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ABSTRACT: Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-
MS2) was employed for the characterization of three poly(n-butyl acrylate)s. These polymers were produced
at high temperature using the same initiator, tert-butyl peroxy-3,5,5-trimethylhexanoate, but in different
solvents, viz. pentyl propionate, xylene and butyl acetate. Exact mass experiments performed on these
polymers in an Orbitrap instrument supplied valuable information on the end group structures. Study of the
data allowed identification of many reactions during the polymerization such as beta-scission and chain
transfer to solvent or radical transfer to solvent from the initiator. Different fragmentation pathways were
observed from the same precursor mass on MS/MS experiments, indicating the presence of isomers. The
comprehensive assignment of the peaks in the LC-MSdata allowed us to describe the end group distribution
in a semiquantitative way. The results clearly show that the relatively reactive solvents used for polymeri-
zation have strong influences on the polymer composition.

Introduction

Acrylic polymers serve a huge global market. Noted for their
transparency and resistance to breakage, they have been widely
used in coatings, in medical and recently also in pharmaceuti-
cal areas.1-3 Radical polymerization using peroxide initiators
offers control of molecular weight and dispersity.4 Recent deve-
lopments on controlled/living radical polymerizations, such as
ATRP, offer much better control of these variables.5 However,
only very limited number of commercially available products are
produced in such way. Radical polymerization is still used as a
major industrial method to produce acrylic polymers.

The mechanism of radical polymerization has been well-
studied for many years. Three stages are involved in the poly-
merization: initiation, chain propagation and chain termination.
Scheme 1 shows the possible initiation species by the peroxide
initiator (Trigonox 42S) which was used in this study. The
many possibilities of initiation species will result in different end
groups.6 An octyl radical (C8H17•, r) is the major initiation
species for this peroxide under the conditions used here. The
other part of the initiator, the butyloxyl radical, can undergo
several possible reaction routes. One is to produce acetone and
methyl radicals (CH3•, m) that also start initiation. A second
initiation route is to react with the solvent used in the polymer-
ization and transfer the radical to the solvent; the solvent radical
formed will then start the polymerization. Another possible
initiation route is to transfer the radical to monomer.

Radical polymerization of alkyl acrylate at relatively high
temperature introduces some specific initiation and termina-
tion mechanisms. An intramolecular chain transfer reaction,
namely intramolecular backbiting, observed in many cases,7-10

will increase the complexity of the end group distribution. The

backbiting reaction forms a tertiary carbon-centered radical by
hydrogen abstraction to a secondary carbon at the chain end or a
tertiary carbon on the main chain. The carbon-centered radical
formed undergoes β-scission to generate a β-scission radical and
a terminally unsaturated chain. This mechanism is shown in
Scheme 2. The chain that undergoes β-scission will therefore
generate four oligomers through four pathways, namely β1a,
β1b, β2a and β2b, which can be terminated in many different
ways. The chain from pathway β1a is identical to the normal
radical propagation species and could be terminated by hydrogen
abstraction, combination or disproportionation. The other end
of the chain, X as shown in Scheme 2, could be from the initiator
radical or the solvent radical. Pathway β1b will generate a chain
terminated by an unsaturated end group formed by β-scission at
one side of the chain. Similarly, β2a will also form a terminally
unsaturated chain but with the other side of chainwith end group
formed by either the initiator radical or the solvent radical. The
last oligomer formed by β-scission pathway β2b can be termi-
nated by hydrogen abstraction, as well as by combination or
disproportionation. As stated in Scheme 2, these four routes will
all form different end groups and result in different masses. The
unique mass features are so distinctive that MS is a very suitable
tool to recognize them. However, when the secondary carbon on
the main chain is terminated by branching to form a 3-arm or a
4-arm star, the products formed in this pathway have identical
mass to the linear structure and therefore cannot be distinguishedby
MS. Information on branching level could be obtained by 13C
NMR spectroscopy.11 Furthermore, all the oligomer formed by
β-scission could undergo further backbiting, β-scission or branch-
ing. The possibility however is very low in the lowmolecular weight
fraction of the polymer. There is also evidence that chain transfer
may not occur to the backbone but to the side chains.12

In addition, chain transfer to solvent is also reported as a
common reaction in radical polymerization. The solvent effect
was observed and investigated in several previous studies.13-15
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Scheme 3 shows the reactions of chain transfer to solvent in the
cases investigated in this study. The solvent radicals shown in
the scheme are the most likely structures formed under these
conditions.

Understanding the structure and quantity of the end groups
is important information to have for polymer structure design
and to control the physical or chemical properties.A great variety
of techniques has been developed to determine the structural
properties of polymers since their invention. The conventional
technique to obtain the molecular weight and dispersity of
polymers is gel-permeation chromatography (GPC);16 Fourier-
transform infrared (FTIR) spectroscopy and nuclear magnetic
resonance spectroscopy (NMR) spectroscopy17 are used to give
structural information, while differential scanning calorimetry
(DSC)18 is used to determine the crystalline structure of polymers.

Over the past decades, the development of “soft” ionization
methods such as electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI)19-28 allowed
mass spectrometry to become an important tool for the char-
acterization of synthetic polymers. Characterization of syn-
thetic polymers of relatively high molecular weight can be
achieved due to the formation of multiply charged ions
generated by electrospray ionization.29 Information such as
average molecular weight (in some cases) and polymer structures
may be obtained.30-33

Furthermore, tandem mass spectrometry (MS/MS) has been
employed to many synthetic polymer systems for structural
studies. The very first MS/MS studies used magnetic sector
instrumentation and date back to 1985.34,35 Many instruments
for multistage mass spectrometry have been developed which

performMS/MS. TandemMS/MS studies on synthetic polymers
are commonly performed on tandem quadrupole-time-of-
flight36-38 and ion trap39-43 mass spectrometers. Collision-
induced dissociation (CID)36,44 is the method used in most cases
to fragment the selected precursor ions. The precursor ions are
accelerated by electrical potential to high kinetic energy in the
vacuum and then collide with neutral gas atoms. Part of the
kinetic energy is converted into internal energy in the collision.
This results in bond breakage and the fragmentation of the
precursor ions. The fragment ions produced are used for partial
or complete structural determination.

Junkers et al.11 demonstrated using ESI-MS for detailed
mapping of the product spectrum in acrylate polymerization in
order to obtain mechanistic information. In addition, research
was performed on acrylic polymers synthesized by free radical
polymerization in the presence of chain transfer agent which used
ESI-MS for quantification.45 In this study, we went a step further
to characterize three poly(n-butyl acrylate)s (PBAs) synthesized
by free radical polymerization using high resolution and high
accuracy LC-ESI-MSn. The PBAs were polymerized under
high temperatures but in different solvents. The combined mass
of the end groups of a polymer may be calculated from the high
accuracy and resolution mass spectrometric data. MSn spectra
showdifferent fragmentation patterns for the same nominalmass
and thus allow discrimination between isomers deriving from
different end groups. We utilized these different fragmentation
patterns in an attempt to aid quantification of the different
initiation and termination reactions during free radical polymer-
ization of PBA in the relatively lower molecular weight region of
the spectra.

Scheme 1. Initiation mechanism for Trigonox 42S initiator

Scheme 2. β-scission of alkyl acrylate radical polymerization at relatively high temperature

Scheme 3. Chain Transfer to Solvent in the Cases of Pentyl Propionate,
Xylene, and Butyl Acetate (P• = Propagating Chain)
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Experimental Section

Polymer Synthesis. All PBA samples were obtained from
AkzoNobelCarRefinishes, Sassenheim, TheNetherlands. They
were prepared by radical polymerization using the same initi-
ator, tert-butyl peroxy-3,5,5-trimethylhexanoate, but different
temperatures and solvents, viz. pentylpropionate (A), xylene
(B), and butyl acetate (C). The molecular weight averages of the
resultant PBA samples were measured by GPC calibrated with
polystyrene standards. Table 1 lists the composition, the process
and the results obtained by GPC characterization of the sam-
ples.

Mass Spectrometry. Mass spectra were acquired by liquid
chromatography-ESI-MS (LC-ESI-MS). A Thermo Scien-
tific LTQOrbitrapXLmass spectrometer was used in this study.
The LC systemwas anAgilent 1100 series LC binary pumpwith
DAD detector. The LC column in the LC-ESI-MS setup was
an Alltech Kromasil C18 (150 mm � 4.6 mm). During analysis,
the column temperature was thermostatized at 30 �C.Agradient
of tetrahydrofuran (THF) (Sigma-Aldrich)/H2O (from Milli-
pore Direct-Q) was used as mobile phase. Formic acid (FA)
(Fluka) at a level of 0.1% was added to both mobile phases.
Samples with a concentration of 2 mg/mL in methanol were
prepared. Data were processed and analyzed using Thermo
Scientific Xcalibur 2.0 data systems.

Results and Discussion

LC separation was used prior to and online with MS. A wide
range of gradients was tested to optimize the LC separation. The
best separation of the PBA samples was achieved using gradi-
ent from 50% THF/50% H2O to 100% THF in 30 min. All
oligomers were ionized by sodium ions, forming [M þ Na]þ

species, presumably from residual sodium salts in the solvents.
Figure 1 shows the summation mass spectra (1-18 min) of all
three PBA samples from the ESI-Orbitrap LC-MS experi-
ments. The combination of LC separation and summation over
the separated peaks serves the purposeofmitigatingor decreasing
the effects of ion suppression that may occur when infusion
analysis is used. On the basis of the GPC data mentioned
previously, the mass spectral data is only from a low molecular
weight fraction of the full distribution. Several series of peaks
start at m/z 513 continuing to greater than m/z 1448 with a
separation of 128 Da between each group (the acquisition range
of the MS wasm/z 500 to 1500). The 128 Da separation between
peaks is, clearly, attributed to the mass of BA, of which the
molecular formula is C7H12O2 and the theoretical exact mass is
128.0837 Da. Multiply charged peaks were observed with very
low intensity and therefore not taken into considerationhere. The
summed LC-MS spectrum alone, however, was not sufficient
to identify the different structures in the complicated product
systems.

The many possible initiation and termination mechanisms
yield a great number of potential combinations. In the spectra
of all three PBA samples, one of the most intense and common
set of peaks are those from series β2b, m/z 523 þ (n - 3) � 128,
irrespective of the solvent used in polymerization. The mass-to-
charge ratios of eight peaks from this series in all three PBAswere
plotted against the number of BA units, as shown in Figure 2
(only for PBA(C)).46 The residual masses were 139.0731 Da for

PBA(A), 139.0734 Da for PBA(B) and 139.0733Da for PBA(C),
as calculated using linear regression. The monomer masses
calculated were 128.0834 (Δ = 2.34 ppm) for all three PBAs
and the standard deviationswere 0.56 ppm (A), 0.57 ppm (B) and
0.39 ppm (C). The chemical composition of the combinedmass of
the end groups is [C6H12O2]Naþ. (Δ = 0.72 ppm (A), 2.88 ppm
(B) and 2.16 ppm (C)). It agrees well with the end group structure
formed by an initiating β-scission radical (pathway β2b) and
terminated by hydrogen abstraction or disproportionation. The
structure of the chains in this series is shown in Scheme 4

Another very intense series of peaks in all three spectra is series
β1b, m/z 535 þ (n - 3) � 128. The same identification process as
used for series β2b was applied for this series. A residual mass of
151.0724 Da was calculated using linear regression for all three
PBAs. The elemental composition of this mass is proposed to be
[C7H12O2]Naþ (Δ = 4.0 ppm). The end group structure attri-
buted to this series is the result of β1b, β-scission forming
an unsaturated chain end. The proposed structure is given
in Scheme 4. In this case, the errors of the experimental and
theoretical BAmass are 0.78 ppm for PBA(A), PBA(B) and 1.56
ppm for PBA(C). The standard deviations are 0.34 ppm (A), 0.59
ppm (B), and 0.46 ppm (C).

Using this identification process, another end group combina-
tion was identified in all three PBAs resulting from (1) the radical
initiator and terminated by either hydrogen abstraction or dis-
proportionation and (2) β-scission pathway β1a and then termi-
nated by either hydrogen abstraction or disproportionation. The
two different pathwayswere indistinguishable because they result
in identical elemental composition and structure. The series r,
showing peaks at m/z 521 þ (n - 3) � 128 was found to have a
residual mass of 137.1303 Da from PBA(A), 137.1297 Da from
PBA(B), and 137.1303 Da from PBA(C). This mass is attributed
to the combined end groups having elemental composition
[C8H18]Naþ (Δ = 1.46 ppm for PBA(A) and PBA(C), 2.92
ppm for PBA(B)). It indicates that the chain has an octyl end
group from the peroxide initiator, formed as described in
Scheme 1, and a hydrogen at the other end. The differences
between the experimental and theoretical BA mass within the
series are 1.56 ppm (A) and 0.78 ppm (B and C). The standard
deviationswere 0.25 ppm (A), 0.27 ppm (B), and 0.24 ppm (C). In
a similar way, series m, m/z 551 þ (n - 4) � 128 with residual
mass of 39.0211Da fromPBA(A), 39.0200Da fromPBA(B), and
39.0211 Da from PBA(C) was found to have [CH4]Naþ as end
group composition (Δ= 15.4 ppm (for A and C), 12.8 ppm (for
B)). The molecules in this series are proposed to originate from
initiation by a methyl radical from the peroxide initiator and
termination by hydrogen abstraction or disproportionation; or
from amethyl radical initiated chain undergoing β1a followed by
termination through hydrogen abstraction or disproportionation
(see Scheme 1 for the mechanism of methyl radical formation
from the initiator). The differences between the experimental and
theoretical BA mass are 0.78 ppm (A), 0.51 ppm (B), and 2.34
ppm (C). The standard deviations were 0.22 ppm (A), 0.34 ppm
(B), and 0.41 ppm (C).

Two more series that are observed in all three PBA spectra are
β2ar and β2am. Both of the series result from β-scission pathway
β2a, forming an unsaturated end group. The difference between
the two is that series β2ar was octyl radical initiated and series
β2am was methyl radical initiated. Both the octyl radical and
the methyl radical were formed from the peroxide initiator (see
Scheme 1). A comparison of the experimental data with the
theoretical data for selected oligomers from PBA(C) is presented
in the Supporting Information.

There is a unique series, s1,m/z 513þ (n- 3)� 128, that is only
observed in the spectrum of PBA(B), where xylene was used as
the solvent. The residual mass calculated using linear regression
is 129.0678Da. The elemental composition of the residualmass is

Table 1. Polymerization Information of the Three PBAs
a

sample code A B C
solvent pentyl propionate xylene butyl acetate
Mn (g/mol) 2467 2800 3761
Mw (g/mol) 4757 5510 10 186
polymerization
temperature (�C)

168 140 140

aMonomer used was butyl acrylate in all samples. Initiator used was
tert-butyl peroxy-3,5,5-trimethylhexanoate (Trigonox 42S).



Article Macromolecules, Vol. 43, No. 17, 2010 7085

[C8H10]Naþ (Δ=2.32 ppm). It is assigned as arising from chain
transfer to solvent or radical transfer from initiator to solvent.
A xylol radical is formedwhen a growing polymer chain abstracts
hydrogen from a methyl group in the xylene solvent (Scheme 3).
As mentioned in the introduction, another mechanism for the
formation of a xylol radical could be the abstraction of a
hydrogen by an initiator radical. The structural formula of the
ion noted from the data is [C8H9-(BA)n-H]Naþ. The difference
between the experimental and theoretical BA mass is 1.56 ppm
and the standard deviation of the experimental mass is 0.52 ppm.

Since all three PBA samples were polymerized under similar
conditions, it is expected that chain transfer to solvent or solvent
radical initiation has taken place in each of the polymerizations,
especially as the solvents usedhere are prone to this phenomenon.
Calculation of the masses of PBA oligomers with end groups
resulting from solvent radical formation by initiator radical
transfer to solvent or chain transfer to solvent, and then termi-
nated by either hydrogen abstraction or disproportionation
indicated that they would overlap with series m and series β2b,

in PBA(A) (from pentyl propionate) and PBA(C) (from butyl
acetate) respectively, as they have the same elemental composi-
tion.

LC coupled with multistage mass spectrometry, when set up
properly, can discriminate between isomers with exact samemass
by producing different fragments. Therefore, LC-MS2 experi-
ments were performed to obtain fragmentation information and
thus investigate the presence of structural isomers with different
end group structures.

Figure 3 shows the LC traces (extracted ion count chromato-
gram, EIC) of m/z 935.61 for PBA(A) (polymerized in pentyl
propionate) and PBA(B) (polymerized in xylene). Automatic
MS2 was engaged throughout the whole separation. This proce-
dure performs MS/MS of every base peak in the individual MS
spectra throughout the entire LC experiment. Only one LC
elution peakwas observed for PBA(B). Figure 4 shows the partial
LC-MS2 spectra of m/z 935.6100 (PBA(A) and PBA(B)) ob-
tained in the Orbitrap instrument. A single fragmentation path-
way was observed producing a peak at m/z 879.54 in the

Figure 1. Left: Summation mass spectra (10-180) of all three PBA samples on LC/ESI-OrbitrapMS. Right: Expanded spectra (m/z 980-1110) of the
corresponding samples. The solvents used in the polymerization were (a) pentylpropionate, (b) xylene, and (c) butyl acetate.
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LC-MS2 spectrum of PBA(B). The pathway involves a loss of
m/z 56 (C4H8) from the side chain of the PBA, indicating that no
backbone cleavage happened during the fragmentation process.
But from the chromatogram of PBA(A), two LC peaks were
observed at 13.2 and 14.0 min. A loss ofm/z 74 in addition to the
m/z 56 loss was observed in the combined spectra summed across
the whole LC chromatogram. Judging from the corresponding
elution time, we propose this additional loss is from the polymer
eluting at 13.2 min. The elemental composition of m/z 74 could
either be C4H10O or C3H6O2. The LC-MS/MS data from the
Orbitrap analysis showed that the accurate mass of this loss is
m/z 74.0391 which agrees well with the exact mass of C3H6O2

(m/z 74.0368) rather thanC4H10O (m/z 74.0732). In the spectra of
PBA(A), the two different fragmentation pathways as well as the
two LC peaks in the EIC ofm/z 935.6100 prove that two isomers
exist at this identical exact mass. Series s2, which exclusively
displays the loss of m/z 74, therefore results from chain transfer

to the pentyl propionate solvent (or the pathway β1a). In this
case, the molecular formula for m/z 935.6100 is [C8H15O2-
(BA)3-H]Naþ. Scheme 5 plots the proposed fragmentation path-
way, involving the loss of propanoic acid from the end of the
polymer chain (from the initiation of the chain by the radical
originating from the pentyl propionate solvent) that gives rise to
the peak at m/z 861.5658. The same fragmentation pathway was
observed in the spectra fromSeries β2as2 resulting from β-scission
pathway β2a.

Two similar cases, series s3 and β2as3, were identified as
overlapping with series β2b and series β1b respectively in PBA(C)
using LC-MS/MS. In both series (s3 and β2as3) a loss of m/z 60
(acetic acid) from the endof the polymer chain (resulting from the
initiation by the butyl acetate solvent radical) was observed in
MS/MS in addition to them/z 56 side chain loss. The fragmenta-
tion mechanism is analogous to the one described in Scheme 5.
The difference between series s3 and series β2as3 is that the former
resulted from pathway β1a (or chain transfer to solvent) and the
latter from the pathway β2a. An alternative to the high mass
resolution approach described in this paper would be the use of

Figure 2. (a) Linear regression of m/z peaks of several series from
PBA(C) (m/z 500-1500, degree of polymerization 3-11). (b) Expanded
area of part a (m/z 1000-1200, degree of polymerization 7-9).

Scheme 4. Proposed Structures of the End Group Combination Series in Polymers PBA(A-C)

Figure 3. Partial (120 - 150) EIC traces for m/z 935.6 for (a) PBA(A)
(polymerized in pentyl propionate) and (b) PBA(B) (polymerized in
xylene) on LC-Orbitrap MS.
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ion mobility spectroscopy (IMS)/MS to separate the different
structural isomers in the gas phase.47,48 This could also help
differentiate between linear and branched oligomers of PBA.

Unsaturated terminated species formed by disproportionation
were observed in the spectra of all three PBAs with relatively low
intensities. For example, for series r*,m/z 519þ (n- 3)� 128, the
residual mass calculated is 135.1138. Hence, the elemental com-
position is [C8H16]Naþ (Δ= 4.44 ppm). The difference between
the experimental and theoretical BA mass is 1.56 ppm and the
standard deviation is 0.35 ppm. The disproportionation termina-
tion resulted in an unsaturated end group at one side of the
polymer while the original initiation species sit on the other side.
In the spectra, we could easily notice the mass difference of m/z
2.0157 (two hydrogens) with respect to the normal terminated
chain. This mass difference is consistent for series r and r* (The
average error is 0.7 mDa and the standard deviation is 0.5 mDa).
Similar cases found in the spectra were, for example, series m*
and β2ar*.

The high accuracy and resolution data from the Orbitrap
instrument also allow us to observe some less intense series of
peaks that havem/z very close to the more intense series of peaks
already discussed, which normally cannot be discriminated using
mass spectrometers with relatively low accuracy and resolution
(such as standard ion trap instruments). Figure 5 shows two
peaks with 0.072 Da difference in PBA(B), generally pointing at
exchange of O2 against C2H8 in elemental composition. The
second peak with a mass of m/z 777.5478 is from series r (Δ =
1.29ppm). Through calculation, the elemental compositionof the
ion at m/z 777.4759 is assigned to C41H70O12 (Δ = 0.03 ppm).
The structure of this oligomer is proposed to result from the
β-scission pathwayβ2b combinedwith terminationbydispropor-
tionation. The resulting structure is shown in Figure 5. The series

is labeled as β2b*. This lower intensity peak would not be
observed with low resolution mass spectrometry since the peak
would merge with the very intense neighboring peak. The high
accuracy and resolution mass spectrometry allowed its detection.

Similarly, another series with low abundance was located in
PBA(B), labeled as series β2as1.We propose it to result from xylol
radical initiated chain and terminated by β-scission pathway β2a.
The theoretical combined end group mass of the series is m/z
141.0675 which is isobaric with the second isotopic peak (with
two 13C atoms) of series β2b (141.0797). Unfortunately, only the
first two peaks (trimer and tetramer) in the series were resolved.
The peak observed at m/z 781.4913 in the spectra, where the
pentamer would be expected, has a broader peak shape and does
not allow the identification of the pentamer from series β2as1. The
required resolution at the pentamer (m/z 781.4861 β2as1 and m/z
781.4983 β2b) to distinguish these two peaks would be 64 000,
which would require an instrument with even higher resolving
power than the Orbitrap, such as FT-ICR MS. Moreover, the
intensity of the second isotopic peak is also higher than in the
normal isotope pattern from series β2b in PBA(A) and PBA(C).

Evidence of the polymer chain terminated by combinationwas
observed in the relatively low molecular weight region only at
very low intensity.However, the intensity of the peaks of the same
series increases when the degree of polymerization increases in all
three PBAs. It is expected that termination by combination has a
higher possibility to generate a longer chain rather than a short
oligomer. In the expanded spectra of Figure 1, the peaks labeled
with ac1 and ac2 in PBA(A), bc1-bc4 in PBA(B) and cc1 and cc2

in PBA(C) are all terminated by combination. As shown in
Scheme 2, two types of combinations could happen in this
polymerization system: (1) two chains both undergoing β1a
and/or from standard initiation or chain transfer from solvent
(as the structure is the same for these two species) and( 2) one
chain undergoing β1a and/or standard initiated or chain transfer
to solvent initiated chain and the other undergoing β2b. More-
over, the resulting products from combination may have a large
variety of combined end groups from the two initiator radicals
and the solvent radicals. However, not every combination was
observed in the spectra. For example, in the case of PBA(B),
peaks in series bc1 and bc2 were formed by the combination of
two chains both undergoing β1a and/or from standard initiation
or chain transfer from solvent (bc1, xylol end group at both ends;
bc2, xylol end group at one end and octyl end group at the other).
Those in series bc3 and bc4 were formed by the combination of
one chain undergoing β1a and/or from standard initiation or
chain transfer from solvent and the other undergoing β2b (bc4,
xylol end group at both ends; bc4, xylol end group at one end and
octyl end group at the other). In PBA(A) and PBA(C), some of
these combinations resulted in peaks that have mass-to-charge

Figure 4. Partial LC - MS2 spectrum of (a) m/z 935.6049 (PBA(A))
and (b) 935.6055 (PBA(B)) obtained on Orbitrap instrument.

Figure 5. Expanded Orbitrap MS summation spectrum for PBA(B)
(777.4000-777.6000).

Scheme 5. Proposed fragmentation of [C8H15O2-(BA)6-H þ Na]þ

(m/z 935) from PBA(A)
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ratios too close to the most intense peaks and hence not all of
themare resolved.No combinationwithmethyl or butyloxyl end-
capped chains was observed in the spectra of any of the three
PBAs.

Scheme 4 shows the proposed structures (without the cation
adduct) for all major peak series identified in the ESI-MS
spectra of PBA(A), PBA(B), and PBA(C). The corresponding
series fromdisproportionation or combination are not presented.
A table listing the combinations of initiation and termination
mechanisms of these series and their corresponding combined
end group masses is presented in the Supporting Information.
Butyloxyl radical initiated chains were not observed in the
spectra. This is attributed to this radical mainly contributing to
the formation of methyl radicals and/or to radical transfer to
solvent. The radical itself is also not large enough6 to undergo a
1,5-H-shift reaction and then start an intramolecular chain-
transfer reaction.

ESI-MS is not a fully quantitative method. It can still be used
in a semiquantitative way to address the amount of polymer
initiated or terminated by different mechanisms, especially at
higher degrees of polymerization45 (this is because any differences
in end group structures should play a smaller role in the ioniza-
tion mechanism, presuming that the cation used binds with the
oxygens in the ester of the main chain predominantly, as may be
indicated by previous results from other acrylic polymers49). The
graph in Figure 6 was derived from the LC-ESI-MS data by
summation of the peak intensities of the respective end group
combinations inPBA(B) (fromxylene). Seriesβ2as1was not taken
into consideration because the oligomers in this series that are
larger than the tetramer could not be resolved from the second
isotopic peaks in series β2b. Detailed data and calculation can be
found in the Supporting Information.Aswe suggested earlier, the
data generally shows an increasing amount of end groups formed
by combination of chains when the degree of polymerization
increases. In the case of the radical polymerization of PBA in
xylene, these data indicate that more than 30%of the chains were
formed by the influence of solvent, either from initiator radical

transfer to xylene or chain transfer to xylene. Hydrogen-abstrac-
tion is the main termination contributing 60% to the end group
formed. Disproportionation is less frequently observed than
hydrogen-abstraction and only contributes a modest 15% to
the polymerization. Combination contributed 9% to the end
group in the case of tetramer and the influence increased to 13%
in octamer. The amount of chains with terminally unsaturated
end group formed by two different β-scission pathways β1b
and β2a is 13% for tetramer and decreases with the degree
of polymerization, dropping to 9% for octamer. In the cases of
PBA(A) and PBA(C), the existence of isomers originating from
different initiation and termination mechanisms makes the
quantitative study rather difficult to perform. The results here
are in line with the previous study by Koo et al.45 which showed
that in the presence of chain transfer agents the proportions of
β-scission products would be limited.

The β-scission reaction is theoretically not favored to happen
to one specific side.11 Therefore, the ratio of the products
generated through β1b and β2a should be 1:1. However, it is
difficult to calculate from the data we have since the intensity of
peaks in series β2as1 cannot be taken in consideration. The peaks
in this series are not resolved as mentioned previously. Without
the data from series β2as1 (peaks in the series were generated from
β2a), pathway β1b shows a relatively higher influence than β2a.
The cause of this proposed difference in abundance is unclear,
from the proposed mechanism (Scheme 2).

Conclusions

LC-ESI MS2 of the three PBA samples identified many
initiation and termination reactions during the polymerization,
including peroxide initiator initiation, solvent radical initiationor
chain transfer to solvent, four different β-scission pathways,
H-abstraction, disproportionation and combination. The com-
bination of these mechanisms generated a great variety of end
groups for these polymers which were all identified by using
high resolution LC-MS, although some of the series were not
resolved at higher degrees of polymerization. Multistage MS
showed different fragmentations for peaks that had identical
exactmass but different elution times. Isomerswere observed that
originated from different initiation mechanisms. The high accu-
racy and resolution MS spectra obtained using the Orbitrap
allowed discrimination of two isobars with 0.072 Da mass
difference which could easily be overlooked in normal low mass
accuracy and resolution MS. The comprehensive attribution
of the peaks in the LC-MS data allowed us to address the end
group distribution in a semiquantitative way for one of the poly-
mers studied. Although the data do not allow semiquantitative
comparison of the various initiation and terminationmechanisms
in all three PBAs, the results clearly show that the relatively
reactive solvents used for polymerization strongly influence the
polymer composition.
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