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ABSTRACT: Epoxy-ended hyperbranched polymers (EHPs) have a wide range of applications due to their outstanding performances.

Because their microstructures are not positively identified, it is very difficult to ascertain the reinforcing and toughening mechanisms

of EHPs and their interface interaction with other matrixes. Controllable synthesis of EHPs with precise degree of branching (DB)

remains to be a major challenge. Here, a method for preparing novel nitrogen-phosphor skeleton epoxy-ended hyperbranched poly-

mers (NPEHP) with controllable DB by a thiol-ene Michael addition between thiol-ended hyperbranched polymers (NPHSH) and

glycidyl methacrylate have been firstly reported. NPHSH is synthesized by an esterification between hydroxyl-ended hyperbranched

polymers (NPHOH) and 3-mercaptopropionic acid. NPHOH is prepared by a thiol-ene Michael addition between methacrylate

group of a monomer and thiol group of linear monomer (AB) and/or branched monomer (AB2). The molar ratio between the AB

and AB2 monomers controls the DB of the products. The 1H NMR spectra analysis of NPHOH shows that their experimentally deter-

mined DBs are very close to their theoretical values, indicating good controllability of their DBs. The narrow molecular weight distri-

butions of NPHOH, NPHSH, and NPEHP suggest high efficiency of the thiol-ene Michael addition. VC 2016 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2016, 133, 44277.
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INTRODUCTION

Hyperbranched polymers (HBPs) are receiving increasing atten-

tion because they are simple to be synthesized and have high

degree of functionality, and unique material properties.1 Com-

pared with linear polymers, HBPs have lower viscosity and bet-

ter solubility due to their abundant functional groups and

globular shape.1,2 HBPs also have promising applications.

Despite of these remarkable progresses in synthetic methods

and material characterization, precise control of the degree of

branching (DB) of HBPs is still a challenge. As an important

class of HBPs, epoxy-ended hyperbranched polymers (EHPs)3

can be used as rheology modifiers, processing aids and, more

recently, as multifunctional additive for reinforcing and tough-

ening diglycidyl ether of bisphenol-A (DGEBA).

Considerable efforts4 have been devoted to exploring novel

manufacturing methods and designing new chemical structures

of EHPs. Five types of synthetic approaches have been reported:

1. Etherification reaction between hydroxyl groups of hydroxyl-

ended HBPs and epichlorohydrin,5,6 is derived from a simi-

lar reaction between bisphenol-A and epichlorohydrin.

2. Esterification reaction between carboxyl groups of hydroxyl-

ended HBPs and epichlorohydrin,7,8 is similar to the synthe-

sis of traditional glycidyl ester epoxy resins. Both esterifica-

tion7–9 and etherification5,6 routes for preparing EHPs were

integrated into a grafting method6–8,10–17 in which epoxy

group grafts on hyperbranched polymers (HBPs) using epi-

chlorohydrin. This requires tedious processes18–20 and large

Additional Supporting Information may be found in the online version of this article.
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quantities of organic solvents9 during reaction, and water is

also used to wash and remove the byproduct from

NaCl.6,7,14–22

3. Proton transfer polymerization18–20 or atom transfer radical

polymerization (ATRP)21,22 is also used to prepare EHPs,

based on the repetitive addition of monomer to growing

radicals generated from dormant alkyl halides by a reversible

redox process, which is catalyzed by a transition metal com-

plex.21 This involves a tedious and complicated preparation

process of epoxy monomers because of water washing and

organic solvent separation.

4. Hydrosilylation23,24 reaction between the double bond of an

allyl-ended hyperbranched organic silicone and the ASiAH

group of glycidyl ether monomer can produces EHPs.

Although hydrosilylation eliminates the environmental pol-

lution of water washing and organic solvent extraction, the

multistep reactions and expensive platinum catalyst used in

the preparation of EHPs hinder its upscaling and industrial

application.

5. Thiol-ene reaction (Michael addition and coupling) is a

novel synthetic method of EHPs.25,26 This is a reaction

between the thiol group in mercaptopropionate and the

epoxy group in glycidyl methacrylate or allylglycidyl ether.

The thiol-ene Michael addition has some beneficial proper-

ties27–29 of click reaction, including high yield, harmless byprod-

ucts and high selectivity. The thiol-ene click reaction simplifies

product isolation and opens an avenue for synthesizing EHPs

by taking advantage of its simple synthetic condition30 without

organic solvent. Another important advantage of the thiol-ene

click reaction is that the resultant epoxy resins have excellent

stability due to the absence of hydroxyl group, leading to a

much simpler synthetic process than the traditional chromato-

graphic column separation synthesis of hydroxyl-free EHPs.

Besides these progresses on synthetic methods, and application

in reinforcing and toughening DGEBA, controllable synthesis of

EHPs with different degree of branching (DB) remains to be a

major challenge. In this article, we report a facile synthetic

Scheme 1. Synthesis scheme of monomers. [Color figure can be viewed at wileyonlinelibrary.com.]

Figure 1. 1H NMR spectra of 3 and 4 at various reaction conditions.

[Color figure can be viewed at wileyonlinelibrary.com.]

Figure 2. 1H NMR spectra of 5 and 6. [Color figure can be viewed at

wileyonlinelibrary.com.]
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method of EHPs with controllable DB using a thiol-ene Michael

addition reaction. Chemical structure, DB and molecular weight

are characterized by FT-IR, 1H NMR, matrix-assisted laser-

desorption ionization time-of flight mass spectrometry

(MALDI-TOF MS) and sol gel permeation chromatography

(GPC) technologies.

RESULTS AND DISCUSSION

Characterization of Monomers

1-(Methyl methacrylate)-1-(methyl acrylate) diphenyl-methyl

phosphate (MMDP, 4) with two different functional double

bonds was synthesized by a two-step reaction using the main

materials of diphenylphosphinic chloride (DPPC, 1), glycidyl

methacrylate (GMA, 2), and acrylic acid according to Scheme 1.

Both N-benzylethanolamine-3-mercaptopropionamide (BEMPA,

5) as linear unit (AB) and diethanolamine-3-

mercaptopropionamide (DEMPA, 6) as branching unit (AB2)

were prepared by an amidations between MPA and BEA and

between MPA and DEA according to Scheme 1, respectively.

Detailed synthesis processes of all the monomers were supplied

in Supporting Information.

Supporting Information Figure S1 compares the FT-IR spec-

trum of CMDP (3) with the FT-IR spectra of compounds 1 and

2. The peak at 910 cm21 (epoxy group) in the FT-IR spectrum

of GMA disappeared and the absorption peaks at 1063 cm21

(PAOAC), 1029 cm21 (PAO), and 754 cm21 (CACl)

appeared, indicating complete conversion of an epoxy group of

GMA. This is further substantiated by the complete disappear-

ance of the chemical shift (d) peaks of epoxy group at 3.26

ppm and 2.86–2.67 ppm in 1H NMR spectrum of 3 in Support-

ing Information Figure S2, and the appearance of a new peak at

d 3.83 ppm is attributable to the hydrogen atom of methyl chlo-

ride (ACH2Cl).

Compound 4 was then produced by an esterification between

the methyl chloride group of 3 and the carboxyl group of acryl-

ic acid (AA) using TBAB as a catalyst. The effects of reaction

time and the molar ratio between TBAB and 3 on conversion of

methyl chloride group are discussed below with reference to

Supporting Information Table S1. Prolonging reaction time

from 12 to 24 h resulted in an increase of conversion from

25.9% to 45.5%. Increasing the molar ratio between TBAB and

3 from 0.5:1.0 to 1.0:1.0 led to a significant increase of conver-

sion from 45.5% to 100.0%, as shown in Supporting Informa-

tion Table S1. This is supported by the fact that the peak area

of methyl chloride group at d 3.83 ppm reduces with the

increase of reaction time and molar ratio between TBAB and 3,

as shown in their 1H NMR spectra in Figure 1. The molecular

weight of 4 is about 414 g/mol as calculated from its MALDI-

TOF mass spectrum data (437 g/mol with Na1) in Supporting

Information Figure S3, which is identical with its theoretical

value of 414 g/mol. This indicates the complete conversion of 3

Scheme 2. Synthesis scheme of epoxy-ended hyperbranched polymers (NPEHP). [Color figure can be viewed at wileyonlinelibrary.com.]

Figure 3. 1H NMR spectra of 4, 7, and 8. [Color figure can be viewed at

wileyonlinelibrary.com.]
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into 4 under the reaction time of 24 h and a 1.0:1.0 molar ratio

between TBAB and 3.

Compounds 5 and 6 were synthesized by an amidations

between MPA and BEA and between MPA and DEA, respective-

ly. After complete conversion of amino groups in BEA and DEA

into amide groups in 5 and 6, respectively, the thiol group

remains unchanged, as demonstrated by the appearance of a

new peak at 1563.5 cm21 attributable to stretching vibration of

amide group and the disappearance of absorption peak at

1705.1 cm21 attributable to stretching vibration of carboxyl

group in Supporting Information Figure S4. The 1H NMR spec-

tra of compounds 5 and 6 are shown in Figure 2. A broad peak

at d 6.0 ppm in the 1H NMR spectrum of 6 is attributed to

hydrogen atoms of hydroxy group, and the area ratio among all

chemical shift peaks is approximately to its ratio of all hydrogen

atoms, suggesting that the products possess the chemical struc-

tures of 5 and 6.

TMPPM (8) carrying three methacrylate groups was synthe-

sized by a thoil-ene click reaction between the acrylate group

of 4 and the thiol groups of TMPMP (7) according to

Scheme 2.

Comparing the FT-IR spectrum (Supporting Information Figure

S5) of 8 with the FT-IR spectra of 4 and 7, we find that the

peak at 2568.4 cm21 (ASH) disappeared and new peaks

appeared at 1636.1, 1408.4, and 810.3 cm21 (methacrylate

group). When compared with the 1H NMR spectrum (Figure 1)

of 4, the disappearance of the peaks at d 6.36 and 5.82 ppm in

the 1H NMR spectrum (Figure 3) of 8 can be attributed to

hydrogen atoms of acrylate group, and appearance of the peaks

at d 6.06 and 5.58 ppm attributed to hydrogen atoms of meth-

acrylate group. In the system of mercaptopropanoate and 4, the

thiol-ene Michael addition between the thiol group and the

methacrylate group and the thiol-ene click reaction between the

thiol group and the acrylate group compete with each other

because the conditions are quite similar. A thiol-Michael addition

that occurs thermally (at room temperature) as a nucleophilic

attack to an activated double bond.28 All the above analyses of

FT-IR and 1H NMR spectra of 8 indicate that the acrylate group

has been reacted completely and the methacrylate group remains.

In other words, the activity of acrylate group is much higher

than that of methacrylate group without any catalyst at room

temperature although both the methacrylate group and acrylate

group of 4 can react with the thiol groups of 7. The molecular

weight of 8 is about 1641 g/mol calculated from its MALDI-TOF

mass spectrum data (1664 g/mol with Na1) in Supporting Infor-

mation Figure S6, which is equal to its theoretical value of

1641 g/mol, confirming the chemical structure of 8.

Characterization of NPEHP

Synthesis scheme of epoxy-ended hyperbranched polymers with

controllable degrees of branching (DBs) is presented as Scheme

2. Firstly, hydroxyl-ended hyperbranched polymers (NPHOH)

with controllable degrees of branching were prepared by a thiol-

ene Michael addition between the methacrylate group in 8 and

the thiol groups in both 5 (AB monomer) and 6 (AB2 mono-

mer), which were used as linear unit and branching unit,

respectively. Secondly, the esterification between the hydroxyl

groups of NPHOH and the carboxyl group of MPA results in

formation of thoil-ended hyperbranched polymers (NPHSH)

with controllable degrees of branching. Thirdly, epoxy-ended

hyperbranched polymers (NPEHP) with controllable degrees of

branching were produced by a thoil-ene Michael addition

between the thiol groups of NPHSH and the double bond of

GMA. Detailed synthesis processes of NPEHP were supplied in

supporting information.

Scheme 4. Chemical structures of NPHSH-n and their main chains. [Col-

or figure can be viewed at wileyonlinelibrary.com.]

Figure 4. 1H-NMR spectra of NPHOH-n (n 5 0, 0.33, 0.50, 0.67, and 1).

[Color figure can be viewed at wileyonlinelibrary.com.]

Scheme 3. Chemical structures of NPHOH-n and their main chains. [Col-

or figure can be viewed at wileyonlinelibrary.com.]
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NPHOH-n (n 5 0, 0.33, 0.50, 0.67, and 1) can be synthesized

by a thiol-ene Michael addition between the double bond of

8 and the thiol group of 5 and 6 in their various molar ratios.

In the FT-IR spectra (Supporting Information Figure S7) of

NPHOH-n (n is between 0 and 1), the absorption peaks at

1722 and 1571 cm21 are attributed to stretching vibration of

AC@O and ACONA groups, respectively. The two peaks at

1162 and 1297 cm21 are attributed to stretching vibration of

ACAOACA group. The disappearance of absorption peaks at

1634.06 cm21 attributed to stretching vibration of the double

bond and at 810.30 cm21 attributed to bending vibration of the

double bond suggest the complete reaction between the thiol

and the double bond groups. This is also supported by the dis-

appearance of the absorption peaks of thiol group at

2568.43 cm21.

The 1H-NMR spectra of NPHOH-n are shown in Figure 4.

Chemical shifts of hydrogen atoms are assigned in Figure 4

according to their chemical structures shown in Scheme 3. The

disappearance of the peaks at d 6.06 and d 5.58 ppm attributed

to chemical shift of the methacrylate group suggests its com-

plete conversion. The peak at d 4.05 ppm is attributable to the

chemical shift of hydrogen atom (s, PhACH2A) in linear unit

(5). The chemical shifts of hydrogen atoms (q1, ANACH2A) in

linear unit (5) and hydrogen atoms (q2, ANACH2A) in

branched or terminal unit (6) appear at d 2.91 and d 3.07 ppm,

respectively. With an increase in molar ratio (n) between 6 and

5 from 0 to 1, the peak area at d 4.05 ppm decreases gradually

and the peak area at d 3.07 ppm increases, indicating the

decrease of linear unit (5) content, which agrees with change of

5 content (Scheme 4).

Degree of branching (DB) is one of the most important param-

eters of hyperbranched polymers and is usually calculated by

NMR spectroscopy31 according to eq. (1).

DB5 Nb1Ntð Þ= Nb1Nt1NLð Þ (1)

where Nb is the number of branched units, and Nt is the num-

ber of terminal units and NL is the number of linear units. The

chemical chains of NPHOH should be composed of linear units

and terminal units (Figure 4). The peaks attributed to the linear

unit (NL) appear at d 3.68 ppm (r1, ACH2AOH) and d 2.91

ppm (q1, ANACH2A), and the peaks attributed to the terminal

unit (Nt) appear at d 3.83 ppm (r2, ACH2AOH) and d 3.07

ppm (q2, ANACH2A). One molar terminal unit contains two

molar of ACH2CH2OH groups and one molar linear unit con-

tains one molar of ACH2CH2OH group. Therefore, DB can be

calculated using eq. (2):

Table I. Calculated and Theoretical DB of NPHOH-n

3.83 3.68 3.07 2.91 BD

d/ppm r2(Nt) r1(NL) q2(Nt) q1(NL) Calculated value Theoretical value

NPHOH-0 0 1.97 0 1.97 0 0

NPHOH-0.33 1.36 1.33 1.36 1.31 0.34 0.33

NPHOH-0.50 2.04 0.98 2.03 0.98 0.51 0.50

NPHOH-0.67 2.68 0.67 2.69 0.67 0.67 0.67

NPHOH-1 3.99 0 4.01 0 1.00 1.00

Table II. GPC data of NPHOH-n, NPHSH, and NPEHP

Polymers
Theoretical molecular
weight/Da

Number-average
molecular weight (Mn)

Molecular weight
distribution (PDI)

NPHOH-0 2359 1927 1.10

NPHSH-0 2624 2217 1.15

NPEHP-0 3050 2352 1.23

NPHOH-0.33 2313 1875 1.05

NPHSH-0.33 2666 1959 1.09

NPEHP-0.33 3234 2201 1.24

NPHOH-0.5 2290 1840 1.09

NPHSH-0.5 2687 2091 1.11

NPEHP-0.5 3326 2380 1.23

NPHOH-0.67 2267 1786 1.07

NPHSH-0.67 2708 2063 1.09

NPEHP-0.67 3418 2286 1.19

NPHOH-1 2221 1730 1.08

NPHSH-1 2750 1778 1.13

NPEHP-1 3602 1829 1.23
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DB5 Ntð Þ=2= Nt=21NLð Þ½ � 5Nt= Nt12NLð Þ (2)

As shown in Table I, the calculated DBs of the NPHOH-n

(n 5 0, 0.33, 0.50, 0.67, and 1) from their 1H NMR spectra

according to the above equation are very close to their theoreti-

cal values, indicating that their DB can be controlled very pre-

cisely by tuning the molar ratio between the linear monomer

(5) and the branched monomer (6).

NPHOH-n molecular weights and their distributions from GPC

measurement are presented in Table II. The molecular weight of

NPHOH-n decreases with the increase of their DBs, which is in

good agreement with theoretically derived values. The narrow

molecular weight distribution (PDI 5 1.05–1.23) also indicates

the high efficiency of the Michael addition between the double

bond of 8 and the thiol groups of 5 and 6.

NPHSH-n (n 5 0, 0.33, 0.50, 0.67, and 1) were synthesized by

esterification between MPA and NPHOH-n. In the FT-IR

spectra (Supporting Information Figure S8) of NPHSH-n, the

absorption peaks at 1722 and 1627 cm21 are attributed to

stretching vibration of AC@O and ACONA groups, respective-

ly. Both peaks at 1162 and 1297 cm21 are attributed to stretch-

ing vibration of ACAOACA group. In the 1H NMR spectra

(Figure 5) of NPHSH-n, the chemical shifts of hydrogen atoms

(q1, q2, ANACH2A) increased from d 2.91 ppm and d 3.07

ppm (refer to Figure 6) to d 3.51 ppm and d 3.72 ppm, respec-

tively, and the chemical shifts of hydrogen atoms (r1, r2,

ACH2AOH) increased from d 3.68 ppm and d 3.83 ppm (refer

to Figure 6) to d 4.25 ppm and d 4.61 ppm, suggesting com-

plete esterification of the hydroxyl group of NPHOH-n.

NPHSH-n molecular weights (Table II) are more than those of

their respective precursors (NPHOH-n), indicating esterification

between NPHOH-n and MPA. The narrow molecular weight

distribution (PDI 5 1.09–1.15) also indicates complete conver-

sion of hydroxyl group of NPHOH-n.

NPEHP-n (n 5 0, 0.33, 0.50, 0.67, and 1) were synthesized by

thiol-ene Michael addition reaction between GMA and NPEHP-

n. A thiol-Michael addition occurs thermally (at room tempera-

ture) as a nucleophilic attack to an activated double bond.28 In

the system of mercaptopropanoate and glycidyl methacrylate,

the thiol-ene Michael addition and thiol-epoxy click reaction

Figure 5. 1H-NMR spectra of NPHSH-n (n 5 0, 0.33, 0.50, 0.67, and 1).

[Color figure can be viewed at wileyonlinelibrary.com.]

Figure 6. 1H-NMR spectra of linear and terminal units. [Color figure can

be viewed at wileyonlinelibrary.com.]

Scheme 5. Chemical structures of NPEHP-n and their main chains. [Col-

or figure can be viewed at wileyonlinelibrary.com.]

Figure 7. 1H-NMR spectra of NPEHP-n (n 5 0, 0.33, 0.50, 0.67, and 1).

[Color figure can be viewed at wileyonlinelibrary.com.]
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compete with each other because the conditions are quite simi-

lar.32 Both thiol-epoxy reaction and homopolymerization of

epoxides appear under in the presence of amines.33 Bowman34

demonstrated that the thiol-epoxy click reaction took place at a

much higher rate than the thiol-ene Michael addition using

amine as a catalyst. The partial overlapping of thiol-ene, thiol-

epoxy, and epoxy homopolymerization were also observed

through radical and anionic initiation.34 Here, we used azodii-

sobutyronitrile (AIBN) as catalyst to initiate the thiol-ene

Michael addition at reflux temperature and prevent thiol-epoxy

reaction. In the FT-IR spectra (Supporting Information Figure

S9) of NPEHP-n, the disappearance of the absorption peaks at

1634 and 810 cm21 (double bond of GMA) and the appearance

of a new peak at 909 cm21 (epoxy group) suggest grafting of

GMA on NPHSH-n, leading to the formation of NPEHP-n. The

chemical structure (Scheme 5) of NPEHP-n is verified by the

appearance of the chemical shift peaks attributed to double

bond of GMA at d 6.17 ppm and d 5.61 ppm (Supporting

Information Figure S2) and the chemical shift peak of epoxy

group at d 3.20 ppm in 1H NMR spectra (Figure 7). The molec-

ular weights (Table II) of NPEHP-n (n 5 0, 0.33, 0.50, 0.67 and

1) are higher than their respective precursors (NPHSH-n), indi-

cating thiol-ene Michael addition between GMA and NPEHP-n.

The narrow molecular weight distribution (PDI 5 1.19–1.24)

also indicates the high efficiency of the Michael addition.

CONCLUSIONS

We proposed and verified a new method for synthesizing

nitrogen-phosphor skeleton epoxy-ended hyperbranched poly-

mers (NPEHP) with controllable degree of branching from

thiol-ended hyperbranched polymers (NPHSH). NPHSH was

obtained by esterification of hydroxyl-ended hyperbranched pol-

ymers (NPHOH) and 3-mercaptopropionic acid. NPHOH with

controllable DB between 0 and 1 were prepared by a thiol-ene

Michael addition between the methacrylate groups of a multi-

functional monomer and the thiol groups of linear monomer

(AB) and/or branched monomer (AB2 monomer). The degree

of branching (DB) of the resultant hyperbranched polymers can

be easily controlled by adjusting the molar ratio of AB and AB2

monomers. The experimentally obtained DBs of NPHOH are

very close to their theoretical values based on their 1H NMR

spectra. FT-IR, 1H NMR, and MALDI-TOF MS spectra have

characterized and confirmed the chemical structure and molec-

ular weights of all monomers. The narrow molecular weight

distributions of NPHOH, NPHSH, and NPEHP suggest high

efficiency of thiol-ene Michael addition. This fast and highly

efficient process may open a new avenue for the design and syn-

thesis of hyperbranched polymers.

ACKNOWLEDGMENTS

We gratefully acknowledge the financial support of the National

Natural Science Foundation of China (51373200, 51573210) and

the Program for New Century-Talents in Universities (NCET-13-

1049).

REFERENCES

1. Ghosh, A.; Banerjee, S.; Voit, B. Aromatic Hyperbranched

Polymers: Synthesis and Application. Springer: Berlin, Heidel-

berg, 2014.

2. Yan, D.; Gao, C.; Frey, H. Hyperbranched Polymers: Synthe-

sis, Properties, and Applications; Wiley: New York, 2011.

3. Roper, T.; Kwee, T.; Lee, T.; Guymon, C.; Hoyle, C. Polymer

2004, 45, 2921.

4. Das, B.; Damodar, K. Heterocycles in Natural Product Syn-

thesis; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,

2011.

5. De, B.; Gupta, K.; Mandal, M.; Karak, N. ACS Sustain.

Chem. Eng. 2013, 2, 445.

6. De, B.; Karak, N. J. Mater. Chem. A 2013, 1, 3483.

7. Zhang, D.; Jia, D. Eur. Polym. J. 2006, 42, 711.

8. Zhang, D.; Jia, D.; Zhou, Z. Macromol. Res. 2009, 17, 289.

9. Murali, M.; Srinivasa Rao, V.; Samui, A. B. J. Polym. Sci.

Part a: Polym. Chem. 2007, 45, 3116.

10. Chen, S.; Zhang, D.; Jiang, S.; Jia, D. J. Appl. Polym. Sci.

2012, 123, 3261.

11. Fern�andez-Francos, X.; Foix, D.; Serra, �A.; Salla, J. M.;

Ramis, X. React. Funct. Polym. 2010, 70, 798.

12. Lv, J.; Meng, Y.; He, L.; Qiu, T.; Li, X.; Wang, H. J. Appl.

Polym. Sci. 2013, 128, 907.

13. Vora, A.; Nasrullah, M. J.; Webster, D. C. Macromolecules

2007, 40, 8586.

14. Wang, X.; Feast, W. Chin. J. Polym. Sci. 2002, 20, 585.

15. Zhang, D.; Jia, D.; Chen, S. Macromol. Chem. Phys. 2009,

210, 1159.

16. Zhang, D.; Jia, D.; Chen, Y. J. Macromol. Sci. A 2010, 47,

957.

17. Fu, J. F.; Shi, L. Y.; Yuan, S.; Zhong, Q. D.; Zhang, D. S.;

Chen, Y.; Wu, J. Polym. Adv. Technol. 2008, 19, 1597.

18. Emrick, T.; Chang, H. T.; Fr�echet, J. M. J. Macromolecules

1999, 32, 6380.

19. Emrick, T.; Chang, H. T.; Fr�echet, J. M. J. J. Polym. Sci. Part

a: Polym. Chem. 2000, 38, 4850.

20. Ma, L.; Wang, H.; He, L.; Li, X. Chin. J. Polym. Sci. 2011,

29, 300.

21. Coessens, V.; Pyun, J.; Miller, P. J.; Gaynor, S. G.;

Matyjaszewski, K. Macromol. Rapid. Commun. 2000, 21,

103.

22. Gadwal, I.; Binder, S.; Stuparu, M. C.; Khan, A. Macromole-

cules 2014, 47, 5070.

23. Zhang, D.; Liang, E.; Li, T.; Chen, S.; Zhang, J.; Cheng, X.;

Zhou, J.; Zhang, A. RSC Adv. 2013, 3, 9522.

24. Zhang, D.; Liang, E.; Li, T.; Chen, S.; Zhang, J.; Cheng, X.;

Zhou, J.; Zhang, A. RSC Adv. 2013, 3, 3095.

25. Gao, L.; Zhang, J.; Chen, S.; Zhang, D. Adhesion 2013, 34, 32.

26. Zhang, D.; Hu, P.; Xu, Z.; Chen, S.; Zhang, J.; Zhang, A.;

Miao, M. J. Appl. Polym. Sci. 2015, 132, 9387.

27. Hoyle, C. E.; Bowman, C. N. Angew. Chem. Int. Ed. 2010,

49, 1540.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4427744277 (7 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


28. Hoyle, C. E.; Lowe, A. B.; Bowman, C. N. Chem. Soc. Rev.

2010, 39, 1355.

29. Lowe, A. B. Polym. Chem. 2010, 1, 17.

30. Liu, C.; Li, T.; Zhang, J.; Chen, S.; Xu, Z.; Zhang, A.; Zhang,

D. Prog. Org. Coat. 2016, 90, 21.

31. Hawker, C.; Lee, R.; Fr�echet, J. J. Am. Chem. Soc. 1991, 113,

4583.

32. Guzman, D.; Ramis, X.; Fernandez-Francos, X.; Serra, A.

RSC Adv. 2015, 5, 101623.

33. Sangermano, M.; Roppolo, I.; Ortiz, R. A.; Tovar, A. G. N.;

Valdez, A. E. G.; Duarte, M. L. B. Prog. Org. Coat. 2015, 78,

244.

34. Carioscia, J. A.; Stansbury, J. W.; Bowman, C. N. Polymer

2007, 48, 1526.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4427744277 (8 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

