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ionisation–tandem mass spectrometry (ESI–MS/MS)
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Abstract

Electrospray ionisation–tandem mass spectrometry (ESI–MS/MS) has been employed for the characterisation of two poly(alkyl methacry-
late) polymers, namely poly(methyl methacrylate) (PMMA) and poly(n-butyl methacrylate) (PBMA). Collision-induced dissociation (CID)
experiments were performed in a quadrupole orthogonal time-of-flight (ToF) tandem mass spectrometer fitted with a nanospray source.
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andem mass spectra from singly, doubly and triply charged precursor ions (with alkali metals used for cationisation of the oligo
hown and the data are compared to those previously generated by means of matrix-assisted laser desorption/ionisation-collis
issociation (MALDI-CID). These data indicate that cations with greater ionic radii may yield the most useful structural informatio
ass-to-charge ratio of the precursor ion increases, whereas lithium or sodium ions are proposed to be ideal for obtaining spectra
olecular weight oligomers. Fragment ions at low mass-to-charge ratios dominate the spectra. Two series of peaks may be used

he masses of the initiating and terminating end groups of the polymer. Ion peaks of greater mass-to-charge ratios form series
sed to infer sequence information from the polymers.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Mass spectrometry has increasingly become an impor-
ant tool for the characterisation of synthetic polymers over
he last decade[1–6], primarily due to the development of
lectrospray ionisation (ESI)[7,8] and especially matrix-
ssisted laser desorption/ionisation (MALDI)[9,10]. These

onisation techniques enable data to be obtained from syn-
hetic polymers of relatively high molecular weights (up to
pproximately 1.5 MDa in advantageous cases[11]). Aver-
ge molecular weight (for narrow polydispersity polymers,
nless coupled with a separation technique such as gel-
ermeation chromatography (GPC)) and structural (includ-

ng end group identification) information may be obtained.

∗ Corresponding author. Tel.: +44 1642 435720; fax: +44 1642 435777.
E-mail address:tony jackson@ici.com (A.T. Jackson).

Tandem mass spectrometry (MS/MS) has been emp
for the generation of further structural information fr
synthetic polymers. Initial reports of MS/MS studies u
magnetic sector instrumentation[12–14], with more recen
reports from a variety of instruments, including tand
hydrid sector-quadrupole[15–18], tandem hydrid secto
time-of-flight (ToF)[19–28], tandem quadrupole-orthogon
ToF [29], ion trap [30–32] and Fourier-transform ion c
clotron resonance (FTICR) mass spectrometers[33]. Most
reports have used collision-induced dissociation (CID) to
duce fragmentation of the selected precursor ions. Elec
capture dissociation (ECD) has also shown to be useful fo
tivation of certain types of polymers[33], but is limited to us
in FTICR instruments. Furthermore, the pseudo-MS/MS
periment called post-source decay (PSD) has been emp
in MALDI-ToF instruments for structural characterisation
synthetic polymers[20,34]. This latter technique, howeve
suffers from a low selectivity of the precursor ion mass
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charge ratio (m/z) and a lack of control of ion activation con-
ditions.

The combined mass of the end groups of a polymer may
be calculated from mass spectrometric data, but the masses
of the individual (i.e. both initiating and terminating) end
groups may often be generated from MS/MS spectra[19].
Sequence information from synthetic polymers and copoly-
mers may also be generated by means of MS/MS. Sequenc-
ing of a block methyl methacrylate/n-butyl methacrylate
(MMA/BMA) copolymer [23] and a tri-block ethylene ox-
ide/propylene oxide/ethylene oxide (EO/PO/EO) copolymer
[33] has been described.

Two poly(alkyl methacrylate) polymers have been char-
acterised by means of ESI–MS/MS, in a tandem quadrupole-
orthogonal ToF instrument, in this study. Spectra have been
obtained from singly, doubly and triply charged precursor
ions and the results are compared to those obtained from the
same polymers (from singly charged precursors) by means
of MALDI-CID in a tandem hydrid sector-ToF mass spec-
trometer. The effect of varying the alkali metal cation, on the
resulting tandem mass spectra, is compared for ESI–MS/MS
experiments.

2. Experimental
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All solutions were prepared at a concentration of approxi-
mately 1 mg mL−1 in methanol. Solutions of the analyte and
alkali metal salt were mixed in a ratio of 100:1 (v/v) prior to
addition of 20�L to the nanospray needle.

3. Results and discussion

3.1. ESI–MS/MS of poly(methyl methacrylate)

The electrospray mass spectra of PMMA A (data not
shown) are dominated by doubly charged ions, with a lower
level of singly charged ions also present. These ions are all
of the type [1+ Cat]+ and [1+ 2Cat]2+, where Cat is an alkali
metal cation from the salts employed to aid cationisation of
the oligomers of PMMA A (1). It has been shown previously
(for oligomeric ions generated by MALDI) that the carbonyl
oxygens, of the ester side-chains in PMMA, have an affinity
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.1. Mass spectrometry

ESI–MS/MS experiments were performed in a Q-
lobal (Waters MS Technologies, Manchester, UK)
em quadrupole-orthogonal ToF instrument, fitted wi
anospray source. The instrument was calibrated fromm/z
0 to 4000 with sodium iodide, such that the mass accu

or these experiments was expected to be within app
ately 0.025%. The source temperature was 80◦C and the

apillary voltage set at 1.5 kV. Precursor ions were sele
y the quadrupole such that the whole isotope cluster
assed to the collision cell. The collision energy (Ecoll) was
aried between 60 and 120 eV in these experiments (th
es for each experiment are detailed in Figure legends

he collision gas was argon.

.2. Sample preparation

The PMMA A (1) and PBMA A (2) standards were o
ained from Polymer Laboratories (Church Stretton, U
nd Viscotek (Basingstoke, UK), respectively, and u
ithout further purification. The most probable mass
eak average molecular weight (Mp) and polydispersit
alues of these polymers, which are estimated by
anufacturer using GPC, are 2400 and 1.08 for PM
and 3670 and 1.08 for PBMA A. Lithium aceta

odium acetate, potassium acetate, rubidium acetate
aesium acetate were from Sigma (Steinheim, Germ
PLC grade methanol was from Aldrich (Gillingham, UK
or alkali metal cations[35]. It was proposed that it is the
arbonyl oxygens, from side-chains near both of the c
nds of the oligomer that interact with alkali metal cati
nd that the ions have a U-shape. It is presumed that the
harged ions generated in ESI–MS experiments are si
n nature, but ion mobility experiments would be require
nvestigate further.

Initially, singly charged precursor ions (i.e. [1+ Cat]+)
ere chosen for study by means of ESI–MS/MS, in
er that the data could be compared to that obtained
iously by means of MALDI-CID[20]. The ESI–MS/MS
pectra from the 18-mer of PMMA A ([1+ Cat]+) are shown

n Fig. 1, where Cat is lithium, sodium, potassium, rub
um or caesium. These spectra are dominated by frag
ons of low m/z (below m/z 600). The lowm/z regions o
hese spectra are also shown expanded inFig. 1. This re-
ion of the spectra is annotated with proposed assignm
he bare cation (i.e. Rb+ and Cs+) is the most intense io
eak in the spectrum from [1+ Rb]+ and [1+ Cs]+ precurso

ons (spectra were acquired to a lower limit ofm/z 50, so
ther bare alkali metal cations were not detected in t
xperiments). It was previously shown[20] that the pea
rom the bare cation is more intense in MALDI-CID spec
rom alkali metal cations with a greater ionic radius. T
s also indicated by the ESI–MS/MS data shown inFig. 1
albeit only from comparison of spectra from [1+ Rb]+ and
1+ Cs]+ precursor ions), where the Cs+ ion dominates th
pectrum from the [1+ Cs]+ precursor ion but the Rb+ ion is
f similar intensity to the other fragment ions in the low
/z region of the spectrum from the [1+ Rb]+ precurso

on.
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Fig. 1. ESI–MS/MS spectra (Ecoll = 105 eV) from the 18-mer of PMMA A ([1+ Cat]+), where Cat is lithium, sodium, potassium, rubidium or caesium (* peaks
from alkali metal (Cat) acetate (Ac) clusters of the type [CatxAcx−1]+). Annotated expansions of them/z50–600 region are also shown (see text for explanation
of peak annotation).

Two series of fragment ion peaks are seen in the lowm/z
regions of all the spectra shown inFig. 1 that are separated
by m/z 100, which is equivalent to the repeat unit mass of
PMMA oligomers. These peaks have been annotated in the
expansions of the spectra inFig. 1. This nomenclature for
this annotation is similar to that described previously from
MALDI-CID results[24]. TheA series of fragment ion peaks
are proposed to arise from fragmentation with charge reten-
tion (i.e. the alkali metal cation) at the terminating (�) end
of the oligomer and theB series from the initiating (�) end.
This propounded fragmentation of PMMA is described by
Scheme 1. The fragmentation nomenclature differs slightly
from that shown previously in that the subscript describes the
monomer (M represents methyl methacrylate, MMA) and the
number of (whole or partial) units of this monomer in the
fragment ion (i.e.AM2 represents a fragment ion from the
terminating end of the oligomer that contains two (one par-
tial) unit of MMA). This nomenclature has been developed as

S
A

it will describe the fragmentation of both of homopolymers
and copolymers (tandem mass spectrometry has previously
been used to sequence an acrylic copolymer[23]).

Four peaks from each of theA andB series are seen in the
spectra for each cation (see expansions of all five spectra in
Fig. 1). The masses of the end groups may be calculated from
the mass-to-charge ratios of these fragment ions by using the
following equations[20]:

m/z(AMn) = M(�) + M(nM) − M(CH2) + M(Cat),

ASeries (1)

m/z(BMn) = M(�) + M(nM) + M(Cat), BSeries

(2)

wherem/z(AMn) andm/z(BMn) are the mass-to-charge ratios
of a peak from theA and B series, respectively, that con-
tain n monomer units of MMA (M ), M(�) andM(�) are the
masses of the� and� end groups, respectively,M(nM ) is
the mass ofn units of MMA andM(Cat) is the mass of the
cation. The masses (M(�) andM(�), respectively) of these
end groups for PMMA A are 101.06 Da for the� (initiating)
and 1.01 Da for the� (terminating) end groups. The calcu-
latedm/z (i.e. m/z(AM2)) for the sodiated fragment ion from
t ains
t ex-
p or
t ld be
n with
cheme 1. Proposed fragmentation scheme for theA andB series of PMMA
.

he terminating end of the chain, for example, that cont
wo (one partial) units of MMA is 210.09 compared to the
erimental value ofm/z210.14 (within the expected error f

he calibration employed in these experiments). It shou
oted that much better mass accuracy could be obtained
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Fig. 2. Expansions (m/z600–1900) of the ESI–MS/MS spectra from the 18-mer of PMMA A ([1+ Cat]+), where Cat is lithium, sodium, potassium, rubidium
or caesium.

this instrumentation if a LocksprayTM source is employed
[29].

The fragment ions of theA andB series are radical cations
for which mechanisms of formation have been previously
proposed[20,35]. Another series of fragment ion peaks of
lower intensity is also present in all five spectra (not anno-
tated inFig. 1), at the same mass-to-charge ratios as those
previously proposed to arise from rearrangement reactions

(to form even electron fragment ions). These ion peaks were
previously annotated as theG series and were observed from
low mass-to-charge ratios up to those much higher than that
of theA andB series. The calculated mass-to-charge ratios of
ions from theG series may be calculated using the equation
below[24]:

m/z(GMn) = M(nM) + M(Cat), GSeries (3)

F a from m,
r

ig. 3. Annotated expansions (m/z600–1000) of the ESI–MS/MS spectr
ubidium or caesium (see text for explanation of peak annotation).
the 18-mer of PMMA A ([1+ Cat]+), where Cat is lithium, sodium, potassiu
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wherem/z(GMn) is the mass-to-charge ratio of a peak from
theG series andM(nM ) andM(Cat) are as described above
for Eqs.(1) and (2).

Expansions of the higher mass-to-charge ratio regions (m/z
600–1900) of the spectra from [1+ Cat]+ singly charged pre-
cursor ions of PMMA (full spectra shown inFig. 1) are
displayed inFig. 2. Four series of fragment ion peaks can
be discerned in all spectra (albeit at relatively low signal-to-
noise ratios in the spectrum from the [1+ Rb]+ precursor ion)
except for that from the [1+ Cs]+ precursor ion, for which
each peak in the series are separated bym/z 100, equivalent
to the mass of the repeat unit of the PMMA.

A further expansion (m/z 600–1000) of the spectra is
shown inFig. 3, in which fragment ion peaks are annotated
corresponding to the proposed series structures displayed in
Scheme 2. Each of these series is proposed to arise from
fragment ions that contain an intact end group from either
the initiating (C andF series) or terminating (D andE se-
ries) moieties. The annotation of these peaks is again a slight
modification of that described previously from MALDI-CID
data of PMMA polymers[20], in that the number of repeat
units of the polymer is added as a subscript (e.g.CM7 con-
tains seven units of MMA). It was previously propounded
[24] and shown[23] that the ions from these four series
could be used to differentiate between block and random
c s de-
s ll as
h men-
t rip-
t ries
o ID

S .

data, which involved neutral losses from the precursor ions
[24].

The mass-to-charge ratios of these four series may be cal-
culated from the following equations[24]:

m/z(CMn) = M(�) + M(nM) − M(H) + M(Cat),

CSeries (4)

m/z(DMn) = M(�) + M(nM) − M(C2H3O2) + M(Cat),

DSeries (5)

m/z(EMn) = M(�) + M(nM) − M(CH3) + M(Cat),

ESeries (6)

m/z(FMn) = M(�) + M(nM) − M(CHO2) + M(Cat),

FSeries (7)

wherem/z(CMn), m/z(DMn), m/z(EMn) andm/z(FMn) are the
mass-to-charge ratios of a peak from theC, D, E andF se-
ries, respectively, andM(�), M(�), M(nM ) andM(Cat) are as
described above for Eqs.(1) and (2).
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opolymers. This slight change in proposed annotation i
igned to cover the fragmentation of copolymers as we
omopolymers and is analogous to that used for the frag

ation of peptides (with the inclusion of the monomer desc
or). Mechanisms for formation of ions from these four se
f ion peaks were previously proposed, from MALDI-C

cheme 2. Proposed structures for theC, D, E, F andG series of PMMA A
These data from ESI–MS/MS of singly charged precu
ons are very similar to that obtained previously by me
f MALDI-CID in a tandem hydrid sector-ToF mass sp

rometer[19,20]. Fragment ion peaks (predominantly rad
ations) in the lowm/z region of the spectra are domina
ith peaks at lower intensity at higher mass-to-charge

ios (that are proposed to be formed by neutral losses
he precursor ions). These similarities in the spectra obta
nder quite different conditions for the CID experiment (
sing another ionisation technique), with ESI–MS/MS d
btained with low energy CID and MALDI-CID with hig
nergy CID (800 eV and xenon as the collision gas), are
imilar to that found for peptides. Significant differences (
ide-chain cleavages) are seen between the low energ
nd high energy CID of peptides. Furthermore, signifi
ifferences are often observed in low energy CID spe

rom singly charged and doubly charged (protonated) pre
or ion of peptides, often as a result of differences in ch
ocation. A comparison between doubly and singly cha
ons from PMMA oligomers was enabled by generating
rom [1+ 2Cat]2+ precursors to compare with the data fr
1+ Cat]+ ions described above.

The ESI–MS/MS spectra from the doubly charged pre
ors of the 18-mer of PMMA A ([1+ 2Cat]2+) are shown in
ig. 4, where Cat is lithium, sodium, potassium, rubidium
aesium. The spectra (as from the singly charged prec
1+ Cat]+, of the same oligomer that is shown inFig. 1) from
hese precursors are again dominated by singly charged
ent ions in the lowm/zregion. This area (m/z50–600) of the

pectra is expanded and peaks are annotated inFig. 4. The
nnotation is as described from singly charged precu
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Fig. 4. ESI–MS/MS spectra (Ecoll = 60 eV) from the 18-mer of PMMA A ([1+ 2Cat]2+), where Cat is lithium, sodium, potassium, rubidium or caesium.
Annotated expansions of them/z 50–600 region are also shown (see text for explanation of peak annotation).

(vide supra) and the proposed fragmentation scheme shown
above (Scheme 1). The bare cations again are dominant from
[1+ Rb]+ and [1+ Cs]+ precursor ions (spectra were again
acquired to a lower limit ofm/z50, so other bare alkali metal
cations were not detected), with the Cs+ ion peak again rel-
atively more intense (over two orders of magnitude more
intense than that of the other lowm/z fragments).

The distributions of fragment ion peaks from theA andB
series, which may be used to calculate the masses of the end

groups of the polymer as described above in Eqs.(1) and (2),
are similar in all five spectra inFig. 4and are also comparable
to those from singly charged precursor ions (Fig. 1).

The higherm/z region of these spectra is displayed in
Fig. 5, with residual precursor ion peaks and peaks resulting
from loss of one cation (e.g. [M + Na]+) annotated. Four se-
ries of fragment ions, again all separated bym/z 100, may
clearly be discerned in this region of all the spectra ex-
cept that from the [1+ 2Cs]2+ precursor ion. These singly

F 18-me um
o

ig. 5. Expansions (m/z500–2100) of the ESI–MS/MS spectra from the
r caesium.
r of PMMA A ([1+ 2Cat]2+), where Cat is lithium, sodium, potassium, rubidi
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Fig. 6. Annotated expansions (m/z600–900) of the ESI–MS/MS spectra from the 18-mer of PMMA A ([1+ 2Cat]2+), where Cat is lithium, sodium, potassium,
rubidium or caesium (see text for explanation of peak annotation).

charged fragment ion peaks have a relatively high signal-
to-noise ratio, except in the spectrum from the [1+ 2Rb]2+

precursor. Furthermore, doubly charged fragment ion peaks
are observed at significant intensities in the spectrum from
the lithiated precursor and at significantly lower intensities
in that from the [1+ 2Na]2+ precursor ion. The peaks in
these series are separated bym/z 50 and the difference be-
tween isotope peaks ism/z 0.5, indicating that these moi-
eties are fragment ions relating to cleavage of the polymer
chain.

A further expansion (m/z 600–900) of this region of the
spectra is shown inFig. 6. Singly charged fragment ion peaks
from theC, D, E andF series are annotated as for the spectra
from the singly charged precursor ions (Fig. 3). These re-
gions of the spectra are very similar, in fact, from both singly
and doubly charged precursors, except for the presence of
some doubly charged fragment ions (especially in the spec-
trum from [1+ 2Li]2+) which are not annotated. The changes
to lower signal-to-noise ratio for fragments from precursors
containing higher radii cations (especially noticeable when
comparing spectra from potassiated to caesiated precursors)
are mirrored in both sets of spectra.

The doubly charged fragment ion peaks are also proposed
to be from the fragments of theC, D, E andF series, where
both of the cations are retained. These fragment ions are more
a mer
u

rged
p peri-
m
B asses
o bly

charged precursors. In addition, sequence specific ion peaks
(the C, D, E and F series) are also observed in both sets
of spectra, albeit with some doubly charged fragments from
these series becoming more prevalent from precursors with
lower radii cations.

3.2. ESI–MS/MS of poly(n-butyl methacrylate)

Doubly ([2+ 2Cat]2+) and triply ([2+ 3Cat]3+) charged
ions are the dominant species, from intact oligomers, giving
rise to peaks in the electrospray mass spectra from PBMA A
(data not shown). Doubly charged precursor ions were ini-
tially selected for ESI–MS/MS experiments and the data com-
pared to that obtained previously from singly charged pre-
cursor ions of the same polymer by means of MALDI-CID
[24]. The ESI–MS/MS spectra from the 28-mer of PBMA
A ([2+ 2Cat]2+) are shown inFig. 7. Annotated expansions
of the low m/z regions (m/z 50–600) of these product ion
spectra are also displayed. Fragment ion peaks in this area
of the spectra are again dominant, as noted from MALDI-
CID experiments from this polymer[24] and observed from
ESI–MS/MS of PMMA A (vide supra).

Peaks from bare cations (Rb+ and Cs+) are seen in the
spectra from the respective precursors with these cations, with
the peak from the caesium ion dominating this fragment ion
s +

c f the
o -
t om
E

r by
bundant from moieties with greater numbers of mono
nits (i.e. wheren is higher for the structures inScheme 2).

These data indicate that both singly and doubly cha
recursor ions may be selected in the ESI–MS/MS ex
ent to generate, essentially, very similar results. TheA and
series of fragment ions may be used to calculate the m

f the end groups of the polymer from both singly and dou
pectrum (as seen for PMMA A inFigs. 1 and 4). The Rb
ation peak is again seen at similar intensity to many o
ther fragment ion peaks in the lowm/z region of the spec

rum from the [2+ 2Rb]2+ precursor, as was observed fr
SI–MS/MS spectra from PMMA A.
Two series of fragment ion peaks are seen in the lowm/z

egions of all the spectra shown inFig. 7that are separated
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Fig. 7. ESI–MS/MS spectra (Ecoll = 120 eV) from the 28-mer of PBMA A ([2+ 2Cat]2+), where Cat is lithium, sodium, potassium, rubidium or caesium (* peaks
from alkali metal (Cat) acetate (Ac) clusters of the type [CatxAcx−1]+). Annotated expansions of them/z50–500 region are also shown (see text for explanation
of peak annotation).

m/z142, which is equivalent to the repeat unit mass of PBMA
oligomers (annotated as theA andB series in the expansion
in Fig. 7, with three peaks from each series observed in every
one of the spectra). The nomenclature for this annotation is
again slightly modified from that described previously from
MALDI-CID results[24], where theA series of fragment ion
peaks are proposed to arise from fragmentation with charge
retention (i.e. the alkali metal cation) at the terminating (�)
end of the oligomer and theB series from the initiating (�)
end. A propounded fragmentation map for theA andB series
in PBMA A is displayed inScheme 3. The subscript again
describes the monomer (B representsn-butyl methacrylate
(BMA)) and the number of (whole or partial) units of this
monomer in the fragment ion (i.e.AB2 represents a fragment
ion from the terminating end of the oligomer that contains two
(one partial) unit of BMA). The structures of the fragment
ions of theA andB series (radical cations) are proposed to
be analogous to that from PMMA A (vide supra)[20,24].

Equations are shown below to describe how the masses of
the end groups may be calculated from the mass-to-charge

S
A

ratios of the fragment ion peaks of theA andB series:

m/z(ABn) = M(�) + M(nB) − M(CH2) + M(Cat),

ASeries (8)

m/z(BBn) = M(�) + M(nB) + M(Cat), BSeries

(9)

wherem/z(ABn) andm/z(BBn) are the mass-to-charge ratios
of a peak from theA and B series, respectively, that con-
tain n monomer units of BMA (B), M(�) andM(�) are the
masses of the� and � end groups, respectively,M(nB) is
the mass ofn units of BMA andM(Cat) is the mass of the
cation. The masses [M(�) andM(�), respectively] of these
end groups for PBMA A are 101.06 Da for the� (initiating)
and 1.01 Da for the� (terminating) end groups (i.e. the same
as for PMMA A). The calculatedm/z (i.e. m/z(AB2)) for the
sodiated fragment ion from the terminating end of the chain,
for example, that contains two (one partial) units of BMA
is 294.18 compared to the experimental value ofm/z 294.23
(within the expected error for the calibration employed in
these experiments).

Ion peaks from theG series are annotated in the expansions
of the spectra displayed inFig. 7. The structures of these
m bove
f D
r
m lated
b

m )

cheme 3. Proposed fragmentation scheme for theA andB series of PBMA
.

oieties are proposed to be analogous to that shown a
or PMMA A and as described previously from MALDI-CI
esults of singly charged precursors from PBMA A[24]. The
ass-to-charge ratios of these ion peaks may be calcu
y means of the equation shown below:

/z(GBn) = M(nB) + M(Cat), GSeries (10
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Fig. 8. Expansions (m/z600–3000) of the ESI–MS/MS spectra from the 28-mer of PBMA A ([2+ 2Cat]2+), where Cat is lithium, sodium, potassium, rubidium
or caesium.

wherem/z(GBn) is the mass-to-charge ratio of a peak from
theG series andM(nB) andM(Cat) are as described above
for Eqs.(8) and (9).

An expansion of the higherm/z region (m/z 600–3000)
of the spectra from [2+ 2Cat]2+ precursors of PBMA A is
displayed inFig. 8. Although the ion peaks are significantly
less intense than those of theA andB series observed below
m/z 600, several series at relatively high signal-to-noise ra-
tios are found in this higherm/z region of the spectra from

lithiated, sodiated and potassiated precursors. Peaks are also
present, at significantly lower signal-to-noise ratios in the
spectrum from the [2+ 2Rb]2+ precursor ion, with no peaks
detected in this region from the caesiated precursor. The peaks
in these series are again separated bym/z 142, equivalent
to the repeat unit mass of the PBMA polymer, indicating
that singly charged fragment ions dominate in this region
of the spectra as for the lowerm/z expansions displayed in
Fig. 7. It is noted that these singly charged fragment ion

F from t m,
r

ig. 9. Annotated expansions (m/z600–1000) of the ESI–MS/MS spectra
ubidium or caesium (see text for explanation of peak annotation).
he 28-mer of PBMA A ([2+ 2Cat]2+), where Cat is lithium, sodium, potassiu
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Fig. 10. ESI–MS/MS spectra (Ecoll = 75 eV) from the 28-mer of PBMA A ([2+ 3Cat]3+), where Cat is lithium, sodium, potassium, rubidium or caesium (* peaks
from alkali metal (Cat) acetate (Ac) clusters of the type [CatxAcx−1]+). Annotated expansions of them/z50–600 region are also shown (see text for explanation
of peak annotation).

peaks extend to much greater mass-to-charge ratios in the
fragment ion spectrum from the [2+ 2K]2+ precursor ion,
when compared with the data from the lithiated and sodiated
precursors.

A further expansion of this region of the spectra (m/z
600–1000) is displayed inFig. 9. These data are annotated
with the proposed assignments for the fragment ions. Five
major series of singly charged fragment ions peaks may be

seen, which are propounded to be analogous to theC, D, E, F
andG series seen in the spectra from PMMA A and observed
in MALDI-CID data from PBMA A [24]. The annotation is
similar to that described above for theA and B series of
PBMA A. The slight changes in this annotation from that
described previously from MALDI-CID data[24] has been
made to enable easier use for sequencing of copolymers by
means of MS/MS, as described above. The pattern of peaks

F 28-me um
o

ig. 11. Expansions (m/z750–4000) of the ESI–MS/MS spectra from the
r caesium.
r of PBMA A ([2+ 3Cat]3+), where Cat is lithium, sodium, potassium, rubidi
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from theG series, with a dominant peak at lowm/zand peaks
of decreasing intensity at higher mass-to-charge ratios (see
Figs. 7 and 9), is the same as that observed previously from
MALDI-CID data [24].

The mass-to-charge ratios of the singly charged fragment
ion peaks from theC, D, E andF series, for PBMA, may be
calculated from the following equations[24]:

m/z(CBn) = M(�) + M(nB) − M(H) + M(Cat),

CSeries (11)

m/z(DBn) = M(�) + M(nB) − M(C5H9O2) + M(Cat),

DSeries (12)

m/z(EBn) = M(�) + M(nB) − M(CH3) + M(Cat),

ESeries (13)

m/z(FBn) = M(�) + M(nB) − M(C4H7O2) + M(Cat),

FSeries (14)

wherem/z(CBn), m/z(DBn), m/z(EBn) andm/z(FBn) are the
mass-to-charge ratios of a peak from theC, D, E andF se-
r s
d se
f ID
d r the
s

The ESI–MS/MS spectra from the triply charged precur-
sors of the 28-mer of PBMA A ([2+ 3Cat]3+) are shown in
Fig. 10. Annotated expansions of the lowm/z regions (m/z
50–600) of these product ion spectra are again also displayed.
Singly charged fragment ion peaks in this area of the spectra
are again dominant, as for the spectra from doubly charged
precursors. The intensities of the fragment ion peaks follow
a very similar pattern for both the spectra from the doubly
and triply charged precursor ions from PBMA A (see expan-
sions in bothFigs. 7 and 10). The bare cation peak intensities
(i.e. for Rb+ and Cs+) are similar in spectra from both the
[2+ 3Rb]3+ and [2+ 3Cs]3+ precursor ions. TheA, B andG
series of peaks are all seen at similar intensities in both sets
of spectra. These former two series of peaks can be employed
to calculate the masses of the end groups, as described above
(see Eqs.(8) and (9)).

An expansion of the higherm/z region (m/z 750–4000)
of these spectra is displayed inFig. 11. Residual precursor
ion peaks can be seen in the spectra from lithiated and so-
diated precursors ([2+ 3Li]3+ and [2+ 3Na]3+, respectively)
and peaks from losses of one cation from the precursor are
observed in the spectra from sodiated and potassiated pre-
cursor ions (i.e. [2+ 2Na]2+ and [2+ 2K]2+, respectively).
The fragment ion spectra from the lithiated and sodiated pre-
cursor also appear very complex in the region belowm/z
2 y and
d ment
i
F ob-
s ec-

F pectra ,
p

ies, respectively, andM(�), M(�), M(nB) andM(Cat) are a
escribed above for Eqs.(8) and (9). The structures for the

ragment ions were proposed previously, from MALDI-C
ata[24] and are analogous to those shown above fo
ame series from ESI–MS/MS of PMMA A.

ig. 12. Annotated expansions (m/z 1000–1250) of the ESI–MS/MS s

otassium, rubidium or caesium (see text for explanation of peak annotation
000, which is a consequence of the presence of singl
oubly charged fragment ions. The doubly charged frag

on peaks are more intense in the spectrum from [2+ 3Li]3+.
urthermore, triply charged fragment ion peaks are also
erved, at a significantly lower intensity level, in the sp

from the 28-mer of PBMA A ([2+ 3Cat]3+), where Cat is lithium, sodium

).
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trum from the lithiated precursor ion. The greater intensity
of multiply charged fragment ion peaks in spectra from the
[2+ 3Li]3+ and [2+ 3Na]3+ precursors is a significant dispar-
ity between these data and that from the respective doubly
charged precursor ions, where singly charged fragment ions
are exclusive at noteworthy intensity values.

A further expansion of this region of the spectra (m/z
1000–1250) is displayed inFig. 12, which are annotated as
for previous data except that doubly charged fragment ion
peaks are also noted (by a superscript 2+, e.g.CB15

2+ is a
doubly charged fragment ion of theC series that contains
fifteen whole or partial units of BMA). The mass-to-charge
ratios of these doubly charged fragment ions of theC, D,
E andF series may be calculated from the equations above
(Eqs.(11)–(14)) by adding the mass of another cation to the
values before dividing the sum by 2.

Singly charged fragment ion peaks are slightly more in-
tense than those from the doubly charged species in this re-
gion of the spectra from lithiated and sodiated precursors,
with singly charged fragments moieties being dominant from
the [2+ 3K]3+ and [2+ 3Rb]3+ precursors. The added com-
plexity in the higherm/z region of the spectra from lithiated
and sodiated triply charged precursors, as a consequence of
the significant intensity of doubly charged fragment peaks,
makes interpretation of the data more time consuming for
t that
t ed for
M lkyl
m s are
c s for
o The
u ore
a s of a
s ion
p ur-
p

4

d to
c that
i may
b pre-
c rom
M of
t os
f hts
o ate
t gnifi-
c ers.
T rge
s ecula
w

l-
p been

demonstrated[36]. The high signal-to-noise ratios obtained
in the ESI–MS/MS described here indicate that this technique
may be employed on-line with GPC to offer further structural
studies of complex polymer systems. This could include char-
acterisation of mixtures of polymers and copolymers, which
are often difficult to characterise by means of nuclear mag-
netic resonance (NMR) spectroscopy. The ions of theC, D,
E andF series may be used to differentiate between alkyl
methacrylate copolymers that are either block or random in
nature.
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