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Abstract

Three isomers of difluorobenzene were multiply ionized by low-energy collisions with And their subsequent dissociation was studied
using position-sensitive time-of-flight (TOF) measurements combined with a coincidence technique. The vector correlation of the velocities
of the two F fragment ions was examined and found to be sensitive to the structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction e 1,2-difluorobenzene, (ortho-difluorobenzene, hereafter
ODFB); m/e= 114 (parent ion), 88, 63, 57, 50.
To distinguish isomers using mass spectrometry, collision- e 1,3-difluorobenzene, (meta-difluorobenzene, hereafter
induced dissociation (CID) is widely used (MS/MS); the MDFB); m/e= 114 (parent ion), 63, 88, 57, 50.
most suitable isomer is deduced by comparing the observeds 1,4-difluorobenzene, (para-difluorobenzene, hereafter
fragmentation pattern with patterns compiled in databases PDFB); m/e= 114 (parent ion), 63, 88, 57, 50.
[1-3]. Various commercial MS/MS instruments equipped

with sophisticated computing systems are available, en-pere, peaks due to isotopes are omitted. For these isomers,
abling the quick identification of target samples. However, he major fragment ions are shared in common, and the order
the fragmentation pattern is not always a unique fingerprint js quite similar for each. This is also true for the isomers
of a molecule, since patterns do not differ drastically if of gichlorobenzene, for which a considerable difference is
the molecular str_uctures are very similar. Many attempts gpserved only in charge inversion mass speffia This

to enhance the differences in the fragmentation pattems ofmeans that the series of halogen-disubstituted benzenes is a
isomers have been reported, including using high-energy 404 example of compounds that are not easy to distinguish
collision-induced dissociation (CID) for isomeric sugars yging collision-induced fragmentation alone. To avoid the

[4], and charge inversion mass spectrometry foHEISO-  complexity due to isotopes, the isomers of difluorobenzene
mers[5]. In general, the relationship between the branching appear to be suitable targets.

ratio of the fragment ions and the structure of the parent |t gissociation is faster than the time of molecular rotation
molecule is not straightforward. In this paper, we report 44 isomerization, the dissociation scheme should differ
an intuitive method to distinguish isomers, which uses among the isomers. The dissociation of multiply ionized
position-sensitive time-of-flight (TOF) measurements, and glecules may be a suitable reaction, since it is likely to be
present an example of how isomers are distinguished. much faster than that induced by single ionization or colli-
According to the databadé], the five prominent peaks  gjonal heating. Therefore, it might be possible to distinguish
observed in the mass spectra of difluorobenzenes are sorte¢he isomers by analyzing the dissociation of multiply ion-
by intensity as follows: ized molecules. Experimentally, the dissociation of multiply
ionized molecules can be analyzed in detail by applying
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Fig. 1. TOF coincidence maps for ODFB (a), MDFB (b), and PDFB (c). The maps at an expanded scale are inserted in which the contrast is enhanced
The (F" F") island is indicated by the ellipse in each expanded map. The TOF spectra and the assignment of the peaks are shown below the maps.
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Fig. 1. Continued).

analysis of the 3-dimensional velocity vectors of the frag- near-Coulombic and non-Coulombic dissociation were ob-

ment ions, and their vector correlation.The method of deter- served, depending on the way of the excitafib®-15]

mining molecular structure from a trajectory analysis of the  Previously, we reported position-sensitive TOF studies,

fragment ions is referred to as “Coulomb explosion imaging combined with a multiple coincidence technique, for the fast

(CEI)" [8]. The feasibility of this technique has been demon- dissociation of simple molecules multiply ionized by colli-

strated mainly for ionic species; for example, the stereostruc- sions of highly charged atomic iofi$6—20] From a series

ture of a protonated positive acetylene ion was obtained in of experiments, we concluded that the fragmentation of a

this way [9]. Concerning the application of CEI to neutral multiply charged molecular ion can be approximated by the

species, few vector correlation studies for fragment ions Coulomb explosion, if the target molecules are fairly small

have been reported. Werner et al. reported position-sensitiveand highly ionized. This means that a trajectory analysis of

TOF measurements for water molecules and the vectorthe fragment ions can provide information on the structure

correlations of the fragment ions produced by the reaction: of the parent molecule; i.e., Coulomb explosion imaging is
applicable to simple molecules.

(H20)* — H* + H* + O, Very recently, the dissociation of highly charged benzene

(Ho0)% = HY 4 HT + 02T, was S'Fudied and the velocity vectors of the'dissociating frag-
ment ions were found to be coplanar. This means that the

were compared with those expected from a simple Coulomb trajectories of fragments conserve the “memory” of initial

explosion mode[10,11] In the first case, the experimental Planar structure of the parent molecule, even in a relatively

results deviated considerably from the Coulombic scheme. large molecule like benzene. This study examined the disso-

Nevertheless, the isomers, if any, could still be distinguished Ciation of highly charged difluorobenzene, focusing on the

by their vector correlation pattern. For the latter case, the vector correlation of the two Ffragment ions.

deviation from the Coulomb explosion model was much

smaller.

Multiple-ionization of molecules is also possible by using 2. Experimental

X-ray or ultra short pulse laser. Applying position-sensitive

TOF technique, the velocity (or momentum) vectors of  The target molecules were multiply ionized by collision

fragment ions were analyzed in detail, and both the with 120keV AP* extracted from a 14.25-GHz electron



46 M. Nomura et al./International Journal of Mass Spectrometry 235 (2004) 43-48

160
140
120
100
80
60
40
20
0

cyclotron resonance (ECR) ion sourfl], and the frag-
ment ions were detected using a position- and time-sensitive
detector[22,23] TOF measurements were triggered by the
detection of the Auger electron(s) promptly emitted from
the projectile after collision. This triggering system leads to
a bias in the results, as will be described later. Commercial
ODFB, MDFB, and PDFB were used after they had been
subjected to a conventional degassing procedure.

To determine the initial velocity vectors of the fragments,
it is desirable to detect all of them, since in that case the
initial position of the dissociation can be determined numer-
ically based on the conservation of momentum. For large
molecules, many of the fragment ions should be detected
in coincidence while the finite detection efficiency seriously
reduces the number of multiple coincidence events. In this
study, the TOF tube was 173.5 mm long, and the acceleration
voltage was 2.4 kV, to achieve a satisfactory compromise be-
tween mass resolution and collection efficiency. These pa-
rameters permit recording of an acceptable number of events
in which two ions are detected in coincidence, whereas the
number of higher-fold coincidence events is very small.

From thex—y position and the TOF of each fragment ion,
the initial 3-D velocity vector was calculated by assuming
that a collision occurred at the specific position determined
from an analysis of the results for the Ar target. Since the ac-
celeration field did not affect the andy-components of the
velocity vector, these values were simply determined from
the x-y position on the detector and the TOF of each frag-
ment ion. Thez-component was calculated from the TOF
itself. Note that the diameter of the projectile beam in the
collision area was about 2mm. This means that the uncer-
tainty in the initial position of the dissociating molecule was
relatively large as compared to the case in which all of the
fragment ions are detected.
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3. Results and discussion (©

Fig. 2. Histograms of c@s(see text) obtained for ODFB (a), MDFB (b),
Fig. 1a—cshow the double coincidence maps for ODFB, and PDFB (c).
MDFB, and PDFB, respectively. In each figure,F(F")
coincidence island is indicated by ellipses. The shapes of the
islands differ considerably, indicating that the dissociation —0.52, and-1 for ODFB, MDFB, and PDFB, respectively.
scheme differs among these isomers. Note that the (F F*) double coincidence events analyzed
The correlation of the velocity vectors of the fragment in this study include all the possible dissociation events in
ions gives much more information. To examine the vector which F- and F~ are detected in coincidence. Therefore,
correlation of two F, we used cag which is defined us-  these dissociation events may involve many additional ions.
ing v(F1) - v(F2) = |v(F1)| x |[v(F2)| co®, where v(F1) As mentioned before, using Auger electron detection for
and v(F») are the initial velocity vectors of the two frag- TOF measurements leads to the following bias: since the

ments, and is the angle between them. The histograms
of co® obtained for ODFB, MDFB, and PDFB are shown

in Fig. 2a—¢ respectively. As the figures show, the vector
correlation clearly differentiates the isomers. In all cases,
v(F1) andv(F) are strongly correlated. The peak appears
at around cas = 0.5, —0.5, and—1 for ODFB, MDFB,

number of Auger electrons depends strongly on the num-
ber of electrons captured by a projectile, the probability of
detecting Auger electrons, i.e., the probability of trigger-
ing, is a function of the number of electrons captured. This
means that the observed distribution of the charge states of
the parent molecule, which equals the humber of electrons

and PDFB, respectively. These values match the cosines ofcaptured by the projectile, should be different from that ex-

the angles between the two C—F bonds, i.e.fces0.48,

pected from the relative cross-section of multiple electron
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Fig. 3. TOF coincidence map obtained for MDFB using projectile detection as a trigger. The inset is a map at an expanded scale.

capture. As a result, the higher charge states of the parent+ are the main contributor, and that many additional frag-
molecule would be enhanced in this study. ment ions would dissociate just after the multiple ionization
To demonstrate the preference in the higher charge stateof difluorobenzene.

due to our measurement system, an alternative TOF coinci- Assuming the crude approximation that the above men-
dence measurement was performed, using projectile detectioned additional positive charge would be distributed
tion as the start trigger. The projectile was als§*Aand the equally over the rest of the molecule and the direction of
collision energy was the same as for the position-sensitive the dissociating fragments would be simply determined
TOF measurements. The target molecule was MDFB. The from the sum of the Coulombic repulsive force for the point
double coincidence map is shown kig. 3, in which the charges, most of the repulsive forces would cancel out, ex-
darkness of the islands is a measure of the correspondingcept for those along the C—F bonds. For PDFB, the positive
branching ratio, unlike the case ig. 1L Relative intensity charges may be distributed symmetrically with respect to
of the islands is significantly different between these figures: the two C—F bonds; therefore;*Fwould be kicked in the
(Ft F1) islands are enhanced and {4+ CoH, ™) islands direction of the C—F bond. In fact, the histogram for PDFM
are suppressed iRig. 1a—c This trend is consistent with  shows a very sharp correlation, as showrFig. 2c The

the expected bias mentioned above because the probabilityhistograms for ODFB and MDFB show rather broad peaks;
of multiple bond breaking and atomic ion formation would the broadness is likely related to the fact that the C—F bonds

increase with the charge state. are not aligned along the axis of symmetry.

In fact, the collision of APt and CS yields detectable In conclusion, our results demonstrate the applicability
amounts of highly charged molecular ions up to $28", of position-sensitive TOF measurements for distinguishing
and (CS)°* to (CS)8+ are major channels when the TOF isomers. More detailed analysis of the coincidence events,
measurements are triggered by the Auger electfb8k It including classical calculations of the ion-trajectories, is now

is reasonable to assume that the charge states higher thannder way.
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