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ABSTRACT: The graft polymer poly(ethylene oxide)-g-poly(E-

caprolactone)2 (PEO-g-PCL2) with modulated grafting sites was

synthesized by the combination of ring-opening polymerization

(ROP) mechanism, efficient Williamson reaction, with thiol–ene

addition reaction. First, the precursor of PEO-Allyl-PEO with

two terminal hydroxyl groups and one middle allyl group was

prepared by ROP of EO monomers. Then, the macroinitiator

[PEO-(OH)2-PEO]s was synthesized by sequential Williamson

reaction between terminal hydroxyl groups and thiol–ene addi-

tion reaction on pendant allyl groups. Finally, the graft polymer

PEO-g-PCL2 was obtained by ROP of E-CL monomers using

[PEO-(OH)2-PEO]s as macroinitiator. The target graft polymer

and all intermediates were well characterized by the measure-

ments of gel permeation chromatography, 1H NMR, and ther-

mal gravimetric analysis. The crystallization behavior was

investigated by the measurements of differential scanning calo-

rimetry, wide-angle X-ray diffraction and polarized optical

microscope. The results showed that when the PCL content of

side chains reached 59.2%, the crystalline structure had been

dominated by PCL part and the crystalline structure formed by

PEO part can be almost neglected. VC 2014 Wiley Periodicals,

Inc. J. Polym. Sci., Part A: Polym. Chem. 2014, 52, 2239–2247

KEYWORDS: crystallization; graft polymer; poly(E-caprolactone)

(PCL); poly(ethylene oxide) (PEO); ring-opening polymerization

(ROP); Williamson reaction; thiol-ene addition reaction

INTRODUCTION With the rapid development of living/con-
trolled polymerization mechanisms and efficient coupling
methods, a variety of polymers with complicated architec-
tures and compositions can be realized by certain synthetic
route. The increasing attention on these complicated archi-
tectures is mainly owing to their unique physical properties
in solution and bulk, as well as their versatile applications,
including biomedical materials,1,2 nanotechnology,3 compos-
ite materials,4 and supramolecular science.5 Among them,
the graft polymers are especially paid much attention
because there are many parameters that can be modulated
in this kind of structure. Usually, the variations of composi-
tions and length of main chains and side chains, as well as
the grafting density, have great impacts on bulk physical and
mechanical properties of graft polymers.6 For example, the
structures of side chains and main chains of graft copoly-
mers can be designed as block,7 hyperbranched,8 V-
shaped,9,10 star-shaped,11,12 dendrimer-like,13–15 and so
forth. The compositions can be selected from a series of
polymers, such as poly(isoprene) (PI),16,17 poly(ethylene
oxide) (PEO),18 polystyrene (PS),19–21 poly(acrylic acid),22

poly(hydroxyethyl methacrylate),23,24 poly(E-caprolactone)
(PCL),25 and so on. All these variations make it possible to
design and synthesize the aimed graft polymers with certain
applications.

Typically, the graft polymers can be realized by “grafting
from,”26–28 “grafting onto”29–31 or “grafting through”32–34

strategies. However, each strategy has its own advantages
and limitations. For example, in “grafting onto” strategy, the
efficient click reactions are usually adopted and the polymers
with defined side chains or main chains can be synthe-
sized,35–37 but the grafting efficiency is sometimes limited. In
“grafting from” strategy, the grafting efficiency could reach
almost 100%26,27; however, the length of side chains cannot
be well controlled. In general, in the above three strategies
to graft polymers, the design and synthesis of main chain is
always the key step. The main chain can not only provide
controlled grafting sites, but also can modulate the proper-
ties of final graft polymers. For example, PEO is a classical
soft segment in multiconstitution polymers, and might
endow the polymers with special properties owing to its

Additional Supporting Information may be found in the online version of this article.

VC 2014 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2014, 52, 2239–2247 2239

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERCHEMISTRY.ORG ARTICLE



good solubility both in water and in organic solvents.38–40

The polymers contained PEO segments showed potential
applications in high energy density lithium batteries, elec-
tronic devices,41 and drug delivery systems,42 which are
receiving increasing interests.43–45 However, until recently,
the PEO segments are difficult and rarely constructed into
the main chain of graft copolymers. Previously, Huang and
coworkers18,30,46–57 have explored a method to synthesize
functional PEO from the ethoxyethyl glycidyl ether or
4-glycidyl-2,2,6,6-tetra methylpiperidyl-1-oxyl (GTEMPO)
monomers, and some graft polymers or sun-shaped poly-
mers have been realized from the PEO backbone pendant
with hydroxyl groups or TEMPO groups. However, the mono-
mers for functional PEO main chain are always limited by
complicated synthetic procedure of epoxides with substitu-
ent groups, and the molecular weights of PEO backbone are
always limited <20,000 g/mol because of the transfer reac-
tions of living species to epoxide monomers in ring-opening
polymerization (ROP) mechanism.

On the other hand, the length between adjacent grafting sites
on graft polymers is always modulated by several monomer
units, and the grafting sites are rarely separated by a poly-
mer segment with certain length or molecular weight. As a
pioneering work, Hadjichristidis et al.58,59 synthesized some
graft polymers PI(or PS)-g-PS by living anionic polymeriza-
tion, in which the grafting sites are separated by the seg-
ments of PI or PS. Their results had shown that the physical
properties of such graft polymers can be well controlled by
modulating the length of spaced segments on main chain.
Thus, the synthesis of this kind of graft polymers and the
related works need to be further developed.

In this contribution, considering the aforementioned limita-
tion on graft polymers, we aimed to synthesize some graft
polymers with PEO as main chain. The modulated grafting
sites are specially spaced with a certain length of PEO seg-
ment. Also, considering that the PCL segments have been
extensively used as an important biomaterial for a wide vari-
ety of drug delivery carriers and biomedical devices because
of its biodegradability and biocompatibility,60 as well as com-
posite material because of its versatile mechanical properties
and miscibility toward some commodity polymers, we also
designed the PCL segments as side chains. In synthetic route,
the “grafting from” strategy was adopted, and the ROP mech-
anism, Williamson reaction with thiol–ene addition reaction
were well combined (Scheme 1). Furthermore, because both
PEO and PCL were all crystalline segments in target graft
polymer PEO-g-PCL2, the crystallization behavior of graft
polymer was also investigated.

EXPERIMENTAL

Materials
Ethylene oxide (EO, Sinopharm Chemical Reagent (SCR),
98%) was dried by calcium hydride (CaH2) for 48 h and
then distilled under N2 before use. E-Caprolactone (CL)
(99%, Aldrich) was purified by distillation from CaH2 under

reduced pressure and stored at 220 �C before use. Tetrahy-
drofuran (THF, 99%, SCR) was refluxed and distilled from
potassium naphthalenide solution. Dichloromethane (CH2Cl2,
SCR, 98%) and toluene were purified by distillation
from CaH2. Tin (II) bis(2-ethylhexanoate) (Sn(Oct)2, 95%,
Sigma) was dissolved in dry toluene (0.5 mg/mL). Diphenyl-
methyl potassium (DPMK) solution with concentration of
0.75 mol/L was prepared according to the literature.61 All
other reagents and solvents were purchased from SCR and
used as received except for declaration.

Characterization
Gel permeation chromatographic (GPC) measurement of PEO
homopolymers was performed in 0.1 M of NaNO3 aqueous
solution at 40 �C with an elution rate of 0.5 mL/min on an
Agilent 1100 equipped with a G1310A pump, a G1362A
refractive index detector, and a G1315A diode-array detector.
Three TSK gel PW columns in series (molecular weight
ranges from 0 to 5 3 104 and 5 3 104 to 8 3 106 g/mol)
were calibrated with PEO standards. The measurement of
GPC of graft polymer poly(ethylene oxide)-g-poly(E-caprolac-
tone)2 (PEO-g-PCL2) was carried out at 35 �C using LiBr-
added dimethylformamide (DMF) ([LiBr]5 15 mM) as eluent
with a flow rate of 1.0 mL/min. The system was calibrated
with linear PMMA standards. The ultrafiltration membrane

SCHEME 1 The illustration of graft polymer PEO-g-PCL2 and

their synthetic procedure.
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separator was purchased from Shanghai Institute of Applied
Physics, Chinese Academy of Science, and the cut-off molecu-
lar weight of used poly(ether sulfone) film was Mw(cut-off)-

5 10,000 g/mol (calibrated with globin). 1H NMR spectra
were recorded on a Bruker (500 MHz) spectrometer in
CDCl3 solvent with tetramethylsilane as internal reference.

Differential scanning calorimetry (DSC) was carried on a DSC
Q2000 thermal analysis system (Shimadzu, Japan). Samples
were first heated from 220 to 120 �C at a heating rate of
10 �C/min under nitrogen atmosphere, followed by cooling
to 220 �C at 10 �C/min after stopping at 120 �C for 3 min,
and finally heating to 120 �C at 10 �C/min after stopping at

SCHEME 2 The synthetic procedure of graft polymer PEO-g-PCL2.
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220 �C for 3 min. Thermal gravimetric analysis (TGA)
curves were obtained using a Perkin Elmer Pyris 1 at a heat-
ing rate of 10 �C/min under nitrogen atmosphere. The mea-
surement of X-ray diffraction (XRD) was carried out using an
X9Pert PRO (PANalytical) with Cu Ka (1.541 Å) radiation
(40 kV, 40 mA). Samples were exposed at a scanning rate of
2h 5 5 �C/min between 2h values of 10 and 40�. Crystal
growth was observed under a polarized optical microscope
(POM, Leica, DM 2500P) equipped with a hot stage (Linkam,
THMS600) and a CCD video camera.

Synthesis of Precursor with Two Terminal Hydroxyl
Groups and One Middle Allyl Group (PEO-Allyl-PEO) by
ROP Mechanism (Scheme 2)
The precursor of PEO-Allyl-PEO was synthesized by ROP of
EO monomers in dry THF using 3-[(allyloxy)meth-yl]-3-
ethyl-1,5-pentanediol as initiator. First, the initiator 3-[(ally-
loxy)methyl]-3-ethyl-1,5-pentan-ediol (1.50 g, 7.43 mmol)
dried by azeotropic distillation with toluene was dissolved in
250 mL dry THF and introduced into a 400-mL ampoule.
Then, the DPMK solution (8.00 mL, 6.00 mmol) was added
into the ampoule to change AOH into AO2K1. Subsequently,
the EO monomers (21.0 mL, 0.416 mol) were injected into
the ampoule rapidly and the reaction was carried out at
60 �C for 72 h. After the polymerization was terminated by
methanol (5.0 mL), the system was concentrated and the
product was precipitated thrice from cold diethyl ether. The
obtained PEO-Allyl-PEO was dried under vacuum at 45 �C
for 24 h.

1H NMR (CDCl3) d (ppm): 0.82 ppm (CH3CH22), 1.22 ppm
(AOCH2CH2CA), 1.37 ppm (CH3CH22), 3.20–3.93 ppm
(CH2@CHCH2OA, ACH2CH2OA), 5.07–5.27 ppm (CH2@CHA),
5.79–5.91 ppm (CH2@CHA) (See Figure S1 in Supporting
Information). Mn,NMR 5 4,700 g/mol, Mn,GPC 5 4,800 g/mol,
and PDI5 1.20.

Synthesis of High-Molecular-Weight (PEO-Allyl-PEO)s by
Williamson Reaction (Scheme 2)
The high-molecular-weight (PEO-Allyl-PEO)s was synthesized
by Williamson reaction between active hydroxyl groups at
the end of PEO-Allyl-PEO. Typically, the precursor PEO-Allyl-
PEO (35.50 g, 17.75 mmol) dried by azeotropic distillation
with toluene was dissolved in 120 mL dry CH2Cl2 in a 500
mL round-bottomed flask. Then, the sodium hydride (NaH,
0.10 g, 4.17 mmol) and potassium hydroxide (KOH, 7.00 g,
125.00 mmol) were added and the reaction was carried out
at reflux temperature for 72 h. The system was finally evapo-
rated and extracted thrice with CH2Cl2/water, and the
CH2Cl2 phase was concentrated and precipitated thrice from
cold diethyl ether. The obtained (PEO-Allyl-PEO)s was dried
under vacuum at 45 �C for 24 h.

1H NMR (CDCl3) d (ppm): 0.82 ppm (CH3CH22), 1.22 ppm
(AOCH2CH2CA), 1.37 ppm (CH3CH22), 3.20–3.93 ppm
(ACH2CH2OA), 4.72–4.74 ppm (AOCH2OA), 5.07–5.27 ppm
(CH2@CHA), 5.79–5.91 ppm (CH2@CHA). (See Figure S2 in
Supporting Information) Mn,GPC 5 47,600 g/mol, and
PDI5 2.29.

Synthesis of Macroinitiator [PEO-(OH)2-PEO]s by Thiol–
Ene Addition Reaction (Scheme 2)
Using thiol–ene addition reaction, the allyl groups on (PEO-
Allyl-PEO)s can be transformed into two hydroxyl groups.
The (PEO-Allyl-PEO)s (7.00 g, 1.75 mmol), azobisisobutyroni-
trile (AIBN, 1.15 g, 7.00 mmol), and 1-thioglycerol (3.00 g,
27.70 mmol) were dissolved in 60 mL DMF in a 200 mL
ampoule and degased by three freeze–thaw cycles at the
temperature of liquid nitrogen. Then the system was charged
with nitrogen and sealed, and the reaction was carried out
at 60 �C for 48 h. After the solvent of DMF was eliminated
under reduced pressure, the product was dissolved in dis-
tilled water and purified by ultrafiltration membrane separa-
tor to remove the small molecular residues. The final [PEO-
(OH)2-PEO]s product was obtained by direct evaporation of
water and dried under vacuum at 45 �C for 24 h.

1H NMR (CDCl3) d (ppm): 2.37–2.75 ppm (ACH2ASACH22)
3.20–3.93 ppm (m, ACH2CH2OA), 4.72–4.74 ppm
(AOCH2OA) (See Figure S3 in Supporting Information).

Synthesis of Graft Polymer PEO-g-PCL2 by ROP
Mechanism (Scheme 2)
The graft polymer PEO-g-PCL2 was obtained by ROP of E-CL
monomers using [PEO-(OH)2-PEO]s as macroinitiator. The
[PEO-(OH)2-PEO]s (1.00 g, 0.021 mmol) dried by azeotropic
distillation with toluene, freshly distilled E-CL (0.94 mL, 8.70
mmol), and Sn(Oct)2 solution (0.17 mL, 0.21 mmol) was
added into a 200-mL ampoule. After three freeze–thaw
cycles at the temperature of liquid nitrogen, the system was
charged with nitrogen and sealed, and the reaction was per-
formed at 110 �C for 12 h. The final graft polymer PEO-g-
PCL2 was obtained by precipitation in petroleum ether and
dried under vacuum at 45 �C for 24 h.

1H NMR (CDCl3) d (ppm): 1.37 ppm (ACH2(CH2)2OC(@O) A),
1.63 ppm (ACH2CH2OC(@O)A), 2.3 ppm (AC(@O)CH22),
3.20–3.93 ppm (ACH2CH2OA), 4.05 ppm (ACH2OC(@O)A),
4.72–4.74 ppm (AOCH2OA). (See Figure S4 in Supporting
Information) Mn,GPC5 131,000 g/mol, and PDI5 1.92.

RESULTS AND DISCUSSION

Synthesis and Characterization of Macroinitiator [PEO-
(OH)2-PEO]s
Using 3-[(allyloxy)methyl]-3-ethyl-1,5-pentanediol as initiator
and DPMK as deprotonation agent, the precursor of PEO-
Allyl-PEO with two active hydroxyl groups at chain end and
one allyl group in middle position was synthesized by ROP
mechanism. Figure 1(A) showed the GPC trace of PEO-Allyl-
PEO (Mn,GPC 5 4800 g/mol, PDI5 1.20), which showed a sin-
gle peak with low PDI. From 1H NMR spectrum of PEO-Allyl-
PEO [Fig. 2(A)], the resonance signals at 3.25–3.83 ppm
assigned to methylene protons (ACH2CH2OA) on EO units,
and the characteristic signals at 5.06–5.26 and 5.79–5.91
ppm assigned to protons (ACH2@CHA) and (ACH2@CHA)
on vinyl group were all well discriminated. The measure-
ments of GPC and 1H NMR clearly confirmed that the PEO-
Allyl-PEO had been successfully synthesized. According to
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1H NMR spectrum [Fig. 2(A)], the accurate number average
molecular weight of PEO-Allyl-PEO was also determined by
Formula 1:

Mn;NMR;PEO-Allyl-PEO5
Ad2h=4

Aa=3
344

� �
1202: (1)

Here, Aa represented the integral area of resonance signals
for methyl protons (a) derived from initiator 3-[(allyloxy)-
methyl]-3-ethyl-1,5-pentanediol, and Ad–h represented the
sum of integral area of signals for methylene protons (d–h)
derived from PEO chain.

Subsequently, the high-molecular-weight (PEO-Allyl-PEO)s
was synthesized by Williamson reaction between active

hydroxyl groups at the end of PEO-Allyl-PEO. Actually, the
Williamson reaction was a rather efficient coupling reaction,
which had been used as a cyclization method in our group56

and literatures.62–65 In this coupling reaction, CH2Cl2 was
simultaneously used as coupling agent and solvent, and KOH
was used as catalyst. To improve the basicity of reaction sys-
tem and increase the molecular weight of (PEO-Allyl-PEO)s,
some NaH was also added. From the result of GPC for (PEO-
Allyl-PEO)s (Mn,GPC 5 47,600 g/mol, PDI 52.29) [Fig. 1(B)],
the coupling extent can be evaluated about 10. From 1H
NMR spectrum for (PEO-Allyl-PEO)s shown in Figure 2(B),
except for the characteristic resonance signals for methylene
protons (ACH2CH2OA) on EO units, the signals of new
formed acetal protons (AOCH2OA) after coupling were also
discriminated at 4.65–4.80 ppm.

To obtain the macroinitiator [PEO-(OH)2-PEO]s, the allyl
groups on (PEO-Allyl-PEO)s were further transformed into
hydroxyl groups by efficient thiol–ene addition reaction.
During the modification procedure, DMF was used as sol-
vent and AIBN was used as catalyst, and excess 1-
thioglycerol was added to ensure that all the allyl groups
were modified. After small molecular residues were
removed by an ultrafiltration membrane using water as sol-
vent, the pure [PEO-(OH)2-PEO]s was obtained. As shown in
Figure 2(C), the characteristic resonance signals at 5.07–
5.27 and 5.79–5.91 ppm assigned to protons (CH2@CHA)
and (CH2@CHA) on vinyl group were all disappeared,
which confirmed that double bonds hanged on PEO
main chain were all completely transformed into hydroxyl
groups.

Thus, by the combination of ROP mechanism, efficient Wil-
liamson reaction, and thiol–ene addition reaction, we have
successfully synthesized the macroinitiator [PEO-(OH)2-PEO]s
with modulated grafting sites.

Synthesis and Characterization of Graft Polymer
PEO-g-PCL2
By “grafting from” strategy, the target graft polymer PEO-g-
PCL2 with PEO as main chain and PCL as side chains was
obtained by ROP of E-CL monomers using [PEO-(OH)2-
PEO]s as macroinitiator and Sn(Oct)2 as catalyst. Owing to
the fast and reversibly transfer between hydroxyl groups
and tin(II) alkoxide initiating species, the ROP was pro-
ceeded in a controlled style. By modulating the feed molar
ratio of macroinitiator [PEO-(OH)2-PEO]s to E-CL mono-
mers, a series of graft polymers PEO-g-PCL2 with different
lengths of PCL were obtained. In a typical 1H NMR spec-
trum for PEO-g-PCL2 (Fig. 3), except for the characteristic
resonance signals for methylene protons (ACH2CH2OA) on
EO units, the signals at 4.04, 2.30, 1.63, and 1.37 ppm
attributed to the characteristic resonance signals on PCL
side chains were all clearly discriminated. The GPC trace
with a single peak also confirmed the successful synthesis
of graft polymers (Fig. 4). The weight percentages of PCL
on graft polymer were derived according to 1H NMR spec-
tra by Formula 2:

FIGURE 1 The GPC traces of (A) PEO-Allyl-PEO (Mn,GPC 5 4800

g/mol, PDI 5 1.20) and (B) (PEO-Allyl-PEO)s (Mn,GPC 5 47,600 g/

mol, PDI 5 2.29).

FIGURE 2 1H NMR spectra of (A) PEO-Allyl-PEO (in CDCl3), (B)

(PEO-Allyl-PEO)s (in CDCl3), and (C) [PEO-(OH)2-PEO]s (in

CDCl3).
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WNMR;PCL%5
ðAn=2Þ3114

½ðAd2h=4Þ44�1½ðAn=2Þ114�
3100%: (2)

Here, An represented the integral area of signals for methyl-
ene protons (n) derived from PCL segments, and Ad–h repre-
sented the sum of integral area of signals for methylene
protons (d–h) derived from PEO segments. The values of
114 and 44 were the molecular weight of E-CL and EO
monomer units, respectively.

Using the measurement of TGA, the compositions of graft
polymers were also determined. As shown in Figure 5, the
decomposition temperatures of the PEO and PCL segments
could be discriminated clearly at 320 �C and 400 �C, respec-
tively. According to the weight loss curves, we could calcu-
late the weight percentages of PCL segments in graft
polymers PEO-g-PCL2, which were 9.90%, 40.1%, 55.0%, and
59.2%, respectively. These values (WTGA,PCL) were rather con-
sistent with those calculated from 1H NMR spectra
(WNMR,PCL) (Table 1).

Crystallization Behavior of Graft Polymer PEO-g-PCL2
As both PEO backbone and PCL side chains are typical crys-
talline polymers, the theory of crystallization had been well
investigated using PCL or PEO as separated objects.66 Impor-
tantly, the polymers contained both PCL and PEO segments
are especially worth to be investigated. Herein, the crystalli-
zation behavior of graft polymer PEO-g-PCL2 with different
PCL side chains was comprehensively studied by the meas-
urements of DSC, XRD, and POM.

By the measurement of DSC (Fig. 6, Table 2), the crystalliza-
tion temperature (Tc) was obtained from the cooling run,
and the melting temperature (Tm) was obtained from the
second heating run. For main chain [PEO-(OH)2-PEO]s, the Tc
(33.64 �C) and Tm (47.08 �C) could be clearly discriminated.
When PCL segments were grafted onto PEO main chain, for
sample PEO-g-PCL2 (a), because of the low PCL content
(9.10%), only a Tc (28.24 �C) and a Tm (41.27 �C) assigned
to PEO segments were observed, which were all slightly
lower than that of main chain [PEO-(OH)2-PEO]s. When PCL
content reached 40.1% [PEO-g-PCL2 (b)], the Tc and Tm of
PEO segment appeared at 25.82� and 42.69 �C, respectively.
Simultaneously, a smaller peak assigned to the Tc of PCL seg-
ment could be observed at 7.50 �C. Continuously, when PCL
content was increased to 54.5% [PEO-g-PCL2 (c)], the Tcs of

FIGURE 3 1H NMR spectrum of graft polymer PEO-g-PCL2 (in

CDCl3).

FIGURE 4 The GPC trace of graft polymer PEO-g-PCL2 (a)

(Mn,GPC 5 131,000 g/mol, PDI 5 1.92).

FIGURE 5 The TGA curves (10 �C/min) of PEO-g-PCL2 under N2

atmosphere.

TABLE 1 The Data for Graft Polymer PEO-g-PCL2

Samples

Mn,GPC
a

(g/mol) PDIa
WTGA,PCL

b

(%)

WNMR,PCL
c

(%)

PEO-g-PCL2 (a) 131,000 1.92 9.90 9.10

PEO-g-PCL2 (b) 167,000 1.96 40.1 40.1

PEO-g-PCL2 (c) 186,000 2.3 55.0 54.5

PEO-g-PCL2 (d) 304,000 2.41 59.2 59.2

a Determined by GPC using PMMA as standard and DMF as eluent.
b Calculated from TGA curves according to the respective weight loss

of PCL and PEO segment.
c Calculated from 1H NMR spectra according to Formula 2.
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PCL and PEO, Tms of PCL and PEO became approaching and
almost mixed together, which were even difficult to be distin-
guished from each other. However, when PCL content
reached 59.2% [PEO-g-PCL2 (d)], the Tcs of PCL and PEO,
Tms of PCL and PEO were again separated. Especially, the Tc
and Tm of PEO segments were lowered to 8.59� and 29.83
�C, whereas the Tc and Tm of PCL segments increased to
30.16� and 52.14 �C, respectively. Thus, the results of DSC
confirmed that with the increase of PCL content, the domi-
nant crystalline structure was changed from PEO part to PCL
part. Furthermore, because of the surrounding of outer PCL
segments to the inner PEO segments in graft polymers,
when PCL content reached 59.2%, the crystalline of PEO seg-
ments had been largely suppressed. These results were obvi-
ously different from that of the literature.66

By the measurement of XRD, the crystallization behavior of
PEO-g-PCL2 was also studied, and all the samples were
measured at room temperature without annealing. Typically,
the linear PCL showed two intensive diffraction peaks at
21.6� and 23.9�,67,68 and the linear PEO showed two inten-
sive diffraction peaks at 19.1� and 23.3� , respectively.69 As

shown in Figure 7, the graft polymers PEO-g-PCL2 also have
the same diffraction peaks as that of PEO and PCL homo-
polymers. With the increase of PCL content in graft poly-
mers, the diffraction peak at 19.1� corresponding to the
(120) plane of the PEO crystallite became weaker. Simulta-
neously, the diffraction peak at 21.6� corresponding to the
(110) plane of the PCL crystallite became stronger. When
PCL content reached 59.2%, the crystalline structure of PEO
part even could be neglected. Again, those results also
showed that the crystalline structure was changed from
PEO part to PCL part with the increase of PCL content,
which were rather coincided with those of the results of
DSC.

Furthermore, the crystallization behavior was also investi-
gated by the measurement of POM (Fig. 8). From the POM
micrograph of [PEO-(OH)2-PEO]s, we can observe the big
spherulites of PEO segments clearly. When PCL segments
were introduced, the crystallization behavior of graft poly-
mer PEO-g-PCL2 was significantly affected and modulated.
From sample PEO-g-PCL2 (a) to PEO-g-PCL2 (d), the spheru-
lites became smaller, which gradually tend to performance

TABLE 2 The DSC Data for [PEO-(OH)2-PEO]s and Graft Polymer PEO-g-PCL2

Samples

Tc (�C)a DHc (J/g)a Tm (�C)b DHm (J/g)c

PEO PCL PEO PCL PEO PCL PEO PCL

[PEO-(OH)2-PEO]s 33.64 87.39 47.08 92.03

PEO-g-PCL2 (a) 28.24 69.49 41.27 69.30

PEO-g-PCL2 (b) 25.82 7.50 50.31 13.60 42.76 60.98

PEO-g-PCL2 (c) 19.60 65.53 41.38 48.75 26.05 6.245

PEO-g-PCL2 (d) 8.59 28.05 18.11 38.53 30.16 52.14 12.96 28.81

a Tc denotes the crystallization temperature of PEO or PCL segments in

the cooling run.
b Tm denotes the melting point of PEO or PCL segments in the second

heating run.

c DHm denotes the fusion enthalpy of PEO or PCL segments in the sec-

ond heating run.

FIGURE 7 The XRD patterns of (A) [PEO-(OH)2-PEO]s, (B) PEO-

g-PCL2 (a), (C) PEO-g-PCL2 (b), (D) PEO-g-PCL2 (c), and (E) PEO-

g-PCL2 (d).

FIGURE 6 The DSC curves (10 �C/min) of (A) [PEO-(OH)2-PEO]s,

(B) PEO-g-PCL2 (a), (C) PEO-g-PCL2 (b), (D) PEO-g-PCL2 (c), and (E)

PEO-g-PCL2 (d) in the cooling run and the second heating run.
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and the characteristic crystallization behavior of PCL seg-
ments with the increase of PCL content.66,70,71

CONCLUSIONS

In this contribution, by the combination of ROP mechanism,
Williamson reaction, with thiol–ene addition reaction, a

series of graft polymers PEO-g-PCL2 with modulated graft-
ing sites were successfully synthesized. The target graft
polymer and the intermediates were well characterized by
the measurements of GPC, 1H NMR, and TGA. By means of
DSC, XRD, and POM, the crystallization behavior of the PEO-
g-PCL2 was also studied. Because of the grafted structure,
when PCL content of side chains reached 59.2%, the crys-
talline structure had been dominated by PCL part and that
of PEO part can almost be neglected. By the combination of
the biodegradability with biocompatibility of both PEO and
PCL segments, as well as the amphiphilicity, such graft poly-
mers might be found some interesting applications in bio-
medical science, which are undergoing and will be
presented in the future.
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