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The mass spectra of diacylglycerophosphocholine phospholipids comprised of saturated fatty
acids (1,2-dipentanoyl-sn-glycero-3-phosphocholine (D5PC); 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (D6PC), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (D14PC)) are sen-
sitive to the electrospray ionization (ESI) conditions. When fresh solutions of phospholipid in
10 mM ammonium acetate are subjected to ESI, protonated oligomeric clusters, [DxPCn � H]�

(x � 5, 6, and 14) are observed in the following different types of mass spectrometers:
3D-quadrupole ion trap; linear ion trap, and triple quadrupole. The formation of the
protonated cluster ions is not unique to the ion trap instruments, although they tend to be
more abundant in these instruments. As the ESI solutions age, new ions are observed, which
correspond to acid-catalyzed solution phase deacylation reactions. The collision induced
dissociation fragmentation reactions of the oligomer cluster ions exhibit a distinct dependence
on the cluster size, with the larger clusters (n � 2) simply fragmenting via the loss of lipid
monomers. In contrast, the fragmentation of the dimeric cluster ion is unique, resulting in a
number of additional reactions including covalent bond formation via intermolecular cluster
SN2 reactions and SN2 transfer of a methyl group. The nature of the charge has a significant role
in the formation of products via these intermolecular cluster reactions. Changing the head
group to phosphoethanolamine “switches off” the SN2 reactions, while changing the cation
from a proton to either a sodium or a potassium ion, diminishes the intermolecular reactions
relative to monomer loss. Semi empirical PM3 calculations on [D6PC2 � H]� suggest that the
SN2 reactions are thermodynamically favored over simple monomer loss. These results have
important implications in the field of lipidomics. (J Am Soc Mass Spectrom 2006, 17, 384–394)
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Electrospray ionization tandem mass spectrom-
etry (ESI/MS/MS) has opened up new oppor-
tunities to study the gas-phase chemistry of

noncovalent complexes and salts, including those of
biological relevance. While many simple protonated
dimer clusters simply fragment via monomer forma-
tion [1], there are an ever-increasing number of
examples where covalent bond formation between
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the two monomers accompanies fragmentation. For
example, noncovalent complexes of phosphate anions
of biological interest undergo condensation reactions
including: diphosphate formation [2], triphosphate
formation [3], and phosphorylation of peptides [4].
Noncovalent complexes between nucleobases and
sugars promote the cleavage of saccharide bonds via
condensation reactions [5]. Furthermore, a number of
tetralkylammonium salts undergo gas-phase SN2 re-
actions, including those involving organic counter
ions (eq 1a) [6, 7], inorganic counter ions (eq 2) [8],
counter ions derived from biomolecules such as pep-
tides (eq 3a, b) [9], DNA (eq 4a) [10], and glycero-
phosphocholine adducts (eq 5) [11]. For larger alkyl
groups, these SN2 reactions are often in competition

with E2 reactions (eqs 1b, 3c, and 4b).
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As part of an ongoing investigation into protein–
protein, protein–lipid, and lipid–lipid interactions of
lipoprotein constituents [12], we were interested in
employing ESI/MS/MS to examine the association
reactions of the simple saturated diacylglycerophos-
phocholines shown in Scheme 1 . Previous studies by
Hanson et al. [13] have shown that such species form
a distribution of gas-phase proton bound oligomers
(“micelles” [14]). When special collisional cooling
conditions were used, higher oligomers could be
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formed for D14PC, (3 in Scheme 1 ), with the largest
GG-H]  + NBu3 + CH2=CHCH2CH3 (4b)

complex being assigned to 95 lipid molecules with a
charge state of � 12 and a mass of 64,410 Da. Thus, we
were intrigued at examining the gas-phase fragmen-
tation of these oligomeric species under CID MS/MS
conditions. Here we report: (1) on the formation of
oligomeric species and other artefacts under ESI/MS
conditions; (2) that the fragmentation of the dimer
cluster cations are unique, resulting in a number of
reactions including covalent bond formation via in-
termolecular cluster SN2 reactions. Given the intense
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interest in lipid profiling via ESI/MS/MS [15], these
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results may have important implications in the gen-
eration of artefacts via solution phase reactions or
gas-phase intermolecular cluster reactions.

Experimental

Materials

The following lipid samples were obtained from
Avanti Polar Lipids (Alabaster, AL) and used without
further purification: 1,2-dipentanoyl-sn-glycero-3-
phosphocholine (D5PC in Scheme 1 ); 1, 2-dihexanoyl-
sn-glycero-3-phosphocholine (D6PC in Scheme 1 ); 1,
2-dimyristoyl-sn-glycero-3-phosphocholine (D14PC
in Scheme 1); and 1, 2-dihexanoyl-sn-glycero-3-phos-
phoethanolamine (D6PE in Scheme 1 ). All other
chemicals were obtained from Sigma-Aldrich (Syd-
ney, Australia) and used as received.

Quadrupole Ion Trap Mass Spectrometry
Experiments

The most extensive series of experiments were per-
formed using commercially available quadrupole ion
trap mass spectrometers (Finnigan-MAT LCQ classic
and DECA, San Jose, CA) equipped with electrospray
ionization (ESI). The concentrations of the D5PC and
D6PC ESI solutions were 8 mM, which corresponds to
sub-micellar concentrations of these phospholipids,
given that their critical micellar concentrations
(CMCs) are: 85–105 mM for D5PC [16a] and 10 –16
mM for D6PC [16]. The concentration of D14PC
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Scheme 1
employed in this study was 2.5 mM. Both short-chain
phospholipids were sprayed in 10 mM ammonium
acetate at pH 6.1, whereas DMPC was initially di-
luted 1:10 in acetonitrile/10 mM ammonium acetate
from a stock of 25 mM before analysis. The sodiated
and potassiated clusters were formed by adding NaCl
and KCl to the lipid solutions to a final concentration
of 40 mM. Since phosphocholine (PC) was available
as its calcium salt, and ESI/MS of this salt mainly
produces calcium containing cluster ions, we used
the well known calcium chelator, ethylenediaminetet-
raacetic acid (EDTA) to replace the Ca2� with H�.
Thus to form mixed phosphocholine (PC)-D6PC clus-
ter ions, a solution of 4 mM D6PC, 4 mM PC (Ca2�

salt), and 4 mM EDTA in 10 mM NH4OAc, pH 6.1 was
prepared. The samples were introduced into the mass
spectrometer via electrospray ionization using a flow
rate of 3.0 �L/min. Typical ESI source conditions
used were: spray voltage, 5.0 kV, capillary tempera-
ture, 200 °C, nitrogen sheath pressure, 60 psi, and
capillary voltage/tube lens offset, 0 V. The injection
time was set at 5 ms for initial scans and was
subsequently manually optimized to obtain best sig-
nal (but never higher than 100 ms). Collision-induced
dissociation (CID) was carried out by mass selecting
the desired ions with a 3–5 Th window, and subject-
ing them to the following typical conditions: activa-
tion energy between 16 and 20%; activation (Q), 0.25
V, and activation time 100 ms.

Linear Ion Trap- Fourier Transform Ion-Cyclotron
Resonance Mass Spectrometry Experiments

Key high-resolution mass spectrometry experiments
were carried out using an 8 mM solution of D6PC on
a Finnigan-MAT LTQ-FTMS instrument equipped
with electrospray ionization (ESI). The sodiated and
potassiated clusters were formed by adding NaCl and
KCl to the lipid solutions to a final concentration of
40 mM. The samples were introduced to the mass
spectrometer via electrospray ionization using a flow
rate of 3.0 �L/min. Typical ESI source conditions
used were: spray voltage, 5.0 kV, capillary tempera-
ture, 200 °C, nitrogen sheath pressure, 40 psi, and
capillary voltage/tube lens offset, 0 V. The injection
time was set using the AGC function. CID was
carried out by mass selecting the desired ions with a
3 Th window and subjecting them to the following
typical conditions: activation energy between 16 and
20%; activation (Q), 0.25 V, and activation time 100
ms for analysis in the ion trap. For high-resolution
mass spectrometry experiments, the analyte was
transferred to the FTMS cell. Similar CID conditions
were used, except that the activation energy was
raised by 10%. To overcome the time of flight effect,
CID spectra containing low mass ions that were lost
during the transfer to the FTMS cell were analyzed by

changing the mass window of ions transferred.
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Triple Quadrupole Mass Spectrometry
Experiments

ESI/MS and tandem mass spectrometry experiments
were carried out on a Micromass Quattro II triple
quadrupole mass spectrometer (Micromass Ltd.,
Manchester, UK) equipped with electrospray ioniza-
tion. The concentration of D6PC was 2 mM in solution
(10 mM ammonium acetate, pH 6.1). The samples were
introduced into the mass spectrometer via electrospray
ionization using a flow rate of 3 �L/min. Typical ESI
source conditions used were: spray voltage, 3.5 kV, HV
lens, 0.6 kV, skimmer offset, 5 V, skimmer, 1.5 V, RF
lens, 0.2 V and source temperature 80 °C. In-source CID
was carried out by varying the cone voltage between 10
and 150 V, as displayed on spectra in the supplemen-
tary material section (which can be found in the elec-
tronic version of this article).

Results and Discussion

Formation of Cluster Ions of
Diacylglycerophosphocholines as Well as Other
Artefacts Under ESI/MS Conditions

ESI/MS of diacylglycerophosphocholines, DxPC (x � 5,
6, and 14), in the positive ion mode yields a range of
protonated oligomers [DxPCn � H]�. Due to the limited
mass range of the quadrupole ion trap (4000 Th) and the
lack of specialized collisional cooling conditions, the
oligomers with the largest number of monomer units
that we have been able to detect are [D6PC8 � H]� and
[D6PC15 � 2H]2�. In addition, using different mass
spectrometers, we have shown that these gas-phase
cluster ions can be formed with different types of ESI
sources and mass analyzer (although the relative abun-
dances of the cluster ions are higher in the LCQ). This
suggests that the interactions observed in the gas phase
maybe similar to those present in the solution phase.
Moreover, the concentration of D6PC at which these
protonated cluster ions are detectable can be as low as
80 �M in the LCQ, with the monomer detectable at a
tenfold lower concentration of 8 �M (Supplementary
Material Figure S1, which can be found in the online
version of this article).

In conjunction with the cluster ions observed in the
ESI/MS, we also found ions at m/z 98 less than the
respective cluster ion peaks in both the LCQ and triple
quadrupole ESI/MS (Supplementary Material Figure
S2). These ions were observed for samples that had
been stored for a month at 4 °C or for 48 h at room
temperature (Supplementary Material Figure S2) and
could arise from acid-hydrolysis of an ester bond in the
glycerol backbone of D6PC, leaving the glycerol moiety
with a single ester bond to the phosphocholine head
group. The exact mass difference was determined by
LTQ-FTMS to be 98.0610 Da, which agrees with the
theoretical mass of the 6 carbon fatty acid (C6H10O,

98.0726 Da). Deacylation reactions, while apparently
not reported in the ESI/MS literature of phospholipids,
have been reported for acid-treated phospholipid prep-
arations [17].

ESI/MS/MS of Proton Bound Homo- and Hetero-
Oligomers of Diacylglycerophosphocholines

Given the significant recent interest of the fragmenta-
tion behavior of multicomponent noncovalent com-
plexes under CID conditions [18], we wanted to exam-
ine the behavior of proton bound homo- and hetero-
oligomers of D5PC (1), D6PC (2), and D14PC (3). Due to
the limited mass range of the quadrupole ion trap, the
oligomers with the largest number of monomer units
that we have been able to examine under CID condi-
tions are [DnPC4 � H]� (for n � 5 and 6) and [D14PC3

� H]�. A total of 36 product ion spectra of cationized
homo- and hetero-oligomers were examined. The tan-
dem mass spectra of the [D6PCn � H]� series of
homo-oligomers (n � 1– 4) are shown in Figure 1, and
are representative of all other proton bound homo-
oligomers.

All the proton bound homo-oligomers [D6PCn �
H]� simply fragment via loss of a monomer unit when
n � 2. Fragmentation of the protonated dimer, how-
ever, is unique and results not only in the loss of a
zwitterionic monomer, but also in covalent bond for-
mation via intermolecular cluster SN2 reactions as well
as other competing reactions. These intermolecular
cluster reactions are not unique to the D6PC homo-
dimers, and were also observed in the LCQ tandem
mass spectra of the D5PC and D14PC homo-dimers
(Table 1), as well as the [D5PC � H � D6PC]�, [D5PC
� H � D14PC]�, and [D6PC � H � D14PC]� hetero-
dimers (Supplementary Material Figure S3).

In the case of [D6PC2 � H]�, four main types of ions
are observed (Figure 1c): (1) loss of a monomer to give
the [D6PC � H]� ion at m/z 454; (2) formation of a
product ion at m/z 637; (3) an intermolecular cluster SN2
reaction with expulsion of trimethylamine to give a
[D6PC2 � H � Me3N]� product ion at m/z 848; and (4)
an intermolecular cluster SN2 methylation reaction to
give a [D6PC � Me]� product ion at m/z 468. This gives
rise to the following questions: What types of mecha-
nisms might yield the key product ions at m/z 468, at
m/z 848, and at m/z 637? How do these mechanisms
dictate the structure of these product ions? It seems
likely that each of these intercluster reactions are trig-
gered by the anionic phosphate oxygen, which can
potentially initiate the different mechanisms shown as
(a) to (e) in Schemes 2, 3, and 4.

The product ion at m/z 468 arises from SN2 methyl-
ation Reaction (a) shown in Scheme 2. This reaction is
directly related to the SN2 reactions in salts discussed in
the introduction (eqs 2, 3a, 3b, and 4a). The only
difference is the overall charge for each of the systems,
the nature of the amine leaving groups and the anionic

nucleophiles.
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The product ion at m/z 848 arises from Me3N loss.
There are two possible mechanisms for this loss. The
first, (Reaction (b) of Scheme 3), involves attack of the
phosphate oxy anion onto the neighboring head
group in a similar fashion to the SN2 methylation
(Reaction (a) in Scheme 2). Thus the only difference
between these intermolecular SN2 reactions is the
nature of the carbon attacked and the resulting leav-
ing group. An important consequence of the mecha-
nism shown in Path (b) is that it results in a “cross-
linked” [D6PC2 � H � Me3N]� product. In contrast,
if Me3N loss occurs via an intramolecular mechanism
as shown in Path (c) of Scheme 3, the [D6PC2 � H �
Me3N]� product is a noncovalent complex. Thus,
these different pathways give rise to two structural
distinct product ions, which should be distinguish-
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Figure 1. LCQ CID MS/MS of (a) [D6PC4

(d) [D6PC � H]�. The mass selected precursor

Table 1. LCQ product ion spectra of the cationized homo-dime
H, Na or K)

n� X�

F

[DnPC2 � X � Me3N]�

5 H 792 (3)
5 Na 814 (1)
5 K 830 (1)
6 H 848 (3)
6 Na 870 (1)
6 K 886 (2)

14 H 1298 (6)
14 Na 1320 (1)
14 K 1336 (2)

aAll spectra were carried out with an isolation window of 3 Th and a ac

give a CID spectrum where the precursor ion is about 20% relative abundan
bonly ions of a relative abundance � 1% are listed.
able from each other by further CID reactions. The
results of such studies are discussed in detail in
another section below.

The ion at m/z 637 could also arise from either of two
pathways, depending on whether the phosphate oxy
anion attacks in an intermolecular (Scheme 4, Path (d)
or intramolecular (Scheme 4, Path (e) fashion. Unfortu-
nately, both mechanisms yield the same products and
are thus not readily distinguished. Interestingly, the
ionic product corresponds to the [D6PC � PC � H]�

heterodimer. The intermolecular elimination mecha-
nism seems unlikely because the protons on the glycerol
backbone are less acidic than the �-protons on the fatty
acid side chains and, thus, loss of the fatty acid moiety
as ketene would be expected to dominate any intermo-
lecular elimination reaction [19]. In contrast, the in-
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tramolecular elimination reaction benefits from a
6-membered transition-state.

An important question concerns the issue of whether
these intermolecular cluster reactions are unique to CID
in a 3D quadrupole ion trap, or if they occur in other
types of mass analyzers and under “in-source” CID
conditions. To address this issue, we have carried out a
series of CID experiments in a linear ion trap (Supple-
mentary Material Figure S4) as well as via “in-source”
CID experiments in both the LCQ and the triple quad-
rupole mass spectrometers. The latter experiments are
discussed in the section below.

Similar clusters are observed in the linear ion trap
compared to the 3D quadrupole ion trap (Supplemen-
tary Material Figure S4A). Under collisionally acti-
vated conditions, the protonated dimer fragments via
aforementioned pathways. Due to the increased sen-
sitivity of the LTQ, we observe two other peaks,
which are attributable to further fragmentation. MS3

experiments (Supplementary Material Figure S4C-F)
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support their identities as those proposed earlier and
described in further detail below. To further confirm
the identity of the charged species and, hence, the
neutral loss, similar experiments were carried out
with higher mass accuracy on a LTQ-FTMS. Compar-
ison of the masses obtained with the theoretical
masses lends support for the elemental compositions
of all the proposed species generated via both ESI and
CID (Supplementary Material Table S1).

To further probe the formation and structures of
the [D6PC2 � H � Me3N]�, [D6PC � Me]�, and other
product ions, we next examined (1) the role of the
charge in their formation by comparing the fragmen-
tation reactions of the related alkali adducts; (2)
whether the inter cluster reaction products can be
formed via “in-source” CID; and (3) possible struc-
tures of the fragmentation reaction products based on
a combination of PM3 semi-empirical calculations
and MS3 experiments.
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Role of the Charge in the Formation
of the Intercluster CID Products
To gain further insights into the requirements for these
intercluster reactions, we have evaluated the role of the
charge. This can be changed by either altering the
nature of the head group or the cationizing agent.
Changing the head group from choline to ethanolamine
has a profound effect on the fragmentation of the
protonated dimer (Supplementary Material Figure S5).
Thus [D6PE2 � H]� (m/z 823) dissociates to yield the
monomer (m/z 412) as the dominant product, with only
minor amounts of loss of the acyl side-chain occurring
[at m/z 271 (15%) and at m/z 553 (�1%)]. No loss of NH3
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is observed, suggesting that the head group controls
whether the intramolecular SN2 (Path (b) in Scheme 3)
reaction occurs or not.

Altering the cationizing agent also changes the types
of reactions observed in the product ion spectra of
diacylglycerophosphocholines (Figure 2, where Cat �
Na and K). A comparison of the cationized monomers
of D6PC reveals that the nature of the charge can have
a profound effect on the type of fragmentation reaction
that results. Thus when Cat � H, the sole pathway
involves formation of the phosphocholine ion at m/z 184
(Figure 1d). In contrast, the dominant fragmentation
reaction for the alkali earth cationized monomers in-
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volves loss of trimethylamine (Figure 2c and d), consis-
tent with previous studies [20a]. The nature of the
charge also plays a role in the fragmentation reactions
of the dimers. Not only do the abundances of the
intercluster fragmentation reactions significantly di-
minish in the sodiated and potassiated dimers (Figure
2a and b), but the types of reactions observed also are
different. In the case of the protonated dimer cluster,
both SN2 (ions at m/z 468 and 848 in Figure 1c) and
elimination (ion at m/z 637 in Figure 1c) reactions occur.
In contrast, the elimination reaction pathway is virtu-
ally nonexistent for the sodiated and potassiated dimers
(Figure 2a and b). Similar results were found for the
D5PC and D14PC homo-dimers (Table 1). While it is not
clear why the elimination reaction becomes unfavorable
for the alkali earth metal cationized dimers, a possible
explanation is that the preference for multidentate
coordination by sodium and potassium ions restricts
the geometric conformations available for intercluster
reactions.

Examination of In-Source Formation
of the Intercluster CID Products

Arguably, the biggest concern for the generation of
artefacts via intermolecular cluster reactions is their
occurrence via “in-source” CID before mass selection.
In the LCQ mass spectrometer, the most significant
factor controlling in-source CID is the tube lens voltage,
while in the triple quadrupole mass spectrometer it is
the cone voltage. An examination of the ion signal for
the various oligomers as well as the intercluster CID
products as a function of the tube lens voltage in the
LCQ reveals a complex dependence (Supplementary
Material Figure S6). This is because the dimer cluster
ion is the source of the intercluster CID products and
the dimer ion itself is formed from CID reactions
involving the higher oligomeric cluster ions (Figure 1a
and b). Nonetheless, the intercluster CID products
shown in Schemes 2 and 3 are not only observed at
relatively low (typically �50 V) tube lens voltages, but
also yield identical product ion spectra to those ob-
tained in MS3 experiments involving the mass selected
protonated dimers (see Supplementary Material Fig-
ures S7 and S8). How these product ion spectra relate to
the proposed structures of the intercluster CID products
are discussed in further detail in another section below.

We have also examined the “in-source” CID reac-
tions in a triple quadrupole mass spectrometer by
varying the cone voltage (Supplementary Material Fig-
ure S9). At low cone voltage (10 V), the monomer is the
predominant species. However, as the cone voltage is
increased (100 and 150 V), there is a shift towards the
protonated dimer as the predominant species. In addi-
tion, higher cone voltages promote the further fragmen-
tation of the protonated dimer to produce some of the
species observed earlier under CID conditions. Thus the

[D6PC � Me]� ion (m/z 468) and that arising from the
elimination pathway (m/z 637) are both observed in the
spectra at cone voltage of 100 V. In contrast, the
“cross-linked” SN2 reaction product (m/z 848) is not
observed. This suggests that the source induced disso-
ciation fragmentation conditions in the triple quadru-
pole are somewhat different from those involved in the
formation of the CID products observed in both the
quadrupole and linear ion traps.

Possible Structures of the Fragmentation Reaction
Products Based on a Combination of PM3 Semi-
Empirical Calculations and MS3 Experiments

How can we confirm the structures of the three key
intercluster reaction product ions shown in Schemes 2,
3, and 4? Ideally, this would be achieved by comparing
their fragmentation reactions with those of “authentic”
ion structures synthesized via other means (i.e., in the
condensed or gas phases), or where this is not possible,
by examining the types of fragmentation reactions
observed and correlating them to related phospholipid
fragmentation pathways (including those described in
the literature). Here, we focus solely on a detailed
discussion of the D6PC product ion structures, although
similar results were observed in the product ion spectra
of each of the intercluster product ions for the D5PC
and D14PC homo-dimers (Table 1).

We were able to unequivocally confirm the identity
of the proposed elimination product as being the [D6PC
� PC � H]� complex, since we able to independently
“synthesize” an “authentic” structure in the gas phase
and show that it yields an essentially identical CID
spectrum. This was achieved by combining PC with
D6PC in solution and subjecting the resultant mixture
to ESI/MS (see Experimental section for details). Al-
though, the [D6PC � PC � H]� complex was observed
in the ESI mass spectrum, to avoid possible contamina-
tion of this m/z 637 ion from in-source CID reactions of
the D6PC homo-dimer, we chose to mass select the
hetero-trimer, [D6PC2 � PC � H]� [the hetero-trimer,
(D6PC2 � PC � H)� cannot be contaminated from the
homo-trimer of D6PC, as it solely fragments via D6PC
loss; see Figure 1b] and subject it to CID, then isolate the
resultant [D6PC � PC � H]� hetero-dimer for subse-
quent CID studies. MS3 of this m/z 637 produced an
identical spectrum (Supplementary Material Figure
S10) to the m/z 637 intercluster CID product formed
from the protonated D6PC dimer. The MS3 spectrum of
the proposed elimination product (Scheme 4) mainly
yields [D6PC � H]�, consistent with it being a nonco-
valent complex (Supplementary Figure S8). Interest-
ingly, a small amount of the methylated monomer is
observed, which may arise via a related intercluster SN2
reaction (cf Scheme 2).

Unfortunately, the SN2 “cross-linked” product ion
(formed via Path (b) of Scheme 3) is a previously
unknown species that is not readily synthesized, thus

precluding a direct comparison of its CID spectrum.
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Nonetheless, an examination of the MS3 spectrum re-
veals that the fragmentation reactions are consistent
with the “cross-linked” structure, as it fragments via
successive cleavages of the two phosphate-glycerol
COO bonds to yield product ions at m/z 578 and 308
(Supplementary Material Figure S7A and S7B) rather
than via fragmentation to the [D6PC � H]� monomer,
which would be indicative of a noncovalent complex
structure for the [D6PC2 � H � Me3N]�. Thus, this
suggests that the Me3N loss from the dimer proceeds
via Path (b) in Scheme 3 rather than Path (c).

In a similar fashion, the MS3 spectrum of the pro-
posed SN2 methylated structure (formed via Scheme 2)
yields methylated phosphocholine at m/z 198 (Supple-
mentary Material Figure S7C and S7D), which is anal-
ogous to the way that the protonated monomer frag-
ments (Figure 1d) [20a].

While detailed molecular modeling for these systems
are beyond the scope of this paper, we were interested
in examining the structures and energetics for the
products arising from the four fragmentation pathways
for the [D6PC2 � H]� ions. Unfortunately, these dimers
are too large to optimize using high level ab initio or
DFT calculations. Simplifying the acyl side-chain to an
acetyl group to save on computational expense is not an
option since PM3 calculations suggest that this has a
profound effect on the structures of these species, as
stabilization of conformations via hydrophobic interac-
tions involving the acyl chain are lost (data not shown).

Figure 3. Most stable PM3 calculated structures
Path (a) of Scheme 2); (c) [D6PC � H � Me N]
2 3

� C15H26O4]� (formed via Scheme 4).
Thus, the PM3 level of theory [21] was chosen to
optimize these structures using the GAMESS program
[22] since it is generally accepted to be the best semi-
empirical method for calculating hydrogen bonded
structures [23]. Given the size of these systems, a
comprehensive search of the conformational space of
the reactant and all of the products is beyond the scope
of this work. Further complications are that many of
these species can be stabilized by a number of different
types of electrostatic interactions, and that the proton
can reside on a number of different sites. Nonetheless,
we include the PM3 calculated structures of the key
ionic species arising from the fragmentation of the
[D6PC2 � H]� dimer in Figure 3, while the energetics
for the competition between dissociation to the mono-
mer versus the SN2 (Scheme 2, Path (b) of Scheme 3) and
elimination pathways (Scheme 4) are given in Table 2.
[The product of Path (c) in Scheme 3 was not calculated
as the MS3 experiments do not support this structure.]
An examination of Figure 3 reveals a number of inter-
esting structural features for each of these ions. In all
cases the acyl chains were found to adopt a zigzag
conformation and interact with each other via hydro-
phobic interactions. The phosphocholine head group
was found to stabilize conformations by undergoing
several different types of electrostatic interactions.
Thus, in the protonated monomer, a total of three
different conformations were found. In the most stable
conformation (Figure 3a), the charged trimethylammo-

) [D6PC2 � H]�; (b) [D6PC � Me]� (formed via
med via Path (b) of Scheme 3); (d) [D6PC � H
of: (a
� (for
 2
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nium part of the head group interacts with the C¢O of
one of the acyl chains, while in the remaining confor-
mations the OH of the phosphate interacts with the C¢O
of one of the acyl chains (data not shown). A total of
three conformations of the methylated monomer were
found. Interestingly, the most stable conformations of
both of the ionic SN2 products are the ones that exhibit
the same type of stabilization by the charged trimeth-
ylammonium part of the head group, which interacts
with the C¢O on one of the acyl chains (Figure 3b and
c). The charged elimination product is interesting since
it is a protonated dimer in which the proton can reside
on either of the phosphate groups. Of the four confor-
mations found, the most stable one has the largest
phosphate protonated (Figure 3d).

Although we have not carried out full conforma-
tional searches and considered the barrier heights (by
calculating the transition states) for these fragmenta-
tions reactions, the data in Table 2 reveal some interest-
ing aspects on the thermochemistry associated with
these intercluster reactions that are expressed relative to
the energy of the starting protonated dimer. Thus, there
is an inherent thermodynamic driving force to the SN2
reactions that are both calculated to be exothermic
(Scheme 2 by 11.8 kcal mol�1; Path (b) of Scheme 3 by
10.7 kcal mol�1). In contrast, simple monomer loss and
the products from the elimination reactions shown in
Scheme 4 are endothermic by 25.3 kcal mol�1 and 14.5
kcal mol�1, respectively. In fact, all of the intercluster
reactions are thermodynamically favored over simple
dissociation to the monomer.

Conclusions

Given the increasing number of studies in biological
mass spectrometry, it is surprising that few studies
have discussed the issue of artefacts arising in the mass
spectra of the common classes of biomolecules. In
principle, artefacts may either arise from solution phase
reactions or from gas-phase processes. Most studies
have focused on understanding rearrangement reac-
tions occurring in the CID spectra of ions derived from
monomeric species [24]. It is now becoming apparent
that gas-phase intermolecular cluster reactions may also

Table 2. PM3 calculated energetics (in kcal mol�1) for the
competition between monomer loss and SN2 and Elimination
reactions for the protonated dimers [D6PC2 � H]�a

Reaction Type
�H for

[D6PC2 � H]� Structure of ion

Monomer loss 25.3 see Figure 3a
SN2 “cross linking”b �11.8 see Figure 3c
SN2 methylationc �10.7 see Figure 3b
Eliminationd 14.5 see Figure 3d

aAll data are available from the authors upon request.
bYields the products shown in Scheme 2.
cYields the products shown in Path (b) in Scheme 3.
dYields the products shown in Scheme 4.
give rise to artefacts.
In the area of lipidomics, the results from this study
suggest that three main types of artefacts may be
present in ESI mass spectra, and suggest these artefacts
may be worth searching for in metabolomic data [15d].
The first class arises from solution phase hydrolyses
reactions. Given the large number of samples routinely
analyzed, there can often be a significant time delay
between collection and analysis of samples. We have
shown that significant acid hydrolysis of diacylglycero-
phospholipids can occur. The second class arises from
the formation of lipid cluster ions. Although it has been
suggested that the best way of avoiding lipid–lipid
interactions in mass spectrometry is to use dilute solu-
tions [15c], the fact that lipid oligomers are observed
below their CMC under ESI conditions [14] suggests
that these lipid clusters may be formed during the
electrospray process via “concentration” of the lipid
during the desolvation process. The third class of arte-
fact arises from gas-phase intermolecular cluster reac-
tions. The limited studies reported to date suggest that
the structure of the lipid in dimer cluster ions appears to
play an important role in the formation of products
arising from intermolecular cluster reactions. Simple
lithium bound dimers of diacylglycerol appear to be
“well behaved”, fragmenting to form monomers [25]. In
contrast, the phosphate group of phospholipids can be
involved in phosphate transfer [2c] or in the SN2 and
elimination reactions described in this work. These
latter artefacts may become significant in the detection
of minor components in complex lipid mixtures directly
infused by ESI/MS, especially where neutral loss strat-
egies are used [19].

Further studies are underway at examining the fun-
damental gas-phase chemistry of cluster ions of biolog-
ical relevance, including additional lipid systems.
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