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Abstract

Analytical interest in nitrated polycyclic aromatic hydrocarbons~nitro-PAHs! is related to their high mutagenicity and
potential presence in a variety of environmental media such as diesel exhaust and urban air particulate matter. Further-
more, fundamental interest in these molecular systems stems from the photophysics of the labile NO2 functional group,
which has been investigated using mass spectrometry. The nitro-PAHs, 1-nitronaphthalene, 9-nitroanthracene, and
1-nitropyrene, have been studied using both femtosecond~l 5 395 and 790 nm! and nanosecond~l 5 266 nm! lasers
coupled to a reflectron time of flight mass spectrometer. Analysis of mass spectra taken over a range of intensities
~1014–1015 W0cm2! has demonstrated that structurally specific ions can be observed for each molecule, with little or no
fragmentation at lower intensities. It has also been found that an intact parent ion can be detected using femtosecond
ionization at 395 nm in each case. This work demonstrates the potential use of laser desorption0femtosecond laser mass
spectrometry~LD0FLMS! as an analytical technique for the detection of nitro-PAHs and other environmental pollutants
and as a means of studying the photodynamics of labile molecular systems.

1. INTRODUCTION

The rapidly developing field of ultrafast laser–molecule in-
teractions has highlighted new areas of physics and chem-
istry and is becoming an important tool for atomic and
molecular analysis. From a mass spectrometry perspective,
the generation of molecular or structurally characteristic
ions is a key feature in the technique’s analytical ability. In
addition to studies of elemental, inorganic, and biomolecu-
lar materials, the potential of using femtosecond laser mass
spectrometry~FLMS! for the detection of environmentally
hazardous materials is considerable.

Polycyclic aromatic hydrocarbons, a group of molecules
consisting of a number of fused benzene rings, are major
environmental contaminants. They are formed during the
incomplete combustion of fuel and it is now well established
that they have carcinogenic and teratogenic effects on hu-
mans~I.A.R.C., 1985!. Reactions between PAHs and other
environmental chemicals can produce molecules with a sig-
nificantly greater toxicity than the original PAH.

Nitro-PAHs, one class of highly polar PAH derivatives,
are formed when PAHs react with oxides of nitrogen~Pitts
et al., 1978!. It has been found that some nitro-PAHs have
high mutagenicity and, along with PAHs and oxy-PAHs, can
be present in a variety of atmospheric pollutants such as
diesel exhaust~Hankinet al., 1999! and urban air particu-
lates ~Noyes Dotteret al., 1996!. Due to the quantity of
nitro-PAHs present in the urban atmosphere, exposure to
these potentially dangerous particles is becoming increas-
ingly unavoidable. Recent reports~UK DoH, 1995; US
EPA, 1999; W.H.O., 1999! have shown that a deterioration
in cardiovascular health, which has been observed through
increasing cases of asthma and heart disease, is related to the
inhalation of particulates in atmospheric pollution. In addi-
tion to this, it has been observed that the human diet may be
a source of exposure to PAHs and nitro-PAHs in foods such
as herbs~Spitzer, 2000! and seafood~Notar, 2000!.

One method of detecting PAHs in environmental samples
which allows the sensitivity and selectivity required is two-
step laser desorption0ionization mass spectrometry. This
technique offers several advantages over conventional chro-
matographic methods of analysis. Firstly, since the desorp-
tion and ionization steps are separated, it is possible to gain
an optimum performance for the system by adjusting the
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laser conditions for each step individually. The use of in-
tense~1014–1015 W0cm2!, ultrafast~t 5 50 fs! laser pulses
is also an important feature in the technique’s analytical
ability as the pulse duration of the ionizing laser may be
shorter than the vibrational, rotational, and dissociative time
scales of molecules.

Until recently, the majority of work studying nitrated-
PAHs using laser mass spectrometry has been carried out
using nanosecond laser pulses. Noyes Dotteret al. ~1996!
have looked at four nitro-PAH standards and concluded that
competing photofragmentation pathways were able to pro-
duce the NO1 ion.Aprominent parent ion, however, was not
always observed. Unfortunately, laser pulses of nanosecond
duration are not always able to analyze nitro-PAHs due to
the rapid dissociation of the molecules before they can be
detected. The intense, short pulses of a femtosecond laser,
however, are able to ionize the nitro-PAHs, thus reducing
the probability of the molecules dissociating before being
detected in a mass spectrometer~Ledinghamet al., 1997!.
The process as a whole is assisted by the fact that, theoret-
ically, the time-of-flight instrument has no mass limit, which
makes it an ideal partner with soft ionization techniques.

The aim of the present work is to apply laser desorption0
femtosecond laser mass spectrometry~LD0FLMS! to the
detection of nitro-PAHs with a view to analyzing real-world
environmental samples.

2. EXPERIMENTAL SECTION

The nitro-PAHs studied were 1-nitronaphthalene~m 5
173 a.m.u.!, 9-nitroanthracene~m 5 223 a.m.u.!, and
1-nitropyrene~m5 247 a.m.u.!. Their molecular structures
are shown in Figure 1.

The reflectron time-of-flight~ToF! mass spectrometer
used in this work has been described previously~Borth-
wick, 1993!. Briefly, the source chamber and flight tube are
pumped using rotary-backed turbomolecular pumps to a
base pressure of 1029 Torr. The sample for analysis is de-
posited on a stainless steel stub and transferred to the source
chamber by means of a load-lock. Laser desorption of the
solid samples was achieved using the fourth harmonic out-
put ~266 nm! from a nanosecond Nd:YAG laser~Minilite I,
Continuum! focused onto the sample stub using a 27-cm
focal length lens. The ASTRA femtosecond laser system
~Langleyet al., 1998! at the Rutherford Appleton Labora-
tory was used for postionization of the desorbed molecules

and nanosecond ionization was achieved using a Nd:YAG
laser~Minilite I, Continuum!.The delay between desorption
and ionization was variable from 0 to 37ms using a delay
generator~SRS, DG535!. The ions, extracted from the source
using purpose-designed ion optics, were guided into the
reflectron in order to correct the energy dispersion of the
ions leaving the source. After this, they were detected by a
multichannel plate~Galileo!. The signal output from the
detector was coupled to a digital oscilloscope~LeCroy,
9344C! for single-shot and averaged-data collection. A PC
installed with GRAMS032 software~Galactic! was con-
nected to the oscilloscope through a GPIB interface and was
used for data acquisition and analysis.

3. RESULTS AND DISCUSSION

Femtosecond ionization mass spectra were obtained for
1-nitronaphthalene, 9-nitroanthracene, and 1-nitropyrene
over a range of ionization laser intensities~1.74–8.431014

W0cm2 at 395 nm and 2.2–4.53 1015 W0cm2 at 790 nm!.
All spectra contained an abundance of fragmentation at high
intensities and each of the molecules displayed a similar
contrast in the mass spectra between 395 and 790 nm.

To illustrate the general behavior observed, Figure 2 shows
the mass spectra of 1-nitropyrene at both 395 and 790 nm.
Each spectrum displays structurally characteristic ions al-
though there are considerably more high mass ions in the
395 nm case. This is particularly evident through the obser-
vation of a large parent peak~m0z 5 247! in the 395 nm
spectrum; the parent was not observed at 790 nm.

In the 395 nm mass spectrum, the next discernible peaks
of lower mass correspond to the@M-O#1 fragment ion at
m0z5231 followed by the@M-NO#1 fragment atm0z5217.
It can be seen that, while the 790 nm spectrum displays far
more low mass fragmentation, including a large NO1 ion at
m0z 5 30, it does not contain the three high mass ions,
including the large parent peak, that were observed at 395 nm.
The other significant high-mass peaks in both spectra are the
@M-NO2 #1 and@M-NO-CO#1 fragments.

The greater abundance of high-mass ions at 395 nm could
be due to the fact that at the lower intensity used at this
shorter wavelength, multiphoton processes cannot be ruled
out. It is certainly apparent that high-mass ions can be de-
tected at considerably lower laser intensities using 395 nm
compared to 790 nm. Thus, for nitro compounds, changing
the ionizing radiation to shorter wavelengths leads to an
increased efficiency for production of high-mass fragments.

The features observed in Figure 2 are very similar to those
found in the ToF mass spectra of 9-nitroanthracene and
1-nitronaphthalene. Structurally significant ions were ob-
served in both cases and an intact parent ion was found at
395 nm for each molecule. As with 1-nitropyrene, the mass
spectra for these molecules also displayed peaks at high
mass corresponding to the@M-NO#1 fragment atm0z5143
for 1-nitronaphthalene andm0z5193 for 9-nitroanthracene.

Fig. 1. Nitro-PAHs: 1-nitronaphthalene, 9-nitroanthracene, and 1-nitro-
pyrene.
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The other observable peaks at high mass once again corre-
sponded to the@M-NO2#1 and@M-NO-CO#1 ions.

The spectra observed for the three nitro-PAHs used in this
study imply that the major mechanism for the decomposi-
tion of these molecules involves the dissociation of the par-
ent to yield an@M-NO#1 ~Gallowayet al., 1993; Kilicet al.,
1997! fragment along with the@M-NO2#1, @M-NO-CO#1

and NO1 ions.
Figure 3 shows mass spectra for 1-nitronaphthalene re-

corded at three different intensities. At the highest intensity
level, the mass spectrum shows considerable fragmentation
and an abundance of carbon clusters~a!, as was also the case
with the other nitro-PAHs. It can be seen that as the intensity

of the ionizing beam is lowered~4.9831014W0cm2r1.743
1014 W0cm2!, the degree of fragmentation decreases signif-
icantly until there is virtually no low-mass ions~d!. Lower-
ing the intensity leads to a situation where there is not enough
energy available to ionize the carbon clusters that are formed
after any photorearrangement or dissociation of the molecule.

To demonstrate the potential analytical advantages pro-
vided by the use of a femtosecond laser beam, the molecules
1-nitronaphthalene, 9-nitroanthracene, and 1-nitropyrene
were studied using a nanosecond laser pulse to ionize the
samples. As with the mass spectra obtained using femto-
second ionization, structurally significant ions were ob-
served in each case. However, due to the rapid dissociation

Fig. 2. Mass spectra of 1-nitropyrene.

Fig. 3. Mass spectra of 1-nitronaphthalene at 395 nm.
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of the molecules, intact parent ions were not observed for
any of the nitro-PAHs studied.

The mass spectra of ion yield versus mass-to-charge ratio
~m0z! for 9-nitroanthracene using both nanosecond and
femtosecond ionization~l 5 395 nm! is shown in Figure 4.
It can be seen that the ultrafast pulses were able to produce
a parent ion atm0z5223 and a strong@M-NO#1 ion atm0z5
193. In contrast to this, when a nanosecond Nd:YAG laser
was used for ionization, neither of the two highest mass
peaks that were found in the femtosecond case were detected
in the mass spectra due to dissociation of the molecule. A
similar contrast between nanosecond and femtosecond ion-
ization mass spectra was also observed for 1-nitropyrene
and 1-nitronaphthalene.

4. CONCLUSIONS

Laser-desorbed nitro-PAHs 1-nitronaphthalene, 9-nitro-
anthracene, and 1-nitropyrene have been studied using both
femtosecond~l 5 395 and 790 nm! and nanosecond~l 5
266 nm! lasers coupled to a ToF mass spectrometer. Analy-
sis of mass spectra taken over a range of laser intensities has
demonstrated that structurally significant ions can be ob-
served for each molecule. It was also found that an intact
parent ion can be detected at 395 nm~femtosecond! in each
case. The greater abundance of high mass ions at 395 nm
may be due to multiphoton processes taking place during
ionization.

There is evidence, as is the case under nanosecond con-
ditions, that the predominant mechanism for femtosecond
laser-induced fragmentation of these nitro-PAHs involves
the dissociation of the parent to produce@M-NO#1,
@M-NO2#1, and@M-NO-CO#1 ions. It was also found that,
as the intensity of the ionizing laser beam was reduced, the
degree of fragmentation decreased, yielding parent ion-
dominated mass spectra.

This work demonstrates the potential use of LD0FLMS as
a tool for the detection of labile nitro-PAHs. Other labile
environmental pollutant molecules including pesticides
and PCBs have also been successfully analyzed using this
technique.
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Fig. 4. Mass spectra of 9-nitroanthracene using nanosecond~a! and femtosecond~b! ionization.
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