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Novel amphiphilic (PEG)m(PCL)n (m ≈ n ≈ 23) miktoarm stars with a disulfide-linked epoxy-
functionalized branched core were controllably synthesized via three step reactions comprising self-
condensing vinyl polymerization via reversible addition−fragmentation chain transfer, epoxy-carboxyl 
coupling reaction and ring-opening polymerization. The star copolymers were characterized by 1H NMR 
spectra, GPC-MALLS, DSC and reduction-triggered degradation. Postpolymerization modification via 10 

epoxy-carboxyl/phenol coupling reactions allowed attaching dual-reactive functionalities including 
coumarin, alkyne and alkyl bromide onto the branched core. In water and THF/water mixtures, coumarin-
modified star copolymer could aggregate into some intriguing morphologies including hyperbranched 
micelles and large vesicles due to the influence of solvent polarity on aggregation behaviors. Owing to the 
differences in isolation of fluorophores from solvent and restricted molecular motion, coumarin-15 

functionalized star exhibited adjustable fluorescent properties in water and THF/water mixtures, and its 
aqueous solution had a maximum quantum yield (ΦF = 44.2%). The solutions of star copolymer and its 
reduction-cleaved copolymer were of different hydrodynamic diameters, and the ΦF(star)/ΦF(cleaved 
copolymer) values were 1.85 (in THF), 3.00 (in water) and ranged between 1.29 and 2.58 in THF/water 
mixtures, revealing the aggregation behaviors and fluorescent properties were strongly dependent on 20 

polymeric architecture, location of fluorophores and solvent polarity. Our study affords a versatile method 
to construct functional miktoarm stars with a multi-reactive branched core, and coumarin-functionalized 
star copolymer may have a great potential as solvent polarity and reduction dual-sensitive imaging 
materials in “green” ink, coating and nanocarriers for biomedical applications. 

Synthesis and properties of functional multiarm and miktoarm 25 

star polymers have attracted extensive attention due to their 
unique physicochemical properties and multipurpose 
applications.1─10 As compared with their linear analogues, star 
polymers are liable to exhibit distinctly different bulk, solution 
and interface properties originating from their increasing compact 30 

structures and end groups. Owing to their branched architectures 
and heterophase structures, miktoarm stars with arms more than 
one chemical composition can perform phase separation at the 
molecular level and self-assemble into multiscale nano-ordered 
suprastructures and supramolecular assemblies, and they are 35 

expected to hold great promise as next-generation multiphase 
polymer materials.11─21 As well documented, the precise structure 
is essential to elucidate the internal correlations among structure, 
property and application of star polymers. Tremendous progress 
in living ionic polymerization and reversible deactivation radical 40 

polymerization has turned controlled synthesis of star polymers 
into reality, and some approaches involving “arm first”,22─24 
“core first”,25─27 “coupling onto”28,29 and combinatorial 
methods30─33 have paved ways for facile synthesis and versatile 
applications towards functional materials. 45 

Generally speaking, star polymers are composed of a central 
core and polymer arms, in which the core can be small molecule, 

linear chain,34─36 dendrimer26,27,37 and hyperbranched 
polymer.38─41 Among them, star polymers with a branched core 
have attracted increasing interest due to the ability for versatile 50 

postpolymerization and postfunctionalization of the 
hyperbranched scaffold.38─41 As compared with functional 
dendrimer constructed via iterative methods comprising multi-
step syntheses, segmented hyperbranched polymer (SHP) can be 
efficiently achieved via one-pot self-condensing vinyl 55 

polymerization (SCVP)42 based on controlled radical 
polymerization (CRP) such as atom transfer radical 
polymerization (ATRP)43─48 and reversible addition− 
fragmentation chain transfer (RAFT)49─54 polymerization. The 
CRP SCVP techniques allow controlled synthesis of 60 

hyperbranched polymers with relatively low polydispersity, 
variable molecular parameters, and on-demand functionalities, 
which can act as ideal scaffolds to generate the target star 
polymers via postpolymerization modification. Moreover, the 
great potential in synthesis of miktoarm stars and other complex 65 

architectures can be further enhanced as highly efficient linking 
reaction is applied.40,41 For instance, some ion-bearing AmBn-type 
(A and B can be any types of polymer segments in theory) 
miktoarm stars with a branched core comprising N,N-
dimethylaminoethyl methacrylate (DMA) units have been 70 
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constructed by us via two or three step reactions based on SCVP, 
RAFT process and Menschutkin reaction.40 Although this 
approach allows facile synthesis of the target stars with variable 
arm number and chemical composition, it still has some 
limitations such as reduced solubility and unsatisfactory grafting 5 

efficiency, and thus it is urgent to explore more ideal approaches 
for the syntheis. 

On the other hand, the incorporation of organic dyes such as 
pyrene, tetraphenylethylene and coumarin into polymeric 
architectures has attracted much attention due to their potential 10 

applications in solution-based fluorescent sensors, optical 
imaging, light-harvesting and photochromic materials, and 
organic electronic devices.55─63 As the fluorescent moieties were 
introduced into star and branched architectures, they may exhibit 
distinct fluorescent properties due to the changes in 15 

microenvironments bearing dye moieties, polymer segments and 
solvent. Among them, coumarin is a natural and biocompatible 
substance that can undergo reversible dimerization and 
depolymerization under UV light with different wavelengths, and 
thus coumarin-containing polymers can act as promising 20 

precursors for formation of reversible photo-cross-linkable 
micelles with potential biomedical applications.64─67 Some linear, 
dendritic-linear block copolymer,68 star69,70 and dendrigraft71,72 
polymers with coumarin functionalities have been synthesized 
and used to reveal structure-property relationship. However, no 25 

examples of coumarin-bearing miktoarm stars have been 
achieved thus far.  

Herein, we reported on synthesis and properties of 
multicleavable core-couplable (PEG)m(PCL)n-type (m and n 
denote the arm number) star copolymers with a disulfide-linked 30 

branched core (Scheme 1). The miktoarm stars were synthesized 
by three step reactions, namely, RAFT copolymerization of 2-((2-
(acryloyloxy)ethyl)disulfanyl)ethyl 4-cyano-4-(phenylcarbono 
thioylthio)pentanoate (ACP) and glycidyl methacrylate (GMA) 
afforded hyperbranched PGMA, a subsequent epoxy-carboxyl 35 

coupling reaction between PGMA and carboxyl-terminated 
poly(ethylene glycol) (PEG-COOH) gave multiarm star PEG 
with a branched core, and the newly generated hydroxyl moieties 
were further used to initiate ring-opening polymerization (ROP) 
of ε-caprolactone (CL) to generate the target stars. On this basis, 40 

postpolymerization modification was conducted to attach some 
reactive moieties such as coumarin, alkyne and alkyl bromide 
onto the branched core. Additionally, aggregation behaviors and 
fluorescent properties of coumarin-functionalized star before and 
after reduction were investigated.  45 

The resultant miktoarm stars have some features. The presence 
of disulfide linkages in each branching point enables reduction-
triggered degradation and topological transformation, and the 
remaining GMA units allow straightforward and sequential 
postpolymerization modifications to construct heterofunctional 50 

materials, in which the incorporation of various functionalities 
further enhances the potential utility in the arena of nanoreactors, 
fluorescence markers, and drug delivery applications. Moreover, 
disulfide-linked multicoumarin-functionalized miktoarm stars are 
sensitive to reduction and light irradiation and can act as model 55 

samples to investigate the effects of polymeric architecture and 
location of fluorophores on physicochemical properties. To the 
best of our knowledge, this is the first report on facile synthesis 

of functional miktoarm stars with PEG and PCL segments and a 
dual- and multi-reactive branched core. The versatile 60 

methodology is suitable for rapid construction of multicleavable 
AmBn-type miktoarm stars with on-demand chemical composition, 
arm number and cleavable linkage. 

Experimental section 

Materials 65 

All solvents, monomers, and other chemicals were purchased 
from Sigma-Aldrich unless otherwise stated. ε-Caprolactone (CL, 
99%) was distilled from calcium hydride under reduced pressure. 
Glycidyl methacrylate (GMA, 99%) was passed through a basic 
alumina column to remove the inhibitor before use. 2,2′-70 

Azobis(isobutyronitrile) (99%, AIBN) was recrystallized twice 
from ethanol. Monomethoxy poly(ethylene glycol) (MPEG, Mn = 
2000) was dried by azeotropic distillation. 4-Cyanopentanoic acid 
dithiobenzoate (4-CPDB),73 2-((2-hydroxyethyl)disulfanyl)ethyl 
4-cyano-4-(phenylcarbonothioylthio)pentanoate,74 2-((2-(acryloyl 75 

oxy)ethyl)disulfanyl)ethyl 4-cyano-4-(phenylcarbonothioylthio) 
pentanoate (ACP),52 carboxyl-terminated poly(ethylene glycol) 
(MPEG-COOH, Mn,NMR = 2100, Mn,GPC = 2360, PDI = 1.05),75 
and 4-oxo-4-(prop-2-yn-1-yloxy)butanoic acid76 were synthesized 
and purified according to literature procedures. N,N′-80 

Dicyclohexylcarbodiimide (95%, DCC), 4-dimethylamino 
pyridine (98%, DMAP), and tetrabutyl ammonium bromide (99%, 
TBAB) were purchased from Sinopharm Chemical Reagent Co., 
Ltd. and used as received. DL-dithiothreitol (DTT, 99%, Merck), 
doxorubicin hydrochloride (> 99%, Zhejiang Hisun 85 

Pharmaceutical Co, Ltd.), Sn(Oct)2 (99%), 2-bromopropionic 
acid (98%, Aladdin) and 7-hydroxy-4-methylcoumarin (98%, 
Aladdin) were used as received. Dichloromethane (DCM), 
dioxane, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), 
anisole and N,N-dimethylformamide (DMF) were purified 90 

according to standard procedures. 

Synthesis of hyperbranched PGMA by RAFT self-condensing 

vinyl copolymerization (SCVP) 

To a Schlenk tube were added ACP (0.940 g, 2.0 mmol), GMA 
(5.69 g, 40 mmol), AIBN (65.6 mg, 0.40 mmol) were added, and 95 

dry dioxane was added until the total volume was 40 mL. The 
contents were degassed with bubbled nitrogen for 30 min, and 
then the polymerization was conducted at 70 oC for 10 h. After 
precipitation into cold methanol and vacuum drying, 3.50 g 
(52.8% total monomer conversion) of hyperbranched PGMA was 100 

obtained. Number-average molecular weight and polydispersity 
determined by GPC-MALLS were Mn = 17300 and PDI = 1.44. 
Based on GPC-MALLS and NMR analyses, its number-average 
CTA functionality (fCTA) was determined to be 5.2, and each 
dithiobenzoate moiety corresponded to 20.1 GMA units.  105 

Hyperbranched PGMA: 1H NMR (CDCl3): δ 7.95, 7.55, 7.40 
(m, PhH), 6.47 and 5.89 (m, CH2=CH), 6.15 (m, CH2=CH), 4.43 
(m, COOCH2CH2S), 4.32 and 3.81 (each s, COOCH2 of GMA 
unit), 3.24 (m, CH of GMA unit), 2.92 (m, CH2S), 2.85 and 2.64 
(each s, CH2O of GMA unit), 0.6-2.6 (m, other CH, CH2 and CH3 110 

originating from CTA and GMA unit). FT-IR (KBr): 3430, 3069, 
2999, 2936, 1731, 1634, 1485, 1450, 1385, 1343, 1257, 1236, 
1172, 1150, 1134, 1078, 994, 907, 847, 759, 691 cm–1. 
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Scheme 1 Synthesis of (PEG)m(PCL)n star copolymers with a disulfide and epoxy dual-reactive branched core by combination of RAFT 
SCVP, carboxyl-epoxy coupling reaction and ROP 
 5 

Synthesis of multiarm star PEG by epoxy-carboxyl coupling 

reaction 

Hyperbranched PGMA (1.65 g, 10.0 mmol of epoxy 
functionality), MPEG-COOH (10.5 g, 5.0 mmol), PPh3 (0.13 g, 
0.5 mmol), and 81 mL of DMF were added to a round flask. The 10 

contents were degassed with bubbled N2 and reacted at 110 oC for 
20 h. The polymerization solution was precipitated into diethyl 
ether, and the crude product was collected and partitioned 
between DCM and deionized water. The organic layer was 
washed with water twice, and the polymer-based aqueous 15 

solution was combined and subjected to dialysis (MWCO 10 
kDa). Lyophilization gave 6.22 g of star PEG with PGMA core. 
GPC-MALLS and 1H NMR analyses: Mn = 65700, PDI = 1.26, 
and Mn,NMR = 66500. 

Star PEG: 1H NMR (CDCl3): δ 7.3-8.0 (m, PhH), 6.1-6.5 (m, 20 

CH2=CH), 3.8-4.5 (m, CHOH and COOCH2), 3.65 (s, CH2O of 
PEG), 3.38 (s, CH3O of PEG), 3.27 (m, CH of GMA unit), 2.5-
3.0 (m, CH2S, CH2O of GMA unit, and OCOCH2CH2COO 
connecting with PEG), 0.6-2.4 (m, other CH, CH2 and CH3 
originating from CTA and GMA unit). FT-IR (KBr): 3423, 2879, 25 

1732, 1649, 1468, 1384, 1351, 1282, 1250, 1199, 1107, 1042, 
952, 844, 746, 686 cm–1. 

Synthesis of AmBn (A = PEG, B = PCL, m ≈ n) star 

copolymers by CL polymerization 

Ring-opening polymerization using star PEG as a macroinitiator 30 

was used to grow PCL grafts. In a typical experiment (run 3 of 
Table 1), to a glass tube under nitrogen were added star PEG 

(0.580 g, 0.20 mmol of OH functionality), CL (0.457 g, 4.0 
mmol) and Sn(Oct)2 (16.2 mg, 0.04 mmol), and dry toluene was 
added until the total volume was 2.0 mL. After three freeze-35 

evacuate-thaw cycles, the tube was sealed under vacuum and 
placed in an oil bath thermostated at 110 oC. The polymerization 
was stopped after 20 h, and the solution was precipitated into a 
large amount of hexane to isolate the polymer. After filtration and 
drying in vacuo, 0.978 g (87.1% conversion) of (PEG)m(PCL)n 40 

star copolymer (S1) was obtained. GPC-MALLS and 1H NMR 
analyses: Mn = 108000, PDI = 1.18, and Mn,NMR = 112000. Other 
(PEG)m(PCL)n stars (S2 and S3) were synthesized and purified 
according to similar procedures. 

(PEG)m(PCL)n star: 1H NMR (CDCl3): δ 7.3-8.0 (m, PhH), 6.1-45 

6.5 (m, CH2=CH), 3.8-4.5 (m, CHOH and COOCH2), 3.65 (s, 
CH2O of PEG), 3.38 (s, CH3O of PEG), 3.27 (m, CH of GMA 
unit), 2.5-3.0 (m, CH2S, CH2O of GMA unit, and CH2COO), 0.6-
2.4 (m, other CH, CH2 and CH3 originating from CTA, GMA unit 
and PCL). FT-IR (KBr): 3438, 2945, 2868, 1726, 1649, 1472, 50 

1419, 1398, 1368, 1296, 1244, 1191, 1107, 1048, 959, 841, 732 
cm–1. 

Postpolymerization modification of (PEG)m(PCL)n star 

In a typical run, S3 star (100 mg), 7-hydroxy-4-methylcoumarin 
(30 mg), TBAB (10 mg), and 1.0 mL of DMSO were added to a 55 

glass tube under nitrogen, and the contents were reacted at 120 oC 
for 20 h. The solution was concentrated and precipitated into 
ethanol / water mixture, and the product was isolated by 
centrifugation. After vacuum drying, 110 mg of coumarin-
functionalized (PEG)m(PCL)n star (denoted as S4) was obtained. 60 
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For the synthesis of other samples, epoxy-carboxyl reaction 
between S3 and 4-oxo-4-(prop-2-yn-1-yloxy)butanoic acid or 2-
bromopropionic acid was performed in anisole at 100 oC for 30 h, 
and the resultant star copolymers were purified by precipitation.  

Coumarin-functionalized star (S4): 1H NMR (CDCl3): δ 7.3-5 

8.0 (m, PhH and ArH of coumarin), 6.92 (s, ArH of coumarin), 
6.0-6.5 (m, CH2=CH and CHCOO of coumarin), 3.8-4.5 (m, 
CHOH and COOCH2), 3.65 (s, CH2O of PEG), 3.38 (s, CH3O of 
PEG), 3.27 (m, CH of GMA unit), 2.5-3.0 (m, CH2S, CH2O of 
GMA unit, and CH2COO), 0.6-2.4 (m, other CH, CH2 and CH3 10 

originating from CTA, GMA unit, PCL, and coumarin). 
Alkyne-functionalized star (S5): 1H NMR (CDCl3): δ 7.3-8.0 

(m, PhH), 6.1-6.5 (m, CH2=CH), 4.70 (s, CH2C≡CH), 3.8-4.5 (m, 
CHOH and COOCH2), 3.65 (s, CH2O of PEG), 3.38 (s, CH3O of 
PEG), 3.27 (m, CH of GMA unit), 2.5-3.0 (m, CH2S, CH2O of 15 

GMA unit, and CH2COO), 2.50 (s, CH2C≡CH), 0.6-2.4 (m, other 
CH, CH2 and CH3 originating from CTA, GMA unit and PCL). 

Bromide-functionalized star (S6): 1H NMR (CDCl3): δ 7.3-8.0 
(m, PhH), 6.1-6.5 (m, CH2=CH), 3.8-4.8 (m, CHBr, CHOH and 
COOCH2), 3.65 (s, CH2O of PEG), 3.38 (s, CH3O of PEG), 3.27 20 

(m, CH of GMA unit), 2.5-3.0 (m, CH2S, CH2O of GMA unit, 
and CH2COO), 0.6-2.4 (m, other CH, CH2 and CH3 originating 
from CTA, OCOCHBrCH3, GMA unit and PCL). 

Reduction-triggered degradation of star copolymer 

Under nitrogen, S2 star (20 mg) was dissolved in 1.0 mL of THF, 25 

and followed by addition of about 3.0 µL of Bu3P. After stirring 
at 25 oC for 16 h, the mixture was diluted with THF and subjected 
to GPC analysis. Molecular weight and polydispersity of cleaved 
copolymer were Mn = 29800, PDI = 1.30. According to a similar 
procedure, cleaved S4 (Mn = 50600, PDI = 1.36) was obtained by 30 

reduction-triggered degradation of S4 star (Mn = 242000, PDI = 
1.16). 

Characterization 

Gel permeation chromatography with multiple angle laser 
scattering detection (GPC-MALLS) systems was used to 35 

determine absolute number-average molecular weight (Mn), 
polydispersity (PDI) and solution viscosity of various 
copolymers. GPC was conducted in THF at 35 oC with a flow 
rate of 1.0 mL min–1. Three TSK-GEL H-type columns (pore size 
15, 30 and 200 Å, with molecular weight range of 100–1000, 40 

300–20000 and 5000–400000 g mol–1, respectively) with 5 µm 
bead size were used. Detection consisted of a RI detector (Optilab 
rEX), a multi-angle (14-145o) laser light scattering (MALLS) 
detector (DAWN HELEOS) with the He-Ne light wave length at 
658.0 nm, and on-line viscosity detector (ViscoStar). The 45 

refractive index increment dn/dc for samples were measured off-
line by Optilab rEX refractive index detector (λ = 658 nm) at 25 
oC using a series of different concentration solutions. Data were 
collected and processed by use of ASTRA software from Wyatt 
Technology, and molecular weights were determined by the triple 50 

detection method. 1H NMR spectra (400 MHz) were recorded on 
a Varian spectrometer at 25 oC using CDCl3 as a solvent. Fourier 
Transform Infrared (FT-IR) spectra were recorded on a Perkin-
Elmer 2000 spectrometer using KBr discs. Differential scanning 
calorimetry (DSC) analysis was performed under a nitrogen 55 

atmosphere on Q200 DSC (TA Instruments - Waters LLC) with a 

heating rate of 10 oC min–1. UV-vis absorption spectra were 
recorded on a Shimadzu UV-3150 spectrophotometer, 
fluorescence spectroscopy was recorded at 25 oC on a FLS920 
fluorescence spectrometer, and the fluorescence quantum yield 60 

(ΦF) was determined by using quinine sulfate in 0.05 M H2SO4 
(ΦF = 54.6%) as reference standard. Dynamic light scattering 
(DLS) measurements were carried out at 25 oC using Zetasizer 
Nano-ZS from Malvern Instruments equipped with a 633 nm He–
Ne laser using back-scattering detection. 65 
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Fig. 1 1H NMR spectrum of hyperbranched PGMA (The wavy 
line denotes PGMA branches). 

Results and discussion 

Synthesis of hyperbranched PGMA 70 

RAFT SCVP allowed controlled synthesis of the target branched 
copolymers with variable degree of branching (DB), 
polydispersity (PDI) and CTA functionality (F) under optimized 
conditions.39─41 RAFT copolymerization of ACP and GMA was 
performed to generate hyperbranched PGMA with controlled 75 

number of dithiobenzoate moieties, couplable epoxy groups and 
cleavable disulfide linkage in each branching point. 

As the copolymerization ([GMA]0:[ACP]0:[AIBN]0 = 20:1:0.2, 
[M]0 = 1.0 mol L–1) was performed in dioxane at 70 oC for 10 h, 
hyperbranched PGMA was obtained in 52.8% conversion (run 1 80 

of Table 1). In 1H NMR spectrum (Fig. 1), the signals of aromatic 
and remaining vinyl protons originating from ACP appeared at δ 

7.95, 7.55, 7.40 (PhH), and 6.47, 6.15, 5.89 (CH2=CH), the 
protons beside disulfide linkages remained at δ 4.43 
(COOCH2CH2S) and 2.92 (CH2S), and characteristic signals of 85 

GMA units were noted at δ 4.32, 3.81 (COOCH2), 3.24 (CHO of 
epoxy), 2.85 and 2.64 (CH2O of epoxy). The number-average 
molecular weight and polydispersity were determined to be Mn = 
17300 and PDI = 1.44 by GPC-MALLS, and the resultant PGMA 
exhibited monomodal distribution in GPC trace (Fig. 2). Based  90 
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Table 1 Molecular weight, polydispersity, and DSC results of hyperbranched PGMA (run 1), star PEG (run 2), and (PEG)m(PCL)n (m ≈ 
n ≈ 23) star copolymers (runs 3-5)a 

run sample 
Mn,th 

(kDa)b 
Mn 

(kDa)c PDIc dn/dc 
Mn,NMR 
(kDa)d fw,PEG

d fw,PCL
d Tg 

(oC)e Tm (oC)e ∆H 
(J g–1)e 

1 PGMA ― 17.3 1.44 0.0807 ― ― ― 56.9 ― ― 

2 (PEG)m(OH)m 66.0 65.7 1.26 0.0862 ― 0.737 0 ― 52.5 89.7 

3 S1 112 108 1.18 0.0846 111 0.448 0.392 -52.0 49.3 79.2 

4 S2 162 150 1.13 0.0835 155 0.323 0.562 -50.2 46.3, 51.0 58.3 

5 S3 218 228 1.14 0.0820 221 0.212 0.712 -49.8 40.9, 54.3 48.1 

a Reaction conditions: [GMA]0:[ACP]0:[AIBN]0 = 20:1:0.2, [M]0 = 1.0 mol L–1, in dioxane at 70 oC for 10 h (run 1); [PEG-COOH]0: 
[GMA]0:[PPh3]0 = 10:20:0.1, Wpolymer:VDMF = 0.15 g mL–1, at 110 oC for 20 h (run 2) ; [CL]0:[OH]0:[Sn(Oct)2]0 = x:1:0.2, x = 20 (run 3), 5 

40 (run 4) or 60 (run 5), [M]0 = 2.0 mol L–1, in toluene at 110 oC for 20 h (runs 3-5). b Theoretical molecular weight calculated from Mn 
of macroinitiator and monomer conversion. c Number-average molecular weight (Mn) and polydispersity (PDI) determined by GPC-
MALLS. d Number-average molecular weight (Mn,NMR) and weight percent (fw) of polymer segments determined by 1H NMR analysis. e 

Glass transition temperature (Tg), maximum melting peak (Tm), and enthalphy (∆H) determined by DSC. 
 10 
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Fig. 2 GPC traces of hyperbranched PGMA (a), star PEG (b), 
(PEG)m(PCL)n star copolymers (c, S1; d, S2; e, S3) and cleaved 
copolymer obtained after Bu3P triggered reduction of S2 star (f). 
 15 

on the equation Fn = Mn × I7.95/(MWACP × I7.95 + 2MWGMA × 
I3.24), number-average CTA functionality per hyperbranched 
PGMA was deduced to be 5.2, in which MWACP and MWGMA 
were molecular weights of ACP and GMA. By comparing the 
integrated signal areas at 3.24 and 7.95 ppm, the molar ratio of 20 

GMA to dithiobenzoate was determined to be 20.1 (R = 
2I3.24/I7.95), and thus each hyperbranched PGMA comprised about 
105 GMA units. By assuming that no CTA functionality was lost 
during RAFT SCVP, the repeat unit per branch (RB) was 
calculated as 11.1 using the equation RB = (I3.24 + I7.95)/I7.95. 25 

Owing to the high reactivity of epoxy groups, the resultant 
hyperbranched PGMA afforded a versatile platform for various 
postpolymerization modifications. 

Synthesis of Am(OH)m-type (A = PEG) multiarm star by 

epxoy-carboxyl coupling reaction 30 

Epoxy-based ring-opening reactions were usually used to 
introduce reactive functionality or form cured system although  
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Fig. 3 1H NMR spectrum of star PEG with a branched core (The 
wavy line denotes PGMA branches grafted with PEG segments). 35 

 
they were seldom utilized to bridge various polymeric chains to 
construct more complex macromolecular architecture. In this 
study, epoxy-carboxyl coupling reaction between hyperbranched 
PGMA and MPEG-COOH was used to generate hydroxyl-40 

functionalized (PEG)m star with a branched core, in which PEG 
arms were grafted onto the branched substrate via grafting onto 
approach, and hydroxyl functionality was in-situ generated during 
the reaction and could be used to grow an alternative arm via 
“grafting from” approach. 45 

The reaction using PPh3 catalyst ([MPEG-COOH]0:[GMA]0: 
[PPh3]0 = 10:20:0.1) was performed in DMF at 110 oC for 20 h 
(run 2 of Table 1), and the resultant star PEG was purified by 
precipitation, dialysis and freeze-drying. GPC and 1H NMR 
analyses confirmed the absence of unreacted MPEG-COOH in 50 

isolated star PEG. The GPC trace only exhibited symmetric 
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monomodal distribution corresponding to star polymer, and the 
Mn and PDI values were obtained as 65700 and 1.26 (Fig. 2). In 
1H NMR spectrum of MPEG-COOH, the characteristic signals 
appeared at 4.26 (CH2OCO) and 2.65 ppm (OCOCH2CH2COOH). 
In 1H NMR spectrum of purified star PEG (Fig. 3), the signals of 5 

CH2OCO originating from ring-opening reaction appeared at 4.23 
ppm, and other characteristic signals were observed at 3.65 
(CH2CH2O of PEG), 3.38 (CH3O of PEG), and 2.66 ppm 
(CH2CH2COO connecting with PEG). As compared with 1H 
NMR spectrum of hyperbranched PGMA (Fig. 1), it can be seen 10 

the signals of epoxy moieties in star PEG were significantly 
weakened, and the signal of CHO (epoxy) was noted in 3.27 ppm. 
Based on the equation e = I3.38/(I3.38 + 3I3.27), it was estimated 
43.7% of GMA units had participated in the epoxy-carboxyl 
reaction. However, the graft number of PEG (m = Mn(star PEG) – 15 

Mn(hyperbranched PGMA)/Mn(MPEG-COOH)) was determined 
as 23.0 according to Mn of 65700, and thus it could deduce about 
21.9% of GMA units had reacted with MPEG-COOH. In addition 
to experimental errors in both GPC and NMR measurements, the 
higher coupling efficiency estimated by 1H NMR analysis may be 20 

ascribed to the potential shielding effect. During the graft 
process, steric hindrance could prevent MPEG-COOH (DP ≈ 45) 
from approaching inner epoxy moieties in PGMA branches (RB ≈ 
11), and PEG chains were preferentially grafted onto the surface 
of hyperbranched PGMA. Although PGMA in the hyperbranched 25 

polymer could adopt stretching coil conformation, most of GMA 
units in star PEG exhibited more compact chain conformation 
due to the presence of longer PEG grafts. The remaining epoxy 
functionalities were partly shielded by PEG segments and more 
difficult to be monitored during NMR measurement, and thus 1H 30 

NMR analysis was liable to overestimate the coupling efficiency. 

Synthesis of AmBn (A = PEG, B = PCL) miktoarm star 

copolymers by ROP 

CL polymerization initiated with (PEG)m(OH)m (m ≈ 23) star 
using Sn(Oct)2 catalyst was used to generate epoxy-bearing 35 

(PEG)m(PCL)n (m ≈ n) star copolymers. As ring-opening 
polymerization ([CL]0:[OH]0:[Sn(Oct)2]0 = x:1:0.2, x = 20-60) 
was performed in toluene at 110 oC for 20 h, (PEG)m(PCL)n stars 
S1-S3 were obtained (runs 3-5 of Table 1). In 1H NMR spectra 
(Fig. 4), new signals corresponding to PCL segments appeared at 40 

4.06 (CH2O), 2.31 (CH2CO), 1.65 and 1.38 ppm (other CH2) 
besides signals of PEG segments at 3.65 (CH2CH2O) and 3.38 
ppm (CH3O). By comparing integrated signal areas at 3.65 
(CH2CH2O of PEG) and 2.31 ppm (CH2CO of PCL), the 
polymerization degree of PCL arms (DPPCL = 90I2.31/I3.65) by 45 

assuming all the hydroxyl functionality had quantitatively 
initiated the polymerization were calculated as 16.9 (S1), 33.7 
(S2) and 58.9 (S3), respectively. The molecular weights (Mn,NMR) 
were determined to be within the range of 111-221 kDa by 1H 
NMR analysis, which were roughly comparable to Mn given by 50 

GPC-MALLS and theoretical values (Mn,th) calculated from 
Mn(macroinitiator) and monomer conversion. As compared with 
star PEG, the GPC traces of S1-S3 completely shifted to higher 
molecular weight side, with polydispersity indices lower than 1.2. 
These results confirmed that CL polymerization was efficiently 55 

conducted. In case of quantitative initiation, AB-type V-shaped 
grafts could be grafted onto the surface of hyperbranched PGMA 

to form (AB)m-type miktoarm stars. Owing to the signal 
overlapping between CHOH and COOCH2 and relatively low 
content of hydroxyl moieties, it was difficult to demonstrate if all 60 

the hydroxyl functionality had participated in the polymerization 
by 1H NMR analysis. Consequently, the target star copolymers 
with PEG and PCL arms could be efficiently achieved by ROP of 
CL under optimized conditions. 

Although tin catalyzed ROP of CL appears to be uncontrolled 65 

and leads to increasing polydispersity in some cases, the 
polydispersity indices of star copolymers obtained in this study 
are liable to decrease with coupling of PEG and growth of PCL. 
This phenomenon could be primarily ascribed to the differences 
in reactivity and macromolecular conformation. During coupling 70 

of PEG and CL polymerization, hyperbranched PGMA and star 
PEG with lower molecular weight were liable to exhibit 
comparatively high reactivity due to reduced steric hindrance and 
enhanced probability for MPEG-COOH and CL monomer to 
approach the reactive sites, and thus the resultant products were 75 

of lowered polydispersity than their precursors. On the other hand, 
with increasing molecular weight and chemical composition, star 
PEG and (PEG)m(PCL)n star copolymers had increasing 
possibility to adopt globular conformation in THF, and GPC 
analysis may partly underestimate polydispersity indices due to 80 

the potential role of mutual compensation of short and long 
polymer segments on hydrodynamic volumes. 
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Fig. 4 1H NMR spectra of (PEG)m(PCL)n star copolymers with a 
branched core (The wavy line denotes PGMA branches grafted 85 

with PEG and PCL segments). 
 
Reduction-triggered cleavage of star copolymer 

As the disulfide linkages are cleaved, AmBn star can be 
potentially degraded into thiol and epoxy dual-functionalized 90 

starlike, comblike and comblike-linear block copolymers 
(Scheme 2). Starlike (densely grafted) and comblike (loosely 
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grafted) copolymers comprise PGMA backbone and PEG/PCL 
segments in which each PGMA branch in AmBn star precursor has 
more or less grafted chains, and block copolymers involve both 
comblike (polymer brush with PEG and PCL grafts) and linear 
(originating from ungrafted PGMA branch) blocks. To further 5 

understand the microstructure of cleavable copolymers, S2 star 
(Mn = 150 kDa, DPI = 1.13) was treated with excess Bu3P and 
subjected to GPC analysis. Owing to the cleavage of disulfide 
linkages, the molecular weight of the degraded sample was 
remarkably decreased (Mn = 29800), and the molecular weight 10 

distribution was obviously broadened (PDI = 1.30, Fig. 2f). By 
assuming that the number of disulfide linkages was equal to CTA 
functionality, there were about 5.2 cleavable moieties in the 
branched core of star copolymer. Based on 1H NMR analysis, 
18% of disulfide linkage was connected with the residual acrylic 15 

group and 82% of disulfide moiety was located in the branching 
point (Fig. 1). Theoretically, one star copolymer could be cleaved 
into about 5.1 copolymers with PEG and PCL segments (f = 6.2 × 
82%). The experimental value (Mn(original)/Mn(cleaved) = 5.0) 
was close to the expected one, revealing the disulfide-linked star 20 

copolymer could be efficiently degraded into lower-molecular-
weight thiol-bearing copolymers under reductive conditions. 

To further understand the effect of reduction-triggered 
cleavage on overall star structure and types of fragments, S2 and 
cleaved S2 were subjected to self-assembly in aqueous solution. 25 

DLS results revealed S2 aggregates exhibited monomodal 
distribution in DLS plots with peak size (Dpeak) of 132 nm, and 
they had hydrodynamic diameter (Dh) of 109 nm and particle size 
distribution (PD) of 0.173 (Fig. S1). On the contrary, copolymer 
aggregates formed by cleaved S2 were of dimodal distribution 30 

(Dpeak = 159 and 300 nm), and their Dh and PD values were 174 
nm and 0.365, respectively. TEM images indicated S2 aggregates 
were necklace-like micelles comprising small spherical micelles, 
whilst cleaved S2 aggregates were mixtures of normal and large 
compound micelles with different sizes (Fig. S2). The different 35 

morphologies of copolymer aggregates formed by S2 and its 
cleaved sample could be ascribed to the change in 
hydrophobic/hydrophilic interactions originating from distinct 
architecture, molecular weight and end group. 

Scheme 2 Illustration for reduction-triggered formation of 40 

starlike/comblike (a, d, e) and comblike-linear block (b, c) 
copolymers with PEG and PCL segments and thiol moieties 
(labeled with cyan dots) 

a

b
c

d

e

Bu3P

 45 

DSC analysis 

DSC measurement was performed to understand the glass 
transition, melting and crystallization behaviors of various 
polymers. In DSC traces (Fig. 5), one glass transition of 
hyperbranched PGMA was noted at 56.9 oC, and the melting 50 

temperature (Tm) of star PEG appeared at 52.5 oC. The enthalphy 
of star PEG (∆H = 89.7 J g–1) was significantly smaller than that 
of PEG-COOH (∆H = 137.5 J g–1), revealing the formation of 
starlike architecture could remarkably reduce the crystallizability 
of polymer segments. For (PEG)m(PCL)n stars, the glass 55 

transition (Tg,PCL) was gradually increased from -52.0 to -49.8 oC 
with prolonging PCL, and one or two maximum melting peaks 
were noted within 40.9 and 54.3 oC. Different from the sharp 
melting peak of star PEG, the melting range of star copolymers 
was obviously broadened possibly due to the differences in 60 

crystallization regions and crystalline sizes originating from the 
highly branched miktoarm architecture. With the introduction of 
heterogeneous chemical composition and increasing chain length 
of PCL segments, (PEG)m(PCL)n star copolymers were liable to 
exhibit enhanced topological constraints and hetero-contacts in 65 

macromolecular architecture and form crystallization regions 
with different sizes. Owing to the ability to adjust the formation 
and percent of homogeneous and heterogeneous crystallization 
regions and affect degree of crystallization perfection, the chain 
length ratio of PEG to PCL played important roles in 70 

crystallization properties of star copolymers, evident from 
different melting peaks and enthalphies in DSC traces. PEG was 
easier to form homogeneous crystallization region than PCL as 
the chain length of PEG was longer than PCL, and thus the 
maximum melting peak of S1 was primarily corresponding to the 75 

melting of PEG and mixed crystals. Similarly, the maximum 
melting peak of S2 and S3 could be mainly attributed to the 
melted PCL and mixed crystals due to the longer chain length of 
PEG segments. When DPPCL increased from 16.9 to 58.9, the 
enthalphy was gradually decreased from 79.2 to 48.1 J g–1. It is 80 

worth noting that it is difficult to distinguish degree of 
crystallinity of homogeneous and mixed crystals from each other 
due to the overlapping of melting peaks and the presence of 
imperfect crystallization. 
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Fig. 5 DSC traces of hyperbranched PGMA, star PEG and 
(PEG)m(PCL)n star copolymers (S1-S3). 
 
Postpolymerization modification of star copolymers via 

epoxy-carboxyl/phenol coupling reactions 90 

The presence of epoxy functionality in star copolymers allows for 
versatile postmodification due to its high reactivity with sodium 
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azide, thiol, amine, acid and phenol, and both hydroxyl and an 
alternative functionality can be obtained by ring-opening 
reaction. To further introduce some functionalities such as 
fluorescent and couplable moieties into the side chains of PGMA 
branches, 7-hydroxy-4-methylcoumarin (C4), 4-oxo-4-(prop-2-5 

yn-1-yloxy) butanoic acid and 2-bromopropionic acid were 
chosen as model compounds to perform the coupling reaction 
with epoxy-bearing S3 star. As well documented, coumarin can 
act as fluorescence marker, alkyne functionality allows for 
copper(I)-catalyzed azide-alkyne cycloaddition reaction, alkyl 10 

bromide is useful for ATRP initiator, azidation and versatile 
quaternization, and the newly generated hydroxyl functionality 
can be used for ROP initiator and coupling reaction as well. 

Scheme 3 Synthesis of core-functionalized star copolymers with 
both hydroxyl and coumarin (S4), alkyne (S5) and bromide (S6) 15 

moieties (labeled with green dots) via postmodification 
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Fig. 6 1H NMR spectrum of coumarin-functionalized 
(PEG)m(PCL)n star (S4, the wavy line denotes PGMA branches 20 

grafted with PEG and PCL segments and coumarin moieties). 
 

With the aid of TBAB catalyst, epoxy-carboxyl coupling 
reaction was conducted in anisole at 100 oC for 30 h, and epoxy-
phenol linking reaction was performed in DMSO at enhanced 25 

temperature (T = 120 oC) for 20 h due to relatively low reactivity 

of phenol moiety in coumarin derivative. After purification, core-
functionalized star copolymers with functional groups of 
coumarin (S4), alkyne (S5) and alkyl bromide (S6) were obtained 
(Scheme 3). In 1H NMR spectra (Fig. 6 and Fig. S3), the 30 

characteristic signals of various functionalities were noted at 7.46 
(ArH of coumarin), 6.92 (ArH of coumarin), 6.09 (CHCOO of 
coumarin), 2.39 (CH3 of coumarin), 4.70 (CH2C≡CH), 2.69 
(OCOCH2CH2COO), 2.50 (CH2C≡CH), 4.54 (OCOCHBrCH3), 
and 1.83 ppm (OCOCHBrCH3), and the signals of epoxy 35 

moieties were almost disappeared. By comparing the integrated 
signal areas of various protons in functional moieties at δ 4.70 
(CH2C≡CH), 7.46 (ArH of coumarin) and 1.83 (OCOCHBrCH3) 
and PCL segments at 2.31 ppm (CH2CO), the coupling efficiency 
was determined to be higher than 90%. To fully understand the 40 

coupling efficiency, coumarin-functionalized S4 star was 
subjected to GPC-MALLS analysis (Mn = 242000, PDI = 1.16). 
By comparing the Mn values with S3 star (its precursor), the 
coupling efficiency was determined to be 97.6%, supporting the 
afore-mentioned statement on high ring-opening efficiency. In 45 

core-functionalized star copolymers, all the functionalities were 
attached onto the pendant chains of the inner branched core, and 
thus the coupling efficiency may be partly underestimated owing 
to the potential shielding effect during 1H NMR measurement. 
The presence of alkyne, bromide and hydroxyl functionalities in 50 

star copolymers allows versatile postmodification reactions in the 
location of nanosized branched core, which are under way in our 
group. 

Aggregation behaviors and fluorescent properties of 

coumarin-functionalized star copolymer and its reduction-55 

cleaved sample 

The coumarin-based polymers could perform quick 
photoresponse and effective photoreversibility with alternative 
irradiation of UV light with different wavelengths,64─67 and they 
may exhibit tunable fluorescent behaviors due to the shielding 60 

effect to isolate fluorophore and solvent and the restriction in 
rotation of fluorophores in solution state originating from the 
rigidness of star or branched molecular scaffolds.54─57,71,72 
Besides construction of core-crosslinked star copolymer as 
photoresponsive material, coumarin-loaded S4 star is expected to 65 

exhibit distinct fluorescence properties in homogeneous and 
mixed solutions. Considering the potential influence of polymeric 
architecture and location of fluorophores, the aggregation 
behaviors and fluorescent properties of S4 star and its reduction-
cleaved copolymer (cleaved S4) were investigated in this study. 70 

Although the UV-vis spectra of S4 in THF, water and their 
mixtures (c = 10 µg mL–1) were roughly similar (Fig. S5), the 
fluorescence spectra in various solvents were distinctly different 
(Fig. 7). When excited at 321 nm, the fluorescence spectra of S4 
in THF and THF/water mixture with water fraction (fw) of 10% 75 

were similar, and then the fluorescence intensity of S4 solution 
was liable to increase with increasing water fraction, in which the 
visible blue light became stronger with gradual addition of water. 
Meanwhile, a noticeable shift in the maximum emission was 
noted, and the emission spectra in THF/water mixtures usually 80 

exhibited dual or triple fluorescence emission peaks covering the 
interval of 340-625 nm (Fig. 7). The copolymer solutions (fw = 0 
and 10%) had maximum emissions (λem) at 388 and 498 nm 
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corresponding to emissions from single molecule and excimer of 
coumarin moieties. With increasing water fraction, the bands at 
388 and 498 nm were gradually weakened, and the intensity at 
451 nm increased immediately, in which the coumarin moieties 
were more isolated from water and the fluorescence spectrum 5 

resembled the emission from the donor (O and the neighboring 
OH) to the acceptor (C=O) of the isolated fluorophore due to 
intramolecular charge transfer. In THF and mixture with 10% of 
water, the I388/I498 (1.03) and I388/I451 (2.45) values were same due 
to negligible aggregation. As fw increased from 10 to 100%, the 10 

intensity ratio of I388/I498 decreased from 1.03 to 0.12, and the 
I388/I451 value reduced from 2.45 to 0.05, in which the drastically 
decreased intensity ratios could be ascribed to the enhanced 
aggregation of star copolymer in solution (Fig. S6). 

360 400 440 480 520 560 600 640

 

 

F
lu

o
re

s
c

e
n

c
e
 i

n
te

n
s

it
y
 (

a
u

)

Wavelength (nm)

 0 (388, 498)

 10% (388, 498)

 20% (388, 457, 495)

 30% (389, 457, 489)

 40% (389, 457)

 50% (388, 456)

 60% (388, 452)

 70% (451)

 80% (451)

 90% (451)

 100% (451)

f
w
 (λ

em
, nm)

 15 

Fig. 7 Dependence of fluorescence spectra of coumarin-
functionalized S4 star in THF, water and their mixtures (c = 10 
µg mL–1, λex = 321 nm) on water fraction, in which water fraction  
(fw) and maximum emission (λem) were listed in the inset. 
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Fig. 8 Influence of water fraction on quantum yields of S4, 
cleaved S4 (c = 10 µg mL–1) and 7-hydroxy-4-methylcoumarin 
(C4, c = 5.0 µg mL–1) in THF, water and their mixtures (λex = 321 
nm). 

  25 

On this basis, the fluorescence quantum yields (ΦF) of S4 in 
various solutions were measured (Fig. 8). The ΦF values only 
fluctuated between 5.70% and 6.39% (fw = 0-20%) and gradually 
increased from 9.26% to 44.2% as water fraction varied from 
30% to 100%. These results were in good accordance with the 30 

evolution of light scattering intensities of S4 solutions. As fw 
increased from 10 to 50%, the hydrodynamic diameters (Dh) of 
S4 aggregates given by DLS measurement continuously 
increased from 166 to 486 nm (a-e of Fig. 9), and the low derived 
count rate (DCR) values (3.3-15.7 kcps, fw = 10-20%) 35 

immediately jumped to 393-666 kcps (fw = 30-50%, Table S1). 
Owing to the continuous formation of self-assembled aggregates, 
light scattering intensities were substantially enhanced with 
gradual addition of water. When fw further enhanced to 70-100% 
(g-j of Fig. 9), the Dh values were fluctuated between 716-754 40 

nm, and no notable change in light scattering intensities was 
observed (DCR = 1347-1370 kcps). With increasing water 
fraction, the solvent polarity was liable to increase, and the 
resultant copolymer aggregates exhibited a wide range of 
intriguing morphologies (Fig. 10) including micelles (fw = 10-45 

20%), vesicles (fw = 30-50%), large vesicles (fw = 60-90%), and 
hyperbranched micelles comprising unimolecular micelles (fw = 
100%).  
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Fig. 9 DLS plots of coumarin-functionalized S4 star in THF–50 

water mixtures or water with various water fraction (fw = 10-
100%) and concentration of 10 µg mL–1. 
 

The quantum yields of S4 star were liable to increase with 
increasing water fraction, which could be primarily attributed to 55 

the influence of solvent polarity on microenvironment comprising 
polymer chains, fluorophores and solvent. In a good solvent (fw = 
0 and 10%), most of coumarin moieties could directly interact 
with the solvent since PEG and PCL chains and the branched 
core preferentially adopted the stretching conformation, and two 60 

bands with peaks at 388 and 498 nm were noted in fluorescence 
spectra. With gradual addition of water (fw = 20-60%), the 
hydrophobic PCL segments gradually collapsed, and S4 star was 
liable to form copolymer aggregates, during which water 
molecules beside coumarin moieties were gradually pulled out 65 

due to the enhanced aggregation behaviors. In this stage, the 
influence of solvent polarity on fluorophores was increasingly 
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weakened, and the band with peak at about 452-457 nm emerged 
and enhanced. As water fraction was beyond 60%, the coumarin 
groups were surrounded by polymer segments and isolated from 
the solvent due to the increasing shrinkage of star copolymer, and 
the rotation of fluorophores was efficiently restricted. Therefore, 5 

only a single band at 451 nm corresponding to emission from 
intramolecular charge transfer appeared in fluorescence spectra as 
water fraction was high enough. 

 

Fig. 10 Typical TEM images of S4 aggregates (c = 10 µg mL–1) 10 

formed in water and THF/water mixtures with different water 
fraction. 
 

To reveal the influence of topology and location of coumarin 
moieties, the aggregation behaviors and fluorescent properties of 15 

cleaved S4 obtained by Bu3P triggered degradation were also 
investigated. As plotted in Fig. S8, the fluorescence spectra of 
cleaved polymer were strongly dependent on water fraction. The 
fluorescence spectra of cleaved S4 in THF and mixture with 10% 
of water were comparable, and the fluorescence intensity 20 

gradually increased with an increase in water fraction. The Dh 
values of cleaved S4 in THF/water mixtures varied between 220 
and 474 nm, and the hydrodynamic diameter was around 326 nm 
in aqueous solution (Fig. S9). The DCR values first increased 
from 68.8 (fw = 10%) to 2513 kcps (fw = 80%) and then dropped 25 

to 1586 kcps (fw = 100%). In the same solvents, S4 star and its 
reduction-cleaved copolymer had distinctly different Dh, particle 
size distribution (PD) and light scattering intensities (Table S1), 
revealing the aggregation behaviors could be affected by some 
factors such as topology, molecular weight and end group. The 30 

ΦF values were calculated within the range of 3.07-15.6% (Fig. 8), 
in which the quantum yield in THF and mixture with 10% of 
water was similar, and it increased from 3.07% (fw = 10%) to 
15.6% (fw = 80%) and then slightly decreased to 14.8% (fw = 
100%). The remarkably different fluorescent properties of S4 star 35 

and its cleaved copolymer may be attributed to the difference in 
polymeric topology and the potential quenching ability of thiol 
moieties in cleaved S4. 

The quantum yield of 7-hydroxy-4-methylcoumarin (C4) in 
THF was 1.62% (Fig. 8), and it increased to 5.87% (S4 star) and 40 

3.17% (cleaved S4) as the coumarin moiety was attached onto the 
side chain of GMA units. The result was similar to that observed 
in dendritic molecular brushes54 and dendrigraft copolymers,71,72 
and the enhanced fluorescence efficiency could be attributed to 
the steric shielding in the branched architectures which efficiently 45 

prevented the fluorophores from self-aggregation and 
environmental quenching. With increasing water fraction, the 
quantum yields of C4 initially increased from 1.62% (fw = 0) to 
24.9% (fw = 60%) and then dropped to 20.0% (fw = 100%), which 
was potentially ascribed to the differences in solvent polarity and 50 

the ability to form hydrogen-bonding interactions. 
Careful inspection of the plots in Fig. 8 revealed S4 star was 

of higher quantum yield than cleaved S4 in same solvents, and 
the ΦF(S4 star)/ΦF(cleaved S4) values were 1.85 (in THF), 3.00 
(in water) and ranged between 1.29 and 2.58 in THF/water 55 

mixtures. These results were primarily ascribed to the differences 
in the ability to isolate fluorophore and solvent and degree of 
restricted motion of coumarin moieties in polymer aggregates. In 
S4 star with architecture similar to the “core-shell” structure, the 
coumarin groups were attached onto PGMA branches in the inner 60 

branched core, and the shielding effect of PEG and PCL 
segments in the outlayer efficiently prevented the coumarin 
moieties from intermolecular motion in a good solvent such as 
THF and THF/water mixture with low fw. With gradual addition 
of water, large aggregates with different morphologies were 65 

gradually formed, and most of coumarin groups would be isolated 
from each other with the shrinkage of the branched core. 
Accordingly, the intramolecular motion of coumarin moieties 
could be further restricted due to increasingly compact stacking 
among polymers. For cleaved S4 with V-shaped grafts, however, 70 

the coumarin groups were densely grafted onto polymethacrylate 
backbone, and the polymer underwent directly chain aggregation 
with addition of water. Although the presence of PEG and PCL 
segments could partly disturb the intermolecular motion, the 
coumarin moieties laid in the hydrophobic core or core-shell 75 

interface of copolymer aggregates, and the inter- and 
intramolecular motions of coumarin groups in reduction-cleaved 
polymer were simultaneously present. Therefore, both topological 
effect and location of coumarin moieties played important roles 
in fluorescent properties. 80 

The above-mentioned results revealed S4 star and its 
reduction-cleaved copolymer had remarkably different 
aggregation behaviors and fluorescent properties as they were 
dissolved and dispersed in THF, water and their mixtures. Upon 
partial reduction of S4 star, the sample obtained is expected to 85 

possess fluorescence spectra and quantum yields ranging between 
S4 star and cleaved S4. Disulfide-linked S4 star can exhibit 
strong blue light upon excitation at 321 nm, and the fluorescent 
properties are sensitive to water fraction and reduction stimulus. 
Owing to solvent polarity and reduction dual-dependent 90 

fluorescent properties, S4 star may have a great potential as 
stimuli-responsive imaging materials in “green” ink, coating and 
precursors for biomedical applications. The influence of UV 
irradiation on physicochemical properties is in progress and will 
be reported later. 95 
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Conclusions 

(PEG)m(PCL)n (m ≈ n ≈ 23) miktoarm stars with a disulfide-
linked PGMA branched core were controllably synthesized by 
combination of RAFT SCVP, epoxy-carboxyl coupling reaction 
and ROP. The amphiphilic stars obtained were characterized by 5 

1H NMR spectra, GPC-MALLS, DSC and reduction-triggered 
degradation, and the results fully confirmed the nature of star-
branched architecture. The remaining epoxy functionalities in the 
branched core allowed versatile postpolymerization modification, 
evident from the efficient introduction of hydroxyl and an 10 

alternative functionality such as coumarin, alkyne and alkyl 
bromide into PGMA branch. Owing to the differences in isolation 
of fluorophores from solvent and restricted rotation of fluorescent 
groups in nanosized branched core, coumarin-functionalized star 
copolymer was liable to exhibit adjustable fluorescent properties 15 

in water and THF/water mixtures. The aggregation behaviors and 
fluorescent properties of coumarin-functionalized polymers were 
significantly affected by polymeric architecture, location of 
coumarin moieties and solvent polarity, evident from different 
physicochemical parameters of S4 star and its reduction-cleaved 20 

copolymer in various solutions. Epoxy-based postpolymerization 
modification further paves ways for facile construction of a wide 
range of stimuli-cleavable core-functionalized star copolymers 
with promising applications in imaging, catalysis, host-guest 
chemistry and biological fields. 25 
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