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Gas-phase Acid—Base Chemistry and Its Effects on
Mass Isotopomer Abundance Measurements of
Biomolecular Ions

Clifton K. Fagerquist and Jean-Marc Schwarz*
Department of Nutritional Sciences and Toxicology, University of California, Berkeley, California 94720, USA

Various parameters which affect mass isotopomer abundance measurements of derivatives of palmitic acid ionized
by electron ionization (EI) and electron-capture negative chemical ionization (ECNCI) were tested on a sector-field
double-focusing mass spectrometer. Results on methyl palmitate ionized by EI are as follows: (i) sample size had a
significant effect on mass isotopomer abundance ratios (MIARSs); (ii) the electron multiplier gain of the detector
also had an effect on MIARs; and (iii) ion scattering by ion—neutral collisions in the mass analyzer did not appear
to have any significant effect on MIARs (under standard analysis conditions). However, ‘reagent’ gas pressure
(methane) had a significant effect on MIARSs of pentafluorylbenzyl palmitate ionized by ECNCI. It was concluded
that there are two compensatory effects which alter MIARs of methyl palmitate ionized by EI: (i) gas-phase
acid-base chemistry in the source (specifically, proton transfer between fragment cations and neutral molecules);
and (ii) detector non-linearities, specifically, underestimation of less abundant isotopomers due to their signal
disproportionately falling within the signal-to-noise ratio level of the electron multiplier. Gas-phase chemistry is the
dominant cause of inaccuracy in MIAR measurements for large sample sizes, while detector non-linearity is the
dominant cause of inaccuracy in MIAR measurements at small sample sizes. However, in a narrow intermediate
range of sample size, these two effects balance each other and result in MIARs which are ‘acceptable’ when
compared with the known MIAR values. It is emphasized that these two effects are present regardless of the type
of mass analyzer used, e.g. quadrupole, sector-field. Improvements in the accuracy of MIAR measurements will
require developments in mass spectrometry aimed at eliminating each of the contributory effects. © 1998 John
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INTRODUCTION

Extraction of quantitative information from isotopic
abundance ratios of atoms or simple molecules is a
small but growing field in mass spectrometry. Tech-
niques such as gas chromatography/isotope ratio mass
spectrometry (GC/IRMS) and inductively coupled
plasma mass spectrometry (ICP-MS), require the
combustion/destruction of the sample followed by iso-
topic analysis of the products, usually atoms or small
molecules.!~* A relatively new and technically challeng-
ing application in isotopic abundance measurements is
the extraction of quantitative information from the iso-
topomer abundances of intact biomolecular ions, such
as fatty acids, glucose, cholesterol and peptides. Samples
of these biomolecules are obtained from subjects who
have been infused with a stable-isotope labeled precur-
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sor. Statistical analysis of the isotopomer pattern allows
calculation of in vivo biosynthetic rates and precursor
pool enrichments. Such information is of extreme use-
fulness in the fields of physiology and medicine.*~’
However, the difficulties of accurate and precise iso-
topomer abundance measurements, of even small bio-
molecules, are formidable.

Errors in such measurements may originate from
chemical, physical or instrumental causes. A number of
explanations have been put forward for the causes of
inaccuracies, including gas-phase chemistry in the
source, peak broadening due to ion scattering in the
mass analyzer and detector non-linearities. Tulloch and
Hogge® first noted a sample size effect on the iso-
topomer abundances of molecular ions of fatty acid
methyl esters (FAMES) analyzed by GC/electron
impact (EI) MS. They proposed that proton transfer
between a rearranged molecular ion and a neutral mol-
ecule was the most likely cause of the increase in the
less abundant isotopomers as a function of the amount
of sample injected into the source. The possibility of
fragment ions also contributing to proton transfer was
also speculated.® In subsequent work, Patterson and
Wolfe® studied methyl palmitate by GC/EI-MS and
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observed a similar sample concentration dependence.
They noted that the concentration dependence was
second order and proposed that gas-phase hydrogen
abstraction was the dominant cause of the observed
effect. They also emphasized the consequences of the
concentration dependence for tracer methodology
studies and proposed a post-hoc mathematical correc-
tion. Two other possible explanations, i.e. detector non-
linearity and ion scattering caused by ion—ion
repulsions or ion—neutral collisions, were discounted as
not being significant contributors to the concentration
dependence. Detector non-linearity was ruled out
because of the lack of an effect as a function of the elec-
tron multiplier voltage. Ion—neutral collisions and/or
ion—ion repulsions were ruled out because of the
absence of a ‘concentration’ effect for a tert-
butyldimethylsilyl derivative of urea over a similar
sample size and ion current range which suggested that
the chemical composition of the sample was responsible
for the concentration dependence.’

Kienle and Magni'® observed a similar concentration
dependence for methyl palmitate on a GC/MS quadru-
pole instrument (Finnigan 4021) but not on a magnetic
sector instrument (LKB 2091). They concluded that the
concentration effect was unique to quadrupole instru-
ments, perhaps owing to the type of source or source
parameters. They agreed with Patterson and Wolfe®
that gas-phase hydrogen abstraction was the likely
cause of the concentration effect, and suggested that
since the concentration effect was limited to the molecu-
lar ion, alternative analysis of a fragment ion (which still
contained the relevant isotopic information) might
eliminate the observed concentration dependence even
on quadrupoles. Following up on Kienle and Magni’s
suggestion, Zamecnik et al'! tested a pentafluoryl-
benzyl derivative of palmitic acid on a quadrupole
GC/MS instrument (Hewlett—Packard 5970). The car-
boxylate cation of palmitic acid was analyzed by
selected-ion monitoring and found to have significantly
less concentration dependence than analysis of the
molecular ion. In addition, Zamecnik et al.!'! pointed
out that protonation (via self-CI) was the more likely
cause of the concentration effect.

Peak broadening caused by ion scattering (due to
ion—ion repulsions or ion—neutral collisions in the mass
analyzer) has been known for many years by researchers
measuring isotopic abundances of atoms and simple
molecules.!? The phenomenon, generally referred to as
abundance sensitivity, is primarily a result of ion—
neutral collisions in the mass analyzer causing peak
broadening and overlap of adjacent isotopic peaks. Iso-
topomer overlap results in the most abundant iso-
topomer being underestimated and the less abundant
isotopomers being overestimated.

Bergner and Lee!® proposed that detector non-
linearity was responsible for a significant concentration
effect. Comparative measurements were made which
revealed response differences between two types of
amplifying circuit boards: linear and non-linear. The
non-linear amplifying circuit board gave a much more
severe concentration effect as a function of the total ion
current (TIC).!3

We decided to pursue our own investigations of this
problem(s) and assess the likely cause(s) of inaccuracies
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in isotopomer measurements using a recently acquired
sector-field mass spectrometer. In this paper, we report
our results for measurements of methyl palmitate
ionized by EI and pentafluorylbenzyl palmitate ionized
by electron-capture negative chemical ionization
(ECNCI).

EXPERIMENTAL

The instrument used for these measurements was a
JEOL (Peabody, MA, USA) AX505 double-focusing
mass spectrometer. It is a ‘forward’ geometry E/B
sector-field instrument (S-configuration). Methyl palmi-
tate was ionized by EI at 70 eV and pentafluorylbenzyl
palmitate by ECNCI using methane as the ‘reagent’ gas.
Samples were introduced into the mass spectrometer via
a gas chromatograph (Hewlett—Packard 6890) using a
DB-5 30 m x 0.32 mm id. capillary column (J&W
Scientific). The initial GC oven temperature was 100 °C
followed by a 20 °C/min ramp to a final temperature of
250°C. The source temperature was 230°C. Typical
sample concentrations were 100 ng pl~* with 0.5-2.5 ul
injections.

Ions were accelerated out of the source at 3.0 kV,
after which they passed through the toroidal electro-
static plates of the electric sector. An octopole lens
focused the ions from the electric to the magnetic sector.
Ions were deflected toward an off-axis conversion
dynode at a voltage of —10.0 kV. The secondary elec-
trons emitted from the conversion dynode by ion
impact were amplified by a 16-dynode cascade electron
multiplier (Hamamatsu Photonics). With the exception
of testing the effect of the electron multiplier, all mea-
surements were performed at an electron multiplier
voltage of 1.0 kV.

Mass isotopomer abundance measurements were per-
formed wusing selected ion-monitoring/electric-field
jumping (SIM/EFJ). The switching rate was 50 ms.
Prior to every SIM measurement a separate magnetic
and electric field calibration was performed using per-
fluorokerosene as calibrant. A final peak adjust cali-
bration was performed using the sample molecule as
calibrant introduced through the gas chromatograph.
The final peak adjust calibration insured that the SIM
measurement was centered on the maxima of each iso-
topomer. Only the three most abundant isotopomers of
the parent ion (or a fragment ion which retains the iso-
topic information of interest) were monitored. Instru-
ment performance was tested with natural abundance
standards.

Source pressure was monitored by a Penning ion
gauge located above a 6 in diffusion pump of the source
chamber. However, the actual pressure in the ionization
housing and along the ion beam path toward the exit
slit is likely to be higher during sample introduction
from the GC capillary. The mass analyzer pressure was
measured by a Penning ion gauge located above the
gate valve of a 3 in diffusion pump which was attached
by a 90° elbow to the mass analyzer at the electric
sector. Under normal operation the analyzer pressure
was 1 x1077-1 x 107® Torr (1 Torr = 133.3 Pa).
However, the analogue meter had a lower limit of
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1 x 107¢ Torr, which was considered the upper pres-
sure limit during normal operation.

DATA ANALYSIS

We refer to the isotopomer with the lowest m/z as I,,_,
the next highest m/z ion as I,,_, and the isotopomer
with the highest m/z as I,,-,. Normalized abundances
are designated M,, M; and M,, where M, =
Im=0/Zm=0—2 L,, My = Im=1/zm:0—2 I, and M, =
Iy=2/>m=0_2 I,. Every data point is the average of
three consecutive injections with error bars showing the
standard deviation. M, M; and M, will be collectively
referred to as the mass isotopomer abundance ratios
(MIARs) and ) ,,_,_, I, as the total isotopomer ion
abundance (TIIA).

RESULTS

Electron impact ionization of methyl palmitate

Sample size. Figure 1 shows the change in the three most
abundant isotopomers of methyl palmitate as a function
of the amount of sample injected into the source. We
observed a typical concentration dependence, ie. M,
declined and M, and M, increased as the amount of
material injected into the source increased. The y-
intercepts and slopes varied somewhat from day-to-day,
but the decrease in M, and increase in M, and M, as a
function of increasing sample size remained constant.
Note that at low concentration M, is above and M,
and M, are below their natural abundance values.

Second-order sample size dependence. We have taken our
I,-oand I,,_, data plotted in Fig. 1 and replotted them
in Fig. 2 to see if we observed a second-order sample
size dependence previously noted by Patterson and
Wolfe’ on a quadrupole mass spectrometer. I,,_; vs.
I, -, (bottom panel) and I,,-,/I,,-¢ vs. I,,—, (top panel)
are plotted in Fig. 2. For I,,_; vs. I,,_, linear (dashed
line) and second-order (solid line) regressions were
plotted from the data. A better fit was obtained using
a second-order polynomial, although we obtained a
non-zero y-intercept: y =0.01833 + 0.19070
x + 1.37223 x 107> x* For I,,—1/I,,—o vs. I,,—, a linear
regression is plotted: y = 0.19092 + 1.35076 x 10~ ° x.
It is interesting that our I,,_,/I,,—o vs. I,,—, plot gives a
y-intercept of 0.19092, which is significantly closer to
the correct natural abundance value of 0.1934 com-
pared with the value reported by Patterson and Wolfe®
of ~0.183. However, this may reflect differences in
detector response of the two instruments.

Our I,,—, and I,,_, data plotted in Fig. 1 are replot-
ted as I,,_, vs. I,,—, (bottom panel) and I,,_,/I,,— vs.
I,,-, (top panel) in Fig. 3. Again, a better fit was
obtained for I,,_, vs. I,,—, using a second-order poly-
nomial regression, although we still obtain a non-zero
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Figure 1. Change in the abundances of the three most abundant
isotopomers of methyl palmitate, M,, M, and M,, as a function of
injected sample size (0.5, 1.0, 1.5 and 2.0 pl) reflected in the total
isotopomer intensity (},_o_» /»). Each data point represents the
average of three consecutive injections. Error bars represent the
standard deviation. The dashed line is the normalized natural
abundance of the isotopomer.

y-intercept: y=0.01649 +0.11037 x+8.11261 x 1073
x2. It is interesting that the second-order coefficient is
greater for I,_, vs. I, than I, _, vs. I,,_,, which
may reflect the differences in abundances of I,,_, vs.
I,-, (0.0179 vs. 0.1592) compared with I,_, vs. I,,_,
(0.1592 vs. 0.8229).

Electron multiplier voltage. Figure 4 shows the change in
the three most abundant isotopomers of methyl palmi-
tate as a function of sample size and electron multiplier
voltage. Along with the previously noted sample-size
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Figure 2. Second-order sample-size dependence. Integrated
peak areas of /,,_, and /,,_, taken from data displayed in Fig. 1.
Bottom panel: /,,_; vs. /,,_o. Linear (dashed line) and second-
order (solid line) regressions are plotted from the data. A better fit
was obtained with a second-order dependence. The equation for
second-order dependence is shown. Top panel: /,_,//,,_o Vs.
In-o- Linear regression plotted and equation shown. The dashed
line is the natural abundance ratio: /,,_,//,,,_o-

effect, we observed a change in the MIARs and TIIA as
a function of electron multiplier voltage. M, was found
to increase at the higher electron multiplier voltage for
all sample sizes, whereas M, and M, decreased (or
remained roughly unchanged).

Ionization current, sample size and TIIA. Table 1 shows the
change in the three most abundant isotopomers of
methyl palmitate as a function of sample size and ion-
ization current. Compensatory variation of sample size
and ionization current resulted in roughly constant
TIIA.

Since ion—molecule collisions are required for any
gas-phase ion—molecule chemistry, we tested the effect
of increasing the number of ion—molecule collisions
while keeping TIIA constant. This was accomplished by

0.120 T ——— T Y
0.118 ] Y =0.11123 + 7.27775E-5 X
]
0.116
= ]
E 1
= 1
\N
go.mi
— 4
]
0112
1
1
0.1 10 +————————r—r—r——r————————
0 20 40 60 80 100
12.00 ——r———1- s —
]
10007 v _ 601711 +0.11035 X + 8.12408E-5 X° ]
8.00 4 1‘
]
I 6.00 - 17
m=2 1
4.00 ]
]
]
2.00 ,, ]
0.00 ¥E———v—1—————r E—
0 20 40 60 80 100
Im=1

Figure 3. Second-order sample-size dependence. Integrated
peak areas of /,,,_, and /,,_, taken from data displayed in Fig. 1.
Bottom panel: /,,_, vs. I,_,. Linear (dashed line) and second-
order (solid line) regressions are plotted from the data. A better fit
was obtained with a second-order dependence. The equation for
second-order dependence is shown. Top panel: /,_5//,_4 Vs.
I,,_4. Linear regression plotted and equation shown. The dashed
line is the natural abundance ratio: /,,_,//,,_4.

compensatory variation of ionmization current, ie. the
number of ionizing electrons, and sample size, i.c. the
number density of sample molecules. The AX505 has
two ionization current settings, 100 or 300 uA. It was
therefore possible to inject a full sample size when ion-
izing at 100 pA followed by one-third the sample size
ionizing at 300 pA and obtain roughly the same TIIA
for both injections. The MIARs show a decline in M,
and increase in M, and M, when comparing the
smaller with the larger sample size. One would expect a
greater number of ion—molecule collisions for the larger
sample size injected, because of the greater number
density of molecules in the source. In consequence,
more ion—-molecule collisions result in more ion—
molecule chemistry which alters the MIARs.

Table 1. Sample Size, Ionization Current and Isotopomer Abundances

Sample Current
() (uA) TIA M, M, M,
0.5 300 950.7 £33.5 0.82529 +£0.000 29 0.156 66 +0.000 24 0.018 05 +0.000 06
1.5 100 1073.8+4.8 0.824 04 £0.00002 0.15761 £0.000 06 0.018 35 +0.000 006

© 1998 John Wiley & Sons, Ltd.
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Figure 4. Change in the abundances of the three most abundant
isotopomers of methyl palmitate, M,, M, and M, as a function of
injected sample size (0.5, 1.0 and 1.5 pl) and electron multiplier
voltage (1.0 and 1.2 kV) as reflected in the total isotopomer inte-
grated peak areas (},,_o» /). Each data point represents the
average of three consecutive injections. Error bars represent the
standard deviation. Solid circles are data collected at a multiplier
voltage of 1.0 kV. Solid triangles are data collected at a multiplier
voltage of 1.2 kV. Best-fit lines are drawn through the data which
have the same electron multiplier voltage. The dashed line is the
normalized natural abundance of the isotopomer.

Carrier gas pressure. Figure 5 shows the change in the
three most abundant isotopomers as a function of
sample size and carrier gas (argon) pressure. Measure-
ments were taken at two different carrier gas pressures,
7 x107% and 1.5 x 1073 Torr (as measured by the
Penning ion gauge of the source). TIIA was reduced at
the higher pressure, undoubtedly due to the neutral
species being swept from the source faster than at the
lower pressure.
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Figure 5. Change in the abundances of the three most abundant
isotopomers of methyl palmitate, M,, M, and M, as a function of
injected sample size (0.5, 1.0 and 1.5 pul) and carrier gas pressure
(7x10~%and 1.5 x10~° Torr) as reflected in the total isotopomer
integrated peak areas (},_o_» /,,)- Each data point represents the
average of three consecutive injections. Error bars represent the
standard deviation. Solid circles are data collected at a source
pressure of 7 x10~° Torr. Solid triangles are data collected at a
source pressure of 1.5 x10~% Torr. Best-fit lines are drawn
through the data which have identical source pressure. The dashed
line is the normalized natural abundance of the isotopomer.
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T T
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Electron-capture negative chemical ionization (ECNCI)
of pentafluorylbenzyl palmitate

Reagent gas pressure. Figure 6 shows the change in the
three most abundant isotopomers of the carboxylate
anion of palmitic acid as a function of sample size and
reagent gas pressure (methane). Measurements were
taken at two different reagent gas pressures, 1.5 x 107>
and 2.5 x 10~ ° Torr (as measured by the Penning ion
gauge of the source).
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Figure 6. Change in the abundances of the three most abundant
isotopomers of the carboxylate anion of palmitic acid, M,, M, and
M ,, as a function of injected sample size (0.5, 1.0, 1.5, 2.0, 2.5 ul)
and reagent gas pressure (1.5x10~% and 2.5 x10~5 Torr) as
reflected in the total isotopomer integrated peak areas (Zm-ofz
1,,). Each data point represents the average of three consecutive
injections. Error bars represent the standard deviation. Solid circles
are data collected at a source pressure of 1.5 x10~% Torr. Solid
triangles are data collected at a source pressure of 2.5 x 10~° Torr.
Best-fit lines are drawn through data points having the same
source pressure. The dashed line is the normalized natural abun-
dance of the isotopomer.

DISCUSSION

The source

Gas-phase acid-base chemistry. From our results and
those of previous researchers, it is apparent that gas-
phase ion—molecule chemistry plays a significant role in

© 1998 John Wiley & Sons, Ltd.

MIARs of fatty acid methyl esters (FAMES).%° The
reaction mechanism has been variously postulated with
the two most likely candidates being hydrogen
abstraction® and proton transfer.®-!! These two reaction
mechanisms, although similar, are still distinctly differ-
ent. We feel that this subject, although well docu-
mented, deserves review and may help to emphasize
inherent problems in MIARs measurements of bio-
molecular ions in general and FAMES in particular.

Hydrogen abstraction is the removal of a hydrogen
atom from a neutral molecule to a cation. There is no
transfer of charge for this reaction mechanism. Thus,
hydrogen abstraction from m,° to mo,* gives mg, y,
which is indistinguishable from m; © at resolutions of
m/Am < 100000. Hydrogen abstraction from m,° to
m, * gives m{, , which is indistinguishable from m, ",
and so forth. Hydrogen removal is most likely to occur
from the long alkyl chain of the neutral to the ionized
carbonyl oxygen of the cation. Multiple ion—molecule
collisions could also result in multiple hydrogen addi-
tions to the ionized carbonyl oxygen.

In contrast to hydrogen abstraction, proton transfer
involves the transfer of both mass and charge. Proton
exchange is more likely to occur between a fragment ion
and a neutral molecule than between a molecular ion
and neutral molecule owing to the greater abundance of
fragment ions when ionizing by EI as well as a favor-
able thermochemistry (to be discussed later). Figure 7
shows a full scan spectrum of methyl palmitate on the
AX505. It reveals the characteristic fragmentation
pattern observed for FAMES ionized by EI. The most
abundant ion at m/z 74 is generated by the exhaustively
studied McLafferty rearrangement.!**> The McLafferty
rearrangement (McLR) is the formation of a hexacyclic
transition state from the carbonyl oxygen, the carbonyl
carbon C-1, C-2, C-3 and C-4 and one of the C-4
hydrogens. Formation of this transition state is followed
by intramolecular hydrogen transfer of a C-4 hydrogen
to the carbonyl oxygen. Bond cleavage then occurs
between the C-2 and C-3 resulting in a fragment ion
with m/z 74. The second most abundant ion is at m/z 87
which is generated by a similar rearrangement followed
by hydrogen transfer from the C-5, C-6 or C-7 carbons
to the carbonyl oxygen with subsequent fragmentation
between the C-3 and C-4 carbons. The initial rearrange-
ment occurs on a time-scale of 107 ° s with the rates of
subsequent steps dependent upon the internal energy of
the ion. The time-scale for the generation of m/z 74 or
87 ions is less than the source residence time of 10~ °-
107 s based on recent observations which have shown
that metastable molecular ions which undergo disso-
ciation after leaving the source do not generate the frag-
ment ions at m/z 74 or 87.1618 Since m/z 74 and 87 are
positively charged fragment ions, the hydrogen bound
to the carbonyl oxygen is acidic. A collision between the
m/z 74 or 87 ion (or other fragment ions shown in Fig.
7) with a sample molecule can result in proton transfer
to the carbonyl oxygen of the neutral. Thus, proton
transfer to m,° gives mJ,y, which is instrumentally
indistinguishable from m,; . Proton transfer to m,°
gives m{, y, which is indistinguishable from m,*, and
so forth.

Another gas-phase reaction mechanism which
involves transfer of both mass and charge is hydride ion
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Figure 7. Full-scan spectrum of methyl palmitate ionized by El (70 eV).

abstraction. Hydride ion abstraction is the removal of
an H™ from a neutral molecule to a cation. Hydride ion
abstraction from m,° would give mJ_, or m?,.
Hydride ion abstraction from m,° neutral would give
m;_y, which is indistinguishable from m,*, and so on.
Hydride ion abstraction (like hydrogen abstraction) is
most likely to occur at the long alkyl chain of a FAME.

Proton transfer and hydride ion abstraction are both
mechanisms which are determined by the gas-phase
acidity (GA) of the reactant ion and the gas-phase basic-
ity (GB) of the reactant molecule (proton donation is a
Bronsted-Lowry acid mechanism, whereas hydride ion
abstraction is a Lewis acid mechanism). For example,
studies on methyl stearate (M, = 298) with positive CI
(methane or hydrogen) showed almost equal ion abun-
dances of m/z 299 (proton transfer) and m/z 297
(hydride ion abstraction), suggesting that the amount of
proton transfer to and hydride ion abstraction from
methyl stearate were almost equivalent.!® This is a
reflection of the large hydride ion affinities of the reac-
tant ions of Cl4regen a0d Clipane © 300 kcal mol ™' for
H;* and 269 and 271 kcal mol™! for CH;" and
C,H; ", respectively (1 kcal = 4.184 kJ).2° The fact that
the amount of hydride ion abstraction was found to
increase with increasing alkyl chain length was due to
the greater the number of hydride ions for potential
abstraction. Which mechanism dominates for the
MCcLR ions at m/z 74 and 87 (and also other fragment
ions shown in Fig. 7) would depend on their GAs. These
values are not currently available; however, the favor-
ability of proton donation from or hydride ion
abstraction to m/z 74 and 87 ions with a methyl palmi-
tate molecule can be estimated from the values given in
Table 2.

For instance, if we assume that the proton affinity
(PA) of CH,COOCH,; (M, = 73) is roughly the same as
that of CH;COOCH; (methyl acetate)—a not unrea-
sonable assumption—then proton donation from
CH,COH*OCH; (m/z 74) to a methyl palmitate mol-
ecule is exothermic by ~35 kcal mol™! (0.25 eV).
Munson and co-workers?! have shown that the PAs of
FAMES increase with increasing alkyl chain length.
Hence any fragment ions (retaining the carboxyl group)
which have alkyl chains shorter than the molecular ion,
such as m/z 74, 87, 101, 127, 143, 185, 199 and 227, will
probably have a neutral PA less than that of the methyl
palmitate molecule. In consequence, proton transfer
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from the fragment cation to the neutral molecule is exo-
thermic by a few kcal mol ™ *.

The favorability of hydride ion abstraction from a
methyl palmitate molecule to fragment ions m/z 74 and
87 can be estimated if we assume that the hydride ion
affinity (HIA) of fragment cations m/z 74 or 87 are
roughly comparable to that of (Me,)C=OH" and the
HIA of CH,CH,CH"*CH, is comparable to that of the
alkyl chain of methyl palmitate. Using these assump-
tions, hydride ion abstraction from a methyl palmitate
alkyl chain to fragment cations m/z 74 or 87 is endo-
thermic by ~ +30 kcal mol~! (+1.3 eV). These rough
comparisons suggest that hydride ion abstraction is
endothermic. However, hydride ion abstraction may
still occur to some extent because the neutral molecules
are often highly vibrationally excited. Hence their inter-
nal energy may assist in overcoming the endothermicity
of this mechanism. In addition, there would be many
more ion—-alkyl chain collisions than ion—carboxyl
group collisions, because the cation is more likely to
collide with the long alkyl chain than with the carboxyl
group of the neutral. However, ion—dipole interactions
should, to some extent, orient the electron-rich carboxyl
group of the neutral toward an approaching cation
prior to collision.

Further evidence supporting gas-phase acid-base
chemistry affecting MIARs comes from previous work
by Tulloch and Hogge,® who, in addition to studying
the effect of sample size on isotopomer abundances, also
examined the effect of alkyl chain length on fragmenta-
tion and MIARs for a series of FAMES. They observed

Table 2. Thermochemistry
Proton affinities: H* (PA) (kcal mol~")

Methyl palmitate 202.75 +£0.25%"

CH;COOCH, 198.322 (197.9%%)
CH,COOCH; (M, =173) NA
CH,CH,COOCH, 200.32°
CH,CHCOOCH,; (M, =86) NA
Hydride lon Affinities: H= (HIA)?2 (kcal mol~")

CHZCH,CH*CH, 247

(CH;),COH™* 217
CH,COH*OCH,; (m/z 74) NA
CH,CHCOH*OCH, (m/z 87) NA
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that the amount of fragmentation increased as the alkyl
chain length became shorter. This is not unusual
During ionization a certain amount of energy (0 to ~10
eV) is deposited into the molecular ion, which can result
in its fragmentation. The longer the alkyl chain, the
greater is the number of vibrational modes with which
the excess internal energy can be redistributed, thus
reducing the probability of fragmentation. Along with
differences in fragmentation, Tulloch and Hogge®
observed a significant increase in M;* as the alkyl
chain became shorter. They concluded that the insta-
bility of the molecular ion and the increase in M, *
were common to shorter alkyl chains. Fagerquist and
Hellerstein®* recently repeated a similar experiment
with FAMES from methyl decanoate to methyl stearate
on a Hewlett—Packard 6890/5972 quadrupole GC/MS
system. A linear decline in ) ,,__,1,/TIC was observed
and an exponential increase in I,,_,/I,,-, as the alkyl
chain length became shorter. These results strongly
suggest that fragment ions are responsible for the
observed increase in I,,_,/I,,—,, and that proton trans-
fer is the most likely mechanism based on thermo-
chemistry and relative ion populations.

We are, to some extent, simplifying the issues
involved. Proton transfer, hydride ion abstraction and
hydrogen abstraction will also have an associated acti-
vation barrier. Proton transfer is likely to have the
smallest activation barrier because no formal bonds are
broken. The proton is simply exchanged between the
electron lone pairs of the carbonyl oxygens of the cation
and neutral. In contrast, hydrogen and hydride ion
abstraction would require the breaking of a C—H bond
first. The transition state for an abstraction process
would have a non-negligible activation barrier and, in
consequence, decrease the rate of abstraction.

It is important to point out that although proton
transfer increases the mass of an ionized neutral mol-
ecule by 1 Da and hydride ion abstraction decreases the
mass of the ionized neutral molecule by 1 Da, the com-
bined effect of these two mechanisms on MIARs does
not cancel out even if the amounts of proton donation
and hydride ion abstraction are identical. For instance,
methyl palmitate with natural abundance has a normal-
ized abundance of M, = 0.8229, M, =0.1592 and
M, =0.0179. If we assume 1.0% proton donation and
1.0% hydride ion abstraction, then M, = 0.8229 — (2

x 0.008 229) + (0.001 592), M, =01592 — (2
x 0.001592) + 0.008 229 + 0.000179 and M, = 0.0179
— (2 x 0.000179) + 0.001 592. The new abundances are
then M, =0.8080, M, =0.1644 and M, =0.01913.
Normalization gives M, = 0.8149, M, = 0.1658 and
M, = 0.0193. Thus, we find that even equal amounts of
proton donation and hydride ion abstraction will cause
overestimation of the less abundant isotopomers and
underestimation of the most abundant isotopomer.

The preceding discussion leads to another important
point: the extent to which self-CI reactions affect the
MIARSs is, to a large extent, dependent on the number
of molecules which are ionized by EI (but do not
fragment) vs. the number of molecules which are ionized
by self-CI (and do not fragment). Molecular ions gener-
ated by EI but which subsequently dissociate increases
the relative proportion of molecular ions generated by
self-CI while concomitantly creating more fragment
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ions for self-CI reactions. It should also be noted that
ionization by self-CI should cause little, if any, fragmen-
tation because of its small exothermicity (proton
transfer) or endothermicity (hydride ion abstraction),
thus increasing the relative population of self-CI molec-
ular ions compared with EI molecular ions. In the pre-
vious hypothetical discussion, 98.0% of the molecular
ions originated from EI ionization, whereas 2% orig-
inated from self-CI (equal amounts of proton donation
and hydride ion abstraction), and yet this relatively
small percentage of self-CI resulted in significant
changes in the MIARs from the standpoint of mass iso-
topomer abundance measurements.

The mass analyzer

Carrier gas pressure. The possibility of ion scattering by
ion—ion repulsions and ion-—neutral collisions in the
mass analyzer can potentially cause significant prob-
lems for accurate and precise isotopic measurements on
sector-field instruments. The direction and velocity
focusing of an E/B sector-field instrument should com-
pensate for ion scattering caused by ion—neutral colli-
sions in the source. However, ion scattering by
ion—neutral collisions which occur after the main exit
slit of the source can lead to peak broadening and
overlap of adjacent isotopomers, i.e. tailing. Tailing of
adjacent isotopomers will lead to underestimation of
the most abundant isotopomer and overestimation of
the less abundant isotopomers. The phenomenon is
referred to as abundance sensitivity.!? An obvious
remedy is to reduce the pressure in the mass analyzer.
Walder and Freedman?® achieved an analyzer base pres-
sure of 2.7 x 10™° Torr using four stages of differential
pumping on an ICP-MS E/B sector-field instrument to
obtain accurate isotopic abundance measurements of
metallic ions.

In order to test the effect of analyzer pressure on our
isotopomer measurements, we varied the flow rate of
the carrier gas from the GC capillary into the source.
Source pressure was monitored by a Penning ion gauge
located above the 6 in diffusion pump of the source. The
analyzer pressure was monitored by the Penning ion
gauge located above the 3 in diffusion pump which is
attached to the electric-sector of the analyzer via a 90°
elbow. Our initial experiments involved using helium,
which is the most widely used carrier gas for gas chro-
matography. Within experimental error, we observed no
significant change in MIARs at the two different source
pressures: <1 x 1076 and 2.5 x 10~ ¢ Torr (with corre-
sponding GC head pressures of 2.0 and 20.0 psi,
respectively). Attempts to use even higher pressures
automatically closed the source gate valve.

We repeated the same experiment using argon as a
carrier gas, with the expectation that its greater mass of
M, = 40 compared 4 for helium would be more effective
at ion scattering during an ion—-molecule collision. As
noted in the Results section, we observed a significant
change in MIARs as a function of the argon pressure as
shown in Fig. 3. We observe a decrease in M, and an
increase in M, as the argon pressure in the source
increased from 7 x 107% to 1.5 x 10~> Torr (as mea-
sured by the Penning ion gauge of the source). M, was
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actually found to decrease somewhat at the higher
argon pressure. However, since TIIA was also found to
decline at higher pressures (probably owing to the
sample molecules being swept from ionization housing
faster), it may be that the decline M, was the result of
I,,-, disproportionately falling within the signal-to-
noise ratio level of the detector and insufficient com-
pensatory gain from I,,_; overlap with I,_, due to
peak broadening.

Carboxylate anion of palmitate. Pentafluorylbenzyl palmi-
tate was ionized by ECNCI to give the fragment car-
boxylate anion of palmitic acid. Although ECNCI is not
strictly chemical ionization, it does use a ‘reagent’ gas
(methane) for the purpose of slowing electrons which
increase the likelihood of their capture by the sample
molecule.?® The electron affinity (EA) of the sample
molecule obviously plays a critical role in the electron-
capture process (in addition to fragmentation). In conse-
quence, fluorinated compounds are very effective for
ECNCI because of their high EAs.

The most striking result in Fig. 6 is the change in
MIARs with the change in methane pressure. We see a
significant drop in M, and increase in M, and M, for
all samples sizes at the higher methane pressure. TIIA
does not change significantly with pressure if the same
amount of material is injected. The slight drop in TIIA
at the higher pressure is probably due to greater ion
scattering by methane molecules; however, the drop in
TIIA is not sufficient to explain the significant changes
in MIARs as due to detector non-linearities or ion—ion
repulsions in the mass analyzer.

It is possible that the change in MIARSs at the higher
pressure may be due to gas-phase chemistry occurring
in the source, such as hydrogen addition. However, after
examining this possibility, we could not arrive at any
plausible reaction mechanism which seemed kinetically
or thermodynamically favorable. Ion—methane colli-
sions in the source would cause negligible peak
broadening due to velocity and direction convergence of
double-focusing mass spectrometers. In consequence,
we concluded that the decline in M, and increase in M
and M, at the higher methane pressure are due to ion—
methane collisions in the analyzer which lead to peak
broadening and ‘tailing’ of the more abundant
isotopomer(s) overlapping with the less abundant iso-
topomers. In consequence, the less abundant iso-
topomers are overestimated and the more (or most)
abundant isotopomer is underestimated.

The detector

As shown in Fig. 4, we observe a significant change in
MIARs and increase in TIIA as a function of increasing
electron multiplier voltage (EMV). The fact that M,,
the least abundant isotopomer, increases with increas-
ing EMV may suggest that a disproportionate amount
of I,,_, falls within the signal-to-noise ratio level of the
detector—amplifier system which would result in under-
estimation of M, at lower EMV. Bergner and Lee,'?
using a Hewlett-Packard 5890/5971 quadrupole
GC/MS system, noted the effect of linear vs. non-linear
amplifying circuit boards on the relative isotopic abun-
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dances of labeled glucose. They emphasized the impor-
tance of using linear boards for quantitative isotopomer
abundance measurements. The amplifying circuit board
on the AX505 is linear, but the 16-dynode cascade elec-
tron multiplier has a non-linear response (as is the case
for all electron multipliers). Hence the entire detector—
amplifier system has a non-linear response.

It is obvious that detector non-linearities can have a
significant effect on MIARs. We have noted before that
the y-intercept for I,,_,/I,,—¢ vs. I,,—, in Fig. 2 and that
for I,,_,/I,—, vs. I,,—, in Fig. 3 are below their correct
natural abundance values. It is possible that underesti-
mation of the y-intercept is due to the less abundant
isotopomer falling disproportionately within the signal-
to-noise ratio level of the electron multiplier (which
becomes increasingly severe as the sample size
decreases). In other words, as the sample size decreases,
gas-phase chemistry decreases with the square of the
sample size, but detector non-linearities increase. Hence,
for small sample sizes, inaccuracies in MIARs are due
primarily to detector non-linearity. It is interesting that
the y-intercept for I,,_,/I,,-, vs. I,,—, reported by Pat-
terson and Wolfe® was even more underestimated than
our value; however, since it is well known that electron
multiplier sensitivity diminishes with time, this may
reflect nothing more than differences in electron multi-
plier gain between the two instruments.

CONCLUSIONS

Our results on the mass isotopomer measurements of
methyl palmitate by GC/EI-MS on a sector-field
double-focusing mass spectrometer lead us to conclude
that the concentration dependence is a reflection of two
off-setting factors: (i) gas-phase chemistry in the source,
specifically proton transfer between fragment cations
and neutral molecules and (ii) detector non-linearities,
specifically the underestimation of less abundant iso-
topomers due to their signal disproportionately falling
within the signal-to-noise ratio level of the electron
multiplier detector. Gas-phase chemistry is the domi-
nant cause of inaccuracy in MIAR measurements for
large sample sizes, whereas detector non-linearity is the
dominant cause of inaccuracy in MIAR measurements
at low sample sizes (where very little gas-phase chem-
istry occurs). However, in a narrow range of sample
sizes, these two compensatory effects balance each
other, resulting in ‘correct’ MIARs (for compounds
whose isotopic composition is known). However,
caution must be exercised for the analysis of samples
containing compounds of unknown isotopic enrichment
since the concentration range which is ‘acceptable’ for a
compound of known isotopic composition also reflects
the detector’s response to the MIARs of the known
(which is likely to be different from the unknown). We
would also emphasize that these two effects are present
regardless of the type of mass analyzer used: quadrupo-
le, sector-field, etc. Improvements in accuracy and preci-
sion of mass isotopomer abundance measurements, by
advances in mass spectrometric design, would therefore
need to eliminate each cause of inaccuracy. For
example, a more ‘open’ type of source, designed exclu-

JOURNAL OF MASS SPECTROMETRY, VOL. 33, 144-153 (1998)



GAS-PHASE ACID-BASE CHEMISTRY 153

sively for EI, might reduce the amount of self-CI reac-
tions.

Finally, our results suggest that ion scattering by ion—
neutral collisions in the mass analyzer do not play a
significant role in the concentration effect for methyl
palmitate by GC/EI-MS. However, for high-pressure
ionization techniques, such as CI, where the pressure in
the mass analyzer may be significantly higher, ion—
neutral collisions may play a significant role in MIARs,
as reflected in our results using argon as a GC carrier
gas and our pressure-dependent results with ECNCI.
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