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A B S T R A C T

Polyolefins (POs) are key materials in industrial applications, and the development of high-performance and 
high-value-added POs is always a significant and challenging research focus. The major challenge lies in 
addressing compatibility between non-polar POs and polar functional components. We herein reported a facile 
strategy to prepare PO-based nano-objects using an activator regenerated by electron transfer atom transfer 
radical polymerization mediated polymerization-induced self-assembly (ARGET ATRP PISA) process based on 
hydrogenated polyisoprene-b-poly (glycidyl methacrylate) (HPI-b-PGMA)/poly (glycidyl methacrylate) (PGMA) 
blends. The dynamic light scattering (DLS) and transmission electron microscopy (TEM) revealed effective 
control over a wide range of hydrodynamic diameters of stabilized spherical nano-objects. The thermogravi
metric analysis (TGA) and microscale combustion calorimetry (MCC) demonstrated the efficient and controllable 
introduction of phosphoric acid (H3PO4) into nano-objects, with POs serving as the shell and flame retardants 
forming the core. This work was hoped to provide a versatile route to PO-based nano-objects and open a novel 
avenue for designing PO-based additives.

1. Introduction

Polyolefins (POs), including crystallizable polyethylene (PE), poly
propylene (PP), and non-crystallizable polyolefin elastomer (POE), 
ethylene propylene diene monomer (EPDM) rubber, ethylene–vinyl ac
etate (EVA) copolymer, etc., have attracted significant attention due to 
their excellent mechanical properties, chemical stability, ease of pro
cessing, availability of raw materials, cost-effectiveness, and diverse 
applications [1,2]. However, the growing demand for advanced mate
rials has posed significant challenges in the POs industry, particularly in 
functionalized POs. For example, the inherently low miscibility between 
POs and polar additives (such as antioxidants, flame retardants, photo- 
stabilizers, etc.) consistently hinders property enhancement. Specif
ically, during the processing, storage, and application, the polar addi
tives tend to migrate out of the PO matrix, leading to material 
degradation [3,4,5].

To address these issues, the researchers have attempted to introduce 
the polar functional groups into PO chains through post-polymerization 
modification, and to impart new functionalities while preserving their 
inherent excellent properties [6]. For example, Bunescu et al. used meta- 
chloroperbenzoic acid to hydroxylate PE, thereby producing polymers 

suitable for graft copolymer preparation [7]. Gao et al. realized the 
copolymerization of ethylene with polar comonomers containing phos
phorus, silicon, and boron using a phosphorus-sulfonate palladium 
catalyst [8]. Zou et al. developed an efficient method to produce polar- 
functionalized, cross-linkable, self-healing, and photo-responsive POs 
with thermoplastic, elastomeric, and thermosetting properties by 
incorporating tunable carboxylic acids and cyclic comonomers through 
palladium-catalyzed ternary polymerization of ethylene, ethylidene 
norbornene (ENB) and methyl 10-undecenoate [9]. These copolymers 
can be directly used in some advanced applications or serve as compa
tibilizers for PO blends [6]. However, due to the chemical inertness and 
low surface energy of POs, as well as the expensive catalyst, effectively 
incorporating polar units into the copolymer chain remains a critical 
challenge in the development of functional POs [10]. Additionally, the 
applications of functionalized POs are still limited in certain areas.

Alternatively, the PO segments can be immobilized onto the pe
riphery of nano-objects, which serve as additives in the PO industry. The 
PO-based nano-objects could significantly enhance compatibility by 
optimizing interactions between PO and functional additive components 
at the nanoscale, thereby improving the overall material performance. 
Over the past two decades, the advancements in “living”/controlled 
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polymerization mechanisms, including reversible addition- 
fragmentation chain transfer (RAFT) polymerization [11,12], 
nitroxide-mediated radical polymerization (NMRP) [13,14], atom 
transfer radical polymerization (ATRP) [15], living anionic polymeri
zation (LAP) [16,17] and ring-opening metathesis polymerization 
(ROMP) [18,19], have accelerated extensive research on self-assembly 
technique. The self-assembly systems in solution have evolved from a 
traditional dilute solution system (<1.0 % w/w) to a high solid content 
(up to 50 % w/w) polymerization-induced self-assembly (PISA) system. 
Typically, the PISA approach employed a solvophilic polymer as the 
stabilizer, inducing the formation of block copolymer and in-situ self- 
assembly process during the polymerization of the second monomer 
[20,21]. Additionally, by exploring unique polymer–solvent in
teractions, the derived approaches such as polymerization-induced 
cooperative assembly (PICA), polymerization-induced chiral self- 
assembly (PICSA), and polymerization-induced interfacial self- 
assembly (PIISA), etc., have also emerged [22]. For example, Zhu et al. 
proposed a PICA system, which involves the simultaneous use of a sol
vophilic macromolecular chain transfer agent (macro-CTA) and a small- 
molecular CTA in the PISA process to form colloidally stable nano- 
objects composed of well-defined block copolymer and homopolymer 
[23]. Such a PICA process effectively accelerated the morphological 

transitions toward higher-order morphologies [24,25] and was highly 
effective in tuning the size of spheres [24]. Generally, in PISA or the 
derived approaches, the final morphologies are primarily dictated by the 
employed blocks and solvents, as expressed by the packing parameter P 
= v/a0lc (v, a0, and lc represent the volume of core-forming block, the 
interfacial area, and the length of core-forming block, respectively) 
[20,26]. Thus, the self-assembly offers a promising approach for pre
paring nano-objects, significantly advancing their applications [27,28]. 
However, up to now, most PISA systems focus on poly[(methyl)acry
late], polystyrenes, polylactones, and polycycloolefins [15,19,20], and 
limited systems on POs were reported. For example, D’Agosto et al. have 
ever synthesized the poly(ethylene oxide)-b-poly(ethylene) (PEO-b-PE) 
based nano-objects using RAFT PISA approach [29]. Using the coordi
native chain-transfer polymerization, they also prepared the poly 
(ethylene-co-butadiene)-b-poly(ethylene) based nano-objects [30]. In 
these two cases, the crystallization-driven self-assembly (CDSA) mech
anism [31,32,33,34] was indeed involved and the crystallizable PE was 
designed as the core. In fact, the crystallizable PE or PP based POs were 
always constrained by the complex stereoregular structures and chal
lenging dissolution behaviors, as well as the difficulty in synthesizing 
copolymers with PO segment-containing topologies. Alternatively, using 
the non-crystallizable POs as the stabilizer, Armes et al. reported the first 

Scheme 1. The synthetic procedure for HPI-b-PGMA/PGMA based nano-objects via ARGET ATRP PISA and H3PO4@(HPI-b-PGMA/PGMA) based nano-objects via 
ring-opening reaction.
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example of the hydrogenated polybutadiene-b-poly(benzyl methacry
late) (PhBD-b-PBZMA) based nano-objects via RAFT PISA, achieving the 
spherical, worm-like, and vesicular micelles under high concentrations 
up to 40–45 % w/w in non-polar media [35]. Nevertheless, the extensive 
preparation of PO-based nano-objects and exploration on their appli
cations are still urgent.

Inspired by the potential applications of PO-based nano-objects and 
the present research progress, herein, we designed some hydrogenated 
polyisoprene-b-poly(glycidyl methacrylate) (HPI-b-PGMA) based and 
HPI-b-PGMA/PGMA based nano-objects via activator regenerated by 
electron transfer atom transfer radical polymerization-mediated poly
merization-induced self-assembly (ARGET ATRP PISA) process (Scheme 
1). Specifically, the process started with the LAP of isoprene (Is) initiated 
by sec-butyllithium (s-Bu-Li+), followed by termination with 1,2-epoxy
propane and complete hydrogenation using 4-methylbenzenesulfonhy
drazide (TSH) agent, and the preparation of ATRP macroinitiator HPI- 
Br through esterification with 2-bromo-isobutyryl bromide (BiBB). 
Subsequently, the HPI-Br and ethyl 2-bromoisobutyrate (EBiB) syner
gistically initiated the polymerization of glycidyl methacrylate (GMA) in 
cyclohexane to achieve ARGET ATRP PISA process. Notably, the stan
nous octoate (SnOct2) acted both as a catalyst in ARGET ATRP process 
and ring-opening process of oxirane groups, which facilitated the in-situ 
crosslinking and stabilization of nano-objects [36]. The hydrodynamic 
diameter of the nano-objects was modulated by adjusting the molar ratio 
of [EBiB]0/[HPI-Br]0 and the degree of polymerization of PGMA 
(DPPGMA). Furthermore, the PGMA core in nano-objects was modified 
with phosphoric acid (H3PO4), proposing the potential application in 
enhancing the flame resistance of non-crystallizable PO-based materials.

2. Experimental

2.1. Materials and characterization

Isoprene (Is, 99 %, TCI) and 1,2-epoxypropane (99 %, TCI) were 
dried over CaH2, distilled and stored in a refrigerator below 4 ℃. 
Cyclohexane (99 %, Adamas) was dried over CaH2 and distilled prior to 
use. Dichloromethane (DCM, ≥99.5 %, Tansoole) was dried over CaH2, 
distilled and stored in a refrigerator below 4 ℃. Glycidyl methacrylate 
(GMA, 99 %, Adamas) was purified by aluminium (III) oxide (alkaline 
200–300 mesh, Tansoole). s-Butyllithium (s-Bu-Li+, 1.3 M in n-hexane, 
Aladdin), n-butyllithium (n-Bu-Li+, 1.6 M in n-hexane, Adamas), 4-meth
ylbenzenesulfonhydrazide (TSH, 98 %, Adamas), p-xylene (PX, ≥99.0 
%, Tansoole), 2-bromo-2-methylpropionyl bromide (BiBB, 98 %, Ada
mas), triethylamine (≥99 %, Tansoole), ethyl 2-bromoisobutyrate 
(EBiB, 98 %, Adamas), cupric bromide (CuBr2, 99 %, Adamas), tris[2- 
(dimethylamino)ethyl]amine (Me6TREN, 97 %, Adamas), stannous 
octoate (SnOct2, 95 %, Adamas) and phosphoric acid (H3PO4, 85 %, 
Adamas) were used as received. All other reagents were purchased from 
Sinopharm Chemical Reagent Co. (SCRC) and used as received except 
for additional declaration.

The characterization methods were shown in the Supporting 
Information.

2.2. Preparation of ATRP macroinitiator HPI-Br

Firstly, the PI-OH was synthesized via a LAP process. Dried cyclo
hexane (215.2 mL, 2.02 mol) and isoprene (44.2 mL, 0.44 mol) were 
sequentially introduced into a 500 mL pre-baked and vacuum-sealed 
flask filled with nitrogen. The impurities in the mixture were pre- 
consumed by adding s-Bu-Li+, followed by the rapid addition of the 
metered initiator s-Bu-Li+ (6.70 mL, 6.03 mmol) to initiate polymeri
zation. After 24 h, 0.40 mL of the mixture was withdrawn for charac
terization. Into a 20 mL pre-baked and vacuum-sealed flask filled with 
nitrogen, dried cyclohexane (5.00 mL, 46.34 mmol) and 1,2-epoxypro
pane (5.00 mL, 72.31 mmol) were sequentially introduced. The impu
rities in the mixture were pre-consumed by the addition of n-Bu-Li+. 

When the solution turned light yellow and remained unchanged for 5 
min, it was quickly transferred into above polymerization system. After 
another 24 h, the methanol (0.10 mL, 2.46 mmol) was added. The 
synthesized PI-OH was purified by precipitation into methanol three 
times and dried in a vacuum oven for further experiment. (Yield: 28.30 
g, 94.33 %) PI, SEC: Mn,SEC = 6,800 g/mol, Mw/Mn = 1.05. 1H NMR 
(CDCl3, δ, ppm, TMS): 0.88 (t, CH3CH2–), 0.94 (d, CH3CH2(CH3)CH–), 
1.22 − 2.25 (m, aliphatic main chain –CH2CH-, –CH2CH2-), 1.86 (m, − C 
(CH3)=CH– of 1,4-addition, − C(CH3)=CH2 of 3,4-addition), 4.50 −
4.90 (− (CH3)C=CH2 of 3,4-addition), 5.12 (–CH=C(CH3)- of 1,4-addi
tion). PI-OH, SEC: Mn,SEC = 7,000 g/mol, Mw/Mn = 1.05. 1H NMR 
(CDCl3, δ, ppm, TMS): 0.88 (t, CH3CH2–), 0.94 (d, CH3CH2(CH3)CH–), 
1.17 (d, –CH2(CH3)CHO–), 1.22 − 2.25 (m, aliphatic main chain 
–CH2CH-, –CH2CH2-), 1.86 (m, − C(CH3)=CH– of 1,4-addition, − C 
(CH3)=CH2 of 3,4-addition), 3.78 (qd, –CH2(CH3)CHO–), 4.50 − 4.90 
(− (CH3)C=CH2 of 3,4-addition), 5.12 (–CH=C(CH3)- of 1,4-addition).

Secondly, the HPI-OH was synthesized through a hydrogenation 
process. Typically, PI-OH (9.40 g, 1.34 mmol) was dissolved in PX (62.2 
mL, 0.50 mol), and TSH (5.14 g, 27.60 mmol) and added into a 250 mL 
flask. After refluxing at 135 ℃ for 15 min, the TSH (5.14 g, 27.60 mmol) 
was added every 15 min for a total of 102.80 g (four times of the double 
bond). After the final addition, the mixture was refluxed for an addi
tional 30 min to complete the reaction. The HPI-OH was purified three 
times from a mixed solution of sodium hydroxide in methanol and water 
(pH of 11), and dried in a vacuum oven for further experiment. (Yield: 
9.20 g, 94.94 %) HPI-OH, SEC: Mn,SEC = 7,600 g/mol, Mw/Mn = 1.06. 1H 
NMR (CDCl3, δ, ppm, TMS): 0.50–0.95 (m, CH3CH2–, –CH2(CH3)CH–, 
–CH(CH3)2), 0.96–1.80 (m, CH3CH2(CH3)CH–, –CH2CH2-, –CH(CH3)2, 
–CH2CH-, CH2(CH3)CHO–), 3.78 (qd, –CH2(CH3)CHO–).

Finally, the HPI-Br was synthesized through an esterification process. 
The HPI-OH (11.60 g, 1.53 mmol) was firstly dissolved in toluene 
(250.0 mL, 2.36 mol) in a 500 mL flask and distilled at 140 ℃ to remove 
trace water by an azeotropic distillation process. After the flask was 
cooled to room temperature, dry triethylamine (4.60 mL, 33.18 mmol) 
and DCM (210.1 mL, 3.29 mol) were added. Subsequently, the BiBB 
(2.30 mL, 18.61 mmol) was added dropwise under an ice water bath. 
After the addition was complete, the ice water bath was removed, and 
the reaction proceeded at room temperature for 72 h. The HPI-Br was 
purified three times from methanol, dried in a vacuum oven, and stored 
in a refrigerator below 4 ℃ for further experiment. (Yield: 11.25 g, 
95.09 %) HPI-Br, SEC: Mn,SEC = 8,600 g/mol, Mw/Mn = 1.06. 1H NMR 
(CDCl3, δ, ppm, TMS): 0.50–0.95 (m, CH3CH2–, –CH2(CH3)CH–, –CH 
(CH3)2), 0.96–1.80 (m, CH3CH2(CH3)CH–, –CH2CH2-, –CH(CH3)2, 
–CH2CH-, CH2(CH3)CHO–), 1.80 (s, − C(CH3)2Br), 3.88 (qd, –CH2(CH3) 
CHO–).

2.3. Preparation of HPI-b-PGMA/PGMA based nano-objects via ARGET 
ATRP PISA process

As an example, the HPI107-b-PGMA40/PGMA40 based nano-objects 
with a solids content of 20 % w/w were prepared. Firstly, HPI-Br 
(0.5000 g, 0.0581 mmol), EBiB (0.0113 g, 0.0581 mmol), GMA 
(0.6612 g, 4.6512 mmol), CuBr2 (0.0010 g, 0.0046 mmol), Me6TREN 
(0.0022 g, 0.0092 mmol), and cyclohexane (5.95 mL, 55.19 mmol) were 
sequentially added into a 10 mL flask. After bubbling with nitrogen for 
30 min, the flask was placed into an oil bath at 60 ℃ for 15 min. Then, 
the SnOct2 (0.0372 g, 0.0920 mmol) was added to initiate the reaction. 
The polymerization was continued for 24 h, gradually forming the 
dispersion, and the ARGET ATRP PISA process was achieved. HPI107-b- 
PGMA40/PGMA40, 1H NMR (CDCl3, δ, ppm, TMS): 0.50–0.95 (m, 
CH3CH2–, –CH2(CH3)CH–, –CH(CH3)2), 0.96–1.80 (m, CH3CH2(CH3) 
CH–, –CH2CH2-, –CH(CH3)2, –CH2CH-, CH2(CH3)CHO–, –CH2C(CH3)-, 
− C(CH3)2-), 1.80–2.20 (d, –CH2C-), 2.53–2.93 (m, –CH2O- on epoxy 
group), 3.24 (–CH(CH2–)O-), 3.70–4.40 (d, –COOCH2- on PGMA), 3.88 
(qd, –CH2(CH3)CHO–).
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2.4. Preparation of H3PO4@(HPI-b-PGMA/PGMA) nano-objects

Using the preparation of H3PO4@(HPI107-b-PGMA40/PGMA40) as an 
example, the HPI107-b-PGMA40/PGMA40 (0.5000 g, 0.0250 mmol) nano- 
objects were purified three times from methanol and then redispersed in 
THF (10.60 mL, 0.13 mol) in a 50 mL flask. After the addition of H3PO4 
(0.32 mL, 4.65 mol), the mixture was refluxed at 90 ℃ for 8 h. The 
excess H3PO4 was washed using methanol, and the H3PO4@(HPI107-b- 
PGMA40/PGMA40) nano-objects were obtained.

3. Results and Discussion

3.1. Synthesis and characterization of ATRP macroinitiator HPI-Br

Using the LAP process of Is monomer and subsequent functionali
zation of terminal living species PI-Li+ with 1,2-epoxypropane, the 
hydroxyl-terminated PI-OH was first synthesized. Following the method 
in the literature [37], the PI-OH was hydrogenated using TSH agent, 
yielding HPI-OH. The terminal hydroxyl groups were further converted 
into bromide groups via efficient esterification with BiBB agent, result
ing in the ATRP macroinitiator HPI-Br. The successful synthesis of PI, PI- 
OH, HPI-OH, and HPI-Br was comprehensively characterized using 
proton nuclear magnetic resonance (1H NMR), size exclusion chroma
tography (SEC), and matrix-assisted laser desorption ionization time of 
flight mass spectrometry (MALDI-TOF MS), respectively.

As the SEC curves shown in Fig. 1a, the PI synthesized via the LAP 
process exhibited a narrow molecular weight distribution (MWD). 
Following the terminal functionalization and hydrogenation, the 
derived PI-OH, HPI-OH, and HPI-Br also maintained narrow MWDs. 
Notably, the number-average molecular weight (Mn) increased slightly 

and consistently after each modification step. According to the SEC re
sults for HPI-OH, the DP of HPI-OH (DPHPI) was calculated as 107. The 
structures of PI and PI-OH were further confirmed by MALDI-TOF MS. 
As the enlarged MALDI-TOF MS shown in Fig. 1b, after end-capping of 
PI-Li+ with 1,2-epoxypropane, the peak 4793.5 Da assigned to the PI 
(C4H9-(C5H8)68-HAg+) shifted to the peak 4851.6 Da (C4H9-(C5H8)68- 
C3H6-OHAg+) assigned to the PI-OH. Clearly, the difference of 58.1 Da 
(Δm = 4851.6 – 4793.5 = 58.1 Da) corresponded to the mass of a 1,2- 
epoxypropane unit. These results exhibited an isotope pattern that 
aligned with the theoretical one from isotopic distribution simulations 
(Fig. S1). The absence of any additional signals in MALDI-TOF MS 
supported the high end-capping efficiency. Furthermore, from the 1H 
NMR spectra for PI (Fig. 1c and Fig. 1d), the characteristic resonance 
signal for alkene protons (− C(CH3)=CH–) on 1,4-addition Is unit 
appeared at 5.12 ppm, while the signal for alkene protons (− C(CH3)=
CH2) on the 3,4-addition Is unit appeared between 4.50 and 4.90 ppm. 
According to the 1H NMR spectra, the contents of 1,4-addition and 3,4- 
addition Is units on PI were calculated as 94.8 % and 5.2 %, respectively. 
For 1H NMR spectra of PI-OH, the methine proton (–CH2CH (CH3)OH) 
connected to the hydroxyl group appeared at 3.70 ppm, combining the 
resonance signal in the range of 0.70–1.00 ppm for methyl protons 
(CH3CH2(CH3)CH–) on two terminal methyl groups of the sec-butyl re
sidual, the epoxy end-capping efficiency was determined as 96.5 %. 
Based on the integral areas corresponding to the resonance signal at 5.12 
ppm (− C(CH3)=CH–), 4.50–4.90 ppm (− C(CH3)=CH2), and 0.70–1.00 
ppm (CH3CH2(CH3)CH–) in the 1H NMR spectrum (Fig. S2), the Mn,NMR 
of PI-OH was derived as 6500 g/mol, which was close to the Mn,SEC of 
7000 g/mol for PI-OH. For 1H NMR spectra of HPI-OH, the signals 
assigned to the alkene protons between 4.25–5.40 ppm disappeared 
completely, indicating 100 % hydrogenation of the PI main chain. For 

Fig. 1. (a) SEC traces for PI, PI-OH, HPI-OH and HPI-Br (using THF as eluent and PS as standard). (b) MALDI-TOF MS for PI and PI-OH. (c, d) 1H NMR spectra for PI, 
PI-OH, HPI-OH and HPI-Br, spectrum (d) is a magnified view of spectrum (c) in the region of 5.5–3.5 ppm, in CDCl3.
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1H NMR spectra of HPI-Br, the methine proton (–CH2CH(CH3)OO–) 
connected to the ester linkage appeared at 3.88 ppm, and the methyl 
protons (− C(CH3)2Br) overlapped at 1.68–1.90 ppm with that for 
methylene protons (–CH2CH(CH3)O-. Combining the 1H NMR spectra 
for HPI-OH and HPI-Br, the overall bromination efficiency was calcu
lated as 92.1 % by analyzing the change in the integral area between 
1.68–1.90 ppm for protons (–CH2CH(CH3)O-) before the bromination, 
and the that for protons (− C(CH3)2Br) after bromination (Fig. S3 and 
S4). In general, the SEC, MALDI-TOF MS, and 1H NMR spectra 
comprehensively provided solid evidence that the ATRP macroinitiator 

HPI-Br has been successfully prepared and could be employed in the 
subsequent ARGET ATRP PISA process.

3.2. Preparation of HPI-b-PGMA/PGMA based nano-objects via ARGET 
ATRP PISA process

Our previous work [24] and the literatures [38,39] indicated that the 
size of nano-objects in the PISA process could be modulated by intro
ducing the small-molecular initiators. Thus, herein, employing the 
ARGET ATRP PISA process, the HPI-b-PGMA/PGMA based nano-objects 
were targeted by using HPI-Br as macroinitiator (as well as stabilizer), 
EBiB as small-molecular initiator, GMA as monomer, cyclohexane as 
solvent, cupric bromide/tris[2-(dimethylamino)ethyl]amine (CuBr2/ 
Me6TREN）complex as catalyst, and SnOct2 as reducing agent. Specif
ically, the solids content was maintained at 20 % w/w, and the DP of the 
macroinitiator HPI-Br was fixed at 107. The wtPGMA/wtHPI ratios were 
set as 0.74, 1.47, 2.21, 2.95, 5.90, corresponding to the formation of 
HPI-b-PGMA with DPPGMAs of 40, 80, 120, 160, 320, respectively. It 
should be mentioned that the polymerization of GMA monomer during 
the ARGET ATRP PISA process could be divided into three stages. The 
first stage was a slow polymerization in a homogeneous solution. 
Although cyclohexane was not a good solvent for small molecular 
initiator EBiB, CuBr2/Me6TREN catalyst and Sn(Oct)2 reducing agent, 
the GMA monomer itself served as the cosolvent and the initiation of 
ATRP could smoothly happened at this stage, which could also be 
confirmed by the homogeneous solution in the initial stage. Later, the 
second stage could be attributed to a faster polymerization in the mi
celles formed by aggregation of the generated diblock copolymers. The 
GMA monomer in the micelles enhanced the local monomer concen
tration and accelerated the polymerization rate at this stage. Due to the 
close polarity between CuBr2/Me6TREN catalyst, Sn(Oct)2 reducing 
agent and GMA monomer, the additives tended to be encapsuled in the 
core region. Finally, in the third stage, the GMA monomer was 
completely converted, and the ring-opening polymerization was 
accompanied. Thus, based on the above analysis on AREGT ATRP PISA 
process, either by the enhanced solubility with GMA monomer or the 
unique PISA process, the solubility of CuBr2/Me6TREN catalyst and Sn 
(Oct)2 reducing agent in cyclohexane was improved and the polymeri
zation could be smoothly performed.

Furthermore, by varying the [EBiB]0/[HPI-Br]0 ratios, the HPI-b- 
PGMA/PGMA with different content of PGMA homopolymer could be 
generated, and the sizes of the nano-objects were thus modulated 
(Table 1). Regularly, in the cases with relatively lower wtPGMA/wtHPIs 
ratios of 0.74 and 1.47, the nano-objects could all be well stabilized in 
non-polar cyclohexane by varying the [EBiB]0/[HPI-Br]0 ratios. How
ever, in the case with wtPGMA/wtHPIs ratio of 2.21, the precipitate 
occurred when [EBiB]0/[HPI-Br]0 ratio was increased to 8.0. Especially, 
in the case with wtPGMA/wtHPIs ratio of 2.95, the precipitate even 
happened when [EBiB]0/[HPI-Br]0 ratio was increased to 1.0. The 
higher wtPGMA/wtHPIs and [EBiB]0/[HPI-Br]0 ratios favored the pre
cipitates, the reason could be attributed to the increased diameters, and 
correspondingly, the reduced stability of nano-objects.

The previous literature demonstrated that the oxirane group on 
PGMA could be further polymerized and crosslinked in the presence of 
SnOct2 agent, which either occurred as an undesired side reaction [36]
or could be controlled in a specific manner [40,41]. Thus, the ring- 
opening reaction of the oxirane group allowed for in-situ crosslinking 
of the PGMA core and the generation of stabilized nano-objects. Espe
cially, our previous work has shown that the ring-opening polymeriza
tion of the oxirane ring was slower than the radical polymerization of 
the double bond on the GMA monomer [36], which facilitated a first 
PISA process and a second crosslinking reaction. Due to the presence of a 
ring-opening reaction and the corresponding crosslinking reaction, the 
generated products could not be solubilized in any solvents and 
analyzed by SEC measurement. Alternatively, according to the 1H NMR 
spectrum, the resonance signals attributed to the double bond protons 

Table 1 
Formulation and characterization for HPI-b-PGMA/PGMA based nano-objects 
with varied wtPGMA/wtHPI and [EBiB]0/[HPI-Br]0 ratios. [a].

Samples[b] wtPGMA/ 
wtHPI

[c]
[EBiB]0/ 
[HPI- 
Br]0

Hydrodynamic Diameter (nm)[d]

Tetrahydrofuran 
(THF)

Cyclohexane 
(CH)

HPI107-b- 
PGMA40

0.74 0 122 68

HPI107-b- 
PGMA20/ 
PGMA20

0.74 1.0 255 141

HPI107-b- 
PGMA13/ 
PGMA13

0.74 2.0 295 190

HPI107-b- 
PGMA8/ 
PGMA8

0.74 4.0 341 255

HPI107-b- 
PGMA4/ 
PGMA4

0.74 8.0 396 255

HPI107-b- 
PGMA80

1.47 0 105 68

HPI107-b- 
PGMA40/ 
PGMA40

1.47 1.0 295 164

HPI107-b- 
PGMA26/ 
PGMA26

1.47 2.0 341 220

HPI107-b- 
PGMA16/ 
PGMA16

1.47 4.0 396 341

HPI107-b- 
PGMA8/ 
PGMA8

1.47 8.0 531 396

HPI107-b- 
PGMA120

2.21 0 141 105

HPI107-b- 
PGMA60/ 
PGMA60

2.21 1.0 396 164

HPI107-b- 
PGMA40/ 
PGMA40

2.21 2.0 458 190

HPI107-b- 
PGMA24/ 
PGMA24

2.21 4.0 531 458

HPI107-b- 
PGMA13/ 
PGMA13

2.21 8.0 Precipitate

HPI107-b- 
PGMA160

2.95 0 164 91

HPI107-b- 
PGMA80/ 
PGMA80

2.95 1.0 Precipitate

HPI107-b- 
PGMA320

5.90 0 164 91

[a] The solids content was fixed as 20 % w/w. [b] The subscript represented the 
DP of PGMA block in HPI-b-PGMA and PGMA homopolymer, respectively, 
which was calculated according to the complete conversion of GMA monomer 
derived by 1H NMR spectrum and the designed [EBiB]0/[HPI-Br]0 ratios. [c] The 
wtPGMA/wtHPI ratio was calculated based on the weight ratio of the fed GMA 
monomer to the macroinitiator HPI-Br. [d] The hydrodynamic diameter was 
evaluated by the DLS measurement using tetrahydrofuran (THF) or cyclohexane 
(CH) as solvent.
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Fig. 2. TEM images of HPI-b-PGMA/PGMA based nano-objects formed in ARGET ATRP PISA process using the HPI-Br as macroinitiator, EBiB as small molecular 
initiator, solids content of 20% w/w, wtPGMA/wtHPI ratio of 1.47, and different [EBiB]0/[HPI-Br]0 ratios of (a, d) 0, (b, e) 1.0, (c, f) 2.0, diluted into 0.1%–1% w/w in 
cyclohexane (CH) or tetrahydrofuran (THF), respectively.

Fig. 3. DLS traces for HPI-b-PGMA/PGMA based nano-objects in tetrahydrofuran (THF, red curves) or cyclohexane (CH, black curves) after the precipitation (diluted 
into 0.1% w/w).
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(–CH2=CH–) on the GMA monomer completely disappeared, indicating 
complete conversion of the GMA monomer in all ARGET ATRP PISA 
process (Fig. S5).

As an example, the morphologies and sizes of the nano-objects were 
examined by TEM measurement with a fixed wtPGMA/wtHPI ratio of 1.47, 
while with a varied [EBiB]0/[HPI-Br]0 ratio. When [EBiB]0/[HPI-Br]0 
ratio was set as 0, the PISA process in cyclohexane generated the HPI107- 
b-PGMA80 based spherical nano-objects with an average diameter 
around 68 nm (Fig. 2a). When [EBiB]0/[HPI-Br]0 ratio was increased as 
1.0, the HPI107-b-PGMA40/PGMA40 based spherical nano-objects with 
larger sizes around 164 nm were captured (Fig. 2b). When [EBiB]0/ 
[HPI-Br]0 ratio was increased as 2.0, sizes of the HPI107-b-PGMA26/ 
PGMA26 based spherical nano-objects increased to 220 nm (Fig. 2c). 
Continuously, when [EBiB]0/[HPI-Br]0 ratio was increased as 4.0 and 
8.0, the sizes of HPI107-b-PGMA16/PGMA16 and HPI107-b-PGMA8/ 
PGMA8 based spherical nano-objects increased to 341 nm and 396 nm, 
respectively (Fig. S6a and Fig. S6b). Accompanying with the PISA 
process, the oxirane groups underwent in-situ crosslinking in the pres
ence of the Sn(Oct)2 agent. As THF is a good solvent for both HPI and 
PGMA blocks, the successful stabilization of the nano-objects in THF was 
further confirmed by TEM measurement. As shown in Fig. 2d-2f, 
Fig. S6c and Fig. S6d, the spheres with sizes of 105 nm, 295 nm, 341 
nm, 396 nm, and 531 nm were observed by TEM measurement. Obvi
ously, the nano-objects retained the regular spherical morphologies in 
THF solvent, confirming the successful stabilization during the PISA 
process.

Alternatively, the DLS curves showed unimodal size distributions for 
all nano-objects (Fig. 3a-3c). Generally, the diameters of the nano- 
objects in THF were slightly larger than those in cyclohexane, which 
could be attributed to the stronger swelling effect of THF on the nano- 

objects than that of cyclohexane. The DLS results indicated that both 
the wtPGMA/wtHPI and [EBiB]0/[HPI-Br]0 ratios comprehensively 
affected the size evolution of nano-objects. As shown in Fig. 3d, higher 
wtPGMA/wtHPI and [EBiB]0/[HPI-Br]0 ratios led to the formation of 
larger spherical nano-objects. The formation of nano-objects in our 
system followed a mechanism similar to a typical PICA process reported 
in the literature [23]. Taking the formation of HPI107-b-PGMA24/ 
PGMA24 nano-objects as an example. The ARGET ATRP PISA system 
involved initiation from a homogeneous solution containing EBiB and 
HPI-Br initiator, and GMA monomer, resulting in the simultaneous chain 
growth of both homopolymer and block copolymer. The homopolymer 
gradually reached its solubility limit and formed nascent aggregates, i.e., 
nucleation, which were subsequently adsorbed by the gradually chain- 
extended HPI107-b-PGMAx (x < 24) block copolymer. The nano- 
objects, consisting of “living” homopolymer and block copolymer, 
continued to grow in the core region until the GMA monomer was 
completely consumed. The PGMA homopolymers were finally encap
sulated and stabilized into the micelles. This led to a uniform distribu
tion of the homopolymer within the core of the final nano-objects. 
During the PISA process, it should be noted that HPI107-b-PGMAx (x <
24) acted as a surfactant, which could be readily, dynamically desorbed 
and absorbed onto the nano-objects due to the relatively lower DP of 
PGMA block (x < 24). Thus, the nano-objects could grow into larger 
sizes by continuously absorbing homopolymer and block copolymer, 
and correspondingly, the number of nucleated objects was finally 
reduced. Alternatively, in the case of HPI107-b-PGMA120 nano-objects, 
the HPI107-b-PGMAx (x < 120) itself formed the aggregates and nucle
ation. At a certain point, the block copolymer was seriously entangled 
and difficult to rearrange due to the formation of PGMA block with a 
relatively higher DP. Correspondingly, the number of nucleated objects 

Fig. 4. (a) TGA curves for HPI107-b-PGMA40/PGMA40, H3PO4@(HPI-b-PGMA) and H3PO4@(HPI-b-PGMA/PGMA) nano-objects under nitrogen atmosphere. (b) DLS 
traces for HPI107-b-PGMA40/PGMA40 and H3PO4@(HPI107-b-PGMA40/PGMA40) nano-objects in cyclohexane (CH). (c) FESEM images of H3PO4@(HPI107-b-PGMA40/ 
PGMA40), and (d, e) EDS mapping images for O and P elements.
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remained constant. The remaining GMA monomer in the core region 
was finally polymerized and the nano-objects with relatively smaller 
sizes were kept. Of course, with the variation of [EBiB]0/[HPI-Br]0 and 
the corresponding DP of PGMA homopolymer, the sizes could be elab
orately modulated.

3.3. Preparation of H3PO4-containing nano-objects by ring-opening 
reaction

The efficient ring-opening reaction between oxirane and H3PO4 
enabled the incorporation of H3PO4 into the core region of HPI-b-PGMA 
or HPI-b-PGMA/PGMA nano-objects. The purified H3PO4@(HPI-b- 
PGMA) or H3PO4@(HPI-b-PGMA/PGMA) nano-objects were first 

Fig. 5. MCC curves for (a) HPI107-b-PGMA40/PGMA40 and H3PO4@(HPI107-b-PGMA40/PGMA40), (b) HPI107-b-PGMA60/PGMA60 and H3PO4@(HPI107-b-PGMA60/ 
PGMA60), (c) HPI107-b-PGMA160 and H3PO4@(HPI107-b-PGMA160), (d) HPI107-b-PGMA320 and H3PO4@(HPI107-b-PGMA320), and comparison of (e) HRC, (f) 
THR results.
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characterized by thermogravimetric analysis (TGA). As shown in Fig. 4a, 
with the increase of wtPGMA/wtHPI ratios from H3PO4@(HPI107-b- 
PGMA40/PGMA40) to H3PO4@(HPI107-b-PGMA60/PGMA60), H3PO4@ 
(HPI107-b-PGMA160) and H3PO4@(HPI107-b-PGMA320), the residual 
mass attributed to H3PO4 increased steadily within the temperature 
range of 500–800 ℃. This trend indicated that a higher PGMA content 
facilitated the introduction of a higher amount of H3PO4. As a com
parison, the residual mass of H3PO4@(HPI107-b-PGMA40/PGMA40) was 
significantly higher than that of HPI107-b-PGMA40/PGMA40. Meanwhile, 
the DLS results showed that the H3PO4@(HPI107-b-PGMA40/PGMA40) 
nano-objects exhibited a slightly larger size compared to HPI107-b- 
PGMA40/PGMA40 (Fig. 4b), which could be attributed to the introduc
tion of H3PO4 into the PGMA core. To validate the successful incorpo
ration of H3PO4 into the nano-objects, the H3PO4@(HPI107-b-PGMA40/ 
PGMA40) nano-objects were further examined by field emission scan
ning electron microscope (FESEM) and energy dispersive spectrometer 
(EDS) measurements (Fig. 4c-4e). It could be clearly observed that the 
oxygen (O) and phosphorus (P) elements were successfully introduced 
into the nano-objects. Thus, the TGA, DLS, and FESEM results compre
hensively confirmed the successful preparation of targeted H3PO4@ 
(HPI-b-PGMA) or H3PO4@(HPI-b-PGMA/PGMA) nano-objects.

3.4. Flame retardancy of H3PO4-containing nano-objects

According to the literatures [42,43,44], the presence of phosphorus 
compounds (e.g., phosphine oxides, phosphorus heterocyclic com
pounds, H3PO4, etc.) could improve the flame retardancy of materials by 
forming a protective char layer through thermal decomposition. This 
process promotes the dehydration and carbonization of polymers, 
effectively isolating heat and oxygen. Herein, the flame-retardant po
tential of the nano-objects was evaluated using the microscale com
bustion calorimetry (MCC) method, a widely employed technique for 
assessing the flammability of polymeric materials by analyzing the 
combustion of pyrolyzed products [45,46,47,48]. Typically, the MCC 
method determines key flammability metrics, such as peak heat release 
rate (pHRR), heat release capacity (HRC), and total heat release (THR), 
based on parameters including oxygen consumption, heating rate, flow 
rate, and sample weight [49]. As shown in Fig. 5a-5d, the MCC curves of 
HPI107-b-PGMA40/PGMA40, HPI107-b-PGMA60/PGMA60, HPI107-b- 
PGMA160, and HPI107-b-PGMA320 nano-objects, as well as the phos
phorylated samples, were recorded and analyzed.

The pHRR, THR and HRC results of the samples were further derived 
from MCC measurements and presented in Table S1. Compared with the 
HPI107-b-PGMA40/PGMA40, HPI107-b-PGMA60/PGMA60, HPI107-b- 
PGMA160, and HPI107-b-PGMA320, the HRC of H3PO4@(HPI107-b- 
PGMA40/PGMA40), H3PO4@(HPI107-b-PGMA60/PGMA60), H3PO4@ 
(HPI107-b-PGMA160), and H3PO4@(HPI107-b-PGMA320) nano-objects 
decreased by 35 %, 58 %, 69 % and 75 %, while the THR decreased 
by 43 %, 54 %, 57 %, and 61 %, respectively (Fig. 5e-5f). Similarly, the 
pHRR of the H3PO4-functionalized nano-objects decreased by 18 %, 66 
%, 50 %, and 72 %, respectively (Fig. S7). Obviously, as the DPPGMA and 
H3PO4 content increased, the THR, HRC, and pHRR were consistently 
reduced, indicating a clear correlation between H3PO4 loading and 
improved flame retardancy. Moreover, the purified and recovered 
H3PO4@(HPI-b-PGMA) and H3PO4@(HPI-b-PGMA/PGMA) nano- 
objects stabilized by the low polar, nano-crystallizable HPI block 
demonstrated excellent dispersity in low polar cyclohexane during a 
long-term (Fig. S8), allowing them to be well-dispersed in the PO ma
trix, such as the non-crystallizable POE or EPDM, etc. These properties 
suggested that the developed nano-objects might hold great potential as 
effective additives in the PO industry.

4. CONCLUSIONS

In summary, the ARGET ATRP PISA process was successfully 
employed to synthesize the HPI-b-PGMA/PGMA based nano-objects by 

varying the wtPGMA/wtHPI and [EBiB]0/[HPI-Br]0 ratios, and the hy
drodynamic diameters of the spherical nano-objects were effectively 
modulated. The H3PO4 was introduced into the PGMA core and their 
flame retardancy was evaluated, highlighting their potential as novel 
PO-based additives. Especially, due to the presence of the low polar, 
non-crystallizable PO shell, the PO-functionalized spheres offered 
distinct advantages in dispersing in low polar cyclohexane and 
compatibility with low polar PO matrix, such as non-crystallizable POE 
or EPDM, etc. It is proposed that HPI-b-PGMA/PGMA based nano-objects 
will significantly improve the function of additives and broaden the 
application scope in PO industry.
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