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ABSTRACT: Reversible addition fragmentation chain transfer (RAFT) mediated methyl acrylate and butyl acrylate
polymerizations initiated via60Co γ-irradiation were investigated using electrospray ionization mass spectrometry
(ESI-MS). The polymer end-groupings were mapped using both a hybrid quadrupole-time-of-flight instrument
and a quadrupole ion trap mass spectrometer. Three potential initiation processes were identified during the cumyl
phenyl dithioacetate (CPDA) mediated acrylate polymerizations. CPDA dissociates into a cumyl radical and a
phenyl dithioester radical (Z-group). A set of polymer product ions indicates that a small, yet significant, fraction
of the γ-generated phenyl dithioacetate radical contributes to the initiation process. Furthermore, the phenyl
dithioacetate group undergoes cleavage to yield thiol end groups that react to form disulfide linkages. Additionally,
polymer product ions indicative of a small amount of water radiolysis were observed, and evidence that the butyl
acrylate monomer interacts withγ-radiation to yield an initiating species is gained.

Introduction

Free radical polymerization (FRP) initiated via60Co γ-ir-
radiation is attractive for grafting monomer onto polymer
backbones, polymerization of composites, cross-linking polymer
chains, and synthesizing copolymers as well as modifying
polymer properties because a constant ionizing energy source
supplies a constant radical species concentration.1-8 Addition-
ally, γ-radiation affords an environmentally friendly alternative
to thermally initiated polymerizations as this process occurs at
ambient temperatures. Reversible addition fragmentation chain
transfer (RAFT) chemistry is used routinely to generate
functional and complex molecular architectures, such as block
copolymers, core-shell nanoparticles, branched structures, as
well as star and graft polymers.9-12 Recently, RAFT chemistry
has been used in conjunction withγ-initiation for the synthesis
of complex polymer systems for the generation of extremely
well-defined polymers with respect to polydispersity and
molecular weight as well as for the construction of polymer-
protein conjugates;13-19 however, the exact initiation pathway
is unclear.

FRPs in the presence of RAFT agents is generally accepted
to occur via the reaction mechanisms presented in Scheme 1,
although direct evidence for cross-termination (reactions Vc and
Vd in Scheme 1) has not been established.20 Reaction I entails
the generation of an initiating species, I•, (Ia), from a small
molecular weight species, which, in this case, must arise from
γ-interactions with the monomer and RAFT agent under ambient
conditions. Upon monomer, M, addition, I• forms a primary
radical, P1•, (Ib), which proceeds with an initiation rate
coefficient, ki. Reactions II and IV are unique to RAFT
polymerizations and represent the pre-equilibrium (where the
initial RAFT agent reacts with a polymeric chain of arbitrary
chain lengthi or j (i.e., Pi or Pj) to form the macroRAFT agent)

and the core equilibrium (where the polyRAFT species grows
uniformly with monomer to polymer conversion). The pre-
equilibrium also entails monomer addition to the RAFT agent-
derived radicals, R·, which proceeds with a rate coefficient,kp,rein.
The pre-equilibrium and the core equilibrium are governed by
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Scheme 1. Reactionsa Describing the Reversible Addition
Fragmentation Chain Transfer (RAFT) Process Initiated via

60Co γ-Irradiation 11,21

a Note that the initiating species is unknown and cross-termination
(reactionsVc andVd) has not been observed during CPDA mediated
RAFT polymerization.22-25
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the magnitude of the addition and fragmentation rate coefficients
(kaddandkfrag). Several small molecular weight species may form
initiating species that can enter the pre-equilibrium reaction II.
Reactions III and V represent the conventional FRP propagation
and termination reactions, respectively. Here (Va) and (Vc)
represent termination by combination and (Vb) and (Vd)
represent termination by disproportionation, which are governed
by a chain length dependent termination rate coefficient, i.e.,
kt

i,j, albeit, once again, direct evidence for the cross-termination
reactions Vc and Vd has not been established.20

While the RAFT mechanism is generally accepted to explain
the controlled/“living” FRP behavior observed during60Co
γ-irradiation in the presence of thiocarbonylthio compounds,
reversible termination (Scheme 2) has also been proposed as
the mechanism that imparts controlled growth.26 Reversible
termination proceeds via dissociation of the dithiocarbonate
compound into a stable dithioester radical and R• (Scheme 2,
reaction I), the initiating species that generates the primary
radicals (reaction II), which propagate and terminate according
to conventional FRP kinetics (reactions III and V, respectively).
Reaction IV details the controlling mechanism, i.e., a reversible
activation/deactivation sequence between the polymer chain end-
capped by the dithioester group (1) and the growing polymer
chain and the stable dithioester radical species (2a).

In spite of numerous applications for controlled/“living” FRPs
initiated viaγ-irradiation, the initiating species and/or initiation
mechanism remain unclear. Mass spectrometric techniques such
as matrix assisted laser desorption ionization-time-of-flights
mass spectrometry (MALDI-ToF-MS) and electrospray ion-
ization-MS (ESI-MS) are often employed to analyze and
characterize synthetic polymers.27-37 While MALDI -ToF-MS
can be used to examine a significantly larger mass to charge
ratio (m/z) compared to ESI-MS (i.e., m/z up to ∼100 000
compared to∼2000 Da, respectively, for singly charged
species), ESI-MS is a soft ionization method, and thus, virtually
no fragmentation of the polymer chain and/or chain end-
grouping occurs. In contrast, MALDI-ToF-MS (also a soft
ionization technique) has been shown to cause the polymer end-
groupings of RAFT mediated polymer chains to fragment.34

Additionally, isotopic pattern resolution andm/zvalue accuracy
of up to 0.01 Da is achieved using certain ESI-MS techniques.

Previously, ESI-MS has been used to study the mechanistic
aspects of (living) FRPs21,31,38-41 as well as to conduct funda-
mental kinetic investigations of conventional polymerization.42-44

The RAFT agent cumyl phenyl dithioacetate (CPDA) was

selected because it imparts minimal rate retardation effects.21,45

Additionally, methyl acrylate (MA) and butyl acrylate (BA)
undergo controlled/“living” polymerization during60Co γ-irra-
diation,26,46-50 ionize well under ESI conditions and are low in
repeat unit molecular weight (i.e., can yield polymer product
within the ESI-MS detection limits).21,41The present contribu-
tion aims at addressing the significant gap in mechanistic
knowledge by directly mapping the polymeric product spectrum
obtained inγ-radiation induced free radical polymerization under
RAFT control. The study provides detailed mechanistic insights
into the initiating species while concomitantly advancing the
boundaries of polymer analysis via electrospray ionization mass
spectrometry.

Experimental Section

Materials. Methyl acrylate (Aldrich, 99%) and butyl acrylate
(Aldrich, 99%) were purified by passing through a column of basic
alumina and distillation prior to use. Cumyl phenyl dithioacetate
was synthesized and characterized using the CAMD method of
Quinn et al.25,51 Toluene was used after drying over a molecular
sieve (3A).

Polymerization. Bulk BA and MA and the 50/50 vol % BA/
toluene samples were prepared with 0.02 M CPDA in glass vials,
sealed with rubber septa and copper wire and deoxygenated via N2

purging for 20 min. Samples were placed in a sealed room with a
60Co source that operates at room temperature on a revolving
platform to ensure uniform irradiation at a dose rate of 0.11 kGy
h-1.52 Samples were removed from theγ-source at predetermined
time points that were selected to obtain low molecular weight
polymer. For example, to achieve polymer product of approximately
3% conversion, 9 h, 13 h, or 7 days ofγ-radiation was required
for the bulk MA, bulk BA, and the 50/50 vol % BA/toluene
samples, respectively. Upon removal, conversion was determined
gravimetrically after drying in a fume hood.

Mass Analysis.Obtaining mechanistic information from ESI-
MS first requires identification of the polymer product ions. The
minor peaks, i.e., those that exist in small quantities compared with
the main polymer product ion (species1, Scheme 3), afford the
most valuable mechanistic information because they are termination
products, which provide indirect information about the initiation
processes. Thus, to aid in identifying the important (minor) peaks,
two soft-ionization mass spectrometric techniques were used. First,
an Ultima hybrid quadrupole-time-of-flight (Q-ToF) instrument
(Micromass, Altrincham, Cheshire, UK) equipped with a ZSpray
sample introduction system in a nanoflow electrospray ion source
was used in positive ion mode with a source temperature of 200
°C. Mass calibration was performed using the fragment ions of Glu-
fibrino peptide. Samples were delivered into the ion source from
nanospray emitters (Proxeon, Odense, Denmark). The cone voltage
off-set was set at 50 V and the system was operated with a capillary
voltage of around 800 V. All spectra were acquired via the ToF
analyzer and were integrated every 2.4 s over the mass-to-charge,
m/z, range 50-2000 Da. Data were recorded and processed using
the MassLynx software, version 4.0.

Additionally, a Thermo Finnigan LCQ Deca quadrupole ion trap
mass spectrometer (Thermo Finnigan, San Jose, CA) equipped with
an atmospheric pressure ionization source operating in the nebulizer
assisted electrospray mode was used in positive ion mode. Mass
calibration was performed using caffeine, MRFA (Sigma-Aldrich)
and Ultramark 1621 (Sigma-Aldrich) in them/z range 195-1822
Da. All spectra were acquired over them/z range 150-2000 Da
with a spray voltage of 5 kV, a capillary voltage of 26 V, and a
capillary temperature of 275°C. Nitrogen was used as sheath gas
(flow: 50% of maximum) and helium was used as auxiliary gas
(flow: 5% of maximum).

The eluent was a 6:4 v/v mixture of THF:methanol with an acetic
acid concentration of 0.1 mM. Acetic acid was added to the solvent
prior to analysis to ensure that ionization would occur, albeit
ionization occurs readily from the sodium content that occurs

Scheme 2. Basic Reactions Describing the Reversible
Termination Process
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naturally in the glass. The peak masses do shift upon potassium
salt addition; however, the overall signal strength decreases do to
blockage of the heated capillary. Thus, since sodiated peaks occur
when neat solvents are used, no metal salts were added. Addition-
ally, each spectrum was examined for the presence of the main
polymer product ion for several potential metal cations, salt clusters
and/or solvent molecule attachments.32 All theoretical molecular
weights were calculated using the exact mass as provided by the
program package CS ChemDraw 6.0 for the first peak in any given
isotopic pattern. The theoretical isotopic patterns were generated
using the Xcalibur program included with the Thermo Finnigan
LCQ Deca ion trap mass spectrometer.

Results and Discussion

Methyl Acrylate:Quadrupole Ion Trap Mass Spectro-
meter. Initially, a quadrupole ion trap mass spectrometer was
used to investigate the polymer product spectrum of the RAFT-
mediated bulk methyl acrylate polymerization initiated via60Co
γ-irradiation (Figure 1, upper part). Also presented in Figure 1

is an expanded view of the mass range 1165-1275 Da, which
was selected because it adequately represents the polymer
product (lower part, where they-axis is scaled to allow for better
viewing of the minor peaks). The peaks that appear in a typical
pattern are labeled with a Roman numeral. Additionally, Table
1 displays the polymer peaks indicated in Figure 1 along with
their normalized peak intensities (normalized to the polymer
product ion intensity of species1, Scheme 3), the experimental
and theoreticalm/z values (m/zexp andm/ztheo, respectively), the
polymer ion assignments, the corresponding molecular formulas,
the number of monomer units associated with the ion assign-
ments (n) and them/z errors.

Figure 1 clearly shows two polymer distributions (upper part).
The main polymer distribution is product ion1, the cumyl

Scheme 3. Select Sodium Adducts of the Expected Polymer Product Ions from Electrospray if the Cumyl Phenyl Dithioacetate
Mediated Methyl Acrylate Polymerization Proceeds According to the Reaction Mechanisms Presented in Scheme 1

Figure 1. Spectrum of poly(methyl acrylate) obtained from electrospray
ionization mass spectrometry of a reversible addition fragmentation
chain transfer mediated MA polymerization initiated via60Co γ-ir-
radiation at room temperature. The lower graph presents an expanded
view of the mass range 1165-1265 Da, where they-axis is scaled to
allow for better viewing of the minor peaks. Polymer products were
analyzed using a quadrupole ion trap mass spectrometer.

Table 1. Polymer Peaks for the Spectrum of Poly(methyl acrylate)
Obtained from the Reversible Addition Fragmentation Chain

Transfer Mediated MA Polymerization Initiated via 60Co
γ-Irradiation at Room Temperature and Analyzed Using a

Quadrupole Ion Trap Mass Spectrometer (Figure 1) along with
Normalized Peak Intensities (norm. int., Normalized to the Peak

Intensity of Species 1, Scheme 3), the Experimental and Theoretical
m/z Values (m/zexp and m/ztheo, Respectively), the Ion Assignments
(ion assign.), the Molecular Formulas, the Number of Monomer

Units Associated with the Ion Assignments (n), and the m/z Errors a

peak
norm.
int. m/zexp

ion
assign. molecular formula n m/ztheo

m/zexp -
m/ztheo

I 1.00 1169.41 1 [C57H78O20S2 + Na]+ 10 1169.442 -0.04
II 0.09 1173.49 5a [C57H82O24 + Na]+ 12 1173.509 -0.02

18a [C52H78O28 + Na]+ 13 1173.457 0.03
12g [C52H78O26S + Na]+ 13 1173.439 0.05

III 0.02 1185.33 1b [C57H78O21S2 + Na]+ 10 1185.437 -0.10
IV 0.03 1187.45
V 0.04 1198.47 1 [C113H162O48S2 + Na2]2+ 24 1198.473 -0.01
VI 0.03 1201.05
VII 0.03 1207.53 1d [C57H84O24S + Na]+ 12 1207.497 0.03

4 [C62H88O22 + Na]+ 11 1207.566 -0.04
7e [C56H80O25S + Na]+ 12 1207.460 0.07

18 [C52H80O30 + Na]+ 13 1207.460 0.07
VIII 0.02 1221.39 7a [C56H78O24S2 + Na]+ 12 1221.422 -0.03
IX 0.04 1223.39 7b [C56H80O24S2 + Na]+ 12 1223.437 -0.05
X 0.02 1237.29
XI 0.05 1239.44 1a [C61H84O23S + Na]+ 11 1239.502 -0.06

12b [C57H84O24S2 + Na]+ 12 1239.469 -0.03
7h [C56H80O25S2 + Na]+ 12 1239.432 0.01

XII 0.09 1241.47 1 [C117H168O50S2 + Na2]2+ 25 1241.491 -0.02
XIII 0.03 1251.07

a See Schemes 3-6 for the corresponding product ion structures.
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initiated polymer chain end-capped with phenyl dithioacetate
(peak I). The second distribution arises from double charging
of this main polymer product ion1 due to attachment of two
sodium ions and includes product ion peaks V and XII (see
Scheme 3, which presents select sodium adducts expected from
electrospray if the CPDA-mediated methyl acrylate polymeri-
zation proceeds according to the reaction mechanisms presented
in Scheme 1). Additionally, peak III is the polymer product ion
(1b) (Scheme 4). This ion has also been observed for thermally
initiated RAFT-mediated acrylate polymerizations41 and arises
from oxidation due to peroxides present in the THF (used for
ESI-MS sample preparation). Scheme 4 presents potential
analogues of the main RAFT-mediated MA polymer product
species1 that arise from either oxidation due to peroxides in
the THF (1a and 1b), reduction of the CdS bond (1c) or
cleavage of the carbon sulfur linkage in the Z-group (1d).
Throughout this paper, polymer product ions that are found
within instrumental error are presented; however, for a more
complete list of all potential product ions and their corresponding
analogues, the interested reader is referred to the Supporting
Information section.

Table 1 shows that multiple ion assignments exist for peaks
II, VII, and XI because the molar masses for the different ion
structures differ by less than the instrument error (∼0.1 Da for
the LCQ Deca ion trap). For example, peak VII can be either
the polymer product ion1d, which may result from the RAFT
agent interacting with theγ-radiation; species4, the cumyl
initiated polymer terminated via combination; species7e, an
analogue of the set of product ions that result from dithioester
initiated polymer terminated via disproportionation,7a and7b
(see Schemes 4, 3, and 5, respectively); or species18, which
may form if peroxy initiation is important. Species7b may form
also via chain transfer to monomer and subsequent reaction with
the RAFT agent; however, this mechanism does not account
for formation of species7a. A more complete list of potential
dithioester initiated polymer product ion analogues that terminate
via either disproportionation (Scheme S1) or combination
(Scheme S2) are presented in the Supporting Information
section.

In addition to species7e, polymer product ions7a and 7b
are observed (Figure 1 peaks VIII and IX, respectively)
suggesting that a small percentage of the dithioester radicals
may initiate polymer chains. This hypothesis is corroborated
further by peak XI, which is either species1a, 7h, or 12b (see
Schemes 4, 5, and 6, respectively). The possibility of polymer
product ion12b indicates that both polymer product ions1d
and12h (Scheme 6) are formed but that their thiol end groups

react to form a disulfide bond. For a more complete list of
potential polymer product ions involving thiol end group and/
or disulfide bond formation please see Scheme S3 in the
Supporting Information section.

Multiple polymer ion assignments also exist for peak II, which
may be either a cumyl initiated disproportionation product ion
(5a) (Scheme 3), a peroxy initiated disproportionation polymer
product ion (18a) (Scheme 6) or a thiol initiated disproportion-
ation polymer product ion (12g) (Scheme 6). Peaks IV, VI, X,
and XIII remain unknown.

Methyl Acrylate:Hybrid Quadrupole -Time-of-Flight Mass
Spectrometer.To investigate further the RAFT-mediated MA
polymerizations initiated via60Coγ-irradiation, specifically, the
unknown peaks (IV, VI, X, and XIII), the peaks with multiple
ion assignments (peaks II, VII, VIII, and XI) and the importance
of dithioester initiation, a Q-ToF instrument was used to
examine the polymer product. This instrument operates in
nanospray mode and uses ToF principles, and thus, is able to
resolve product peaks with excellent isotopic pattern resolution.
Additionally, an internal calibration can be utilized to improve
m/z accuracy. Thus, since the molecular weights for the main
polymer product ion (1) at various degrees of polymerization
are known, the instrument was calibrated using these values
and am/z accuracy of∼0.01 Da for peaks of similar intensity
and∼0.05 Da for peaks of much less or much greater intensity
is possible. Since the interesting peaks, at least from a
mechanistic viewpoint, are typically much less intense than the
main polymer product peaks, a second calibration was made
using the second isotope for species1, which is much weaker
in signal intensity. Thus,m/z accuracy for all peaks regardless
of intensity of∼0.01 Da is possible.

Figure 2 presents the polymer product spectra obtained using
a Q-ToF instrument for the same CPDA-mediated MA
polymerization initiated via60Co γ-irradiation as presented in
Figure 1. The theoretical isotopic pattern for the polymer product
ions (upper part) is also presented. Table 2 shows the normalized
peak intensities (normalized to the main peak); bothm/zexp

values obtained when the sample is calibrated using either the
main peak or the second isotope (m/zexp1or m/zexp2,respectively),
the polymeric product ion assignments, the corresponding
molecular formulas, the theoreticalm/zvalues and the respective

Scheme 4. Sodium Adducts from Electrospray of Cumyl Phenyl
Dithioacetate Mediated Methyl Acrylate Polymer Initiated via

60Co γ-Irradiation: Variants of Species 1

Scheme 5. Sodium Adducts from Electrospray of Cumyl Phenyl
Dithioacetate Mediated Methyl Acrylate Polymer Initiated via
60Co γ-Irradiation: Dithioester Initiated Polymer Terminated

via Disproportionationa

a Please see Schemes S1 and S2 in the Supporting Information for
a more complete list of potential dithioester initiated polymer product
ion analogues that terminate via either disproportionation (Scheme S1)
or combination (Scheme S2)
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errors for either calibration. While the mass range presented in
Figure 2 is different from that of Figure 1, the mass range that
represents the highest degree of polymerization and lowest
extent of double charging (which significantly complicates the
spectrum) is displayed, and all peaks that repeat throughout the
spectrum are presented to ensure an adequate representation of
the polymer product ions.

Excellent resolution of the individual peaks to baseline with
clear isotopic patterns was obtained with a Q-ToF instrument
(Figure 2). Additionally, identicalm/z values ((0.01) are
obtained regardless of the calibration method used (i.e., whether
or not the calibration was made using the main peak or the
second isotope of the main peak) except for peak XV. The
enhanced signal-to-noise ratio and clear isotopic pattern resolu-
tion allows for more exact peak assignments. Upon inspection,
Figure 2 and Table 2 corroborate that peaks I, XI, and III,

respectively, are the main polymer product ion (1) and the
oxidized analogues of1, 1a, and1b, respectively. Additionally,
peak VII is determined unambiguously to be1d and the new
peaks XV, XVII, and XVI are species1 cationized by H+ and
NH4

+, respectively, and species1b cationized by H+.

Most importantly, the dithioester initiated polymer ions (peaks
VIII and IX) are again observed. Thus, dithioester radical
initiation does occur during CPDA-mediated MA polymerization
initiated via 60Co γ-irradiation. This finding suggests that a
portion of the RAFT agent cleaves to form Z-groups that initiate
polymer chains.

The analysis obtained using the Q-ToF instrument confirms
that peak II originates from a cumyl initiated polymer (i.e.,
product ion5a). Additionally, a new peak XIV is observed that
is either5b (see Scheme 3) or species13b, an HO• initiated
polymer (see Scheme 7); however, additional polymer product
ions indicative of water radiolysis are not observed, and5aand
5b are disproportionation products that are expected to appear
as a set.

The enhanced spectral resolution obtained using the Q-ToF
also enables peak VI identification. Two assignments are
possible: species9, which forms from midchain radical
termination along the backbone of the main RAFT product ion
1,53 or species7b cationized by hydrogen. While the error for
assigning this peak to species9 is less, this peak also appears
at even lower molecular weights (i.e.,m/zexp ) 427.12) and thus
cannot be assigned to a product ion that requires a higher degree
of polymerization to form. Additionally, peak IV is not observed
using the Q-ToF instrument. For a more complete list of
potential polymer product ions involving long chain branching,
please see Schemes S4-S7 in the Supporting Information
section.

Butyl Acrylate:Quadrupole Ion Trap Mass Spectrometer.
To elucidate further the initiation mechanisms that occur during
RAFT-mediated FRPs initiated via60Coγ-irradiation and, more
specifically, the importance of dithioester initiation, this same
study was performed using butyl acrylate. While the Q-ToF
clearly provides better isotopic pattern resolution when com-
pared to the ion trap instrument, both instruments were used

Scheme 6. Sodium Adducts from Electrospray of Cumyl Phenyl Dithioacetate Mediated Methyl Acrylate Polymer Initiated via60Co
γ-Irradiation: Thiol End group and/or Disulfide Bond Formation a

a Please see Scheme S3 in the Supporting Information for a more complete list.

Figure 2. Spectrum of poly(methyl acrylate) obtained from the
electrospray ionization mass spectrometry of a reversible addition
fragmentation chain transfer mediated MA polymerization initiated via
60Co γ-irradiation at room temperature. The lower graph presents an
expanded view in the mass range 565-655 Da, characteristic of the
polymer product spectrum. The upper part presents the theoretical
isotopic pattern for the polymer product ions. Polymer products were
analyzed using a hybrid quadrupole-time-of-flight mass spectrometer.
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to investigate the poly(BA) mechanism because different
polymer product ions appear more clearly using the different
mass spectrometers.

Figure 3 presents the polymer product spectrum obtained
using the LCQ deca ion trap mass spectrometer for the CPDA-

mediated BA polymerization initiated via60Co γ-irradiation,
along with the theoretical isotopic pattern for the polymer
product ions (upper part). For ease of data reporting, peak
labeling with the roman numerals begins anew with I (lower
part, where they-axis is scaled to allow for better viewing of
the minor peaks). Additionally, Table 3 displays the polymer
peaks along with the normalized peak intensities (normalized
to the peak intensity of species1, Scheme 1), the experimental

Table 2. Polymer Peaks along with Normalized Peak Intensities (norm. int., Normalized to the Peak Intensity of Species 1, Scheme 1);m/zexp

Values Obtained When the Sample Is Calibrated Using Either the Main Peak or the Second Isotope (m/zexp1 or m/zexp2, Respectively);m/ztheo;
the Ion Assignments (ion assign.); the Molecular Formulas, the Number of Monomer Units Associated with the Ion Assignments (n) and the

Respective Errors for Either Calibration Method for the Spectrum of Poly(MA) Obtained from the Reversible Addition Fragmentation Chain
Transfer Mediated MA Polymerization Initiated via 60Co γ-Irradiation at Room Temperature and Analyzed Using a Hybrid

Quadrupole-Time-of-Flight Mass Spectrometera

peak norm.int. m/zexp,1 m/zexp,2 ion assign. molecular formula n m/ztheo m/zexp,1- m/ztheo m/zexp,2- m/ztheo

I 1.00 567.18 567.18 1 [C29H36O6S2 + Na]+ 3 567.185 0.00 0.00
II 0.01 571.25 571.23 5a [C29H40O10 + Na]+ 5 571.252 -0.01 -0.02
XIV 0.04 573.24 573.24 5b [C29H42O10 + Na]+ 5 573.226 0.01 0.01

13b [C24H38O14 + Na]+ 6 573.215 0.02 0.02
III 0.01 583.19 583.19 1b [C29H36O7S2 + Na]+ 3 583.179 0.02 0.01
VI 0.09 599.22 599.22 7b [C28H38O10S2 + H]+ 5 599.198 0.02 0.02

9 [C34H40O4S2 + Na]+ 2 599.227 -0.01 -0.01
VII 0.05 605.25 605.25 1d [C29H42O10S + Na]+ 5 605.239 0.01 0.01
VIII 0.01 619.22 619.21 7a [C28H36O10S2 + Na]+ 5 619.165 0.06 0.05
IX 0.03 621.21 621.21 7b [C28H38O10S2 + Na]+ 5 621.180 0.03 0.03
XV 0.08 631.32 631.25 1 [C29H36O6S2 + H]+ 4 631.240 0.08 0.01
XI 0.21 637.27 637.27 1a [C33H42O9S + Na]+ 4 637.244 0.03 0.03
XVI 0.01 647.26 647.27 1b [C33H42O9S2 + H]+ 4 647.234 0.03 0.03
XVII 0.09 648.28 648.27 1 [C29H36O6S2 + NH4]+ 4 648.266 0.01 0.00

a See Schemes 3-5 and 7 for the corresponding product ion structures.

Scheme 7. Sodium Adducts from Electrospray of Cumyl Phenyl Dithioacetate Mediated Methyl Acrylate Polymer Initiated via60Co
γ-Irradiation: Water Radiolysis and Long Chain Branching a

a See Schemes S4-S7 in the Supporting Information for a more complete list.

Figure 3. Spectrum of poly(butyl acrylate) obtained from the elec-
trospray ionization mass spectrometry of a reversible addition frag-
mentation chain transfer mediated BA polymerization initiated via60Co
γ-irradiation at room temperature. The lower graph presents an
expanded view of the mass range 1075-1210 Da, characteristic of the
entire polymer product spectrum. The upper part presents the theoretical
isotopic pattern for the polymer product ions. Polymer products were
analyzed using a quadrupole ion trap mass spectrometer.

Table 3. Polymer Peaks along with Normalized Peak Intensities
(norm. int., Normalized to the Peak Intensity of Species 1, Scheme
1), the Experimental and Theoreticalm/z Values (m/zexp and m/ztheo,

Respectively), the Ion Assignments (ion assign.), the Molecular
Formulas, the Number of Monomer Units Associated with the Ion

Assignments (n) and the m/z Errors for Poly(butyl Acrylate)
Obtained from the Reversible Addition Fragmentation Chain

Transfer Mediated BA Polymerization Initiated via 60Co
γ-Irradiation at Room Temperature and Analyzed Using a

Quadrupole Ion Trap Mass Spectrometera

peak
norm.
int. m/zexp

ion
assign. molecular formula n m/ztheo

m/zexp -
m/ztheo

I 0.15 1077.59 1 [C59H90O12S2 + Na]+ 6 1077.577 0.01
II 0.09 1085.61 7a [C57H90O14S2 + Na]+ 7 1085.566 0.04
III 0.16 1109.78 15 [C58H102O18 + Na]+ 8 1109.696 0.09
IV 0.06 1131.59 7b [C120H200O32S2 + Na2]++ 16 1131.662 -0.07
V 0.12 1149.73 17a [C61H106O18 + Na]+ 8 1149.727 0.00
VI 1.00 1165.85 5a [C65H106O16 + Na]+ 8 1165.737 0.10
VII 0.24 1179.78
VIII 0.06 1193.74 13f [C63H110O19 + Na]+ 9 1193.753 -0.01
IX 0.10 1199.781d, 5c [C65H108O16S + Na]+ 8 1199.725 0.05
I 1.00 1205.68 1 [C66H102O14S2 + Na]+ 7 1205.661 0.02

a See Schemes 3-5, 7, and 8 for the corresponding structures.
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and theoreticalm/z values (m/zexp andm/ztheo, respectively), the
polymer ion assignments, the corresponding molecular formulas
and them/z errors. All poly(BA) product ion assignments are
analogous to the poly(MA) product ion assignments presented
in the above Schemes 3-7.

Once again, the set of dithioester initiated polymer product
ions 7a and7b are observed (see Figure 3 and Table 3, peaks
II and IV, respectively) supporting further the importance of
dithioester initiation during CPDA-mediated acrylate polymer-
izations initiated viaγ-irradiation. Interestingly, polymer product
ion 7b is observed only as a doubly charge sodium adduct.
Additionally, the main polymer product ion1 (the cumyl
initiated polymer chain end-capped via phenyl dithioacetate)
and its analogue1d, which may result from cleavage of the
Z-group due to interactions withγ-radiation, (peaks I and IX,
respectively) are observed. However, ions1d and 5c have
identical molecular formulas, and thus, molecular weights and
since polymer product ion5a is clearly identified and abundant
(Table 3, peak VI), no distinction is possible.

Another example of polymer product ions due to water
radiolysis and subsequent HO• initiation is observed (peak VIII

species13f) (see Scheme 7). To test the importance of water
radiolysis during60Co γ-irradiation, 10µL of water was added
to the BA monomer prior toγ-irradiation. Unfortunately this
amount of water, albeit small, caused the formation of cross-
linked polymer possibly due to hydrolysis of the RAFT agent.
Thus, if water initiation is occurring in this system, it most likely
comes from condensation of water under ambient conditions.

The BA polymerization also produces polymer product ions
that may originate from interaction of theγ-irradiation with the
BA monomer. Within instrument error, polymer product ions
17a and 15 are observed in the polymer product spectrum
(Figure 3). Unfortunately,m/z value overlap with the polymer
product ion1 renders identification of the methoxy initiated
product ions15a or 15b difficult. Additionally, evidence for
methyl acrylate monomer interactions withγ-irradiation is
lacking. For a more complete list of potential polymer product
ions that could arise from initiating species generated via BA
(and where analogous, MA) monomer andγ-interactions, please
see Scheme S8 in the Supporting Information section.

Butyl Acrylate:Hybrid Quadrupole -Time-of-Flight Mass
Spectrometer.To aid in identifying the unknown peaks and
the peaks with multiple assignments a Q-ToF instrument was
used to examine the same polymer product presented in Figure
3 obtained for the CPDA-mediated BA polymerization initiated
via γ-irradiation. Figure 4 presents the spectrum for an expanded
view of the mass range 435-565 Da (lower part, where the
y-axis is scaled to allow for better viewing of the minor peaks)
along with the theoretical isotopic pattern for the polymer
product ions (upper part). Additionally, Table 4 displays the
polymer peaks along with the normalized peak intensities
(normalized to the peak intensity of species1, Scheme 1), the
experimental and theoreticalm/z values (m/zexp and m/ztheo,
respectively), the polymer ion assignments, the corresponding
molecular formulas and them/z errors.

Once again, species7a and7b are observed (Table 4 peaks
II and X, respectively) with negligiblem/z assignment error
supporting further the importance of dithioester initiation during
CPDA-mediated60Co γ-irradiation. Additionally, the main
RAFT product ion1 is found cationized by both sodium and
hydrogen (peaks I and XIV, respectively) and the oxidized main
RAFT product ions1a and1b are identified as peaks XV and

Figure 4. Spectrum of poly(butyl acrylate) obtained from the elec-
trospray ionization mass spectrometry of a reversible addition frag-
mentation chain transfer mediated BA polymerization initiated via60Co
γ-irradiation at room temperature. The lower part presents an expanded
view of the mass range 435-565 Da. The upper part presents the
theoretical isotopic pattern for the polymer product ions. Polymer
products were analyzed using a hybrid quadrupole-time-of-flight mass
spectrometer.

Table 4. Polymer Peaks along with Normalized Peak Intensities
(norm. int., Normalized to the Peak Intensity of Species 1, Scheme
1), the Experimental and Theoreticalm/z Values (m/zexp and m/ztheo,

Respectively), the Ion Assignments (ion assign.), the Molecular
Formulas, the Number of Monomer Units Associated with the Ion

Assignments (n) and the m/z Errors for Poly(butyl Acrylate)
Obtained from the Reversible Addition Fragmentation Chain

Transfer Mediated BA Polymerization Initiated via 60Co
γ-Irradiation at Room Temperature and Analyzed Using a Hybrid

Quadrupole-Time-of-Flight Instrument a

peak
norm.
int. m/zexp

ion
assign. molecular formula n m/ztheo

m/zexp -
m/ztheo

I 1.00 437.14 1 [C24H30O2S2 + Na]+ 1 437.158 -0.01
II 0.02 445.15 7a [C22H30O4S2 + Na]+ 2 445.148 0.00
X 0.01 447.16 7b [C22H32O4S2 + Na]+ 2 447.163 0.00
XI 0.01 453.15 1b [C24H30O3S2 + Na]+ 1 453.153 0.00
XII 0.07 463.25 12b [C23H36O4S2 + Na]+ 2 463.195 0.05
III 0.12 469.18 15 [C23H42O8 + Na]+ 3 469.28 -0.10
XIII 0.01 505.15
XIV 0.01 543.28 1 [C31H42O4S2 + H]+ 2 543.260 0.02
XV 0.02 549.27 1a [C31H42O5S + Na]+ 2 549.265 0.01

a See Schemes 3-6 and 8 for the corresponding product ion structures.

Figure 5. Spectrum of poly(butyl acrylate) obtained from the elec-
trospray ionization mass spectrometry of a reversible addition frag-
mentation chain transfer mediated BA in 50 vol % toluene polymer-
ization initiated via60Co γ-irradiation at room temperature. The lower
graph presents an expanded view of the mass range 1073- 1203 Da.
The upper part presents the theoretical isotopic pattern for the proposed
polymer product ions. Polymer products were analyzed using a
quadrupole ion trap mass spectrometer.
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XI, respectively. Furthermore, the improved peak resolution of
the Q-ToF MS allows for clear identification that peak III is
not polymer product ion15 as the error is in excess of 0.05 Da.

Interestingly, peak XII is due to species12b (see Scheme
6), indicating that thiol end groups are formed. This process is
also suspected to occur during MA polymerization, i.e., as it is
possible to assign species12g and 12b to peaks II and XI
presented in Table 1 within experimental error; however, more
conclusive evidence is necessary to establish the importance of
this mechanism. Additionally, no assignment was made for the
very weak polymer product peak XIII.

Butyl Acrylate in 50 vol % Toluene:Quadrupole Ion Trap
Mass Spectrometer.Solvent polymerization initiated via60Co
γ-irradiation are often performed; thus, the impact of toluene
on the RAFT-mediated BA polymerization was investigated.
Low molecular weight polymer was obtained from the CPDA-
mediated BA polymerization in a 50 vol % toluene mixture
initiated via60Co γ-irradiation. Figure 5 presents the polymer
product spectrum obtained using a quadrupole ion trap mass
spectrometer along with the theoretical isotopic pattern for the
polymer product ions (upper part). As before, the peaks that

repeat throughout the spectrum are labeled with a Roman
numeral (lower part, where they-axis is scaled to allow for better
viewing of the minor peaks). Additionally, Table 5 displays the
polymer peaks along with the normalized peak intensities
(normalized to the peak intensity of species1, Scheme 1), the
experimental and theoreticalm/z values (m/zexp and m/ztheo,
respectively), the polymer ion assignments, the corresponding
molecular formulas, the degree of polymerization of the polymer
ion presented and them/z errors.

The addition of 50 vol % toluene does not impact the
importance of dithioester initiation during CPDA-mediated BA
polymerization initiated via60Co γ-irradiation; i.e., polymer
product ions7a and 7b are observed again (peaks II and X,
respectively). While, at first glance, the error for assigning peak
II as 7a may appear in excess of the instrument error (∼0.1
Da), anm/z error of -0.06 is obtained for ion1, which is a
known peak. When the error for ion1 is accounted for, the
molecular formula for peak II is assigned with confidence.

Table 5. Polymer Peaks along with Normalized Peak Intensities
(norm. int., Normalized to the Peak Intensity of Species 1, Scheme
1), the Experimental and Theoreticalm/z Values (m/zexp and m/ztheo,

Respectively), the Ion Assignments (ion assign.), the Molecular
Formulas, the Number of Monomer Units Associated with the Ion

Assignments (n) and the m/z Errors for Poly(butyl Acrylate)
Obtained from the Reversible Addition Fragmentation Chain

Transfer Mediated BA in 50 vol % Toluene Polymerization Initiated
via 60Co γ-Irradiation at Room Temperature and Analyzed Using a

Quadrupole Ion Trap Mass Spectrometera

peak
norm.
int. m/zexp

ion
assign. molecular formula n m/ztheo

m/zexp -
m/ztheo

I 1.00 1077.52 1 [C59H90O12S2 + Na]+ 6 1077.577 -0.06
II 0.01 1085.45 7a [C57H90O14S2 + Na]+ 7 1085.566 -0.12
X 0.02 1087.59 7b [C57H92O14S2 + Na]+ 7 1087.582 0.00
XI 0.01 1093.45 1b [C59H90O13S2 + Na]+ 6 1093.572 -0.12
XVI 0.01 1126.60 1 [C122H198O30S2 + Na2]2+ 15 1126.660 -0.06
XVIII 0.01 1149.52
VI 0.003 1165.69 5a [C65H106O16 + Na]+ 8 1165.737 -0.05
XIX 0.03 1181.57
XV 0.01 1189.67 1a [C66H102O15S + Na]+ 7 1189.684 -0.01
XX 0.01 1190.65

a See Schemes 3-5 for the corresponding product ion structures.

Figure 6. Spectrum of poly(butyl acrylate) obtained from the elec-
trospray ionization mass spectrometry of a reversible addition frag-
mentation chain transfer mediated BA in 50 vol % toluene polymer-
ization initiated via60Co γ-irradiation at room temperature. The lower
part presents an expanded view of the mass range 563-693 Da. The
upper part presents the theoretical isotopic pattern for the polymer
product ions. Polymer products were analyzed using a hybrid quadru-
pole-time-of-flight mass spectrometer.

Table 6. Polymer Peaks along with Normalized Peak Intensities
(norm. int., Normalized to the Peak Intensity of Species 1, Scheme
1), the Experimental and Theoreticalm/z Values (m/zexp and m/ztheo,

Respectively), the Ion Assignments (ion assign.), the Molecular
Formulas, the Number of Monomer Units Associated with the Ion
Assignments (n), and the m/z Errors for Poly(BA) Obtained from
the Reversible Addition Fragmentation Chain Transfer Mediated

BA in 50 vol % Toluene Polymerization Initiated via 60Co
γ-Irradiation at Room Temperature and Analyzed Using a Hybrid

Quadrupole-Time-of-Flight Instrument a

peak
norm.
int. m/zexp

ion
assign. molecular formula n m/ztheo

m/zexp-
m/ztheo

I 1.00 565.24 1 [C31H42O4S2 + Na]+ 2 565.24 0.00
II 0.01 573.25 7a [C29H42O6S2 + Na]+ 3 573.23 0.01
X 0.01 575.26 7b [C29H44O6S2 + Na]+ 3 575.25 0.01
XI 0.01 581.26 1b [C31H42O5S2 + Na]+ 2 581.24 0.02
XII 0.48 591.33 12b [C30H48O6S2 + Na]+ 3 591.28 0.06
III 0.14 597.27
XIX 0.01 601.34
XX 0.01 607.35
XXI 0.01 645.36 22c [C34H54O8S + Na]+ 4 645.34 0.01
XXII 0.01 651.29
XXIII 0.01 669.34
XIV 0.12 671.35 1 [C38H54O6S2 + H]+ 3 671.34 0.00
XV 0.01 677.35 1a [C38H54O7S + Na]+ 3 677.35 0.00
XXIV 0.02 688.37 1 [C38H54O6S2 + NH4]+ 3 688.37 0.00

a See Schemes 3-6 and 9 for the corresponding product ion structures.

Scheme 8. Sodium Adducts from Electrospray of Cumyl Phenyl
Dithioacetate Mediated Butyl Acrylate Polymer Initiated via

60Co γ-Irradiation: Initiating Species That Arise Due to
Monomer and γ-Radiation Interactionsa

a See Scheme S8 in the Supporting Information for a more complete
list.
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Notably, peak VI, species5a, which was a significant portion
of the polymer product during the bulk BA polymerization (see
Figure 3), again is observed. Additionally, the main RAFT
polymer product ion (1) is found both singly and doubly
charged, and the oxidized main RAFT product ions1a and1b
are identified as peaks XV and XI, respectively. Last, new
unknown peaks XVIII, XIX and XX are observed; however,
peak XIX and peak VII from Table 3 differ in molar mass by
exactly 2 Da, which is characteristic of a set of disproportion-
ation peaks.

BA in 50 vol % Toluene:Hybrid Quadrupole -Time-of-
Flight Mass Spectrometer.To complete the analysis of the
60Co γ-initiated BA polymerization in 50 vol % toluene with
0.02 M CPDA, the sample was analyzed using a Q-ToF mass
spectrometer. Figure 6 presents the polymer product spectrum
along with the theoretical isotopic pattern for the polymer
product ions (upper part). The peaks that repeat throughout the
mass spectrum are labeled with a roman numeral (lower part,
where they-axis is scaled to allow for better viewing of the

minor peaks). Additionally, Table 6 displays the polymer peaks
along with the normalized peak intensities (normalized to the
peak intensity of species1, Scheme 1), the experimental and
theoreticalm/z values (m/zexp and m/ztheo, respectively), the
polymer ion assignments, the corresponding molecular formulas,
and them/z errors.

The importance of dithioester initiation is emphasized as the
phenyl dithioacetate initiated polymer product ions7a and7b
are observed (peaks II and X, respectively; see Figure 6).
Interestingly, a new peak XXI is observed and is assigned to
structure22cpresented in Scheme 9; however, this assignment
is made hesitantly as the polymer product ions22, 22a, and/or
22bare not observed. Additionally, peak XII is ion12b (Scheme
6), which provides additional evidence that thiol end groups
form and are important. Again, peaks I, XIV, and XXIV are
the main polymer product ion1 ionized by Na+, H+ and NH4

+,
respectively, and the oxidized main RAFT product ions1a and
1b (peaks XV and XI, respectively) are observed. Last, no new
information for peaks VI, XVII, and XVIII is gained, peaks

Scheme 9. Potential Sodium Adducts from Electrospray of Cumyl Phenyl Dithioacetate Mediated 50/50 vol % Butyl Acrylate/Toluene
Polymerization Initiated via 60Co γ-Irradiation.
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III, XIX, and XX remain unknown and two new peaks, XXII
and XXIII, are observed.

Mechanistic Summary. Information about theγ-initiation
mechanism during CPDA-mediated methyl and butyl acryl-
ate polymerizations initiated via60Co γ-irradiation is gained
using electrospray ionization mass spectrometry and is
summarized in Scheme 10, which presents the modified
RAFT mechanism (modified from the RAFT mechanism
presented in Scheme 1). Specifically, the initiation and pre-
equilibrium mechanisms are modified to account for water
radiolysis (reaction Ib), which yields the initiating species H•

and HO•, and for monomer interactions withγ-irradiation to
yield a monomer based initiating species, M• (reaction Ic).
Additionally, the pre-equilibrium steps (reactions IIc and IId)
account for dithioester radical, H•, HO•, or M• initiation of
polymer chains. These radicals can also enter into the pre-
equilibrium reaction II. However, it should be noted that this is
merely a possibility, as we have not sought to identify the
presence of variable RAFT agents during the early part of the
reaction. Finally, the termination mechanism reaction V de-
scribes the potential combination (Va) and disproportionation
(Vb) products. As expected, no polymer product ions indicative
of the cross-termination reactions Vc and Vd were observed.41

Scheme 11 presents the polymer product ions that were found
in both the MA and BA polymer product spectra, where Y is
either CH3 or C4H9 for either MA or BA, respectively.
Additionally, the polymer product ions that are observed for
only the BA polymerization, i.e., species17a initiated via a
molecule that arises from BA monomer andγ-radiation interac-
tions, and species12b, which is formed due to thiol end group
and disulfide bond formations, are presented.

For each polymerization, the main peaks generated from ESI
of the γ-initiated samples are due to species1 (Scheme 10),
which forms via the generally assumed RAFT process that
utilizes reactions Ia, IIa, IIb, III, and IV. Species1 is observed
also as a doubly charged sodium adduct when the quadrupole
ion trap mass spectrometer is used (Table 1, peaks V and XII,
and Table 5, peak XVI) and as a hydrogen adduct (Tables 4
and 6, peak XIV) or ammonium adduct (Table 6, peak XXIV)
when the Q-ToF instrument is used. Oxidation of species1,
i.e., species1a and 1b, is observed also for methyl acrylate
(Tables 1 and 2, peaks XI and III, respectively) and butyl
acrylate (Tables 4 and 6, peaks XV and XI, respectively)
polymerizations and is observed using either the Q-ToF or the
quadrupole ion trap instruments.

Additionally, the polymer product ion1d is observed (Tables
1 and 2 peak VII and Table 3 peak IX). This species may arise
due to the C-S bond on the dithioester group of species1
cleaving to generate a thiol end group. Further evidence of C-S
bond cleavage is gained upon observation of species12b (Tables
4 and 6, peak XII), which is proposed to generate when a
disulfide bond forms between species1d and species7b (post
cleavage of its C-S bond). However, species12b could also
form via a disulfide bond formation between species1d and a
thiol initiated species (12g).

Importantly, product ions indicative of dithioester initiation
(i.e., species7a and7b) are observed in all spectra (Tables 1
and 2, peaks VIII and IX, respectively, and Tables 3-6, peaks
II and X, respectively). While dithioester initiated polymer
chains were observed in all of the spectra, the polymer product
is clearly dominated by cumyl initiated chains end-capped by a
dithioester group; thus, the release of R• groups via reaction
IIa in the RAFT mechanism (Scheme 1) must be faster than
the reaction I in the reversible termination mechanism (Scheme
2). Also, product ion7b is observed as a hydrogen adduct when
the poly(MA) sample is analyzed via the Q-ToF (Table 2, peak
VI). Additionally, species7b forms as a doubly charged sodium
adduct with poly(BA) when the quadrupole ion trap mass
spectrometer is used (Table 3, peak IV).

Furthermore, evidence for cumyl radical initiation (species
5a) is observed for the MA (Tables 1 and 2, peak II) and BA
polymerization in 50 vol % toluene (Table 5, peak VI).
However, product ion5b is observed for only the MA polymer
analyzed using the Q-ToF (Table 2, peak XIV). Additionally,
within instrument error, product ion XIV is also species13b,
which indicates that water radiolysis to form an initiating species
is possible (see Scheme 10, reaction 1b). This mechanism is
supported further by the presence of species13f in the poly-
(BA) spectra obtained using the quadrupole ion trap mass
spectrometer (Table 3, peak VIII). Finally, the polymer product
ion 17a is observed for the poly(BA) polymerizations (Table 3
peak V), indicating the importance of initiation mechanism (Ic),
i.e., the formation of initiating species via interactions between
monomer andγ-irradiation.

Conclusions

Cumyl phenyl dithioacetate (CPDA) mediated methyl acrylate
and butyl acrylate polymerizations initiated via60Co γ-irradia-
tion are investigated using electrospray ionization mass spec-
trometry (ESI-MS). Both a quadrupole-time-of-flight instru-
ment and a quadrupole ion trap mass spectrometer were utilized
to map the polymer end-groupings. While the Q-ToF clearly
provides better isotopic pattern resolution when compared to
the quadrupole ion trap instrument, both mass spectrometers

Scheme 10. Summary of Initiation Processes That Occur during
Cumyl Phenyl Dithioacetate Mediated Acrylate Polymerizations

Initiated via 60Co γ-Irradiation
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were used to investigate the polymer products because analysis
and identification of the minor peaks provides the important-
mechanistic information and different polymer product ions are
observed using the different mass spectrometers. Three potential
initiation processes are identified. Importantly, a set of polymer
product ions indicates that a small, yet significant, fraction of
the γ-generated phenyl dithioacetate radical (Z-group from
CPDA) contributes to the initiation process. Furthermore, the
phenyl dithioacetate group undergoes cleavage to yield a thiol
radical that either abstracts a hydrogen or reacts to form a
disulfide linkage. Polymer product ions indicative of a small
amount of water radiolysis are also observed. Additionally,
evidence that the butyl acrylate monomer interacts withγ-radia-
tion to yield an initiating species is presented. In conclusion,
detailed mechanistic insight into the RAFT-mediated acrylate
FRP initiation processes duringγ-irradiation is gained through
a careful and thorough ESI-MS study that provides invaluable
information for the synthetically working chemist with respect
to the end groups generated in applications ranging from
γ-induced grafting to the formation of polymer protein conju-
gates.
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