Figure 5. Mass spectra obtained using 150-fs, 500-fs, and 15-ns laser pulses. Samples: (a) chlorobenzene; (b) bromobenzene; (c) iodobenzene.
The pulse energy was adjusted to (a) 1.0, (b) 0.75, and (c) 0.50 mJ to enhance fragment ion peaks.

Figure 6. Mass spectra for m-dichlorobenzenes ionized using 150-fs, 500-fs, and 15-ns pulses. Pulse energy: (a) 40, (b) 100, and (c) 150 µJ.

p-dichlorobenzenes are expected to be similar to that for mdichlorobenzene.
Trichlorobenzene. Figure 7 shows the mass spectra for 1,2,4trichlorobenzenes obtained using 150-fs, 500-fs, and 15-ns laser
pulses. No ion signals are observed when 15-ns pulses are used.
In Figure 7a, a molecular ion is observed as a major component,
but a fragment ion is also observed under 500-fs pulses. Fragmentation is strongly enhanced by increasing the laser pulse
energy, as shown in Figure 7b. These results indicate that the
lifetime of 1,2,4-trichlorobenzene is in the subpicosecond range.
The lifetime is strongly affected by intersystem crossing to the
triplet manifolds, as described above. There are two possibilities
for the fragmentation of 1,2,4-trichlorobenzene under 248-nm
pulses. (1) Intersystem crossing, which is very fast but remains
the rate-determining process, is followed by a predissociation from
the triplet state, due to potential curve crossing. (2) Direct
dissociation occurs from the excited state, as for the case of
iodobenzene, by substitution of three chlorine atoms. In either
case, the molecular ion signal is observed with difficulty when
many chlorine atoms are substituted. It should be emphasized
that the molecular ion can be detected as a major component
under femtosecond pulses, even when three chlorine atoms are
substituted on a benzene ring.
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Figure 7. Mass spectra for 1,2,4-trichlorobenzenes ionized using
150-fs, 500-fs, and 15-ns pulses. Pulse energy: (a) 100 and (b) 300
µJ.

Chlorophenols. Figure 8a shows the mass spectra for
p-chlorophenol obtained using 150-fs, 500-fs and 15-ns laser pulses.
The ionization efficiency for p-chlorophenol obtained under 150fs pulses is nearly identical to that obtained under 500-fs pulses.
In contrast, the intensity of the molecular ion peak decreases to

Figure 8. Mass spectra obtained using 150-fs, 500-fs, and 15-ns
laser pulses. Samples: (a) p-chlorophenol; (b) o-chlorophenol. The
pulse energy was adjusted to (a) 100 and (b) 40 µJ to maximize the
molecular ion peak.

one-thirtieth of the intensity, when the pulse width is changed
from nanosecond to femtosecond. There is no essential change
in the spectral pattern between the mass spectra measured
for p-chlorophenol and chlorobenzene. This implies that the
lifetime is not strongly affected by para substitution of an OH
group. Figure 8b shows the mass spectra for o-chlorophenol. No
ion signal is observed when 15-ns pulses are used. Yamamoto
and co-workers have reported that the triplet potential curve
crosses near the bottom of the S1 state because of stabilization of
the triplet state by intramolecular hydrogen bonding for ochlorophenol.25 The intersystem crossing then occurs more
efficiently and rapidly, and as a result, the lifetime of o-chlorophenol may be substantially shortened, in comparison with those
for p- and m-chlorophenols. Thus, the substitution of the OH
group at an ortho position reduces the ionization efficiency and
makes the analysis of the o-chlorophenol derivatives more difficult
using a nanosecond laser. It should be again pointed out,
however, that the femtosecond laser is useful for efficient ionization of such derivatives. It should also be noted that dioxins have
no hydrogen bond capabilities, and as a result, such an additional
lifetime shortening effect may not occur for these types of
molecules.
(25) Yamamoto, S.; Ebata, T.; Ito, M. J. Phys. Chem. 1989, 93, 6340-6345.

CONCLUSIONS
This work clearly demonstrates that ultrashort laser pulses can
be very useful for excitation and the succeeding multiphoton
ionization of the benzene derivatives that contain halogen atoms
in a molecule and have short lifetimes as a result of spin-orbit
coupling. In addition, such an ultrashort pulse usually provides
a molecular ion as the major component. For polychlorobenzenes,
the lifetime decreases with an increase in the number of chlorine
atoms. Thus, a femtosecond laser is essential for efficient
ionization and for observing the molecular ion for polychlorobenzenes that contain multiple chlorine atoms. The lifetime of
o-chlorophenol, which is known to be an important precursor of
dioxins, decreases as a result of intramolecular hydrogen bonding,
compared to other precursors such as m- and p-chlorophenols.
As demonstrated in this study, the ionization efficiency can
generally be improved by using shorter, e.g., 500- and 150-fs laser
pulses. The present approach, using short laser pulses, might
be useful in the sensitive detection of even dioxins themselves,
since their lifetimes are generally considered to be rather short,
due to the presence of many chlorine atoms in the molecule.
However, the femtosecond laser is not always advantageous and
sometimes is disadvantageous. The line width of the femtosecond
laser is in the order of nanometers, and as a result, the high
spectral selectivity in supersonic beam spectrometry is, to some
extent, lost. In addition, efficiency enhanced by resonance
ionization may decrease. It should, however, be noted that the
spectral line width (∆λ ) 0.6 nm for 150-fs pulses at 248 nm) is
much smaller than the spectral bandwidth of the room temperature spectrum and that differentiation of isomeric species is
possible in most cases. The ionization efficiency is not reduced
when the spectral line width is equal to or is broader than the
line width of the laser. Thus, a femtosecond laser is useful for
efficient ionization of the molecule with a short lifetime, i.e., a
broad spectral bandwidth. It would be expected that chlorinated
aromatic hydrocarbons, which are known to be precursors of
dioxins, or, dioxins themselves, can be sensitively and selectively
measured, when the molecules are ionized by a laser whose pulse
width is identical to the lifetime of the molecule and the spectral
width is infinitely minimized (Fourier transform-limited pulse).
Received for review May 7, 1997. Accepted August 21,
1997.X
AC9704624
X

Abstract published in Advance ACS Abstracts, October 1, 1997.

Analytical Chemistry, Vol. 69, No. 22, November 15, 1997

4529

