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The technique of femtosecond laser mass spectrometry has been applied to benzene, nitrobenzene, toluene
and nitrotoluene using pulses of 80 fs anhek 800 nm (16* — 10 W cm™?). The ultrafast laser pulses used

were able to largely defeat the dissociation pathways associated with hanosecond ionization and produce a
molecular ion for both the aromatics and the two photounstable nitro-aromatics. The high mass resolution
(m/Am = 800) permitted, for the first time, the observation of various doubly charged species and allowed

a study of the effect of the substituent B@roup on the multiple ionization process. It was found that the
femtosecond laser irradiation of benzene and toluene enabled the production of a doubly charged cation
envelope in each case along with an additional doubly ionized contribution from certain lower mass fragments.
Doubly ionized species were also observed for the nitro-aromatics including, most notalidgste NG,

doubly charged ion ((M—NO,]?") although a doubly charged parent was not observed. In addition, ah NO

ion was detected for both nitro-aromatics which was thought to be evidence of a “charge-separation” process
involving a transient doubly charged molecular ion.

Introduction ultrafast pulses of a femtosecond laser make the latter of these
. . . processes the more likely.

~ The development of high-power lasers with pulse durations  \when the electric field of the ionizing laser is sufficiently

in the femtosecond regime has opened up new avenues Ofiniense that it is able to distort the Coulomb potential of the

research in both physms 'and chemlstry. The interaction of atomsmoleculed electrons are able to escape either through or over

and molecules with the intense electric field of a lasef{30  the parrier and field ionization becomes the dominant mecha-

10" W cm~?) has been the subject of much discussion in recent nism_ A qualitative interpretation of this process is defined by
years. Many of the experiments carried out have been instru-he Keldysh adiabaticity parameter

mental in developing a deeper understanding of the molecular
dynamics involved in the ionization and dissociation of organic
matter in a laser field. This work has enabled the observation
of many novel physical processes such as the “Coulomb
explosion” of molecules.

It has been well documentedhat when UV, visible, and
infrared intense laser radiation interacts with polyatomic
molecules, ionization can occur. This will take place through
either a multiphoton (MPI) or field ionization mechanism,
depending on the intensity, wavelength and pulse duration of
the ionizing radiation. Molecular size and structure are also
thought to influence the ionization procésdt has been
demonstrated that molecular dissociation can compete with
ionization, leading to a degree of fragmentatldn.the case of
multiphoton absorptiof;” the molecule can fragment either
through a ladder switching mechanism, where dissociation is
followed by ionization, or through ladder climbing, where an
ionization state is reached before dissociation occurs. The

y = (IP/(1.87x 10 ¥ 11)?

where IP is the ionization potential in eVis the ionizing laser
intensity in W cn1?, andJ is the laser wavelength jmm. llkov
et al'® have demonstrated that field ionization will prevail for
an adiabaticity value of less than 0.5. However, while this
parameter is appropriate for the study of atoms, Levis and co-
workerg1l have shown that the molecular case may be
somewhat different owing to the extended molecular orbitals.

In recent years, several studi&g® have been carried out,
providing valuable information on the ionization mechanisms
and fragmentation pathways of aromatic and nitroaromatic
molecules. In particular, the Glasgow/lonannia collabora-
tion12:20:22-24:26 has reported on the multiple ionization and
Coulomb explosion of benzene, toluene, and other cyclic species
in addition to studies carried out on the photodissociation of
some nitrated molecules.

The aim of the present paper is to extend this experimental
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fs. These pulses are then stretched to 200 ps before passing

NO» cHs b through a regenerative amplifier, a two pass amplifier and an
eight pass amplifier, all pumped by Nd:YAG lasers. The beam
© is then passed through a compressor paldes of around 6
N02

mJ are produced with a duration of 80 fs, a wavelength of 800
nm, and a repetition rate of 10 Hz The attenuation of the
beam was achieved by using a set of neutral density filters, and
the pulse duration was measured using a second-order autocor-
relator (MC2). After focusing through a 27 cm focal length lens,
labile NO, group on the multiple ionization of the two nitro-  intensities of the laser were determined from the thresholds for
aromatics is examined and compared to benzene and tolueneX€e™" ionizatiorf® and from calculation using the known pulse

It is well-known that the nitro substituent exhibits a negative Parameters and the following equation

inductive behavior, which has an effect on photophysical and | =E/r x A

photochemical properties (i.e., increase of the molecular ioniza-
tion potential, the stability of the aromatic ring, etc). Neverthe-
less, the repercussions in the multiple ionization and fragmen-
tation processes induced by strong laser fields have not
previously been explored.

Benzene Nitrobenzene Toluene 3-Nitrotoluene
(CsHe) (CeHsNOy) {C-Hs) (C/H;NOp)

Figure 1. Molecular structures of benzene, nitrobenzene, toluene, and
3-nitrotoluene.

where | = intensity (W cm™2), E = pulse energy (J) andA

= area of focused spot (crf). A mass spectrum of xenon is
presented in Figure 3 as an example of the verification of the
calculated intensities. The five observable charged states of this
atom correspond to an intensity of2 x 105 W cm~2 which
Experimental Section is consistent with the measured value of k210" Wem 2

The reflectron time-of-flight (ToF) mass spectrometer used Results and Discussion
in this work (see Figure 2) has been described in detail Mass spectra of relative ion yield versus mass-to-charge ratio
elsewheré? Briefly, the spectrometer comprised a stainless steel were obtained for benzen@n/z = 78), toluene m/iz = 92),
source chamber and a 1.5 m flight tube, both pumped by rotary- nitrobenzene (n/z = 123), and 3-nitrotoluene (n/z = 137)
backed turbomolecular pumps to a base pressure Sf I@rr. over a range of intensities 8.6 10—1.2 x 10** W cm2 at
Liquid-phase samples were contained in glass phials coupledl = 800 nm. An observable parent ion was detected for each
to a bleeder valve on the spectrometer and the vapors weremolecule and all spectra contained a degree of molecular
effusively admitted to the source chamber via a capillary tube fragmentation.
to a working pressure of 16 Torr. The ions, extracted from The ionization potentials for the four molecules studied here
the source using purpose-designed ion optics, are guided intoare, 8.82 eV for toluene, 9.23 eV for benzene, 9.92 eV for
the reflectron in order to correct any initial energy dispersion. nitrobenzene, and 9.43 eV for nitrotoluene. The corresponding
Electrostatic potentials of3 kV and+2.5 kV are applied to values of the adiabaticity parameter~< 0.25 for 13°W cm™2)
the sample stage and first ion optic respectively to enable ion place each molecule well within the regime for field ionization
extraction. Followilg a 3 mflight path ions are detected by a predicted by both Keldyshand llkov et al°
multichannel plate detector (Galileo), maintained at a voltage Benzene.Recent work by the Glasgow grot¥324 and
of —2.1 kV, before averaged data is collected over 10 000 otherd>16:3031has provided a valuable insight into the multiple
sweeps on a digital oscilloscope (LeCroy 9344C). A PC installed ionization and Coulomb explosion of benzene and other
with GRAMS/32 software (Galactic) is used for data analysis. aromatic molecules. Ledingham et?alwere the first to report

The TOPS femtosecond laser systéim used for ionization on the double and triple ionization of benzene and the work
of the gas-phase molecules. A Ti:Sapphire oscillator is optically presented here displays many additional mass spectrometric
pumped to produce pulses of 500 mW at a pulse duration of 20 features.

Ti: Saphire-Laser
800nm 80fs

A/Sample phial and gas inlet
line

-,
‘...............O.........‘.Eﬂ;.

...10.11.]):1{;[......5.2.. E

MCPdetector

LeCroy
1 9344c

Figure 2. Experimental arrangement.
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Figure 3. Mass spectrum of xenon taken at a calculated intensity ofx1Z0*> W cm~2 (derived using the known pulse parameters). The five
observable charged states of this atom correspond to the recorded intensity and therefore provide a verification of this measurement.
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Figure 4. Mass spectrum of benzene recorded at an intensity o&31®'> W cm™2

A strong GHe" parent ion is visible in Figure 4 along with  is approximately 7% of the size of the parent ion and the ratio
a smaller G1*CHg™ atm/z = 79. The lesser of these two peaks of these isotopes can be used to identify the benzene dication
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Figure 5. (a) Femtosecond laser mass spectra of nitrobenzene recordedatl@*W cm2. (b) Femtosecond laser mass spectra of nitrobenzene
recorded at 3.6« 10" W cm™2. Insets show enlargements of the following areas: (1) Multiply charged atomic ions; (2, 3) Doubly charged molecular
fragments; (4) [M-NO,]" ion, (5) [M—O]" ion.
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TABLE 1: Dissociation Pathways of Nitrobenzene and Their
Appearance Potentials

appearance
ionic reaction potential (ev)

CsHsNO,™ — CgHsO™ + NO 10.89

— NO™ + CsHsO 10.89

— CgHs™ + NO, 11.08

— CsHs™ + NO + CO 11.08

— CgH3" + C;H, + CO+ NO 12.63

- C4H3+ + CzHg + NO 1566

atm/z = 39. An enlarged inset in the figure displays a peak at
m/z = 39.5, which can be unambiguously identified ag3cC
CHg?". By taking into consideration th®C/12C ratio for the
benzene cation, it is established that the ion peak/at= 39
corresponds predominantly to the doubly charged parent ion.
The dication envelope was also found to contain doubly ionized
species attributed to the group of fMiH]2" ions, withn =
1-4.

Other peaks in the mass spectrum corresponding to doubly

ionized fragments were observednalz = 19.5 (GH3%"), 25.5
(C4H£%"), and 31.5 (GHz?). Additional doubly ionized fragments
are almost certainly obscured by singly charged ions.
Nitrobenzene. Figure 5(a, b) shows mass spectra for ni-
trobenzene recorded at intensities of X110 W cm™2 and
3.0 x 10" W cm2 with a pulse duration of 80 fs. Each
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as they fall at halfr/z values. Singly charged¢8, (n = 1-5)
fragments have been reported in El studies of nitrobenzene and
they have been recorded in the present experiment too (insert
in Figure 5a). It therefore seems reasonable to assume that the
doubly charged gH, ions are generated through dissociation
channels within the transient doubly charged parent ion and these
channels are similar to those observed for the singly charged
parent ion (Table 1). This implies, at first glance, that the
transient doubly charged nitrobenzene ion preserves the structure
of the singly charged parent ion.

Nevertheless, the appearance of the,N@h (Figure 5b)
somehow distinguishes the recorded mass spectra of nitroben-
zene from those reported previously. To the best of our
knowledge, this ion is observed strongly for the first time in
mass spectra of nitrobenzene induced by laser beams. Very
recently, Cooper et & have reported the observation of an
NO; ion in the mass spectra of nitrobenzene induced by
synchrotron irradiation. Through this work they found that the
appearance energy (AE) for the dissociation channel leading to
NO; ion production is 26t 1 eV. The IP for the doubly charged
nitrobenzene is unknown, but an estimation can be made by
using the proposal by Tsai et.#lthat the double ionization
potential (IP+) is 2.8+ 0.1 times that of single ionization. This
therefore implies that the double ionization potential lies within
26.7 < IP2" > 28.8 eV. In other words, the lower energy limit
for the IPP* lies within the experimental error given for the AE

spectrum displays a prominent molecular ion and the base peak NO, ion. Thus, it is reasonable to assume that,Nen

in each case is the [MNO,]* fragment. It is immediately
apparent from both the spectra as a whole and from the enlarge

local regions that the high resolution throughout enables the ;

unambiguous identification of almost all peaks. In addition,

some of these features only become visible after the accumula-

tion of many sweeps (in the present casg10
Although the two spectra display the same structurally

roduction can be attributed to a charged separation process
hat is taking place within the unstable doubly charged parent
jon, i.e.
[CeHNO,)*" — CgHs ™ + NO,*

As discussed above, the onset of doubly charged molecular

characteristic ions, there are notable differences in the low massfragments in the present experiments verifies the double

fragmentation. The data recorded at .10 W cm~2 displays
relatively few low-mass ions and, with the exception df &hd
a small G peak, no fragments with a mass-to-charge ratio of

ionization of the parent molecule.
Of course, the onset of € ion in the mass spectra of
nitrobenzene provides evidence that higher multiply charged

less than 12. By contrast, the higher intensity spectrum shows(j.e., q > 2) species are created in the interaction volume with

a far greater abundance of the GHn = 1—4) group as well

as the appearance of thé'don. The onset of the production

of these multiply charged atomic fragments can be attributed
to the Coulomb explosidd of the molecule. At the high
intensity used here, the laser electric field is comparable to the

internal electrostatic field experienced by the valence electrons.
When this is the case, the ejection of these outer electrons

produces highly charged transient species which in turn can
explode into multiply charged atomic ions.

The dissociation pathways of the nitrobenzene cation are
presented in Table 1. Panczel and Badrave demonstrated
that a cleavage of the-€N bond is responsible for the NO
loss from an excited ionic state. Recent work by Kosmidis et
al?? has provided verification of these pathways and the work
presented here is in agreement with the previous study.

However, one interesting feature observed in the present work,

which has not been previously reported, is the double ionization
of some high-mass fragments in this molecule. In particular,
peaks are clearly visible atvz = 38.5, 37.5, and 36.5 which
correspond to the [MNO]2" (CeHs?™), [M—NO,—2H]%"
(CeHz?") and [M—NO,—4H]?" (CsH2") ions. Furthermore, it
may be reasonable to expect that the peaksvat= 37, 38,

the laser. Thus, it could be thought that there is a contribution
to the NQ ion signal from the dissociation of these multiply
charged transient molecules through dissociation channels such
as

[CeHsNO,*" — CHs2F + NO,*

Although these channels cannot be excluded, their contribution
is expected to be very small, if any, because the observed relative
abundance of Ng@ is much higher compared to that of the
Cf3H52Jr ion.

Small ion peaks were also observedrét = 31.5 (GH3z?"),
25.5 (GH#?Y), 19.5 (GH3%") and 18.5 (GH2"). Moreover, it
is quite conceivable that additional doubly ionized fragments
may be present in the mass spectra but unless they were to fall
at half m/z values, it would be difficult to differentiate them
from singly charged fragments. It is also worth noting that
whereas [M-NO,]* was found to be the most abundant of the
singly charged ions, the [MNO,]2* fragment was not a major
component of the doubly charged ion yield.

The comparison of the mass spectra of benzene and nitroben-
zene reveals at least two significant differences. The first one

and 39 also contain a doubly ionized contribution although the concerns the absence of the doubly charged parent ion in the
integer values of these peaks hinder any direct identification. mass spectra of nitrobenzene. As discussed above, there is
The peaks atvz= 37.5 and 38.5 are present in the mass spectra evidence to suggest that this ion is generated in the interaction
taken at both intensities and can be unambiguously identified volume but is unstable. It is thought that this instability should
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Figure 6. Toluene mass spectrum taken at an intensity of>3.80> W cm2. Singly and doubly charged parent ions are clearly visible.

be attributed to the strong Coulombic repulsion between chargesappears that the molecule is favoring the double ionization of
localized in the aromatic and the nitro group. every second species i.e., [N2H]?" is bigger than [M-H]?*,

The second difference is related to the comparatively small [M —4H]%" is bigger than [M-3H]?", etc. It would seem that
abundance of the multiply charged atomic ions in the mass the favored dissociation pathway for toluene would involve the
spectra of nitrobenzene. This observation implies that nitroben-removal of two hydrogens simultaneously rather than just a
zene reaches lower charged states compared to those of benzensingle H atom. This pattern of fragmentation has been observed
It can therefore be concluded that the molecular coupling with under laser irradiation for both aromdfié33> and nonaro-

the laser field is more intense in the case of benzene. matictt1” molecules, although the effect is more pronounced
Toluene.A mass spectrum of relative ion yield versus mass- in the dication envelope for aromatics. In addition to this, it
to-charge ratio for toluene, taken at an intensity of 3.805 has been reported that the loss of an even number of hydrogen

W cm™2, is shown in Figure 6. In common with previous studies atoms is accompanied by the creation of a double bond in the
of toluene carried out by this grodp,a clear doubly ionized parent iore If we assume that the present pulse duration makes
parent ion is evident in the enlarged inset. The identification of ladder-switching unlikely, then it seems probable that this
this group of peaks is aided by the fact that they fall in an area favored removal of an even number of H atoms is taking place
of the spectrum between theld, and GH,, groups where no  within the parent. The creation of a double bond in the molecular
singly charged fragments would be expected. Furthermore theion would provide the stability required to enable the observation
use of the isotopic approach used with benzene can be employedf these species after travel through the acceleration region. This
to confirm the presence of the;s?" ion. As with the other apparent “ode-even” effect may also be taking place in the
molecules in this study, several other doubly charged speciesphotodissociation of benzene. However, as the doubly ionized
were observed and are presented in the figure. region of this molecule falls in a part of the spectrum occupied
One aspect of the ionization of toluene which is easily by the GH, group, any observation of this mechanism is
observable from the mass spectra is the relative abundance ofendered impossible.
the peaks in the doubly ionized region compared to one another. 3-Nitrotoluene. A comparison of the fragmentation of
As expected, doubly charged toluene is the largest peak in this3-nitrotoluene taken at two different ionizing laser intensities
region but as one looks further down the mass spectrum it (3.8 x 105 and 1.2x 10'% W cm™?) is shown in Figure 7,
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Figure 7. (a) ToF mass spectrum of nitrotoluene recorded at:3B0*> W cm™2. (b) Femtosecond laser mass spectra of 3-nitrotoluene recorded
1.2 x 10" W cm2. Insets are presented for the following regions: (a) Multiply charged atomic fragments; (b, c) Doubly charged molecular

fragments; (d) Structurally characteristic ions.

parts a and b. As with nitrobenzene there are obvious andAlong with the expected photodissociation products such as
expected similarities between the two spectra: an abundancegM —

of low mass fragmentation is present, thefMO,]™ ion is can

100 110 120 130

NO,]* and [M—NO]*, a doubly ionized molecular region
be seen. As was previously observed for nitrobenzene this
the base peak at high mass, and a parent ion peak is observedegion corresponds to the [VNO,]2" envelope and the doubly
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ionized peaks observed here can be unambiguously identifiedcontribution coming from certain lower mass fragments. Fur-
as they fall at halfrvz values. It is interesting to note, however, thermore, in the envelope of doubly charged toluene ions it was
that in the case of nitrotoluene there was no observable doubleobserved that the molecule seemed to favor the double ionization
ionization of the principle singly charged high-mass fragment, of every second species, leading to an apparent “@den”
[M—=NOg ™. effect in the mass spectra. Various doubly ionized species were
In common with the spectra presented for nitrobenzene, the also observed for the nitroaromatics although no doubly charged
data shown in Figure 7 allows the observation of the onset of parent was produced for either nitrobenzene or nitrotoluene,
the Coulomb explosion of this molecule. The mass spectrum possibly due to the rapid dissociation involving the labile NO
recorded at an intensity of 1.2 10" W cm~2 shows an group. However, the observation of a singly ionized parent for

abundance of multiply charged atomic fragment$(G3CY T, these nitro-molecules along with multiply charged atomic states
NY*, OY*, where Z = 1-3 and Y = 1-2) which are and, most notably, the group of [MNO,—nH]?" ions is

synonymous with the occurrence of a Coulomb expld&iéh indicative of the fact that nanosecond dissociation pathways have
In addition to this, the observation of an MOon atnv/z = 46 been largely defeated by the use of intense femtosecond

may be indicative of a charge separation process involving a radiation. A singly ionized N@fragment was also observed
doubly charged transient species. This could occur in the for both nitro molecules, and this was thought to suggest a

following way charge separation process involving a transient doubly charged
parent ion.
[C,H.NO,J*" — CH," + NO,* This work highlights the effect that the addition of the

substituent N@group has on the ionization and fragmentation
Because any charge separation process is expected to be takingf aromatic molecules. The destabilizing effect of this group is
place within a doubly charged parent it is probable that the two Particularly prominent in the multiple ionization of the nitroaro-
ejected electrons were localized in one C bond resulting in ~~ Matic molecules studied. No doubly charged parent was
ring opening. Therefore, as far as the structure of the transientobserved for these molecules and in both cases the most
doubly charged parent is concerned, it is believed that an acyclicProminent singly ionized fragment was found not to be a major
(linear) formation cannot be excluded. It is noteworthy that ring contributor to the doubly ionized yield. Moreover, it was found
opening processes induced by strong laser irradiation have beerhat the addition of the Nggroup weakened the laser-molecule

reported recently’ coupling.
The observation in the mass spectra (Figure 7b)of &hd )
C*t raises the possibility that NOformation may be the Acknowledgment. A.D.T. and L.R. would like to acknowl-
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