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ABSTRACT: The generation of star polymers via living polymerization protocols is well documented; however,
the impact of midchain radicals (MCRs) on the precise formation pathways under operation in living acrylate
star polymerizations is still poorly understood. In the present study, electrospray ionization-mass spectrometry
(ESI-MS) technology has been applied to map the products generated in R-group approach reversible addition
fragmentation chain transfer (RAFT) methyl acrylate (MA) star polymerizations in order to gain insight into the
precise formation pathways under operation in such systems. The polymerizations were conducted at 65 °C using
the tetrafunctional RAFT agent 1,2,4,5-tetrakis(2-phenylthioacetylsulfanylmethyl)benzene and 2,2′-azobis(isobu-
tyronitrile) (AIBN) as the thermally decomposing initiator. Initiator fragment derived linear chains, ideal stars,
star-star couples, and other terminated star products formed as a result of combination and disproportionation
reactions were successfully imaged. Additionally, MCR derived products that lie outside of the conventional
R-group approach RAFT star polymerization mechanistic scheme were identified. Products associated with
termination reactions involving intermolecularly formed MCRs on star arms and linear chains were observed;
specifically, structures formed from MCR termination with propagating stars or radical carrying star cores, or
with initiator fragments or propagating initiator derived linear chains. Additionally, structures produced via
repropagation of intermolecularly formed MCRs on star arms were also identified. The products generated from
MCR-derived reaction pathways were imaged from a degree of polymerization (DPn) as low as one, indicating
that MCRs can form upon molecules carrying only a single monomer unit.

Introduction

The manufacture of complex macromolecular architectures
has been revolutionized by the advent of “living” free radical
polymerization protocols, which allow for precise control of
the degree of polymerization while generating materials of a
low polydispersity. Of particular interest is the capability of these
techniques to generate well-defined star polymer structures,
which opens an additional avenue by which polymer properties
may be carefully tuned.1,2 The most prominent of these living
free radical polymerization methodologies are atom transfer
radical polymerizations (ATRP),3–6 nitroxide-mediated poly-
merizations (NMP),7,8 and the reversible addition-fragmentation
chain transfer (RAFT) process.9,10 When using ATRP and NMP
methodologies to generate star polymers, the macromolecular
scaffold11 is always a radical carrying species, whereas two
distinct approaches to the design of star polymer architectures
are possible when using RAFT, these approaches being termed
Z-group and R-group approach polymerizations. In R-group
approach polymerizations (depicted in Scheme 1), the dithioester
moiety leaves the scaffold structure and mediates the polym-
erization disconnected from the core, leaving the core itself to
carry a radical in a similar manner to ATRP and NMP star
polymerizations. In contrast, the Z-group technique operates on
the principle that the RAFT agent stays tethered to the central
macromolecular scaffold. This has the important consequence
that the core will not carry propagating radical functions, as
propagation occurs exclusively in the solution surrounding the
core. In principle, Z-group polymerizations therefore offer the
opportunity to generate extremely well-defined star polymer
products up to high monomer to polymer conversions without
the added complexity of cross coupling reactions;12,13 a design
feature that is not achievable when using ATRP, NMP, or
R-group approach RAFT polymerizations due to the ever-present

potential for the radical carrying core to undergo coupling
reactions. However, these latter techniques can still be extremely
well suited to the manufacture of highly defined complex
polymer architectures when the reaction conditions employed
in these methodologies are finely tuned.14–17 When working
under the constraints of specific monomers and reaction
conditions, firm guiding principles are therefore a necessity if
rational choices of design methodology are to be made.

In order to better understand the mechanistic underpinnings
behind such living star polymerizations, several studies on systems
that can produce highly structured molecular weight distributions
(MWDs) have been undertaken by Barner-Kowollik and co-
workers.18–20 For example, in addition to ideal star material,
R-group approach styrene star polymerizations have been shown
to produce lower molecular weight polymer products, in addition
to large, broad higher molecular weight shoulders on the MWDs
resulting from these polymerizations.17,20 Using a combined
theoretical and experimental approach, it was concluded that
the formation of initiator fragment derived linear chains and
star-star couples21 can serve to explain these highly structured
MWDs.20 The presence of these materials was unambiguously
established through the use of mass spectrometry techniques
on similar p-acetoxystyrene (AcOSty) R-group approach sys-
tems,19 confirming that these products can play an important
role in the generation of complex MWDs in living star systems.

These previous studies had focused on R-group approach
RAFT polymerizations featuring monomers in which midchain
radical (MCR) formation is not known to be pronounced;
however, a significant degree of added complexity would be
expected from living star polymerizations of acrylate monomers.
It is widely accepted that MCRs play a significant role in the
deviation of acrylate polymerizations from the ideal free radical
polymerization reaction scheme,22–26 and it has been indicated
that the formation of MCRs can have a considerable impact
upon the MWDs of controlled radical polymerizations.27–29

MCRs are increasingly formed from temperatures as low as -40
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°C onward30 via transfer reactions in which the radical
functionality of the secondary propagating radical (SPR) is
transferred to the polymer backbone via an H-shift reaction.31–38

Such transfer reactions may proceed via intramolecular “back-
biting” reactions, in which a [1,5] H-shift reaction is favored to
occur, or via intermolecular pathways. The resulting MCRs may
then terminate with other radical species (e.g., reaction pathway
III of Scheme 2), undergo propagation at a significantly reduced
rate (e.g., reaction pathway IV of Scheme 2), take part in transfer
reactions with a chain-transfer agent (CTA) (e.g., reaction
pathway V of Scheme 2), or undergo �-scission reactions in
which shortened macroradicals and unsaturated dead polymer
are produced (e.g., reaction pathways I and II of Scheme
2).25,36,39 In an acrylate star polymerization system, multiple
star arms and/or linear chains may conceivably be involved in
such reaction pathways, adding complexity to the mechanistic
processes involved. Indeed, Boschmann and Vana observed high
molecular weight components in Z-group approach RAFT
polymerizations of acrylates,27 components which are not in
accordance with the conventional Z-group approach RAFT
polymerization mechanistic scheme. These authors attributed
these products to star-star couples formed via intermolecular
chain transfer to polymer reactions, demonstrating the extent

to which long-chain branching can impact acrylate star poly-
merizations.

In this present contribution, electrospray ionization mass
spectrometry (ESI-MS) is employed to map the products
generated in R-group approach RAFT methyl acrylate (MA)
polymerizations. It has been well documented that mass
spectrometry techniques, such as matrix-assisted laser desorption
and ionization-time-of-flight-mass spectrometry (MALDI-TOF-
MS) and ESI-MS, are powerful methods in the analysis of
synthetic polymers.41–47 Such mass spectrometry methodologies
can allow the structural details of individual polymer chains to
be mapped with a high degree of accuracy and sensitivity,
allowing insights to be gained into, for example, chain initiation
and termination mechanisms.48–51 ESI-MS is a particularly soft
ionization technique, capable of imaging products with virtually
no chain or end-group fragmentation.24,48–56 Herein, a detailed
map of the products produced in R-group approach RAFT MA
star polymerizations has been generated for the first time using
ESI-MS techniques, thereby allowing insights to be gained into
the precise formation processes under operation in acrylate star
polymerizations.

Scheme 1. Conventional R-Group Approach RAFT Polymerization Mechanistic Scheme, in Which MCR Formation Is Not Considereda

a Star arm growth takes place on the star scaffold proper; RAFT equilibria take place between stars and stars, stars and linear chains, and linear
chains and linear chains.
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Experimental Section

Materials. Methyl acrylate (Aldrich, 99%) was deinhibited by
passing through a column of basic alumina prior to use. 2,2′-
Azobis(isobutyronitrile) (AIBN) (DuPont) was recrystallized two
times from ethanol prior to use. Toluene (Ajax, analytical grade)
was used as received. The synthesis of 1,2,4,5-tetrakis(phenylth-
ioacetylsulfanylmethyl)benzene (4-arm RAFT agent) has been
described elsewhere.20 300 MHz 1H NMR (CDCl3) analysis of the
purified RAFT agent gave δ [ppm] ) 4.27 (s, 8H), 4.29 (s, 8H),
7.16 (s, 2H), 7.21–7.36 (m, 20H). Careful inspection of the spectrum
revealed no impurities.

Polymerization Procedure. A typical polymerization involved
adding a 10/90 vol % MA/toluene solution to a 10 mL volumetric
flask containing 80 mg of 4-arm RAFT agent (1 × 10-2 mol L-1)
and 16 mg of AIBN (1 × 10-2 mol L-1). 2 mL portions of the reaction
mixture were transferred to glass ampules, which were sealed with
rubber septa and copper wire. The solutions were then deoxygenated
via N2 purging for no less than 15 min. Ampules were placed in an
oil bath at 65 °C, and samples prepared for ESI-MS analysis were
typically removed after 240 min. After removal from the oil bath, the
samples were immediately quenched in ice–water.

Monomer to polymer conversions typically reached orders of a
few percent, and thus, accurate conversion data were difficult to
obtain. This bears little consequence to the aims of the present study,

as observations of the formation pathways operative in the system
under investigation are only dependent on the polymer end-group
functionalities.

Mass Spectrometry Analysis. By identifying the product ions
formed during ESI-MS analyses, detailed maps of the products
produced during R-group approach RAFT MA star polymerizations
may be obtained. In order to identify these product ions, structural
libraries were created for the possible product species generated in
the star polymer system under investigation (see the Results and
Discussion section for further elaboration). All theoretical molecular
weights were calculated using the exact mass as provided by the
software package CS ChemDraw Ultra version 5.0 for the lightest
isotope of the product of interest. Theoretical isotopic peak patterns
were generated using the software package Xcalibur version 1.4.

A Thermo Finnigan LCQ Deca ion trap mass spectrometer
(Thermo Finnigan, San Jose, CA) was employed in the MS studies.
The LCQ Deca ion trap instrument was equipped with an
atmospheric pressure ionization source operating in the nebulizer-
assisted electrospray mode and was used in positive ion mode. Mass
calibration was performed using caffeine, MRFA, and Ultramark
1621 (Aldrich) in the mass-to-charge (m/z) range 195-1822 Da.
All spectra were acquired within the m/z range of 150-2000 Da
with a spray voltage of 4.5 kV, a capillary voltage of 44 V, a
capillary temperature of 275 °C, and a flow rate of 3.00 µL/min.

Scheme 2. Various Reaction Pathways Available to MCRs Formed on Living Chains in R-Group Approach RAFT MA Star
Polymerizations40 a

a Such reaction pathways are also available to MCRs formed on dead chains via intermolecular transfer reactions. Repeating monomer units have
been enclosed in parentheses.
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Nitrogen was used as sheath gas (flow: 50% of maximum), and
helium was used as auxiliary gas (flow: 5% of maximum). Three
microscans, with a maximum inject time of 100 ms per
microscan, were averaged for each scan when using the normal
scan type. When using the ZoomScan scan type, five microscans
were averaged per scan, with a maximum inject time of 50 ms
per microscan. Typical m/z value errors were observed to be
(0.3 Da.

Two-stage mass spectrometry (MS/MS) experiments were con-
ducted upon precursor ions of interest in order to gain additional
structural information from the resulting fragmentation patterns.
All spectra were acquired using identical source conditions to the
single-stage mass spectrometry experiments. A collision gas of
helium was used at a partial pressure of 0.1 Pa, and typical
normalized collision energies ranged from 25 to 30%.

Two different solvent mixtures were used during the preparation
of samples for MS analysis: a 75/25 vol % mixture of dichlo-
romethane (DCM)/methanol (MeOH) or a 60/40 vol % mixture of
tetrahydrofuran (THF)/MeOH. In addition to solvent mixtures in
which metal salts were not added, 60/40 vol % THF/MeOH
mixtures doped with sodium iodide (0.1 mM), lithium iodide (0.3
mM), or potassium iodide (0.3 mM) were also used.

Results and Discussion

The polymerization conditions employed in the present study
are discussed below, followed by a discussion of the structural
library created for the R-group approach RAFT MA star
polymer system under investigation. In-depth analyses of ESI-
MS spectra generated from this system are then presented.
Spectra obtained over various m/z ranges are discussed system-

Scheme 3. Examples of Chemical Structures Incorporated into the Structural Librarya

a Such structures are associated with the conventional R-group approach RAFT star polymerization mechanistic scheme (when using MA as the
monomer). Repeating monomer units have been enclosed with parentheses. Because of the high number of structures incorporated into the library,
only a limited number of illustrative examples have been shown.
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atically, and the chemical structures assigned to these spectra
are routinely summarized. Following this is a discussion of the
insights gained from the ESI-MS investigations into the forma-
tion processes involved in living acrylate star polymerizations.

Polymerization Conditions. Given that high-accuracy data
are only able to be obtained on the LCQ Deca ion trap
instrument to a m/z of no more than 2000, there is a limit to the
degree of polymerization (DPn) of products able to be detected
using this technique. For instance, given that the exact masses
of the 4-arm RAFT agent employed in this study and an MA
repeat unit are 798.07 and 86.04 Da, respectively, in such an
MA system, singly charged sodiated adducts may only be
directly observed for ideal star molecules with a DPn of 13 or
below and for star-star couples with a DPn of 8 or below. Thus,

in order to be able to observe oligomeric/polymeric products
of interest within this limited m/z window, the polymerization
conditions employed in the preparation of the star polymer
samples were carefully chosen. The chosen polymerization
conditions sought to emphasize potential reaction pathways
leading to nonideal star material and to allow the products
generated via these reaction pathways to be observed within
the 2000 m/z limit of the LCQ Deca ion trap instrument (see
the Experimental Section for the specific polymerization condi-
tions).

In order to achieve this, the acrylate monomer MA was
chosen for its relatively low mass, which allows chains of a
higher DPn relative to other acrylates to be detected given the
limited m/z range. Additionally, polymerization conditions were

Scheme 4. Examples of Chemical Structures Incorporated into the Structural Librarya

a Such structures are potentially formed in R-group approach RAFT MA star polymerizations via the reaction pathways available to MCRs, as
illustrated in Scheme 2. Repeating monomer units have been enclosed with parentheses. Because of the high number of structures incorporated into
the library, only a limited number of illustrative examples have been shown.
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chosen to create a high radical flux, thereby placing an emphasis
upon termination events and MCR formation. This was achieved
by using a high initiator concentration, and the polymerizations
were conducted with a cosolvent of toluene in order to decrease
the rate of propagation, resulting in a higher number of transfer
and termination events having occurred within the system at a
given average DPn. It was therefore also important to conduct
the polymerizations at a temperature in which the rate of
propagation remained relatively low; thus, polymerizations were
conducted at 65 °C and not at a higher temperature. Since the
incidence of �-scission reactions decrease as reaction temper-
atures decrease,30 it is therefore unlikely that �-scission reactions
are pronounced under the 65 °C polymerization temperature
employed in the present study. These polymerization conditions
aimed to create highly structured MWDs within the limited m/z
range of the LCQ Deca ion trap instrument, and though the
reaction pathways emphasized in the present study may not
necessarily be prominent under all acrylate star polymerizations
conditions, this does not negate the predominant aim of these
experiments; that is, to allow reaction pathways that can
potentially be of significance in acrylate star polymerizations
to be unambiguously revealed.

Structural Library. To assign chemical structures to the
R-group approach RAFT MA star polymer system under
investigation when using ESI-MS, comprehensive structural
libraries containing products potentially generated during these
polymerizations were created. Products likely to be formed in
accordance with the conventional R-group approach RAFT star
polymerization mechanistic scheme were incorporated into this
library (see Scheme 3 for examples of these structures). These
products include initiator fragment derived linear chains (e.g.,
Linear Chain 1 of Scheme 3), Ideal Star molecules (ideal star
of Scheme 3), and closed-ring radical initiated and terminated
stars (see Scheme S1 of the Supporting Information for
illustrated examples of these structures) as well as all of the
associated termination by combination (e.g., AIBN Terminated
Star 2 of Scheme 3) and termination by disproportionation (e.g.,
Disproportionation Stars 1a and 1b of Scheme 3) products for
these various species. In addition to these aforementioned
products, chemical structures likely to be generated as a
consequence of MCR formation on linear chains and star arms
were also incorporated into the structural library (see Scheme
4 for examples of these structures). Products associated with
�-scission (e.g., Linear Chain 27 and Beta Scission Star 2 of
Scheme 4), termination by both disproportionation and combi-
nation (e.g., Linear Chains 9 and 29 and Branching Stars 1 and

2 of Scheme 4), and repropagation (e.g., Branching Star 3 of
Scheme 4) of these MCRs were included. It should be noted
that MCRs formed via intramolecular transfer reactions will
produce short-chain branching products identical in mass to
conventional nonbranched polymers if they take part in repro-
pagation or coupling events. Such short-chain branching prod-
ucts are therefore unable to be distinguished from similar
unbranched products when using MS. Finally, star and linear
polymer chains containing thiol end groups,53,57 thiolactone end
groups and disulfide linkages,57 in addition to cross-termination
products58 and oxidation products,53,54 were also incorporated
into the structural library.

For every compound incorporated into the structural library,
the masses of adducts formed from these compounds via the
attachment of various different species ([P + (M)n]n+, where P
represents a star or linear polymer molecule; M represents a
solvent molecule or sodium, potassium, lithium, silver, hydro-
gen, or ammonium cations; and n ) 1 for singly charged ions
or n ) 2 for doubly charged ions) were calculated. The exact
masses calculated for these adduct species are used in the
assignment of peaks generated in the ESI-MS experiments. The
masses of various salt cluster complexes ([P + M(MX)n] n+,
where MX represents the metal salt and M the metal cation,
and n ) 1 or 2) were also calculated for use in the cases in
which metal salts are added as dopants in the ESI-MS experi-
ments.

Analyses of Spectra. By matching masses calculated from
the structural library with the m/z of peaks observed in ESI-
MS spectra generated from samples obtained from R-group
approach RAFT MA star polymerizations, a detailed mapping
of the chemical structures produced in these polymerizations is
able to be conducted. An in-depth discussion of this process
follows, focusing upon spectra produced over various ESI-MS
m/z scan ranges. The discussion begins with an analysis of
spectra produced using the normal scan type59 of the LCQ Deca
ion trap instrument over the m/z range 150–2000. Following
this is an analysis of spectra produced using the ZoomScan scan
type60 over significantly smaller m/z ranges. When using the
ZoomScan scan type, the signal-to-noise ratio observed in the
generated spectrum is improved relative to that observed when
using the normal scan mode. This increases the sensitivity of
the analysis, allowing products to be detected which might
otherwise have remained unobserved. Thus, the discussion of
the spectra produced using the normal scan type over the m/z
range 150–2000 is limited to the general features of the observed
MWD, and detailed attempts at assigning structures to lower

Figure 1. Typical ESI-MS spectrum obtained from an R-group approach RAFT MA star polymer sample using a normal scan type over the m/z
range 150–2000. The m/z regions labeled A, B, and C are dominated by peaks arising from initiator fragment derived linear chains, ideal stars
(along with the RAFT agent), and star-star couples, respectively.62 These structures are illustrated in the boxes labeled A, B, and C, respectively
(repeating monomer units have been enclosed with parentheses).
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abundance peaks are only conducted upon the ZoomScan
spectra. These ZoomScans were obtained over representative
areas of the full scan range and encompass all of the peaks of
interest observed within this m/z range.

It should also be noted that when dealing with products that
form ions that are detected at levels only marginally above
acceptable signal-to-noise ratios, as is the case in the present
study, particular care must be taken to ensure that the peaks to
which structures are assigned genuinely arise as a result of
products of interest (i.e., products generated via significant
reaction pathways in R-group approach RAFT MA star poly-
merizations). Thus, for a single polymer sample, multiple
solutions were prepared for ESI-MS analysis to test for
reproducibility. As an additional test for reproducibility, different
polymer samples produced using identical reaction conditions
were analyzed using ESI-MS. From these spectra, peaks are
confidently assumed to arise from products of interest if they
(a) are consistently reproducible in all of the spectra obtained
and (b) reoccur at a m/z 86.04 higher than the original peak
(i.e., a mass corresponding to a product peak that is exactly
one monomer repeat unit larger than the original peak),61

suggesting that such peaks are indeed due to oligomeric/
polymeric chains and not impurities within the sample. In the
following analyses, peaks marked with an “x” are not able to
be confidently identified as oligomer/polymer product peaks of
interest, either because they are not reproducible or because they
are not periodic.

Normal Scan Type Spectra Obtained oVer the Range 150–
2000 m/z. Figure 1 shows a typical ESI-MS spectrum obtained
from an R-group approach RAFT MA star polymer sample
using a normal scan type over the m/z range 150–2000. A highly
structured MWD is observed, indicating that reaction pathways
leading to nonideal star material play a significant role in the
polymerization system under investigation. Indeed, the dominant
peaks in the m/z regions labeled as A, B, and C in Figure 1 can
be assigned to initiator-derived linear chains, ideal stars, and
star-star couples, respectively (see Table 1).

These assignments are in excellent agreement with the
conclusions gathered from previous studies on R-group approach
RAFT star polymerizations,19,20 which suggested that initiator-
derived linear chains and star-star couples are the predominant
nonideal star contributors to the highly structured MWDs which

Table 1. Ion Assignments for the Most Abundant Peaks Observed in Regions A, B, and C of the Spectrum Depicted in Figure1
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can be observed in such systems. In addition to these peaks, a
host of lower abundance product peaks are observed in the
spectrum. Higher resolution spectra were taken in order to image

the ions that produce these peaks with a heightened degree of
accuracy and sensitivity, and the analyses of these spectra are
presented below.

ZoomScan Spectra Obtained oVer the Ideal
Star-Dominated m/z Region. ZoomScan spectra were taken over
representative m/z areas of the region dominated by ideal star
peaks (labeled region B in Figure 1), and Figures 2 and S1 show
typical examples of such spectra. A significant number of
nonreproducible and/or nonperiodic peaks are observed in these
spectra, which is not unexpected given that low abundance peaks
are being analyzed. As stated in the introduction to the analyses
of the spectra, only consistently reproducible, periodic peaks
are deemed to arise from products of interest; hence, only such
peaks are assigned to products in the following discussion.

Within the ideal star-dominated region in question, six
additional peaks corresponding to products of interest are able
to be identified (peak VI appears for the first time at m/z 1158.9
and is therefore not shown in Figure 2; a depiction of peak VI
is found in Figure S1 of the Supporting Information). By
comparing theoretical m/z values to these peaks, matches with
adduct species are able to be obtained. Only some of the
products which can give rise to such adduct species are
mechanistically feasible; thus, the mechanistically unrealistic
assignments are disregarded. For example, the experimentally
observed m/z of peak I matches with the theoretical m/z of
sodium adducts formed from the products Disproportionation
Stars 3b and 4e, star products in which 3 or 4 star arms have
been terminated via disproportionation reactions. If dispropor-
tionation reactions were indeed occurring upon 3 or 4 star arms,
peaks resulting from products in which 2 arms have been

Scheme 5. Fragmentation Pathways Observed in MS/MS Experiments Conducted upon Oxidized Star Moleculesa

a Precursor and daughter ions are detected as sodium adducts.

Figure 2. Typical ZoomScan spectrum obtained from the ideal star
dominated m/z region of the full scan range (region B of Figure 1).
The inset shows a magnified view of the spectrum, with peak labels.
Peaks labeled “x” are either nonreproducible or nonperiodic.

Table 2. Potential Ion Assignments for Peaks I, II, III, and V of
Figure 2 Based on Matching Experimentally Observed and

Theoretical Mass-to-Charge Ratios

peak label possible ion assignments m/zexp. m/ztheo. error (m/z)

I [oxidized ideal star 1 + Na]+ 1009.0 1009.1 0.1
[ideal star 1 + K]+ 1009.1 0.1

II [oxidized ideal star 2 + Na]+ 1025.0 1025.1 0.1
[oxidized ideal star 1 + K]+ 1025.1 0.1
[branching star 26 + Na]+ 1025.1 0.1

III [oxidized ideal star 6 + Na]+ 1047.0 1047.2 0.2
[oxidized ideal star 5 + Li]+ 1047.2 0.2
[branching star 27 + Li]+ 1047.2 0.2

V [oxidized ideal star 5 + Na]+ 1063.1 1063.2 0.1
[ideal star 1 + Li]+ 1063.2 0.1
[branching star 27 + Na]+ 1063.2 0.1

Table 3. Mass Losses Observed in MS/MS Experiments
Conducted upon Peaks I, II, III and V, As Labeled in Figure2

peak
label

oxidation product
ion assignment

168.0
Da

184.0
Da

152.0
Da

theoretically
expected

mass losses

I [oxidized ideal star 1 + Na]+ Y Y N 168.0 and 184.0
II [oxidized ideal star 2 + Na]+ Y Y N 168.0 and 184.0
III [oxidized ideal star 6 + Na]+ Y N Y 168.0 and 152.0
V [oxidized ideal star 5 + Na]+ Y N Y 168.0 and 152.0
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Table 4. Ion Assignments for the Product Peaks Labeled in the Spectra Depicted in Figures 2 and S1a

a Where product peaks have been depicted more than once, mass-to-charge ratios and isotopic peak patterns have been given for the most abundant
product peak. The experimental isotopic peak patterns for the ion assignments labeled as “low signal-to-noise” are subject to significant distortion from
experimental noise. The simulated and experimental isotopic peak patterns for these ions are depicted in Table S2 of the Supporting Information.
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terminated via disproportionation reactions would also be
expected to arise. As no peaks corresponding to disproportion-
ation products involving 2 star arms are observed within the
full 150–2000 m/z scan range, adducts formed from the
Disproportionation Stars 3b and 4e products are disregarded as
potential peak assignments.

After disregarding such mechanistically unfeasible assign-
ments, peaks IV and VI can be confidently assigned to single
products, whereas peaks I, II, III, and V are still able to be
assigned to multiple adduct species (as summarized in Table
2). For example, all of these peaks may be assigned to sodium
adducts formed from oxidation products. Specifically, peaks I
and II are able to be assigned to oxidation products in which
an oxygen atom attaches to the RAFT end group on one or two
star arms, respectively, and peaks III and V are able to be
assigned to oxidation products in which a sulfur atom is replaced
with an oxygen atom on the RAFT end group of one- or two-
star arm, respectively (see Scheme S2 of the Supporting
Information for illustrations). The low abundances of peaks II
and III relative to peaks I and V support these product
assignments. This is because oxidation reactions involving a
maximum of only two star arms are potentially observed, which
indicates that if oxidation reactions do indeed take place, the
extent to which such reactions occur is limited. Hence, fewer
star products would be expected to be formed from oxidation
reactions involving two star arms relative to reactions involving
only one star arm.

In addition to the aforementioned potential assignments, peaks
II and V may also be matched with sodium adducts arising from
thiol-terminated products, which are potentially formed from
the degradation of one or two RAFT end groups of the
Branching Star 3 parent species (Branching Stars 26 and 27
respectively; see Scheme S3 of Supporting Information for
illustrations of these structures). These assignments are mecha-
nistically feasible, as the Branching Star 3 product is able to be
identified (assigned to peak VI, Figure S1). Finally, peaks I, II,
III, and V may also be assigned to potassium and lithium adducts
of ideal stars (peaks I and V) or of the aforementioned oxidation
or thiol-terminated products (peaks II and III). Thus, it can be
seen that there is a significant degree of ambiguity in the
assignment of products to peaks I, II, III, and V.

When considering, among other pieces of evidence, the
abundances of peaks I, II, III, and V, it would at first appear
that the oxidation product assignments are the most probable
and that the other assignments are less sound. (A detailed
discussion outlining the reasoning behind these conclusions may

be found in the Supporting Information.) However, the presence
of these peaks arising as a consequence of oxidation products
being present in the sample solutions is still questionable. This
is because the formation of such oxidation products have
previously been explained by the presence of peroxides in the
THF used to prepare samples for ESI-MS analysis,52–54 and the
abundances of such oxidation product peaks are known to
fluctuate between spectra produced from otherwise identical
samples, most probably due to different degrees of oxidation
taking place in samples that are stored over different lengths of
times.51 However, in the present study, the relative abundances
of the peaks assigned to oxidation products remain relatively
consistent between different spectra, and more importantly, these
peaks are observed whether or not THF is used as the solvent.
Thus, adducts formed from oxidation products generated as
a result of the presence of peroxides in THF are not an
adequate explanation for the ambiguous peaks in question.
As other similar product peaks are observed throughout
spectra taken across the full available m/z range and as the
correct assignments for these peaks can be vital when making
inferences with regards to the formation pathways involved
in the acrylate system under investigation, it was deemed
necessary to conduct further experiments to thoroughly test
the potential peak assignments in order to unambiguously
identify the origins of these peaks.

First, to test the potential contribution of lithium and/or
potassium adduct formation in the generation of these ambiguous
peaks, samples were prepared using solvents doped with sodium
iodide, lithium iodide, or potassium iodide, and ZoomScan
spectra were obtained from these samples over the m/z region
940–1050 (spectra obtained from the potassium and lithium
cation doped samples are shown in Figure S2). By introducing
a significant quantity of a single type of metal ion into the
sample solutions, adducts formed between these particular
cations and products present in the sample solution would be
expected to be prominent. By comparing the relative abundance
of the peaks observed in spectra produced from the differently
doped samples, it is possible to draw conclusions relating to
the contribution of certain metal adducts toward peaks of a given
m/z. These experiments strongly suggested that the ambiguous
product peaks labeled I, II, III, and V in Figure 2 arise
predominantly, if not entirely, from sodium adducts formed from
either oxidation products or from thiol-terminated chains and
have been detailed in full in the Supporting Information.

Having confidently ruled out potassium and lithium adducts
as significant contributors to the ambiguously assigned product
peaks, further tests were undertaken upon freshly prepared ESI-
MS samples and samples left in storage (discussed in full in
the Supporting Information). These experiments showed that
oxidation of RAFT end groups does indeed occurs readily in
THF/MeOH solutions, but only to a minor extent in DCM/
MeOH solutions, indicating that peaks I, II, III, and V of Figure
2 either are due to oxidation products that form prior to
preparation of the sample solution or are due to other product
species altogether. In order to test this, MS/MS spectra were
generated from suspected oxidation product peaks in a typical
R-group approach RAFT MA star polymer sample and from
known oxidation product peaks in heavily oxidized THF/MeOH
samples. Fragment ions associated with mass losses of 168.0,
184.0, and 152.0 Da are observed in the MS/MS spectra
produced from product peaks associated with oxidized stars in
the THF/MeOH sample. These are in accordance with frag-
mentation pathways associated with star arms carrying a RAFT
end group or one of two forms of the oxidized RAFT end group,
resulting in the loss of the respective RAFT end group from
the molecular ion, leaving behind a star molecule carrying an
unsaturated arm (as illustrated in Scheme 5). Importantly, the

Figure 3. Typical ZoomScan spectrum obtained from the star-star
couple dominated m/z region of the full scan range (region C of Figure
1). The inset shows a magnified view of the spectrum, with peak labels.
The peak labeled “x” is nonreproducible and nonperiodic.
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mass losses observed in the MS/MS spectra generated from
peaks I, II, III, and V show perfect agreement with the expected
oxidized RAFT groups corresponding to these peaks, as
illustrated in Table 3. This confirms that peaks I, II, III, and V
can be assigned to sodium adducts formed from oxidized star
species.

From the above experiments, it can be concluded that peaks
I, II, III, and V can be assigned predominantly, if not entirely,
to sodium adducts formed from oxidized star molecules and
that these oxidized products are formed prior to preparation of
the solutions used in the ESI-MS analyses. The relatively high
abundance of these products suggests that the oxidation reactions
are occurring to a significant extent through storage of the
polymer samples, which had been exposed to the atmosphere.
It is suggested that the presence of residual AIBN in the polymer
samples may act as an initiator for these oxidation reactions,65–67

explaining the high degree to which the oxidation products are
formed. By establishing that these previously ambiguous peaks
are indeed due to sodium adducts formed from oxidation
products, peaks in which similar ambiguities in product assign-
ments are encountered are immediately assigned to oxidation

products in the analyses of the subsequent ZoomScan spectra
obtained over different m/z regions.

The final assignments for all of the product peaks of interest
in the ideal star-dominated m/z region are summarized in Table
4. It should be noted that the experimentally observed isotopic
peak patterns for several of the product peaks of interest are
potentially subject to significant distortion due to the particularly
low signal-to-noise ratios of these peaks (such peaks have been
depicted in Table S2 of the Supporting Information). After
taking these potential distortions into account, the general
patterns in the isotope abundances for these product assignments
are favorably comparable to the simulated isotopic peak patterns.

ZoomScan Spectra Obtained oVer the Star-Star
Couple-Dominated m/z Region. A typical ZoomScan spectrum
taken over a representative m/z area of the region dominated
by star-star couple peaks (labeled region C in Figure 1) is
shown in Figure 3. As per the previously discussed spectra, only
consistently reproducible, periodic peaks are assigned to prod-
ucts.

A summary of the ion assignments for product peaks of
interest observed in spectra obtained over the star-star couple

Table 5. Ion Assignments for the Product Peaks Labeled in the Spectrum Depicted in Figure 3a

a The experimental isotopic peak patterns for the ion assignments labeled as “low signal-to-noise” are subject to significant distortion from experimental
noise. The simulated and experimental isotopic peak patterns for these ions are depicted in Table S3 of the Supporting Information.
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dominated m/z region is given in Table 5. It can be seen that,
once again, a significant number of peaks associated with
oxidation are observed. Additionally, a long-chain branching
product formed as a result of the termination of a propagating
star, or a radical carrying star core, with an intermolecularly
formed MCR on a star arm is assigned to peak VI. Because of
the low signal-to-noise ratios of the product peaks of interest
within this m/z region, the experimentally observed isotopic peak
patterns for a significant number of these peaks are subject to
considerable distortion. However, as with previously described
product assignments, the general isotope distributions in the
simulated and experimentally observed isotopic peak patterns
compare favorably after this potential distortion is taken into
account (see Table S3). Particularly noteworthy is the simulated
isotopic peak pattern for the ion assignment of peak VI. This
assignment corresponds to a MCR-derived long-chain branching
product with seven RAFT end groups, which represents one
more RAFT end group than a conventional star-star couple.
The additional RAFT end group significantly increases the
abundance of the third isotope peak due to the existence of the
extra two sulfur atoms, differentiating the expected isotopic peak
pattern from conventional star-star couples and their oxidation
products. This difference is indeed observed experimentally,

providing a strong affirmation of the veracity of the product
assignment.

ZoomScan Spectra Obtained oVer the Linear
Chains-Dominated m/z Region. A typical ZoomScan spectrum
taken over a representative m/z area of the region dominated
by linear chain peaks (labeled region A in Figure 1) is shown
in Figure 4. Once again, only consistently reproducible, periodic
peaks are assigned to products.

A summary of the ion assignments for product peaks of
interest observed in spectra obtained over this region is given
in Table 6. Oxidation products are again apparent, and an
additional product formed as a result of a termination pathway
involving an intermolecularly formed MCR on a linear chain
is assigned to peak II. It should be noted that the experimentally
observed isotopic peak patterns for peaks II and III overlap,
and the isotopic peak pattern simulations have been created to
reflect this. Thus, there is a certain degree of artificiality in the
similarities observed between the experimental and simulated
patterns, as the abundance of the first isotope peak of the
simulated pattern of peak III was scaled to reflect the experi-
mentally observed abundance relative to peak II. However, after
taking this into account, the favorable comparison between the
two patterns is still legitimate after considering distortions from
experimental noise.

ZoomScan Spectra Obtained oVer Additional m/z Regions.
In addition to the peaks which have already been listed,

product peaks of interest are also able to be identified in m/z
ranges that lie outside of the regions dominated by linear chain,
ideal star, and star-star couples. These product peaks are
presented below.

A typical ZoomScan spectrum obtained in the m/z range
730–770 is presented in Figure 5. The peak assignments for
the product peaks of interest in this m/z range are presented in
Table 7, along with ion assignments for peaks which have not
been labeled in illustrated spectra. The spectra encompassing
these latter peaks are not presented because the majority of the
peaks within the m/z region in which they lie correspond to
lower abundance peaks which have already been depicted and
assigned. In addition to further oxidation products, stars with
single arms terminated via disproportionation reactions are also
identified, along with stars in which single arms have been
terminated via combination with an AIBN fragment or an AIBN
fragment derived linear chain. The saturated star disproportion-
ation product may also be formed via transfer reactions (this is
elaborated upon in the Summary of the Structural Assignments
and their Mechanistic Implications section).

The experimentally observed isotopic peak patterns for peaks
I and II, peaks III and IV, and the peaks assigned to the
[Oxidized RAFT Agent 5 + Na]+ and [AIBN Terminated Star
1+ Na]+ adducts overlap. As discussed previously, the attempts
at simulating isotopic peak patterns to reflect this signal overlap
create a certain degree of added comparability between the
simulated and experimentally observed isotope distributions.
However, even after this is considered, the favorable compari-
sons between the two distributions are once again still legitimate
for all of the ion assignments after experimental noise has been
taken into account.

Summary of the Structural Assignments and Their
Mechanistic Implications. A summary of all of the nonoxidized
products identified in the R-group approach RAFT MA star
polymer system under investigation within the full m/z range
of the LCQ Deca ion trap instrument is presented in Table 8,
along with a summary of the formation processes involved in
the generation of these products (for illustrated examples of
oxidized products, see Scheme S2 of the Supporting Informa-
tion). These final product assignments are listed in order of
decreasing relative abundance, as observed for the most

Figure 4. Typical ZoomScan spectrum obtained from the linear chains
dominated m/z region of the full scan range (region A of Figure 1).
The inset shows a magnified view of the spectrum, with peak labels.
Peaks labeled “x” are either nonreproducible or nonperiodic.

Figure 5. Typical ZoomScan spectrum obtained in the m/z range
730–770, with peak labels. Peaks labeled “x” are either nonreproducible
or nonperiodic.
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abundant peak to which each product was assigned in a typical
normal scan type spectrum obtained over the m/z range
150–2000.68 Though these relative abundances provide some
indication of the propensity for certain products to be formed
in the star acrylate system under study, and hence of the kinetic
favorability of certain reaction pathways, such inferences must
be made with caution due to the potential for mass bias effects
and the potential for ionization bias effects stemming from
differing end-group functionalization and/or the polarity of the
polymer. For example, when considering relative abundances
alone, it is difficult to conclude that the formation of star-star
couples is favorable when compared to the formation of
disproportionation products when two radical carrying star arms
meet. This is particularly true for species which differ signifi-
cantly in terms of their chemical constituents, as the potential
for ionization bias effects is thereby heightened.

However, despite these difficulties in ascertaining the precise
favorability of certain formation pathways from these studies,
significant conclusions can be made with regards to the nature
of the formation pathways which operate in R-group approach
acrylate star polymerizations. In addition to ideal stars, it can
be seen that the initiator derived linear chains and star-star
couples are detected in significant abundances, providing further
evidence to support the notion that the formation of these species
are responsible for the highly structured MWDs capable of being
produced in R-group approach star polymerizations. Other
reaction pathways associated with the conventional R-group
approach polymerization mechanistic scheme which are ob-
served to be of importance are termination of star arms with
initiator fragments or initiator derived linear chains and termina-
tion of star arms via disproportionation reactions. These
termination reactions are observed to occur from a DPn of one
onward, indicating that such reactions can take place in close
proximity to the star core. It is particularly noteworthy that the
saturated star disproportionation product is significantly more
abundant than the unsaturated disproportionation product (see
Figure 5), as this unsaturated disproportionation product may
also form via intermolecular transfer reactions in which a
hydrogen atom is abstracted from a CTA. Given the high degree
of chemical similarity between the two disproportionation
products, ionization bias effects stemming from differing

chemical functionalization are unlikely to be significant. Ad-
ditionally, the potential for mass bias effects may be disregarded,
as the two products differ in mass by only ∼2 Da. Thus, it can
be concluded with some degree of confidence that intermolecular
transfer reactions are up to twice as likely to occur as
disproportionation reactions.

As saturated linear chains are not observed whereas stars
containing saturated arms are, it would appear that in the system
under study intermolecular MCR formation expectedly occurs
predominantly as a result of reactions involving radical carrying
star products and not linear chains. However, it is the fate of
such intermolecularly formed MCRs that is of particular interest
to this study. The products assigned to the ESI-MS spectra
indicate that these MCRs can terminate with initiator fragments,
initiator derived linear chains, propagating stars, or radical
carrying star cores and that these reactions can occur on MCRs
formed on star arms or on linear chains. The MCR termination
reactions involving propagating stars or radical carrying star
cores are observed to occur from a DPn as low as one, indicating
that MCRs can form on products carrying only a single
monomer unit. For MCR termination reactions involving
initiator fragments or initiator derived linear chains, products
with DPns as low as two are observed, once again indicating
that MCR formation can occur on products carrying very few
monomer repeat units. Repropagation of MCRs on star arms
formed via intermolecular reactions is also observed to occur,
and such reactions are also found to occur from a DPn as low
as two.

At the polymerization temperature of 65 °C employed in the
present study, �-scission reactions were not observed, but it
would be expected that such reactions can play a larger role in
acrylate star polymerizations conducted at higher temperatures.
Additionally, as branching products associated with intramo-
lecular transfer reactions are unable to be observed when using
ESI-MS, the reaction pathways leading to the formation of such
products were unable to be distinguished in the present study.
This does not rule out the likelihood of termination and
propagation reactions occurring upon such MCRs in a manner
similar to the pathways observed to occur on intermolecularly
formed MCRs; however, because of the backbiting processes
which must take place in order to form a MCR via an

Table 6. Ion Assignments for the Product Peaks Labeled in the Spectrum Depicted in Figure4a

a The experimental isotopic peak patterns for the ion assignments labeled as “low signal-to-noise” are subject to significant distortion from experimental
noise. The simulated and experimental isotopic peak patterns for these ions are depicted in Table S4 of the Supporting Information.
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Table 7. Ion Assignments for the Product Peaks Labeled in the Spectrum Depicted in Figure 5 and for Product Peaks Observed in
ZoomScans Which Have Not Been Depicteda

a The experimental isotopic peak patterns for the ion assignments labeled as “low signal-to-noise” are subject to significant distortion from experimental
noise. The simulated and experimental isotopic peak patterns for these ions are depicted in Table S5 of the Supporting Information.
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Table 8. Summary of the Nonoxidized Products Observed in Spectra Produced from the R-Group Approach RAFT MA Star
Polymerizations and the Formation Pathways under Operation in the Generation of These Products69 a
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Table 8 Continued
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intramolecular reaction, it is unlikely that such processes occur
at DPns as low as those observed for MCRs formed via
intramolecular transfer reactions.

Conclusion

ESI-MS methodologies were successfully applied to map the
product species generated in R-group approach RAFT MA star
polymerizations, allowing insights to be gained into the forma-
tion processes under operation in living acrylate star polymer-
izations. Products associated with the conventional R-group
approach RAFT star polymerization mechanistic scheme were
observed; these products being initiator fragment derived linear
chains, ideal stars, star-star couples, and terminated star
products formed as a result of disproportionation and combina-
tion reactions. Importantly, products formed via reaction
pathways involving MCRs were also imaged. These products
were formed as a result of termination reactions involving
intermolecularly formed MCRs on both star arms and linear
chains with propagating stars, radical carrying star cores, AIBN

fragments, or AIBN derived linear chains. Additionally, products
formed from the repropagation of intermolecularly formed
MCRs on star arms were observed. The products formed from
MCR derived reaction pathways were imaged from a DPn as
low as one, indicating that MCRs form on products carrying a
single monomer unit.

Significant oxidation of RAFT end groups prior to preparation
of the ESI-MS samples was observed. The extent of this
oxidation was explained by the presence of residual AIBN in
the polymer samples, which was hypothesized to act as an
initiator for these oxidation reactions.

No �-scission reactions were observed at the polymerization
temperature of 65 °C employed in the ESI-MS studies, and
short-chain branching formation processes were unable to be
imaged when using ESI-MS; however, these were not ruled out
as potentially important reaction pathways in acrylate star
polymerizations.

Table 8 Continued

a The products and their associated formation pathways are listed in order of the relative abundances of the most abundant peak to which each product
was assigned in a typical normal scan type spectrum obtained over the m/z range 150–2000.
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