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Abstract

We present the use of a combined laser desorption/multi-photon ionization/time-of-flight mass
spectrometry technique for the analysis of polycyclic aromatic hydrocarbon (PAH) solid
samples. A thorough characterization of the first step (laser desorption) of this experimental

technique has been performed. By varying the energy of the laser pulse, a specific response of
each PAH has been evidenced for pure and mixed PAH sample desorption. This behaviour has
also been studied with respect to the fragmentation processes. Similar studies on PAHs
adsorbed on graphite evidenced the possibility of desorbing molecules from the adsorbed phase
only, i.e. without a contribution from the graphite substrate. These findings represent important

preliminary steps towards the final goal of setting up a completely characterized analytical
method for the investigation of the adsorbed phase of soot particles generated in combustion

processes.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) constitute a large
class of compounds containing two or more aromatic rings.
Present from the early stages of the combustion processes, they
play an important role in soot inception, following a complex
and partially unsolved mechanism of condensation, coagula-
tion, aggregation and dehydrogenation [1]. Furthermore, the
gaseous PAHs are adsorbed onto the soot matrix so formed.
Physical and chemical properties of soot are intimately linked
to the fuel employed and to the type of combustion process
since these parameters affect the structure and the adsorbed
phase (especially PAHs) of the soot particles. The fate of these
particles in organism is not yet accurately established; however
there is currently no doubt as to their carcinogenic potential.
For example, Denissenko ef al [2] have pointed out the role
of benzopyrene-type molecules in lung cancer. A thorough
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characterization of the adsorbed phase in various combustion
conditions is therefore needed in order to address the chemical
reactivity of the soot particles, with direct impact on the human
health [3, 4].

While data on gaseous PAHs present in the combustion
gas is abundant, the available information on adsorbed PAHs
is still relatively limited [5-12]. We are developing an
experimental set-up dedicated to such a characterization, with
special focus on the dependence of the adsorbed phase on
the combustion stage or the fuel nature. In order to provide
a better understanding of the complex processes involved
in the laser desorption/multi-photon ionization/time-of-flight
mass spectrometry method we use [13-15], a three-step
program has been adopted: (1) complete characterization of
the laser desorption process on pure or mixed PAH samples;
(2) use of ‘surrogate’ soot samples by adsorbing PAHs on
carbon substrates (graphite, activated charcoal surfaces, black
carbon or washed soot); (3) analysis of combustion soot
samples. This paper presents preliminary results of the first
two steps of the project. The influence of the laser pulse

© 2008 IOP Publishing Ltd  Printed in the UK
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energy on the desorption yield of six different PAHs has been
investigated. The results show a specific response for each
PAH, defined by a desorption threshold, an optimum laser
energy (maximum yield) and a working range. The selectivity
of the method with respect to PAH fragments is also discussed.
Similar studies on PAHs adsorbed on graphite are presented,
evidencing the possibility to achieve a smooth desorption,
i.e. without contribution of the carbon matrix to the mass
spectrum recorded. Finally, some analytical implications are
discussed.

2. Experimental technique

The main features of the laser desorption mass spectrometer
have been presented in detail elsewhere [13—15]. Briefly, a
10 ns frequency—doubled (532 nm) Nd:YAG laser is focused
(® ~ 1 mm) at normal incidence on a PAH sample placed
on a liquid nitrogen cooled sample holder in a UHV chamber
(residual pressure ~10~° Torr). Cooling the PAH solid
samples is necessary because of the high vapour pressure of
these compounds at ambient temperature [16].

In contrast to our previous work [14] using an IR OPO
to desorb PAHs by vibrational coupling of the energy, this
paper presents the use of visible radiation (532 nm). The
energy coupling into the solid is now performed through two-
photon absorption, as all the PAHs under study have significant
absorbance at 266 nm through the w—n* transition of the
aromatic ring [17].

The desorbed neutral particles expand into the region
between the extraction plates of a 1 m long reflectron time-
of-flight mass spectrometer (RM Jordan, Inc.) where they are
photo-ionized by a 10 ns pulsed laser (Continuum Powerlite
8010, » = 266 nm, 4.7 eV). Considering the ionization
potential of the PAHs (typically 7-8 eV), two 266 nm photons
are required to reach the ionization limit from the ground
state. Two different geometries of the ionization laser beam
are currently used by our group. The first one provides a larger
ionization volume through the use of a cylindrical lens (to
create a laser sheet of typical dimensions ~10 mm x 10 mm x
1 mm). This configuration greatly reduces the fragmentation
related to the ionization step and can result in enhanced
sensitivity [18]. The second geometry uses a spherical lens
(f = 25 cm) for tighter focusing (& ~ 100 wm) of the
ionization beam in the very centre of the desorption plume.
This drastically increases the probability to fragment the
desorbed molecules and, consequently to make the obtained
spectra more complex. However, this geometry also greatly
facilitates the ionization of fragments produced during the
desorption step—particularly hydrogen and carbon (ionization
potential 13.6 and 11.3 eV respectively, three-photon process).
Thus, this geometry provides a more appropriate tool for the
study of the desorption processes (including fragmentation)
and we have chosen it for exclusive use in the present work.
A typical ionization laser energy of ~30 mJ/pulse (leading to
an intensity of ~40 GW cm~2 at the focus point) has been used
in the experiments described herein.

The desorption and ionization lasers are synchronized by a
digital four channel delay/pulse generator (Stanford Research

System DG 535). The delay between the two lasers is
set to 50 us. The transient signals delivered by the MCP
mass spectrometer detector are recorded by a 2 GHz digital
oscilloscope (LeCroy Waverunner 6200A) and then transferred
to a PC through an Ethernet interface for further processing
under Labview (National Instruments) environment.

The samples have been prepared by pressing ~300 mg of
powder of six different PAHs: naphthalene (molecular weight
128 amu), acenaphthene (154 amu), phenanthrene (178 amu),
anthracene (178 amu), pyrene (202 amu), and fluoranthene
(202 amu). All of them are classified by the US EPA as priority
pollutants [19].

3. Results and discussion

3.1. Specific response to the desorption laser energy

In order to give a better insight into the laser desorption
process, we performed a study by varying the 532 nm laser
pulse energy Eq4. Figure 1 displays the evolution of the peak
intensity of each PAH with E4. We have experimentally
checked that the use of the peak intensity or area led to
qualitatively similar results. Please note that all the curves
have been normalized; therefore, one should not use a direct
comparison between the intensities of different PAH signals to
evaluate the efficiency of the desorption/ionization processes
for the various molecules under study.

This parametric study evidences a characteristic response
of each PAH, defined by a desorption threshold, an optimum
laser pulse energy for maximum yield and a working range.
This can have important analytical implications in the analysis
of complex samples or in the separation of isomers (see
section 3.4 for a more detailed discussion). Furthermore, the
studies we have performed on PAH mixture samples show
that the specific response of each PAH to the desorption
laser energy is preserved. Figures 2 and 3 illustrate this
assertion in the case of 50-50 wt% pyrene/anthracene and
acenaphthene/anthracene mixtures, respectively. The mass
spectra included in these figures show the change in the
observed PAH ratios when changing the desorption laser
energy. Note that the pyrene has significantly higher ionization
efficiency than anthracene at 266 nm [20], while acenaphthene
and anthracene have comparable ionization cross sections
at this wavelength. This could explain the much more
spectacular change in the pyrene/anthracene ratio, compared
to the acenaphthene/anthracene one. Although only a slight
variation in the latter ratio is observed at high desorption
energies (as expected from the responses of pure samples
presented in figures 1(b) and (d)), this variation can still have
important analytical implications when a quantitative approach
is considered (see section 3.4). Note that in figure 2 the
intensity scales on the two mass spectra are different and
the signals have been normalized on the response profiles for
better visibility. The important change in the ratio of the two
compounds strengthens the need for a selective optimization
of the experiment parameters (in this case, the desorption laser
energy) in the (even qualitative) analysis of complex mixtures.

Another issue when looking to figures 2 and 3 is the mass
resolution: as one can easily remark (especially from figure 3),
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Figure 1. Response of the six PAH peak intensities to the desorption laser energy Eg.

this is heavily degraded at high desorption energies. As already
mentioned in a previous study [18], this is not due to a mass
spectrometer fault, but to a coupling of the ionization volume
and ejecta internal energy effects. This behaviour will be
addressed in a forthcoming study on the desorption/ionization

coupling.

3.2. Role of the desorption in the fragmentation processes

The general evolution of the PAH signal intensities with Ey
can be intuitively explained as follows: beyond a specific
threshold, the energy brought by the laser to the sample is
sufficient to eject the PAH; above this limit, the number of
desorbed particles increases with E4. However, the ‘excess
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Figure 2. Evolution of the m/z = 202 and 178 amu PAH signals with Ej for the laser desorption of a 50-50 wt% pyrene/anthracene mixture.
Above: mass spectra recorded at two individual energies (2 and 5.5 mJ/pulse).

energy’ (with respect to the threshold) can also be used to
fragment the molecules (i.e. directly at the desorption stage) or
to increase the internal energy of the ejected particles, which
further rises the fragmentation probability at the ionization
stage. In addition, the multiplication of the collisions
between the desorbed particles could also be responsible for
the fragmentation. The competition between ejection and
fragmentation explains the existence of an optimum laser
pulse energy (maximum PAH signal intensity). Beyond
this optimum, the fragmentation becomes predominant, the
parent PAH signal intensity decreases while the signals of the
lighter fragments become more intense. For higher desorption
energies (between 2 and 6 mJ/pulse, depending on the PAH),
the hydrocarbon radicals and larger fragments are further
partially dissociated into carbon and hydrogen atoms. As an
illustration, figure 4 displays the simultaneous evolution with
E of the signals of phenanthrene (178 amu) and atomic carbon

(12 amu) for the desorption of a pure phenanthrene sample.
One can notice that between the desorption threshold and the
optimum of the PAH signal the carbon signal does not increase
in the same way than that of the intact PAH. This emphasizes
the role of the desorption process besides ionization in the
formation of the lightest fragments even at low desorption
fluences. Indeed, if one supposes the contrary, increasing
the number of desorbed PAH molecules should result in the
increase by the same factor of the fragments intensity, situation
which is not observed here.

PAH peaks in the mass spectra are usually accompanied
by polycyclic fragment signals in a wide range of E4. The
mass associated with these signals generally matches the mass
of a PAH molecule or its (de)protonated and/or isotopic forms.
Figure 5(a) shows the occurrence in the mass spectra of two
high mass fragments at m/z = 152 and 176 amu when
desorbing a pure fluoranthene sample (m/z = 202 amu). The
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Figure 3. Evolution of the m/z = 154 and 178 amu PAH signals with E4 for the laser desorption of a 50-50 wt% acenaphthene/anthracene
mixture. Above: mass spectra recorded at two individual energies (4 and 7 mJ/pulse).

mass 176 comes from the mass 202 (fluoranthene) by loss of
a CoH; (m/z = 26 amu) fragment, while the mass 152 comes
from a subsequent loss of a C, (m/z = 24 amu) fragment.
These fragmentation pathways have already been seen by other
authors [21] and could drastically complicate the interpretation
of the spectra, especially when analysing mixtures of several
PAHSs adsorbed on the same matrix. For instance, the m/z 152
would match the acenaphthylene PAH (C,Hg), while the m/z
176 would match a dehydrogenated form of m/z 178 PAHs
(anthracene, phenanthrene) obtained by loss of two hydrogen
atoms.

Figure 5(b) shows the evolution with E4 of the 152
and 176 amu fragments intensity (for an easier comparison
distribution for pure fluoranthene has also been replotted on
figure 5(b)). Their behaviour resembles more to that of '>C
depicted on figure 4 or other light C,H, hydrocarbon radicals
than to the behaviour of unfragmented desorbed PAHs. This
confirms again the role of the desorption in the formation of all
the fragments.

Moreover, from the analytical point of view, the specific
response (in terms of desorption laser energy dependence) of

unfragmented molecules versus aromatic fragments matching
PAH masses would allow one to say whether a given mass in
the spectrum comes from an intact PAH (i.e. present in the
analysed sample) or from the fragmentation of another (higher
mass) PAH, also present in the sample.

3.3. Towards the analysis of soot samples: PAHs on graphite

As mentioned in section 1, the next step on the way to the
analysis of soot samples (collected from a burner) is the
study of PAHs adsorbed on graphite surfaces. Following the
classification of Heimann er al [22], graphite is a regular
allotropic form of carbon, containing hybrid sp?> atoms only
while soot is a transitional form, made of carbons with different
hybridization states randomly arranged. As a result, graphite
is a plane multi-layers structure, different graphene sheets
being connected together by van der Waals forces. On the
other hand, transmission electron microscopy studies have
shown that soot exhibits an onion-like organization made out
of small graphitic crystallites forming quasi-spherical carbon
nanoparticles [23]. Despite this structural difference, soot
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particles can be roughly thought of as fragments of graphite
growing due to successive additions of acetylene to a radical
species followed by cyclization [24]. Thus, graphite can be
reasonably used as model for the study of reactions on soot
surface or of adsorbed PAHs onto atmospheric particles [25].
In our work, the main concern arises whether the
ejected molecules during desorption of PAHs from graphite
are representative of the adsorbed phase or are produced
in situ on the substrate by pyrolytic processes due to laser
irradiation [8, 26]. In order to give an insight on this issue, the
response of a reference graphite sample, obtained by pressing
500 mg of pure powder (Sigma-Aldrich), to E4 has been
studied (see figure 6). No signal all over the mass spectrum
has been evidenced at low fluence until a carbon desorption
threshold around 4.5 mJ/pulse is reached. Therefore, we
conclude that in the E4 interval optimum for the PAHs
detection, the carbon matrix does not contribute to signals
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Figure 6. Evolution of the peak intensity of atomic carbon
(m = 12 amu) desorbed from a pure graphite sample with Ej.

associated with PAH masses in the spectra. For energies above
the desorption threshold, only C, C, and Cj species have been
observed. Supposing a similar structure for a soot particle, one
can achieve (by judiciously choosing the laser pulse energy) a
‘smooth’ desorption process, i.e. to address only the adsorbed
phase without desorption of the soot ‘skeleton’.

The next step consists in examining the behaviour of PAHs
adsorbed onto graphite with regard to the desorption fluence.
For this purpose, 1 g of pure graphite has been mixed with
5 ml of a 0.2 M fluoranthene solution in chloroform. The
mixture is then filtered, washed in water and finally dried for
12 h at room temperature and pressure. The obtained powder is
pressed and finally analysed following the procedure described
above. Results are in good agreement with the previous
observations (see figure 7(a)): at low fluence, fluoranthene
is desorbed with an optimum efficiency around 3 mlJ/pulse
while signals corresponding to the carbon significantly rise
around 4.5 mJ /pulse. Below this value, PAH signal disappears
after about ten laser shots. The graphite surface has been

—=a— fluoranthene
1.0
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0.8 1 —a— fragment 176 amu
S .
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£
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Figure 5. Laser desorption of a pure fluoranthene sample: (a) occurrence of two PAH fragments at 152 and 176 amu in the mass spectrum;
(b) evolution with E4 of the two fragments and of the unfragmented molecule peak intensities.



J. Phys.: Condens. Matter 20 (2008) 025221

C Mihesan et al

1.4 -
12 -
1.0

0.8 +

Intensity (a. u.)

0.6
0.4

0.0

1.0+
0.8 -

0.6

Intensity (a. u.)

0.4 -

0.0

Figure 7. Evolution with £ of the fluoranthene (m/z = 202 amu)
signal for desorption of (a) fluoranthene adsorbed on graphite and
(b) pure fluoranthene. The dashed vertical line corresponds to the
graphite desorption threshold.

cleaned and the irradiation point has to be changed. Above
4.5 mJ/pulse, the PAH signal increases again and does not
disappear after several thousand shots: the destruction of the
carbon matrix presumably releases PAHs present in deeper
graphene layers. Moreover, the desorption of fluoranthene is
achieved in the same Ej interval as for a pure fluoranthene
sample, as one can see from figures 7(a) and (b) (for an
easier comparison, the Eq4 distribution for pure fluoranthene
samples from figure 1(f) has been replotted on figure 7(b)).
This last result is very promising in our effort to develop
a completely mastered analytical method for the detection
of PAHs adsorbed on combustion soot particles, i.e. we can
reasonably tune the results obtained on pure PAH samples to
PAHs adsorbed on carbon surfaces. A parametric study on
PAHSs adsorbed on other carbon surfaces like charcoal, black
carbon or washed soot is underway in our laboratory in order to
completely ascertain this hypothesis. Note that these substrates
have structure, porosity and specific surface closer to those of
soot when compared to graphite. First tests carried out on
black carbon are very encouraging: the desorption threshold is
comparable (slightly higher) to that for graphite, thus ensuring
again a smooth desorption of PAHs in the low fluence range.

3.4. Analytical implications

The laser mass spectrometry (in various configurations, two-
step or one-step desorption/ionization, time-of-flight or Fourier
transform mass spectrometers) has been extensively used
in the study of PAHs present in natural samples (or lab-
oratory surrogates), like meteorites [26, 27], interplanetary
dust particles [28], ancient terrestrial rocks [29], sediments
and soils [30-34], combustion soot and particulate mat-
ter [5-12, 35-38], wood ash [39], aerosols [40, 41], or wa-

ter [42-44]. Although most of the studies in this (non-
exhaustive) list looked at qualitative aspects, some of them
tackled also quantitative issues. A critical examination of this
approach by Zare and co-workers [45] revealed that chang-
ing various parameters of the analytical method (energy and
wavelength of the desorption and ionization lasers, desorp-
tion/ionization delay, beam geometry) can induce important
changes in the measured PAH ratios (in some cases up to a
factor of 24). This behaviour is evidenced also in the present
study, with respect to the desorption laser energy dependence
(see e.g. the mass spectra in figure 3). This strengthens the idea
that one cannot safely use a single functioning point to have a
complete view of the sample under analysis, but should rather
proceed by a prior ‘quality control’ study on the influence of
different experimental conditions in the final result.

In a combined laser mass spectrometry/gas chromatogra-
phy study on the presence of PAHs on geosorbents, the dif-
ferences in the ionization efficiencies have been suggested to
cause the observed discrepancy between the results obtained
by the two methods [30]. In the light of the present results,
we can speculate on a possible influence of the specific desorp-
tion behaviour of different PAHs. Another example is given
by the analysis of a PAH mixture in soil samples [33] which
exhibited an apparent series of desorption thresholds (plateaus
followed by sharp rises) in the total ion signal evolution with
the laser pulse energy (see figure 3 of [33]). The authors no-
ticed important modifications in the recorded mass spectra with
the change in the desorption fluence. This behaviour can find
an explanation in the present results, as the different regions in
this evolution could represent the onset for the desorption of
new PAHs or for the fragmentation of existing PAHs.

On the other hand, fragmentation is a major concern in
this analytical context, as one wants to avoid interference
of the many different trace compounds of an environmental
sample due to the similar masses of molecular or fragment
ions, which can lead to erroneous identification of lower weight
species. This motivated a number of studies on the wavelength
(resonant versus non-resonant), pulse energy and temporal
width (ns versus fs), especially at the ionization level [21, 46].
Beyond the analytical issues, fragmentation could also be
seen as a tool to discriminate isomers (i.e. in a way similar
to MS" spectrometry, by generating different fragments with
increasing desorption/ionization fluence). However, the PAHs
are one of a very small class of compounds for which MS”"
approaches are rather poor at distinguishing between isomers,
as they all have relatively similar fragmentation spectra [32].
In this case, the use of the specific response to the desorption
laser energy can offer a possibility to overcome this drawback
(at least for some PAHs).

The usual intensities employed in the analysis of PAHs in
natural samples by two-step laser mass spectrometry are in the
range of 10°~107 W cm~2, both for desorption and ionization
lasers [26, 38—40, 42]. The values we used for desorption
in the present study (~10” W cm™2) are sensibly the same
(though a direct comparison is not completely meaningful, as
most of the previous studies used a CO, laser for vibrational
heating, while we use 532 nm for electronic excitation), but
they are much higher for the ionization step (~10'© W cm~2,
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average on the entire beam profile). The general use of low
ionization intensities is favoured by the resonant character
of the PAH ionization at 266 nm, which is the wavelength
most commonly employed [9, 26-32, 38, 40]. The choice we
made on the use of high ionization intensity was motivated by
the need of enough photon density to ensure the ionization
of fragments (e.g. atomic carbon) involving non-resonant
three-photon mechanisms. Note however that comparable
(or even higher, 10'3~10"> W cm™2) ionization intensities
have already been reported in studies on the fragmentation
dynamics of laser desorbed PAHs [21, 46]. Although the high
ionization intensities used here (to address rather fundamental
issues) are not directly translatable to applied studies for the
observation of unfragmented species from natural samples,
the trends evidenced at the desorption level can give useful
tools for a more accurate interpretation of the analyses. These
results are to be corroborated with previous ones obtained at
lower ionization fluences (by use of a cylindrical lens) [18].
Moreover, the intricate coupling between desorption and
ionization parameters through the internal energy of the ejecta
will be addressed in a forthcoming study.

The possible applied openings for the empirical finding
described above should invite a more quantitative theoretical
investigation of this behaviour. The experimental observation
allows us to discriminate between some different PAHS
(or between intact PAHs and fragments), but no prediction
is currently available as to the expected response shape
of one particular PAH. In particular, no link has been
established between the structure of PAHs (e.g. naphthalene
and anthracene, linear chains of cycles) or their mass
(e.g. phenanthrene and anthracene: 178 amu, pyrene and
fluoranthene: 202 amu) and their specific response. A
modelling of the desorption process could be very useful
(though very complex), both for technological and analytical
applications and for a better understanding of the role
played by the various parameters coming into the picture
(thermodynamic properties of each PAH, dipole moment,
mass, stability, etc) in the intricate laser—matter interaction.

4. Conclusion

This study investigates the 532 nm laser desorption process
of six PAHS (in pure or mixture samples) with respect to the
laser pulse energy. A specific response of each PAH has been
evidenced, highlighting the need for individual optimization of
experimental parameters in the analysis of complex samples.
This method allows us also to discriminate between intact
desorbed PAHs and fragments formed during the desorption
process. Moreover, studies on PAHs adsorbed on graphite
proved the capability of the technique to generate PAH signal
from the adsorbed phase only, without a contribution from
the carbon substrate. These studies are currently being
extended to other carbon substrates, such as activated charcoal,
carbon black or washed soot, in order to achieve the most
complete characterization of the analytical method in view of
its application to ‘real’ soot samples.
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