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Expanding the toolbox of controlled/living
branching radical polymerization
through simulation-informed reaction design

Mengxue Cao,1 Yutong Liu,1,3 Xiaowei Zhang,1 Feng Li,1,4 and Mingjiang Zhong1,2,5,*
The bigger picture

Dendritic polymers with

advantageous physical properties

have great potential in

applications ranging from

nanomedicine, bioimaging, to

optoelectronic devices.

Converting the fundamental

studies of dendritic polymers to

transformative research demands

the development of a facile and

scalable strategy to access

dendritic polymers with preserved

structural precision. Here, we

developed a chain-growth

branching polymerization that

produces dendron-like well-

defined branched polymers with

diversely tunable functionalities.

The polymerization can be

conducted under industrially
SUMMARY

Branched polymers with superior mechanical, photonic, and elec-
trical properties have shown their growing advantages in biomed-
ical applications, water treatment, and catalysis. Anchoring
branched functional motifs onto select molecular-/nano-objects in-
troduces structural hierarchy as well as combined and enhanced
properties. To realize efficient grafting of branched functional
polymers, a controlled chain-growth branching polymerization is
desirable but remains underexplored. In this article, the chain-
growth process was achieved by copolymerizing a-haloacrylate
with conventional vinyl monomers via atom transfer radical poly-
merization. We conducted systematic mechanistic studies to
obtain an optimal profile of the polymerization conditions, where
an activator regeneration approach was employed. Assisted by
kinetic simulations, a variety of vinyl monomers, including acry-
lates, styrene, acrylonitrile, and acrylamides, were successfully co-
polymerized with a-haloacrylate with high monomer conversion to
produce well-defined branched polymers with tunable degrees of
branching. The impact of controlled branching on the thermores-
ponsive properties was studied using the synthesized poly(N-iso-
propylacrylamide).
relevant conditions for free radical

polymerization, and the reactivity

can be regulated by clean and

sustainable external power such

as sunlight. We envision that this

work will provide a versatile

synthetic platform to promote the

wide applications of dendritic

functional polymers.
INTRODUCTION

Branched polymers, e.g., star-shaped,1,2 bottlebrush-like,3 randomly branched,4–7

and dendritic polymers,8–11 present unique properties, compared with their

linear counterparts, such as high solubility, low intrinsic viscosity, and high end-

group functionality.12–14 Among these, dendrimers feature discrete molecular

weights, uniformly distributed branching junctions, and precisely located end

groups. Therefore, they exhibit enhanced performance in optoelectronics,15–20

water treatment,21 supramolecular chemistry,22 and biomedical applications.11,23,24

However, practical applications of dendrimers are impeded by their tedious and

small-scale iterative synthesis and purification. As a desirable alternative, randomly

(hyper)branched polymers can be synthesized via facile one-pot methods. Neverthe-

less, the performance of randomly branched polymers can be sacrificed by their ill-

defined structures, resulting from the limited polymerization capabilities. Moreover,

conventional branching polymerization strategies fail to efficiently install a branched

or dendron-shaped polymer on a target molecular or nano-object, hindering the

construction of higher-order architectures derived from dendritic building

blocks.25–29 Synthesizing uniformly branched polymers in a controlled and scalable

manner remains a formidable challenge; however, there have been no break-

throughs until recent years.
Chem 8, 1–16, May 12, 2022 ª 2022 Elsevier Inc. 1
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Randomly branched polymers are typically synthesized through (1) poly-

condensation of ABx or Ax + By monomers (x R 2, y R 3), where the functional

group A exclusively couples with the group B30–32 or (2) self-condensing

vinyl polymerization of monomers that are covalently linked with an initiating

site.33–38 Neither of these methods produces branched polymers with controlled

molecular weight and low dispersity arising from the step-growth polymerization

mechanism.

Controlled branching polymerizations were realized by introducing rationally de-

signed monomers,39–41 catalysts,42–44 or reaction systems.45–48 These develop-

ments enable a (pseudo-)chain-growth branching polymerization, where the

continuous generation of new branched chains can be suppressed throughout

the entire polymerization. Among those developed strategies, the controlled/

living radical polymerization (CRP)49,50 involving a polymerization-induced

branching process emerged as a versatile method that can potentially be

applied for a wide range of monomers and conducted in various reaction me-

dia.25,51–56 In this method, a vinyl monomer containing an a-functional group

was synthesized for the copolymerization with conventional vinyl monomers

that are used in a free radical polymerization.55,56 The a-functionality in the

new monomer serves as an initiating site only after the monomer is integrated

into the polymer chain, thereby creating a branching junction in the same chain.

The term of inibramer was used to capture the triple role of the designed mono-

mer—initiator, branching junction creator, and monomer. The seminal work by

Yamago and coworkers employed vinyl tellurides as inibramers in telluride-medi-

ated CRP to synthesize branched polyacrylates and polystyrene51 with a disper-

sity index (Ð) in the range of 1.40–3.25.55 We recently reported the controlled

synthesis of branched polystyrene and polyacrylates through atom transfer

radical polymerization (ATRP) involving an n-butyl a-bromoacrylate (BBA)

inibramer.25 Different from the telluride-mediated CRP, CuI-catalyzed alkyl halide

activation process generated the propagating radical in ATRP without requiring

the addition of extra free radical initiators (FRIs). Hence, branched polymers

with a relatively low Ð, down to 1.20, were obtained with different degrees of

branching (DBs). Moreover, this FRI-free system allowed for the development

of a site-specifically initiated branching polymerization. Aided by the facile instal-

lation of ATRP initiators to different substrates, diverse well-defined hierarchically

branched polymers were covalently assembled from dendron-like molecular

building blocks.25

Despite the preliminary success, further application of the BBA-enabled branching

polymerization was limited by its low monomer conversion. For instance, the branch-

ing copolymerization of n-butyl acrylate (nBA) and BBA usually stopped at an nBA

conversion below 25%. Furthermore, it was difficult to extend the system to mono-

mers with reactivities different from styrene and acrylates due to the complex poly-

merization system that simultaneously involves more than twenty elementary reaction

processes and a variety of reaction condition parameters (Scheme 1). In this work,

detailed mechanistic studies of the BBA-enabled branching polymerization were car-

ried out by combining a series of experimental and computational techniques. Knowl-

edges attained from the studies with quantitatively evaluated elementary steps were

integrated into kinetic modeling to guide the further development. The simulation-

informed experimental design led to significantly enhanced monomer conversion

(>50% inibramer conversion) and successfully expanded the scope of monomers to

cover a nearly complete library of monomers that can be polymerized under ATRP

conditions.
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Scheme 1. Mechanistic studies of atom transfer radical branching copolymerization of inibramers and conventional vinyl monomers

Monomers including n-butyl acrylate, methyl acrylate, and styrene were reported in our previous work.25
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RESULTS AND DISCUSSION

Mechanistic studies and kinetic simulations

Scheme 1 presents the proposed mechanism of the inibramer-enabled branching

polymerization, detailed with elementary reaction steps. Although our previous

experimental data were consistent with the proposed mechanism, validating and

kinetically quantifying each elementary step became keys to addressing the remain-

ing challenges. This comprehensive knowledge about such a complex polymeriza-

tion system also allowed us to carry out kinetic simulations to efficiently discover

the optimal conditions for various monomers.

The controlled polymerization and livingness in ATRP are ensured by a reaction equi-

librium established between the propagating radical formation and deactivation

processes.57–61 Specifically, the metal ligand (L) complex in the lower oxidation

state, e.g., CuI/L, activates an alkyl halide (R–X, X = Br or Cl) to generate a propa-

gating radical (R,), and CuIIX/L. CuIIX/L can reversibly deactivate R, to reform the

dormant species R–X. In a BBA-participating ATRP, multiple ATRP equilibria are pre-

sent and compete with one another. In addition to the regular ATRP initiators and

polymers end-functionalized with halogen (Scheme 1, D1), R–X derived from BBA

(Scheme 1, D2 and D3) significantly altered the polymerization kinetics. Although

the C–Br bond of BBA with a bond dissociation energy (BDE) of 80.7 kcal/mol25 is

sufficiently high to stay intact in the presence of CuI/L, the radical addition of BBA

produced a new radical center (Scheme 1, A2) tethered with a Br atom at the a-po-

sition. We previously hypothesized that A2 can be deactivated by CuIIBr/L to form a

gem-dibromo dormant species (D2), but we lacked direct experimental evidence.

Herein, we conducted FRI-initiated homopolymerizations of BBA to confirm the

occurrence of the deactivation of A2 and the formation of D2. During the homopo-

lymerizations of BBA, CuIIBr/bpy was added in excess to the reaction for nuclear

magnetic resonance (NMR) spectroscopy studies (see supplemental information).
Chem 8, 1–16, May 12, 2022 3
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The signal at the chemical shift of 55.36 ppm observed in the 13C NMR spectrum

suggested the formation of gem-dibromo chain ends (Figure S1).

Ethyl 2,2-dibromopropanoate (EDBP) was used as a model compound to study the

mechanism and kinetics of junction formation from an alkyl dibromide center D2.

The reaction of EDBP and CuI/L was carried out in the presence of (2,2,6,6-tetrame-

thylpiperidin-1-yl)oxyl (TEMPO). Adding the TEMPO radical trap decreased the

abundance of the biradical termination products (Scheme S4; Figure S2), confirming

the formation of free radicals from CuI/L activation. A carbene intermediate derived

from D2 was not detected when a carbene trap 2,3-dimethyl-2-butene or benzyl

alcohol was employed (see supplemental information).

The rate coefficient of the first C–Br activation of EDBP (ka2), the rate coefficient of

the corresponding deactivation (kd2), and the ATRP equilibrium constant (KATRP)

were then estimated to be 83.4 M�1 s�1, 9.53 107 M�1 s�1, and 8.8 3 10�7, respec-

tively (see supplemental information), when using N,N,N0,N00,N00-pentamethyldie-

thylenetriamine (PMDETA) as a ligand and acetonitrile (MeCN) as a solvent at

60�C. The bromo-containing radical A2 can, in addition to being deactivated by

CuIIBr/L, add to either an nBA or a BBA monomer to form a D3 radical with a new

activatable tertiary R–X site at the penultimate position from the polymer chain

end. The corresponding activation (ka3) and deactivation (kd3) rate coefficients of

this resultant tertiary R–X were approximated to be the same as those for ethyl a-bro-

moisobutyrate (EBiB) in the subsequent kinetic simulations.

EDBP was used to initiate ATRP of nBA to investigate the formation of a branching

junction (Scheme S5). Absence of the monobromo-substituted tertiary carbon and

presence of the quaternary carbon originating from EDBP in a 13C NMR spectrum

of the resultant polymers (Figure S40) confirmed the postulated double-initiation

of the alkyl gem-dibromide species. A significantly slower polymerization,

compared with an ATRP initiated by a regular initiator, i.e., ethyl 2-bromopropa-

noate (EBP) or EBiB, was observed in EDBP-initiated ATRP with the same concentra-

tion of C–Br initiating sites (Figure S3). This could be attributed to an accelerated

intramolecular biradical termination process in the polymer chains containing

more than one radical center. This hypothesis was partially confirmed by the fact

that nearly the same polymerization kinetics was observed in ATRP using ethylene

bis(2-bromoisobutyrate) (EBBiB), i.e., a bifunctional initiator with similar structure

to EBiB. We evaluated the rate of the intrachain termination by numerically fitting

the polymerization kinetics resulting from EBBiB initiation (see supplemental infor-

mation). The rate of intrachain termination was found to be 4 orders of magnitude

higher than that of diffusion-limited interchain termination.62,63 This result sup-

ported our hypothesis that an exacerbated radical termination could be the main

cause of the low conversion in the branching copolymerization.

A complete list of rate coefficients employed in the kinetic simulations is available in

Table S2. The copolymerization of nBA and BBA via a conventional ATRP was simu-

lated (Figure 1A). An initial molar ratio of 300/30 was employed for nBA/BBA with

respect to the EBP initiator. Other side reactions or factors were not taken into ac-

count for simplicity, including chain-length-dependent radical termination,64,65

CuI-catalyzed radical termination,66–69 and disproportionation of CuI/L.70 Consis-

tent with the experimental observation, stoichiometrically unbalanced consumption

of nBA and BBA was obtained in a one-pot copolymerization due to the highly polar-

ized polymerization reactivity (rBBA = 9.77, rnBA = 0.24).71 This gradient copolymer-

ization produced branched copolymers rich in BBA at the early stage of the
4 Chem 8, 1–16, May 12, 2022



Figure 1. Kinetic simulations for copolymerizations of nBA and BBA via activator regeneration ATRP

(A) Simulated reaction conditions and simulation results. [nBA]0/[BBA]total/[EBP]0/[CuBr]0/[CuBr2]0 = 300/30/1/0.9/0.2, with PMDETA as ligand and

MeCN as solvent at 60�C for 30 h. [nBA]0 = 4.75 M. For semibatch reactions, BBA was slowly added over 20 h at the rate of 1.5 equiv/h as a solution with

[BBA] = 2.0 M from the beginning.

(B) nBA conversion versus polymerization time.

(C) BBA conversion versus polymerization time.

(D) Activator amount versus polymerization time.

(E) Radical amount versus polymerization time.

(B–E) Results from simulations based on semibatch reactions.
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polymerization and an ill-defined distribution of branching junctions across the

branched chain. After the conversion of nBA reached 2.5%, the amount of CuI/L

activator sharply decayed from the initial 0.090mmol to 0.002 mmol, resulting in a

slowdown in the polymerization (Figure S6). The rapid decrease in the activator con-

centration compared with a normal ATRP of nBA was ascribed to the accelerated

radical termination, which irreversibly generated CuIIBr/L deactivator from CuI/L,

whenmore propagating radicals were introduced as result of the BBA incorporation.

Each added BBA provided an additional C–Br bond that can be activated by CuI/L,

and the irreversible consumption was further enhanced in a branching polymeriza-

tion accompanied with fast intrachain termination. Thus, chain propagation that

favored BBA incorporation over nBA in the one-pot copolymerization led to the chal-

lenges in achieving well-defined polymer structure and polymerization livingness.

A semibatch copolymerization strategy was integrated into the simulation model,

where the BBAmonomer with a higher activity was slowly fed into the polymerization

at a rate of 1.5 equiv/h (Figure 1A). The slightly improved regulation of cross-prop-

agation behaviors provided higher monomer conversion, but the polymerization

stopped at around 8% conversion of nBA due to the increased radical termination

(Figure 1B, black curve). The relatively low degree of BBA incorporation limited

the tunability of DB (Figure 1C, black curve).

To address the challenges in the branching polymerization inherently associated

with the uncontrolled radical concentration, a reducing power that can continuously
Chem 8, 1–16, May 12, 2022 5



ll

Please cite this article in press as: Cao et al., Expanding the toolbox of controlled/living branching radical polymerization through simulation-
informed reaction design, Chem (2022), https://doi.org/10.1016/j.chempr.2022.02.022

Article
regenerate CuI/L from CuIIX/L was applied in the kinetic modeling to precisely

modulate the CuII/CuI ratio and the radical concentration. With a pseudofirst order

reduction rate coefficient (kred) of 13 10�1 s�1,72 the polymerization of nBA stopped

after 2.5 h at a conversion of ca. 60% (Figure 1B, green curve). Although the incor-

poration of BBA continued after the nBA conversion profile plateaued, the propaga-

tion rate decreased, and the polymerization ended with a relatively low BBA

conversion of 41% (Figure 1C, green curve). Although a high activator concentration

was maintained (Figure 1D, green curve), an excess number of radicals led to the for-

mation of terminated chains 2–3 orders of magnitude more than that without

reducing power at the very early stage. The radical concentration then dropped

rapidly even under a high activator concentration due to the loss of living chain

ends (Figure 1E, green curve). When the CuIIX/L reduction became 10 times slower,

despite the decrease in the polymerization rate of nBA at the early stage, a more sus-

tainable polymerization was achieved with an nBA conversion of 45% after 8 h (Fig-

ure 1B, blue curve). The conversion of BBA also increased (Figure 1C, blue curve). No

conversion plateau of nBA was observed (Figure 1D, red curve), and the conversion

of BBA was significantly increased (Figure 1C, red curve) when a reduction rate was

decreased further by an order of magnitude. The well-regulated activator concentra-

tion allowed the maintenance of a relatively high radical concentration, sustaining

the copolymerization with a high chain end fidelity (Figures 1D and 1E, red curves).

The simulation results informed us that the activator regeneration process with a

moderate reduction rate was critical for a branching copolymerization with high

monomer conversion. The activator regeneration process maintains a sufficient

amount of activators for the polymerization; the regulated low activator concentra-

tion suppressed the radical terminations. The optimal reduction rate according to

simulation results matched the experimental values in activator regeneration

ATRPs.73 Therefore, activator regeneration ATRP was considered an ideal

solution to improve the control and livingness of the BBA-enabled branching

copolymerization.

Copolymerization of (meth)acrylates and BBA via photoredox-mediated ATRP

(photo-ATRP)

Although various types of reducing power, e.g., light,74–79 cathodic current,80–82

in situ generated free radicals,83,84 ascorbic acid,85 tin(II) 2-ethylhexanoate,86

zero-valent metal,87 and mechanical forces88 have been introduced to the activator

regeneration ATRP, the simulation results suggested that reduction reactions with a

precisely controlled and tunable rate were needed to sustain the branching copoly-

merization with minimal radical termination. We first copolymerized nBA and BBA

under electrochemical ATRP conditions. Digitally controlled number of the trans-

ferred electrons and the cathodic current were envisioned to be quantitatively corre-

lated with the amount of reduced CuIIX/L and the reduction rate, respectively.80,81

However, the mass-transfer limitation of the regenerated activator in such a hetero-

geneous system severely impeded the electroreduction (see supplemental

information).

Photo-ATRP, where light stimulates the ligand to reduce CuIIX/L to CuI/L in a homo-

geneous system, was then investigated under the irradiation of a 385–400 nm LED

strip light source (Table 1, entry 1–9).74,75 With the presence of 100 ppm Cu species

relative to nBA, addition of 8 equiv of BBA with respect to the initiator at a rate of

0.8 equiv/h led to the formation of branched poly(n-butyl acrylate) (PnBA) with

Mn,theo of 21.0 kDa and Mn,GPC of 10.1 kDa (Table 1, entry 1), where Mn,theo and

Mn,GPC stand for the number-average molecular weights that were theoretically
6 Chem 8, 1–16, May 12, 2022



Table 1. Copolymerization of BBA with different monomers via photo-ATRPa

Entry M [M]/[BBA]/[I]
Cu loadingb

(ppm) Time (h)
Feed ratec

(equiv/h)
Conversion
(M/BBA) (%/%) Mn,theo (kDa) Mn,GPC (kDa) Mn,MALLS (kDa) Ð Sn

d

1 nBA 300/8/1 100 24 0.8 50/98 21.0 9.3 19.0 1.51 9.1

2 nBA 300/16/1 100 31 0.8 41/85 18.8 8.7 16.5 1.62 4.4

3 nBA 300/16/1 100 45 0.4 49/61 20.9 10.1 24.0 1.27 7.6

4 nBA 300/16/1 175 45 0.4 40/81 18.0 8.5 17.2 1.42 4.4

5 nBA 300/16/1 250 45 0.4 32/62 14.4 6.9 12.9 1.28 4.6

6 nBA 600/32/1 100 31 1.6 37/88 34.2 9.8 27.6 1.94 3.9

7 nBA 600/32/1 175 31 1.6 26/72 24.4 6.5 22.5 1.41 3.2

8 nBA 300/7.2/1 100 48 –e 93/100 37.3 14.5 37.1 1.81 18.2

9 nBA 300/3.6/1 100 36 –e 94/100 36.7 20.9 33.1 1.66 34.3

10 tBA 300/16/1 100 31 0.8 35/66 15.7 7.8 12.2 1.48 4.7

11 MMA 300/7/1 100 24 –e 46/94 15.5 2.8 – 1.54 9.8

12 AN 300/8/1 100 24 –e 23/81 5.3 4.5 18.8 1.77 5.0

13 AN 300/8/1 100 24 0.8 39/75 7.8 6.9 15.7 1.65 9.1

14 AN 300/8/1 100 31 0.4 61/61 11.0 11.9 23.9 1.40 17.0
aConditions for nBA: [EBiB]0/[CuBr2]0/[Me6TREN]0 = 1/0.03/0.18 for 100 ppm Cu loading (Me6TREN = tris[2-(dimethylamino)ethyl]amine). For higher Cu loading,

only change [CuBr2]0. [nBA]0 = 4.7 M in N,N-dimethylformamide (DMF) at room temperature in a photoreactor with wavelength of 385–400 nm. Conditions for

tBA: same as nBA but with [tBA]0 = 4.6 M. Conditions for MMA: [EBPA]0/[CuBr2]0/[TPMA]0 = 1/0.03/0.18 (TPMA, tris(2-pyridylmethyl)amine). [MMA]0 = 4.2 M in

DMF. Conditions for AN: [EBPA]0/[CuBr2]0/[Me6TREN]0 = 1/0.03/0.18. [AN]0 = 7.2 M in dimethyl sulfoxide (DMSO).
bCu loading is with respect to the monomer amount. Cu species were completely dissolved under all polymerization conditions to rule out the heterogeneous

reactions.89

cSlow feeding started after 1 h of polymerization.
dSn = DPM/(1 + 2DPBBA), degree of polymerization (DP).
eOne-pot copolymerization.
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predicted based on the monomer conversion and evaluated by gel permeation

chromatography (GPC), respectively. The evident discrepancy between Mn,theo

andMn,GPC suggested a branched architecture with a smaller hydrodynamic volume

compared with its linear counterpart. The conversions of nBA and BBAwere 50% and

98%, respectively, far exceeding those obtained under conventional ATRP condi-

tions.25 Under conventional ATRP conditions, the slowdown of propagation along

with BBA incorporation resulted in limited conversions of both comonomers (e.g.,

<20% of nBA and <50% of BBA). On the contrary, by utilizing photo-ATRP, the prop-

agation of both nBA and BBA was maintained at a nearly constant rate (Figure 2A),

suggesting the uniformly distributed branching junctions. A relatively low dispersity

(Ð= 1.51) was obtained with Cu loading as low as 100 ppm. TheDBwas evaluated by

a spacing value Sn that equals the average number of monomers inserted between

two neighboring branching junctions. Sn can be calculated based on the conversion

of nBA and BBA, as every polymerized BBA is able to create a branching junction and

nBA does not contribute to the branching. By increasing the feed amount of BBA

from 8 to 16 equiv, Sn decreased from 9.1 to 4.4, although a lower conversion and

a higher Ð were observed (Table 1, entry 2).

To seek the optimal conditions, a lower feed rate of BBA (0.4 equiv/h) was employed,

generating branched PnBA with Ð as low as 1.27 but also a lower DB (Sn = 7.6)

(Table 1, entry 3). If a higher Cu loading (175 ppm) and a lower feed rate

(0.4 equiv/h) were introduced simultaneously, Ð decreased from 1.62 to 1.42 with

unchanged conversion and DB (Sn = 7.6) (Table 1, entry 4). A higher initial CuIIX/L

concentration with the same ligand concentration and light intensity rendered a

higher ratio of CuII/CuI, resulting in a decelerated polymerization with lower Ð. Since

the incorporation of BBA led to an increase in the radical concentration, Ð increased

over the course of copolymerization. With a lower feed rate of BBA, the additional

radical centers derived from the branching junctions were able to grow in a more
Chem 8, 1–16, May 12, 2022 7



Figure 2. Copolymerization of nBA and BBA via photo-ATRP

(A and B) [nBA]0/[BBA]total/[EBiB]0/[CuBr2]0/[Me6TREN]0 = 300/8/1/0.03/0.18; BBA was slowly fed at a rate of 0.8 equiv/h: (A) monomer conversion

calculated from 1H NMR analysis versus polymerization time; (B) Mn and Ð versus nBA conversion.

(C) GPC traces of branched PnBAs with similar Mn,theo but varied DB (represented by Sn) (Table 1, entries 6 and 8).

(D) Quantitative 13C NMR spectrum of the branched PnBA (Table 1, entry 1) in CDCl3 (residual ethyl acetate marked by asterisks).
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controlled manner due to the decreased kinetic chain length. The propagation rate

also increased at a lower addition rate of BBA due to the decelerated termination.

Further increasing the Cu loading to 250 ppm generated polymers with Ð as low

as 1.28 but a much lower Mn (Table 1, entry 5). Branched PnBA with both high Mn

and DB was synthesized by employing higher ratios of both nBA and BBA with

respect to the initiator (Table 1, entry 6–7). Although monomer conversion

decreased due to a high feed rate of BBA (1.6 equiv/h),Mn,theo of the final branched

PnBA exceeded all previous results and reached 34.2 kDa. The lowMn,GPC of 9.8 kDa

indicated its high DB (Sn = 3.9) despite a relatively high Ð of 1.94 (Table 1, entry 6).

Increasing the Cu concentration from 100 to 175 ppm generated branched PnBA

with a lower Ð of 1.41 (Table 1, entry 7).

According to the prediction from kinetic simulations, the reduction rate in photo-

ATRP was moderate enough to maintain a reasonable level of radical concentration

even in a one-pot copolymerization of nBA and BBA. The one-pot copolymerization

was experimentally investigated with a 100 ppm Cu loading to suppress the radical

termination. At different molar ratios of nBA to BBA, polymers with varied DBs were

accessed at nearly quantitative conversions of both monomers after 48 h (Table 1,
8 Chem 8, 1–16, May 12, 2022
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entry 8–9). The consumption rates of the two monomers in the one-pot photo-ATRP

were consistent with their reactivity ratios, where BBA was converted much faster at

the beginning of the copolymerization (Figure S17A). According to the kinetic data,

a gradient copolymer—specifically, a star-like PnBA with a branched core—was syn-

thesized through the one-pot method. The GPC traces, however, indicated the low

initiation efficiency and the occurrence of radical coupling (Figure S17C). As ex-

pected, the higher feed ratio of BBA generated branched PnBA with a higher DB

but a higher Ð. The broadened tuning range of DB opened a way to synthesizing

polymers with similar molecular weight but different Sn values (Figure 2C). Branched

PnBA with a lower Sn, i.e., higher DB, exhibited a much smaller hydrodynamic

volume or Mn,GPC due to the more globule-shaped structure.

The structure of a branched PnBA in Table 1, entry 1, was investigated by the

quantitative 13C NMR spectroscopy (Figure 2D). The integrals of the chemical shifts

corresponding to C of the n-butyl groups on the main chain (152 Cd) and adjacent to

the chain end (9 Cd
0) were consistent with the theoretical values calculated from the

monomer conversion, i.e., 150 nonterminal repeating units and 9 units near active

chain ends per polymer chain. The chemical shift of C near the bromine chain end

also verified the high chain fidelity of our branched polymers. It is noteworthy that

the previously observed back-biting reactions51 may take place with minimal impact

on the overall DB and chain end fidelity.

In addition to the previously demonstrated semibatch strategy, tuning the reactivity

ratio of the comonomer and BBA is an alternative way to achieve a uniform distribu-

tion of branching junctions in the one-pot synthesis. One-pot copolymerization of

methyl methacrylate (MMA) and BBA (rMBA = 0.16, rMMA = 0.19, methyl a-bromoa-

crylate [MBA], as an analogy of BBA)90 provided a nongradient copolymerization

kinetics (Table 1, entry 11; Figure S20A). Unfortunately, low molecular weight frac-

tions appeared in the GPC traces (Figure S20C), corresponding to side products

originating from the b-scissions of polymer chains containing a tertiary backbone

radical.53 Chen and coworkers recently reported that branching copolymerization

of fluorinated methacrylates with a 2-bromotrifluoropropene inibramer yielded

polymers without detectable b-scission products.54 Therefore, designing new

inibramers with rationally tuned electronic structures and reactivity could be one

of the future research directions to enhance the versatility of the branching

polymerizations.

In our previous work, we have demonstrated that BBA can be applied to synthesize

branched poly(tert-butyl acrylate) (PtBA) (Table 1, entry 10), poly(methyl acrylate),

and polystyrene.25 Next, taking advantage of the activator regeneration ATRP, we

expanded the monomer scope ranging from high-to-low activity monomers in

ATRP, including acrylonitrile (AN) and acrylamides.

Copolymerization of acrylonitrile (AN) and BBA via photo-ATRP

The AN monomer with a KATRP 2–3 orders of magnitude higher than nBA requires

more carefully regulated radical generation rate for a controlled branching polymer-

ization.91–93 Our initial model studies on the homopolymerization of AN under a

photo-ATRP environment suggested that a highly active initiator ethyl a-bromophe-

nylacetate (EBPA) was needed to realize reasonably high initiation efficiency, even

when the high activity ligand Me6TREN was used. The homopolymerization of AN

proceeded in a well-controlled manner with 100 ppm of Cu species. The copolymer-

ization of AN and BBA was then conducted by both one-pot and semibatch

methods (Table 1, entry 12–14). The copolymerization with slow addition of BBA
Chem 8, 1–16, May 12, 2022 9



Table 2. Copolymerization of BCA and acrylamides via Cu0-mediated ATRPa

Entry M [M]/[BCA]/[I] Time (h) Feed rateb (equiv/h) Conversion (M/BCA) (%/%) Mn,theo (kDa) Mn,GPC (kDa) Mn,MALLS (kDa) Ð Sn

1 DMAA 500/0/1c 28 – 29/– 14.4 25.5 – 2.49 –

2 DMAA 500/4/1 34 0.4 21/93 11.0 4.0 9.8 2.04 12.4

3 DMAA 500/4/1 34 0.2 18/74 9.4 3.5 10.3 1.94 13.0

4 DMAA 500/8/1 34 0.4 14/65 7.7 1.4 19.1 2.75 6.1

5 NIPAM 500/4/1 34 0.2 23/72 13.6 6.1 11.0 1.82 17.0
aConditions for DMAA: [MeClPr]0/[CuCl2]0/[Me6TREN]0 = 1/0.75/1.5. Cu wire l = 0.3 cm, d = 1 mm. [DMAA]0 = 6.8 M in DMSO at room temperature. Conditions

for NIPAM: same as DMAA but with [NIPAM]0 = 6.1 M.
bSlow feeding of BCA started after 2 h of polymerization.
cHomopolymerization of DMAA.
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outperformed the one-pot copolymerization in terms of monomer conversion as

well as polymer dispersity, due to the different reactivities between AN and BBA

(rMBA = 4.20, rAN = 0.08, MBA as an analogy of BBA).94

The conversion of AN in a one-pot copolymerization was much lower than that of the

BBA comonomer, although the propagation of both monomers was observed

throughout the course of the polymerization (Figure S21A). The branched polyacry-

lonitrile (PAN) synthesized from the one-pot method had aMn,MALLS of 18.8 kDa with

a Ð of 1.77 (Table 1, entry 12). The inconsistency between Mn,MALLS and Mn,theo was

presumably due to the relatively low initiation efficiency and the coupling termina-

tions. The significantly lower Mn,GPC of 4.5 kDa compared with Mn,MALLS, however,

proved the branching process. Slow feeding of BBA suppressed the termination re-

actions, thus providing a higher conversion of AN and a smaller difference between

Mn,MALLS and Mn,theo (Table 1, entry 13–14). The copolymerization with a lower BBA

feed rate generated branched PAN with a higher Mn and a lower Ð. When BBA was

added at a rate of 0.4 equiv/h, continuous consumption of both AN and BBA was

observed, producing branched PAN withMn,theo of 11.0 kDa and Ð of 1.40 (Table 1,

entry 14; Figure S23A). The 1H NMR spectrum of branched PAN showed good

agreement with the theoretical values (Figure S41). The integrals of chemical shifts

e and f corresponding to the AN units and h–j corresponding to the BBA units

were consistent with the conversion of the two comonomers. Overall, the conversion

of AN in the copolymerization was slightly limited compared with that of nBA in the

nBA/BBA copolymerization because of the different reactivity ratios in the two sys-

tems and the higher KATRP of AN. However, by employing a slower feed rate of

BBA, branched PAN with Ð as low as 1.40 could be synthesized.

Copolymerization of acrylamides with inibramer via ATRP in the presence

of Cu0

ATRP of acrylamides with high livingness remains a challenge due to the polymer

complexation to the catalyst, nucleophilic reactions toward the C–X (X = Br, Cl) chain

end, as well as low KATRP.
95–97 The conventional ATRP of acrylamides exhibited low

monomer conversion and high dispersity. The aforementioned difficulties in branch-

ing polymerization can be amplified when acrylamides are copolymerized with

inibramers. Current progress in achieving ATRP of acrylamides primarily relies on

the systems in the presence of Cu0 in a polar medium where catalyst and polymer

interaction is limited and KATRP is increased.
98 We first conducted the homopolyme-

rization of N,N-dimethylacrylamide (DMAA) in DMSO using a Cu wire as the supple-

mental activator and reducing agent. By utilizing methyl 2-chloropropionate

(MeClPr) as the initiator and CuCl2/Me6TREN as the deactivator, we observed a

continuous increase in the monomer conversion (Figure S24A), yet a relatively

high dispersity (Ð � 2) (Table 2, entry 1). CuCl2 was employed here instead of
10 Chem 8, 1–16, May 12, 2022



Figure 3. Synthesis of branched PNIPAM and their thermoresponsive behaviors

(A) A representative scheme for the synthesis of branched polyacrylamides via Cu0-mediated ATRP

with Cl-based inibramer.

(B and C) (B) LCST of linear and branched PNIPAM in aqueous solution determined by the UV

transmittance at 300 nm wavelength and (C) proposed mechanism for the reduced LCST in

branched PNIPAM.
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CuBr2 to suppress the nucleophilic displacement of the dormant chain end.96 Cl-

based inibramer, i.e., n-butyl a-chloroacrylate (BCA), was synthesized and employed

accordingly. When 4 equiv of BCA was fed at a rate of 0.4 equiv/h (Table 2, entry 2),

both DMAA and BCA reached a relatively high conversion in comparison with the

homopolymerization of DMAA, and no plateau in the conversion profile was

observed (Figure S25A). Poly(N,N-dimethylacrylamide) (PDMAA) was obtained

with Mn,GPC and Mn,theo of 4.0 and 11.0 kDa, respectively, suggesting the formation

of a branched structure. The difference between Mn,MALLS and Mn,theo can be

ascribed to the low initiation efficiency of Cl-based initiators with KATRP values typi-

cally an order of magnitude lower than their Br-based counterparts.93 When the feed

rate of BCA was decreased to 0.2 equiv/h, a lower Ð of 1.94 was obtained (Table 2,

entry 3). Increasing the feed ratio of BCA to 8 equiv resulted in a higher DB but also a

higher dispersity (Table 2, entry 4). The 1H NMR spectrum of the branched PDMAA

indicated the incorporation of both DMAA and BCA (Figure S42), and its 13C NMR

spectrum verified the branching junctions derived from the added BCA units (Fig-

ure S43). Although incremental success was achieved using Cu0, we here envision

that the utilization of organocatalyzed photo-ATRP can further improve the perfor-

mance by eliminating the chelating effect of polyacrylamides to the catalyst.54,99,100

Finally,N-isopropylacrylamide (NIPAM) was successfully copolymerized with BCA in

a controlled manner (Table 2, entry 5). The branched poly(N-isopropylacrylamide)

(PNIPAM) exhibited a decreased lower critical solution temperature (LCST)

compared with linear PNIPAM (27�C versus 33�C) (Figure 3B). The branched struc-

ture likely facilitated the formation of the intrachain H-bonding in the polymer,

lowering its LCST (Figure 3C). Introducing controlled branching opens a facile way

to broadening the tuning window of the transition temperature of thermoresponsive

polymers. In contrast to the previous strategy of introducing other comonomers to

alter the LCST,101,102 polymers with varied LCST were readily accessed in our work

from the same monomer with minimal compositional change.
Chem 8, 1–16, May 12, 2022 11
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In conclusion, we successfully developed the inibramer-mediated activator regener-

ation ATRP for the synthesis of branched polymers with controlled molecular weight,

tunable DB, and relatively low dispersity. Detailed kinetic and mechanistic studies

guided us to expand the scope of the monomers and improve the control and living-

ness in the branching polymerization. The experimental and simulation results

demonstrated that both a low Cu concentration and an activator regeneration

mechanism played critical roles in achieving a high-conversion polymerization and

obtaining branched polymers with high chain end fidelity.
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fulfilled by the lead contact, Mingjiang Zhong (mingjiang.zhong@yale.edu).

Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

All data needed to support the conclusions of this manuscript are included in the

main text or supplemental information.
Representative procedure for the photoinitiated ATRP of nBA and BBA

An example of photoinitiated ATRP is provided with the following conditions:

[nBA]0/[BBA]total/[EBiB]0/[CuBr2]0/[Me6TREN]0 = 300/8/1/0.03/0.18, [nBA]0 =

4.7 M in DMF at room temperature, feed rate of BBA = 0.8 equiv/h (Table 2, entry

1). To a Schlenk flask equipped with a magnetic stir bar, nBA (3.84 g, 30 mmol),

DMF (2.0 mL), CuBr2/DMF solution (25 mL, 0.003 mmol), Me6TREN (4.8 mL,

0.018 mmol), EBiB (14.7 mL, 0.1 mmol) and propylene carbonate (100 mL, as internal

standard to determine conversion by NMR) were added. The mixture was sparged

with N2 for 20 min at 0�C, and then placed into a photoreactor equipped with

LED strip with a wavelength of 385–400 nm. Under a stir rate of 500 rpm, the LED

light was turned on to initiate the polymerization. 1 h after initiation, a degassed

BBA/DMF solution (0.8 M, 1.0 mL) was injected into the flask using a gastight syringe

with a syringe pump at a rate of 100 mL/h under N2 protection. Aliquots were taken

using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymeriza-

tion lasted for 24 h in total and was quenched by being exposed to air. The resulting

polymers were purified by passing through a neutral alumina column followed by

preparative GPC.
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F. Vögtle, eds. (Springer), pp. 205–226.
https://doi.org/10.1007/b11012.

20. Arrigo, A., Puntoriero, F., La Ganga, G.,
Campagna, S., Burian, M., Bernstorff, S., and
Amenitsch, H. (2017). Aggregation-induced
energy transfer in a Decanuclear Os(II)/Ru(II)
polypyridine light-harvesting antenna
dendrimer. Chem 3, 494–508. https://doi.org/
10.1016/j.chempr.2017.06.002.

21. Diallo, M.S. (2009). Chapter 11. Water
treatment by dendrimer-enhanced filtration:
principles and applications. In
Nanotechnology Applications for Clean
Water, N. Savage, M. Diallo, J. Duncan, A.
Street, and R. Sustich, eds. (William Andrew
Publishing), pp. 143–155. https://doi.org/10.
1016/B978-0-8155-1578-4.50020-2.
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I. Supplemental Experimental Procedures 
 
1 General information 
 
Materials: All chemicals were used as received from Sigma Aldrich, Acros Organics, Alfa Aesar, or TCI 
unless otherwise specified. ACS grade solvents were used as received from Sigma Aldrich and Macron 
Fine Chemicals. Neutral and basic aluminum oxide (Al2O3) (standard activity I grade) were purchased from 
Sorbent Technologies, Inc. (Sorbtech) with 50–200 µm particle size. Silica gel was purchased from 
Sorbtech (standard grade) with 60 Å porosity and 40–63 µm particle size. All commercial monomers used 
in this work were passed through a short column of basic Al2O3 to remove inhibitor prior to use. n-Butyl a-
bromoacrylate (BBA) was synthesized according to previously reported method.1 HPLC grade anhydrous 
tetrahydrofuran (THF) and dichloromethane (DCM) were obtained from a J.C. Meyer solvent purification 
system. Pt gauze (100 mesh woven from 0.0762 mm diameter wire, 99.9%), Pt wire (0.25 mm diameter, 
99.9%), and Ag wire (1.0 mm diameter, Premion® 99.999%) were purchased from Alfa Aesar. SHPODA 
LED light strip (385–400 nm wavelength, 12 V) was purchased from Amazon.  
 
Purification: Flash column chromatography was performed manually or on a Biotage Isolera Prime flash 
purification system using silica gel. Analytical thin layer chromatography (TLC) was performed on Merck 
precoated TLC plates (silica gel 60 GF254, 0.25 mm). Preparative gel permeation chromatography (GPC) 
was performed on a LaboACE LC-5060 recycling preparative HPLC with refractive index (RI) and UV 
detectors, equipped with a JAIGEL-2.5HR column from Japan Analytical Industry Co., Ltd., operating at a 
flow rate of 10 mL/min at room temperature. The solvent for the preparative GPC was HPLC grade 
chloroform from J. T. Baker.  
 
Characterizations: If not particularly mentioned, analytic GPC measurements were taken at a 
concentration of 0.1–1.0 mg/mL in HPLC grade THF or DMF (J. T. Baker or Fisher) on a Tosoh Bioscience 
EcoSEC HKC08320 GPC with an RI detector, equipped with a TSKgel GMHHR-M column. The GPC was 
run at a flow rate of 1.0 mL/min at 40 °C, and the instrument was calibrated using linear monodisperse 
polystyrene (Sigma Aldrich), poly(methyl methacrylate) (Sigma Aldrich), or poly(ethylene oxide) (Agilent) 
standards. Analytic GPC with a light scattering detector was performed using two Shodex KD-806M GPC 
columns connected in series with a DAWN EOS multi-angle laser light scattering (MALLS with 18 angles) 
detector (Wyatt Technology) and a T-rEX refractive index detector (Wyatt S6 Technology). Experiments 
were performed at 45 °C using THF or LiBr/DMF (10 mM) eluent at a flow rate of 1 mL/min. Molecular 
weights were calculated based on dn/dc values that were obtained assuming 100% mass elution from the 
columns. 1H NMR spectra were recorded on an Agilent DD2 400 MHz spectrometer and an Agilent DD2 
600 MHz spectrometer with 10 s relaxation time. Chemical shifts are reported in ppm using solvent 
resonance as the internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d 
= doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, ddd = doublet of doublet of doublets) 
coupling constants (Hz), and integration. 13C NMR spectra were recorded on an Agilent DD2 600 MHz 
spectrometer (150 MHz) spectrometer with complete proton decoupling with 30 s relaxation time. CDCl3, 
D2O, and DMSO-d6 were purchased from Cambridge Isotope Laboratories, Inc. NMR spectra were 
processed using MestReNova 10.0.1. Lower critical solvent temperatures (LCSTs) of the polymers were 
determined in an aqueous solution (~30 mg/mL) with a temperature ramp of +0.25 °C/min on a UV-VIS 
Shimadzu UV-3600Plus. GC-MS was recorded on an Agilent 7200 GC-QTOF system.  
 
General electrochemical set-ups: All electrochemical experiments were conducted at 40 °C, with a 
Solartron SI 1287 Electrochemical Interface. Measurements were carried out under a N2 atmosphere using 
a Pt mesh (~1 cm2) working electrode (WE), a Pt (wire)/tetrabutylammonium perchlorate (TBAClO4) (0.1 
M)/DMF counter electrode (CE), and an Ag (wire)/tetrabutylammonium iodide (TBAI) (0.1 M)/DMF reference 
electrode (RE). The WE was directly inserted into the reaction solution, and the CE and RE were separated 
from the solution by a Tylose® gel salt bridge.  
 
Photoreactors: The photoreactor (PR) was prepared by swirling the 385–400 nm LED strip on the inner 
wall of a 400 mL beaker. A fan was equipped during the polymerization for heat release. 
  



2. Methods 
 
Synthesis of ethyl 2,2-dibromopropanoate (EDBP):  
Scheme S1. Synthesis of ethyl 2,2-dibromopropanoate 

 
Ethyl 2-bromopropanoate (905 mg, 5.0 mmol) was dissolved in anhydrous THF (10 mL) and immersed into 
acetone/dry ice bath (–78 °C). LDA (589 mg, 5.5 mmol)/THF (2.0 M) solution was then added into the 
mixture dropwise. The reaction was stirred for one hour to allow the deprotonation before 1,2-dibromo-
1,1,2,2-tetrachloromethane (1.95 g, 6.0 mmol) was added under N2 protection. The mixture was allowed to 
be raised slowly to room temperature, and then quenched by adding DI water. The crude product was 
purified by column chromatography (hexanes/DCM = 4/1 to 3/1) and a yellowish liquid was obtained in 34% 
yield. 
1H NMR (400 MHz, CDCl3) d 4.34 (q, 2H), 2.65 (s, 3H), 1.36 (t, 3H). 
13C NMR (400 MHz, CDCl3) d 166.96, 63.90, 52.41, 37.44, 13.88. 
 
Synthesis of n-butyl a-chloroacrylate (BCA):  
Scheme S2. Synthesis of n-butyl a-chloroacrylate (BCA) 

 
Step 1: Synthesis of n-butyl 2,3-dichloropropionate. n-Butyl acrylate (0.72 mL, 5.0 mmol) and 
tetrabutylammonium iodide (5.54 g, 15 mmol) were dissolved in dichloroethane (40 mL) and refluxed for 4 
days. The mixture was concentrated under reduced pressure and then diluted with Et2O (100 mL). The 
organic phase was washed with aqueous solutions of NaHSO3 (20 wt%), NaHCO3 (saturated), NaCl 
(saturated), and water successively. After being dried over Na2SO4 and concentrated, the crude product 
was purified by column chromatography (hexanes/EtOAc with EtOAc 0% to 5%) and a colorless liquid was 
obtained in 28% yield. The final product contains side product BCA. 
1H NMR (400 MHz, CDCl3) d 4.42 (dd, 1H), 4.23 (t, 2H), 3.96 (dd, 2H), 3.80 (dd, 2H), 1.68 (m, 2H), 1.41 (m, 
2H), 0.95 (t, 3H). 
 
Step 2: Synthesis of BCA. n-Butyl 2,3-dichloropropionate (1.7 g, 8.5 mmol) was dissolved in Et2O (20 mL). 
The mixture was cooled to 0 °C and triethylamine (TEA) (2.4 mL, 17 mmol) was added dropwise. The 
reaction was gradually raised to room temperature and stirred overnight in dark. The salt generated during 
the reaction was dissolved in water and the aqueous phase was extracted with Et2O twice. The combined 
organic phase was dried over Na2SO4 and concentrated under reduced pressure. The crude product was 
purified by column chromatography (hexanes/DCM = 3/1) and a colorless liquid was obtained in 92% yield. 
BCA was stored in an anisole solution. 
1H NMR (400 MHz, CDCl3) d 6.51 (d, 1H), 6.00 (d, 1H), 4.23 (t, 2H), 1.69 (m, 2H), 1.42 (m, 2H), 0.95 (t, 
3H). 
 
Polymerization of nBA using different initiators:  



An example ATRP of nBA is provided with the following conditions: [nBA]0/[EBiB]0/[CuBr]0/[CuBr2]0/ 
[PMDETA]0 = 200/1/0.6/0.4/1.05, [nBA]0 = 5.1 M in MeCN (Table S1, entry 1). To a Schlenk flask equipped 
with a magnetic stir bar, nBA (2.56 g, 20 mmol), MeCN (1.0 mL), CuBr2/PMDETA/DMF solution (50 µL, 
0.04 mmol/0.105 mmol), and EBiB (14.7 µL, 0.1 mmol) were added. The mixture was degassed by three 
freeze-pump-thaw cycles and was frozen again. CuBr (8.6 mg, 0.06 mmol) was then added under N2 
protection, and the flask was degassed by evacuation and refill three time. After thawed, the flask was 
immersed into an oil bath stabilized at 60 °C. Aliquots were taken using degassed syringes under N2 flow 
for 1H NMR and GPC tests. The polymerization lasted for 45 hours in total and was quenched by being 
exposed to air. 
 
Deactivation of the Br-containing carbon-centered free radical: 
Scheme S3. Free radical polymerization of BBA and the subsequent deactivation with CuBr2 

 
An example of the deactivation experiment is provided with the following conditions: [BBA]0/[V-70]0/[CuBr2]0/ 
[bpy]0 = 10/1/40/80 at room temperature, [V-70]0 = 0.01 M in DMF (Figure S1d). To a Schlenk flask equipped 
with a magnetic stir bar, 0.01 M 2,2'-azobis(4-methoxy-2,4-dimethyl valeronitrile) (V-70) (15.4 mg, 0.05 
mmol), BBA (103.5 mg, 0.5 mmol) and DMF (5.0 mL) were added. The reaction was stirred under N2 for 3 
hours, and CuBr2/bpy/DMF solution (2.0 mmol/4.0 mmol) was then injected. The mixture was exposed to 
air and stirred to allow the complete deactivation of the propagation radicals. Sample aliquots were taken 
for 13C NMR analysis. 
 
Copolymerization of nBA and BBA via eATRP:  
An example of eATRP is provided with the following conditions: [nBA]0/[BBA]total/[EBiB]0/[CuBr2]0/ 
[Me6TREN]0 = 400/8/1/0.4/0.44, [nBA]0 = 4.4 M in DMF, [TBAClO4]0 = 0.1 M, feed rate of BBA = 1.6 equiv./h, 
T = 40 °C, potentiodynamic (Table S4, entry 4). To a multi-neck tapered flask equipped with WE, CE, RE, 
and a triangle magnetic stir bar, TBAClO4 (0.77 g), DMF (8.0 mL), nBA (14.3 mL, 100 mmol), 
CuBr2/Me6TREN/DMF solution (1.0 mL, 0.10 mmol/0.11 mmol), and propylene carbonate (200 µL, as 
internal standard to determine conversion by NMR) were added. The mixture was sparged with N2 for 20 
minutes, and then immersed into an oil bath stabilized at 40 °C. Cyclic voltammetry (CV) was recorded from 
–0.4 V to 0.8 V versus RE at a scan rate of 50 mV/s while the stir was stopped. EBiB (36.8 µL, 0.25 mmol) 
was then added under N2 protection before another CV was recorded. The half potential (E1/2) was 
determined from the CV without EBiB. Under a stir rate of 875 rpm, a potential of E1/2 + 80 mV was applied 
to initiate the polymerization. One hour after initiation, BBA/DMF solution (1.0 M, 2.0 mL) was injected into 
the flask using a degassed syringe with a syringe pump at a rate of 400 µL/h under N2 protection. Meanwhile, 
the applied potential started to decrease at a rate of 3 mV/h until the end of the polymerization. Aliquots 
were taken using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymerization lasted 
for 8 hours in total and was quenched by being exposed to air. 
 
Copolymerization of nBA and BBA via photo-ATRP:  
An example of photoinitiated ATRP is provided with the following conditions: 
[nBA]0/[BBA]total/[EBiB]0/[CuBr2]0/[Me6TREN]0 = 300/8/1/0.03/0.18, [nBA]0 = 4.7 M in DMF at room 
temperature, feed rate of BBA = 0.8 equiv./h, photoreactor 1 (PR1) (Table 1, entry 1). To a Schlenk flask 
equipped with a magnetic stir bar, nBA (3.84 g, 30 mmol), DMF (2.0 mL), CuBr2/DMF solution (25 µL, 0.003 
mmol), Me6TREN (4.8 µL, 0.018 mmol), EBiB (14.7 µL, 0.1 mmol) and propylene carbonate (100 µL, as 
internal standard to determine conversion by NMR) were added. The mixture was sparged with N2 for 20 
minutes at 0 °C, and then placed into PR1. Under a stir rate of 500 rpm, the LED light was turned on to 
initiate the polymerization. One hour after initiation, BBA/DMF solution (0.8 M, 1.0 mL) was injected into the 
flask using a degassed syringe with a syringe pump at a rate of 100 µL/h under N2 protection. Aliquots were 
taken using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymerization lasted for 24 



hours in total and was quenched by exposing to air. The resulting polymers were purified by passing through 
a neutral alumina column followed by preparative GPC. 
 
Copolymerization of tBA and BBA via photo-ATRP:  
An example of photoinitiated ATRP is provided with the following conditions: 
[tBA]0/[BBA]total/[EBiB]0/[CuBr2]0/[Me6TREN]0 = 300/16/1/0.03/0.18 at room temperature, [tBA]0 = 4.6 M in 
DMF, feed rate of BBA = 0.8 equiv./h, photoreactor 1 (PR1) (Table 1, entry 10). To a Schlenk flask equipped 
with a magnetic stir bar, tBA (3.84 g, 30 mmol), DMF (2.0 mL), CuBr2/DMF solution (25 µL, 0.003 mmol), 
Me6TREN (4.8 µL, 0.018 mmol), EBiB (14.7 µL, 0.1 mmol) and propylene carbonate (100 µL, as internal 
standard to determine conversion by NMR) were added. The mixture was sparged with N2 for 20 minutes 
at 0 °C, and then placed into PR1. Under a stir rate of 500 rpm, the LED light was turned on to initiate the 
polymerization. One hour after initiation, BBA/DMF solution (0.8 M, 2.0 mL) was injected into the flask using 
a degassed syringe with a syringe pump at a rate of 100 µL/h under N2 protection. Aliquots were taken 
using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymerization lasted for 31 hours 
in total and was quenched by being exposed to air. 
 
Copolymerization of MMA and BBA via photo-ATRP:  
An example of photoinitiated ATRP is provided with the following conditions: 
[MMA]0/[BBA]0/[EBPA]0/[CuBr2]0/[TPMA]0 = 300/7/1/0.03/0.18 at room temperature, [MMA]0 = 4.2 M in DMF, 
photoreactor 2 (PR2) (Table 1, entry 11). To a Schlenk flask equipped with a magnetic stir bar, MMA (3.01 
g, 30 mmol), BBA/DMF solution (12.5 wt%, 1.32 g, 0.8 mmol), DMF (2.0 mL), CuBr2/DMF solution (25 µL, 
0.003 mmol), TPMA (5.2 mg, 0.018 mmol), EBPA (17.5 µL, 0.1 mmol) and propylene carbonate (100 µL, 
as internal standard to determine conversion by NMR) were added. The mixture was sparged with N2 for 
20 minutes at 0 °C, and then placed into PR2. Under a stir rate of 500 rpm, the LED light was turned on to 
initiate the polymerization. Aliquots were taken using degassed syringes under N2 flow for 1H NMR and 
GPC tests. The polymerization lasted for 24 hours in total and was quenched by being exposed to air. 
 
Copolymerization of AN and BBA via photo-ATRP:  
An example of photoinitiated ATRP is provided with the following conditions: 
[AN]0/[BBA]total/[EBPA]0/[CuBr2]0/[Me6TREN]0 = 300/8/1/0.03/0.18 at room temperature, [AN]0 = 7.2 M in 
DMSO, feed rate of BBA = 0.8 equiv./h, photoreactor 1 (PR1) (Table 1, entry 13). To a Schlenk flask 
equipped with a magnetic stir bar, AN (1.59 g, 30 mmol), DMSO (2.0 mL), CuBr2/DMF solution (25 µL, 
0.003 mmol), Me6TREN (4.8 µL, 0.018 mmol), EBPA (17.5 µL, 0.1 mmol) and propylene carbonate (100 
µL, as internal standard to determine conversion by NMR) were added. The mixture was sparged with N2 
for 20 minutes at 0 °C, and then placed into PR1. Under a stir rate of 500 rpm, the LED light was turned on 
to initiate the polymerization. One hour after initiation, BBA/DMF solution (0.8 M, 1.0 mL) was injected into 
the flask using a degassed syringe with a syringe pump at a rate of 100 µL/h under N2 protection. Aliquots 
were taken using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymerization lasted 
for 24 hours in total and was quenched by being exposed to air. The resulting polymers were purified by 
passing through a neutral alumina column followed by precipitation into MeOH/H2O (1/1, v/v). 
 
Copolymerization of DMAA and BCA via Cu0-mediated ATRP:  
An example of SARA ATRP is provided with the following conditions: 
[DMAA]0/[BCA]total/[MeClPr]0/[CuCl2]0/[Me6TREN]0 = 500/4/1/0.75/1.5 at room temperature, [DMAA]0 = 6.8 
M in DMSO, feed rate of BBA = 0.4 equiv./h (Table 2, entry 2). To a Schlenk flask equipped with a magnetic 
stir bar, DMAA (5.2 mL, 50 mmol), DMSO (2.0 mL), CuCl2/DMF solution (0.2 mL, 0.075 mmol), Me6TREN 
(40 µL, 0.15 mmol), and MeClPr (10.8 µL, 0.1 mmol) were added. The mixture was sparged with N2 for 20 
minutes at 0 °C. Under N2 protection, a Cu wire (d = 1 mm, l = 0.3 cm) was added to initiate the 
polymerization. Two hours after initiation, BCA/anisole/DMSO solution (0.8 M, 0.5 mL) was injected into the 
flask using a degassed syringe with a syringe pump at a rate of 50 µL/h under N2 protection. Aliquots were 
taken using degassed syringes under N2 flow for 1H NMR and GPC tests. The polymerization lasted for 34 
hours in total and was quenched by being exposed to air. The resulting polymers were purified by passing 
through a neutral alumina column followed by dialysis with MWCO of 1 kDa against MeOH for 2 days. 
 
Copolymerization of NIPAM and BCA via Cu0-mediated ATRP:  



An example of SARA ATRP is provided with the following conditions: 
[NIPAM]0/[BCA]total/[MeClPr]0/[CuCl2]0/[Me6TREN]0 = 500/4/1/0.75/1.5 at room temperature, [NIPAM]0 = 6.1 
M in DMSO, feed rate of BBA = 0.2 equiv./h (Table 2, entry 5). To a Schlenk flask equipped with a magnetic 
stir bar, NIPAM (5.66 g, 50 mmol), DMSO (8.0 mL), CuCl2/DMF solution (0.2 mL, 0.075 mmol), and 
Me6TREN (40 µL, 0.15 mmol) were added. The mixture was sparged with N2 for 20 minutes at room 
temperature. Under N2 protection, MeClPr (10.8 µL, 0.1 mmol) and a Cu wire (d = 1 mm, l = 0.3 cm) was 
added to initiate the polymerization. Two hours after initiation, BCA/anisole/DMSO solution (0.8 M, 0.5 mL) 
was injected into the flask using a degassed syringe with a syringe pump at a rate of 25 µL/h under N2 
protection. Aliquots were taken using degassed syringes under N2 flow for 1H NMR and GPC tests. The 
polymerization lasted for 34 hours and was quenched by being exposed to air.  
 
Synthesis of linear P(NIPAM-r-BCA): 
To exclude the effect of BCA incorporation in the thermo-responsive behavior of PNIPAM, a linear random 
copolymer from NIPAM and BCA with the same ratio as that of the branched PNIPAM was synthesized for 
LCST comparison. Condition: [NIPAM]0/[BCA]0/[AIBN]0 = 100/3/1 at 70 °C, [NIPAM]0 = 2.5 M in methanol. 
NIPAM (565.8 mg, 5.0 mmol), BCA (24.4 mg, 0.15 mmol), and 2,2'-azobis(2-methylpropionitrile) (AIBN) 
(8.2 mg, 0.05 mmol) were dissolved in methanol (2.0 mL) and degassed with N2 for 10 minutes. The reaction 
was immersed into an oil bath at 70 °C and reacted for 20 hours. The reaction was then cooled down and 
quenched by being exposed to air. Complete conversion was achieved for both monomers. 
  



3. Confirmation of the deactivation of the Br-containing carbon-centered free radical (Scheme 1, A2) 
 
The crude 13C NMR results taken from different deactivation experiments are summarized in Figure S1. 

 
Figure S1. 13C NMR spectra of deactivation reactions (in CDCl3). [V-70]0 = 0.01 M in DMF, T = room 
temperature. (a) [V-70]0/[CuBr2]0/[bpy]0/[BBA]0 = 1/40/80/0. CuBr2 was added at the beginning and the 
reaction lasted for 5 hours. (b) [V-70]0/[CuBr2]0/[bpy]0/[BBA]0 = 1/0/0/10. No CuBr2 was added, and the 
reaction lasted for 5 hours. (c) [V-70]0/[CuBr2]0/[bpy]0/[BBA]0 = 1/40/80/10. CuBr2 was added after 8 hours 
of polymerization. (d) [V-70]0/[CuBr2]0/[bpy]0/[BBA]0 = 1/40/80/10. CuBr2 was added after 3 hours of 
polymerization.  
 
When BBA was absent, CuBr2/bpy deactivated the radicals generated from V-70 decomposition, resulting 
in 2-bromonitrile product with tertiary C signal at d 52.84 ppm (Figure S1a). When CuBr2/bpy deactivator 
was absent, the free radical polymerization of BBA involved the radical termination. One of the 
disproportionation products, 2-bromocarboxylate ester, showed the corresponding C signal at d 53.56 ppm 
(Figure S1b). When CuBr2/bpy deactivator was added a long period after the initiation, most chain ends still 
underwent radical termination, resulting in the same result as that with no deactivators (Figure S1c). When 
CuBr2/bpy deactivator was added after a relatively short time of the initiation and before most propagating 
chains terminated, the deactivation product, 2,2-dibromocarboxylate ester, was observed in the 13C NMR 
with the signal at d 55.36 ppm (Figure S1d). 
  



4. Activation of gem-dibromo-species EDBP 
 
Scheme S4. Activation of EDBP in the presence of trapping agents 

 
[EDBP]0/[CuBr]0/[PMDETA]0/[trapping agent]0 = 1/2/2/5 at room temperature, [EDBP]0 = 0.01 M in MeCN. 
To a Schleck flask equipped with a magnetic stir bar, EDBP (13.0 mg, 0.05 mmol), PMDETA (17.3 mg, 
0.10 mmol), trapping agent (0.25 mmol), and MeCN (2.0 mL) were added. The mixture was degassed with 
freeze-pump-thaw for three cycles. Under N2 protection, CuBr (14.3 mg, 0.10 mmol) was added. After 10 
min of reaction, crude samples were withdrawn for GC-MS analysis. 
Trapping agents: radical trap – TEMPO; carbene trap – benzyl alcohol, 2,3-dimethyl-2-butene. 

 
Figure S2. GC-MS profiles of EDBP activation in the presence of different trapping agents. 
 
When no additional agent was added, the crude mixture showed signals for the disproportionation 
termination products of the bromoradical species.  
When radical trap was added, the resulting mixture was significantly different from that where nothing was 
added. The disappearance of the disproportionation termination products demonstrated the successful 
trapping when one C–Br bond was activated in EDBP. The molecule after trapping was not observed in 
GC-MS probably due to the instability of that structure under instrument condition. 
When carbene trap was added, the resulting mixture was almost identical to that where nothing was added. 
Therefore, we reject the possibility that a carbene species forms from the dibromo end when both C–Br 
bonds were cleaved.  
  



5. Simulations 
 
(i) Estimation of ka and KATRP 
The activation rate coefficient ka can be calculated from the activation free energy ( ). can be 
related to the R–X bond dissociation energy (BDE) and the Cu–X halogenophilicity ( ) by the two-
parameter equation:2 

              (Eq S1) 
The ATRP equilibrium constant KATRP can be calculated based on the fundamental thermodynamic 
relation:3 

               (Eq S2) 
where KBH and KHalo are directly related to BDE and  respectively. 
  

G¹D G¹D
(Cu, X )E ×

predicted 0.56 BDE(R X) 0.39 (Cu, X ) 4.8G E¹D = ´ - + ´ × +

ATRP BH HaloK K K=
(Cu, X )E ×



(ii) Estimation of kt,intra 
 
Intra-chain termination rate coefficient kt,intra was estimated by fitting the experimental data with EBBiB as 
initiator to the simulation results.  
Scheme S5. ATRP of nBA with different initiators 

 
Table S1. ATRP of nBA with different initiators (Scheme S5). 

Entry Initiator n (I) 
(mmol) 

Time 
(h) 

Conversion 
(%) 

Mn,theo 
(kDa) 

Mn,GPC 
(kDa) Ð 

1 EBiB 0.1 45 22.5 6.0 6.1 1.09 
2 EBBiB 0.05 45 18.6 9.9 11.5 1.10 
3 EDBP 0.05 45 14.0 7.4 10.9 1.10 

 
Figure S3. Conversion vs polymerization time of ATRP of nBA with different initiators (Table S1).  
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Table S2. Kinetic model and rate coefficients for conventional ATRP of nBA with EBBiB as initiator. [a] 
Reaction Rate coefficient 

 [b] 

 [c] 

 [d] 

 [e] 

 [d] 

 [e] 

 [f] 

 [f] 

 [f] 
[a] Conditions: [nBA]0/[EBBiB]0/[CuBr]0/[CuBr2]0/[PMDETA]0 = 200/1/0.6/0.4/1.05. [nBA]0 = 4.0 M in MeCN. 
T = 60 °C. 
[b] kadd: the rate coefficient for addition of radicals from EBiB (the same structure as C–Br of EBBiB) to nBA. 
Values are calculated at 60 °C from the frequency factor and activation energy taken from literature.4,5  
[c] kp: the propagation rate coefficient of nBA taken from literature.6 
[d] kact0, kact: the activation coefficients of EBiB and methyl 2-bromopropionate (MBrP) (the same structure 
as Br chain end of poly(n-butyl acrylate) (PnBA)) for ATRP. The systems were first measured at various 
temperatures and extrapolated to 60 °C according to Arrhenius equation.7 
[e] kdeact0, kdeact: the deactivation coefficients of EBiB and PnBA chain end calculated from ATRP equilibrium 
constant (KATRP)8 and kact. Values for KATRP for several structural similar Cu catalyst/alkyl halide 
combinations were previously observed to increase by a factor of 1.5 from room temperature to 60 °C.9 
Values for KATRP for PnBA chain end was estimated by the linear fit of the experimental data using EBiB as 
initiator (Table S1, entry 1, see the calculation below). 
[f] kt0,intra, kt1,intra, kt,intra: the termination rate coefficients involving intrachain termination for small molecule 
radicals, between a small molecule and a polymeric radical, and for polymeric radicals, respectively. Values 
were varied to fit the experimental data when using EBBiB as initiator. 
  

addR M P(1)k×+ ¾¾® × 3 1 1
add 1.947 10  M sk - -= ´

pP( ) M P( 1)kn n×+ ¾¾® + ×
4 1 1

p 3.37 10  M sk - -= ´

act0
2RX CuX/L R  CuX /Lk+ ¾¾¾® ×+ 1 1

act0 8.3 M sk - -=
deact0

2R  CuX /L RX CuX/Lk×+ ¾¾¾® + 7 1 1
deact0 7.5 10  M sk - -= ´

act
2PX( ) CuX/L P( )  CuX /Lkn n+ ¾¾® ×+ 1 1

act 1.02 M sk - -=
deact

2P( )  CuX /L PX( ) CuX/Lkn n×+ ¾¾¾® + 8 1 1
deact 7.7 10  M sk - -= ´

t0,intraR R D0k×+ ×¾¾¾® t0,intrak
t1,intraR P( ) D( )kn n×+ × ¾¾¾® t1,intrak
t,intraP( ) P( ) D( )kn m n m×+ ×¾¾¾® + t,intrak



Fitting the kinetic data of the early-stage polymerization in Table S1, entry 1 can estimate KATRP of PnBA 
chain end (Figure S4). 

 
Figure S4. Linear fit of the kinetic data of ATRP of nBA (Table S1, entry 1).  
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Finding kt,intra:  

When ,the early stage of the polymerization fit the simulation results 
(Figure S5). Later stage of the polymerization was not taken into consideration due to the distance-related 
intrachain reaction. 

 
Figure S5. Comparison of simulation and experiment results for conventional ATRP of nBA using EBBiB 
as initiator (Table S1, entry 2).  
Considering that the concentration of R・ and P(n)・are at the same level for both intermolecular and 
intramolecular terminations, we conclude that the intrachain termination is 4 orders of magnitude faster 
than interchain termination, where kt,inter ~ 10-8 M-1s-1.10 
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(iii) Kinetic simulation of copolymerization of nBA and BBA via ATRP with or without reducing 
power  
 
Table S3. Kinetic model and rate coefficients for copolymerization of nBA and BBA. [a] 

Reaction Rate coefficient 

 [b] 

 [b] 

 [b] 

 [b] 

 [c] 

 [d] 

  [c] 

 [d] 

 [e] 

 [f] 

 [e] 

 [f] 

 [e] 

 [f] 

 [e] 

 [f] 

 [g] 

 [g] 

 [i] 

 [h] 

 [i] 

 [h] 

 [i] 

 [i] 

add1R M1 P1(1)k×+ ¾¾¾® × 4 1 1
add1 4.02 10  M sk - -= ´

add2R M2 P2X(1)k×+ ¾¾¾® × 5 1 1
add2 1.38 10  M sk - -= ´

add1 'Q M1 P1(1)k×+ ¾¾¾® × 3 1 1
add1 1.95 10  M sk ' - -= ´

add2 'Q M2 P2X(1)k×+ ¾¾¾® × 3 1 1
add2 5.91 10  M sk ' - -= ´

p11P1( ) M1 P1( 1)kn n×+ ¾¾® + ×
4 1 1

p11 3.37 10  M sk - -= ´

p12P1( ) M2 P2X( 1)kn n×+ ¾¾® + × p12 p11 1 1/ , 0.24k k r r= =

p21P2X( ) M1 P1( 1) QXkn n×+ ¾¾® + ×+ p21 p22 2 2/ , 9.77k k r r= =

p22P2X( ) M2 P2X( 1) QXkn n×+ ¾¾® + ×+
3 1 1

p22 1.0 10  M sk - -= ´

act0
2RX CuX/L R  CuX /Lk+ ¾¾¾® ×+ 1 1

act0 1.02 M sk - -=
deact0

2R  CuX /L RX CuX/Lk×+ ¾¾¾® + 8 1 1
deact0 1.7 10  M sk - -= ´

act1
2P1X( ) CuX/L P1( )  CuX /Lkn n+ ¾¾® ×+ 1 1

act1 1.02 M sk - -=
deact1

2P1( )  CuX /L P1X( ) CuX/Lkn n×+ ¾¾¾® + 8 1 1
deact1 7.7 10  M sk - -= ´

act2
2P2X2( ) CuX/L P2X( )  CuX /Lkn n+ ¾¾¾® ×+ 1 1

act2 8.34 M sk - -=
deact2

2P2X( )  CuX /L P2X2( ) CuX/Lkn n×+ ¾¾¾® + 7 1 1
deact2 9.5 10  M sk - -= ´

act3
2QX CuX/L Q  CuX /Lk+ ¾¾¾® ×+ 1 1

act3 8.3 M sk - -=
deact3

2Q  CuX /L QX CuX/Lk×+ ¾¾¾® + 7 1 1
deact3 7.5 10  M sk - -= ´

t0R R D0k×+ ×¾¾®
9 1 1

t0 2.5 10  M sk - -= ´

t0R Q D0k×+ ×¾¾® 9 1 1
t0 2.5 10  M sk - -= ´

t0 'Q Q D0k×+ ×¾¾® 12 1 1
t0 2 10  M sk ' - -= ´

t1R P1( ) D( )kn n×+ ×¾¾® 8 1 1
t1 5 10  M sk - -= ´

t1 'Q P1( ) D( )kn n×+ ×¾¾® 12 1 1
t1 2 10  M sk ' - -= ´

t2R P2X( ) D( ) QXkn n×+ ×¾¾® + 8 1 1
t2 5 10  M sk - -= ´

t2 'Q P2X( ) D( ) QXkn n×+ ×¾¾® + 12 1 1
t2 2 10  M sk ' - -= ´

t11P1( ) P1( ) D( )kn m n m×+ ×¾¾® + 12 1 1
t11 2 10  M sk - -= ´



 [i] 

 [i] 

 [j] 
[a] Conditions: [nBA]0/[BBA]total/[EBP]0/[CuBr]0/[CuBr2]0/[PMDETA]0 = 300/30/1/0.9/0.2/1.1. [nBA]0 = 4.75 M 
in MeCN. T = 60 °C. Polymerization lasted for 30 hours. BBA was either added one-pot or slowly fed at a 
rate of 1.5 equiv./h as a solution with [BBA] = 2.0 M from the beginning of the polymerization. M1 = nBA, 
M2 = BBA. QX = additional initiating points on the backbone originated from the incorporated BBA. 
[b] kadd1, kadd2, kadd1', kadd2': the rate coefficients for addition of radicals from MBrP to nBA, MBrP to MMA 
(similar structure as BBA), EBiB (similar structure as C–Br on the main chain introduced by BBA) to nBA, 
EBiB to MMA, respectively. Values are calculated at 60 °C from the frequency factor and activation energy 
taken from literature.4,5 
[c] kp11, kp22: the propagation rate coefficients of nBA and BBA, respectively. kp11 was taken from literature.6 
kp22 was estimated by fitting the results of free radical polymerization of BBA using 2,2'-
azobisisobutyronitrile (AIBN) as initiator at 60 °C and numeric simulation. 
[d] r1, r2: the reactivity ratios of nBA (M1) and BBA (M2) was taken from literature.11 
[e] kact0, kact1, kact2, kact3: the activation coefficients of EBP, MBrP (the same structure as Br chain end of 
PnBA), BPN (similar bond dissociation energy as EDBP), and EBiB (similar structure as C–Br on the main 
chain) for ATRP, respectively. The systems were first measured at various temperatures and extrapolated 
to 60 °C according to Arrhenius equation.7,12 
[f] kdeact0, kdeact1, kdeact2, kdeact3: the deactivation coefficients of EBP, MBrP, BPN, and EBiB, respectively, 
calculated from KATRP8 and kact.  
[g] kt0: the termination rate coefficient for small molecule radicals NOT involving intrachain reactions.13  
[h] kt1, kt2: the termination rate coefficient between a small molecule and a polymeric radical not involving 
intrachain reactions.10 
[i] kt0', kt1', kt2', kt11, kt12, kt22: the termination rate coefficients involving intrachain termination for small 
molecule radicals, between a small molecule and a polymeric radical, and for polymeric radicals. 
[j] kred: the reduction rate coefficient for CuX2/L. 
 

t12P1( ) P2X( ) D( ) QXkn m n m×+ ×¾¾® + + 12 1 1
t12 2 10  M sk - -= ´

t22P2X( ) P2X( ) D( ) 2QXkn m n m×+ ×¾¾® + + 12 1 1
t22 2 10  M sk - -= ´

red
2CuX /L CuX/Lk¾¾® redk



 
Figure S6. Kinetic simulation of the copolymerization of nBA and BBA in one-pot (Figure 1A, one-pot). (a) 
nBA conversion vs polymerization time. (b) BBA conversion vs polymerization time. (c) activator amount vs 
polymerization time. (d) radical amount vs polymerization time.  
  



6. Copolymerization of nBA and BBA via eATRP  
 
In a three-electrode setup with a working electrode (WE) of Pt mesh, the semi-batch eATRP of nBA and 
BBA was conducted under an applied potential (Eapp) with EBiB as the initiator and Me6TREN as the ligand 
(Table S4). When 0.04 equiv. of Cu species with respect to the initiator (100 ppm with respect to nBA) was 
introduced into the system, only 16% of nBA and 29% of BBA were consumed (Table S4, entry 1). Gelation 
occurred and spread from the WE to the entire reaction solution, accompanied with the current decay 
(Figure S7). Hence, the limited accessibility of the gel-embedded WE accounted for the low monomer 
conversion. A higher Cu concentration was then employed for a more effective activation/deactivation 
process (Table S4, entry 2–4). By increasing the Cu concentration, a higher conversion and a lower Ð were 
achieved, with suppressed gelation. The current increased first with BBA addition and started to drop when 
the gelation occurred (Figure S8). The initial increase in current indicated an elevated rate of charge transfer 
to supply the reduction of CuIIX/L before a steady state was established between the reduction and radical 
termination. Although utilizing eATRP provided a direct inspection of the CuIIX/L reduction, the mass-
transfer limitation of the regenerated activator in such a heterogenous system severely impeded the electro-
reduction.  
  



Table S4. Copolymerization of BBA and nBA via eATRP.[a] 

Entry [M]/[BBA]/[I]/[CuBr2] Eapp[b] 
(mV) 

Time 
(h) 

Feed 
Rate[c] 
(eq./h) 

Conversion 
(nBA/BBA) 

(%) 

Mn,theo 
(kDa) 

Mn,GPC 
(kDa) Ð Sn 

1 400/8/1/0.04 E1/2 + 80 8 1.6 16/29 8.6 5.5 1.30 11.1 
2 400/8/1/0.1 E1/2 + 80 8 1.6 20/40 11.0 9.5 1.20 10.8 
3 400/8/1/0.2 E1/2 + 80 8 1.6 23/50 12.7 9.6 1.16 10.2 
4 400/8/1/0.4 E1/2 + 80 8 1.6 17/59 9.8 10.6 1.16 6.5 

5 400/8/1/0.4 
E1/2 + 80 
to E1/2 + 
59[d] 

8 1.6 24/56 13.2 10.0 1.16 9.5 

6 400/8/1/0.4 
E1/2 + 80 
to E1/2 + 
45[e] 

8 1.6 20/60 11.6 9.3 1.14 7.7 

7 400/16/1/0.4 
E1/2 + 80 
to E1/2 + 
59[d] 

8 3.2 17/36 9.9 6.8 1.15 5.4 

8 400/24/1/0.4 
E1/2 + 80 
to E1/2 + 
59[d] 

8 4.8 13/38 8.8 6.0 1.20 2.8 

[a] Conditions: [nBA]0 = 4.4 M in DMF at room temperature. [CuBr2]0/ [Me6TREN]0 = 1/1.1, [TBAClO4]0 = 
0.1 M, T = 40 °C. [b] Values with respect to the reference electrode. [c] Slow feeding started after one hour 
of polymerization. [d] Applied potential started to decrease at the rate of 3 mV/h after an hour of 
polymerization. [e] Applied potential started to decrease at the rate of 5 mV/h after an hour of polymerization. 
  



II. Supplemental Figures 
 

 
Figure S7. Current vs polymerization time in eATRP of nBA and BBA (Table S4, entry 1).  

 
Figure S8. Current vs polymerization time in eATRP of nBA and BBA (Table S4, entry 3).  
 

 
Figure S9. Current vs polymerization time in eATRP of nBA and BBA (Table S4, entry 5).  
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Figure S10. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 1). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S11. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 2). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S12. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 3). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 



 
Figure S13. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 4). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S14. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 5). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S15. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 6). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 



 
Figure S16. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 7). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S17. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 8). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S18. Copolymerization of nBA and BBA via photo-ATRP (Table 1, entry 9). (a) Monomer conversion 
vs polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 



 
Figure S19. Copolymerization of tBA and BBA via photo-ATRP (Table 1, entry 10). (a) Monomer conversion 
vs polymerization time. (b) Mn vs tBA conversion. (c) GPC traces. 
 

 
Figure S20. Copolymerization of MMA and BBA via photo-ATRP (Table 1, entry 11). (a) Monomer 
conversion vs polymerization time. (b) Mn vs MMA conversion. (c) GPC traces. 
 

 
Figure S21. Copolymerization of AN and BBA via photo-ATRP (Table 1, entry 12). (a) Monomer conversion 
vs polymerization time. (b) Mn vs AN conversion. (c) GPC traces. 
 



 
Figure S22. Copolymerization of AN and BBA via photo-ATRP (Table 1, entry 13). (a) Monomer conversion 
vs polymerization time. (b) Mn vs AN conversion. (c) GPC traces. 
 

 
Figure S23. Copolymerization of AN and BBA via photo-ATRP (Table 1, entry 14). (a) Monomer conversion 
vs polymerization time. (b) Mn vs AN conversion. (c) GPC traces. 
 

 
Figure S24. polymerization of DMAA via Cu0-mediated ATRP (Table 2, entry 1). (a) Monomer conversion 
vs polymerization time. (b) Mn vs DMAA conversion. (c) GPC traces. 
 



 
Figure S25. Copolymerization of DMAA and BCA via Cu0-mediated ATRP (Table 2, entry 2). (a) Monomer 
conversion vs polymerization time. (b) Mn vs DMAA conversion. (c) GPC traces. 
 

 
Figure S26. Copolymerization of DMAA and BCA via Cu0-mediated ATRP (Table 2, entry 3). (a) Monomer 
conversion vs polymerization time. (b) Mn vs DMAA conversion. (c) GPC traces. 
 

 
Figure S27. Copolymerization of DMAA and BCA via Cu0-mediated ATRP (Table 2, entry 4). (a) Monomer 
conversion vs polymerization time. (b) Mn vs DMAA conversion. (c) GPC traces. 
 



 
Figure S28. Copolymerization of NIPAM and BCA via Cu0-mediated ATRP (Table 2, entry 5). (a) Monomer 
conversion vs polymerization time. (b) Mn vs NIPAM conversion. (c) GPC traces. 
 

 
Figure S29. Copolymerization of nBA and BBA via eATRP (Table S4, entry 1). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S30. Copolymerization of nBA and BBA via eATRP (Table S4, entry 2). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 



 
Figure S31. Copolymerization of nBA and BBA via eATRP (Table S4, entry 3). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S32. Copolymerization of nBA and BBA via eATRP (Table S4, entry 4). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S33. Copolymerization of nBA and BBA via eATRP (Table S4, entry 5). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 



 
Figure S34. Copolymerization of nBA and BBA via eATRP (Table S4, entry 6). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S35. Copolymerization of nBA and BBA via eATRP (Table S4, entry 7). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
 

 
Figure S36. Copolymerization of nBA and BBA via eATRP (Table S4, entry 8). (a) Monomer conversion vs 
polymerization time. (b) Mn vs nBA conversion. (c) GPC traces. 
  



 
Figure S37. 1H NMR spectrum of EDBP (in CDCl3). 
 

 
Figure S38. 13C NMR spectrum of EDBP (in CDCl3). 
 



 
Figure S39. 1H NMR spectrum of BCA in anisole (in CDCl3). 
  



 
Figure S40. 13C NMR spectrum of linear PnBA initiated by EDBP (in CDCl3). Insert: DEPT spectrum. 
 
  



 

 
Figure S41. 1H NMR spectrum of branched PAN (Table 1, entry 14) (in DMSO-d6). 
  



 

 
Figure S42. 1H NMR spectrum of branched PDMAA (Table 2, entry 2) (in D2O). 
 

 
Figure S43. 13C NMR spectrum of branched PDMAA (Table 2, entry 2) (in D2O). 
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