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Chapter 6 

Sequence analysis of synthetic copolyesters by 
ESI FT-ICR MS 

The molecular structure of a series of homo- and copolyesters has been 

studied using sustained off-resonance irradiation (SORI) collisionally activated 

dissociation (CAD) on a Fourier transform ion cyclotron resonance mass 

spectrometer (FT-ICR MS). Electrospray ionisation (ESI) was used as ionisation 

technique. The most important fragmentation pathways of the homopolyesters 

poly(di-propoxylated bisphenol-A/adipic acid) and poly(di-propoxylated 

bisphenol-A/isophthalic acid) were studied. Six different dissociation mechanisms 

were observed which are very similar to the mechanisms found to occur during 

pyrolysis of these compounds. Four of these mechanisms are a result of cleavages 

of the ester bond. The others are due to cleavages of the ether bond and bisphenol-

A unit. Some of the fragments expected are not present in the spectrum indicating 

that each fragment has a specific sodium affinity. Sequence specific fragments of 

two of the three copolyester sequences that theoretically can exist were 

experimentally observed. Fragments that originate from the third sequence are not 

unique and can be formed from other sequences as well. Therefore it was not 

possible to determine the presence of the third sequence. Block sequences of larger 

co-oligomers can be distinguished from random sequences by studying whether 

block structured fragments appear in the MS/MS spectra. The method fails in 

making a distinction between random and partially random/block monomer 

sequences. 

6.1. Introduction 

Polymers are often complex systems consisting of a broad molecular 

weight distribution of polymer molecules with a variety of endgroups and 

monomeric units. Information on the intramolecular microstructure of synthetic 

copolymers is often obtained by nuclear magnetic resonance spectroscopy (NMR). 
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However, NMR only provides an average of the molecular weight distribution 
219 D 

(MWD). The individual polymer molecules in the MWD cannot be studied with 
NMR because isolation of one polymer molecule from the MWD is difficult if not 
impossible. Liquid chromatographic techniques like gradient polymer elution 
chromatography (GPEC) in combination with an UV detector provide information 
about the chemical composition of the polymer molecules but the determination of 
il r i • • • , , . , , 213,214,220 

the sequence ot copolymers is impossible (see also chapter 5). 
Mass spectrometry can provide additional information about the monomer 

sequence of a copolymer. Matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry (MALDI TOF-MS) is now frequently used for the 
determination of the chemical composition of the polymer molécules." ' ' The 
sequence of individual polymer molecules can be studied using post-source decay 
(PSD) or collisionally activated dissociation (CAD). ' ' 

The number of theoretical sequences for a co-polymer with a particular 
chemical composition increases dramatically with increasing degree of 
polymerisation ». Consider a random polymerisation reaction of two monomers 
A and B. An oligomer with degree of polymerisation 3 can have four compositions 
(A3, A2B, AB2 and B3) which can all have different m/z values if the mass of A^B. 
The same oligomer with »=3 can have 6 different sequences (if AAB=BAA). An 
oligomer with «=5 can have five oligomer compositions with in total 20 
sequences! The sequence of copolymers formed in a step polymerisation reaction 
such as polycondensation is random and the probability to observe a given 
oligomer with a block sequence is low. If the reactivity of monomer A is higher 
than the reactivity of monomer B, the probability that an oligomer will be observed 

.., , , , . 184 

with a block sequence increases. A high resolution technique such as Fourier 
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is necessary to 
separate all co-polymer molecules in the mass spectrum. 

In this chapter, the fragmentation behaviour of several homopolyesters and 
copolyesters is studied using sustained off-resonance irradiation collisionally 
activated dissociation (SORI CAD).222 MS/MS studies with FT-ICR MS on 
synthetic polymers have been performed by others on the homopolymers 
polyethylene glycol), polystyrene and polyisoprene using MALDI.'02 The selected 
molecular ions undergo multiple low energetic collisions near the centre of the ICR 
cell upon SORI. This results in a relatively slow increase of the internal energy so 
that the lowest energetic fragmentation pathways are sampled. Fragment ions are 
formed near the centre of the cell leading to a minimal loss of ions. 

In order to acquire sequential information from the copolymer mass 
spectrum, a thorough knowledge of the fragmentation processes is a prerequisite. 
Insight in the fragmentation processes was obtained by studying the fragmentation 
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behaviour of various oligomers of the homopolyesters poly(di-propoxylated 
bisphenol-A/adipic acid) (DA) and poly(di-propoxylated bisphenol-A/isophthalic 
acid) (DI) (see table 5.1 for their structures). Oligomers of the copolyester poly(di-
propoxylated bisphenol-A/adipic acid/isophthalic acid) with a degree of 
polymerisation 3 and 5 were studied in order to find out whether sequence 
information of the copolyester oligomers can be obtained. 

6.2. Methods and materials 

6.2.1. Methods 

The electrospray ionisation Fourier transform ion cyclotron resonance mass 
spectrometry (ESI FT-ICR MS) experiments were performed with a modified 
Bruker-Spectrospin (Fällanden, Switzerland) APEX 7.0e FT-ICR MS equipped 
with a 7T super-conducting magnet and open cell. The system is described in detail 
in chapter 2. 

Ions generated in the ESI source (3-4 kV) were trapped in the ICR cell and 
were left to equilibrate thermally for 5 seconds. Typical nozzle skimmer voltages 
were 10 V. Nozzle-skimmer dissociation was not observed. Ions were m/z isolated 
using a 262 kB (1.25 MHz) SWIFT pulse'76 ?? generated by a home build 200 Mb 
arbitrary waveform generator (AWG). Xenon gas was pulsed into the ICR cell to 
perform collisionally activated dissociation (CAD) experiments. A delay of 1 
second after the start of the Xenon gas introduction was employed to stabilise the 
Xenon pressure in the ICR cell (2T0"6 mbar). After 1 second, the parent ion was 
excited using sustained off-resonance irradiation (SORI) with an excitation 
frequency that was approximately 1500 Hz lower than the resonance frequency. 
The pulsed gas valve was closed one second after the SORI excitation event ended. 
A delay of 15 seconds was used to reduce the Xenon pressure to approximately 
1T 0"8 mbar and followed by excite/detect. The duration of the SORI excitation 
pulse and the average kinetic energies of the oligomers studied in this chapter 
were: 10 s with 2.6 eV for [(DA)2D]Na+, 10 s with 2.5 eV for [(DI)2D]Na+, 10 s 
with 2.3 eV for [(DA)3]Na+, 13 s with 2.2 eV for [(DI)3]Na+, 13 s with 2.6 eV for 
[(DA)2(DI)]Na+ and 7 s with 2.3 eV for [(DA)(DI)2]Na+. The SORI excitation 
time was chosen such that the survival yield was lower than 50%. 

83 



Chapter 6 

6.2.2. Materials 

The homopolyester and copolyester samples poly(di-propoxylated 
bisphenol-A/adip.c acid); DA, poly(di-propoxylated bisphenol-A/isophthalic acid)-
DI and poly(di-propoxylated bisphenol-A/adipic acid/isophthalic acid)- DAI used 
m this study were a gift of Océ Technologies, the Netherlands. The D denotes di-
propoxylated bisphenol-A, A adipic acid and I isophthalic acid, see table 5 1 for 
the structures. Numbers added to the abbreviations, e.g. DAI13 denote the molar 
ratio A:I. Di-propoxylated bisphenol-A is always present in a molar ratio of 
approximately 50% because the polymers were made by a polycondensation 
reaction. The reactivity ratio for ester bond formation kA/k, (A = adrpic acid 

= isophthahc acid) of the reactants in the copolymerisation reaction is 4 
indicating a larger react.vity for adipic acid than isophthalic acid.2'3 The number 
average molecular weight (M„) of all polymers used m this chapter was about 
3500 Da (polystyrene equivalent molar masses) with a polydispersity of ~2 2 The 

ZlrZ7^myed m " ] mg/ml S ° 1 U t l 0 n ° f aCet0ne ^ M e r c k ) - Approximately 
500 uM Nal (Aldnch) was added to the solution to promote catiomsation. 

All polymers studied in this chapter have previously been characterised by 
the liquid chromatographic (LC) techniques size exclusion chromatography (SEC) 
and gradient polymer elution chromatography (GPEC).2'3 The homopolyester 
poly(di-propOXylated bisphenol-A/ad,pic acid) (DA) consists of oligomers 
containing 0, 1 and 2 acid endgroups, denoted as (DA)nD, (DA)n and A(DA)n 

respectively, and cyclic oligomers. The subscript „ is the degree of polymerisation 
and ranges from 1 to more than 25. Similar oligomers were observed for the 
homopolyester poly(di-Propoxylated bisphenol-A/isophthalic acid) (DI) and the 
copolyester polyfdi-propoxylated bisphenol-A/adipic acid/isophthalic acid) (DAI) 
The copolyester sample contains eo- and homopolyester oligomers formed during 
the polymerisation reaction. 

6.3. Results and discussion 

n A l n
 T h e f 1 F T ~ I C R M S s P e c t r a o f t h e homopolyester DA and the copolyester 

DAI12 are shown m figure 6.1 (a) and (b). All peaks are isotopically resolved as is 
shown in the insert of figure 6.1 (b) with a resolution of 20,000 at m/z 1000 
(128 kB data points, bandwidth 500 kHz). Approximately 150 and 200 different 
ions are present in the spectra of DA and DA112, respectively, of which most have 
been identified. For reasons of clarity only a few peaks have been labelled The 
ohgomers observed for the homo- and copolyesters are sodium cat.omsed and 
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contain 0, 1 or 2 acid endgroups. This confirms the observations by GPEC. Cyclic 

oligomers were also detected (denoted by C in figure 6.1a). Table 6.1 displays the 

main series of oligomers observed for DA, DAI 12 (figures 6.1 (a) and (b)) and DI 

(spectrum not shown). The n and m denote the number of (DA) and (DI) units, 

respectively. The spectrum of the copolyester shows the presence of both homo-

and copolyester oligomers. Charge states up to +3 were observed. 

Figure 6.1 ESI FT-ICR MS spectra of the homopolyester di-propoxylated 

bisphenol-A/adipic acid (DA) (a) and the copolyester di-propoxylated bisphenol-

A/adipic acid/is Ophthal ie acid (DAI12) (b). All ions observed are sodium 

cationised. 
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m/z 

(DA)n 454.2292 n + 41.0119 1-14 
(DA)nD 454.2305 n +367.1985 1-13 
A(DA)n 454.2251 n +169.0685 1-12 
(DA)n cyclic 454.2260 n + 23.0083 1-5 
(DDm 474.1920 m + 41.0196 1-10 
(DI)mD 474.1911 m + 367.2040 1-9 
I(DI)m 474.2002 m + 189.0188 1-7 
(DI)m Cyclic 474.2002 m + 22.9930 2-5 
(DA)n(DI)m 454.2306 n +474.1963 m + 41.0075 1-7 0-7 
(DA)n(DI)mD 454.2346n + 474.2045 m + 3 6 7 1871 1-6 0-7 
I(DA)n(DI)m 454.2129 n +474.1945 m + 189.0106 1-5 0-5 454.2129 n +474.1945 m + 189.0106 1-5 

Table 6.1 Main series of oligomers observed for DA, DAI12 and DI n and m 
denote the number of DA and DI units, respectively. 

Cyclic oligomers appear in the spectra in charge state +1 only with a 

maximum degree of polymerisation of 5. The largest linear polymer molecule 

ZT^Vr^ °f P O l y m e r i S a t l 0 n 0 f H with a mass of -6500 Da 

wTrvvr3- I 1S m U C h S m a H e r t h a n * e l a r g 6 S t p o l y m e r m o l e c u ^ detected 
with GPEC mdicatmg that only the low molecular welght part of the MWD is 
detected m the MS experiment. This effect has been observed earlier m th 
comparison of SEC with ESI FT-ICR MS.223 Fractionation of the polyesters with 
SEC, m order to get more mono-d.sperse molecular weight distributions, might 
solve this problem. Another solution to this problem is the hyphenation of LC 
with mass spectrometry. ' 

The measured MWD shifts to higher masses with increasing charge state 

n " T Z 6 ' ^ 4 f
h a S hr 0bSe^ed m *"» — 1 for-" i -Les to 

the H 7 g £ S ta teS 2 a n d 3 ' resPect ively. This is probably due to 
the number of oxygen atoms in the oligomers as d1Scussed m chapter 3. 

6.3.1. MS/MS of homopolyesters with two alcohol endgroups; (DA)2D 

and(DI)2D 

Figure 6.2 (a) and (b) display the SORI CAD spectra of [(DA)2DlNa+ with 
mz 1275 and [(DI)2D]Na+ with m/z 1315, respectively. The fonnatiln 0 f"h 
colhsionally .nduced fragment ,ons observed for [(DA)2D]Na+ and [(DI)2D Na' 
can almost al, be explained by ester bond cleavages f the parent ion m 
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mechanism 6.1 a 1,4-hydrogen rearrangement is proposed, that leads to the 
dissociation of the ester bond between di-propoxylated bisphenol-A and adipic 
acid. The proton bound to the tertiary C atom of the di-propoxylated bisphenol-A 
is transferred to the carbonyl oxygen atom of the ester bond in course of the 
rearrangement. Cleavage yields two possible reaction products. One fragment 
contains an adipic acid endgroup. The other fragment ion contains an unsaturated 
di-propoxylated bisphenol-A endgroup. This mechanism is analogous to the 
mechanisms proposed by several authors to explain the thermally induced 
dissociation of aliphatic and aromatic polyesters analysed by pyrolysis mass 
spectrometry. ~ " The major difference with these studies is that collisionally 
activated dissociation processes of sodiated ions using SORI do not necessarily 
involve the formation of sodiated radicals, while radicals are formed upon EI 
pyrolysis of neutral molecules. The mechanism explains the most abundant peaks 
in the CAD mass spectra (labelled as '1'). Table 6.2 lists the measured and 
theoretical masses of all fragment ions formed upon CAD. 
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Figure 6.2 SORI CAD spectra with Xenon at 293K of the sodium cationised 
homo-oligomers (DA)?D (a) and (DIJ7D (b). The [(DA)2Ü]Na oligomer was 
excited for 10 s with an average kinetic energy of 2.6 eV. [(DIJiDJNa was excited 
for 10 s with an average kinetic energy of 2.5 eV. The symbols ~ denote electronic 
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Na+ Na+ Na^ 
Fk ^O 

"££ Fk ^o 

^:\\J-« — I or . 

Mechanism 6.1 1,4-hydrogen rearrangement of the ester bond results in a 

enZ™ m alCOh°l endgr°UP °r afm8ment Wlth m UmatUrated bisphenol-A 

The oligomers in figure 6.2 (a) and (b) have two D endgroups and are therefore 
symmetric. This results in uncomplieated MS/MS speetra. A 1,4-H rearrangement 
of ester bonds b and c, see insert in figure 6.2 (a) and (b), yields exactly the same 

^~2Ts A simlar argument 1S valld for the [ ' 4 - H — « 
rrDA)niNee

+tW
gment 7 " " " formed fr0m t h e c o I 1 ™ » y activation of 

[(DA)2D]Na that can not be explained by a 1,4-H rearrangement of the ester bond 

; (Di î D H A o;N° ] N ; + ' - [ ( D A ) D ] N a + 3nd « D A > W W!th *elZ™ of 
(DA)-H20]Na , the mtensity of these peaks is relatively low. The presence of 

Aese fragmentation products indicates that another reaction channel is operafional 
for the cleavage of the ester bonds. Two plausible mechanisms of this 
fragmentation reaction are g1Ven in mechanisms 6.2 and 6.3. In mechanism 6 2 an 
mtramolecuar transestenfication is proposed. The hydroxyl oxygen of the di-
propoxylated bisphenol-A endgroup reacts with the carbonyl carbon of the ester 
bond by a nucleophilic substitution, which y.elds a ring-closed intermediate. The 
positively charged hydroxyl oxygen in the formed ring rearranges the proton 
towards the hydroxyl oxygen of the leaving group followed by a cleavage T e 
reaction products arc a stable cyclic ion or an ion with a di-propoxylated 
bisphenol-A endgroup. These peaks are marked with '2' in figures 6.2 (a) and (b) 
Cychc esters have been observed by Buxbaum in the thermal degradation of 
polyethylene terephthalate and later by Montaudo et al™ The rate of formation 
of cyclic ions y transestenfication will be low because the alcohol endgroup has 
o be close to the ester bond. However, the time scale of SORI m FT-ICR MS is in 

e order of seconds which supports the chance that transestenfication can k 
place during an FT-ICR MS experiment. 
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Fragmentation 
Fragment measured m/z exact m/z Am/z mechanism(s) 

(DA) 495.2245 495.2353 0.0108 1,2,3,6 

(DA)-H,0 477.2158 477.2248 0.0003 1,2,3 

(DA)D " 821.3946 821.4236 0.0428 2,3 

(DA)D-H,0 803.3808 803.4130 0.0322 1 

A(DA) 623.2661 623.2827 0.0166 1 

(DA)2 949.4298 949.4709 0.0411 1,2,3 

(DA)2 -H,0 931.4218 931.4603 0.0385 1,2,3 

A(DA)2 1077.4667 1077.5182 0.0515 1 

(DA)2D 1275.5839 1275.6591 0.0752 3 

(DA)2D-H20 1257.5710 1257.6485 0.0775 1 

(DA)X 669.3146 669.3398 0.0252 4 

(DA)D-C3H60 763.3497 763.3817 0.0320 5 

(DA)2+C3H4 989.4550 989.5022 0.0472 5 

A(DA)+C3H4 663.2905 663.3140 0.0235 5 

A(DA),+C,H4 1117.4830 1117.5495 0.0665 5 

(DI) 515.1913 515.2040 0.0127 1,2,6 

(DI)-H,0 497.1807 497.1935 0.0)28 1,2,6 

(DI)D 841.3561 841.3923 0.0362 2,6 

(DI)D-H,0 823.3404 823.3817 0.0413 1 

I(DI) 663.2004 663.2201 0.0197 1 

(DI), 989.3552 989.4083 0.0531 1,2,6 

(DI)2-H20 971.3499 971.3977 0.0478 1,2,6 

I(DI)2 1137.3499 1137.4243 0.0744 1 

(DI)2D 1315.4961 1315.5965 0.1004 6 

(DI)2D-H,0 1297.4992 1297.5860 0.0868 1 

(DI)X 689.2839 689.3085 0.0246 4 

(DI)2X 1163.4360 1163.5128 0.0768 4 

I(DA) 643.2305 643.2514 0.0209 1 

(DA)(DI) 969.3894 969.4396 0.0502 1,2,3 

(DA)(D1)-H,0 951.3755 951.4290 0.0535 1,2,3,6 

I(DA)2 
1097.4190 1097.4869 0.0679 1 

A(DI), 1117.3883 1117.4556 0.0673 1 

(DA)(DI)D-H20 1277.5311 1277.6173 0.0862 1 

(DA)(DI)-C3H60 911.35)0 911.3978 0.0468 5 

A(DA)(DI)+C3H4 1137.4508 1137.5182 0.0674 5 

Table 6.2 Measured and theoretical masses of all fragment ions observed in 

this chapter and the mechanisms, which explain the fragment ions. 

In mechanism 6.3, the methylene hydride adjacent to the carbonyl C-atom 

is transferred via a 1,3-hydrogen rearrangement to the ether oxygen of the ester 

bond followed by a cleavage of the ester bond. Two reaction products are formed. 

One product ion contains a di-propoxylated bisphenol-A endgroup and one product 

ion an adipic acid minus H 2 0 endgroup (see table 6.2 for their measured and 

theoretical masses). These peaks are marked with '3' in figure 6.2 (a). 

Distinguishing mechanism 6.2 from 6.3 by the m/z values of the product ions is not 

possible because the product ions have the same elemental composition. 

The 1,4-H rearrangement and transesterification mechanisms described in 

mechanisms 6.1 and 6.2 were applied to the homopolyesters containing isophthalic 
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acid to rationalise product ion formation (figure 6.2(b)). Only one product ion 

DI D]Na , is observed that can be assigned to the transesterification of 

L(DI)2D]Na . The fragment can be formed by mechanism 6.6 as well which will be 

shown later. Mechanism 6.3 cannot be applied to the isophthalic acid containing 

homopolyesters because of structural dissimilarities with adipic acid 

Mechanism 6.2 Intramolecular transesterification of a polyester oligomer 
requires an alcohol endgroup. A cyclic ester and an alcohol are the resulting 
reaction products. 

Na+ 

H 

-O 
R 

O 

Mechanism 6.3 1,3-hydrogen rearrangement of the ester bond between adipic 

acid and di-propoxylated bisphenol-A. One product ion contains a di-propoxylated 

bisphenol-A endgroup and the other one an adipic acid minus H20 endgroup. 

A fragment ion, [(DA)X]Na+ with m/z 669, labelled as '4' in figure 6 2 (a) 

observed upon SOW CAD of [(DA)2D]Na+ is explained by the cleavage of the 

bisphenol-A unit (see mechanism 6.4). The elemental composition of X is 

« 4 0 . The mechanism is not fully understood. Two molecules are formed of 

winch one contains a newly formed phenyl endgroup and the other an isopropenyl 

phenyl endgroup (see table 6.2 for their measured and theoretical masses) Their 

appearance in the MS/MS spectrum upon eollisional activation is thought to 

depend on the relative sodium cation affinities of the various organic 

functionatitles of the product ion. If one of the two candidate reaction products has 

a substantially higher relat.ve sodium affinity, then the sodium cation is retained by 

this fragment. The other reaction product will then be neutral and is not observed 

m the mass spectrum. The fragment with the .sopropenyl benzene endgroup has 

been observed m the MS/MS spectrum indicating a higher sodium affinity 
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compared to the other fragment. The formation of this product ion has been 
observed as an M+' before by Montaudo et al. using EI pyrolysis mass 
spectrometry.228 The same phenomenon was observed for [(DI)2D]Na+. 

yVa+ Na" Na* 

1 " I " 1 
\J-K — R - ^ X °r 0^R' 

Mechanism 6.4 Cleavage of the bisphenol-A unit resulting in one product ion 
with a phenyl endgroup or another one with an isopropenyl phenyl endgroup. 

The last fragmentation pathway is unique for [(DA)2D]Na+. Two fragment 
ions, [(DA)D-C3H60]Na+ and [(DA)2C3H4]Na+, from the activated adipic acid 
containing homopolyester are due to the cleavage of the ether bond between the 
bispenol-A and propoxyl group (see mechanism 6.5). The peaks are labelled with 
'5' in figure 6.2 (a). The secondary methylene hydride of the isopropoxyl group is 
transferred via a 1,3-hydrogen rearrangement to the ether oxygen between the 
bisphenol-A and propoxyl group followed by a cleavage of the ether bond. This 
results in fragment ions with a bisphenol-A endgroup and a propylene endgroup. 

Na* _Na+ Na^ 

1 H 

-O- 0 H or^°'R' 

Mechanism 6.5 1,3-hydrogen rearrangement of the ether bond between 
bisphenol-A and the isopropoxy group. One fragment ion contains a bisphenol-A 
endgroup and the other a propylene endgroup. 

6.3.2. MS/MS of homopolyesters with one alcohol and one acid endgroup; 

(DA)3 and (DI)3 

Figures 6.3 (a) and (b) display the SORI CAD spectra of the 
homopolyesters m/z 1403 [(DA)3]Na' and m/z 1463 [(DI)3]Na+, respectively. Most 
fragment ions of [(DA)3]Na+ and [(DI)3]Na+ are produced by a 1,4-H 
rearrangement (labelled as '1') of the ester bond (see mechanism 6.1). The 
oligomers [(DA)3]Na+ and [(DI)3]Na+ are not symmetric because they have two 
different endgroups. Therefore more fragmentation products could be formed. The 
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1,4-H rearrangement of ester bond b of [(DA)3]Na+ for example, results in the 

fragments [DA]Na+ and [(DA)2 - H20]Na+ while the 1,4-H rearrangement of ester 

bond d results in the fragments [DA-H20]Na+ and [(DA)2]Na+ (see figure 6.3 (a)). 

Two fragments, [(DA)D]Na+ and [(DA)2D]Na', of the sodium catiomsed (DA)3 

can be explained by the 1,3-hydrogen rearrangement in mechanism 6.3 (see table 

6.2 for their measured and theoretical masses). The product ions cannot originate 

from a transesterification because this requires the unlikely nucleophilic 

substitution of an alcohol endgroup to an ester bond. A transesterification of 

[(DA)3]Na' can only result in the cyclic fragments [(DA)-H20]Na+ and 

t(DA)2-H20]Na+. 
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Figure 6.3 SORI CAD spectra of the sodium catiomsed homo-oligomers (DA)3 

(a) and (DI)3 (b) with Xenon at 293K. f(DA)3JNa+ was excited for 10 s with an 

average kinetic energy of 2.3 eV. [(DI)3]Na+ was excited for 13 s with an average 

kinetic energy of 2.2 eV. The symbols ~ denote electronic noise. 

The ester bonds of the isophthalic acid containing polyester can be cleaved 

by mechanisms 6.1 and 6.2. Two of the [(DI)3]Na+ fragments, [(DI)D]NaH and 

[(DI)2D]Na+. can not be explained by one of the mechanisms described sofar but a 

hydrogen rearrangement can be proposed (mechanism 6.6). Two product ions are 

formed in course of the hydrogen rearrangement. On of these contains a 

di-propoxylated bisphenol-A endgroup ([(DI)D]Na+ or [(DI)2D]Na+). The other 
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product ion has not been observed but should have a composition of [C7H30]Na 

or [IDC7H30]Na+. The exact structure of this ion is not known. 

Na+ Na+ 

1 1 
RC7H30 or R'OH 

Mechanism 6.6 Hydrogen rearrangement of the ester bond between isophthalic 

acid and bisphenol-A. One fragment ion contains a di-propoxylated bisphenol-A 

endgroup and the other an endgroup with elemental composition [C7H3OJNa or 

[IDC7H30]Na+. 

The formation of fragment ions [(DA)D]Na+ and [(DA)D-H20]Na+ suggest 

that ions [A(DA)-H20]Na+ and [A(DA)]Na+ should also be present in the MS/MS 

spectrum. However, [A(DA)-H20]Na+ was not observed. This indicates that 

fragment (DA)D has a much stronger sodium affinity than [A(DA)-H20]. The loss 

of a D endgroup from the parent ion can be explained by a 1,4-H rearrangement 

leading to [A(DA)2]Na+. Fragment ion [D-H20]Na+ is not present in the spectrum. 

Similar results have been found upon collisional activation of [(DI)3]Na . 

Most of the mechanisms proposed in this chapter have been reported earlier 

in the pyrolysis literature. ~ This suggests that pyrolysis and SORI processes in 

the timescale of the FT-ICR MS experiment are similar for polyesters. The most 

frequently observed fragmentation pathway is the cleavage of the ester bond. From 
229 

the literature is known that the sodium cations preferentially bind by electrostatic 

forces to the carbonyl and free hydroxyl oxygen atoms of polyethylene 

terephthalate) (PET) which has structural similarities to poly(di-propoxylated 

bisphenol-A/adipic acid) and poly(di-propoxylated bisphenol-A/isophthalic acid). 

Thus, we assume a similar interaction of the sodium cation with our polyesters. 

The electrostatic interaction of the sodium cation with the carbonyl oxygen atom 

délocalises the electrons of the ester bond. This interaction weakens the ester bond 

and might promote fragmentation of the ester bond. 
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6.3.3. MS/MS of copolyesters with one alcohol and one acid endgroup; 

(DA)2(DI) and(DI)2(DA) 

Two oligomers of the copolyester polyCciï-propoxylated bisphenol-A/adipic 
c.dAsophthahc actd) with a degree of polymerisation 3 were selected" 

* r 4 " = ) iN°aRI
F

CAD- , T h ; ; : i g o m e r s a r e • * i m « D A ~ £ 
i L ! A l m f ; • F l g U r e 6A ^ a n d (b) displays the SORT CAD speetra of 
[ DA)2(D )]Na and [(DA)(DI)2]Na+, respectively. The MS/MS speetra were 
mterpreted usmg mechanisms 6.1 to 6.6 proposed for the homopolyesters 

(DA)2(DI) 

450 500 

(DA DlÎ fh) l v SPeCtm °f the isomers (DA)2(DI) (a) and 

(DA)(DI) (b)mth Xenm at 293K [(DAh(DI)]Na+ was J J 
average lunetrc energy of 2.6 eV. [(DA)(DIh]Na+ was excJfor ^ Z 

average kmeUc energy of 23 e.V. The symbols ~ denote electronic noise. 

The fragmentation products of [(DA)2(DI)]Na+ can be explained bv all 
mechanisms proposed sn for f™ n, u , cApiamea oy alt 
K D A V D n i l J a T A homopolyesters. Product ,ons of 

a b k 6 2 f 1 • a C C O r d , n g t 0 m e c h ™ 6.1, 6.2, 6.3 and 6 6 (see 
table 6.2 for then- measured and theoretical masses) Mechamsms 6 4 and * s 
not observed for the fragmentation of f (DA)2(DI)]Na

+ " ^ 
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Both oligomers can be formed in the polymerisation reaction with three 
different sequences. The (DA)2(DI) sequences are: I) DIDADA II) DADIDA and 
III) DADADI and for (DA)(DI)2: I) DADIDI, II) DIDADI and III) DIDIDA. Five 
fragments of [(DA)2(DI)]Na+ have been observed that are sequence specific. The 
fragments [A(DA)]Na+ and [(A(DA)C3H4]Na+ can only be formed from sequence I 
through mechanisms 6.1 and 6.5, respectively. Fragments [(DA)2D]Na+ 

(mechanism 6.3 and 6.6), [(DA)2D-H20]Na+ (mechanism 6.1) and [(DA)2X]Na+ 

(mechanisms 6.4) can only be formed from sequence III. The other fragmentation 
products observed are not sequence specific but can be formed from 2 or 3 
different sequences. 

For [(DA)(DI)2]Na+ only one sequence specific fragment, 
[(DA)D - H20]Na', has been observed which can only be formed from sequence I 
through mechanism 6.1. However, fragments [IDA]Na+ and [(DI)D-H20]Na" can 
be formed from sequences II or III through mechanism 6.1. This indicates that at 
least two sequences of (DA)(DI)2 are present in the polymer sample. 

Only fragments from sequences I and III of (DA)2(DI) were positively 
identified in the polymer sample. Fragments were observed that might have 
originated from sequence II, but could be formed from sequences I and/or III as 
well. A similar reasoning can be given for (DA)(DI)2. Although the copolyesters 
are not very complex molecules (they consist of only two different building 
blocks), obtaining sequence information from their MS/MS spectra is complicated. 
By comparison, the determination of the amino acid sequence of peptides is 
generally less complicated because almost all amino acids have a specific mass and 
peptides have a unique sequence. Exact mass analysis of the fragment ions 
excludes many sequences. 

For larger oligomers the number of sequences becomes very large and the 
question: 'which sequences are present in the copolyester sample' becomes less 
relevant. A more relevant question is: 'does our copolyester sample have a random 
or block sequence'. It can be expected that the interpretation of the MS/MS spectra 
for large oligomers becomes less complicated. For example, when a block 
oligomer containing a block of 5 A's and a block of 5 B's is fragmented, the 
fragments will contain blocks of five A's and a couple of B's or five B's and a 
couple of A's. Or the fragments will only contain A's or B's. Fragments containing 
e.g. one A and one B will indicate the presence of other types of sequences. This 
methodology has recently been used to confirm the block structure of a methyl 

116 

methacrylate/butyl methacrylate copolymer. 

The MS/MS spectrum of a larger co-oligomer [(DA)3(DI)2]2Na+ in charge 
state 2 (m/z=\ 187.55) is presented in figure 6.5. The parent ion (DA)3(DI)2 can 
have 10 sequences of which two have a block structure: DADADAD1DI and 
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DIDIDADADA. Singly charged fragments with an m/z lower and higher than the 
m/z of the parent ion are observed. Doubly charged fragments with an m/z lower 
than the parent ion are observed as well. Fragments [(DA)3]Na+ and [(DI)2]Na+ 

that are indicative for block copolymers are not observed, indicated with an arrow 
in figure 6.5. All fragments that are observed, for example [(DA2(DI)]Na+, 
[ADI]Na+ and [DADI]Na+, point toward a random copolymer. 

Two methodologies are described above which both are based on MS/MS 
experiments to determine whether the polymer has a block or random sequence. 
The second methodology, searching for block-structured fragments, does give 
information about the random or block structure of the copolymer. However, it is 
not possible to distinguish a pure random copolymer from a copolymer with a 
partial random and partial block structure with MS/MS experiments. All three 
copolyester sequences would have sequence specific fragments if the bonds could 
be broken more selectively. For example, the sequence can be clarified if the DI 
ester bond is selectively broken. This might be achieved by photo dissociation or 
electron capture dissociation. 

1200 1800 
m/z 

Figure 6.5 MS/MS of[(DA)3(DI)2]2Na" in charge state 2. 
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6.4. Conclusions 

Electrospray ionisation on a Fourier transform ion cyclotron resonance 
mass spectrometer (ESI FT-ICR MS) is used to selectively isolate and fragment 
oligomers of the homopolyesters of poly(di-propoxylated bisphenol-A/isophthalic 
acid) and poly(di-propoxylated bisphenol-A/adipic acid) and the copolyester 
poly(di-propoxylated bisphenol-A/isophthalic acid/adipic acid) using sustained off-
resonance irradiation collisionally activated dissociation (SORI CAD). Six 
different mechanisms can explain the fragmentation products. Four mechanisms 
involve the cleavage of the ester bond and two others involve cleavages of the 
ether bond and bisphenol-A unit. 

For each cleavage two fragment ions are expected to appear in the MS/MS 
spectrum. However, the cleavage of some of the bonds yields only one fragment 
ion. This indicates that large differences exist in the sodium affinity of the 
fragment ions or that local sodium affinities are present in the parent ion. 

Only the presence of two sequences of (DA)2(DI) and (DA)(DI)2 have 
experimentally been observed by means of sequence specific fragments. The third 
theoretical sequence might be present in the polymer sample but does not contain 
sequence specific fragments. Another MS/MS based approach can be used to study 
whether the copolymer has a random or block sequence. The methodology is based 
on studying whether block structured fragments appear in the MS/MS spectra. This 
procedure is especially of use for large oligomers. However, the method fails to 
distinguish fully random from partially random/block copolymers. Other 
dissociation techniques like photon induced dissociation or electron capture 
dissociation might be more selective in the cleavage of specific bonds of the 
molecule necessary for sequence analysis. 
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