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a  b  s  t  r  a  c  t

Some  ions  exhibit  “ion  fragility”  in  quadrupole  ion trap  mass  spectrometry  (QIT-MS)  during  mass
analysis  with  resonance  ejection.  In many  cases,  different  ions  generated  from  the  same  compound
exhibit  different  degrees  of  ion fragility,  with  some  ions  (e.g.,  the  [M+H]+ ion)  stable  and  other  ions
(e.g.,  the  [M+Na]+ ion)  fragile.  The  ion  fragility  for quadrupole  ion  trap  (QIT)  mass  spectrometry  (MS)
for  protonated  and  sodiated  ions  of  three  phospholipids,  1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
PC  (16:0/16:0),  1,2-dipalmitoyl-sn-glycero-3-phophoethanolamine,  PE  (16:0/16:0),  and  N-palmitoyl-
d-erythro-sphingosylphosphorylcholine,  SM  (d18:1/16:0),  was  determined  using  three  previously
developed  experiments:  (1)  the  peak  width  using  a slow  scan  speed,  (2)  the  width  of  the  isolation  win-
dow for  efficient  isolation,  and  (3)  the  energy  required  for collision-induced  dissociation.  In  addition,  ion
fragility  studies  were  designed  and  performed  to explore  a correlation  between  ion  fragility  in QIT  mass
analysis and  ion  fragility  during  transport  between  the  ion  source  and the  ion  trap.  These  experiments
were:  (1)  evaluating  the  amount  of  thermal-induced  dissociation  as  a function  of heated  capillary  tem-

perature,  and  (2)  determining  the  extent  of  fragmentation  occurring  with  increasing  tube  lens  voltage.
All  phospholipid  species  studied  exhibited  greater  ion  fragility  as  protonated  species  in ion  trap  mass
analysis  than  as  sodiated  species.  In addition,  the  protonated  species  of both  SM (d18:0/16:0)  and  PC
(16:0/16:0)  exhibited  greater  tendencies  to fragment  at higher  heated  capillary  temperatures  and  high
tube  lens  voltages,  whereas  the  PE  (16:0/16:0)  ions  did  not  appear  to exhibit  fragility  during  ion  transport.
. Introduction

Glycerophospholipids (GPLs) serve one primary function in
iology, as structural components of cell membranes [1].  GPLs
ypically consist of a glycerol backbone with a polar head group
nd two non-polar fatty acid tails. GPLs with this basic structure
re phosphatidylcholines (PCs), phosphatidylethanolamines (PEs),
hosphatidylinositols (PIs), and phosphatidylserines (PSs), with the
lasses determined by the composition of the head group.

Because of their biological abundance and importance, GPLs
ave been studied by mass spectrometry for many years, from

lectron ionization (EI) coupled to gas chromatography/mass spec-
rometry (GC/MS) [2] (not as intact ions, but as derivatized
pecies where the head group and tails are removed from the
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glycerol backbone) to more recently matrix-assisted laser des-
orption/ionization (MALDI) [3–6] and electrospray ionization (ESI)
[7–10]. Under appropriate experimental conditions, the latter
ionization techniques produce a predominant ion ([M+H]+ or
[M+cation]+) corresponding to the molecular weight of the intact
molecule M,  whereas EI causes a high degree of fragmentation,
and thus requires derivatization and only analyzes the fatty acid
tails. In ESI, relying solely on the molecular weight for compound
identification is typically inadequate because of the wide variety
of GPLs present (varying fatty acyl chains and head groups) and
the possibility of isomers; thus compound identification is typi-
cally performed by tandem MS  with triple quadrupole or ion trap
mass spectrometers [7,9,11,12].

Many previous studies have focused on differences in frag-
mentation between protonated and cationized GPLs [8,11–14].
For positive ions, experiments have shown that protonated and
sodiated PCs produce very different fragmentation patterns, with
sodiated PCs providing a more informative fragmentation (identifi-

cation of fatty acyl substituents) pattern [9].  Upon collision-induced
dissociation (CID), protonated PCs produce primarily one fragment
ion, m/z 184, corresponding to the polar head group, indicating
that the charge is retained on the head group. In contrast, CID of
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odiated PCs produces fragment ions that correspond to losses
f the head group with retention of the charge on the glycerol
ackbone. The most abundant fragment ion in MS/MS  shows a neu-
ral loss of 59, which corresponds to the loss of trimethylamine,
N(CH3)3 [9].

The difference in fragmentation of protonated and cationized
PLs has been of considerable interest, particularly in the study
f different metal ions for cationization. Due to the limitation of
nly a single stage of tandem MS  (MS/MS or MS2) provided by

 triple quadrupole instrument, more informative fragment ions
fter MS/MS  are desired. The use of lithiated adducts was  shown
o provide many structurally informative fragment ions for PCs
12] and PEs [13] after a single stage of tandem MS,  and many
ther cations have been evaluated for other GPLs [11]. A struc-
urally significant fragment ion in the analysis of lipids allows for
he correct identification of the fatty acid tails and their location
n the glycerol backbone. A novel adduction with trifluoroacetic
cid (TFA)/K+ for PCs was determined to provide an abundance of
tructurally informative fragment ions as well [15]. The resonat-
ng theme of most positive ion studies was that the cationized
PLs, or adducts with other complexes, should be preferred
ver protonated GPLs for structural identification of fatty acyl
ubstituents.

This difference in fragmentation behavior under CID is also of
oncern in ion trap mass spectrometry for both ion production
nd ion fragility. In previous studies from our laboratory [16], the
ragility of an ion within the ion trap was quantified and results
howed that different ions formed from the same molecule can
xhibit varying degrees of fragility. For example, cationized ole-
ndomycin is a stable ion, whereas its protonated counterpart is
ragile; in contrast, acylcarnitines are more stable protonated ions.

 consequence of fragility is an inability to efficiently isolate a frag-
le ion without widening the isolation notch, as well as mass shifts
nd reduced mass resolution, particularly at slow scan speeds [16].
hus far, a relationship between differences seen in fragmentation
ehavior between different ions of the same compound in tandem
S experiments and differences in ion fragility of those ions has

ot been evaluated; we explore this relationship using GPLs as a
est case in this paper. In addition, we expand the concept of ion
ragility in the ion trap to fragility in ion transport.

It has already been shown that cationized and protonated
pecies of the same molecule can exhibit varying degrees of ion
ragility in ion trap analysis, but the effect of ion fragility on
ransport from atmosphere to vacuum and the accompanying des-
lvation process has not be evaluated. The temperature of the
eated capillary, and thus the effective temperature of an ion, have
een shown to affect the onset of source fragmentation [17]. In
ALDI mass spectrometry, source fragmentation of GPLs has been

emonstrated to arise from gas-phase reactions rather than from
aser-induced photodissociation [3].  This is an important factor,
ince gas-phase reactions occur in electrospray as well.

Fragmentation during ion transport has been studied previ-
usly. Early studies in electrospray showed the possibility of
erforming thermally induced dissociation (TID) of highly charged
rotein ions [18]. A heated capillary was used for those studies, and
he results indicated that the higher charged ions (+6, +5, and +4)
ere more susceptible to TID due to increased coulombic repul-

ions. Source collision-induced dissociation (SCID) has been used
or many years for controllable dissociation of complexes and to
rovide fragment ions that can be further fragmented in a tandem
ass spectrometer.
In this paper, the concept of ion fragility in ion trap mass anal-
sis is examined for GPLs (and sphingolipids) and the effects on
ragmentation during ion transport are explored by comparing two
ifferent GPLs and one sphingolipid as protonated and sodiated
pecies, namely PC (16:0/16:0), PE (16:0/16:0), and sphingomyelin,
ass Spectrometry 308 (2011) 299– 306

SM (d18:0/16:0) (a sphingolipid, but still containing a phosphate
group).

2. Experimental

All experiments were performed in the positive ion mode on
the Finnigan LCQ instrument (San Jose, CA), an electrospray ion-
ization quadrupole ion trap (ESI-QIT) mass spectrometer. Analyte
solutions were directly infused at a flow rate of 1 �L/min using a
syringe pump, 4.5 kV applied to the electrospray needle, and nitro-
gen sheath gas set to 30 arbitrary units. For evaluating differences in
ion fragility of protonated and cationized molecules, three related
phospholipids were chosen: PC (16:0/16:0), SM (d18:1/16:0), and
PE (16:0/16:0). The PC (16:0/16:0) and SM (d18:1/16:0) were cho-
sen because they share the same head group and exhibit the
same differences in fragmentation of the protonated and sodiated
species upon collision-induced dissociation (CID). The main dif-
ference is in their fatty acid tail arrangement: SM (d18:1/16) has
one amide-linked fatty acyl chain, palmitoyl, as it is derived from
the sphingosine base, whereas PC (16:0/16:0) has two  ester-linked
fatty acyl chains as it is derived from glycerol. PE (16:0/16:0) was
chosen because it has the same fatty acyl chain arrangement as PC
(16:0/16:0), but a slightly different head group; it also exhibits a
different fragmentation pathway between protonated and cation-
ized species. The difference in the head group is the replacement
of trimethylamine (–N(CH3)3) with amine (–NH3) (Fig. 1). For this
discussion, these three species will be referred to as phospholipids
because of the presence of phosphate in the head group.

Standards of PE and PC with the desired fixed fatty acid sub-
stituents of palmitoyl (16:0) were obtained from Avanti Polar Lipids
(Birmingham, AL); SM was purchased from Avanti as a chicken egg
extract, but with palmitoyl (16:0) as the predominant acyl chain
(80%). All phospholipids were obtained as powders and prepared
to the desired concentrations. PC (16:0/16:0) and SM (d18:1/16:0)
were made as stock solutions of 1000 ppm (∼1.4 �M)  in 50:50 iso-
propanol:methanol and PE was  made as a stock solution of 500 ppm
(∼0.7 �M)  in 75:25 choloroform:methanol. For ESI QIT-MS analysis,
the stock solutions were diluted to 10 ppm (∼14 nM)  in methanol.

Due to the presence of unwanted source fragmentation and to
uncover the origin of those fragment ions, solutions were prepared
to ensure that either the [M+H]+ ion or the [M+Na]+ ion was the
most abundant ion formed during ESI. Even with careful cleaning
of all fittings and connectors, it was difficult to remove the presence
of the [M+Na]+ ions in all experiments, so we  settled on ensuring
that the protonated species was the most abundant for these stud-
ies. For production of protonated species, formic acid was added to a
final concentration of 0.1%; for the production of sodiated species,
sodium acetate was  added to a concentration of 100 �M.  All sol-
vents were of HPLC grade and were obtained from Fisher Scientific
(Pittsburgh, PA).

Ion fragility in the ion trap was determined using three exper-
iments described previously [16]. These experiments were (1)
measuring the peak width of the parent ion at 10% peak height
(PW10%) using a slow scan speed (called zoom scan), (2) finding
the isolation width required for isolating the desired ion, and (3)
determining the amount of energy required for CID. Typically, a
fragile ion will exhibit a wider peak width at a slower scan rate,
will need a wider isolation window, and will require less energy to
fragment under CID. These experiments were set up using Xcalibur
software. Data for the zoom scan were averaged over 2 min. The
isolation width was determined by changing the width from 1 to

4 amu  wide in 1 amu  increments, and collecting data for 1 min  at
each interval. In studying the amount of energy required for CID,
all experiments were conducted at a heated capillary temperature
of 250 ◦C and a tube lens offset of 30 V, while changing the %CID
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Fig. 1. Structures of the phospholipids used in studying ion fragility and source fragmentation. The protonated species are shown. Abbreviations are as follows: SM
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d18:1/16:0), N-palmitoyl-d-erythro-sphingosylphosphorylcholine; PC (16:0/16:0
lycerol-phosphoethanolamine. SM and PC share the same head group, but differ i
ifferent head groups.

nergy and collecting data for 1 min  at each level. Values for %CID
nergy were 15%, 16%, 17%, 18%, 19%, 20%, 21%, 25%, and 30%.

Ion fragility during ion transport, or the susceptibility of ions to
ource fragmentation, was also studied using two injection param-
ters on the LCQ, the temperature of the heated capillary and
he voltage applied to the tube lens (tube lens offset). These two
arameters assist in desolvating and declustering ions during ion
ransport from atmosphere to vacuum. Typical operation involves

 high capillary temperature, 250 ◦C, and a low voltage for the tube
ens, <+ 30 V. The sensitivity of analysis is typically increased with

 more positive tube lens offset for positive ions and a more neg-
tive value for negative ions; even higher voltages may  result in
on fragmentation. To determine the effect of temperature on frag-

entation of lipids, an Xcalibur instrument control file was  created
hat recalled different tune files, allowing the capillary tempera-
ure to be changed at 20◦ intervals from 250 ◦C to 50 ◦C. Prior to
etting up the temperature profile scan, it was  determined that

 temperature change took 8 min  before equilibration; therefore,
he instrument file collected data for 10 min  at each temperature
evel, but only the last 2 min  of each temperature change were
sed for comparisons between protonated and sodiated species.
he tube lens was maintained at 0 V for these experiments. The
nal parameter used to understand the susceptibility of the phos-
holipid ions to source fragmentation was the tube lens voltage. For

his experiment, the heated capillary was held at 250 ◦C and the
ube lens voltage was changed; spectra were collected for 2 min
t 4 voltage levels (0, 10, 20, and 30 V) and saved as separate
les.
di-palmitoyl-sn-glycero-phosphocholine; and PE (16:0/16:0), 1,2-dipalmitoyl-sn-
atty acid tails, whereas PC and PE share the same fatty acid tails, but have slightly

3. Results and discussion

The three phospholipids studied can form many different ions
under ESI conditions. For example, the PC (16:0/16:0), a synthetic
GPL, if ionized without control of the counter ions in solution, is
detected as [M+H]+, [M+Na]+, and [M+K]+ ions. These reflect the
primary cations present in solution, as are often seen in direct tissue
analysis for imaging mass spectrometry [19]. Determining which
ion is the most stable for ion trap mass analysis is of importance
to ensure good mass accuracy and lower detection limits (if the
more fragile ion readily fragments during ion transport, there will
ultimately be less of it left for mass analysis).

3.1. Fragility in the ion trap

The LCQ zoom scan feature allows for a higher resolution spec-
trum over a narrower mass range, 10 amu, by using a 20× slower
scan rate [16]. A fragile ion will have a broader PW10% than a more
stable ion [16]. The value of 10% for PW was chosen because both
peak fronting and broadening are most evident at this level. Exam-
ples of the zoom scan experimental data are shown in Fig. 2 for the
analysis of PE 16:0/16:0 as [M+H]+ (A) and [M+Na]+ (B). Protonated
PE 16:0/16:0 has a wider PW10% than the sodiated PE ion for the
monoisotopic peak. Zoom scan spectra were collected and PW10%

values were determined for each phospholipid studied (Table 1);
protonated phospholipids exhibited wider peaks widths than their
sodiated counterpart, indicating for this experiment that the sodi-
ated species is the more stable ion. PE (16:0/16:0) showed the
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Table 1
Zoom scan results for peak width at 10% peak height, isolation width required for precursor ion isolation, and percent collision-induced dissociation required for fragmentation
for  each of the GPLs studied as both protonated and sodiated species.

Lipid studied PW10% Isolation width at 50% %CID at 50%

[M+H]+ [M+Na]+ [M+H]+ [M+Na]+ [M+H]+ [M+Na]+
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SM (d18:1/16:0) 0.45 ± 0.05 0.34 ± 0.03 

PE  (16:0/16:0) 0.84 ± 0.05 0.28 ± 0.02 

PC  (16:0/16:0) 0.46 ± 0.04 0.36 ± 0.03 

argest difference in peak width between the [M+H]+ and [M+Na]+

ons, and the [M+H]+ ion was the only ion with a peak width so
road that isotopic resolution was not obtained in a zoom scan
Fig. 2). Previous studies determined that a PW10% less than or
qual to 0.30 amu  was indicative of a stable ion in QIT analysis
16]. Using this value, both the sodiated and protonated species
f SM (d18:1/16:0) and PC (16:0/16:0) could be considered fragile
ons, with the sodiated version exhibiting less fragility, while the
odiated species of PE (16:0/16:0) would be considered stable.

For secondary confirmation that the sodiated species is more
table than the protonated phospholipid species, data were col-
ected to determine the isolation width needed to efficiently isolate
he parent ion before CID. In this experiment, an efficient isola-
ion width was defined as the width needed to reach 50% of the
ntensity at an isolation width of 4.0 (Table 1). It should be noted
hat in the previous publication [16] the isolation width was deter-

ined using 90% of the parent ion; it was observed that values at
0% and 25% were equally accurate in predicting ion fragility, so
0% was chosen here. All the sodiated species permitted narrower

solation widths than the protonated species (Table 1); however,
he difference for PE (16:0/16:0) was not as great as that for PC
16:0/16:0) and SM (d18:1/16:0), indicating both protonated and
odiated PE (16:0/16:0) are fragile ions during isolation. This result
s contrary to the findings from the zoom scan experiment. Both
C (16:0/16:0) and SM (d18:1/16:0) share the same head group,
hosphocholine, whereas in PE (16:0/16:0) the head group is phos-
hoethanolamine (–NH3, rather than trimethylamine, –N(CH3) at
he head). This structural difference may  cause a dramatic change
n inter- and intra-molecular bonding for PE (16:0/16:0) ions in
he gas-phase as well as differences in the gas-phase basicity. An

nteresting observation was that even the more stable sodiated
pecies for all phospholipids studied required an isolation width
f greater than 1 amu, implying that these ions are still fragile (pre-

ig. 2. Spectrum A, above, is a zoom scan of protonated phosphatidylethanolamine
PE) 16:0/16:0. The peak width at 10% peak height (PW10%) was determined to be
.84 ± 0.05. The peak width for the sodiated counterpart, measured from the zoom
can in spectrum B, was 0.28 ± 0.03. A narrower isolation width indicates that the
odiated species is less fragile than the protonated species in ion trap mass analysis.
3.2 1.8 20.0 24.5
2.8 2.5 21.5 24.5
2.4 1.6 21.0 23.5

vious results indicated that a stable ion such as caffeine [M+H]+

could be isolated with a 1 amu  wide window [16]).
Finally, the %CID energy, given as a percent of the maximum

5 Vp–p resonance excitation waveform, required to reduce the pre-
cursor ion signal by 50%, was determined for each ion (Table 1).
These results also indicated that the protonated phospholipids are
more fragile than the sodiated, because less energy is required for
50% fragmentation of the precursor. The major fragment ions for
CID of the [M+Na]+ ions result from partial losses of the head groups,
–N(CH3)3 (NL of 59) for PC (16:0/16:0) and SM (d18:1/16:0) and
–C2H5N (NL of 43) for PE (16:0/16:0). On the other hand, CID of
the [M+H]+ ion for PC (16:0/16:0) and SM (d18:1/16:0) produced
one dominant fragment ion, m/z 184, corresponding to the polar
head group phosphocholine. In contrast, CID of the [M+H]+ ion for
PE (16:0/16:0) produced an ion corresponding to a neutral loss of
141, loss of the phosphoethanolamine head group, with the charge
retained by the glycerol backbone. PE (16:0/16:0) is differentiated
from PC (16:0/16:0) by the presence of amine instead of trimethy-
lamine (Fig. 1), which likely changes the gas-phase basicity and the
ability to stabilize the phosphate enough to alter the fragmenta-
tion pathway under CID so that the head group does not retain the
charge during CID [20].

3.2. Fragility during ion transport

Fragmentation during ion transport could occur in the source
region at atmospheric pressure, during transmission through the
heated capillary, or in the ion optics after the capillary, where the
pressure is reduced. If an ion is thermally unstable, the heat the
ion absorbs in the heated capillary could also cause fragmentation,
termed thermally induced dissociation (TID). TID has been stud-
ied previously for protein ions, but the temperatures required for
dissociation were from 250 ◦C to 400 ◦C [18]. The heated capillary
temperatures used in these experiments were lower than that, but
still showed the effect of TID.

Mass spectra collected at three different capillary tempera-
tures (250 ◦C, 190 ◦C, and 130 ◦C) for SM (d18:0/16:0) show a
decrease in the fragment ions associated with each parent ion with
a decrease in temperature (Fig. 3A–C). Because there were other
cations present in the solvent (even though care was taken to
remove them), the protonated, sodiated, and potassiated species
were all detected at a capillary temperature of 250 ◦C. With both
the protonated and sodiated species present in the spectra, it is easy
to follow the effect of TID on each ion as long as the fragment ions
related to TID can be identified. Since TID experiments have been
shown to cause similar fragmentation pathways to CID, compari-
son of the MS2 spectra with these spectra permits the identification
of the fragment ions associated with TID [18]. The major fragment
ion from the protonated species, m/z 184, is detected at all three
capillary temperatures, but shows a marked decrease in intensity
at the lowest capillary temperature of 130 ◦C (Fig. 3C) where it is
finally less abundant than the parent ion. Note that the major frag-

ment ion from the sodiated species, m/z 666, is only detected at the
highest capillary temperature tested, 250 ◦C (Fig. 3A). Analyzing SM
(d18:1/16:0) at a capillary temperature of 130 ◦C reduces fragmen-
tation for the [M+H]+ ion, and also increases the signal for solvent
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Fig. 3. Mass spectra were collected for SM (d18:1/16:0) at three different capillary temperatures (A = 250 ◦C, B = 190 ◦C and C = 130 ◦C). A total of 100 spectra were averaged
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or  each temperature from a 10 ppm (∼14 nM)  solution infused at 1 �L/min. The fra
xperiments. The [M+H]+ ion shows a high degree of fragmentation at the highest t

luster ions (increased noise), as would be expected because desol-
ation is not as effective at lower capillary temperatures. Operating
his instrument at a low capillary temperature is not recommended
ecause of this desolvation problem. However, at 250 ◦C, the intact
M+H]+ ion is almost completely fragmented, resulting in a very low
ntensity peak for the intact ion, thus it does appear that when oper-
ting at a low ESI flow rate (1 �L/min) the temperature of the heated
apillary should be adjusted to reduce this thermal dissociation.

In order to determine the optimum capillary temperature for
ach phospholipid, a complete temperature profile was obtained by
ollecting spectra with a tube lens offset of 30 V and adjusting the
apillary temperature from 250 ◦C to 50 ◦C at 20 ◦C intervals. This
omplete investigation of the heated capillary temperature showed
hat protonated SM was greatly affected by the temperature of the
eated capillary, as is evident from the increased fragmentation
t a higher temperature (Fig. 4). The graph was  cut off at a tem-
erature of 110 ◦C because the signal for all ions decreased as a
esult of poor desolvation. Fragmentation of the [M+H]+ ion of SM
d18:1/16:0) occurs during transport into the vacuum chamber, but
an be minimized by operating at lower capillary temperatures.

◦
hen operating the heated capillary at 250 C, a typical operating
emperature for most ESI analyses, the fragmentation of the [M+H]+

on was nearly 90%, whereas the fragmentation of the [M+Na]+ ion
as only around 20%. Based on this experiment, the fragmenta-

able 2
 summary of the results from each experiment performed in the studies of ion fragility d
tudied  were less susceptible to fragmentation that can occur before mass analysis. How
as  not observed, as was the case for both PC (16:0/16:0) and SM (d18:1/16:0).

Lipid ion Capillary temp crossover (◦C) 

SM (d18:1/16:0) [M+H]+ 190 

SM  (d18:1/16:0) [M+Na]+ Did not occur 

PE  (16:O/1G:D) [M+H]+ Did not occur 

PE  (16:0/16:0) [M+Na]+ Did not occur 

PC  (16:0/16:0) [M+H]+ 230 

PC  (16:0/16:0) [M+Na]+ Did not occur 
t ions for the [M+H]+ and [M+Na]+ ions are indicated and were determined by CID
rature tested, where the parent ion is ∼10% relative intensity.

tion for the SM [M+H]+ ion can be minimized, but not eliminated,
when operating with a capillary temperature below 150 ◦C. On the
other hand, the fragmentation of the [M+Na]+ ion is minimal even
at 250 ◦C and is reduced to almost zero at a capillary temperature
of 160 ◦C. The signal for the fragment ion of [M+Na]+ at the highest
capillary temperature, 250 ◦C, was less than 20% of the parent ion.

This temperature profile experiment shows a different fragmen-
tation behavior for the sodiated species and the protonated species
of the same phospholipid, as was also observed in the ion trap
fragility experiments. If a correlation exists between fragility inside
the trap and fragility outside the ion trap, the protonated species
would be considered fragile, or in other terms more labile, as was
the case for ion trap fragility. This fragility makes the protonated
species more susceptible to TID, and thus care must be taken when
analyzing lipid solutions for protonated species at the flow rate
studied here. However, because of this extensive fragmentation, it
would be beneficial to induce cationization instead of protonation.

The same temperature profile experiment was performed on
PC (16:0/16:0) and PE (16:0/16:0). The effect of temperature on
fragmentation for PC (16:0/16:0) was very similar to that of SM

(d18:1/16:0), which was anticipated due to the presence of the
same head group and similar fragmentation pathways. However,
the crossover point, at which the intensity of the TID fragment
ion equals the intensity of the parent ion, was higher for the

uring ion transport. From these results, it was determined that all sodiated species
ever, in the analysis of protonated PE (16:0/16:0), a high degree of fragmentation

Max  intensity at capillary T (◦C) Tube lens offset crossover (V)

110 1.0
170 Did not occur
150 Did not occur
200 Did not occur
150 18.0
190 Did not occur
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ig. 4. The effect of changing the capillary temperature (◦C) on the [M+H]+ and [M+
o  50 ◦C (graph only shows data down to 110 ◦C). From the graph, it is evident that 

M+H]+ ion of PC (16:0/16:0) (225 ◦C) than for the [M+H]+ ion of
M (d18:1/16:0) (190 ◦C) (Table 2), perhaps indicating a gas-phase
nteraction between the fatty acid tails and the head group or a sta-

ilization of the phosphate. A future study on this aspect should be
onducted to determine how fatty acid chain length and saturation
ffect ion fragility for these two classes of compounds. In contrast
o the high degree of TID observed for the protonated species of

ig. 5. The effect of changing the capillary temperature on the [M+H]+ and [M+Na]+ ions
pon  increasing the capillary temperature, but the parent ion signal was still more inten
ther  two phospholipids studied.
ns for SM (d18:1/16:0). The temperature was adjusted at 20◦ intervals from 250 ◦C
otonated species is more susceptible to TID than the sodiated species.

both SM (d18:1/16:0) and PC (16:0/16:0), the TID for protonated
PE (16:0/16:0) was  not as intense (Fig. 5). The protonated species
of PE (16:0/16:0) did show a greater tendency to fragment under

increased capillary temperatures; however, a crossover point never
occurred and the TID fragment ion was  always less intense than the
parent ion. For both protonated and sodiated species, the domi-
nant ion at all temperatures was the parent ion. For PE (16:0/16:0),

 for PE (16:0/16:0). The protonated species showed a greater tendency to fragment
se than the fragment ion even at the highest temperature. This is in contrast to the
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Fig. 6. The effect of changing the tube lens offset from 0 V to 30 V on the [M+H]+ and [M+Na]+ ions for SM (d18:1/16:0). The capillary temperature was held at 250 ◦C for each
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oltage level. At the lowest tube lens voltage, fragmentation of the parent ion is still
he  sodiated species appears to be unaffected by a change in the tube lens offset.

he head group does not retain the charge under any conditions
mployed. The extent of ion transfer fragility in phospholipids may
e more associated with the head group than with the fatty acid
ails; however, a complete study of the phenomenon has not yet
een attempted.

.3. Tube lens offset studies

A final test of ion transport fragility involved changing the volt-
ge of the tube lens. To evaluate the effect of the tube lens offset,
he capillary temperature was maintained at 250 ◦C while varying
he tube lens voltage. For the [M+H]+ ion of SM (d18:1/16:0), as the
ube lens voltage was increased from 0 V to 30 V, the fragment ion
t m/z  184 was the major ion detected (Fig. 6). However, fragmen-
ation was only reduced by 50% when running at 0 V, showing that
y adjusting the tube lens offset alone without lowering the capil-

ary temperature, fragmentation cannot be completely eliminated
or the [M+H]+ ion of SM (d18:1/16:0). It is possible to operate the
ube lens at negative voltages to further reduce fragmentation, but
his was not evaluated here. A future study will be performed to
nclude negative tube lens values. Again, fragmentation was seen
o only a small degree for sodiated SM,  indicating a more stable ion.
ata were also collected for PE (16:0/16:0) and PC (16:0/16:0) and
re summarized in Table 2. As far as fragility during ion transport
o the ion trap, protonated SM (d18:1/16:0) appears to be the most
ragile ion, requiring the lowest tube lens offset and the lowest cap-
llary temperature to reduce fragmentation by 50%. Apparently, the
M+H]+ ion of PE (16:0/16:0) is not appreciably fragmented by con-
itions outside the trap. This may  be related to the location of the
harge on protonated PE (16:0/16:0) and its gas-phase basicity.

The source fragment ions identified for each ionized species are
onsistent with the most abundant CID fragments of the same par-
nt ion. In matrix-assisted laser desorption/ionization (MALDI) of

PLs, Al-Saad et al. [21] described these fragment ions as “prompt”
nd considered them distinct from post-source decay (PSD), but
sed PSD as a way to identify the source of those fragment ions. In
hat study, PC and PE species were detected as [M+H]+ and [M+Na]+
d 50%. Adjusting only the tube lens offset is not enough to limit the fragmentation.

ions. The susceptibility of each ion to produce prompt fragments
was discussed as well, and the protonated species tended to frag-
ment more readily, possibly due to the differences between ionic
binding and proton binding [21]. In our studies on source pressure
for phospholipid analysis by MALDI [19], we observed a decrease
in source fragmentation for SM and PC species when the pressure
in the source region was  increased to 170 mTorr. This result likely
arose from collisional-cooling of the analyte ions with the N2 gas in
the source region, and has been observed for other fragile species
in MALDI analysis [19,22,23].  Even though those studies were from
MALDI generated ions, the same effect is evident in the ESI studies
performed here, although the term prompt may not be appropriate
in ESI because the fragmentation appears to be partially dependent
on the temperature of ion transfer and the energy needed to remove
clusters (set by the tube lens offset) which are parameters that can
be adjusted to remove the fragmentation.

4. Conclusions

The fragility of the ions formed by ESI from model compounds of
three phospholipid classes was  studied, and results showed that all
three classes are fragile within the ion trap as [M+H]+ ions, although
PE (16:0/16:0) showed fragility as both the [M+H]+ and the [M+Na]+

ions. From prior experiments [16], a fragile ion exhibits a PW10% of
greater than or equal to 0.31 amu  and requires a minimum of isola-
tion width of 2.0 to isolate 90% of the parent ion signal. According
to these results, both the sodiated and protonated species of PC
(16:0/16:0) and SM (d18:1/16:0) exhibited a degree of fragility, but
the protonated species was determined to be more fragile because
it exhibited a wider PW10% and a required a wider isolation width.
The fact that both ions of the same molecule exhibit a degree of ion
fragility when compared to very stable ions may indicate that there

is a structural characteristic of PC and SM; computer modeling of
the structure of both the [M+H]+ and the [M+Na]+ ions of these and
other compounds may  aid in determining if there is a structural
correlation to ion fragility. This result also suggests that the pres-
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nce of certain functional groups, such as phosphate, can affect the
ragility of the ion.

The fragility in the ion trap for PE (16:0/16:0) was  very inter-
sting because it showed the widest peak width in zoom scan for
he protonated species, but did not exhibit a large difference in
CID to fragment either the protonated or sodiated species. Per-
aps PE ions do not fully desolvate until after they are stored in the

on trap.
Two experiments studying fragility during ion transport were

eveloped and showed that protonated SM (d18:1/16:0) and PC
16:0/16:0) were also fragile, with decreased parent ion signals
esulting from source fragmentation at high capillary temperatures
nd high tube lens offsets. Protonated SM (d18:1/16:0) was nearly
ndetectable at a capillary temperature of 250 ◦C and tube lens off-
et of 30 V. Thus, SM species need to be analyzed under 200 ◦C and
t lower offsets if protonated in solution. For sodiated SMs, this
s not the case, and thus it may  be beneficial to use cationization

hen studying phospholipids. Fragility with other cations besides
odium should also be evaluated, especially adduction with lithium,
ecause it is often used for structural characterization of lipids.
owever, fragmentation caused by these ion transport parame-

ers was minimal for protonated and sodiated PE (16:0/16:0), even
hough there is only a small change in the head group between
E and PC (or SM). Clearly, the gas-phase conformation (or site
f protonation) or desolvation conditions are very different for PE
han for PC and SM.  Future studies on the effect of fatty acid chain
ength, arrangement, and unsaturation would aid in understand-
ng how these structural changes can alter ion trap analysis and
ragility. In addition, the analysis of PSs and PIs would help to elu-
idate how changes in the head group affect both aspects of ion
ragility.
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