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Abstract

Chlorinated aromatic compounds are well-known environmental pollutants whose toxicities depend dramatically on the chlorine substitution
pattern, making differentiation of chlorophenol isomers important for environmental analysis. Collisionally activated dissociation (CAD)
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spectra and charge inversion spectra ofortho-, meta-, andpara-chlorophenols (ClC6H4OH) and their partially deuterated forms (ClC6H4OD)
were measured using alkali metal targets. The peaks associated with C6H4O+ and C5H5Cl+ ions observed in the CAD spectra result from
loss of HCl and CO fragments, respectively, after the re-arrangement of the hydroxyl hydrogen atom. The peaks associated with6H4OH−

and ClC6H4O− ions observed in the charge inversion spectra result from Cl loss and from hydroxyl bond dissociation, respectively.
differentiation is possible based on the clear differences observed in the relative intensities of these pairs of peaks. Although the
of the peaks associated with C6H4O+ relative to those of C5H5Cl+ in the CAD spectra are independent of the target species, the inte
of the peaks associated with C6H4OH− relative to those of ClC6H4O− in the charge inversion spectra are target dependent. The iso
dependence of the positive ion distribution patterns in the CAD spectra is proposed to be due to the differences in the rate of th
atom re-arrangement process. In contrast, the isomeric dependence of the negative ion distribution patterns in the charge inversi
attributed to differences in the bond strength involved in the direct dissociation process in the neutral intermediate species.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorinated aromatic compounds are well-known
environmental pollutants, especially some isomers of
poly-chlorinated dibenzo-p-dioxines (PCDDs) and poly-
chlorinated dibenzofurans (PCDFs) which are extremely

Abbreviations: CAD, collisionally activated dissociation; PCDDs, poly-
chlorinated dibenzo-p-dioxenes; PCDFs, poly-chlorinated dibenzofurans;
MIKE, mass-selected ion kinetic energy; DEA, dissociative electron attach-
ment; EI, electron ionization; ESA, electrostatic analyzer
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toxic to humans and animals[1–10], and their toxicity
depends dramatically on the chlorine substitution pa
[1–3]. Since high-resolution gas chromatographic meth
can separate structural isomers, and mass spectrome
the most sensitive analytical method, the combinatio
high resolution gas chromatography and high resolu
mass spectrometry (HRGC–HRMS) has been used w
for analysis of chlorinated aromatic compounds[11–17].
However, analysis of a single sample using capillary
chromatography requires several minutes. In order to e
more rapid and sensitive analysis, various mass s
trometry/mass spectrometry (MS/MS) methods have
investigated[18–23]. Chlorophenols and dichlorobenze
are constituent compounds of PCDDs and PCDFs, an
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the discrimination of isomeric chlorophenols (ClC6H4OH)
and dichlorobenzenes (C6H4Cl2) by MS/MS methods is
indispensable for high throughput analysis of environmental
pollutants.

One of the authors has already reported clear discrimina-
tion of dichlorobenzene isomers[24] and the hydrocarbon
isomers C2H2

+ and C3H4
+ [25–28] using charge inversion

mass spectrometry. It was demonstrated that this discrimina-
tion is possible due to the dissociation of energy selected neu-
trals formed by near-resonant neutralization with alkali metal
targets[29–32]. Neutralization–reionization mass spectrom-
etry (NRMS) that used alkali metal target had also provided
the discrimination of isomers[33–37]. In the present work,
the discrimination of chlorophenol isomers using the charge
inversion mass spectrometry was investigated.

Only the ortho-isomer of the chlorophenols was dis-
tinguished from themeta- and para-isomers by standard
electron ionization (EI) spectra[38]. Discrimination of
chlorophenol isomers using mass-selected ion kinetic energy
(MIKE) spectrometry[39] and resonant dissociative electron
attachment (DEA) have been reported[40,41]. The MIKE
spectra result from dissociation of metastable positive ions
[42,43], whereas DEA results from dissociation of nega-
tive ions[44–46]. MIKE spectrometry is an MS/MS method,
whereas DEA is not. The isomeric differentiation observed
for the MIKE spectra was explained by a ‘ring-walk’ mech-
a tate
t
‘ the
l
p n
m een
r

ass
s tected
b ited
b their
l tion
m and-
i any
c neu-
t bout
t anis-
t arge
i IKE
s nol
i

2

s a
H S-I
t mber,
a ame
t lyze

secondary ions[27,31]. Positive precursor ions are formed by
electron ionization (EI) and accelerated to a kinetic energy of
3.0 keV. The precursor ions are mass-selected by MS-I and
collide with the alkali metal target in the target chamber. The
alkali metal target is introduced into the chamber as a vapor
from a reservoir through a ball valve. The target chamber,
the ball valve and the reservoir are thermally controlled in
order to control the alkali metal density in the target chamber.
The detector is a 10 kV post-acceleration secondary electron
multiplier, which can detect both positive and negative ions
upon application of a suitable polarity.

CAD spectra were measured by mass analyzing the pos-
itive ions exiting the target chamber by scanning the ESA
voltage, as for a usual CAD measurement. By changing the
polarity of MS-II and multiplier, charge inversion spectra
were measured by mass analyzing the negative ions exiting
from the target chamber. As it takes less than 1 min to change
the polarity, charge inversion spectra can be measured using
the same conditions for primary ions and target as the CAD
spectra, and reproducible CAD and charge inversion can be
obtained in a measurement time of a few minutes. An exam-
ple of a series of such measurements conducted by simply
changing the polarity for the measuring the secondary ions is
shown inFig. 1. The similarity of the CAD spectra shown in

Fig. 1. Collisionally activated dissociation (CAD) spectra, and a charge
inversion mass spectrum, measured in series. It takes only a few minutes
to measure the respective spectra.
nism for the chlorine (Cl) atom via a chlorine-bridged s
o explain the loss of hydrogen chloride (HCl)[39]. The
ring-walk’ mechanism has also been used to explain
oss of hydrogen fluoride (HF) or difluorocarbene (CF2) from
rotonated polyfluorobenzenes[47–51]. The loss of carbo
onoxide (CO) from the chlorophenol ions has also b

eported by several authors[52–56].
The dissociation of ions can be studied easily using m

pectrometry because the ions can be analyzed and de
ut information about unstable neutral species is lim
ecause analysis of neutral species is difficult due to

ack of electronic charge. Information about the dissocia
echanism of excited neutral species is vital for underst

ng the important role they play as intermediates in m
hemical reactions, and the study of dissociation of these
ral intermediates can provide fundamental knowledge a
hese chemical reactions. In the present work, the mech
ic features of the dissociation of neutral species in ch
nversion spectrometry are compared with those for M
pectrometry, CAD spectrometry, and DEA of chlorophe
somers, using deuterium-labeled compounds.

. Experimental

The MS/MS instrument used in this work comprise
itachi M80B double focusing mass spectrometer as M

o mass-select precursor ions, a 3.7 cm long target cha
nd a toroidal electrostatic analyzer (ESA) which is the s

ype as that in the Hitachi M80B, as MS-II to mass-ana
,
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Fig. 1(a) and (c) confirms that these spectra were measured for
the same conditions of precursor ions and target density. The
conditions for the charge inversion spectrumFig. 1(b) must,
therefore, be the same as those for the CAD spectra, because
the charge inversion spectrum was measured between the two
CAD spectra measured in this series.

The samples (o-, m-, and p-ClC6H4OH, MW = 128),
obtained from Tokyo Kasei Co. Ltd., were reagent grade
and were used without further purification. The deuterium-
labeled isotopomers (o-, m-, andp-ClC6H4OD, MW = 129),
in which the hydroxyl hydrogen is substituted with deu-
terium, were obtained by repeated exchange ofo-, m-, and
p-chlorophenols with D2O. The degree of labeling, estimated
from the peak heights at the mass-to-charge ratio of the appro-
priate molecular ions, was better than 89%.

3. Results and discussion

3.1. Collisionally activated dissociation spectra

The CAD spectra inFig. 2 are those of the isomeric
chlorophenol ions, ClC6H4OH+, and of the partially deuter-
ated forms, ClC6H4OD+, obtained using a K target. The
35ClC6H4OH+ ions ofm/z = 128 and the35ClC6H4OD+ ions
of m/z = 129, which give rise to the strongest peaks of the
m cted

as precursor ions for the spectra shown inFig. 2(a)–(c) spec-
tra and inFig. 2(d)–(f), respectively. The peaks atm/z = 128
andm/z = 129 associated with non-dissociated ions are by far
the strongest in the spectra inFig. 2(a)–(c) and in the spec-
tra in Fig. 2(d)–(f), respectively, as expected. The ordinate
values of the spectra inFig. 2(a)–(c) of the ClC6H4OH+ ions
are normalized for the peak intensities atm/z = 100 in order to
assist comparison of the relative peak intensities associated
with the various dissociated ions. The peak atm/z = 92 is the
strongest, and the peaks atm/z = 64 and 100 are prominent
for the unlabeledo-precursor ions, as shown inFig. 2(a).
In the CAD spectra form- andp-precursor ions, the peaks
at m/z = 100 are the strongest, with the peaks atm/z = 65
and 92 also being prominent, as shown inFig. 2(b) and (c),
respectively.

The ordinate values of the spectra for thed-labeled
chlorophenol isomers inFig. 2(d)–(f) have been normal-
ized for the peak intensities atm/z = 101. The most intense
peak in the CAD spectrum ofo-35ClC6H4OD+ ions shown
in Fig. 2(d) is that atm/z = 92, with the peaks atm/z = 64 and
101 also being prominent. Form- and p-precursor ions of
the d-labeled isomers, the most prominent peaks are those
at m/z = 101, 92 and 66, as shown inFig. 2(e) and (f),
respectively. From the shifts in them/z values for the peaks
of the d-labeled compounds compared with the unlabeled
compounds, the peaks atm/z = 92 and 100 for all unla-
b

F
i
h

olecular ion in the electron ionization spectra, were sele
ig. 2. CAD spectra of ClC6H4OH+ ions ofo-, m-, andp-chlorophenol, denoted
ons ofo-, m-, andp-chlorophenol, denoted by (d), (e), and (f), respectively. The
as been normalized for the peak intensities atm/z = 100 for (a)–(c), and atm/z = 10
eled isomers can be assigned unambiguously to C6H4O+
by (a), (b), and (c), respectively and those of partially deuterated ClC6H4OD+

accelerated energy is 3.0 keV and the target is K. The ordinate of each spectrum
1 for (d)–(f).
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ions resulting from loss of HCl fragments containing the
hydroxyl hydrogen, and C5H5Cl+ ions resulting from loss
of CO fragments, respectively. From the relative intensities
of the peaks atm/z = 64 and 92 in both unlabeled and labeled
o-chlorophenol precursors, the peaks atm/z = 64 are assigned
to C5H4

+ ions resulting from combined loss of HCl fragments
containing the hydroxyl hydrogen, and CO fragments.

Regarding HCl loss from chlorophenol ions, it has
been found from MIKE spectra of unlabeled and labeled
chlorophenols[39] that the hydroxyl hydrogen is eliminated
by combining with the Cl atom in theo-position, and the order
of the relative abundances of the ions resulting from loss of
HCl compared with those arising from CO loss was found
to be ortho > meta > para [39]. From the isomeric depen-
dence of the relative abundances in the MIKE spectra, the
loss of HCl fromm- andp-isomers was explained using the
‘ring-walk’ mechanism. From the CAD spectra of them- and
p-isomers shown inFig. 2(b) and (c), it can be seen that the
dependency of the intensities of the peaks associated with
HCl loss relative to those associated with CO loss for these
two isomers is smaller than in the MIKE spectra. The weaker
isomeric dependence of the relative extents of loss of HCl and
CO observed in this work is attributed to the higher internal
energy of the precursor ions[29,31,57]and the shorter avail-
able time for dissociation by ‘ring-walk’ of the Cl atom on
the benzene ring in CAD spectrometry compared with MIKE
s
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m/z = 64 and 92 associated with loss of both CO and HCl,
and loss of HCl only, respectively, the CAD spectra show
almost no isomeric dependence. A clear difference in the rel-
ative intensities of the peaks atm/z = 64 and 92 is observed
for both the unlabeled and labeledo-isomers of chlorophenol
compared with the other two isomers. This isomeric differ-
entiation is attributed to the necessary re-arrangement of the
hydroxyl hydrogen atom in the major dissociation processes
of chlorophenol cations in CAD and MIKE spectrometry, and
the time required for this re-arrangement to occur according
to the ‘ring walk’ mechanism.

3.2. Charge inversion spectra

Fig. 3shows the charge inversion spectra of ClC6H4OH+

ions ofortho-, meta-, andpara-chlorophenols, and those for
partially deuterated ClC6H4OD+ ions obtained using a Cs
target. The35ClC6H4OH+ ions atm/z = 128 for unlabeled
chlorophenols and the35ClC6H4OD+ ions atm/z = 129 for
d-labeled chlorophenols were selected as precursor ions for
all spectra inFig. 3, as was the case for the CAD spectra.
The ordinate of these charge inversion spectra were normal-
ized at the strongest peaks in the respective spectra. In the
charge inversion spectra shown inFig. 3, non-dissociative
peaks were not observed, in contrast to the CAD spectra
shown inFig. 2. While peaks atm/z = 35, 93, and 127 are
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The loss of CO from chlorophenol cations is also w

stablished[52–56]. Loss of CO from the molecular cati
ecessarily includes transfer of the hydrogen atom on
ydroxyl group into the benzene ring and, after CO l

ormation of a five-member ring structure has been infe
52]. While the peak atm/z = 100 resulting from CO loss fro
he chlorophenol isomeric ions is small in electron ioniza
pectra, it is a major peak in MIKE spectra.

The two-step consecutive loss of CO with Cl loss
Cl loss results in a C5H5

+ ion (m/z = 65) or a C5H4
+ ion

m/z = 64), respectively[53–56]. While the molecular ion
ith higher internal energy formed by electron ionizat
roduce the C5H5

+ ion or the C5H4
+ ion after the consec

tive loss of CO and Cl or HCl, those with lower inter
nergy provide intense C5H5Cl+ ions due to loss of CO onl
s shown in the MIKE spectra and the CAD spectra. S

he loss of CO involves the re-arrangement of the hydr
ydrogen, the prominent peaks in the CAD spectra as
ted with HCl loss or CO loss are confirmed to represent

ormed via re-arrangement of the hydroxyl hydrogen.
The small peaks atm/z = 94 in the CAD spectra of th

- andp-isomers of thed-labeled precursor (Fig. 2(e) and
f)), and the shoulders atm/z = 93 observed in the spe
ra of the unlabeled precursors, confirm that the loss o
toms from the precursor ions also occurs to some ex
he small peaks atm/z = 66 observed in the CAD spectra

he m- andp-isomers of the labeled precursor are assu
o be associated with C5H4D+ ions resulting from conse
tive loss of CO and Cl[53–56]. Apart from the peaks
rominent for all precursor ions of unlabeled compound
hown inFig. 3(a)–(c), peaks atm/z = 35, 94, and 127 a
rominent for all precursor ions ofd-labeled compounds,
hown inFig. 3(d)–(f).

From the lack of dependence on labeling of the pe
t m/z = 35 and 127 for all isomers, these peaks can cle
e assigned to Cl− ions, and ClC6H4O− ions formed by

he loss of the hydroxyl hydrogen, respectively. The pea
/z = 93 for all unlabeled isomers is assigned to C6H4OH−

ons resulting from Cl loss, based on the shift of them/z
alues that occurs for thed-labeled isomers. Small peaks
/z = 64 and 99 are observed in all spectra, and from
eak broadening observed in thed-labeled compounds, th
road peak atm/z = 64 is assumed to be associated with b
5H4

− ions (m/z = 64), and C5H5
− ions (m/z = 65) that con

ain the hydroxyl hydrogen. Since the peak shape and
osition of the broad peaks atm/z = 99 are independent of D

abeling, the peaks atm/z = 99 are assumed to be associa
ith C5H4Cl− ions resulting from loss of COH including t
ydroxyl hydrogen.

Small shoulders atm/z = 92 are observed in all isome
pectra of both unlabeled andd-labeled compounds. Them/z
alues of 35, 93, and 127 for the dominant peaks in the ch
nversion spectra are clearly different from those of 64,
2, and 100 in the CAD spectra. The Cl− ions (m/z = 35) and

he ClC6H4O− ions (m/z = 127) are formed by simple bo
leavages. The one mass unit difference in the intense p
/z = 93 in the charge inversion spectra and that atm/z = 92 in

he CAD spectra clearly indicates that the dissociation
ess in the charge inversion spectrometer is simple clea
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Fig. 3. Charge inversion spectra of ClC6H4OH+ ions ofo-, m-, andp-chlorophenol, denoted by (a), (b), and (c), respectively and those of partially deuterated
ClC6H4OD+ ions ofo-, m-, andp-chlorophenol, denoted by (d), (e), and (f), respectively. The accelerated energy is 3.0 keV and the target is Cs.

of the Cl fragment without re-arrangement of the hydroxyl
hydrogen atom.

The clearest differences in the peak intensities between
unlabeled andd-labeled compounds, for all isomeric pre-
cursors, are found in the relative intensities of the peaks
associated with C6H4OH− (m/z = 93 or 94) resulting from
Cl loss, relative to the peaks atm/z = 127 corresponding to
ClC6H4O− formed by loss of the hydroxyl hydrogen. The
zero-point vibrational energy of OH is about 1.4 times larger
than that of OD[58], resulting in the bond dissociation energy
of OH being smaller than that of OD. Consequently, the inten-
sity of the peaks associated with ClC6H4O− ions resulting
from OH bond dissociation in the unlabeled compound is
expected to be larger than that from OD bond dissociation
in the d-labeled compound. Therefore, the observed differ-
ence in the intensities of the ClC6H4O− peaks relative to the
C6H4OH− peaks for the unlabeled andd-labeled isomers is
attributed to a first first-order isotope effect due to this differ-
ence in zero-point vibrational energy.

The cross-sections of the fragment negative ions formed
from dissociative electron detachment (DEA) foro-, m-, and
p-chlorophenols were reported in an electron energy interval
of 0–15 eV[40,41]. Dissociation in DEA takes place in the
excited negative ions formed by resonant electron attachment.
Using the reported values for the cross-sections[40,41], the
relative intensities of the negative ions withm/z = 35, 93, and
1 0 for

o-chlorophenol, 1400, 1, 170 form-chlorophenol, and 70, 1,
and 200 forp-chlorophenol, where the intensity of the peak at
m/z = 93 in the respective isomers is normalized to unity. The
peaks corresponding to the Cl− ions and the ClC6H4O− ions
are much more intense than those for the C6H4OH− ions,
for all isomers in DEA. In contrast to these trends in peak
intensities, in all of the charge inversion spectra reported in
this work, exceptFig. 3(c), them/z = 93 peaks for unlabeled
compound or them/z = 94 peaks ford-labeled compound are
the largest. The large differences between the expected rela-
tive peak intensities based on DEA and the measured charge
inversion spectra indicate that, unlike the dissociation of neg-
ative ions that occurs in DEA, the dissociation in the charge
inversion process occurs in the neutral species formed on
near-resonant electron transfer to positive ions. Furthermore,
the dominant processes in the dissociation of chlorophenol
neutrals in the charge inversion spectrometer were found to
be simple cleavage of the hydroxyl bond and the CCl bond.

Isomeric differentiation was clearly observed in the inten-
sity of peaks associated with the C6H4OH− ion (m/z = 93)
relative to those for the ClC6H4O− ion (m/z = 127), which
are the most intense peaks shown inFig. 3. The abundance
ratios (m/z = 93)/(m/z = 127) in the charge inversion spectra
are in the order ofortho- > meta- > para-. In charge inversion
mass spectrometry, the relative ion intensities in the spectra
depend on both the abundance of the neutral fragments and
t nces
27 are estimated to be approximately 2000, 1, and 4
 he cross-section for negative ion formation. The abunda
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of neutral fragments are determined by branching ratios in
the dissociation processes of the excited neutrals formed from
the near-resonant neutralization, whereas the branching ratios
are influenced by bond dissociation energies and internal
energies.

The abundance ratios (m/z = 35)/(m/z = 93) are in the order
meta- > para- ≈ ortho-. Since Cl and C6H4OH are comple-
mentary fragments from ClC6H4OH, the Cl and C6H4OH
fragments are assumed to have equal abundance for each
of the isomeric precursors. Since the cross-section for neg-
ative ion formation for Cl (m/z = 35) is independent of iso-
meric precursor, the cross-sections for negative ion formation
for C6H4OH must depend on the isomeric structure of the
C6H4OH fragments.

The abundance ratios (m/z = 35)/(m/z = 127) are in the
order meta- ≈ ortho- > para-. Since the Cl and ClC6H4O
fragments result from different dissociation processes, the
isomeric difference in this ratio can be explained by a dif-
ference in dissociation mechanism. It is possible that the
dissociation energies of both CCl and O H bonds might
depend on isomeric structure. Although these bond energies
have been determined experimentally[40], there is some
uncertainty in the reliability of the isomeric differences of
the bond energies because these energies were not measured
directly but were calculated using thermochemical values.
The bond energies determined by ab initio calculation in the
B

Table 1
C Cl and O H bond energies (eV) of chlorophenol isomers evaluated by
ab initio calculation of B3LYP/aug-cc-pVDZ level

Bond energy ortho- meta- para-

C Cl 3.92 3.86 3.89
O H 3.62 3.58 3.50

energies of the CCl bonds of the chlorophenol isomers are
between 3.86 and 3.92 eV, which are higher than those of the
O H bonds which are between 3.50 and 3.62 eV. The order of
the C Cl bond energies isortho- > para- > meta-, while the
order of the O H bond energies isortho- > meta- > para-. The
weaker C Cl bond for themeta-isomer would be expected to
result in more abundant Cl fragments, which would explain
the higher (m/z = 35)/(m/z = 127) abundance ratio observed
for this isomer compared with thepara-isomer. Likewise, the
order of O H bond energies shown inTable 1may explain the
larger (m/z = 35)/(m/z = 127) abundance ratios for theortho-
isomer compared with thepara-isomer, as the lower energy
of the O H bond would be expected to provide abundant
ClC6H4O fragments.

However, the variation in both bond energies is less
than 0.12 eV for all the isomers, so the order of the
(m/z = 35)/(m/z = 127) abundance ratios cannot be explained
simply by the difference in bond energies. Since the internal
energy of the neutral species formed in the charge inversion
mass spectrometer depends on the ionization energy due to

F
(
F

3LYP/aug-cc-pVDZ level[59] are shown inTable 1. The
ig. 4. CAD spectra using K target ofo-, m-, andp-chlorophenol, denoted by (a
f), respectively. The ordinate of each spectrum has been normalized for the
ig. 2(a)–(c).
), (b), and (c), respectively, and those using Cs target denoted by (d), (e), and
peak intensities atm/z = 100. The spectra (a)–(c) are the same as those shown in
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Fig. 5. Charge inversion mass spectra of ClC6H4OH+ ions ofo-, m-, andp-chlorophenol using K target denoted by (a), (b), and (c), respectively, and those
using Cs target denoted by (d), (e), and (f), respectively. The spectra (d)–(f) are the same as those shown inFig. 3(a)–(c).

the near-resonant neutralization[32], the ionization energy
differences could also influence the abundance ratios. As
discussed in the case of the (m/z = 35)/(m/z = 93) abundance
ratios, the cross-section for ClC6H4O− ion formation may
also influence the (m/z = 35)/(m/z = 127) abundance ratios.

3.3. Dependence of spectra on target species

The dependence of the CAD spectra on the target species
is shown inFig. 4. The spectra inFig. 4(a)–(c) were mea-
sured using a K target, and the spectra inFig. 4(d)–(f) were
measured using a Cs target. Only the peak atm/z = 92 for the
ortho-isomer was found to display any appreciable depen-
dence of on the target species, as shown inFig. 4(a) and (d).
The internal energy distribution for collisional activation in
the keV energy range is independent of the target species
[29,31,57]. The empirical observation that quite different
targets often function with similar effectiveness in CAD spec-
trometry was explained as being due to the same internal
energy distribution[60], and examples for C6H4Cl2+, C2H2

+

and C3H4
+ isomers have been reported previously[24–28].

The dependence of the charge inversion spectra on the
target species are shown inFig. 5. Since the CAD spectra in
Fig. 4 and the charge inversion spectra inFig. 5 were mea-
sured in series for the respective precursors, the experimental
conditions used to measure each spectrum inFig. 5 are the
s t
t in

Fig. 5display a clear difference between the K and Cs targets
for each of the isomeric precursor ions. The intensities of
the peaks atm/z = 35 and 93 relative to the peak atm/z = 127
are obviously larger in the spectra obtained using the Cs tar-
get than for the K target for each of the isomeric precursors.
Since the neutralization process in charge inversion with an
alkali metal target is near resonant, the internal energy of the
neutral species formed with a Cs target will be higher than
that with a K target[30,31]. Therefore, since the energy of
C Cl bonds is larger than that of OH bonds, as shown in
Table 1, this dependence on the target species is explained by
the energy dependence of dissociation in the neutral species.

The intensity of the peak atm/z = 35 relative to the peak
at m/z = 93 is larger with the Cs target than with the K target
for them- andp-isomers. This difference is attributed to the
difference in cross-sections for negative ion formation for Cl
and C6H4OH, because Cl and C6H4OH are complementary
fragments of the same precursor. This result demonstrates
discrimination among the chlorophenol isomers based on
simple bond cleavage is possible using charge inversion
spectrometry.

4. Conclusion

In the CAD spectra, the prominent peaks are associated
w -
s ss,
ame as those for the spectra inFig. 4(seeFig. 1). In contras
o the CAD spectra inFig. 4, the charge inversion spectra
ith the C6H4O+ and C5H5Cl+ ions which form on the dis
ociation of positive ions resulting in HCl loss and CO lo
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respectively, and these ions were confirmed to be formed via
re-arrangement of the hydroxyl hydrogen. The isomeric dif-
ferentiation observed for these peaks in the CAD and MIKE
spectra is related to the time required for re-arrangement
according to the ‘ring-walk’ mechanism. In the charge inver-
sion spectra, the peaks associated with the Cl−, C6H4OH−,
and ClC6H4O− ions are dominant. The differences between
the dominant peaks in the CAD spectra and those in the charge
inversion spectra clearly indicate that the dissociation in the
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