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Polar polyolefin block copolymer synthesis in
continuous flow faces significant challenges due to the nature of
the monomers, which require selective polymerization methods for
the polymer segments. In this study, we developed a continuous
flow strategy by utilizing 2-hydroxyethyl acrylate (HEA) chelated
diimine Pd" complex to generate a single-chain-end-functionalized
polyethylene (PE-HEA) containing a free OH functionality, which
is then employed as a macroinitiator for a ring-opening polymer-
ization (ROP) to form PE-b-polyester diblock copolymers. This
approach combines two distinct living polymerization processes
stepwise, in which a semitelechelic PE is synthesized in the first
flow reactor through a single-step living coordination—insertion
polymerization (CIP), followed by an ROP in another flow system.
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This technique avoids a multistep postpolymerization process and ensures the controlled preparation of chain-end-functionalized
PE, maintaining a low dispersity (~1.10) throughout a broad range of molecular weights of 5.50 to 38.94 kg/mol, as well as the
controlled polymerization of poly(6-valerolactone) (PVL) with molecular weights of 1.8 to 7.44 kg/mol with a narrow dispersity of
~1.06. With this strategy, a range of distinct polar-PE block copolymers (PE-b-PVL) were prepared, in which the PE-HEA functions
as a macroinitiator, facilitating a living ROP, yielding block copolymers with extended PVL and polylactide (PLA) segments. This
work showcases that a functionalized chelated diimine Pd" complex simplifies the preparation of chain-end-functionalized PE, which
then can directly be employed to promote chain extension through ROP, forming polar-PE block copolymers in the flow system.

continuous flow, coordination—insertion polymerization, polyethylene, ring-opening polymerization

Continuous flow chemistry has rapidly emerged as a
transformative platform in modern synthetic and polymer
chemistry as it offers unparalleled control over reaction
parameters such as pressure, temperature, reaction time
(residence), improved safety while dealing with high temper-
ature and pressure reactions.' > Such control over reaction
conditions is particularly crucial in polymer synthesis, where
the molecular weight, dispersity, and architecture are finely
tuned to achieve desired material properties. As an outcome,
various types of polymerizations have already been demon-
strated over the past decade to benefit from the application of
numerous flow systems.*”

In recent years, there has been a growing interest in the
application of continuous flow technology to the synthesis of
block copolymers (BCPs)—polymers composed of two or
more polymer segments or blocks covalently linked in a
defined sequence.® BCPs have the potential to be utilized as
versatile composites and hybrid materials, which are capable of
being responsive to various stimuli such as temperature,
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humidity, pH, redox, magnetic, electric, swelling, and light, and
thus ensure unique and improved properties.” "' These
materials are also associated with self-assembly and are suitable
for arranging into nanostructures for applications in numerous
fields such as chemistry, nanotechnology, water treatment,
environmental applications, medicine, wound healing, solar
cells, photocatalysis, and many more.'*~"*

Flow setups are particularly well suited for BCP synthesis, as
it allows the preparation of two or more blocks by integrating
multiple flow reactors. For instance, the Yoshida group
synthesized acrylate BCPs using anionic polymerization at 0
°C and further extended this to mixed BCPs of styrene and
methacrylates.'”'* Photoredox organic atom transfer radical
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Figure 1. Schematic comparison between previous works and this work. (A) Synthesis of block copolymers (BCPs) in continuous flow using same
polymerization process to form both blocks, (B) chain-end-functionalized polyethylene (PE) synthesis through postpolymerization modification to
introduce desired end-functionality, and (C) single-step synthesis of chain-end-functionalized PE through coordination—insertion polymerization
(CIP) utilized as macroinitiator for further chain extension employing ROP, (i) structure of C1-HEA chelated complex, (ii) X-ray structure of the
major isomer found in the C1-HEA complex, the hydrogen atoms and the BArF counterion are omitted for clarity.

polymerization (O-ATRP) was utilized by Miyake and co-
workers to form acrylate-methacrylate BCPs."> The Junkers
group achieved tetrablock quaterpolymers via reversible
addition—fragmentation chain transfer (RAFT) polymerization
in cascade reactors.'”"” Guo et al. coupled two flow reactors
sequentially for the synthesis of well-defined BCPs of 6-
valerolactone and e-caprolactone through organic and
enzymatic catalyzed ring-opening polymerization (ROP) with
low dispersity.'®™*° The Pitet group reported ABA-type
triblock copolymers through an organocatalyzed ring-opening
transesterification polymerization of b, L-lactide utilizing a
commercially available hydroxyl-telechelic poly(f-farnesene)
as a macroinitiator in an oscillatory flow reactor.

Despite these advantages, the majority of reported flow-
synthesized BCPs are limited to blocks derived from
monomers of the same family or, less commonly, from
different families but still rely on a single polymerization
strategy (Figure 1A).° The combination of fundamentally
distinct polymerization methods in a continuous flow context
remains notably scarce. Furthermore, BCPs containing poly-
ethylene (PE) blocks synthesized in continuous flow are
extremely rare; only a few examples, such as the polar-
polyethylene BCPs, such as PE-b-polyacrylates, reported by the
Harth group, have been described in the literature.>

Although PE is one of the most common and widely used
plastic materials, from packaging to construction, due to its
remarkable combination of physical and chemical resistance,
ease of production, and processability from cost-effective
feedstocks, however, in the absence of any polar functionality,
it often suffers from limitations associated with inadequate
surface properties such as adhesion, dyeability, printability, and
compatibility.”*~*” The integration of polar functionality into
PE by coupling with distinct polar segments can significantly
improve such properties, enabling broader application
potential.”*** For example, amphiphilic BCPs containing
hydrophilic polyester or polyether segments bonded to
hydrophobic PE are ideal candidates for the compatibilization
of polymer blends and composites, as these materials are able

to reduce the interfacial tension and improve adhesion
between the immiscible phases.”*

Achieving these types of polar-PE BCPs requires a precise
strategy for the synthesis of a chain-end-functionalized PE,
serving as a macroinitiator for subsequent divergent polymer-
ization mechanisms. The key methodologies to prepare end-
functionalized PE include postmodification of unsaturated
chain ends,®' ~** the use of functionalized chain transfer agents
(CTA),”>™** coordinative chain transfer polymerization
(CCTP)**~* followed b y f further modification, and olefin
metathesis (Flgure 1B)4 For instance, in the case of
synthesizing amphiphilic polar-PE BCPs, hydroxyl-terminated
PEs were prepared via in situ chain transfer to organoboranes,
alkyl aluminums, or alkyl zincs during ethylene polymerization,
followed by oxidation. The Matyjaszewski group synthesized a
monohydroxy-terminated PE through a degenerative-transfer
coordination polymerization of ethylene by a bis(imino)-
pyridineiron/diethylzinc binary catalyst system activated by
MAO, followed by oxidation using dry air."” Chung and co-
workers synthesized PE-b-P(ethylene oxide) and PE-b-P(e-
caprolactone) through ROP following oxidation and metal-
ation of borane-functionalized PE.*>** The Hillmyer group
synthesized PE-poly(L-lactide) block copolymer containing
two semicrystalline blocks through a combination of anionic
polymerization, hydrogenation, and coordination—insertion
polymerization (CIP) to prepare PE—OH, followed by ROP
of L-lactide.”” Kim and co-workers prepared PE-b-P(e-
caprolactone) following similar strategies involving controlled
chain transfer reaction of ethylene.’” Guironnet et al.
employed tandem hydroformylation/hydrogenation of vinyl-
terminated PE to yield OH-terminated PE, 1n1t1at1ng &-
caprolactone ROP to form a diblock copolymer.”' The same
group reported the synthesis of PE-polyester triblock
copolymers via a dihydroxy-terminated PE achieved by
performing four consecutive postpolymerization reactions on
PE.”” Duchateau and co-workers synthesized chain-end-
functionalized high-density PE (HDPE—OH) and randomly
hydroxyl functionalized linear low-density PE (LLDPE—OH)
utilizing different synthetic routes, and used them as
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Figure 2. Synthesis of PE-HEA homopolymer in the continuous flow reactor. (A) CIP of ethylene utilizing C1-HEA complex, (B) schematic
diagram of the continuous flow reactor for ethylene polymerization, (C) "H NMR spectrum (400 MHz, CDCl,, 25 °C) of PE-HEA homopolymer,
entry 4, Table 1, and (D) M, vs residence time plot evidenced living polymerization of ethylene (Table 1).

macroinitiators for further ROP to yield PE-polyester block
and graft copolymers.”® Recently, our group developed routes
to utilize chelated diimine Pd" complexes to install a versatile
active ester group at the PE chain end upon ethylene
polymerization. These groups can be transformed to provide
PE macroinitiators for ATRP, RAFT, and ROP.>>** In this
vein, as chelated diimine Pd" complexes have proven to be
valuable precursors for the installation of functional chain end
units for postmodification routes, a direct integration of
initiating units for polymerization is proposed.>®

Here, we report a continuous flow synthesis of polyethylene-
polyester BCPs by integrating CIP of PE and ROP of cyclic
esters (Figure 1C). First, we developed a 2-hydroxyethyl
acrylate (HEA) chelated diimine Pd" complex (C1-HEA),
which was employed as a catalyst in the CIP of ethylene in the
flow reactor, resulting in straightforward chain-end-function-
alized PE (PE-HEA). This single-step flow synthesis of
semitelechelic PE bypassed the postpolymerization modifica-
tion and purification steps as well as ensured that every
polymer chain contains the desired end-functional group,
which is crucial for the maximum participation in further
polymerization as a macroinitiator. The polar-PE BCPs were
then synthesized by the chain extension of PE-HEA through
ROP of cyclic esters in another flow setup. Here, the desired
BCPs were formed by the stepwise integration of two distinct
living polymerization methods, which warranted precise
control over both constituent blocks to meet the desired
polymeric characteristics.

The chelated diimine Pd" complex (C1-HEA) was synthesized
by a single coordination—insertion of 2-hydroxyethyl acrylate
to the Pd-Me bond of the Cl-precursor, adapting an approach
as outlined in the Supporting Information Section 3.3 and
Figure S4. Here, the Cl-precursor first forms an activated
complex (I) upon reaction with NaBArF, which generates a 7-
acrylate complex (II) in the next coordination step. This
species undergoes a 2,1-insertion, affording the four-membered
chelate (III). The chelated complex then isomerizes into the
five-membered chelate (IV) through f-H elimination and
reinsertion (chain walking), which ultimately rearranges to
yield the six-membered C1-HEA complex. The predominant
formation of a six-membered ring chelate (~90%) via 2,1-
insertion of acrylate over the formation of a five-membered
ring chelate (~10%) through 1,2-insertion was observed in 'H
NMR analyses of the obtained products (Figure S1). This
result is in agreement with previously reported studies for
similar chelated complexes.”*® In addition, the structure of
the major isomer was also confirmed by X-ray diffraction
analysis of the C1-HEA complex after recrystallization by slow
diffusion of pentane into a solution of the complex in
methylene chloride (CH,Cl,, DCM) at —20 °C (Figure 1C
(i))-

The CIP of ethylene was performed in the flow system
(Figure 2A,B) using a gas—liquid heterogeneous droplet flow
consisting of a C1-HEA complex solution confined by ethylene
gas. The polymerization of ethylene exploiting the C1-HEA
complex consists of three major steps (Figure S6): (i) chelate

https://doi.org/10.1021/jacsau.5c01094
JACS Au XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01094/suppl_file/au5c01094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01094/suppl_file/au5c01094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01094/suppl_file/au5c01094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01094/suppl_file/au5c01094_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

opening and coordination of ethylene monomers to the metal
center, (ii) migratory insertion, and (iii) chain propagation
through successive coordination—insertion of monomer units
to form the polymer chain. During this chain propagation, the
complex also undergoes chain walking through p-hydride
elimination and reinsertion, resulting in a highly branched
amorphous polymer microstructure.””* Due to the chelated
structure of the complex, semitelechelic polyethylene bearing
hydroxyethyl ester moiety (PE-HEA) was directly generated,
so that it can act as a macroinitiator for further ROP. In the
flow reactor, premature chain transfer was suppressed by
exerting a high pressure of 250 psi using a back pressure
regulator (BPR) situated at the end of the reactor (Figure 2B).
The PE-HEA polymer chain was released only from the metal
center upon the addition of Et;SiH as a quenching reagent,
ensuring that each polymer chain incorporated the desired
end-functionality, confirmed by the characteristic peaks at 2.30,
3.85, and 4.12 ppm in the 'H NMR of the purified
homopolymer (Figure 2C). A good correlation was observed
between the molecular weight determined by GPC (M, =
12.59 kg/mol, Table 1, entry 4) and the "H NMR chain-end

Table 1. Kinetic Data of Coordination—Insertion
Polymerization (CIP) of Ethylene”

PE-HEA®

Pump flow rate  Vol. of CI-HEA  Res. time

Mn
Entry (mL/min) in PhCl (mL) (min)b (kg/mol) b

1 0.75 22.50 2.5 5.50 1.14
2 0.60 18.00 3.5 6.90 113
3 0.45 13.50 5.0 9.28 1.10
4 0.30 9.00 7.0 12.59 118
S 0.15 4.50 158.5 30.44 1.11
6 0.10 3.00 21.0 38.94 1.09

“Reaction conditions: 2.00 umol/mL concentration of CI1-HEA
complex, 3.0 m of reactor length, 6.0 mL/min of ethylene gas flow
rate, 250 psi of BPR, 30 min reaction time. YResidence time was
determined by visual measurement. “Molecular weight (M,) and
dispersity (D) were determined by gel permeation chromatography
(GPC) analysis with samples measured in tetrahydrofuran (THF) at
40 °C, calibrated to polystyrene standards.

analysis (M, = 10.62 kg/mol, SI Section 7 and eq S1), as well
as the absence of olefinic resonances in the range of 5.00—6.00
ppm, indicating high chain-end fidelity in the polymerization.
The discrepancy in the molecular weight values is attributed to
the use of polystyrene standards for PE analysis.

A kinetic study of PE chain growth based on the residence
time, varying the flow rate of the feed solution, was performed
to investigate the living ethylene homopolymerization to yield
PE-HEA in the flow system (Table 1, Figures 2D and S7).
Living polymerization is defined as a chain polymerization in
the absence of chain termination, resulting in a linear
relationship between the M, of the polymers and the reaction
time with a narrow dispersity (P = M,,/M,). In Figure 2D, a
linear relationship, following first-order kinetics, between the
increase in M, (5.50 to 38.94 kg/mol) and the increase in
residence time (2.5 to 21 min), was observed while
maintaining a narrow D (~1.10). This observation established
the relationship between subsequent monomer propagation for
continuing the PE chain growth over the $-hydride elimination
and chain transfer. Therefore, we can conclude that the fluid
dynamics of the continuous flow are compatible with the living
nature of ethylene polymerization, which can produce any
desired length of a PE segment by varying the residence time
of the reaction solution.

Next, we synthesized poly(§-valerolactone) (PVL) in
another flow setup (Figure S9) through the ROP of §-
valerolactone (5-VL) in the presence of benzyl alcohol
(BnOH) as an initiator at room temperature (summarized in
Table 2). Here, we utilized diphenyl phosphate (DPP) as the
weak acid organocatalyst because it is commercially available,
has low toxicity, and is chemically stable.”” The concentration
of monomer solution was taken as 1.0 M with a ratio of [5-
VL]/[DPP]/[BnOH] = 100/2/1. Under this condition, the
Reynolds number (Re) at the start of polymerization was
determined to be 26.2 to 3.93 (SI Section 7, eq S2) for the
reactions in Table 2, indicating laminar fluid profiles (Re <
2000) in the tubular reactor. Additionally, as polymerization
proceeded, the dynamic viscosity of the reaction mixture
increased, leading to a decrease in the Reynolds number of the
flow system. Therefore, polymerization remained in the
laminar regime for the entire reaction duration. In this laminar
flow regime, a parabolic flow profile is expected, where the flow
streams close to the tube walls have increased residence time
compared to the streams in the center of the tube.~®* The
monomer conversion for a specific residence time in the ROP
was determined by "H NMR spectra of aliquots of the crude
product (Figure S11, SI Section 7, eq S3), and a theoretical
M, theo Was calculated from the 6-VL conversion using eq 4
(Section 7 in Supporting Information). The chemical structure
of the obtained polymer was assigned through 'H NMR
analysis of the purified PVL (Figure S12). The characteristic

Table 2. Kinetic Data of Ring-Opening Polymerization (ROP) of §-Valerolactone (§-VL)“

Pump (1 and 2) flow rate Vol. of each solution

Entry (mL/min) (mL) (min)
1 0.40 12.0
2 0.20 6.0 10.0
3 0.13 3.9 15.0
4 0.10 3.0 20.0
N 0.08 2.4 25.0
6 0.06 1.8 30.0

Res. time

PVL

% b Mnl theo( Mnr NMRd Mnl GPCF .
conv. (kg/mol (kg/mol) (kg/mol) D
18.47 1.96 1.98 1.80 1.07
35.69 3.68 4.19 3.59 1.06
53.98 S5.51 5.27 4.79 1.06
65.90 6.71 5.98 5.70 1.06
77.56 7.87 7.43 6.79 1.07
84.06 8.52 7.67 7.44 1.06

“Reaction conditions: 1.00 M concentration of 5-VL monomer, [6-VL]/[DPP]/[BnOH] = 100/2/1, 5 m of reactor length, 40 psi of BPR, 30 min
reaction time. “Determined by 'H NMR spectroscopy of crude product. “Molecular weight (M, .,) was calculated based on the % conversion.
“M,, aur Was calculated from the 'H NMR of the pure product. “M,, gpc and P were determined by GPC analysis with samples measured in THF

at 40 °C calibrated to polystyrene standards.
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Figure 3. Results from the kinetic study of §-valerolactone (§-VL) homopolymerization based on residence time varied with the flow rate of feed
solutions (Table 2). (A) Change in conversion with the increase in residence time, (B) the variation of In([M],/[M]) with changes in residence
time, and (C) the increase in M, with increasing % conversion while maintaining narrow D evidenced living polymerization of §-VL.
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Figure 4. (A) Synthesis of polyethylene-poly(-valerolactone) block copolymer (PE-b-PVL) in a continuous flow reactor. Characterization of
synthesized PE-b-PVL (entry 1, Table 3) in the continuous flow reactor. (B) GPC traces of PE-HEA homopolymer and purified PE-b-PVL, (C) 'H
NMR spectrum (400 MHz, CDCl, 25 °C) of purified PE-b-PVL, (D) DOSY 'H NMR spectrum of purified PE-b-PVL in TCE (C,D,Cl,) at 25
°C, and (E) DSC of PE-b-PVL purified product.

peaks of the initiator BnOH were observed as the peaks due to
the phenyl protons and benzyl protons adjacent to the ester

https://doi

linkage that appeared in the range from 7.32 to 7.39, and $.19
ppm, respectively. The peak due to the methylene proton
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JACS Au XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c01094?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Table 3. Kinetic Data of Chain Extension through ROP.”

PE-HEA

macroinitiator®
Entry Sample M, (kg/mol) b Comonomer
1 PE-b-PVL 12.85 1.16 6-VL
2 PE-b-PVL 12.85 1.16 6-VL
3 PE-b-PVL 12.85 1.16 6-VL
4 PE-b-PLA? 15.07 113 L-LA

0.133
0.089
0.067
0.067

Pump (1 and 2) flow rate (mL/min)

Res. time (min)

30
45
60
60

% conv.

28.84
49.60
59.98
20.04

Polyethylene-b-

polyester®

M, (kg/mol)
16.26
17.21
18.22
20.38

b

1.09
1.07
1.07
1.10

“Reaction conditions: 0.50 M concentration of §-VL, [6-VL]/[DPP]/[PE-HEA] = 100/2/1, 10 m of reactor length, 40 psi of back pressure
regulator, 30 min reaction time. Determined by 'H NMR spectroscopy of crude product. °M, and P were determined by GPC analysis with
samples measured in THF at 40 °C calibrated to polystyrene standards. 90.50 M concentration of L-LA, [L-LA]/[DBU]/[PE-HEA] = 100/2/1.
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Figure S. Results from the kinetic study of PE-b-PVL polymerization based on residence time varied with the flow rate of feed solutions (entry 1-3,
Table 3); (A) variation of In([M],/[M]) with the change of residence time, (B) GPC traces of PE-b-PVL for different residence times, and (C) M,
vs conversion time plot evidenced living polymerization of 6-VL for the chain extension.

adjacent to the w-chain end of the hydroxyl group was clearly
observed in the range of 3.63 to 3.66 ppm. These observations
implied that the 5-VL homopolymerization was initiated from
BnOH. In addition, M, xyr and M, gpc of the synthesized PVL
were determined by "H NMR spectra (Figure S12, SI Section
7, eq SS) and GPC analysis of purified PVL, respectively. We
found that the M, cpc analyzed by the GPC is in agreement
with the M, 4., and M, x\r of the product.

The kinetic experiment of chain growth in the flow system
was carried out to confirm the living nature of the DPP-
catalyzed ROP of §-VL (Table 2). From the kinetic plot shown
in Figure 3B, a distinct first-order relationship between the
In([M],/[M]) and the residence time of the feed solutions was
observed, indicating a controlled or living polymerization of 6-
VL in the flow reactor. In addition, the molecular weight of the
obtained PVL increased linearly from 1.80 to 7.44 kg/mol with
the increase of residence time of reactants from S to 30 min in
the tubular reactor, maintaining almost a constant narrow
dispersity (~1.06) (Figure 3C).

After the completion of the kinetic studies of ethylene and 6-
VL homopolymerizations, we intended to synthesize PE-b-PVL
in a similar flow setup that was utilized for §-VL
homopolymerization, illustrated in Figures 4A and SIS.
Herein, the synthesized PE-HEA through CIP was used as
the macroinitiator for the chain extension through ROP in the
presence of a DPP catalyst. Since the presence of PE-HEA
macroinitiator increases the reaction mixture viscosity, two
optimization steps were adapted for the synthesis of BCPs,
those were (i) the overall concentration of reaction mixture
diluted to halves of 5-VL homopolymerization (i.e., [6-VL] =
0.5 M) maintaining the ratio [§-VL]/[DPP]/[PE-HEA] =
100/2/1, and (ii) a 10.0 m tubular reactor was employed
instead of 5.0 m to extend the residence time of the reaction
mixture even with a moderate flow rate to ensure the better
mixing. An aliquot of the crude product was taken off to

measure the monomer conversion from the 'H NMR spectra
(Figure S16), which was determined as 28.84% for a 30 min
residence time with a flow rate of 0.133 mL/min for each
pump (Table 1, entry 1). A combination of characterization
methods, such as GPC, "H NMR spectroscopy, 'H diffusion-
ordered NMR spectroscopy (DOSY), and differential scanning
calorimetry (DSC), was applied to analyze purified PE-b-PVL.
A GPC trace at higher molecular weight (M, = 16.26 kg/mol)
was observed for the purified BCP (Figure 4B), clearly
indicating an increase in molecular weight from 12.85 kg/mol
due to the chain extension of PE-HEA macroinitiator to form
PE-b-PVL. The "H NMR spectra of the purified BCP displayed
all the characteristic peaks of the PE-HEA macroinitiator and
the newly formed PVL block, with a noticeable downfield shift
observed for the methylene protons of HEA adjacent to the
ester linkage (Figure 4C). The 'H DOSY NMR analysis of
purified PE-b-PVL (Figure 4D) depicted signals corresponding
to the PE segment (1.25 to 0.83 ppm) and the PVL segment
(4.08, 3.48, and 2.34 ppm), which were aligned in a single
diffusion coefficient, confirming that both polymer segments
were covalently bonded to each other. To further confirm that
homo PE can be detected in a mixture containing BCPs and a
rather small molecular weight difference, a purified BCP
sample was spiked with PE-HEA to demonstrate the suitability
of the analytical method. The PE-HEA could be clearly
identified with a slightly higher diffusion coefficient (Figure
S17). Finally, the purified BCP was subjected to DSC analysis
(Figure 4E) and a glass transition temperature (Tg) in the
range of PE block at —74 °C was observed, accompanied by a
melting temperature (T,,) of the PVL block at 42 °C,
indicating the presence of two heterogeneous phases in the
same polymeric matrix. All these findings collectively validate
the successful integration of two different homopolymer
segments to form a BCP synthesized through two different
polymerization methods.
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A kinetic investigation was also conducted for the chain
extension of the PE-HEA macroinitiator (M, = 12.85 kg/mol)
to form the PE-b-PVL through ROP of 5-VL (Table 3, entries
1—3). In this case, an increase in residence time of the reaction
mixture from 30 to 60 min in the tubular reactor increased the
monomer 6-VL conversion from 28.84% to $9.98% in the
polymerization reactions (Figure S18), maintaining a first-
order kinetic relationship between the In([M],/[M]) and the
residence time of the feed solutions (Figure SA). The M, of
the purified BCPs obtained from the GPC analyses also
preserved a linear relationship with the monomer conversion
(Figure SC), which evidenced the living nature of chain
extension of PE-HEA through the ROP in the flow reactor.

To explore the versatility and monomer scope of our flow
synthesis, PE-b-polylactide (PLA) was synthesized by the chain
extension of PE-HEA macroinitiator through ROP of vr-lactide
(t-LA) monomer in the same flow setup utilized for PE-b-PVL
synthesis (Table 3, entry 4, and Figure S19). Here, we
introduced a change, using THF as the solvent, because L-LA
has comparatively better solubility in THF. In this case, 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) is used as a catalyst for
the ROP of 1-LA, where the initial monomer concentration [1-
LA] was 0.5 M, maintaining the ratio [1-LA]/[DBU]/[PE-
HEA] = 100/2/1. An aliquot of the crude product was taken to
determine the monomer conversion and was analyzed by 'H
NMR (Figure S20), which was 20% at 60 min residence time.
The formation of BCP was confirmed by GPC, 'H NMR
spectroscopy, and 'H DOSY NMR analysis of purified PE-b-
PLA. The GPC for the purified BCP indicated the increase of
M, from 15.07 to 20.38 kg/mol due to the chain extension of
the PE-HEA macroinitiator to form PE-b-PLA (Figure S21).
The 'H NMR spectra of purified PE-b-PLA portrayed all
characteristic peaks of the PE-HEA macroinitiator and the
newly formed PLA block (Figure S22). The 'H DOSY NMR
analysis of purified BCP displayed a single resonance, whereas
the signals corresponding to the PE segment (1.25—0.83 ppm)
and the PLA segment (5.17 and 1.59 ppm) were aligned in a
single diffusion coeflicient, confirming that both polymer
segments were covalently bonded to each other to form a
block architecture (Figure $23).

In summary, we designed and developed a 2-hydroxyethyl
acrylate chelated diimine Pd" complex aiming to synthesize a
OH-chain-end-functionalized PE for conducting a sequential
ROP with cyclic esters. A single-step continuous flow synthesis
of this semitelechelic PE was achieved by the utilization of
gas—liquid heterogeneous droplet flow in the tubular reactor.
The living nature of the ethylene homopolymerization was
established by the kinetic study of the chain growth of PE-HEA
with the increase of the residence time of the feed solutions.
Another distinct flow reactor was employed for the organo-
catalyzed ROP of ester monomers, and the kinetic
investigation of the ROP of §-VL verified the living
polymerization. Finally, the polyethylene-polyester BCPs with
0-VL and L-LA monomers were synthesized in the continuous
flow by the chain extension of PE-HEA as the macroinitiator.
This methodology allows the utilization of living polymer-
izations for both segments of the polar-PE BCPs assuring the
fine-tuning of the constituent block compositons, broadening
their application in the advanced material sciences.
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