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ABSTRACT

High-temperature starved-feed semi-batch radical polymerization is used to produce an isobornyl acrylate (iBoA) polymer

solution with high macromonomer content without a mediating agent. The p(iBoA) macromonomer solution serves as an

addition-fragmentation agent to synthesize a blocky copolymer in a single-pot sequential feeding process, as has been demon-
strated using n-butyl acrylate (BA) as the second monomer. The impact of monomer selection on the copolymer product is
investigated by switching the second monomer to n-butyl methacrylate (BMA) while keeping all other aspects of the operating
strategy unchanged. Methodologies developed to verify macromonomer incorporation are used to compare the iBoA-BA and
iBoA-BMA systems, with two-dimensional liquid chromatography providing a clear contrast between the acrylate and meth-
acrylate (co)polymer products. The comparison demonstrates the effect of monomer structure on the macromonomer addition-

fragmentation kinetics, with a blocky copolymer produced using the acrylate macromonomer only when an acrylate is used as

the second monomer feed.

1 | Introduction

Polymeric dispersants are an essential additive for particle
stabilization in high-performance coatings and adhesives, as-
sisting in surface wetting and preventing the coagulation of
thermodynamically unstable mixtures [1-4]. These branched or
multi-block copolymers are often synthesized from polymers or
oligomers with a reactive terminal double bond (TDB) unit, i.e.,
macromonomers [5-9]. In the presence of a second monomer,
these macromonomers can be incorporated into a growing chain
by radical polymerization via an addition-fragmentation cycle to
form block or comb copolymers. Catalytic chain transfer (CCT)
with a cobalt complex among other controlled radical techniques

efficiently produces methacrylate-based macromonomer solu-
tions [10-15]. However, CCT yields low TDB content when ap-
plied to acrylate and styrenic systems [16-18]. While acrylate
macromonomer solutions have been synthesized using other
strategies [9, 19-23], the use of a mediating agent and/or the
need for low polymer contents limit process efficiency and make
scale-up difficult [24].

Our group has recently demonstrated the ability to efficiently
produce acrylate macromonomers without a mediating agent
under the high-temperature starved-feed semi-batch operating
policies used commercially to produce acrylate-methacrylate-
styrene acrylic resins in solution [25-27] with high polymer
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contents and low molar masses at low initiator levels [28-32].
Reactant feeding ensures tight control of polymer composition
and near-isothermal operation, both of which are difficult to
achieve under batch conditions [24, 28]. Moreover, the high tem-
peratures and low monomer concentrations increase the impor-
tance of acrylate side reactions (Figure S1), including backbiting
and macromonomer production via §-scission [25-29, 32-36].
The operating strategy was first used to homopolymerize n-butyl
acrylate (BA) at 140°C and 160°C over a range of monomer and
initiator levels [27]. When operating at high polymer contents
(65wt.%), a maximum TDB content of ~50% was obtained with
0.5mol% initiator relative to the monomer in the feed [25, 27].
Higher TDB fractions could not be reached due to the reaction
of the macromonomers with other radicals in the system via
an addition-fragmentation cycle (Figure S1b) that consumed
TDBs and increased polymer molar masses via macromonomer
incorporation (i.e., branching) [25-27, 36]. However, when the
acrylate monomer was switched to isobornyl acrylate (iBoA), a
significantly higher TDB content was obtained under identical
operating conditions, >80% at 160°C [25]. This difference was
explained by steric hindrance provided by the bulky isobornyl
ester group that favors mid-chain radical (MCR) fragmenta-
tion (i.e., TDB formation) over monomer addition (i.e., TDB
consumption and branch formation), thereby increasing the
p(iBoA) TDB content and decreasing polymer branching and
dispersity (P) [25, 26].

The differing relative addition and fragmentation rates found for
BA and iBoA led to the development of a single-pot semi-batch

a)

b)

sequential feeding process to produce blocky copolymers by
radical polymerization without a mediating agent [25, 26]. A
high TDB content p(iBoA) macromonomer solution is first
produced through the starved-feed addition of iBoA and initi-
ator to a solvent-charged reactor, with the feed then switched
to the second monomer (while maintaining initiator addition)
halfway through the process; the p(iBoA) macromonomers are
incorporated into the growing chains of the second monomer
via the addition-fragmentation cycle to yield blocky copolymer
structures. As schematically outlined in Figure 1a, the sequence
starts with p(iBoA) macromonomer addition to a monomer-2
growing chain to produce an MCR. -Scission of the MCR ei-
ther re-forms the original p(iBoA) macromonomer and radical
or occurs in the other direction to form a monomer-2 chain with
an iBoA TDB and a propagating p(iBoA) radical that, through
subsequent monomer-2 addition (pathway 1), forms a block co-
polymer chain. Competing with fragmentation is the addition of
monomer-2 to the MCR (pathway 2) to produce a comb copoly-
mer chain containing an iBoA branch, reducing the TDB con-
tent in the system. This approach is also shown mechanistically
for an acrylate-acrylate system in Figure S2 of the Supporting
Information.

The addition-fragmentation events outlined in Figure la can
occur with any macromonomer and/or radical species in the
system, resulting in several pathways to form multiblock linear
or branched structures. For example, a propagating block copo-
lymer radical can react with any macromonomer (homopolymer
or copolymer) in the system, increasing the number of blocks in

Nt
3

{
M
4

FIGURE1 | Schematics illustrating: (a) the addition-fragmentation pathways to produce block (1) and comb (2) copolymers by feeding a second
monomer (yellow) into the reactor containing p(iBoA) macromonomer chains (blue, with the terminal double bond indicated by the striped unit);
(b) two of many potential 5-scission pathways to form macromonomer-terminated copolymer chains (boxed structure) capable of further reaction to

form multi-block linear or branched structures.
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the chain via -scission of the resultant MCR, as illustrated by
Figure 1b, or adding more branch points to the comb structure
by monomer addition to the MCR. Moreover, it is necessary to
consider that growing blocky acrylate copolymer radicals can
backbite and undergo subsequent f-scission or monomer ad-
dition. While our focus is on the formation and utilization of
acrylate-based macromonomers, Heuts and Smeets [37], and
Nurumbetov et al. [38] also describe these mechanisms for ac-
rylate polymerization in the presence of a methacrylate-based
macromonomer.

Our previous work demonstrated the ability of the novel one-
pot operating strategy to efficiently synthesize acrylate-acrylate
blocky copolymers under a range of operating conditions, with
BA selected as the second monomer. The incorporation of the
p(iBoA) macromonomer was verified by various techniques, in-
cluding detailed analysis of the evolution of the product molar
mass distributions (MMDs), electrospray ionization mass spec-
troscopy (ESI-MS), and polymer fractionation followed by TDB,
composition, and molar mass analysis [25].

Not yet investigated is the choice of second-stage monomer,
which is expected to greatly impact the polymer structure as
controlled by the addition-fragmentation pathway. The litera-
ture indicates only a minor influence of ester group functionality
on acrylate mechanistic pathways [26]. However, switching the
second monomer to a methacrylate will affect both the comono-
mer incorporation and structure of the product [6, 25, 27, 37-40].
Herein, we investigate the impact of using n-butyl methacrylate
(BMA) as the second-stage monomer rather than BA, keep-
ing all other aspects of the process unchanged. The previously
developed analytical methodologies are used to compare the
iBoA-BA and iBoA-BMA systems, with two-dimensional liquid
chromatography (2D-LC) analysis providing additional insights.

2 | Results and Discussion

The sequential monomer feeding methodology described in
our previous study [25] is used to examine the influence of
switching the second monomer feed from an acrylate (BA) to
a methacrylate (BMA). iBoA was first fed at a constant rate
to a solvent-charged reactor maintained at 140°C for 1.5h to
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produce the p(iBoA) macromonomer, followed by 1.5h of BA
(or BMA) feed. The initiator was fed at 0.5mol% relative to
the monomer to achieve a final polymer content of 65wt.% in
5-methyl-2-hexanone (MIAK) and a composition of 50wt.%
iBoA assuming full monomer conversion. The iBoA conversion
was ~85% when starting the second monomer feed such that the
quantity of random copolymer produced was negligible. The
evolution of the MMDs with reaction time for each experiment
after the initial p(iBoA) formation (MMD at 90min) is shown
in Figure 2.

The p(iBoA) MMD remains narrow over the 90-min iBoA
feed, reaching a weight-average molar mass (M, ) of just over
5000gemol~! while maintaining a TDB content >70%. As de-
scribed previously [25], this result is characteristic of high levels of
B-scission and minimal incorporation of the resulting macromono-
mer into the growing p(iBoA) chains to form branches. Herein, we
focus on the second monomer feed and the impact of adding BMA
rather than BA to the p(iBoA) macromonomer solution.

For the first case, where the monomer feed was switched from
iBoA to BA at 90min, the MMD (Figure 2a) broadened and de-
veloped a bimodality as it shifted to higher molar masses, reach-
ing a final M of 12,700gemol™* and a P of 2.18. In addition to
the increasing M, and D, the position of the MMD peak shifts to
higher values over the course of the BA feed while the TDB con-
tent decreases (Table 1), indicating that the p(iBoA) macromono-
mers are incorporated into the growing p(BA) chains to form
predominately comb copolymers [25]. To test the impact of acry-
late structure on the predominant mechanistic pathway, the ex-
periment was repeated with a mixture of 25wt.% 2-hydroxyethyl
acrylate (HEA) and 75wt.% BA in the second monomer feed.
Similar to the 100% BA case, the MMD (Figure S3) shifted to a
final M of 13,000 gemol~! and a D of 2.23. The minor impact of
adding HEA to the second stage suggests that acrylate function-
ality has little mechanistic impact, consistent with the family-
type behavior observed with acrylate monomers.

Repeating the sequential feed experiment using BMA rather
than BA also results in a broadening of the MMD (Figure 2b)
and an increase in molar mass to a final M, of 15,900 gemol~!
and D of 3.42. Unlike the BA case, however, the peak position
of the MMD stays constant as BMA is fed, with a second peak

b) 1.6

=90 min
= =120 min|
=150 min|

|= =175 min|
)
TRos
0.4
0.0+
2.5 35 4.5 5.5
Logh

FIGURE2 | The evolution of the polymer MMD for sequential monomer feeding with a 90-min iBoA feed followed by a 90-min feed of (a) BA or
(b) BMA. Both experiments were conducted to 65wt.% final polymer/monomer content in MIAK at 140°C with a feed containing 0.5 mol% initiator
relative to monomer. The evolution of polymer properties with time is reported in Table 1.
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TABLE 1 | Evolution of polymer characteristics for semi-batch operation with a 90-min iBoA feed followed by a 90-min BA or BMA feed to
65wt.% final polymer/monomer content at 140°C with a feed containing 0.5mol% initiator relative to monomer.

iBoA-block-BA

iBoA-block-BMA

. M D U% TDB% M D U% TDB%
Time? w w
[min] [gemol™] [-] [%] [gemol™'] -] [%] [%]
90 5300 1.54 4.5 75+3 5100 1.58 4.7 72+3
120 7100 1.69 3.0 68+2 7200 2.00 3.8 69+3
150 10,000 1.94 1.9 58+2 11,900 2.85 2.8 64+2
175 12,700 2.18 1.3 49+1 15,900 3.42 2.3 60+2

2Polymer weight-average molar mass (M, ) and dispersity () measured by size-exclusion chromatography with refractive index detection. The number of
macromonomer end groups relative to the number of repeat units in the polymer (U%) is calculated using proton nuclear magnetic resonance spectroscopy, with the
fraction of chains containing a terminal double bond (TDB%) calculated as the product of the U% and number average degree of polymerization.

at a higher molar mass gradually emerging. This result suggests
that the product consists predominantly of a mixture of two ho-
mopolymers, lower molar mass p(iBoA) and higher molar mass
p(BMA). The striking difference between the two systems is even
clearer when the MMDs are scaled according to the weight frac-
tion of iBoA in the final polymer (Figure S4). The BA case shows
a loss of the low p(iBoA) molar mass material relative to that
present after the iBoA homopolymerization stage, indicating
that the macromonomer chains have been incorporated into the
product. In contrast, there is negligible reduction of the scaled
90-min p(iBoA) peak when BMA is added as the second mono-
mer. The significant differences between the two systems can
also be seen after transforming the SEC wlog(M) MMDs to num-
ber chain length distributions. While a loss of p(iBoA) chains is
seen when BA is fed, there is a marginal loss of p(iBoA) chains
with BMA as the second monomer (Figure S5).

In our previous study, the decrease in TDB content in the all-
acrylate system was used to assess the incorporation of the p(i-
BoA) macromonomer into the growing BA chains to produce a
branched product, as the backbiting and -scission mechanisms
occur in both monomer systems [25-27, 29, 41-44]. However,
when the second-stage monomer is switched to a methacrylate,
the decrease in TDB content can no longer be used to assess
macromonomer incorporation into the growing polymer chains.
Unlike acrylates, methacrylates do not undergo backbiting or -
scission, with unsaturated chains only formed through radical-
radical termination by disproportionation [28, 32, 45-47],
resulting in lowered TDB levels for p(BMA) semi-batch homopo-
lymerizations compared to acrylate systems (Table S2). Thus,
the decrease in TDB content for the product formed by sequen-
tial iBoA and BMA feeding (Table 1) is attributed to the dilution
of the p(iBoA) macromonomer population by the formation of
saturated p(BMA) chains, rather than by the incorporation of
the macromonomer into a comb copolymer product.

In addition to the final distribution and TDB content, the differ-
ence in the polymer compositions when switching from BA to
BMA is worth noting. The final polymer contains 49 wt.% p(BA)
for the BA case, whereas the p(BMA) fraction is only 39wt.%
under identical operating conditions. This difference can be at-
tributed to the depropagation of BMA at high temperatures and
the low monomer concentrations used in semi-batch starved
feed operations [28, 45, 46]. This is evident by the decreased

final conversion for BMA (57%) relative to BA (86%), and an in-
creased residual monomer fraction (Figure S6).

Our previous work introduced a precipitation-centrifugation
technique using methanol to fractionate the polymer product
into high and low molar mass components to evaluate macro-
monomer incorporation [25]. When applied to the homopolymer
iBoA macromonomer, the methanol soluble and insoluble frac-
tions have approximately the same TDB content, indicating uni-
form TDB levels across the MMD [25]; electrospray ionization
mass spectroscopy (ESI-MS) analysis indicated that the most
abundant chain structure in each p(iBoA) fraction is 3-scission
radical-initiated and macromonomer terminated, as mechanis-
tically shown in Figure Sla [25]. When applied to the p(iBoA-
block-BA) product, the methanol insoluble fraction contained a
reduced TDB and BA content compared to the unfractionated
material. Moreover, the p(iBoA) macromonomer chains disap-
peared from the ESI-MS analysis of the p(iBoA-block-BA) prod-
uct, indicating that they were incorporated into the growing BA
chains to form a blocky copolymer of higher molar mass [25].

The precipitation-centrifugation technique has been applied to
the final sample of the sequential feed experiment with BMA to
contrast the ESI-MS results with our previous work. The insol-
uble and soluble fractions of the copolymer were also analyzed
by SEC and proton nuclear magnetic resonance (‘H NMR) spec-
troscopy, with results summarized in Figure S7 and Table S3.
As shown in Figure 3, the predominant structure in the low
molar mass region (<3000gemol™') of the insoluble fraction
remains the p(iBoA) macromonomers, indicating that they are
not incorporated into the chains formed during polymerization
of the BMA. Figure S8 in the Supporting Information presents
the ESI-MS results of a second molar mass region, with specific
chain structures assigned according to the initiating and ter-
minating species summarized in Table S4. While there is some
indication of copolymer formation from ESI-MS analysis of the
methanol-soluble fraction, the continued presence of unreacted
p(iBoA) macromonomer confirms that using BMA rather than
BA limits the formation of a blocky copolymer product.

The differences in p(iBoA) macromonomer incorporation into
the p(BA) or p(BMA) growing chains are evident when apply-
ing the previously developed analyses to compare product TDB
contents and MMDs. The structure of the resultant products
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FIGURE 3 | The electrospray ionization mass spectroscopy spectrum of the methanol (a) insoluble and (b) soluble fractions of the 50/50 iBoA/
BMA sequential feed experiment for the m/z region of 1000 to 1160 gemol . See Table S4 for the initiating and terminating species associated with

specific chain structures.

was further evaluated using two-dimensional liquid chroma-
tography (2D-LC). As detailed in the experimental section, the
fully-automated set-up uses reverse-phase liquid adsorption
chromatography (RP-LAC) to first separate the polymer sample
according to its chemical composition, followed by SEC in the
second dimension to separate the fractions from the first dimen-
sion according to their hydrodynamic volume to obtain a finger-
print of the (co)polymer structure. This technique was used by
Zdovc et al. [48] to contrast structured block and gradient copo-
lymers and by Alshehri et al. [49] to study gradient iBoA-BA co-
polymers produced by reversible-addition-fragmentation chain
transfer (RAFT) emulsion polymerization.

Before conducting the 2D-LC experiments, RP-LAC was used to
compare p(iBoA), p(BA), and p(BMA) homopolymers of varying
molar masses, and to analyze the block and random copolymers
according to their chemical composition, with the 50/50wt.%
iBoA/BA random copolymer produced as a comparison to the
blocky case by feeding a 50/50 w/w mixture of the two monomers
over 3h in the semi-batch system to 65wt.% solids at 140°C. As
shown in Figures 4a and 5a, the more polar BA and BMA chains
eluted at approximately 7.4mL and 7.7mL respectively, whereas
the less polar iBoA polymer eluted at 9.2mL. The p(BA) and
p(BMA) eluted with relatively narrow peaks and demonstrated
little molar mass dependence for the operating range, whereas
the broader p(iBoA) peaks and molar mass dependence indicated
greater interactions with the column. Despite the low molar mass
operating range required for the copolymers, the RP-LAC and
2D-LC results can be used to qualitatively assess macromonomer
incorporation and copolymer composition across the MMD.

The RP-LAC peak is wider and closer to the expected p(iBoA)
elution volume for the iBoA-BA sequential feed blocky copo-
lymer product than the random copolymer (Figure 4a). While
composition has the dominant influence on elution volume,

the two samples both contain 50wt.% iBoA. Thus, the differ-
ence arises from the change in copolymer microstructure; the
probability of the iBoA segments interacting with the stationary
phase is increased when switching from a statistical to a block
copolymer, slowing the elution and increasing the width of the
peak [48]. Moreover, the breadth and tailing of this peak, cen-
tered at 8.8 mL between the positions of the random copolymer
and p(iBoA) peaks, also suggests that the p(iBoA) blocks in the
copolymer chains are dispersed in length, as might be expected
from the stochastic nature of the radical polymerization synthe-
sis process (Figure 1b). This observation is consistent with the
work of Zdovc et al., who obtained a narrower peak than that
observed in Figure 4a for a block copolymer with close to mono-
disperse block lengths [48].

The corresponding 2D-LC plot (Figure 4b) indicates that the
blocky (iBoA-BA) copolymer chains are the most abundant ma-
terial in the final product. The molar mass of this copolymer
product is significantly higher than that of the less abundant
p(BA) and p(iBoA) homopolymer material, with the p(iBoA) ho-
mopolymer likely a combination of non-macromonomer termi-
nated and unincorporated macromonomer chains. In contrast,
the 2D-LC plot for the random copolymer has a uniform com-
position across the MMD (Figure S9). Thus, the RP-LAC and
2D-LC analyses confirm that most growing p(BA) chains incor-
porate at least one p(iBoA) macromonomer into their structure
with the sequential feed operating strategy.

The 2D-LC results for the iBoA-BMA sequential feed experiment
provide a strong contrast to the iBoA-BA case. The RP-LAC anal-
ysis of the material produced with BMA as the second monomer
(Figure 5a) indicates that the feeding strategy produces predom-
inantly a mixture of two homopolymers with little copolymer, as
the two peaks seen in the RP-LAC chromatogram of the prod-
uct trace occur at the same elution volume range as those of the
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FIGURE4 | (a)Thereverse-phase liquid adsorption (RP-LAC) chromatograms for p(BA) and p(iBoA) homopolymers of two different molar mass-
es, a 50/50 statistical copolymer, and a blocky copolymer formed by sequential monomer feeding. The molar masses of the two samples analyzed for
each homopolymer as indicated by the solid and dashed lines are summarized in Table S5. (b) The 2D-liquid chromatography contour plot for poly-
mer formed by sequential feeding of iBoA and BA in the semi-batch process. The first dimension (y-axis) is RP-LAC and the second (x-axis) is SEC
with the molar mass in polystyrene equivalents. The color scale is the relative intensity of material by evaporative light scattering (ELS) detection.
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masses and the corresponding blocky copolymer. The molar masses of the two samples analyzed for each homopolymer as indicated by the solid and

dashed lines are summarized in Table S5. (b) The 2D-liquid chromatography contour plot for polymer formed by sequential feeding of iBoA and BMA

in the semi-batch process. The first dimension (y-axis) is RP-LAC, and the second (x-axis) is SEC with the molar mass in polystyrene equivalents. The

color scale is the relative intensity of the evaporative light scattering (ELS) detector.

corresponding homopolymer controls. The 2D-LC plot (Figure 5b)
shows that the p(BMA) homopolymer is the most abundant mate-
rial in the product, followed by unreacted p(iBoA) material, and
that only low quantities of copolymer chains were formed that
eluted in the RP-LAC dimension (y-axis) between the elution vol-
umes of the two homopolymers. The contour plot also confirms
that the higher molar mass peak in the final MMD (Figure 2b) is
primarily p(BMA), while the lower molar mass peak is the unre-
acted p(iBoA) macromonomer. Therefore, consistent with the in-
ferences made by the other characterizations, RP-LAC and 2D-LC
analyses conclusively indicate that the growing p(BMA) chains
rarely incorporate a p(iBoA) macromonomer, resulting in a mix-
ture of two homopolymers in the final product.

The RP-LAC and 2D-LC results support the interpretation that
the acrylate-acrylate sequential feed experiment with 50/50

iBoA/BA produces a blocky comb copolymer, but when the sec-
ond monomer feed is switched to BMA, homopolymerization is
favored. Studies in the literature have determined that the po-
lymerization behavior of TDBs is dependent upon the identity
of the penultimate unit of the macromonomer and the second-
stage polymerization conditions [6, 25, 27, 37-39]. The addition
of an acrylate macromonomer to a methacrylate radical (i.e., as
produced by our iBoA-BMA sequential feed) and the addition of
a methacrylate macromonomer to an acrylate radical (as con-
sidered by Heuts and Smeets [37]) both result in an MCR struc-
ture as shown in Figure 6; that is, one that is flanked by both
an adjacent methacrylate unit and an adjacent acrylate unit.
Fragmentation is favored to transfer the radical to the methacry-
late, due to the added stabilization of the methyl group [39]. This
leads to block copolymer formation for acrylate polymerization
in the presence of a methacrylate macromonomer, as shown by
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FIGURE 6 | [-Scission pathways for the mid-chain radical (MCR) formed by either the addition of an acrylate macromonomer to a methacrylate

radical (1) or the addition of a methacrylate macromonomer to an acrylate radical (2).

Yamada and coworkers [6, 39]. However, the favored fragmen-
tation pathway means that minimal block copolymer formation
occurs when acrylate macromonomer is added to a methacrylate
polymerization; instead, the MCR fragments back to the origi-
nal methacrylate radical and acrylate macromonomer reactants.
This second scenario describes the iBoA-BMA sequential feed
experiment studied here, with the MMD, ESI-MS, and 2D-LC
analyses all confirming that the product is predominantly a
mixture of two homopolymers.

3 | Conclusion

High-temperature starved-feed semi-batch radical polymeriza-
tion of iBoA is an effective means to produce high macromono-
mer content solutions without a mediating agent, thus providing
a means to synthesize blocky copolymers by sequential feeding
of iBoA and a second acrylate monomer. In this work, we test
the impact of changing the second-stage monomer from acrylate
BA to methacrylate BMA, under otherwise identical operating
conditions. BMA addition to the p(iBoA) macromonomer solu-
tion results in a minimal decrease in polymer TDB content and
a broadening of the MMD due to the gradual formation of a high
molar mass peak, suggesting that, in contrast to the iBoA-BA
case, the product is primarily a mixture of two homopolymers.
This result was confirmed by fractionating the product into
two components that were also analyzed by SEC, 'H NMR, and
ESI-MS. The 2D-LC analysis provided the final evidence that,
while blocky copolymer is the most abundant product formed
from the iBoA-BA sequential feed procedure, a mixture of pri-
marily two homopolymers is obtained when the second mono-
mer feed is switched to BMA. Thus, it can be concluded that the
MCR formed by the addition of the growing methacrylate radical
to the acrylate macromonomer preferentially fragments back to
the original methacrylate radical and acrylate macromonomer.
Further work will focus on the successful acrylate-acrylate se-
quential feed process, quantifying the amount of homopolymer
impurity in the blocky copolymer product.

4 | Experimental
4.1 | Materials

n-Butyl acrylate (10-60 ppm monomethyl ether hydroquinone as
an inhibitor, > 99%, Sigma-Aldrich), isobornyl acrylate (200 ppm
monomethyl ether hydroquinone as an inhibitor, technical
grade, Sigma-Aldrich), 2-hydroxyethyl acrylate (200-650 ppm
monomethyl ether hydroquinone as inhibitor, 96%, Sigma-
Aldrich), and n-butyl methacrylate (8-28ppm monomethyl
ether hydroquinone as an inhibitor, >98.5%, Sigma-Aldrich)
monomers were used as received to match common indus-
trial practice unless otherwise stated. tert-Butyl peracetate
initiator (TBPA, 50wt.% in mineral spirits, Sigma-Aldrich),
5-methyl-2-hexanone (MIAK, 99%, Sigma-Aldrich), tetrahy-
drofuran (THF, Sigma-Aldrich), methanol (ACS reagent grade,
Sigma-Aldrich), hydroquinone (MEHQ, >99%, Fluka), and
chloroform-D (CDCl,, 99.8 D, Sigma-Aldrich) were used as re-
ceived at Queen's University. Tetrahydrofuran (Optima, Fisher
Chemical), methanol (Optima LC/MS, Fisher Chemical), aceto-
nitrile (Optima LC/MS, Thermo Scientific), and sodium iodide
(99.999% trace metals basis, Sigma-Aldrich) were used as re-
ceived for ESI-MS at Axalta Coating Systems. Tetrahydrofuran
(>99.9%, Riedel de Haén, Germany), and acetonitrile (>99.9%,
Riedel de Haén, Germany) were used as received for RP-LAC
and 2D-LC at the National Institute of Chemistry.

4.2 | Polymer Synthesis

Starved-feed semi-batch polymerizations were conducted
using a 1-L double-walled glass LabMax reactor with an agi-
tator and reflux condenser. Camile TG software controlled the
reaction temperature, mixing, and feed rates. The reactor was
initially charged with 130g of MIAK and heated to the reac-
tion temperature of 140°C under a nitrogen blanket. 121 g of
TPBA and iBoA were fed for 90 min followed by a 90 min feed
of 121 g of either BA/TBPA, BA/HEA/TBPA, or BMA/TBPA.
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The monomer/initiator mixtures, containing 0.5 mol% initiator
relative to monomer, were fed at a constant flow rate over the
total reaction time of 3h to a final polymer/monomer content in
solution of 65wt.%. Samples of approximately 3 mL were taken
from the reactor at specified times and placed into a solution
of MEHQ in solvent (1geL™!) to terminate the reaction. Note
that the BA, BMA, and iBoA homopolymers and the iBoA/BA
random copolymer used for the 2D-LC analysis were produced
using the same operating strategy with a 3h feed time.

4.3 | Characterization Techniques

A Varian CP-3800 gas chromatograph (GC) with a CP-8410
auto-sampler, CP-117 isothermal split/splitless injector, Rtx-5
fused silica column (length 30m, i.d. 0.25mm, film thickness
1.0um), and a flame ionized detector (FID) was used to estimate
the residual monomer weight fractions and thus copolymer com-
positions in the samples relative to calibrations generated using
mixtures of known composition. The instrument was operated
with an injector flow rate of 1.2 mLemin~!, an inlet temperature
of 275°C, and an FID temperature of 300°C. Ultrahigh-purity
hydrogen and zero-grade compressed air were used as combus-
tion gases, and ultrahigh-purity helium and nitrogen were used
as carrier gases under a constant pressure of 16.4 psi. Samples
were diluted in THF by a factor of 10 relative to the starting vol-
ume before injection.

SEC was conducted using a Waters 2960 separation mod-
ule with a Waters 410 differential refractometer and Waters
Styragel high-resolution separation columns (4.6x300mm)
0.5, 1, 3, 4. The instrument was operated at 40°C with a THF
flow rate of 0.3mLe min~!. Samples were dried under air, dis-
solved in THF, and passed through a 0.22 um nylon filter be-
fore injection. The molar mass outputs were processed based
on a calibration curve constructed using narrow molar mass
polystyrene standards ranging from 370-860,000gemol~!.
Mark-Houwink parameters were used to transform the poly-
mer MMDs and corresponding characteristics from polysty-
rene equivalents (Table S1), with copolymer values estimated
using a composition-average approach.

It should be noted that using SEC analysis to determine true
M, and M, values for block copolymer structures can be com-
plicated by the influence of block length and monomer choice
on chain solubility and conformation [50]. While the use of
a copolymer-composition weighted approach can introduce
error, we expect that it is small based on two observations: (i)
MMDs measured by multi-angle light scattering show good
agreement with those estimated by RI detection [25, 26]; (ii)
the low molar mass and multiblock structure of our copoly-
mer chains does not lead to distinct phase transitions (e.g.,
two glass transition temperatures). The error introduced by
using a composition-averaged calibration is likely increased
for the iBoA/BMA system, as the product consists primarily
of a mixture of two homopolymers; however, the conclusions
regarding the extent of macromonomer incorporation remain
unchanged.

'H NMR was conducted using a 500 MHz Bruker Avance NEO
spectrometer at room temperature with 64 scans. The samples

were prepared by evaporating the reaction solvent and residual
monomer(s) under air and dissolving the polymer in CDCI, to
approximately 10wt.% polymer. The resulting spectrum was
used to estimate the U%, following procedures developed in our
previous work [25]. The U% was combined with the DP_ deter-
mined by SEC analysis to estimate the percentage of chains that
contain a TDB [25-27].

The methanol soluble and insoluble fractions obtained from
the precipitation-centrifugation technique were analyzed by
ESI-MS using a Waters SYNAPT high-definition mass spec-
trometer in the positive ionization mode for a mass range of
50-4000gemol~!. Samples were prepared by dissolving the
polymer in unstabilized Optima grade THF to 1 mgemL™!, fur-
ther diluting to 50 ugemL ! in ACN, and adding 3L of sodium
iodide solution (10pugemL™! in Optima grade methanol). Scans
were acquired using a sampling cone voltage of 40V, a capillary
voltage of 3.5kV, a source temperature of 80°C, a desolvation
temperature of 150°C, and a sample infusion rate of 5uLemin~!.
Initiating and terminating species are summarized in Table S4
of the supporting Information.

RP-LAC experiments were performed on a reversed-phase
Zorbax Eclipse Plus C18 column (4.6 mm x 150mm, 95A, 5um,
Agilent Technologies, USA) at 25°C maintained by thermo-
statted oven. Samples were dissolved in a 50/50vol% ACN/
THF mixture at a concentration of 1 mgemL~! and stirred over-
night. The solvent gradient ran from 0% to 100% THF in ACN
in 10min. The flow rate during the analysis was 1 mLemin~,
and the injected volume of the samples was 20 uL. Two detec-
tors connected in series were used, an ultraviolet (UV) detec-
tor operating at a wavelength of 280nm and an evaporative
light scattering (ELS) 1260 Infinity detector, both from Agilent
Technologies. The ELS detector was operated under the follow-
ing conditions: T, =70°C; T, =40°C and a nitrogen flow
rate of 1.60 SLM. WinGPC v.8 software (Polymer Standards
Service GmbH, Germany) was used for data acquisition and
analysis.

For 2D-LC analyses, a Zorbax Eclipse Plus C18 column
(4.6mmx150mm, 95A, 5um, Agilent Technologies, USA)
and an SDV-linear M high-speed, linear porosity SEC column
(20mmx50mm I.D., particle size 5um, Polymer Standards
Service, PSS GmbH, Germany) was used. In the first RP-LAC
dimension, the flow rate was 0.025mLmin! and the sol-
vent gradient ran from 0% to 100% THF in ACN in 400 min.
Samples were dissolved in a 50/50vol% ACN/THF mixture at
a concentration of 10mgemL~" and stirred overnight. The in-
jected volume of the copolymer samples was 20 uL. THF was
the mobile phase in the second SEC dimension, with the flow
rate set to 3mLemin~'. The high-speed SDV column has a
broad pore size distribution covering molar masses from 102 to
10°gemol~!. The SEC column was calibrated with eight poly-
styrene (PS) standards with narrow MMDs dissolved in THF
at a concentration of 0.5mgemL~! and injected directly into
the second dimension at a flow rate of 3.0 mLemin~". The frac-
tions were transferred from the first to the second dimension
via an eight-port valve (Valco Instruments) equipped with
two 200 uL sample loops. The same detectors and software
were used for detection and data acquisition as in the RP-LAC
section.
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