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Abstract

Electrospray ionization combined with collision-induced dissociation has been applied to characterize fragmentation pathways of doubly charged
poly(ethylene oxide) polymers. MS/MS spectra of doubly lithiated precursors were shown to provide the most informative data for this polymer
structural analysis. Most fragment ions could be accounted for by applying the mechanisms proposed in the literature for singly charged oligomers.
Although MS/MS experiments were conducted in a low collision energy regime, radical cationic fragments were also detected and were shown to
further dissociate. This consecutive dissociation was explored performing hydrogen/deuterium exchange experiments and ab initio studies. Two
different mechanisms had to be envisaged depending on the size of the fragmenting radical cationic species.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mass spectrometry (MS) has become an increasingly impor-
tant tool for polymer analysis since the development of soft
ionization methods. As oligomers can be detected as intact
molecular adducts, data from matrix-assisted laser desorp-
tion/ionization (MALDI) or electrospray ionization (ESI) mass
spectra can be utilized to determine the size of repeat units as well
as end group masses, average molecular weights and polymer-
ization degree. Further structural characterization of the polymer
repeat unit and end-groups requires oligomer ions to be frag-
mented, in collision-induced dissociation (CID) or post-source
decay (PSD) experiments.

Structural study of low molecular weight poly(ethylene gly-
col)s (PEG) was first reported by Lattimer, using fast atom
bombardment (FAB) to generate precursor ions [1,2]. In this
pioneering work, fragmentation pathways of PEG oligomers
were proposed and a first nomenclature was established. Four
main fragment ion series were described and named A, B, C and
D according to the ion structure. In case of asymmetric poly-
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mers, the letters A, B, C and D have been restricted to those
daughter ions which still contain the intact w end-group from
the precursor whereas A’, B/, C’ and D’ were used to name frag-
ments with the initial o« end-group. More recently, CID studies
of small PEG polymers using MALDI [3-8], ESI [9,10] or DESI
[11] to generate oligomer adducts have been reported. The same
fragment ions as those described by Lattimer were observed
and nomenclature used to label peaks in the MS/MS spec-
tra has only slightly evolved, according to specific end-group
definitions.

In most reported studies, the choice of alkali metal cation
to be adducted to PEG molecules was shown to have a great
impact in the production of fragment ions under CID conditions
[1,2,6-9,12]. MS/MS spectra of lithiated precursors [M + Li]*
were shown to be the most informative for structural analysis of
PEG whereas a bare alkali cation was often the only reported
daughter ion arising from dissociation of sodium or potassium
adducts. It was concluded that structurally significant fragments
could only be produced in the case of strong interactions within
the ionic adduct, which are known to increase as the cation size
decreases.

To our knowledge, PEG fragmentation studies were mainly
performed on singly charged molecules. Since multiple charging
is readily achieved during ESI of moderate size PEG [13], study
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of the MS/MS behaviour of multiply charged oligomers was thus
of interest.

2. Experimental
2.1. Chemicals

Methanol and HPLC grade water were purchased from
SDS (Peypin, France). All chemicals were from Sigma—Aldrich
(St. Louis, MO). Poly(ethylene glycol) hydroxyl terminated,
PEG1000, and poly(ethylene oxide) methyl terminated, PEO-
Me1100, were first dissolved in water and further diluted using
methanolic salt solutions to a final 100 wg mL~! concentration.
LiCl, Nal, KCI, RbI and CslI salts were used at a 10 mM con-
centration.

2.2. MS

All experiments were performed with a QStar Elite mass
spectrometer (Applied Biosystems SCIEX, Concord, ON,
Canada) equipped with an ESI source operated in the positive
ion mode. The capillary voltage was set at 5500 V and the cone
voltage at 80 V. In this hybrid instrument, ions were measured
using an orthogonal acceleration time-of-flight (0a-TOF) mass
analyzer. A quadrupole was used for selection of precursor ions
to be further submitted to CIDs in MS/MS experiments. Nitrogen
was used as the nebulizing gas (10 psi), the curtain gas (20 psi)
as well as the collision gas. Collision energy was set according
to the experiments. Analyst software version 2.1 was used for
instrument control, data acquisition and data processing. Direct
sample introduction was performed ata 5 p.L/min flow rate using
a syringe pump.

2.3. Computational details

Geometry optimisations were performed using the density
functional theory (DFT) method as implemented into Gaus-
sian 03 Revision C.02 [14]. In this study we used the B3LYP
functional for all calculations, using the unrestricted formalism.
The basis set used was 6-311g (2d,p). Spin contamination was
checked for each calculation: (S2) was always found to be 0.00
for closed shell systems and between 0.75 and 0.76 for dou-
blets. All energy differences for dissociations were corrected of
basis set superposition error (BSSE) by use of the counterpoise
correction method on the optimal geometries.

3. Results and discussion
3.1. Effect of cationizing agent

When submitted to ESI, PEG1000 oligomers were mostly
detected as doubly cationized molecules. Signal from singly
charged oligomers was measured to be about 3% of the total
ion current (TIC). The propensity of poly(ethylene glycol)
oligomers to desorb as doubly charged molecules under electro-
spray conditions was shown to be independent of the cationizing
agent present in solution. The behaviour of doubly charged

oligomers was studied in MS/MS experiments as a function of
the adducted cation. MS/MS spectra presented in Fig. 1 were
obtained after dissociation of [21-mer + 2Cat]2+, with Cat=Li,
Na, K, Rb or Cs, at a 30 eV collision energy (laboratory frame).
From Fig. 1b—e, a common fragmentation pattern was observed,
which consists of the production of two singly charged daugh-
ter ions, the singly charged oligomer [21-mer + Cat]*, and the
bare alkali cation, Cat™. However, the very different abundances
measured for these two ions would indicate the bare alkali cation
also arises from dissociation of singly charged oligomer which
would consecutively eliminate the oligomer molecule as a neu-
tral. Moreover, the production rate of Cat* was observed to
increase with the size of the alkali, despite the center-of-mass
collision energy decreases. For example, relative intensity of
Cat* as compared to the precursor ion was 0.19 when sodium was
used as the cationizing agent (that is, in a MS/MS experiment
with a center-of-mass collision energy of 0.827 eV) whereas the
same ratio calculated from the dissociation of [21-mer + 2Cs]**
at 0.680 eV was found to be 273. These data are consistent with
those previously reported, indicating the strength of interactions
within the ionic adduct increases as the cation size decreases
[1,2,6-9,12]. Different results were obtained when lithium was
used as the cationizing agent (Fig. 1a). The bare Li* cation could
hardly be observed and numerous additional fragments were
detected. As for singly charged PEG, MS/MS spectra of doubly
lithiated PEG oligomers appear to yield the most informative
data. Lithium was thus selected to further study fragmentation
pathways of doubly charged PEG oligomers.

3.2. MS/MS of doubly charged PEG-Me

Due to molecule symmetry, dissociation of poly(ethylene gly-
col) adducts can occur through different routes to yield the same
fragment ions [1,2]. Since reaction mechanisms can only be
evidenced using an asymmetric polymer, a PEG methyl ether
polymer (PEG-Me1100) was chosen, with CH30- and H- as «
and w end groups, respectively. The MS/MS spectrum of the dou-
bly lithiated 23-mer, detected at m/z 529.3, is presented Fig. 2.
Most peaks observed in this MS/MS spectrum could have been
accounted for, using mechanisms established for the dissocia-
tion of singly charged PEG oligomers [1,2], which would only
be briefly described here.

The first mechanism, reported as a charge-induced reaction
in the case of singly lithiated oligomers, should allow two series
of ions to be produced in the case of doubly charged precursors.
Indeed, depending on the relative position of the two cations
on the oligomer backbone at the time of dissociation, two singly
charged products (Scheme 1a) or a doubly charged molecule and
a neutral (Scheme 1b) would be formed after ethylene elimina-
tion. Peak assignment was achieved based on the expected ion
m/z values (as indicated in Scheme 1) and validated by isotopic
information. Indeed, selection of doubly charged precursor ions
was performed in a quadrupole analyzer which resolution was
intentionally lowered to allow both the monoisotopic ion and
its one 13C counterpart to be simultaneously submitted to dis-
sociation. For peaks measured at m/z values lower than that of
the precursor ion, doubly charged daughter ions could thus be
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Fig. 1. ESI-MS/MS spectra of doubly charged PEG1000 21-mer with (a) Li*, (b) Na*, (c) K*, (d) Rb* and (e) Cs* as the cationizing agent.
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Fig. 2. ESI-MS/MS spectrum of doubly lithiated PEG-Me1100 23-mer (collision energy: 60 eV, laboratory frame).

distinguished from singly charged ones based on their partial iso-
tope pattern. In Scheme 1a and b, the A® series ions are lithiated
dihydroxyl terminated PEG oligomers, i.e., they still contain the
w end group from the precursor ion. The subscript indicates the
number of intact monomer units within the A ion structure and

the charge state is mentioned in superscript. In Fig. 2, A% 1+ jons
were observed from n=2-22 while A®>* ions were detected
from n=13-22. In Scheme la, A$’1+ ions are formed together
with C;y, !+ jons, i.e., lithiated formyl-terminated oligomers con-
taining the original o end-group. From the doubly lithiated
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23-mer, C;‘,‘;” ions with m=1-16 were produced. Fragmen-
tation reactions shown in Scheme 2 would produce the same
A !F and C% 1 jon series as those defined in Scheme 1. As the
result of a charge-remote mechanism, the sites of both lithium
attachments to the molecule are uncertain in contrast to the sit-
uation depicted in Scheme 1. Consequently, a third route could
be envisaged (Scheme 2c¢) yielding C;",Z’ZJr ions detected from
m=38-20 in Fig. 2. The A® ion series can also be produced as
singly or doubly charged molecules according to the reaction
presented in Scheme 3. Vinyl-terminated B%’H oligomers ions
would be formed complementary to A,‘;”H' ions (Scheme 3a)
and were detected from m =1-19 while their doubly charged
homologues, alternatively produced according to Scheme 3b,
were observed from m=9-21.

Another route to produce singly and doubly charged C“ is pre-
sented in Scheme 4. After elimination of a hydrogen molecule,
three sets of products can be formed depending on the rela-
tive position of the two cations at the time of the dissociation.
The same reaction could lead to C% !+ jons together with B!+
(Scheme 4a) or to the production of doubly charged molecules
such as Cf‘n’2+ (Scheme 4b) or Bﬁ’z"’ (Scheme 4c). B} were
detected from n =2-19 with charge state +1 and from n=10-21
with charge state +2.

From the charge-induced dissociation described in Scheme 5,
ethylene elimination would result in the formation of new prod-

“awih

uct ion series: two singly charged products, A%!* and C& 1+
ions (Scheme 5a) or one doubly charged molecule, A%’“, and
one neutral (Scheme 5b). Data from Fig. 2 indicate [M»3 + 2Li]**
dissociate according to Scheme 5 to yield A‘z"’_lg ions, C‘l";lng ions
and A‘f‘éz_zz ions. Note that the peak observed at m/z 1051 was

labelled A%H based on its structure but this ion would actually
be produced as the precursor ion eliminate a Li* cation.

The formation of A, B and C series ions can be accounted
for by multiple dissociation reactions, the main of which being
described above. Therefore, relative ion abundances in the
MS/MS spectra could not be used to figure out which set of prod-
ucts is preferentially formed in each of the presented reactions.
Moreover, all singly charged fragments could also arise from
consecutive dissociations of A%H, which has the same struc-
ture as a singly charged PEG-Me oligomer and is formed at low
collision energy. However, such contribution to the daughter ion
abundance is assumed to be quite low. Indeed, MS/MS exper-
iments performed on the singly charged 23-mer precursor ion,
obtained from in-source dissociations of [Mj3 + 2Li]2+, showed
that a pretty high collision energy (>100 eV, laboratory frame)
is required to produce few fragments of low intensity. This
indicates a higher fragmentation efficiency of doubly charged
polymer adducts, as compared to their singly charged homo-
logues, as previously reported [13,15].
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Dissociation pathways described in the literature to lead to
cationic fragments from singly charged PEG oligomers [1,2]
were thus observed to occur from doubly charged precursors,
except for the so-called E fragment arising from an internal
elimination of two ethylene oxide groups. In addition, numerous
doubly charged daughter ions were observed. However, singly
charged fragments still dominated the MS/MS spectrum, as
already reported in CID of highly charged polymers [15]. Inter-
estingly, although reported to proceed with maximum efficiency
athigh (keV) collision energy [12], elimination of radical species
was also observed in the present experiments. These decomposi-
tions produce radical cations, systematically reported as D ions
regardless of the nature of the bond actually cleaved [1-3,6]. The
same notation has been adopted for its simplicity (Scheme 6). As
for previous series, depending on the position of the two Li* on
the precursor ion relatively to the cleaved bond, D}, and D;; could
be expected as singly or doubly cationized radical species. How-
ever, since D series mainly contain low mass ions, only singly
charged species could be detected as Do‘_17+ and D‘3”_17Jr

In addition, a new series of singly charged ions was observed
in the low mass range of the MS/MS spectrum at m/z 123, 167,
211 and 255 (Fig. 3a). Accurate mass measurements suggest
that those Dﬁf;l; ions arising from the homolytic cleavage of the
O-C bond (Scheme 6) would consecutively eliminate a CoHsO»
radical species. To tentatively describe this reaction mechanism,
conformation of these dissociating D?;l; radical cations was
explored in the following ab initio study.

3.3. Ab initio study of D:f’_17+ radical cations

The Dy 17+ radical ion species generated after homolytic

cleavage of a O—C bond contain different numbers of oxygen

D4(u‘1+
m/z 184

C- End mechanism

_’L J\

atoms, each of which is a potential binding site for the lithium
cation [16,17]. Conformation of these ions corresponding to
energy minima in each case are displayed in Fig. 4. All struc-
tures present the same basic features. The lithium cation is buried
deep in the oligomer chain and is coordinated to as many oxy-
gen atoms as possible. The oligomer chain appears to be quite
flexible and warps itself around the lithium cation [18]. The
coordination layer takes the shape of a square or a square based
pyramid for n equals 4 or 5, respectively. For n > 6, all oxygen
atoms cannot coordinate the lithium for steric issues: only five
oxygens coordinate the lithium forming a square based pyramid.
The atoms of the coordination layer strongly interact with the
lithium. The Li-O distance varies between 1.95 and 2.18 A. No
significant variation of this distance was found when the number
of oxygen atoms increases. Li* always remains tightly bound to
the oligomer chain. Based on atomic spin densities calculated for
the each Dﬁ’“ radical cations, the unpaired electron is located
at the C atom of the terminal CH, group.

From these calculated conformations, a fragmentation mech-
anism was proposed as described in Scheme 7 for Dy” B (1
consists of a hydrogen radical transfer from the hydroxyl end-
group to the terminal C atom (Cg) in the case of the Dy” +
ion) followed by a proton transfer from Cy) to O(). ThlS
mechanism was named the “C-End mechanism”. The result-
ing lithium ion-bound pre-dissociative complex could then lead
either to the cation detected at m/z 123 (El) or to the dis-
tonic radical cation Li*- - -*O—CH,—CH,—OH expected at m/z
68 (E2). The first reaction was calculated to be less endother-
mic (E1=+162.2kJmol™') than the competing dissociation
(E2=+180.3kJ mol~"). The additional complexation of Li* by
the double bond in the m/z 123 product is likely to account
for its highest stability. The interaction energy between a dou-
ble bond and a Li* ion was calculated on the simplest possible
model (Li* on ethylene). The interaction energy was found to
be 93.2kJ mol~! at this level. However, due to geometrical con-
straints in the actual system, the stabilization is surely much
lower than this ideal value, but still substantial.

As the size of the precursor ion increases fromn=4ton=35,
the elimination of the 2-hydroxyethoxy radical (61 Da) was fur-
ther shown to be the preferential route over the formation of a
distonic radical cation by an amount of energy of 104 kJ mol~".
This might account for the higher intensity measured for m/z
167 as compared to m/z 123 despite the lower abundance of

D' as compared to D§"'* precursor ions. This result could

(-61 Da) k

pre-dissociative complex

mlz 123

Scheme 7.
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Fig. 4. B3LYP/6-311g(2d,p) geometries of the lowest energetic structures of fragment ions D®!* (bond lengths are given in Angstroms).

be explained by an increase in the number of stabilizing Li-O
bonds in the so-formed cation. The same trend is observed for
the loss of *O-CH>—CH,—OH radical as the number of ethylene
oxide units increases in D,‘;”“ (Fig. 5).

However, the mechanism described in Scheme 7 is hard to
envisage for systems larger than n=5: in the conformations
obtained for D?’_l; (Fig. 4), the distance between the hydroxyl
group and the terminal C atom is so large that the required H
radical transfer cannot be possibly considered. An alternative
pathway (Scheme 8) would consist of a concerted mechanism
where the hydrogen radical transfer occurs from the C4) to the
terminal C atom, allowing a radical-induced cleavage of the
O2)—C(3) bond and the formation of a double bond between C3)

and Cs). This alternative mechanism was called the “C-4 mech-
anism”. The so-obtained lithium-bond pre-dissociative complex
would then eliminate the HO—CH,—CH,—O* radical part, giving
rise to m/z 211 and m/z 255 from Dg’” and D‘7‘”1+, respec-
tively. The 2-hydroxyethoxy radical part of the lithium-bond
pre-dissociative complex formed from Dg’“ or DY would
still contain the hydroxyl o end-group of the PEG precursor
ion. Since this hydroxyl end-group contains the only exchange-
able hydrogen atom, the “C-4 mechanism” assumption could be
tested performing H/D exchange experiments.

MS/MS data of the doubly lithiated 23-mer, detected at m/z
529.8 after ESI of the CH30D solution of PEG-Me1100, are
presented in Fig. 3b. As expected, DZ”_I7+ obtained from the dis-
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sociation of dj-PEG-Mel100 precursor ion were detected with
a 1 u mass shift. Comparing Fig. 3a and b, the increase of m/z
124 and m/z 168 ion intensity indicates that d; -DX”H at m/z 185

and dl-D?’lJr at m/z 229 would still eliminate a 61 Da radical
(i.e., *O-CH,—CH,—OH), as did their respective non-deuterated
homologues. In contrast, such a 1 u mass shift was not observed
from m/z 211 and m/z 255, suggesting d;-D¢*'* and d;-D$"'*
both dissociated by losing a DO—CH,—CH,—0¢ radical (62 Da)
according to the proposed “C-4 mechanism”.

4. Conclusion

Mechanisms proposed in the literature for dissociation of
singly charged poly(ethylene oxide) oligomers were shown to
apply to doubly charged PEO molecules, giving rise to frag-
ments with different charge states. The choice of the alkali metal
cations adducted to PEO oligomers was also very important
in the case of doubly charged species and lithiated precursors
were shown to yield the most informative MS/MS data. Radical
cationic fragments were detected although low energy collisions
were performed. A new ion series was proposed to arise from
a consecutive fragmentation of these D ions. Calculated con-
formation of these dissociating species suggested two different
mechanisms had to be envisaged depending on the size of the

D radical cation, which were further validated by results from
H/D exchange experiments.
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