence spectroscopy of PAHs, therefore, in-
depth investigations on the fluorescence spectroscopy of PAHs with
different molecular structures are of concern.

The LIF spectrum of PAHs with different molecular size classes
(number of benzenoid rings) have been investigated extensively,
since these PAHs are themost abundant aromatic species in sooting
flames [33]. Even so, the influences of the number of benzenoid
rings on the LIF spectra are still not well explained in the level of the
molecular structures theoretically. Recent studies suggest that
PAHs with five-membered ring structures formed following
hydrogen abstraction - C2H2 addition (HACA) mechanism [3] are
also abundant in sooting flames and play a key role in PAH growth
and soot nucleation [41,42]. The spectrum characteristics of other
PAHwith five-membered ring structures need to be investigated. In
addition, PAHs with aliphatic branched chains are widely detected
in nascent soot and are proved to be important intermediates for
the nucleation of soot particles [17,43e50], however, the spectrum
characteristics of these PAHs are not considered in previous studies.

To illuminate the influences of molecular structure on LIF spec-
trum, quantum chemistry calculation is a kind of essential method.
The time-dependent density functional theory (TD-DFT) combined
with Franck-Condon approximation is a particularly well-suited
method to calculate the vibrationally-resolved electronic absorption
and emission spectra of PAHs [51e53]. TD-DFT is capable of calcu-
lating the transition energies to the low-lying excited states of PAHs
and the standard deviation compared with experimental results is
within 0.3 eV [53e55]. Therefore, this theoretical quantum chemis-
try TD-DFT method has the potential to interpret the LIF spectrum
characteristics, and to predict the fluorescence spectra of PAHswhen
the pure standards are unavailable [56,57].
Fig. 1. Schematic of ex
This study aims to find the influences of PAHs structures,
including different molecular size classes, five-membered ring
structures, and aliphatic branched chains, on fluorescence charac-
teristics in molecular level. Considering this, in the present study,
the fluorescence spectrum characteristics of 13 typical gas-phase
PAHs with different molecular structures were systematically
investigated using LIF measurement and TD-DFT calculation. These
PAHs are extensively formed in sooting flames, and are identified as
the interesting targets for in-flame LIF measurement. In the LIF
measurement, the LIF spectra of each aforesaid PAHweremeasured
in an optical cell. In TD-DFT calculation, the vibrationally-resolved
electronic emission spectra were calculated using the combination
of TD-DFT method and Franck-Condon approximation. Then, we
calculate the vertical emission energy, electron transition charac-
teristics, and frontier molecular orbitals, with them to explore the
mechanisms of PAHs molecular structure determining their fluo-
rescence spectrum characteristics.
2. Methodology

2.1. Experimental methods

The LIF measurement system used in this study consisted of a
PAH gasification system, an optical cell, and a LIF diagnostic system,
as shown in Fig. 1. This experimental system is identical to the one
used in our previous studies [39,40], and is only described here
briefly. Using the PAH gasification system, the solid-state com-
mercial PAH standards can be gasified to homogeneous gas phase
under argon atmosphere and then conveyed to the optical cell for
LIF measurement. The optical cell had three quartz optical windows
for laser propagation and fluorescence detection, and the temper-
ature in the optical cell can be controlled by a tube furnace at
perimental setup.
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673e1373 K. The experiments were conducted at 0.1MPa. Themole
fractions of these PAHs were all fixed at 2� 10�5 throughout the
experiments, which were close to the PAH mole fractions in flame
conditions. The LIF diagnostic system mainly contained an excita-
tion light source and detection system. The excitation light was
supplied by the fourth harmonic (266 nm) of a pulsed Nd:YAG laser
(Quantel Q-smart 850). The central portion of the laser beam firstly
passed through a 4-mm aperture slot and then directed to the
fluorescence probe region. The fluorescence signals were captured
by an optical fiber placed at a right angle with respect to the laser
propagation and conveyed to a spectrometer (Princeton SP-2-500i).
An intensified charge-coupled device (ICCD, Princeton PIMAX3)
camera connected at the exit of the spectrometer was used to re-
cord the fluorescence signals. The parameters of the detection
systemwere also the same as those in our previous papers [39,40].
2.2. Chemicals and materials

The commercial PAH standards were all purchased from sup-
pliers and used without further purification. The molecular struc-
tures of these investigated PAHs were listed in Fig. 2. Naphthalene,
phenanthrene, and pyrene containing two, three and four aromatic
rings respectively, were selected to study the influence of the
number of aromatic rings. Anthracene and naphthacene have three
and four aromatic rings respectively, but the enthalpies of forma-
tion for these kinds of acenes (linear PAHs) are much higher than
those of the peri-condensed PAHs of comparable sizes (phenan-
threne and pyrene). Therefore, anthracene and naphthacene are
almost not detected in flames [21,58,59] andwere not considered in
this study. Acenaphthylene, fluorene, and fluoranthene were the
most abundant PAHs containing five-membered ring structures in
Fig. 2. Molecular structures of the investigated P
sooting flames. Acenaphthene was selected to do a comparative
study with acenaphthylene and to check the effect of PAH hydro-
genation on its fluorescence characteristics. To analyze the influ-
ence of substituted branched chains, naphthalene (A2) was chosen
as a representative PAH, and the investigated substituted groups
weremethyl (1-methyl-A2, 2-methyl-A2,1,3-dimethyl-A2), ethyl (1-
ethyl-A2), ethenyl (2-ethenyl-A2) and ethynyl (2-ethynyl-A2).
2.3. TD-DFT calculation methods

On the basis of the Kasha's rule [60], the photon emission of an
excited molecule occurs in appreciable yield only from the lowest
excited state of a given multiplicity, therefore, only the electron
transition between the ground state (S0) and the first excited state
(S1) was considered in this study. The S0 and S1 calculations were
carried out using the combination of DFT and TD-DFT methods,
with B3LYP exchange-correlation functional and 6e31þG (d, p)
basis set [61,62]. The B3LYP functional has been proven to give
accurate results for the S0 properties and the energy between the
HOMO and LUMO orbitals [57].

A three-step procedure [63,64] was used to calculate the vibra-
tionally-resolved electronic spectra in Gaussian 09 program package
[65]. Firstly, the S0 geometries of the investigated PAHs were opti-
mized, and the vibrational frequency analyses were conducted to
confirm that all of the optimized geometries were in minimum en-
ergy. The molecular structures shown in Fig. 2 were the optimized
structures at S0. Secondly, the S1 geometries were optimized based
on the optimized S0 structures, in the same way, the frequency an-
alyses were also performed to confirm the minimum energy of the
optimized geometries. It should be noted that the S1 optimization
might obtain imaginary frequency if its S0 geometry has a plane of
AHs (A2 is the abbreviation of naphthalene).
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symmetry due to the difference of symmetry between the ground
and excited states [53,55]. So, the symmetry of the S0 structure was
broken slightly in S1 optimization process. In these two steps, geo-
metric coordinates, vertical emission energy, energies of frontier
molecular orbitals, electron transition characteristics, and vibra-
tional frequencies of S0 and S1 can be obtained. Thirdly, based on
results of the frequency calculation at S0 and S1, the calculation of
Franck-Condon integral was conducted to obtain the vibrationally-
resolved emission spectra. To simulate the spectrum shapes of PAHs,
the stick-spectrum should be convoluted using a Gaussian function
with an appropriate half-width at the half-maximum (HwHm,
135 cm�1 by default) [61]. For the investigated PAHs, the HwHmwas
adjusted to better reproduce the broad structure of the experimental
spectrum and 500 cm�1 was finally chosen in this study.

3. Results and discussion

3.1. PAHs with different molecular size classes

In this section, the fluorescence spectra of seven gas-phase PAHs
including naphthalene, phenanthrene, pyrene, fluorene, fluo-
ranthene, acenaphthylene, and acenaphthene were measured us-
ing LIF technique. Naphthalene, phenanthrene, and pyrene have
two, three and four benzenoid rings, respectively. The structures of
fluorene, fluoranthene, acenaphthylene, and acenaphthene contain
a five-membered ring. In this way, the influences of the molecular
size classes and five-membered ring structures on the fluorescence
characteristics can be analyzed.

3.1.1. Experimental results
The measured LIF spectra of six gas-phase PAHs at 673 K were

normalized by their own maximum values as shown in Fig. 3.
However, the LIF spectrum of acenaphthylene was not detected in
this experiment. This is an interesting phenomenon that the fluo-
rescence intensity from acenaphthylene is too weak to be detected
in spite of its structural similarity to naphthalene and acenaph-
thene. From the literature, it can be concluded that and the quan-
tum efficiency of acenaphthylene for UV excitation is quite low
[18,66,67]. In addition, the fluorescence lifetime of acenaphthylene,
which was reported in the literature [68,69], was less than 1 ns.
Therefore, the fluorescence signal of acenaphthylene could not be
captured in this nanosecond LIF system.
Fig. 3. Experimental LIF spectra of six gas-phase PAHs with different molecular size
classes (solid lines) and five-membered ring structures (dashed line) at 673 K and
1 atm in argon. (The data of naphthalene, phenanthrene, pyrene, fluorene and fluo-
ranthene were cited from our previous paper [39].)
It can be observed from the LIF spectra of naphthalene, phen-
anthrene and pyrene (shown in solid lines) in Fig. 3 that their fluo-
rescence emission wavelengths increase with more aromatic
(benzenoid) rings, i.e. larger molecular size. But the fluorescence
emission wavelengths of PAHs with five-membered ring structures
(shown in dashed line in Fig. 3) no longer increase with increasing
number of rings (or larger molecular size), indicating that the
emission wavelengths of PAHs are significantly sensitive to the five-
membered ring structures. As shown in Fig. 2, acenaphthene and
acenaphthylene have very similar molecular structures (the only
difference is a single band or double band in their five-membered
rings), but their fluorescence properties are totally different. The LIF
spectrum shape of acenaphthene is mainly within UV region, and is
very similar to that of naphthalene and only red shifted around 5 nm
(at the half-maximum position). But the LIF spectrum of acenaph-
thylene could not be observed in this experiment. Phenanthrene and
fluorene both have three rings and similar structures, but the
emission wavelengths of fluorene are much shorter than those of
phenanthrene and even shorter than those of naphthalene which
only has two rings. Pyrene and fluoranthene both have four rings,
but the emissionwavelengths of fluoranthene are much longer than
those of pyrene. To sum up, caution should be taken to distinguish
the relative size classes of PAHs according to the relationship of the
fluorescence emission wavelength and molecular structures.

To compare the LIF spectra shape of different PAHs, the
measured LIF spectra in Fig. 3 were normalized by their own
maximum values. In addition, the relative intensities among
different PAHs are essential information to analyze the LIF spectra
measured in flames containing many different PAHs. Therefore, the
normalization factors of the experimental LIF spectra of six gas-
phase PAHs in Fig. 3 were listed in Table 1, when the value of
naphthalene is set as 1.

3.1.2. Comparison of experimental and calculated LIF spectra
In this section, the experimental and the calculated LIF spectra

were compared to confirm the reliability of TD-DFT calculation. The
experimental LIF spectrum of acenaphthylene, which could not be
detected by the nanosecond LIF system used in this study, was
obtained on picosecond laser excitation (355 nm) of a cyclohexane
solution at room temperature (cited from the literature [69]). This
indicates that the excitation wavelength will influence the LIF
spectra of PAHs, and the effect of excitation wavelength have been
investigated by S. Bejaoui et al. [70]. The experimental and the
calculated LIF spectra were normalized by their own maximum
values, as shown in Fig. 4. We observed that the spectrum shape
and the position of characteristic peaks were accurately predicted
by TD-DFT calculation. On the other hand, the deviations of the
emission wavelengths between the experimental and the calcu-
lated spectra at the half-maximum position were noted in Fig. 4.
The calculated emission spectra of naphthalene, pyrene, fluorene,
fluoranthene, and acenaphthene match well with the measured
spectra. Compared with the experimental results, the calculated
spectra of phenanthrene were narrower, while the calculated
spectrum of acenaphthylene was broader and red shifted. The de-
viations may be caused by the temperature effects because the LIF
spectra of gas-phase PAHs (except acenaphthylene) weremeasured
at 673 K in the optical cell while the vibrationally resolved elec-
tronic spectra were calculated at 0 K using TD-DFT method. The
temperature effect cannot be considered in TD-DFT calculation, but
our previous results [39] showed that the spectra of PAHs shift to
the red and become broader as temperature increased, and the
variation is independent on PAHs structure and size. The temper-
ature dependences of integral fluorescence intensities and
normalized fluorescence spectra with temperatures in the range of
673e1373 K can be found in our previous paper [39] but not shown
here due to the space limitation.



Table 1
Normalization factors of the experimental LIF spectra of six gas-phase PAHs with different molecular size classes.

Species Naphthalene Phenanthrene Pyrene Fluorene Fluoranthene Acenaphthene

Factor 1 0.705 1.933 2.158 1.068 2.443
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3.1.3. Discussion based on the TD-DFT calculation
According to Kasha's rule, the electrons at high excited states

will rapidly redistribute to S1, then the electrons at S1 will go back to
S0 and emit fluorescence. The electron transition process from S1 to
S0 was investigated to analyze the fluorescence characteristics of
PAHs based on the TD-DFTcalculation. The vertical emission energy
of S1 state and S0/ S1 transition nature of seven gas-phase PAHs
were listed in Table 2. The rank of the calculated vertical emission
energy (at wavelength) was in the following order: fluorene
(301.83)< naphthalene (324.34)< acenaphthene (335.41)< phen-
anthrene (369.72)< pyrene (378.39)< fluoranthene
(473.56)< acenaphthylene (608.83), which was in accordance with
the order of their experimental fluorescence wavelengths. The
Fig. 4. Comparison of the experimental (black solid line) and calculated (red dashed line)
imental data of acenaphthylene were cited from the literature [69].)
calculated transition natures indicated that for these investigated
PAHs except phenanthrene, the H/ L transition dominantly
contributed to the S0/ S1 transition, where H denotes HOMO and L
donates LUMO.

In consequence, to interpret the electronic transition properties
of PAHs with different molecular structures, the energy gaps
(DEH�L) between HOMO and LUMO and the electronic structures of
HOMO and LUMO were calculated, as shown in Fig. 5. In this study,
the DEH�L was defined as the difference in energy between HOMO
at S0 state and the LUMO at S1 state, which was the same as the
definition in the literature [71,72]. The rank of the DEH�L for these
PAHs except phenanthrene was identical with the rank of their
experimental and calculated fluorescence wavelengths. For the
LIF spectra of seven gas-phase PAHs with different molecular size classes. (The exper-



Table 2
Electronic transition properties of seven gas-phase PAHs with different molecular
size classes.

Species Vertical emission energy
of S1 state (eV, nm)

S0/ S1 transition
nature

Naphthalene 3.8227 (324.34) H/ L (96.8%)
Phenanthrene 3.3534 (369.72) H/ Lþ 1 (64.7%)

H� 1/ L (35.2%)
Pyrene 3.2766 (378.39) H/ L (96.0%)
Fluoranthene 2.6181 (473.56) H/ L (97.9%)
Fluorene 4.1078 (301.83) H/ L (93.6%)
Acenaphthylene 2.0364 (608.83) H/ L (97.9%)
Acenaphthene 3.6965 (335.41) H/ L (97.2%)
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PAHs whose S0/ S1 transitions were dominantly contributed from
H/ L transition, a larger DEH�L means that electrons at S0 state
need more energy to jump to S1 state. Correspondingly, the fluo-
rescence emitted from S1/ S0 transitions have larger vertical
emission energy (smaller emission wavelength). Phenanthrene
whose S0/ S1 transition was heavily contributed from H/ Lþ 1
and H� 1/ L, the DEH�L cannot explain its rank of fluorescence
wavelength. It can be seen from Fig. 5 that the electronic structures
(electron density plots) of HOMO and LUMO were significantly
influenced by the molecular structures of PAHs. Consequently, the
PAHs with different molecular structures have different DEH�L,
which determine their fluorescence emission wavelength range.

3.2. PAHs with aliphatic branched chains

In this section, we explored the effects of aliphatic branched
chains substituted at naphthalene (A2) molecule on the fluores-
cence characteristics. The LIF spectra of 1-methyl-A2, 2-methyl-A2,
1,3-dimethyl-A2 and 1-ethyl-A2 with saturated chains, as well as 2-
ethenyl-A2 and 2-ethynyl-A2 with unsaturated chains were
measured using LIF technique. Then, the influences of these
aliphatic branched chains on the fluorescence characteristics were
analyzed base on the TD-DFT theoretical calculation.

3.2.1. Experimental results
The LIF spectra of six gas-phase PAHs with saturated and un-

saturated aliphatic branched chains were shown in Fig. 6(a) and (b),
Fig. 5. The energy gaps (DEH�L) between HOMO and LUMO and the electronic structures of
PAHs were listed in order of their fluorescence wavelengths).
respectively, in comparison with the spectrum of naphthalene. To
show the variation of the spectrum shape, the LIF spectra of these
gas-phase PAHs were normalized by their own maximum values.
The normalization factors of the experimental LIF spectra of gas-
phase PAHs in Fig. 6 were listed in Table 3, when the value of
naphthalene is set as 1. The results showed that the spectrum of 2-
methyl-A2 was very coincident with the spectrum of A2, indicating
that the substitutedmethyl at 2-position of A2 barely influenced the
spectrum shape. Methyl at 1-position caused 2 nm redshifts of
rising edge (at the half-maximum position, the same below) and
6 nm redshifts of falling edge, compared with the spectrum of A2.
When two methyls substituted the H atoms at 1-position and 3-
position of A2, the redshifts of the LIF spectrumwere 3 nm and 9 nm
at rising and falling edge respectively, which were larger than those
of 1-methyl-A2 and 2-methyl-A2. By comparing the spectra of 1-
methly-A2 and 1-ethly-A2, it can be concluded that the influences
of the substituted methyl and ethyl at 1-position on the LIF spec-
trum of PAHs were almost identical. M. Orain et al. [73] measured
the LIF spectra of A2, 1-methyl-A2 and 1,3-Dimethyl-A2 at 450 K and
0.1MPa, and their experimental findings were qualitatively accor-
dance with the results presented in the current study.

Fig. 6(b) compared the LIF spectra of 2-ethenyl-A2 and 2-ethy-
nyl-A2 with A2, and the remarkable difference was displayed. When
ethenyl and ethynyl substituted the hydrogen atom at 2-position of
A2, the LIF spectra shifted to the red and became broader, and the
double-peak structures of A2 spectrum also changed. For 2-ethenyl-
A2, the redshift of the rising edge and falling edge were 17 nm and
25 nm respectively, and for 2-ethynyl-A2, the redshift of the rising
edge and falling edge were 11 nm and 17 nm respectively. In sum-
mary, the saturated aliphatic branched chains (methyl and ethyl)
only slightly influenced the LIF spectra, and in contrast, the un-
saturated chains (ethenyl and ethynyl) caused more remarkable
variations on the LIF spectra. Therefore, the influences of the
aliphatic branched chains on PAH spectrum characteristics are
important for the in-flame LIF measurement of PAHs, and the
mechanism of these influences need to be further analyzed.

The evolutions of integral fluorescence intensities and normal-
ized fluorescence spectra with temperatures in the range of
673e1373 K were presented in Figs. 7 and 8. The temperature de-
pendences on the integral fluorescence intensities of 2-methyl-A2
HOMO and LUMO of seven gas-phase PAHs with different molecular size classes (The



Fig. 6. Experimental LIF spectra of two-aromatic-ring PAHs with methyl, ethyl (a) and ethenyl, ethynyl (b) compared with the spectrum of naphthalene (A2) at 673K and 1 atm in argon.
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and 2-ethynyl-A2 were similar to that of A2. While the descend
magnitudes at the higher temperature are similar for 1-methyl-A2,
1,3-dimethyl-A2 and 1-ethyl-A2 molecules, and were larger than
that of A2. The fluorescence intensities of 2-ethenyl-A2 decreased
sharply with increasing temperature and cannot be detected at
temperatures higher than 1073 K. On the other hand, as shown in
Fig. 8, the LIF spectra of all the PAHs with aliphatic branched chains
shifted to the red and became broader as temperature increased.

3.2.2. Comparison of experimental and calculated LIF spectra
The experimental and calculated LIF spectra of 1-methyl-A2, 1-

ethyl-A2, 2-ethenyl-A2 and 2-ethynyl-A2 were shown in Fig. 9. Un-
fortunately, the vibrationally-resolved electronic emission spectra of
2-methyl-A2 and 1,3-dimethyl-A2 cannot be calculated because the
Franck-Condon factor corresponding to the overlap integral between
both vibrational ground states is too small. This is an inherent lim-
itation of Franck-Condon principle when the equilibrium geometry
of the S0 and S1 are noticeably different and has been described in
the literature [63]. Despite this limitation, the vertical emission en-
ergy, electron transition characteristics, and frontier molecular or-
bitals were obtained for subsequent analysis for 2-methyl-A2 and
1,3-dimethyl-A2. The experimental (black solid line) and calculated
(red dashed line) LIF spectra shown in Fig. 9 indicated that TD-DFT
calculation can well predict the experimental results.

3.2.3. Discussion based on the TD-DFT calculation
Based on the excellent performance of the TD-DFT calculation,

the vertical emission energy of S1 state and S0/ S1 transition na-
ture of six gas-phase PAHs with aliphatic branched chains were
investigated, as listed in Table 4. The calculated results showed that
the influences of the aliphatic branched chains at naphthalene on
the vertical emission energy were well in accordance with the
experimental result described in Section 3.2.1. The calculated
transition natures showed that the S0/ S1 transition was
Table 3
Normalization factors of the experimental LIF spectra of two-aromatic-ring PAHs
with aliphatic branched chains.

Species Naphthalene 1-methyl-A2 2-methyl-A2 1,3-dimethyl-A2 1-ethyl-A2

Factor 1 1.566 1.667 2.139 1.372

Species 2-ethenyl-A2 2-ethynyl-A2

Factor 0.807 1.320
dominantly from the H/ L transition for naphthalene and these
PAHs with aliphatic branched chains.

In this section, the influences of the aliphatic branched chains
on the electronic transition properties were analyzed based on the
calculated frontier molecular orbitals, using the same method used
in Section 3.1.3. The energy gaps (DEH�L) between HOMO and
LUMO and the electronic structures of HOMO and LUMO of these
PAHs with aliphatic branched chains were calculated and
compared with those of naphthalene, as shown in Fig. 10. The rank
of the DEH�L for these PAHs was identical with the rank of their
experimental and calculated fluorescence wavelengths. The results
further confirmed that the fluorescence emission wavelength
ranges of PAHs can be accurately described by the energy gaps
between HOMO and LUMO. The electronic structures of HOMO and
LUMO of these PAHs were compared with that of naphthalene. The
electron density plots of HOMO and LUMO showed that the satu-
rated chains (methyl and ethyl) only slightly affected the electric
structures of core aromatic rings while the unsaturated chains
(ethenyl and ethynyl) significantly affected the electric structures of
core aromatic rings. What's more, the double bond and triple bond
Fig. 7. Experimental integral intensities of naphthalene and six two-aromatic-ring
PAHs with aliphatic branched chains in temperatures between 673 and 1373 K and
1 atm in argon.



Fig. 8. Normalized experimental LIF spectra of six two-aromatic-ring PAHs with aliphatic branched chains in temperatures between 673 and 1373 K and 1 atm in argon.
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Fig. 9. Comparison of the experimental (black solid line) and calculated (red dashed line) LIF spectra of two-aromatic-ring PAHs with aliphatic branched chains.
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of 2-ethenyl-A2 and 2-ethynyl-A2 also contributed to the H/ L
transition, extending the conjugated system of the original mo-
lecular structure, which was the key reason for longer emission
wavelengths of 2-ethenyl-A2 and 2-ethynyl-A2 compared with that
Table 4
Electronic transition properties of six two-aromatic-ring PAHs with aliphatic
branched chains compared with naphthalene (A2).

Species Vertical emission energy
of S1 state (eV, nm)

S0/ S1transition
nature

Naphthalene 3.8227 (324.34) H/ L (96.8%)
1-methyl-A2 3.7318 (332.24) H/ L (96.9%)
2-methyl-A2 3.8161 (324.90) H/ L (95.6%)
1,3-dimethyl-

A2

3.7217 (333.14) H/ L (96.2%)

1-ethyl-A2 3.7143 (333.81) H/ L (97.0%)
2-ethenyl-A2 3.6356 (341.03) H� 1/ L (7.7%)

H/ L (87.5%)
2-ethynyl-A2 3.6543 (339.28) H/ L (96.1%)

Fig. 10. The energy gaps (DEH�L) between HOMO and LUMO and the electronic structures o
branched chains (The PAHs were listed in order of their fluorescence wavelengths).
of naphthalene. In summary, the aliphatic branched chains will
change DEH�L by affecting the electric structures of HOMO and
LUMO of the core aromatic rings, and then influence the fluores-
cence emission wavelength ranges.
4. Conclusion and outlooks

A systematic study was conducted to investigate fluorescence
spectrum characteristics of 13 gas-phase PAHs with different mo-
lecular structures, including molecular size classes, five-membered
ring structures, and aliphatic branched chains, using LIF measure-
ment and TD-DFT calculation. The following conclusions can be
remarked.

The experimental LIF spectra of naphthalene, phenanthrene,
and pyrene indicated that the fluorescence emission wavelengths
increased withmore aromatic (benzenoid) rings. But when the PAH
molecules contain the five-membered ring structures, the fluores-
cence emission wavelengths no longer show positive correlations
f HOMO and LUMO of naphthalene (A2) and six two-aromatic-ring PAHs with aliphatic



Y. Zhang et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 224 (2020) 11745010
with the molecular size classes. The calculated vibrationally-
resolved emission spectra can well predict the measured LIF
spectra. The electronic structures of HOMO and LUMO were
significantly changed when PAH molecules have different molec-
ular size classes and five-membered ring structures.

Then, we explored the influences of aliphatic branched chains
substituted at naphthalene (A2) on the fluorescence characteristics.
The experiment results showed that the saturated aliphatic
branched chains (methyl and ethyl) only slightly influenced the LIF
spectra, while the unsaturated chains (ethenyl and ethynyl) caused
more remarkable redshifts. The calculated emission spectra of
these PAHs with aliphatic branched chains match well with the
measured LIF spectra. The influences of the aliphatic branched
chains were because the chains will change DEH�L by affecting the
electric structures of HOMO and LUMO of the core aromatic rings,
and then influence the fluorescence emission wavelength ranges.

According to the analysis presented in this paper, it is extremely
challenging to distinguish the relative size classes of PAHs in flames
based on the fluorescence wavelength ranges, due to the
complexity of the PAH molecular structures. In future works, the
investigation of this kind of study should be extended tomore PAHs
which potentially exist in flames, in order to obtain more accurate
information of PAHs in flames by LIF technique. In addition, for the
species without pure standard substances, TD-DFT is a good
method to predict their electronic emission spectra.
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