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Analyses of masses and relative kinetic energies for metastable peaks may be achieved by the use in
alternation of two types of linked scans of the electric sector voltage and magnetic field. The method is
demonstrated by an appraisal of hydrogen exchange in molecular ions of 2-methyl-[*H;}-benzoic acid.

INTRODUCTION

Identification of the daughter ions formed in the flight
tube of a double focusing mass spectrometer from a
selected parent ion (constant parent ion spectrum) can
be used to establish molecular and ionic structure' and
to resolve mixtures without prior separation.>” Anal-
yses of masses and relative kinetic energies for the
daughter ions are achieved simultaneously in the con-
stant parent ion spectrum (obtained by an E scan) for
fragmentations within the second field free region (2nd
FFR) of an instrument of reversed geometry. Release
of kinetic energy, however, often obscures both the
mass analysis of these daughter ions and the evalua-
tion of peak shapes and areas, though methods for
reducing these difficulties have been mooted.*® The
effective mass resolution for daughter ions is im-
proved, because of kinetic energy discrimination, for
fragmentations within the 1st FFR of an instrument of
conventional or reversed geometry,”’ and we have
recently described procedures by which analyses of the
masses and kinetic energy profiles for the metastable
peaks can be achieved by performing a B,E scan
(constant parent ion spectrum) and localized V scans
(constant daughter ion spectra) in alternation.® We
now describe an improved procedure using a B,E scan
and localized E,B? scans (constant daughter ion
spectra) in alternation, with minimal reference to main
beam ions, to achieve analyses of masses and relative
kinetic energies for a series of metastable peaks or
collision induced peaks. The method may be applied
to the characterization of selected reactions related by
the same parent ion, same daughter ion or same
neutral fragment.

An appreciation of the contrasting profiles of met-
astable peaks provided by various modes of simple
and linked scanning, and of the interrelationships be-
tween the scanning modes, can be gained from a
three-dimensional diagram.® Symbols and nomencla-
ture used in the present paper have been defined
previously.”

It has been shown that site-specific equilibration of
the methyl and carboxyl hydrogen atoms of 2-
methylbenzoic acid precedes water loss from [M]"
ions, and a hydrogen isotope effect is involved for
metastable ion transitions.'® In the present study we

illustrate the use of two linked scanning modes in
alternation in an investigation of the hydrogen ex-
change at different levels of internal energy of the
[M]*" ions.

EXPERIMENTAL

The spectra were determined on a VG Micromass
70-70 mass spectrometer, an instrument of conven-
tional geometry, at an accelerating voltage of 4 kV and
an electron energy of 70 eV. Our instrument has a
fixed energy resolving slit (8p/p = 0.01), and a collision
cell is located immediately following the object slit for
the electric sector. Helium was used when required in
the collision cell at a pressure of approximately
0.04 Pa. Samples were introduced by direct insertion.

The linked scans available on the instrument are the
B,E scan and E,B? scan, in which an appropriate
relationship is maintained between E and values of B
measured by means of a Hall probe. The output of the
Hall probe drives the mass marker in the mode
of B,E scanning to provide a scale of p (mass of
daughter ion) on the galvanometer charts. A digital
voltmeter displays measurements of V, E or u during
the B,E scan. In the mode of E,B* scanning, the scale
markings on the galvanometer charts are proportional
to E and hence to p (relative kinetic energy), while the
voltmeter also provides a digital display of values for
E during the scan.

2-Methyl-[*H,}-benzoic acid

Methyl 2-aminobenzoate was reduced to 2-methyi-
[’H,]-aniline with a solution of lithium aluminium
deuteride (Merck, 99.5 atom % “H) and aluminium
chloride in dibutyl ether, using a method described for
the unlabelled compound.'' The diazonium salt of 2-
methyl-[*H,]-aniline was converted to the nitrile and
hydrolysed to yield 2-methyl-{>H;]-benzoic acid (98%
’H,, 2% °H,; low eV mass spectrum).

The resolution of masses and relative kinetic ener-
gies of daughter ions of a selected parent ion may be
illustrated by the following procedure ((a) to (e)) for
analysis of peaks for water loss in the 1st FFR from
[M]" ions of 2-methyl-[*H,]-benzoic acid.
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(a) Establishing reference peak in B,E scan. The [M]*
ion of m/z 139 u was focused using the oscilloscope
screen, and V and E were placed under manual
control in preparation for a B,E scan. The spectrum
for u=138-140u was displayed on the oscilloscope
using repeated B,E scans and V was finely adjusted to
minimize any contributions from adjacent main beam
peaks, for example at p =138 u and 140 u. The met-
astable peak for m/z 139 u— m/z 119 u was selected
as the reference and its peak centre at w =119 u in the
B,E scan was displayed on the oscilloscope, using the
mass indicator reading as a guide. The reference peak
was used to calibrate the mass marker and the parent
ions for the peak could be confirmed by a localized V
scan, as indicated previously.® The multiplier gain and
the rate and range of the B,E scan were adjusted to
monitor the group of peaks of interest (u=119-
122'u) on the galvanometer chart. The oscilloscope
again displayed the centre of the reference peak at the
completion of this localized B,E scan.

(b) Switching from B,E scan to E,B” scan. The value of
E for the centre of the reference peak was noted (E,)
and the mode was switched to an E,B” scan. E was
adjusted to E,; to return the centre of the peak to the
screen.

(¢) Calibration of the kinetic energy scale. A localized
E,B? scan over the range preset under (a) above
displayed the kinetic energy profile of the reference
metastable peak. The oscilloscope again displayed the
centre of the reference peak at the completion of this
scan. The energy scale provided by the mass marker
on the galvanometer chart was given numerical values
by using the reading of the ‘mass’ indicator for the
centre of the reference peak as a guide.

(d) Localized E,B” scans for adjacent peaks. E was re-
duced to 119/120 of E, at constant B and V, and the
scan was initiated to display the energy profile of the
metastable peak for daughter ions of m/z 120 u. Al-
though this peak was displaced along the chart relative
to the position of the reference peak, the energy scale
remained constant because V was constant. Similarly,
reduction of E to 119/121 of E, and 119/122 of E,
followed by the localized E,B* scans vyielded the
energy profiles of any metastable peaks for daughter
ions of m/z 121 u and 122w, respectively. E was then
increased to E, to return the reference peak centre to
the oscilloscope screen and to ensure that its height
did not change significantly during the course of these
operations. If the peak centres appear on the cali-
brated scale of the galvanometer charts at R,g, Rysq,
R;; and R,,, the m/z values of the parent ions for
the adjacent peaks are

(120 X R, 1o X 139)/(Ry20 X 119) u,
(121X R, 10X 139)/(Ryay X 119) u

and (122 x R4 % 139)/(Ry,, X 119) u.
The sequence of measurements was repeated in the
presence and absence of helium in the collision cell so

that corrections could be applied for contributions to
the collision induced peaks from any underlying met-
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astable peaks. In addition, the helium pressure could
be finely adjusted to maximize the contributions to the
peak of the collision induced processes.

(e) Switching from E,B” scan to B,E scan. The reference
metastable peak was returned to the oscilloscope
screen at E=E,; and the mode was switched to B,E
scanning. E was readjusted to E, to display the centre
of the reference peak on the screen in the B,E scan
for [M]" ions.

The resolution of masses and relative kinetic ener-
gies for daughter ions of a series of adjacent parent
ions may be illustrated by the following procedure for
analysis of the metastable peaks for CO loss from
{(M—hydroxyl]" and [M-—water]"” ions. A B,E scan
for parent ions of m/z 119 u was established, using an
analogous procedure to that described in (a) above,
and the metastable peak for m/z 119u—=m/z 91u
was selected as the reference peak. The mode was
switched to E,B? scanning and kinetic energy profiles
of the metastable peaks for daughter ions of m/z
91-94 u were obtained by localized E,B” scans, using
analogous procedures to those indicated above for
daughter ions of m/z 119-122 u. The kinetic energy
profiles of the peaks for CO loss from metastabie
[M—hydroxyl]" ions were significantly broader than
those for CO loss from metastable [M —water]" ions.

RESULTS AND DISCUSSION

Daughter ion distributions for selected reactions of
2-methylbenzoic acid and 2-methyl-{*?H;}-benzoic acid
in the source at 70 eV are shown in Table 1. Table 2
shows the relative areas of metastable peaks and colli-
sion induced peaks for the same fragmentations in
the 1st FFR, evaluated by the procedures outlined in
the Experimental section.

Loss of hydroxyl from [M]* ions of an aromatic
carboxylic acid does not normally involve a primary
hydrogen isotope effect'? and therefore the extent of
exchange for the various internal energy windows can
be assessed from the relative abundances of [M-—
OH]" and {M—ODJ" ions for 2-methyl-[*H;]-benzoic

Table 1. Partial mass spectra® of 2-methylbenzoic acid and
2-methyl-[*H,]-benzoic acid

2-Methyl  2-Methyl-[*Hal- 2-Methyl  2-Methyl-[*Hs]-
benzoic benzoic benzoic benzoic
miz acid acid miz acid acid
139 94 118 81
138 5 95 1
137 1 94 30
136 96 93 26
135 4 92 1 23
122 9 91 52 17
121 13 90 37 3
120 45 89 10
119 19 33

2 Peak heights for the 70 eV mass spectra are corrected for the
presence of natural isotopes but not for 2% H, impurity. The
heights are the mean of three scans and are expressed as
percentages of the total for that group of peaks.
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Table 2. Reactions in the 1st FFR of 2-methylbenzoic acid
and 2-methyl-[*H,]-benzoic acid

Com- Peak
pound Parent ion Daughter ion area®
2-Methyl

benzoic acid  Metastable ("*C)}[M]*" [(3C)M—H,O1* g°

Metastable [M]* IM—H,0* 92

Collisionally [M—OH}* 9°
activated [M]*

Collisionally [M—-H, 0" 914

activated [M]*

Metastable fM—OH-COl* 35°
[M—OHJ*

Metastable [M—H,0—COl** 65
[M—H,Ol*

2-Methyl-[2H,)-

benzoic acid  Metastable [M]* (M—H,0I 0°

Metastable [M]*" [M—-HOD]*+ 61°¢

Metastable [MI™  [M—D,O}* 39

Collisionally [M-OHI 7°
activated [M]*

Collisionally [M—-0D]* 16°
activated [MI*

Collisionally [M—HOD]* 419
activated [M]*

Collisionaily [M—D,0}* 36¢
activated [M]*

Metastable [M—-OH-COJ* 17°
[M—OHJ*

Metastable [M-0D-CO* 22¢
[M—-ODIJ*

Metastable [M—HOD-CO]™ 34°
[M—HOD]*

Metastable [M-D,0-COl* 27
{M-D,0I*

2 The peak areas are the mean of four localized E,B? scans and
are expressed as percentages of the total for that group of
peaks.

® Area calculated from '2C data=8; thus contribution of
[M—OH]* ions from metastable [M]*" ions is negligible.

¢ After subtraction of contribution from reaction of ions con-
taining natural isotopes.

9 After subtraction of contribution from metastable peak.

acid. The extent of exchange prior to hydroxyl loss
increases from 62% for [MJ" ions with sufficient aver-
age internal energy to lose both hydroxyl and CO in
the source to 79% for [M]™ ions with sufficient energy
to lose only hydroxyl in the source. [M]" ions of
intermediate energy that lose hydroxyl in the source
and CO in the 1st FFR show an intermediate extent of
exchange (75%), while [M]" ions of lower energy that
lose hydroxyl in the 1st FFR after collisional activation
show almost complete exchange (93%). The results
demonstrate that the extent of exchange increases with
decrease in average internal energy (longer lifetime) of
the [M]" ions.

Although equal losses of HOD and D,O from the
[M]" ions of 2-methyl-[>’H;]-benzoic acid would be
expected after equilibration of the methyl and car-
boxyl hydrogen atoms, HOD loss will be favoured
both by incomplete exchange and by the primary
hydrogen isotope effect.’® Since the isotope effect will
vary with average internal energy of the parent ions,"?
the ratio of [M—HOD]" to [M—D,OJ" ions is ex-
pected to decrease with decreasing energy of the [M]*
ions (increased extent of exchange) and then to in-
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crease at threshold internal energies (increased isotope
effect).

For unstable [M]" ions with sufficient internal
energy to undergo consecutive losses of water and CO
in the source, the estimate of the ratio is obscured by
subsequent loss of H- from the granddaughter ions
(Table 1). By assuming as a first approximation that
the relative ion currents for the reactions are the same
for the labelled and unlabelled compounds, values of
the ratio can be deduced for [M]" ions that undergo
consecutive losses of water and CO in the source (1.8)
and also for less stable [M]" ions that undergo subse-
quent loss of H- in the source (2.0).

The ratio for more stable [M]*" ions that lose water
in the source and CO in the 1st FFR is estimated to be
1.26, while the ratio for similar [M]" ions that lose
water in the source but do not lose CO is 1.36. The
ratio for less energetic metastable {M]™ ions that lose
water in the 1st FFR is 1.56. The trend in these ratios
conforms with expectations.

The ratio for collision induced loss of water from
stable [M]™ ions in the 1st FFR is 1.14. Primary
isotope effects should be smaller for a collision in-
duced fragmentation than for the metastable ion trans-
ition and this is reflected in the difference of the ratios
(1.14 and 1.56, respectively). In addition, the ratio for
the collision induced water loss from stable [M]*" ions
indicates a closer approach of the exchange to equilib-
rium than for [M]" ions undergoing the same reaction
in the ion source, in agreement with the results found
for hydroxyl loss. The equilibration may occur in the
long-lived [M]*" ions before collisional activation, but
the results are also consistent with the lower average
internal energies of the [M]* ions after collision com-
pared with [M]*" ions that undergo the same reactions
in the source at 70 eV.

The exchange process in [M]™ ions of 2-
methylbenzoic acid is faster than the exchange of ortho
and carboxyl hydrogen atoms in the [M]" ions of
benzoic acid, since the exchange for the latter case is
not apparent in stable [M]"" ions sampled by colli-
sional activation.® The hydrogen isotope effect operat-
ing in the water loss from [M]" ions of pyridine
4-carboxylic acid increases with decreasing internal
energy of the parent ions,'* in agreement with the
above data. It has been suggested that the rate-
determining step for water loss from [M]™ ions of
2-methylbenzoic acid is hydrogen transfer to the hyd-
roxyl group,'® while the relatively large energy release
for the water loss, compared with, say, 2-
hydroxybenzoic acid, is consistent with the proposal of
a product-like transition state.'® Our observation that
hydrogen exchange of the ortho substituents with the
aromatic ring does not occur over the present time-
scale is consistent with analogous results for [M]*" ions
of 2-hydroxybenzoic acid'’ and phthalic acid.'®

Our analyses of metastable peaks and collision in-
duced peaks were performed on an instrument with a
wide energy resolving slit, and hence at good sensitiv-
ity, for the reactions in the 1st FFR, but the effective
mass resolution of parent ions can be low under these
conditions.*” The mass resolution was not a problem
in the present examples because the peak profiles in
the localized E,B” scans can be readily corrected for
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overlapping contributions from fragmentation of *C
parent ions. Furthermore, the molecules are of high
isotopic purity and fragmentation of [M—H]" ions is
not significant. Higher energy resolution may be re-
quired to resolve the overlapping peaks for daughter
ions in those cases where fragmentation of adjacent
parent ions is important or where the parent molecules
are not of high isotopic purity.

The fact that the effective mass resolution is high for
daughter ions of reactions in the 1st FFR*7'*** is an
advantage when using B, E scans for the direct analysis

of mixtures in conjunction with improved methodol-
ogy for generating stable ions in the source for each
component of the mixture. Although these considera-
tions apply equally to instruments of conventional and
reversed geometry, an advantage for direct mixture
analysis in instruments of conventional geometry over
those of reversed geometry’' is that daughter ions
from fragmentation in the 2nd FFR are transmitted
with the main beam for the former instrument and
therefore cannot obscure the peaks for fragimentation
in the 1st FFR.
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