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THE BIGGER PICTURE

Polar polyolefin block copolymers

containing segments of

polyolefins and polyacrylates are

highly desired in energy storage

and plastic recycling applications.

Controlling each segment to form

a variety of compositions and

providing practical syntheses are

crucial to advancing these

materials for the desired

applications. Specifically,

continuous flow reactions have

been investigated to transform

bulk reactions to a larger scale

with consistent and reproducible

outcomes.

Here, we present the first example

of how a polar polyolefin block

copolymer synthesis can be

realized in the continuous flow,

affording block copolymers in a

range of different molecular

weights and acrylate block

content.
SUMMARY

Continuous flow reactions for the synthesis of block copolymers are
a useful synthetic strategy because they provide better control over
the polymerization reactions with easy scaling-up ability. Herein, a
continuous flow system has been designed to combine two adverse
polymerization processes, coordination-insertion using gaseous
ethylene and free radical polymerization utilizing monomers of the
acrylate family, to form polar polyethylene block copolymers. We
demonstrate that a gas-liquid heterogeneous droplet flow system
can lead to a successful living ethylene polymerization in which the
gaseous component contains the reactive monomer. The addition
of acrylates switches the reaction location to the liquid phase
through the formation of a macroinitiator for the radical pathway
and retarding the ethylene polymerization. We demonstrate that
block copolymer segments can engage all phases of the droplet
flow system and enable the synthesis of polar polyolefin block co-
polymers employing a single catalyst.

INTRODUCTION

Continuous flow synthesis offers several advantages over traditional batch synthe-

ses, such as high precision, excellent reproducibility, constant temperature condi-

tions, and enhanced safety when handling hazardous chemicals.1–7 In addition,

the uninterrupted operation of continuous flow reactors enables large-scale produc-

tion, ranging frommilligrams to kilograms of materials utilizing the same equipment.

Conversely, upscaling in conventional batch processes often requires the installation

of new equipment, and in some cases, it can be detrimental to overall product

quality.4,6,8

The utilization of flow chemistry has revolutionized drug development and trans-

lated organic small-molecule synthesis to the industrial scale.9–11 However, synthe-

sizing macromolecules in continuous flow imposes a higher level of complexity

because the fluid dynamics in the tubular reactor influence the structure and compo-

sition of polymer segments.12–14 Due to the higher viscosity of typical polymer solu-

tions, the velocity profile of polymerization reactions forms a greater parabolic

laminar flow with broader residence times distribution (RTD) compared with analo-

gous small-molecule reactions and affects the conversion of monomers, molecular

weight (Mn), and dispersity (Ð) of polymers.15–18 Therefore, often a higher Ð is

observed compared with batch polymerization.12,19–23 To retain the narrow Ð of

chain polymerizations, all chains need to experience the same conditions, which is

challenging to achieve in the laminar flow.12,15,24 To remedy these shortcomings,

a plug-flow system in which a droplet flow is maintained will allow for more uniform

reaction conditions, resulting in a narrow RTD.25,26 Here, a gaseous phase confines

the liquid reaction droplets and affords a circulating homogeneous reaction pattern
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to yield well-controlled polymerization.12,15,25,27,28 For instance, during a photo-

induced electron/energy transfer reversible addition-fragmentation transfer (PET-

RAFT) polymerization in droplet flow, Boyer et al. observed a significant increase

in the consistency of monomer conversion, composition, and Ð in the produced

polymers over time compared with traditional continuous flow.15 Leibfarth and co-

workers demonstrated that using the droplet flow for chain reactions in the case

of RAFT and ring-opening polymerization (ROP) showed Ð values that matched

with polymerizations conducted in the small-scale batches.12 The advantages of a

droplet flow have also been investigated with immiscible solvent combinations to

isolate the reaction droplet for homo- and copolymerization of polyacrylates

(PAs).24,29,30

However, block copolymer (BCP) synthesis is regularly conducted in laminar flow sys-

tems, using the same polymerization mechanism, for example, controlled radical

polymerization (CRP),31–40 ionic polymerization,41–45 and ROP46–48 throughout

adding one monomer after another in a linear setup of reactors. The increasing

viscosity, resulting in an increasing Ð is mostly maintained by keeping the Mn

of the di- and multi-blocks in low Mn regions, ranging, for example, from

1–10 kDa.32,33,43,47,49,50 In addition, a combination of polymerization methods in

which one block is prepared through a polymerization technique different from

the second block is limited (Figure 1A). Junkers and co-workers showed such BCP

preparation by combining different methods of CRP, in which one polymer segment

is prepared by either atom transfer radical polymerization (ATRP) or RAFT polymer-

ization with subsequent end-functionalization, and the prepared blocks were then

combined by click chemistry to form di-BCPs.51 In another example, Zhu et al. syn-

thesized poly(ε-caprolactone)-b-poly(N-vinylpyrrolidone) through sequential ROP

and free radical polymerization (FRP).52 However, there is no example known in

which coordination-insertion and FRP have been combined in the continuous flow

to form polar polyolefin BCPs (Figure 1B).

One of the challenges to combine such pathways is the adverse properties of the

involved monomer families, gaseous olefins, and liquid acrylates. There has been

no investigation using the gaseous mobile phase as a monomer carrier and facili-

tating at the same time a droplet flow in which the monomers of the gaseous phase

participate in chemical transformation themselves (Figure 1C). Gaseous monomers

have not been translated to the continuous flow, and only tubular reactors53–55

and fluidized-bed reactors56,57 on an industrial scale for high-temperature free

radical reactions are known for olefin polymerizations. Recently, Chen and co-

workers synthesized alternative copolymers and BCPs of chlorotrifluoroethylene

(CTFE) and vinyl ester/amide in a flow system through PET-RAFT, where a saturated

CTFE solution was prepared by bubbling gaseous CTFE into diethyl carbonate to

perform the polymerization reaction.58

Herein, we present the development of a heterogeneous droplet flow system that

carries monomers in both the gaseous and liquid phases separately to promote

the formation of BCPs containing polyethylene (PE) and PA segments (Figures 1B

and 1D). This can be made possible through the development of a method that al-

lows for a switching of the insertion pathway forming the polyolefin and initiating the

radical pathway in a single catalytic system, known as metal-organic insertion light-

initiated radical (MILRad) polymerization.59–62 Here, a cationic diimine PdII complex

facilitates the living coordination-insertion polymerization (CIP) to synthesize a PE

block. Subsequently, a Pd-PE-macrochelate is formed after the insertion of an acry-

late monomer, which generates a macroradical species through the homolytic
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Figure 1. Polymerization in continuous flow

(A and B) Comparison in di-block copolymer synthesis using the same or different polymerization pathways for both blocks.

(C and D) Comparison in utilization of gas phase in gas-liquid droplet flow systems.
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cleavage of Pd-C upon blue light irradiation (�457 nm) to initiate FRP in the presence

of excess acrylatemonomers, forming the second block of PE-b-PA di-BCPs. A single

catalyst mediates CIP and FRP sequentially, bypassing the multistep syntheses

involving post-functionalization processes.

In this work, we first investigate PE homopolymerization through CIP utilizing a Broo-

khart type a-diimine PdII complex (C1) in a continuous flow reactor (Figure 2), and a

detailed kinetic investigation varying the system’s parameters is performed to estab-

lish the living window of the olefin polymerization. Using a droplet flow system, in

which the gaseous phase contains ethylene, the effect of residence time, gas flow

rate, gas pressure, and catalyst concentration on PE polymerization is investigated.

It is shown that each parameter can adjust the Mn and yield and enables polymeri-

zation at the gas-liquid droplet interface.

Second, we separately study the LRad polymerization of methyl acrylate (MA) and

its kinetic behavior employing the same catalyst in the liquid phase of a continuous

flow system. Here, in laminar flow, the influence of residence time and concentra-

tions of monomer and catalyst on the Mn and yield of poly(MA) (PMA) is investi-

gated. Next, a sequential combination of these flow systems is adopted to merge

these two reaction pathways and form the PE-PMA BCP (PE-b-PMA). A study to

optimize the Pd-PE-macrochelate opening and faster radical initiation is evaluated

through the presence of additional quantities of the ancillary ligand. A radical trap-

ping experiment is carried out in the presence of MA and tetramethylpiperidine-N-

oxyl (TEMPO) to validate the formation of the PE radical macroinitiators. Several

PE-b-PAs are synthesized to establish a new route for preparing advanced poly-

meric materials, such as polar polyolefin BCPs.
2874 Chem 10, 2872–2886, September 12, 2024



Figure 2. Synthesis of polyethylene homopolymer in the continuous flow reactor

(A) Coordination-insertion polymerization of ethylene utilizing C1 catalyst.

(B) Schematic diagram of the continuous flow reactor for ethylene polymerization.

(C) GPC traces of PE homopolymers of Table 1.
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RESULTS AND DISCUSSION

Synthesis of PE homopolymer in continuous flow

In the CIP of ethylene, a gas-liquid heterogeneous system was utilized in the form

of a droplet flow consisting of catalyst solvent droplets separated by the ethylene

monomer gas phase (Figures 1D, 2, and S1). This study investigated the effects of

various flow parameters, such as residence time, monomer concentration, and

catalyst concentration, in detail for optimization of PE homopolymer synthesis,

summarized in Table 1. It was found that the residence time of the reaction has

a significant impact on the average Mn and the yield of PE homopolymers. Resi-

dence time in flow chemistry refers to the time a reagent or reactant spends inside

a flow reactor during a chemical reaction. The residence time can be regulated by

adjusting the flow rate of feed solutions or the length of the reactor. In the initial

setup, testing suitable residence times in the flow, we tried to match the same re-

action times of CIP in the flow with the batch using similar experimental conditions

to compare the Mn in the two modes of reaction procedures. We found that the Mn

of the batch reactions are similar to the reactions that were run in the flow at the

same residence times when we targeted Mn ranging from 5–40 kg/mol. We varied

the pump flow rate and length of the tubing to further modulate the residence
Table 1. Insertion polymerization of ethylene in the presence of C1 catalyst in the continuous flow reactor

Entrya
Length of
reactor (m)

Pump flow
rate (mL/min)

Res.
time (min)

Conc. of C1 Cat.
In PhCl (mmol/mL)

Gas flow
rate (mL/min)b

BPR
(Psi)

Mn
c

(kg/mol) Ðc
Yield
(mg)

TOF
(31000/h)

No. of branches
(per 1,000 C)d

1 1.5 0.15 7 2.10 6 250 14.28 1.06 75 2.43 103

2 1.5 0.30 4 2.10 6 250 5.68 1.07 87 2.47 106

3 3.0 0.30 6 2.10 6 250 11.63 1.04 128 2.42 107

4 3.0 0.30 6 1.40 6 250 13.74 1.05 113 3.20 109

5 3.0 0.30 6 1.40 6 100 13.45 1.05 109 3.09 106

6 3.0 0.30 7 1.40 3 100 9.03 1.04 70 1.70 107

7e 3.0 0.30 7 1.40 3 100 9.03 1.06 143 1.74 104
a30 min reaction time.
bEthylene gas flow was controlled by a mass flow controller.
cMolecular weight (Mn) and dispersity (Ð) were determined by gel permeation chromatography (GPC) analysis with samples ran in tetrahydrofurane (THF) at 40�C
calibrated to polystyrene standards.
dDetermined by 1H-NMR in CDCl3 at 25

�C.
e60 min reaction time.

Chem 10, 2872–2886, September 12, 2024 2875
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time and with this the Mn of the PE. Now, increasing the flow rate of the C1 catalyst

solution from 0.15 to 0.30 mL/min reduced the residence time to �50% (entries 1

and 2), which led to a decrease in Mn (14.28 to 5.68 kg/mol) of the product almost

in the same ratio. Conversely, these outcomes were enhanced (roughly double)

with an increase in residence time from �4 to �6 min resulting from increasing

the reactor length from 1.5 to 3.0 m (entries 2 and 3). Because the greater resi-

dence time offers an extended duration of reaction, it ensures a longer span for

chain propagation to obtain higher Mn and yield.

Interestingly, CIP of ethylene with higher catalyst concentration resulted in PE chains

of lowerMn (entries 3 and 4). An excess of catalyst led to a faster initiation and prop-

agation of monomer units, which increased the polymer yield. Nevertheless, this

extended initiation consequently created an event of multiple competing polymer-

izations, where the individual polymer chains received fewer monomer units and had

less time to grow before they were quenched. This shorter chain growth resulted in

shorter polymer chains with lower average Mn. On the contrary, an increase of the

ethylene gas injection rate (3 to 6 mL/min) with similar residence time ensures an

additional amount of monomer units in the reaction, corresponding to extended

propagation and chain growth leading to enhancement of Mn and yield of PE, and

was observed in the cases of entries 5 and 6.

The C1 complex was exploited to perform the CIP of ethylene in four major steps:

initiation, chain propagation, metal migration through the polymer chain (chain

walking), and chain transfer (Figure S2). The insertion pathway initiates through

the coordination of the C1 complex with ethylene monomer, and further successive

coordination and insertion of ethylene forms the PE chain. The chain-walking char-

acteristic of the PdII complex results in an agostic intermediate II, which can proceed

to further coordination-insertion with monomers to yield the stable p-complex III or

can undergo b-hydride elimination to form IV. These PdII ethylene p-complexes

(III and VI) are the resting state of this pathway, indicating that the insertion step is

the rate-limiting step. Therefore, the rate of polymerization and the degree of

branching are independent of system pressure.63–65 As a result, changing the back-

pressure regulator in the flow system did not largely impact the production of PE

homopolymer except for a subtle increase in Mn and yield (entries 4 and 5). Finally,

continuing the reaction for a longer time from 30 to 60min without altering any other

parameters (entries 6 and 7) yielded homopolymers of similar molecular weight

(Mn z 9.03 kg/mol; Ð z 1.04) but produced a higher yield (around 2-fold) as twice

the amount of feed solution was consumed and underlines the easy scalability of PE

in this method.

A further kinetic study of PE chain extension based on the residence time varying the

flow rate of the reactants was performed to investigate the living window of PE ho-

mopolymerization (Table S1). In Figure 3B, a linear agreement, following first-order

kinetics, between the increase in averageMn ( 5.88 to 42.19 kg/mol) and the increase

of resident time (3 to 21 min), was observed while maintaining a narrow Ð (Ð = Mw/

Mn z 1.05). This relation evidenced the subsequent monomer propagation for

continuing the PE chain growth within a living time frame over the b-hydride elimi-

nation and chain transfer.61,66,67 In the case of living polymerization, after a fast chain

initiation, a constant rate of chain propagation is maintained in the absence of chain

termination. As a result, a linear relationship between theMn of the polymers and re-

action time with narrow Ð is observed. Therefore, we can conclude that PE polymer-

ization in the flow reactor is a living process, and we can aim for any desired length of

a PE segment by varying the residence time.
2876 Chem 10, 2872–2886, September 12, 2024



Figure 3. Kinetic study of PE homopolymerization based on residence time varied with the flow rate of catalyst solution

(A) GPC traces of PE homopolymers for different residence times (Table S1).

(B) Mn vs. residence time plot evidenced living polymerization of ethylene.
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Although the experimental setups of the continuous flow reactor and batch process

are entirely different, we examined if the experimental conditions impact the charac-

teristics of the homopolymer when choosing the same catalyst concentration and re-

action time. The resulting PE homopolymers, conducted in the batch and the flow,

are summarized in Figure S5 and Table S2. In both processes, the obtained products

were similar in characteristics, such as Mn, Ð, and TOF. Therefore, we can conclude

that the experimental conditions do not alter the polymerization results. However, in

the case of batch reactions, every reaction is tailored toward its specific reaction vol-

ume and the defined range of its reaction vessel. Therefore, we can argue that the

flow system is well capable in formulating the desired product as a batch reaction

while offering easier scalability and better control in preparation.

Synthesis of PMA homopolymer in continuous flow

PMA homopolymers were prepared through a LRad pathway employing the same

PdII diamine C1 catalyst. The previously reported mechanistic study (Figure S6)

illustrated that the initiation of the reaction involves a 2,1 insertion of MA (excess)

displacing the ancillary ligand acetonitrile (MeCN) from the catalyst to yield a four-

membered intermediate, which is subsequently rearranged to form a stable six-

membered chelate via chain walking. The presence of Lewis base (MeCN) aids the

reopening of the chelate and Pd chain walk to the a-carbon, which is subsequently

subjected to blue light (�457 nm) irradiation to undergo the Pd-C bond homolysis

to generate the radical species for further FRP of MA.68–70

Similar to the CIP of ethylene, a similar investigation was conducted for the LRad re-

actions of MA by varying the parameters of the flow system to achieve the modula-

tion inMn. The initial residence time parameters were chosen based on the reaction

times of LRad in the batch. Here (Figure 4; Table 2), increasing the residence time by

changing the flow rate of the monomer and the catalyst solutions (entries 1 and 2) or

the length of the reactor (entries 2 and 3) offered an extended period for chain prop-

agation and enhanced the Mn and yield of the obtained PMA. On the other hand,

increasing the catalyst concentration from 1.4 to 2.1 mmol/mL resulted in a decrease

in the Mn (118.86 to 72.02 kg/mol) of the prepared polymer. We suggest that the

higher catalyst concentration generated a greater number of initiator radical spe-

cies, initiating a greater number of polymer chains simultaneously (entries 3 and

4), and also increased termination rates as part of steady-state free radical kinetic

behavior.59 However, increasing the monomer concentration promotes a higher

monomer propagation to form a longer chain with higher Mn (entries 3 and 5). In

the end, a comparison between entries 5 and 6 elucidates that only the extended
Chem 10, 2872–2886, September 12, 2024 2877



Figure 4. Synthesis of poly(methyl acrylate) homopolymer in the continuous flow reactor

(A) Light-initiated free radical polymerization of methyl acrylate employing C1 catalyst.

(B) Schematic diagram of the continuous flow reactor for methyl acrylate polymerization.

(C) GPC traces of PMA homopolymers of Table 2.
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reaction time (30 to 60min) utilizing a higher amount of feed solution without varying

any other flow parameters can generate a higher amount of PMA homopolymers

(0.49 to 1.03 g) of similar Mn (�38 kg/mol) and Ð (�1.94).

The kinetic study of FRP of MA was also conducted based on the residence time by

varying the flow rate in the same tubular reactor, as summarized in Figure 5 and

Table S3. It can be seen from entries 1–3 that the Mn was initially increased up to

�76 kg/mol by raising the residence time by lowering the flow rate. However, after

reaching a maximum limit ofMn z 76 kg/mol, it became irresponsive to the increase

of residence time due to the characteristic kinetic behavior of a steady-state FRP in

which chain terminations occur through disproportionation after acquiring a specific

chain length.

We prepared a PMA homopolymer under similar reaction conditions in the batch us-

ing the same �7 min reaction time (residence time for flow reactor) to compare the

product with the material obtained from the continuous flow process (Figure S9;

Table S4). It was observed that there is a good agreement in the characteristics (Mn

and Ð) between both products, which signifies that the experimental setup of this

continuous flow reactor is suitable for the LRad reaction for these types of polar

monomers.
Table 2. Radical polymerization of methyl acrylate in the presence of C1 catalyst in the continuous flow reactor

Entrya
Length
of reactor (m)

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

Res.
Time (min)

Vol. of each
solution (Cat.
and MA) (mL)

Conc. of
C1 Cat.
solution
(mmol/mL)

Conc. of
MA solution
(mmol/mL)

Molmolar
equiv of Cat.

Mn
b

(kg/mol) Ðb
Yield
(mg)

TOF
(31000/h)

1 5 0.15 13.3 4.5 2.1 5.58 2,655 76.09 1.93 494 2.73

2 5 0.30 6.6 9.0 2.1 5.58 2,655 47.57 1.92 535 2.96

3 10 0.30 13.3 9.0 2.1 5.58 2,655 72.02 1.94 994 2.75

4 10 0.30 13.3 9.0 1.4 5.58 3,983 118.86 1.96 914 3.79

5 10 0.30 13.3 9.0 2.1 2.79 1,328 37.82 1.96 490 1.36

6c 10 0.30 13.3 18.0 2.1 2.79 1,328 38.26 1.94 1,028 1.42
aReaction conditions: 30 min reaction time, back pressure regulator = 40 psi.
bMolecular weight (Mn) and dispersity (Ð) were determined by gel permeation chromatography (GPC) analysis with samples ran in THF at 40�C calibrated to

polystyrene standards.
c60 min reaction time.
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Figure 5. Kinetic study of PMA homopolymerization based on residence time varied with the flow rate of feed solutions

(A) GPC traces of PMA homopolymers for different residence times (Table S3).

(B) Mn vs. residence time plot illustrates the increase in Mn of the polymer in relation to residence time.
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Identity of macro-initiating radical species (radical trapping experiment)

After completing the study on PE and PMA homopolymerizations, we aimed to

combine these two flow systems to synthesize PE-PA BCPs (PE-b-PMA), illustated

in Figure 6. Herein, PE prepared through CIP is utilized as the precursor for further

reaction progression to form the second block through FRP of acylate monomers

(Figure S10). Therefore, we connected the continuous flow setups so that PE would

form in the first reactor and then feed into the second reactor to react with MA,

forming the Pd-PE-MA macrochelate. The presence of MeCN will facilitate the re-

opening of the macrochelate, which will consequently generate the PE-macrorad-

ical through Pd-C bond cleavage under blue light irradiation. This macroradical will

then initiate the FRP in the presence of excess MA to form the BCPs. Initially, we

worked with identical reaction conditions for the two reactors (entry 3 of Table 1

and entry 2 of Table 2), where both reactions were performed at the same flow

rate (0.30 mL/min) with the same volume and concentration of catalyst solution

(9.0 mL and 2.1 mmol/mL), respectively.

However, to evidence the formation of macroradicals, which is the transition step

from CIP to FRP, a TEMPO trapping experiment (Figure S11) was performed to cap-

ture the alkyl radical species formed in the light cycle (Figure S12). In contrast to

comparable experiments in bulk, in which the macrochelate was isolated from the

reaction mixture, and the TEMPO solution was added subsequently, TEMPO of

the same amount (10 mol equiv with respect to the catalyst) was simply added to

the MA solution. The 1H-NMR analysis of the obtained product indicated that 84%

of TEMPO-trapped products were formed with 16% chain transfer products (Fig-

ure S13; Table S5). These results aligned with comparable experiments conducted

in bulk and confirmed the existence of PE macroradicals using TEMPO radical trap-

ping as an analytics tool.61,62 This experiment also gave a new perspective on

possible simplifications of experimental setups in the bulk and opened the opportu-

nity to performMILRad functionalization reactions in the flow, in which functionalized

TEMPO derivatives can be utilized for CRP of block segments.

Synthesis of PE-PA BCPs

A combination of characterization methods, such as size exclusion chromatog-

raphy (SEC) or gel permeation chromatography (GPC), 1H NMR spectroscopy,
1H diffusion-ordered NMR spectroscopy (DOSY), small angle X-ray scattering

(SAXS), and differential scanning calorimetry (DSC), were performed to analyze

the PE-b-PMA BCP synthesized in the continuous flow (Figure 7; Table 3, entry

1). GPC traces of the crude PE-b-PMA (Figure 7A) indicated a mixture of the
Chem 10, 2872–2886, September 12, 2024 2879



Figure 6. Schematic diagram of the synthesis of polyethylene-polyacrylate block copolymer in the continuous flow reactor
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BCP and unreacted PE precursor. The Mn of the PE homopolymer was determined

from the aliquot (14.60 kg/mol), which was utilized as a precursor for the BCP. The

Mn of purified PE-b-PMA was 41.88 kg/mol with an overall 81% incorporation of

MA determined from 1H NMR spectroscopy (Figure S16). The 1H DOSY NMR anal-

ysis of purified PE-b-PMA (Figure 7B) showed signals corresponding to PE block

(1.25–0.83 ppm) and PMA block (3.66, 2.32, 1.97, and 1.68 ppm) aligned in a sin-

gle diffusion coefficient. This observation confirmed that formed blocks were cova-

lently bonded with each other. In addition, the SAXS profile of purified PE-b-PMA

(Figures 7C and S27) portrayed principal scattering peaks evidencing the micro-

phase separation (D = 56 nm, calculated as D spacing = 2 pn/q) of two immiscible

blocks arranged in a lamellar structure. Finally, the purified BCP was subjected to

DSC analysis. Two separate glass transition temperatures (Tg) were observed in the

obtained DSC traces (Figure 7D), which are in the range of the PE segment (�71�C)
and PMA segment (9�C), indicating the presence of two heterogeneous phases in

the same polymeric matrix. All of these findings collectively validate the successful

combination of two different homopolymer segments prepared in a sequential

continuous flow system.

One observation in the GPC trace of crude PE-b-PMA (Figure 7A) drew our attention

to the fact that there was a significant extent of unconverted PE macrochelate in the

obtained product. Our previous study suggested that the stable six-membered

chelate formed by the acrylate monomer after the insertion must be opened by a
2880 Chem 10, 2872–2886, September 12, 2024



Figure 7. Characterization of synthesized PE-b-PMA in the continuous flow reactor

(A) GPC traces of crude PE-b-PMA, PE homopolymer, and purified PE-b-PMA.

(B) DOSY 1H NMR spectrum in TCE (C2D2Cl4) at 25
�C of purified PE-b-PMA.

(C) SAXS data show principal scattering peaks of purified PE-b-PMA.

(D) DSC of PE-b-PMA purified product.
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Lewis base to enable an effective Pd-C bond homolysis under blue light irradia-

tion.61 Therefore, the Lewis base (MeCN) plays a vital role in activting the polymer

precursor to proceed to the BCP formation. However, an excess of MeCN also

competes with monomers during the insertion and thus decreases the rate of poly-

merization.67,71 To investigate this phenomenon, an additional amount of MeCN (5,

10, and 20 mol equiv to C1) was added to the MA solution during the formation of

PE-b-PMA polymers of Table 3, entries 2, 3, and 4, respectively. The Mn of the

macro-initiating PE were similar �13.5 kg/mol for all the mentioned entries. Based

on the analysis of the GPC traces of crude PE-b-PMA in Figures S15A–S15C, it is

evident that the additional amount of MeCN facilitated the chelate opening effi-

ciently so that the unreacted PE macroinitiator traces gradually became less prom-

inent with better Ð due to more effective conversion from PE homopolymer to

BCP. On the contrary, a gradual decrease in Mn and MA incorporation was also

observed in the obtained GPC because of a reduction in the rate of polymerization.

The increasing quantities of MeCN lead to an increased concentration of propa-

gating chains that terminate more rapidly under the steady-state assumption in

which the rate of initiation is equal to the rate of termination (Ri = Rt). For instance,

without additional MeCN (entry 1), Mn was 41.88 kg/mol, whereas it decreased to

39.89, 38.57, and 23.19 kg/mol with an additional MeCN of 5, 10, and 20 mol equiv

to C1. A similar trend was also observed for the MA incorporation of 70%, 61%, and

57% from 81%. To examine the BCPs prepared with additional ancillary ligands, we

characterized the purified PE-b-PMA (Table 3, entry 2, additional MeCN = 5 mol

equiv) by conducting 1HDOSY, SAXS, and DSC analyses. 1HDOSYNMR (Figure S23)

of the purified PE-b-PMA sample recorded a single diffusion coefficient with corre-

sponding PE and PMA signals. Additionally, the purified BCP depicted principal
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Table 3. Polyethylene-polyacrylate block copolymers

Entrya Acrylate Sample
Excess ACN
(mol equiv to cat.)

PE homopolymer Block copolymer
Acrylate
incorp.c (mol %) Yield (g) Tg

d (�C) Tg
d (�C)Mn

b (kg/mol) Ðb Mn
b (kg/mol) Ðb

1 MA PE-b-PMA 0 14.60 1.07 41.88 1.93 81 345 �71 9

2 MA PE-b-PMA 5 13.25 1.07 39.89 1.54 70 351 �69 9

3 MA PE-b-PMA 10 13.52 1.07 38.57 1.52 61 342 �69 9

4 MA PE-b-PMA 20 13.42 1.05 23.19 1.48 57 337 �66 9

5 EA PE-b-PEA 5 12.09 1.05 52.06 1.92 66 360 �69 �17

6 n-BuA PE-b-P(n-BuA) 5 12.32 1.05 144.69 1.67 82 957 N/A �49

7 t-BuA PE-b-P(t-BuA) 5 12.32 1.05 319.84 1.58 68 938 �66 31
aReaction conditions: 0.3 mL/min pump flow rate (both pumps), 6.0 mL/min ethylene gas flow rate, 3 m tubular reactor with 250 psi back pressure regulator (at the

end) for insertion polymerization, 5 m tubular reactor with 40 psi back pressure regulator (at the end) for radical polymerization, 2.10 mmol/mL concentration of 2a

catalyst, and 30 min reaction time.
bMolecular weight (Mn) and dispersity (Ð) were determined by gel permeation chromatography (GPC) analysis with samples ran in THF at 40�C calibrated to

polystyrene standards.
cDetermined by 1H NMR in CDCl3 at 25

�C.
dGlass transition temperature (Tg) was determined by differential scanning calorimetry (DSC).
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scattering peaks corresponding to the microphase separation (D = 36 nm) of two

immiscible moieties with a lamellar microstructure in the SAXS experiment (Fig-

ure S28A). The analysis of the DSC traces (Figure S26A) showed two separate Tg’s

in the range of the PE segment (�69�C) and PMA segment (9�C). Considering these

outcomes, we can conclude that the addition of 5 mol equiv MeCN for this particular

reaction condition is advantageous to result in a higher conversion of PE precursors

forming BCPs through chain extension and incorporating acrylate blocks of the

desired Mn.

To explore the versatility of our designed continuous flow system, different PE-b-PA

BCPs were prepared through MILRad under the same reaction conditions as PE-b-

PMA with additional MeCN (5 mol equiv), utilizing other acrylate monomers, such

as ethyl acrylate (EA), n-butyl acrylate (n-BuA), and tert-butyl acrylate (t-BuA) (Ta-

ble 3, entries 5, 6, and 7). Synthesized PE-b-PA BCPs were then purified and exam-

ined by similar characterization methods to confirm the desired BCP formation. The

Mn of PE-b-PEA was found to be 52.06 kg/mol based on the GPC analysis (Table 3,

entry 5) with an 66% EA incorporation determined from the corresponding 1H NMR

(Figure S20). 1H DOSY NMR confirmed the formation of the di-block through cova-

lent bonds by depicting the same diffusion coefficient for both PE and PEA signals

(Figure S24). DSC traces of this BCP also showed separate Tg for PE and PEA seg-

ments at the characteristic temperatures �69�C and �17�C, respectively (Fig-

ure S26D). On the other hand, the purified PE-b-P(n-BuA) polymer showed a higher

Mn (Mn = 144.69 kg/mol) with 82% acrylate incorporation (Table 3, entry 6). The cor-

responding peaks of PE and P(n-BuA) blocks accumulated around the same diffusion

coefficient in 1H DOSY NMR analysis (Figure S25), and the principal scattering peaks

in SAXS trace (Figure S28B) with D spacing of 61 nm evident the formation of the

desired BCP. Finally, the successful preparation of PE-b-P(t-BuA) was correspond-

ingly confirmed by 1H NMR and DSC experiments (Figures S22 and S26F), where

the GPC analysis recorded a molecular weight of Mn = 319.84 kg/mol (Table 3,

entry 7).

Conclusions

In summary, we developed a continuous flow reactor system that combines two

adverse polymerization methods, CIP and FRP to form polar polyolefin BCPs in

which a PA segment follows a PE segment. We demonstrated that the
2882 Chem 10, 2872–2886, September 12, 2024
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heterogeneous droplet flow is ideal because the gaseous phase is not only used to

control the flow system dynamics but also carries the gaseous ethylene monomer.

We could maintain a living CIP of ethylene in the continuous flow, and a systematic

investigation of the influences of flow parameters on the corresponding Mn and

yield of prepared PE homopolymers utilizing a diimine PdII complex was executed.

This investigation additionally facilitated the preparation of PE homopolymers of

any desired Mn without altering other flow conditions and experimental setups.

The switch from one polymerization mechanism to the other was facilitated by

the addition of acrylate monomers generating macrochelates and retarding the

ethylene polymerization by irradiation of light and with the start of the radical

pathway through the formation of macroradicals. Although ethylene is still

present in the gaseous phase, it does not compete with the LRad pathway.

TEMPO trapping experiments illustrated the successful formation of the PE macro-

initiator by combining the two separate flow setups sequentially, which established

the radical switch to form a PA segment. A broad range of Mn and compositions

for PE-b-PMA was achieved on this platform, and several PE-PA BCPs were gener-

ated using different acrylate monomers. We demonstrated that the continuous

flow polymer synthesis technique is a striking tool for producing these advanced

polymeric materials through MILRad polymerization with precisely controlled archi-

tectures and desirable properties, which can pave the way for a wide range of

applications.
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