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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 pelytyl 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.
Tandem mass spectra from singly, doubly and triply charged precursor ions (with alkali metals used for cationisation of the oligomers) are
shown and the data are compared to those previously generated by means of matrix-assisted laser desorption/ionisation-collision-induced
dissociation (MALDI-CID). These data indicate that cations with greater ionic radii may yield the most useful structural information as the
mass-to-charge ratio of the precursor ion increases, whereas lithium or sodium ions are proposed to be ideal for obtaining spectra from lower
molecular weight oligomers. Fragment ions at low mass-to-charge ratios dominate the spectra. Two series of peaks may be used to calculate
the masses of the initiating and terminating end groups of the polymer. lon peaks of greater mass-to-charge ratios form series that may be
used to infer sequence information from the polymers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Tandem mass spectrometry (MS/MS) has been employed
for the generation of further structural information from
Mass spectrometry has increasingly become an impor- synthetic polymers. Initial reports of MS/MS studies used
tant tool for the characterisation of synthetic polymers over magnetic sector instrumentati¢h2—14] with more recent
the last decad§l—6], primarily due to the development of reports from a variety of instruments, including tandem
electrospray ionisation (ES[y,8] and especially matrix-  hydrid sector-quadrupol§l5-18] tandem hydrid sector-
assisted laser desorption/ionisation (MALIP®)10]. These time-of-flight (ToF)[19-28] tandem quadrupole-orthogonal
ionisation techniques enable data to be obtained from syn-ToF [29], ion trap [30-32] and Fourier-transform ion cy-
thetic polymers of relatively high molecular weights (up to clotron resonance (FTICR) mass spectromefg8$. Most
approximately 1.5MDa in advantageous cafddd). Aver- reports have used collision-induced dissociation (CID) to in-
age molecular weight (for narrow polydispersity polymers, duce fragmentation of the selected precursor ions. Electron-
unless coupled with a separation technique such as gel-capture dissociation (ECD) has also shown to be useful for ac-
permeation chromatography (GPC)) and structural (includ- tivation of certain types of polyme[33], but s limited to use
ing end group identification) information may be obtained. in FTICR instruments. Furthermore, the pseudo-MS/MS ex-
periment called post-source decay (PSD) has been employed
in MALDI-ToF instruments for structural characterisation of

* Corresponding author. Tel.: +44 1642 435720; fax: +44 1642 435777, Synthetic polymer$20,34} This latter technique, however,
E-mail addresstony_jackson@ici.com (A.T. Jackson). suffers from a low selectivity of the precursor ion mass-to-
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charge ratiorfvz) and a lack of control of ion activation con- (|3H3 fllHa <|3H3 C|>H3
ditions.

The combined mass of the end groups of a polymer may H3'C(IZ_ECHZCIZEI”_H |—|3CC|:_ECH2(|:]”_H
be calculated from mass spectrometric data, but the masses 0=C 0=C o:? o:(f
of the individual (i.e. both initiating and terminating) end OCH; OCH;, OCH; O-(n-C4Hg)
groups may often be generated from MS/MS speftf]. 1 2
Sequence information from synthetic polymers and copoly-
mers may also be generated by means of MS/MS. Sequenc- All solutions were prepared at a concentration of approxi-
ing of a block methyl methacrylatebutyl methacrylate mately 1 mg m1 in methanol. Solutions of the analyte and
(MMA/BMA) copolymer [23] and a tri-block ethylene ox-  alkali metal salt were mixed in a ratio of 100:1 (v/v) prior to
ide/propylene oxide/ethylene oxide (EO/PO/EQO) copolymer addition of 20uL to the nanospray needle.

[33] has been described.

Two poly(alkyl methacrylate) polymers have been char-
acterised by means of ESI-MS/MS, in a tandem quadrupole-3. Results and discussion
orthogonal ToF instrument, in this study. Spectra have been
obtained from singly, doubly and triply charged precursor 3.1. ESI-MS/MS of poly(methyl methacrylate)
ions and the results are compared to those obtained from the
same polymers (from singly charged precursors) by means The electrospray mass spectra of PMMA A (data not
of MALDI-CID in a tandem hydrid sector-ToF mass spec- shown) are dominated by doubly charged ions, with a lower
trometer. The effect of varying the alkali metal cation, on the level of singly charged ions also present. These ions are all
resulting tandem mass spectra, is compared for ESI-MS/MSof the type [L + Cat]" and [L + 2Catf*, where Cat is an alkali
experiments. metal cation from the salts employed to aid cationisation of

the oligomers of PMMA A ). It has been shown previously
(for oligomeric ions generated by MALDI) that the carbonyl

2. Experimental oxygens, of the ester side-chains in PMMA, have an affinity
for alkali metal cation$35]. It was proposed that it is these
2.1. Mass spectrometry carbonyl oxygens, from side-chains near both of the chain

ends of the oligomer that interact with alkali metal cations

ESI-MS/MS experiments were performed in a Q-ToF and thatthe ions have a U-shape. Itis presumed that the singly
Global (Waters MS Technologies, Manchester, UK) tan- charged ions generated in ESI-MS experiments are similar
dem quadrupole-orthogonal ToF instrument, fitted with a I natL_Jre, but ion mobility experiments would be required to
nanospray source. The instrument was calibrated frgm ~ investigate further. _ _

50 to 4000 with sodium iodide, such that the mass accuracy ~Initially, singly charged precursor ions (i.el{ Cat")

for these experiments was expected to be within approxi- Were chosen for study by means of ESI-MS/MS, in or-
mately 0.025%. The source temperature was@@nd the d_er that the data could be compared to that obtained pre-
capillary voltage set at 1.5kV. Precursor ions were selected Viously by means of MALDI-CID[20]. The ESI-MS/MS

by the quadrupole such that the whole isotope cluster wasSPectra from the 18-mer of PMMA AL[+ Cat[") are shown
passed to the collision cell. The collision energygj) was N Fig. 1, where Cat is lithium, sodium, potassium, rubid-
varied between 60 and 120 eV in these experiments (the val-lUm or caesium. These spectra are dominated by fragment

ues for each experiment are detailed in Figure legends) and®ns of low m'z (below m/z 600). The lowm/z regions of
the collision gas was argon. these spectra are also shown expande#lign 1 This re-

gion of the spectra is annotated with proposed assignments.

The bare cation (i.e. Rband C3) is the most intense ion
2.2. Sample preparation peak in the spectrum frond - Rb]" and [L+ Cs]" precursor

ions (spectra were acquired to a lower limitrofz 50, so

The PMMA A (1) and PBMA A @) standards were ob-  other bare alkali metal cations were not detected in these

tained from Polymer Laboratories (Church Stretton, UK) experiments). It was previously showWR0] that the peak
and Viscotek (Basingstoke, UK), respectively, and used from the bare cation is more intense in MALDI-CID spectra
without further purification. The most probable mass or from alkali metal cations with a greater ionic radius. This
peak average molecular weigh#f) and polydispersity is also indicated by the ESI-MS/MS data showrFig. 1
values of these polymers, which are estimated by the (albeit only from comparison of spectra frorh4 Rb]* and
manufacturer using GPC, are 2400 and 1.08 for PMMA [1+ Cs]" precursor ions), where the T®n dominates the
A and 3670 and 1.08 for PBMA A. Lithium acetate, spectrum from thel+ Cs]" precursor ion but the Rbon is
sodium acetate, potassium acetate, rubidium acetate anaf similar intensity to the other fragment ions in the lower
caesium acetate were from Sigma (Steinheim, Germany).m/z region of the spectrum from thel  Rb]* precursor
HPLC grade methanol was from Aldrich (Gillingham, UK). ion.
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Fig. 1. ESI-MS/MS spectrdto = 105 eV) from the 18-mer of PMMA A ([+ Cat]"), where Cat is lithium, sodium, potassium, rubidium or caesiiypegks
from alkali metal (Cat) acetate (Ac) clusters of the type [Ba%_1]*). Annotated expansions of tingz50-600 region are also shown (see text for explanation
of peak annotation).

Two series of fragment ion peaks are seen in thertgz it will describe the fragmentation of both of homopolymers
regions of all the spectra shown lig. 1that are separated and copolymers (tandem mass spectrometry has previously
by m/z 100, which is equivalent to the repeat unit mass of been used to sequence an acrylic copolyjaay).

PMMA oligomers. These peaks have been annotated in the Four peaks from each of theandB series are seenin the
expansions of the spectra Fig. 1 This nomenclature for  spectra for each cation (see expansions of all five spectra in
this annotation is similar to that described previously from Fig. 1). The masses of the end groups may be calculated from
MALDI-CID results[24]. TheA series of fragmention peaks the mass-to-charge ratios of these fragment ions by using the
are proposed to arise from fragmentation with charge reten-following equationg20]:

tion (i.e. the alkali metal cation) at the terminating) E€nd

of the oligomer and th& series from the initiatingo() end. m/z(Anmn) = M(e) + M(nM) — M(CHz) + M(Cat)

This propounded fragmentation of PMMA is described by A Series (1)
Scheme 1The fragmentation nomenclature differs slightly

from that shown previously in that the subscript describes the

monomer | represents mgthylm_ethacry_late,MMA) arldthe m/z(Bn) = M(a) + M(nM) + M(Cat)
number of (whole or partial) units of this monomer in the

fragment ion (i.eAm2 represents a fragment ion from the ()

terminating end of the oligomer that contains two (one par- wherem/z(Avn) andm/z(Bun) are the mass-to-charge ratios
tial) unit of MMA). This nomenclature has been developed as 4 5 peak from theA and B series, respectively, that con-

tain n monomer units of MMA M), M(w) andM(«) are the

B Series

+ Cat* + Cat* masses of the anda end groups, respectiveliyl(nM) is
the mass oh units of MMA andM(Cat) is the mass of the
Bw Bw Bw Aw A Ay cation. The massed/(«) andM(w), respectively) of these

-1 -1 -1 r - [
I 1 I

HiC HoC HiC HoC ECHe ECHs ECHs end groups for PMMA A are 101.06 Da for theg(initiating)

. | | ! | .| H ] and 1.01 Da for the (terminating) end groups. The calcu-
HsCC— CH2C|3—7‘ CHzﬁl“f-:{CHzlc]ﬁCHz: Cll— CHyC—CHyC—H latedm/z (i.e. m/z(Awm2)) for the sodiated fragment ion from
0=C 0=C O0=C O—C O—C O—C O0=C the terminating end of the chain, for example, that contains

| | | | I I | two (one partial) units of MMA is 210.09 compared to the ex-
OCH; OCH; OCH; OCH; OCH;  OCH;  OCH, perimental value ofVz210.14 (within the expected error for

Scheme 1. Proposed fragmentation scheme fok#iedB series of PMMA the calibration employed in these experiments). It ShOUId b_e
A noted that much better mass accuracy could be obtained with
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Fig. 2. Expansionsiyz 600-1900) of the ESI-MS/MS spectra from the 18-mer of PMMA BH[Cat]"), where Cat is lithium, sodium, potassium, rubidium
or caesium.

this instrumentation if a Locksprd} source is employed  (to form even electron fragment ions). These ion peaks were

[29]. previously annotated as tk&series and were observed from
The fragment ions of tha andB series are radical cations low mass-to-charge ratios up to those much higher than that

for which mechanisms of formation have been previously of theA andB series. The calculated mass-to-charge ratios of

proposed?20,35] Another series of fragment ion peaks of ions from theG series may be calculated using the equation

lower intensity is also present in all five spectra (not anno- below[24]:

tated inFig. 1), at the same mass-to-charge ratios as those

previously proposed to arise from rearrangement reactions/Z(Gmn) = M(nM) + M(Cat) G Series 3)
C 5 6
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Fig. 3. Annotated expansionsiz 600-1000) of the ESI-MS/MS spectra from the 18-mer of PMMA BH[at]"), where Cat is lithium, sodium, potassium,
rubidium or caesium (see text for explanation of peak annotation).
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wherem/z(Gup) is the mass-to-charge ratio of a peak from data, which involved neutral losses from the precursor ions
the G series and(nM) andM(Cat) are as described above [24].
for Egs.(1) and (2) The mass-to-charge ratios of these four series may be cal-
Expansions of the higher mass-to-chargeratioregiofis ( culated from the following equatiorj24]:
600-1900) of the spectra frorhf Cat]" singly charged pre-
cursor ions of PMMA (full spectra shown iRig. 1) are m/ZCpn) = M(e) + M(NM) —M(H) + M(Cat)
displayed inFig. 2. Four series of fragment ion peaks can C Series 4)
be discerned in all spectra (albeit at relatively low signal-to-
noise ratios in the spectrum from tHef Rb]*" precursor ion)
except for that from thel[+ Cs]" precursor ion, for which ~ m/z2(Dygn) = M(w) + M(nNM) — M(CzH30;) + M(Cat),
each peak in the series are separatediayl00, equivalent D Series )
to the mass of the repeat unit of the PMMA.
A further expansion Yz 600-1000) of the spectra is
shown inFig. 3, in which fragment ion peaks are annotated
corresponding to the proposed series structures displayed inm/ ABnn) = M(w) + M(M) —M(CHs) + M(Cat)
Scheme 2Each of these series is proposed to arise from E Series (6)
fragment ions that contain an intact end group from either
the initiating € andF series) or terminatingd andE se-
ries) moieties. The annotation of these peaks is again a slightm/zZ(Fnin) = M(a) + M(nM) — M(CHO,) + M(Cat),
modification of that described previously from MALDI-CID F Series @
data of PMMA polymerg20], in that the number of repeat
units of the polymer is added as a subscript (Egz con- wheremVz(Cyn), z(Dmn), VZ(Emn) andmvz(Fyp) are the
tains seven units of MMA). It was previously propounded mass-to-charge ratios of a peak from gD, E andF se-
[24] and shown[23] that the ions from these four series ries, respectively, anil(a), M(w), M(nM) andM(Cat) are as
could be used to differentiate between block and random described above for Egél) and (2)
copolymers. This slight change in proposed annotation is de- These data from ESI-MS/MS of singly charged precursor
signed to cover the fragmentation of copolymers as well as ions are very similar to that obtained previously by means
homopolymers and is analogous to that used for the fragmen-of MALDI-CID in a tandem hydrid sector-ToF mass spec-
tation of peptides (with the inclusion of the monomer descrip- trometef19,20] Fragmention peaks (predominantly radical
tor). Mechanisms for formation of ions from these four series cations) in the lownVz region of the spectra are dominant,
of ion peaks were previously proposed, from MALDI-CID with peaks at lower intensity at higher mass-to-charge ra-
tios (that are proposed to be formed by neutral losses from
CH; CH, CHs CHy CH, the precursor ions). These similarities in the spectra obtained
H3C(|3 —[CH2(|3}— CH:|C H,C—= é _[CHzé}_H under quite different conditions for the CID experiment (and
|-t | |1 using another ionisation technique), with ESI-MS/MS data

0=C 0=C O:|C O:? obtained with low energy CID and MALDI-CID with high
OCH; OCH;  OCH;, OCH;, energy CID (800 eV and xenon as the collision gas), are dis-
C Series D Series similar to that found for peptides. Significant differences (e.qg.
(+ Cat*) (+ Cat’) side-chain cleavages) are seen between the low energy CID
and high energy CID of peptides. Furthermore, significant
(l:H3 ?H3 ?H3 |CH3 (l:H3 (l:H3 differences are often observed in low energy CID spectra
HyCC— CH,C]—-CH— C=CH, C=CH—C—{CH,C]-H from singly charged and doubly charged (protonated) precur-
0—0C o:clz 0—C o=¢C o:cl: sor ion of peptldes,_ often as a result of dlfferen_ces in charge
| | I | | location. A comparison between doubly and singly charged
OCH, OCH, OCH,  OCH, OCH, ions from PMMA oligomers was enabled by generating data
F Series E Series from [1+ 2CatP* precursors to compare with the data from
(+ Cat*) (+ Cat*) [1+ Cat]" ions described above.
CH, CH, The ESI-MS/MS spectra from the doubly charged precur-

| sors of the 18-mer of PMMA A ([ + 2Catf*) are shown in

|
H_[CH2C|:},T.1CH:(|3 Fig. 4, where Cat is lithium, sodium, potassium, rubidium or

0=C 0=C caesium. The spectra (as from the singly charged precursor,
(l)cH3 Cl)CH3 [1+ Cat]", of the same oligomer that is shownFiig. 1) from
G Series these precursors are again dominated by singly charged frag-
(+ Cat*) mentions in the lowmVzregion. This areanyz50-600) of the

spectra is expanded and peaks are annotaté&igird. The
Scheme 2. Proposed structures for@, E, F andG series of PMMA A. annotation is as described from singly charged precursors
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Fig. 4. ESI-MS/MS spectreEt,) =60 eV) from the 18-mer of PMMA A ([ +2CatP*), where Cat is lithium, sodium, potassium, rubidium or caesium.
Annotated expansions of tla’z 50-600 region are also shown (see text for explanation of peak annotation).

(vide supra) and the proposed fragmentation scheme showrgroups of the polymer as described above in Etjsand (2)
above Echeme 1 The bare cations again are dominant from are similar in all five spectra ifig. 4and are also comparable
[1+Rb]" and [L+Cs]" precursor ions (spectra were again to those from singly charged precursor iof&y( 1).

acquired to a lower limit ofriVz50, so other bare alkali metal The higherm/z region of these spectra is displayed in
cations were not detected), with the'Gen peak again rel- Fig. 5, with residual precursor ion peaks and peaks resulting
atively more intense (over two orders of magnitude more from loss of one cation (e.g. [M + N&] annotated. Four se-
intense than that of the other lawz fragments). ries of fragment ions, again all separatedrbiz 100, may
The distributions of fragment ion peaks from thendB clearly be discerned in this region of all the spectra ex-

series, which may be used to calculate the masses of the endept that from the I+ 2Csf* precursor ion. These singly
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Fig. 5. Expansionsiiz500-2100) of the ESI-MS/MS spectra from the 18-mer of PMMABHRCatP*), where Cat s lithium, sodium, potassium, rubidium
or caesium.
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Fig. 6. Annotated expansionsiz 600—-900) of the ESI-MS/MS spectra from the 18-mer of PMMA BRCatP*), where Cat s lithium, sodium, potassium,
rubidium or caesium (see text for explanation of peak annotation).

charged fragment ion peaks have a relatively high signal- charged precursors. In addition, sequence specific ion peaks
to-noise ratio, except in the spectrum from the-PRbP* (the C, D, E and F series) are also observed in both sets
precursor. Furthermore, doubly charged fragment ion peaksof spectra, albeit with some doubly charged fragments from
are observed at significant intensities in the spectrum from these series becoming more prevalent from precursors with
the lithiated precursor and at significantly lower intensities lower radii cations.
in that from the L+ 2NaF* precursor ion. The peaks in
these series are separatedrby 50 and the difference be- 3.2. ESI-MS/MS of poly(n-butyl methacrylate)
tween isotope peaks iz 0.5, indicating that these moi-
eties are fragment ions relating to cleavage of the polymer  Doubly ([2+2Catf*) and triply (2+3Catf*) charged
chain. ions are the dominant species, from intact oligomers, giving
A further expansionrfYz 600-900) of this region of the rise to peaks in the electrospray mass spectra from PBMA A
spectrais shown iRig. 6. Singly charged fragmention peaks (data not shown). Doubly charged precursor ions were ini-
from theC, D, E andF series are annotated as for the spectra tially selected for ESI-MS/MS experiments and the data com-
from the singly charged precursor iorisid. 3). These re- pared to that obtained previously from singly charged pre-
gions of the spectra are very similar, in fact, from both singly cursor ions of the same polymer by means of MALDI-CID
and doubly charged precursors, except for the presence of24]. The ESI-MS/MS spectra from the 28-mer of PBMA
some doubly charged fragment ions (especially in the spec-A ([2+ 2CatF*) are shown irFig. 7. Annotated expansions
trum from [1 + 2Li]?*) which are not annotated. The changes of the low vz regions Wz 50-600) of these product ion
to lower signal-to-noise ratio for fragments from precursors spectra are also displayed. Fragment ion peaks in this area
containing higher radii cations (especially noticeable when of the spectra are again dominant, as noted from MALDI-
comparing spectra from potassiated to caesiated precursorsTID experiments from this polymé¢24] and observed from
are mirrored in both sets of spectra. ESI-MS/MS of PMMA A (vide supra).
The doubly charged fragment ion peaks are also proposed Peaks from bare cations (Rland C$8) are seen in the
to be from the fragments of th@, D, E andF series, where  spectrafrom the respective precursors with these cations, with
both of the cations are retained. These fragmentions are morehe peak from the caesium ion dominating this fragment ion
abundant from moieties with greater numbers of monomer spectrum (as seen for PMMA A iRigs. 1 and % The R
units (i.e. wheren is higher for the structures iBcheme P cation peak is again seen at similar intensity to many of the
These data indicate that both singly and doubly charged other fragment ion peaks in the lawz region of the spec-
precursor ions may be selected in the ESI-MS/MS experi- trum from the R+ 2RbP* precursor, as was observed from
ment to generate, essentially, very similar results. Atand ESI-MS/MS spectra from PMMA A.
B series of fragment ions may be used to calculate the masses Two series of fragment ion peaks are seen in therwz
of the end groups of the polymer from both singly and doubly regions of all the spectra shownfig. 7that are separated by



272

A.T. Jackson et al. / International Journal of Mass Spectrometry 238 (2004) 265-277

Byt Ag:
Gyt

’ [M + 2LiJ2* BF“ Ag| | . | GEZ Bg: Ags

JufLo. L ‘ ‘ , ,
G
Bgo Agt 8 Bg1 Ag:
’ [M + 2Na]?* l [ { l l Bg: As
Boo Agr 2 08" Ao lCH3 C|3H3
Bgr
[M + 2KP?* . { H30|C—{CH2c|:]2—8H
‘ ' ' 0=¢ o=c
il
Rb* Bao ) ‘Gw Ag: OCH;  O~(n-C4Hg)
Bgr

1T RIS

: — . :

x27 x21 cs ” Agt £ Bg: f
M+ 2058 o
‘ | ‘ 50 100 150 200 250 300 350 400 450m/z 500
500 1000 1500 2000 2500 3000 3500 m/z

Fig. 7. ESI-MS/MS spectrd&to =120 eV) from the 28-mer of PBMA Ag+ 2C

atf*), where Catis lithium, sodium, potassium, rubidium or caesiyragks

from alkali metal (Cat) acetate (Ac) clusters of the type [Baf_1]*). Annotated expansions of thez50-500 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 theandB 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 fragmention

peaks are proposed to arise from fragmentation with chargey 2 Bg,) = M(«) + M(NB) + M(Cat),

retention (i.e. the alkali metal cation) at the terminatiay (
end of the oligomer and th® series from the initiatingo()
end. A propounded fragmentation map for thandB series
in PBMA A is displayed inScheme 3The subscript again
describes the monomeB (represents-butyl methacrylate
(BMA)) and the number of (whole or partial) units of this
monomer in the fragment ion (i.Ap2 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 supif@p,24]
Equations are shown below to describe how the masses o

ratios of the fragment ion peaks of theandB series:
m/z2(Agn) = M(w) + M(nB) — M(CH) + M(Cat)

A Series (8)

B Series
9)

wherem/z(Agn) andm/z(Bg;) are the mass-to-charge ratios
of a peak from theA andB series, respectively, that con-
tain n monomer units of BMA B), M(w) andM(«) are the
masses of the anda end groups, respectivelii(nB) is

the mass ofi units of BMA andM(Cat) is the mass of the
cation. The massed«) andM(w), 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 calculatedvz (i.e. m/z(Agy)) for the
fsodiated fragment ion from the terminating end of the chain,

the end groups may be calculated from the mass-to-charge, example, that contains two (one partial) units of BMA

+ Cat* + Cat*
By Bg Ag:  Ag
HC | HiC | HC iCH;  {CH;
[ : | ' H
H3CC—:—CH2(|3—g{CH2(i3]2—5CH2;C— CH,C—H

|
O:Cl: O:Cl: O:Cl) O—cC O:Cl)

|
OCH; OC4Hg OC4Hyg OC4Hg OCy4Hg

Scheme 3. Proposed fragmentation scheme foktaedB series of PBMA
A

is 294.18 compared to the experimental valuenxf294.23
(within the expected error for the calibration employed in
these experiments).

lon peaks from th& series are annotated in the expansions
of the spectra displayed iRig. 7. The structures of these
moieties are proposed to be analogous to that shown above
for PMMA A and as described previously from MALDI-CID
results of singly charged precursors from PBMA24]. The
mass-to-charge ratios of these ion peaks may be calculated
by means of the equation shown below:

m/z2(Ggn) = M(nB) + M(Cat), G Series (20)
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Fig. 8. Expansionsnz600-3000) of the ESI-MS/MS spectra from the 28-mer of PBMA2HPCatf*), where Cat is lithium, sodium, potassium, rubidium

or caesium.

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

An expansion of the highem/z region f/z 600-3000)
of the spectra fromJ+ 2Catf* precursors of PBMA A is
displayed inFig. 8. Although the ion peaks are significantly
less intense than those of tAeandB series observed below

lithiated, sodiated and potassiated precursors. Peaks are also
present, at significantly lower signal-to-noise ratios in the
spectrum from theq+ 2RbE* precursor ion, with no peaks
detectedinthis region from the caesiated precursor. The peaks
in these series are again separatedriiy 142, equivalent

to the repeat unit mass of the PBMA polymer, indicating
that singly charged fragment ions dominate in this region

m/z 600, several series at relatively high signal-to-noise ra- of the spectra as for the lowenw'z expansions displayed in

tios are found in this highem/z region of the spectra from

Dgs

[M + 2Li]2*

Fig. 7. It is noted that these singly charged fragment ion
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Fig. 9. Annotated expansionsiiz 600—-1000) of the ESI-MS/MS spectra from the 28-mer of PBMAZHRCatP*), where Cat s lithium, sodium, potassium,

rubidium or caesium (see text for explanation of peak annotation).
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Fig. 10. ESI-MS/MS spectré&fq = 75 eV) from the 28-mer of PBMA A g+ 3CatP*), where Catis lithium, sodium, potassium, rubidium or caesiypagks
from alkali metal (Cat) acetate (Ac) clusters of the type [Ba%_1]*). Annotated expansions of tingz50-600 region are also shown (see text for explanation
of peak annotation).

peaks extend to much greater mass-to-charge ratios in theseen, which are propounded to be analogous t€tix E, F
fragment ion spectrum from the § 2K]?* precursor ion, andG series seen in the spectra from PMMA A and observed
when compared with the data from the lithiated and sodiated in MALDI-CID data from PBMA A [24]. The annotation is
precursors. similar to that described above for the and B series of

A further expansion of this region of the spectra/d PBMA A. The slight changes in this annotation from that
600-1000) is displayed iRig. 9. These data are annotated described previously from MALDI-CID datg4] has been
with the proposed assignments for the fragment ions. Five made to enable easier use for sequencing of copolymers by
major series of singly charged fragment ions peaks may bemeans of MS/MS, as described above. The pattern of peaks
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Fig. 11. Expansionsiyz 750-4000) of the ESI-MS/MS spectra from the 28-mer of PBMA2HBCatf*), where Catis lithium, sodium, potassium, rubidium
or caesium.



A.T. Jackson et al. / International Journal of Mass Spectrometry 238 (2004) 265-277

from theG series, with a dominant peak at lowzand peaks

275

The ESI-MS/MS spectra from the triply charged precur-

of decreasing intensity at higher mass-to-charge ratios (seesors of the 28-mer of PBMA A g+ 3CatP*) are shown in
Figs. 7 and Y, is the same as that observed previously from Fig. 10 Annotated expansions of the lowz regions Wz

MALDI-CID data [24].

50-600) of these production spectra are again also displayed.

The mass-to-charge ratios of the singly charged fragment Singly charged fragment ion peaks in this area of the spectra

ion peaks from th&€, D, E andF series, for PBMA, may be
calculated from the following equatiofi34]:

mM/ZCgn) = M(e) + M(NB) — M(H) + M(Cat),

C Series (12)

m/z2(Dg,) = M(w) + M(nB) — M(CsH9O2) + M(Cat),

D Series (12)
m/z2(Egn) = M(w) + M(nB) — M(CH3) + M(Cat),
E Series (13)

m/zZ(Fgn) = M(a) + M(nB) — M(C4H702) + M(Cat),
F Series (14)

wherem/z(Cgp), mVz(Dgp), Mz(Egn) and m/z(Fgy) are the
mass-to-charge ratios of a peak from teD, E andF se-
ries, respectively, anbll(a), M(w), M(nB) andM(Cat) are as
described above for Eg&) and (9) The structures for these
fragment ions were proposed previously, from MALDI-CID

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 bottFigs. 7 and 1) The bare cation peak intensities
(i.e. for RB" and C$8) are similar in spectra from both the
[2+3RbP* and R+ 3Csf* precursor ions. Th&, 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 Eqgs(8) and (9).

An expansion of the highem/z region gz 750-4000)
of these spectra is displayed kig. 11 Residual precursor
ion peaks can be seen in the spectra from lithiated and so-
diated precursors Z[+ 3Li]3* and R + 3NaF*, 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+ 2Naf* and R+ 2K]?*, respectively).
The fragment ion spectra from the lithiated and sodiated pre-
cursor also appear very complex in the region belolz
2000, which is a consequence of the presence of singly and
doubly charged fragmentions. The doubly charged fragment
ion peaks are more intense in the spectrum fram3Li]3*.

data[24] and are analogous to those shown above for the Furthermore, triply charged fragment ion peaks are also ob-

same series from ESI-MS/MS of PMMA A.
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Fig. 12. Annotated expansionsvg 1000-1250) of the ESI-MS/MS spectra from the 28-mer of PBMA 2+(BCatP*), where Cat is lithium, sodium,
potassium, rubidium or caesium (see text for explanation of peak annotation).
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trum from the lithiated precursor ion. The greater intensity demonstratef36]. The high signal-to-noise ratios obtained
of multiply charged fragment ion peaks in spectra from the inthe ESI-MS/MS described here indicate that this technique
[2+3Li]3* and R+ 3NaP* precursors is a significant dispar- may be employed on-line with GPC to offer further structural
ity between these data and that from the respective doublystudies of complex polymer systems. This could include char-
charged precursor ions, where singly charged fragment ionsacterisation of mixtures of polymers and copolymers, which
are exclusive at noteworthy intensity values. are often difficult to characterise by means of nuclear mag-
A further expansion of this region of the spectra/d netic resonance (NMR) spectroscopy. The ions ofGh®,
1000-1250) is displayed iRig. 12 which are annotated as E andF series may be used to differentiate between alkyl
for previous data except that doubly charged fragment ion methacrylate copolymers that are either block or random in
peaks are also noted (by a superscript 2+, €gy52" is a nature.
doubly charged fragment ion of th@ series that contains
fifteen whole or partial units of BMA). The mass-to-charge
ratios of these doubly charged fragment ions of @eD,
E andF series may be calculated from the equations above References
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