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MALDI-LID-ToF/ToF analysis of statistical
and diblock polyacrylate copolymers+

James S. Town, & Glen R. Jones ®) and David M. Haddleton
We report the use of MALDI-LID-ToF/ToF utilising the laser induced dissociation (LID) fragmentation
technique, which has been almost exclusively applied to protein/peptide analysis to date.
MALDI-LID-ToF/ToF is used as a powerful tool to give information of monomer distributions in synthetic
co-poly(acrylates). Analysis of a range of poly(acrylate) homopolymers by LID have found slight improve-
ment over CID, with less rearrangements in the poly(butyl acrylate) fragmentation and more backbone
cleavages. Analysis of both block and statistical copolymers, when compared to homopolymer analogues,
yield markedly different spectra which can be correlated to give some monomer sequence information,
thus achieving a wealth of structural information from two samples which would otherwise be identical
by single stage MALDI-ToF analysis. The determination of fragmentation pathways of polymers with

varying end group lability and monomer structure has allowed for high-resolution microstructural deter-

rsc.li/polymers

Introduction

Matrix assisted laser desorption ionization (MALDI) is an
ionization technique that has shown wide use in the analysis
of polymers,” ™ including acrylates,” and polymers prepared by
living radical polymerization.®® MALDI-ToF has been utilized
to give values for the molecular weight,’”'® information on
polymer end groups,'®>* as well as to probe the mechanisms
of polymer synthesis.”>® It is a soft ionization technique
where fragmentation and double charged species are rare,>**°
allowing for good ionization of low to medium weight non-
volatile compounds. For matrix assisted laser desorption time
of flight mass spectrometry (MALDI-ToF-MS) obtaining a clear
spectra of single oligomers, with isotopic resolution, in a
polymer mixture can be achieved with relative ease.
Copolymers, however, often present a much more significant
challenge with several difficulties which require more complex
analysis to overcome.>”*" Such difficulties include; overlapping
peaks, different ionization regimes between co-monomers®>
and determining the orientation and position of the mono-
mers along the backbone and hence the type of copolymer.*
It is also noted that the experiment is highly mass sensitive
due to issues with both ionization and detector mass discrimi-
nation effects in an ion detector and other causes for shifts in
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mination at the block boundary, showing even small amounts of mixing at the block boundary.

polymer mass distributions. This leads to a loss of sensitivity
as mass increases which is exacerbated as the experiment
detects numbers as opposed to weights of molecules leading
to number average distributions.*® MALDI-ToF/ToF is a
tandem mass spectrometry technique which uses two stages of
acceleration voltage to produce fragmented daughter ions of
isolated precursor ions within a selected m/z window.*
Tandem mass spectrometry techniques have been applied
extensively to homopolymer compounds and the determi-
nation of fragmentation patterns of many polymers have been
studied.*® When applied to homopolymers it can be used to
further confirm certain structural information such as end
groups,”” post polymerization backbone modifications*® and
differentiate between linear and cyclic polymers.** When
applied to copolymers, however, it has mostly been applied to
block copolymers,*®™** usually determining the length of the
blocks.***® There have been previous studies, which have used
various MS/MS techniques to determine the microstructure of
polymers. Previous studies have used techniques including
MALDI - post source decay,” ESI - electron capture dis-
sociation,”® MALDI - collision induced dissociation,*® and
ESI - collision induced dissociation.’** However, nothing
has been published on the use of laser-induced dissociation
with polymer compounds.

Previously MALDI-LID-ToF/ToF has been utilized for bio-
macromolecules, such as proteins' and oligosaccharides.’
The technique utilizes the metastable nature of compounds
containing a charged adduct, by accelerating the species slowly
at first the molecules undergo fragmentation and rearrange-
ment as they exist beyond their metastable lifetime.
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Subsequently the fragments are isolated and reaccelerated,
they are then detected in the same way as any ToF technique.>
This technique has been compared to the collision induced
dissociation (CID) technique, which is much more popular for
polymers.>® In this comparison it was found that laser induced
dissociation (LID) produced similar structural fragments to
collision induced dissociation, however less non-structural
fragments were observed in the laser induced dissociation
when compared to the collision induced dissociation.

Herein, we describe an approach for the analysis of diblock
and statistical poly(methyl acrylate-co-ethyl acrylate) copoly-
mers using matrix assisted laser desorption/ionization laser
induced dissociation tandem time of flight mass spectrometry
(MALDI-LID-ToF/ToF). We demonstrate the power of
MALDI-LID-ToF/ToF as a technique for the characterization of
copolymers. We have investigated how labile end groups affect
fragmentation patterns, how their fragmentation patterns differ
based on their co-monomer arrangement and observed the com-
plexities of copolymer analysis by tandem mass spectrometry.
Copolymers have been synthesized via a copper mediated photo-
controlled radical polymerization, this technique was chosen
due to the; high conversion, high end group fidelity, good mole-
cular weight control, and very low polydispersity, associated with
photomediated controlled radical polymerizations.’®” This is
the first report of the use of MALDI-LID-ToF/ToF in synthetic
copolymer analysis to the best of our knowledge.

Methods

Mass spectrometry

MALDI-ToF and MALDI-LID-ToF/ToF experiments were carried
out using an UltrafleXtreme MALDI-ToF/ToF analyser (Bruker,
Coventry, UK), equipped with a nitrogen 337 nm laser and a
high resolution ion gate for isolation in the collision cell. The
MALDI-ToF experiments were carried out in reflectron positive
ion mode, with an acceleration voltage of 19 kV. All measure-
ments were recorded with 500 shots per measurement, with
each spectra being the average of 5000 shots. Calibration was
achieved with PEG 2000 (Sigma-Aldrich), with an average mass
accuracy of 0.02 Daltons.

MALDI-LID-ToF/ToF experiments were carried out in reflec-
tron positive mode, with an ion source voltage of 8 kV, and a
post fragmentation cell acceleration voltage of 19 kV. Each
spectra contains a single 200 shot precursor ion measurement,
and 20, 500 shot fragment ion measurements, for a total of
10200 fragment ion measurements averaged into the spectra.
The precursor ion selector (PCIS) window was set between —2
and 10 Daltons.

Sample preparation

Poly(methyl acrylate), poly(ethyl acrylate), poly(n-butyl acry-
late), poly(iso-butyl acrylate), poly(methyl acrylate-b-ethyl acry-
late) and poly(methyl acrylate-co-ethyl acrylate) were all pre-
pared in a tetrahydrofuran (THF) matrix solution at 10
mg ml™" concentrations. The THF matrix solution contained;
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40 mg ml™" trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyl-
ideneJmalononitrile (DCTB), 0.1 mg ml™' sodium iodide.
0.5 pl of each sample was then spotted onto a MTP 384 ground
steel target plate (Bruker, Coventry, UK).

Results and discussion
Synthesis of polymers

In order to ascertain whether tandem MALDI-ToF analysis
could reveal structural information on copolymer composition
a number of model polymers were synthesized via a photo-
mediated polymerization in the presence of Cu(u)Br, and
MecTren (Scheme 1).

The co-monomer system comprising of methyl acrylate
(MA) and ethyl acrylate (EA) was chosen as they were expected
to have reactivity ratios of ~1, thus a statistical copolymeriza-
tion should yield an essentially random monomer distri-
bution. In addition to this controlled polymerization of these
monomers is well-reported, thus well-defined block copoly-
mers can be readily prepared. The targeted degree of polymer-
ization for all polymers was selected as DP20, as this is in an
ideal mass range for MALDI-ToF MS analysis, Fig. 1: homo-
polymers of both methyl acrylate and ethyl acrylate, as well as
a statistical copolymer of the two and a block copolymer. The
statistical copolymer was prepared by polymerizing a
1:1 molar ratio of MA and EA. The block copolymer was pre-
pared by first polymerizing a homopolymer of MA followed by
in situ addition of EA once conversion was determined to be
over 98%. Full experimental details can be found in the ESI.{

MALDI-ToF and MALDI-LID-ToF/ToF data

Polyacrylate homopolymers. MALDI-ToF spectra and
MALDI-LID-ToF/ToF spectra of a poly(methyl acrylate) homo-
polymer (M,, = 2000 g mol~") were first recorded to give insight
into the fragmentation patterns which could be expected when
analyzing the copolymers.

u(ll)Bry, MegTren, UV light

/\O Br + 20 l o ZOBr
DMSO /25 °C
o” "o
|
R

R = Me, Et

Scheme 1 General scheme showing the photomediated polymeriz-
ation of acrylate monomers as used in this study.
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0
Me

Figure 9 ° o °
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Poly(MA)q Poly(EA)z Poly(MA)q-stat-Poly(EA) 1 Poly(MA);g-block-Poly(EA);

Fig. 1 Polymers used in this study: poly(methyl acrylate),o homopoly-
mer, poly(ethyl acrylate),o homopolymer, poly(methyl acrylate),o-stat-
poly(ethyl acrylate);o statistical copolymer, poly(methyl acrylate);o-
block-poly(ethyl acrylate);o block copolymer.
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MALDI-ToF spectra of the homopolymer displays the labi-
lity of the bromine w-end group. The highest intensity series of
peaks throughout the majority of the spectra corresponds to a
bromine terminated poly(methyl acrylate) as a Na" adduct as
expected, Fig. 2. However, there are other peaks present in the
spectra, which are assigned as H terminated poly(methyl acry-
late). There is also some evidence of K™ adducts of both the
bromine and hydrogen terminated polymers. It has been
shown previously that conventional MALDI-ToF MS has no
effect on the labile end groups and we have previously reported
many spectra of polymers prepared by copper mediated
polymerization with similar end groups which are stable under
these conditions in the mass spectrometer.>”*®® Thus, the H
terminated polymers are present in the sample prior to the
measurement due to side reactions in the chemistry. For the
purposes of this work the presence of these impurities is of no
concern. MALDI-LID-ToF/ToF spectra of the peak at m/z = 2107
(Fig. 2B), corresponding to a bromine terminated poly(methyl
acrylate) homopolymer with DP = 22, was recorded (Fig. 2C & D).

The lability of the bromine end group results in a spectrum
which only contains A chains (mechanism shown in
Scheme 2, full analyzed spectra shown in Fig. 3), and some
secondary fragments in the low molecular weight region
(<500 Da). The main series of fragments, labelled A, is indica-
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Scheme 2 Fragmentation pathways observed for the MALDI-LID-ToF/
ToF of acrylate homopolymers and copolymers. The A and O species
are the only two observed in the spectra, as they are the only “none
radical”, and hence stable, species that can come from the radical back-
biting regime, which drives the fragmentation.
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(A) (Top Left): Full MALDI-ToF spectra of poly(methyl acrylate) homopolymer. (B) (Top Right) Zoom of the MALDI-ToF results in the

2020-2120 m/z range showing issues with end group fidelity and K* adducts. (C) (Bottom Left) Full spectra of the MALDI-LID-ToF/ToF, the large
peak shows the loss of the end group but very little else. (D) (Bottom Right) Zoom in on the spectra, excluding the large peak for the loss of end

group, showing the backbone cleavages described using Scheme 1.
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series of A fragments of increasing repeat unit. (B) Comparison of all the

tive of a vinyl CH, terminated fragment. Due to these chains
arising from secondary fragmentation, this implies that second-
ary fragment ions prefer the form shown in Scheme 2 as O.
This would lead to the radical on the -CH, form on the A
chains via a proposed mechanism shown in Scheme 2; note
this might only apply for polyacrylates with labile o end groups
such as secondary bromides. These chains then lose a hydrogen
radical to produce a vinyl bond with the extra CH,. The peaks of
significantly less intensity assigned to extra CH, chains forming
from a transfer of the radical to other acrylate molecules on the
backbone, leading to a radical acrylate leaving the backbone
and hence giving chains of CH, double bonded to CH. This
process seems to be more energetically unfavorable to the loss
of a hydrogen radical. The peaks corresponding to the second-
ary fragment O, at 281.156 and 453.047 m/z, are of particularly
high intensity. While O fragments do exist at higher masses in
the poly(methyl acrylate), they are much lower intensity peaks,
which could imply that many of our smaller O chains are
actually the product of three fragmentations or more.

A poly(ethyl acrylate) homopolymer was then examined to
confirm that the fragmentation pathway is the same as the
poly(methyl acrylate). The conventional MALDI-ToF spectra,
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(A) Assignment of the 200 to 800 m/z range of the poly(methyl acrylate) homopolymer. Beyond this point the peaks continue as a major

fragment chains from one and other.

Fig. 4A, showed only bromine terminated poly(ethyl acrylate).
The peak at m/z = 2618 was isolated and a MALDI-LID-ToF/ToF
spectrum taken. The pathway is the same as the poly(methyl
acrylate), Scheme 2, however, the O fragments of the poly(ethyl
acrylate) homopolymer tend to be larger, as there are high
intensity peaks at 323, 523, 723 and 923 m/z, with slightly
lower intensity peaks at 423, 623 and 823 m/z (Fig. 5B & D).
These peaks express that the radical backbiting process tends
to pass the radical further down the chain when compared to
the poly(methyl acrylate) homopolymer. This is believed to be
due to the increased steric hindrance the longer alkyl (R) chain
(Fig. 1) provides, and hence it is therefore more energetically
unfavorable to undergo the backbiting process close to the
original radical formation.

In an attempt to characterize this MALDI-ToF and
MALDI-LID-ToF/ToF spectra of two different poly(butyl acry-
late) homopolymers was recorded. Both poly(n-butyl acrylate)
and poly(iso-butyl acrylate) were used so as to investigate any
steric effects from the R group while keeping the other chemi-
cal properties as similar as possible.

These polymers were synthesized with a chlorinated end
group from a chlorine containing initiator, this is due to the A
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(A) Full MALDI-ToF spectra of the poly(ethyl acrylate). (B) Expansion of the 2400-2550 m/z, showing the repeat unit and that this is the only

series in the sample. This means that there have been no changes to the end group configuration, such as those seen in the poly(methyl acrylate).
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(A) (Top Left) Full MALDI-LID-ToF/ToF spectra of the poly(ethyl acrylate) homopolymer, the large few peaks are loss of bromine end group.

(B) (Top Right) Expansion to exclude the large end group peak and showing the backbone cleavages. (C) (Bottom Left) expansion of the 200-1000

m/z region, showing the assignment as similar as poly(methyl acrylate) but with higher mass

ments only.

end group of the EBIB (ethyl a-bromoisobutyrate) synthesized
polymers has the same empirical formula as a repeat unit of
butyl acrylate. This causes the secondary fragment o to overlap
with the first A fragment, and hence methyl-2-chloropropio-
nate was used as an initiator to synthesize these two poly(butyl
acrylate) polymers.

Both MALDI-ToF spectra showed that the polymers were
similar in terms of mass distribution. Chlorine terminated
polymer chains form the highest intensity peaks in the
spectra, with a smaller secondary distribution of hydrogen-
terminated chains. The 2578 m/z peak, was isolated from both
the poly(n-butyl acrylate) and poly(iso-butyl acrylate) polymers,
for MALDI-LID-ToF/ToF measurement.

The fragmentation pathways were the same as found for
poly(methyl acrylate), Scheme 2, indicating that the o end
group has little effect on the overall fragmentation pathway.
However, examining the O fragments of the two spectra, there
does not appear to be the high intensity m/z peaks which were
found in the poly(ethyl acrylate) homopolymer. Also, if we
compare the intensity of the O fragments in the poly(n-butyl
acrylate) and the poly(iso-butyl acrylate) spectra, we find that
there is no notable difference between the O fragments of the
two different structural isomers of poly(butyl acrylate), Fig. 6B
& D. Therefore we are unable to confirm that the steric hin-
drance is what causes the increase in secondary fragment size
found in the poly(ethyl acrylate). This does not affect copoly-
mer analysis, but is something to take into consideration
during assignment.

The homopolymers can be compared to those found in litera-
ture for polyacrylates. The break down pattern for poly(methyl
acrylate) is similar to that found by collision induced dissociation

This journal is © The Royal Society of Chemistry 2018

fragments. (D) (Bottom Right) isolating those frag-

(CID), with more of an emphasis on the secondary fragments
due to the labile end group and the focus on radical backbiting.
The poly(butyl acrylates), undergo much fewer
rearrangements and instead provide more backbone cleavages.®®

Poly(methyl acrylate-b-ethyl acrylate). The MALDI-ToF
spectra of poly(methyl acrylate-b-ethyl acrylate) is much more
complex (Fig. 7), with each degree of polymerization (DP) con-
taining a distribution of the different number of co-monomer
units. The highest intensity chemical distribution contained
the bromine end group, therefore when undergoing fragmen-
tation its pathway should be similar to the already assessed
brominated polyacrylates.

The MALDI-LID-ToF/ToF was taken of the 2278 m/z peak
(Fig. 8), which assigns as poly(methyl acrylate,,-b-ethyl acry-
late;,). The fragmentation pathways appear to be the same as
for the homopolymers. However, there are two distinct distri-
butions found in the spectra, where the difference between the
A chains as the m/z increases changes from 86 Daltons to 100
Daltons. These distributions represent two distinct monomer
blocks, which are present in the polymer chains, one from
methyl acrylate, and one of ethyl acrylate. This indicates that
the co-monomers in the sample are arranged with a diblock
structure. It is also possible to determine the length of each
monomer block, as the difference between the A chains
changes at the m/z representing 10 repeat units and 11 repeat
units, indicating that the original assignment is correct and this
arises from a poly(methyl acrylate,-b-ethyl acrylate,,) chain.

However, there is also evidence of an amount of undesired
mixing, from the synthesis, in the region where the two
polymer blocks were intended to switch, where we see frag-

however,

ments consisting of poly(methyl acrylatey-b-ethyl acrylate,) as a

Polym. Chem., 2018, 9, 4631-4641 | 4635
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Fig. 6 (A) (Top Left) MALDI-ToF of the poly(n-butyl acrylate) homopolymer. (B) (Top Right) The 0 fragments from the MALDI-LID-ToF/ToF of the

poly(n-butyl acrylate) homopolymer. (C) (Bottom Left) MALDI-ToF of the poly(iso-butyl acrylate) homopolymer. (D) (Bottom Right) The

from the MALDI-LID-ToF/ToF of the poly(iso-butyl acrylate) homopolymer.
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Fig. 7
2220-2340 m/z region, showing the comonomer distribution for DP 22.

A chain. This poly(methyl acrylates-b-ethyl acrylate,) chain is
found at higher m/z values, with a lower intensity, showing
that these chains do contain the expected number of both
monomers when not fragmented.

There is also a peak at 14 Da lower than the A fragment,
this peak is only found after where methyl acrylate polymeriz-
ation was intended to be completed. We initially ascribed this

4636 | Polym. Chem., 2018, 9, 4631-4641
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(A) Full MALDI-ToF spectra of the poly (methyl acrylate-b-ethyl
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acrylate) copolymer. (B) Expansion of the MALDI-ToF spectra in the

to be a result of monomer mixing within the chains, however,
the structure which would need to be present to form a A frag-
ment with this m/z would have to be from poly(methyl acry-
late;;-b-ethyl acrylate;) which, according to the isolation pro-
cedure used should not be present in the spectrum. The iso-
lation of the 2278 m/z has no overlapping peaks of similar m/z
that would result in this intensity, when taking into account

This journal is © The Royal Society of Chemistry 2018
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the lability of the bromine end group. In addition, a further
explanation might be that the peak has taken the form of a A
fragment, however A fragments at every other m/z in every
other spectra are not present, as the radical undergoes a
radical backbiting process to form the secondary fragments.

The most likely structural conformation which this equates
to is a secondary fragment of poly(ethyl acrylate;,) with a
methyl acrylate unit as the terminal group. Interestingly this
implies there is some special dependence on radical backbit-
ing, as there are very little secondary fragments between those
found at <500 m/z. Also the fragments found below 500 m/z
have very little evidence of secondary fragments which are
made up only of ethyl acrylate. As this was found in the homo-
polymer, this implies that there is some effect impeding the
radical backbiting process from occurring closer to the original
radical point with ethyl acrylate monomers. Whether a steric
problem, or some other currently unknown effect, the differ-
ences found between the breakdown patterns of these two
acrylate compounds, especially when in a diblock with each
other, change how the radical backbiting occurs in a copoly-
mer structure compared to either homopolymer.

Poly(methyl acrylate-co-ethyl acrylate). MALDI-ToF of this
statistical copolymer show that the overall mass distribution is
similar to that of the diblock copolymer. The highest intensity
peaks contain bromine terminated polymer chains. The peak
at m/z = 2078 was selected for isolation in the ToF/ToF analysis.
This peak corresponds to bromine terminated poly(methyl
acrylate;o-co-ethyl acrylate;,). A pattern of peaks repeats
throughout the spectra (Fig. 10C), forming a smaller distri-
bution (Fig. 11) at each repeat unit. This pattern is very similar
to the co-monomer distribution observed in the MALDI-ToF
spectra of the two copolymers (Fig. 10A & 7A), with each of the
peaks being separated by 14 Da. This indicates that all of the
fragments of all chain lengths have a likelihood of containing
methyl acrylate and ethyl acrylate, therefore the copolymers in
this sample have a statistical structure, with, as far as can be
seen here, no change in the likelihood of either monomer
being at any given repeat unit.

This journal is © The Royal Society of Chemistry 2018

Applying the assignment of the homopolymer does not
cover all of what we observe in the MALDI-LID-ToF/ToF
spectra. As we observe in the 300-500 m/z region, several of the
peaks in the pattern we have previously seen at higher mole-
cular weights these cannot be accounted for as A chains. We
assigned these as O chains as previously observed in the sec-
ondary fragmentation patterns found in the homopolymer
spectra (Fig. 2D), these O chains also can be assigned to
several of the A chain peaks.

As observed for poly(ethyl acrylate) homopolymer, a peak
which we are only able to assign to the O has a high intensity
at 581.533 m/z, higher mass than any of the other higher inten-
sity secondary fragment peaks in the poly(methyl acrylate)
homopolymer. This peak indicates that the effect causing the
larger secondary fragments containing ethyl acrylate repeat
units is also occurring, at least to some extent in this case. It is
difficult to discern to what extent the peaks overlap, with 581
m/z being the highest m/z chain we can find which is only
assigned as an O chain. The downside of this is that many of
the higher molecular weight peaks found in the statistical
copolymer spectra, which mathematically could be assigned as
O as well as A chains, cannot be discounted based on the
MALDI-LID-ToF/ToF spectra for the homopolymer.

Comparison of the diblock and statistical copolymer. The
key features of the MALDI-LID-ToF/ToF spectra of both the
diblock and statistical copolymers show significant differences,
which illustrate the ability of MALDI-LID-ToF/ToF’s to quickly
determine the type of copolymer structure present (Fig. 9 and
11). With the diblock it possible to determine both that there
are 2 monomers and that they are present as distinct blocks, it
is also possible to determine the level of mixing which was
occurring at the block boundary region (Fig. 9). Whilst analyz-
ing the microstructure in this way is more time consuming in
the analysis stage, it only uses one spectrum that is simple to
acquire allowing for an impressive amount of information to be
gained in a single MALDI-LID-ToF/ToF spectra. The statistical
copolymer gives a completely different MALDI-LID-ToF/ToF
spectra. The chemical distributions observed for each of the

Polym. Chem., 2018, 9, 4631-4641 | 4637
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fragments shows that there is a contribution from both
monomer types throughout the spectra, and hence the assem-
bly of the polymers in a more random format (Fig. 11).

Conclusions

MALDI-LID-ToF/ToF has provided in depth analysis into the
structure of poly(methyl acrylate), poly(ethyl acrylate), poly(n-
butyl acrylate) and poly(iso-butyl acrylate) homopolymers, and
poly(methyl acrylate-co-ethyl acrylate) diblock and statistical
copolymers. Clear differences are seen between the diblock
copolymer and the statistical copolymer spectra. Despite the
simplicity of the acquisition, using the same sample prepa-
ration as the MALDI-ToF, determining the co-monomer
arrangement of a copolymer is fully within the reach of
MALDI-LID-ToF/ToF. The lability of the bromine terminating
end group simplified the homopolymer spectra to allow only a
single major series of fragments to form, alongside low mole-
cular weight, high intensity, secondary fragmentation peaks.
Comparing the LID results to the CID results from literature,
there is very little difference for the poly(methyl acrylate).
However, poly(butyl acrylate) shows more backbone cleavages
and less rearrangement.®® The diblock polymers gives a spec-
trum enabling the microstructure to be examined. When the
block boundary region was examined there was found to be a
certain level of polymer mixing occurring between the two
monomer blocks. Clear differences are observed between the
diblock copolymer and the statistical copolymer. Determining
the co-monomer arrangement of a copolymer is fully within
the reach of this simple MALDI-LID-ToF/ToF technique.

This journal is © The Royal Society of Chemistry 2018
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