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Introduction

Since its first application toward macromolecular character-
ization, matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS)1-3 has proven to be a
valuable tool for the characterization of polymers. This soft
ionization technique enables the measurement of the absolute
molecular weight of each discrete macromolecule represented in
thepolymerdistribution, allowing for the calculationof the sample’s
number-average molecular weight (Mn) and polydispersity index
(PDI), as well as determination of the exact mass of the repeat
units and accurate calculation of the combined end-group mass
of the polymer.4,5 Mass spectral characterization is particularly
powerful for larger polymers because unlike traditional end-group
identification techniques, the signal from the end groups does not
diminish (e.g., relative to those of the repeat unit for nuclear
magnetic resonance (NMR) spectroscopy) as molecular weight
increases. In addition, because such detailed data can be obtained
from sub-microgram sample quantities,MALDI-TOFMShas been
used for the qualitative elucidation of polymeric architecture,6-8

polymer degradation,7,9-12 and end-group transformations.4,13

While the elucidation of polymer mechanisms and possible side
reactions have been studied extensively using end-product char-
acterization,14-17 the investigation of the change of end groups
with respect to time, in order to provide more detailed mechanistic
information, has not. The cationic polymerization of thioether-
functionalized oxazolinemonomers offered an ideal case study to
test this methodology for verifying the chain transfer mechanism
suggested in our recent investigations.18

Traditionally, a number of techniques can be used to provide
evidence for the occurrence of chain transfer events during a
polymerization. Perhaps the most common involves monitoring
the increase in polymer molecular weight with respect to mono-
mer conversion, as measured by gel permeation chromatography
(GPC),18,19NMR,20orFourier transform infrared (FTIR) spectros-
copy.21,22 While these approaches can provide evidence for the
occurrence of chain transfer, they offer limited utility in verifying
themechanism for chain transfer. The chain transfer event occurs
at the propagating end of the polymer; therefore, identification of
byproducts by end-groupanalysis is themost attractive technique
for understanding the chain transfer mechanism. This approach
has been confirmed by end-group analysis of the product using
1HNMR,20,23MALDI-TOFMS,24 electrospray ionization mass
spectrometry (ESI MS),25 or gas chromatography mass spectrom-
etry (GC MS).26 Theoretical calculations and modeling have
also been used to elucidate mechanistic events in polymer-
izations.21,22,27,28 Because MALDI-TOF MS is one of the most

sensitive techniques for analyzing a polymer’s end group, it provides
perhaps the best tool for ascertaining the mechanism of a poly-
merization, chain transfers events, and other byproduct-generating
side reactions. However, such mechanistic investigations have
not been explored in much detail in the published literature.
Herein, we examine a time-dependent analysis of the polymer end
groups at different time points throughout the polymerization as
a means of determining the chain transfer mechanism.

The general cationic ring-opening polymerization reaction of
2-oxazolines leads to well-defined poly(N-acylethylenimine) poly-
mers (PNAIs) with low polydispersities29 and easily modifiable end
groups and side chains.30-33 The polymerization of oxazoline is
thermodynamically driven due to the favorable isomerization of
the imino ether group to the amide functionality and elimination
of monomer ring strain (Scheme 1). The cationic ring-opening
polymerization of 2-oxazolines can follow either ionic or covalent
mechanisms depending on the relative nucleophilicity of the
counteranion derived from the initiator versus the monomer.
For the tosylate counterions investigated in this study, polymer-
ization is expected to follow the ionic route, where the propagat-
ing species is an oxazolium cation with an associated tosylate
anion.34 Termination occurs following the addition of a strong
nucleophile or adventitious reactions with water. Polymers of
oxazoline are particularly versatile systems because the N-acyl
side chain enables diverse functionalization along the polymer
backbone, enabling the chemical and physical properties to be
readily tuned.29,31,35-40

Though it has been shown that the cationic polymerization of
2-oxazoline monomers can follow a living mechanism, recent
research by Kempe et al.41 and our laboratories18 suggests that
polymerizations of thioether containing 2-oxazoline monomers
are not living. This is believed to be a result of chain transfer caused
by a nucleophilic attack of the thioether on the propagating
oxazolium species, generating a sulfonium ion, followed by elimi-
nation to generate a thio ether end group. Initial GPC studies con-
firmed the nonliving character, as themolecular weight plateaued
with increase in conversion.18 In order to verify the proposed
mechanism of the chain transfer, MALDI-TOF MS end-group
characterizationwas carried out at a variety of time points during
the polymerization of the thiophenol-functionalized 2-isopropenyl-
2-oxazoline monomer, 4,5-dihydro-2-(1-(phenylthio)propan-2-yl)-
oxazole (1) (Scheme1), and themethyl thioglycolate-functionalized
2-isopropenyl-2-oxazoline monomer, methyl 2-(2-(4,5-dihydro-
oxazol-2-yl)propylthio)acetate (structure in the Supporting
Information).

Results and Discussion

The monomer, 1, was prepared as previously reported18 and
polymerized to yield PNAI-SPh using a methyl tosylate initiator*Corresponding author. E-mail: sgrayson@tulane.edu.
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with acetonitrile as the solvent in a flame-dried round-bottom
flask under nitrogen gas to reduce contamination bywater. Aliquots
were removed (using care to prevent introduction of water into
the polymerization vessel) at different time intervals and worked
up by quenching any live polymer chains with an excess of water.
The MALDI-TOF mass spectra of each aliquot exhibited multi-
ple distributions each separated by 221.1Da, the repeat unitmass
of PNAI-SPh (for a representative example, see the four different
color-coded distributions in Figure 1). For each distribution,
if the counterion mass is subtracted from the observed mass and
the repeat unit number extrapolated to 0, the mass of the end
groups can be approximated and compared with the theoretical
values (Figure S1, Supporting Information).4 For this particular

polymerization, the expected product, in the absence of any chain
transfer events, would be the hydroxyl-terminated CH3-(PNAI-
SPh)n-OH (2) (green, end-group mass = 32.037 Da, Figure 1).
However, because of its nucleophilicity, the thioether in the mono-
mer is expected to compete with the nitrogen in the monomer in
reacting with the propagating cation. The resulting byproduct, 3,
could then undergo elimination to yield a polymer with a phenyl-
sulfide end group, CH3-(PNAI-SPh)n-SPh (4) (blue, end-group
mass= 124.080 Da, Figure 1). As byproducts of this proposed
termination, 1 equiv of the eliminated monomer, 2-isopropenyl
2-oxazoline (5), and 1 equiv of Hþ are also generated. The Hþ

generated could then initiate polymerization,which is expected to
be terminated either by an analogous chain transfer reaction or

Scheme 1. Proposed Chain Transfer Mechanism



10154 Macromolecules, Vol. 43, No. 23, 2010 Note

Figure 1. MALDI-TOF MS spectrum of PNAI-SPh after 1 h (monoisotopic exact mass used in calculations for all distributions).

Figure 2. MALDI-TOFMS of chain transfer products at various time intervals (signal counts normalized relative to compound 8 at each time point).
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by quenching with water when the reaction is worked up. The
initiation by Hþ is not thought to come from water due to the
various steps taken to reduce contamination bywater prior to the
quenching step. In addition, the prevalence of chain transfer is
only noted in the described thioether monomers, but not oxazo-
line monomers that would be susceptible to water contamination
without nucleophilic side chain functionalities. If the polymer is
still livingwhen the sample is quenched, the product is expected to
have hydrogen and hydroxyl end groups H-(PNAI-SPh)n-OH, 6
(red, end-group mass=18.057 Da, Figure 1). However, if these
Hþ initiated chains also undergo termination via a nucleophilic
attack by sulfur (7), a phenyl sulfide-terminated polymer chain
(H-(PNAI-SPh)n-SPh (8) (purple, end-groupmass=109.940Da,
Figure 1) plus an additional equivalent ofmonomer 5 andHþ are
produced. Finally, because each chain transfer event releases the
monomer 5 into the reaction mixture, this monomer is expected
to be incorporated into the polymer, especially as its concentra-
tion builds up late in the polymerization, resulting in copolymers
9 and 10 (pink and orange, Figure 2). It should also be noted that
chain transfer to monomer, in which the monomer abstracts
a proton from the living chain end via an elimination, has been
reported for other oxazolinemonomers,42,43 but this byproduct is
not observed in ameasurable quantity in themass spectra reported
herein, perhaps due to the large steric bulk of the substituents on
the side chain which would inhibit the proton abstraction.

Examination of the time-dependent MS data provided strong
support for the proposed mechanism (Figure 2). Though this
method is not quantitative, it can be used to qualitatively deter-
mine which side reactions contribute to the observed chain transfer
events,whichwere apparent frompreviousGPCstudies.18Analysis
of the end groups was carried out using a linear regression
protocol previously developed in our laboratories4 which takes
into consideration each n-mer present within a given distribution.
The observed end-group masses matched the theoretical end-
group masses closely, with a deviation of less than 0.08 Da for
each of the distributions identified (Figure S1, Supporting Infor-
mation). As predicted by the proposed mechanism, the polymer
chains initiated by the methyl tosylate initiator (green and blue,
Figure 2) exhibited the strongest signal at the first time point,
though even after only 1 h polymers initiated by chain transfer
(Hþ) dominated the distribution. In addition, the proportion of
hydrogen-initiated polymer chains (red and purple, Figure 2)
increased consistently throughout the course of the reaction,
particularly compound 8, which in theory should be the major
product late in the polymerization. Finally, only in the later mass
spectra is evidence seen of the incorporation of the elimination
byproduct monomer 5 and predominantly with the Hþ-initiated
polymer chains which are still living late in the polymerization,
e.g., H-(PNAI-SPh)n(PNAI-ene)1-SPh (pink (9), Figure 2) and
H-(PNAI-SPh)n(PNAI-ene)1-OH (orange (10), Figure 2). Analysis
of themonomerwith the thioglycolate side chainyieldedvery similar
results, and these data are detailed in the Supporting Information.

Conclusion

The use of time-dependent MALDI TOF mass spectral anal-
ysis provides strong evidence to support the prevalence of chain
transfer via nucleophilic addition/elimination of the thioether
functional group during the cationic polymerization of thioether
containing oxazoline monomers. Theoretical predictions match
the observed trends for the six major products expected during
this oxazoline polymerization and subsequent chain transfer reac-
tions with theoretical and observed end-group masses exhibiting
a deviation of less than 0.08 Da. While this specific study of
oxazoline polymerizations is limited in scope, the time-dependent
mass spectral technique described for confirming polymerization
mechanisms is both broadly applicable and particularly powerful,
considering the miniscule amounts of sample required for analysis.
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