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In this paper, poly(caprolactone)-poly(ethylene glycol) (PEG-PCL) was synthesized by
using potassium bis(trimethylsilyl)amide as a catalyst, ethylene oxide and e-caprolactone as
a raw material. Then, amphiphilic block polymers PEG-PCL of different molecular weights
were synthesized by this method. These were PEG2K-PCL2K, PEG5K-PCL2K and PEG5K-
PCL5K. But this method is different from most literature reports, where the amphiphilic
block copolymer PEG-PCL was synthesized by using fixed molecular weight polyethylene
glycolmonomethyl ether (PEG) and e-caprolactone as raw materials, and stannous caprylate
(Sn(Oct),) as a catalyst. This paper introduces the detailed experimental procedures. The
copolymers obtained were characterized by Fourier-transform infrared spectroscopy, gel
permeation chromatography and hydrogen nuclear magnetic resonance. Using the method
of dialysis, the amphiphilic blockcopolymer PEG-PCL was self-assembled in water to form
polymer nanoparticles. The physicochemical properties of the polymer nanoparticles were
characterized by dynamic laser scattering, scanning electron microscopy and Zeta potenti-
ometer.

Keywords: PEG-PCL, nanoparticles, amphiphilic block copolymer, self-assembled
nanoparticles.

ITonu(kanpoaaxTon)-nmoau(stunenrankons) (PEG-PCL) cuHTe3npoBaH ¢ UCMOJL30BAHUEM
OMC(TPUMETUICUINI)AMUA Kaansa B KaUeCTBE KaTAJIM3aTopa, OKCU/IA OTHJIEeHa U £-KampoJaK-
TOHA KaK chIpbe. CunTesmpoBaHbl ambuduinusie 6mounbie monuMepsl PEG-PCL pasmuunoi
moneryaapuoit macesi: PEG2K-PCL2K, PEG5K-PCL2K u PEG5K-PCL5K. Metox oTanuyaer-
¢ OT OGOJBINMHCTBA JUTEPATYPHBIX NAHHBIX, B KOTOPBIX aM(puPUILHBIE GJOK-COMOIUMEPHI
PEG-PCL cuHTe3UpOBaHBI NCTOJb3YS MOJUITUIEHTINKOJIHEMOHOMETUIOBEIH a(up ¢ GuKcUpo-
BaHHO# MoJsekymnapHoil Maccoit PEG u €-KamposakKTOH B KAueCcTBe CHIPHS, KalpPUJaT OJIOBA
Sn(Oct), B xauecrse KaTanmsatopa. IlonydyeHHBIE CONOTMMEPHEl OXAapPAKTEPU30BAHEI C IIOMO-
uIbio wH(ppPaKpacHoi cueKTpocKonuu ¢ Dypre-npeobpasoBanmeM, Tedb-TPOHUKAOIIe XxpoMa-
Torpai U BOJOPOTHOTO FAAEPHOTO MATHUTHOTO Ppe3oHaHca. Vcmoan3ys MeTOA auajusa,
aMmbudpnabueiit 610K-conmouMep PEG-PCL camocobupanca B Bofe ¢ 00pasoBaHMEM HAHOUAC-
TUI ToauMepa. PUBUKO-XUMUUYECKHNE CBOMCTBA TOJUMEPHBIX HAHOUYACTUI[ XapaKTepH30Ba-
JUChL AVUHAMUUYECKUM Jia3epHBIM pacceduueM DLS, ckanupyrolmieil sjeKTPOHHON MUKPOCKO-
nueit SEM u g3eTa-moTeHInoMeTpPOM.

Cuntes IIET-IIKJI i disuko-xiMiuHi BIacTHBOCTI HOro caMoopraHizoBaHUX HAHOYACTHU-
HoK. Fawu Wang, Zhongxin Zhang, Huaxin Rao.

ITomi(kanmponarkTony)-nmoai(etrunenraikons) (PEG-PCL) cuHTesyBaHO 3 BMKODPUCTAHHAM
Gic (TpuMeTuacHIiT)aMigy Kajito B AKOCTI KaTtamizaTopa, OKCHUAY €TUJIEHY 1 €-KAIpPOJaKTOHY
AK cupoBunu. CunresoBano am@idineui 610K0BI moaimepu PEG-PCL piszoi moaexyasapHOi
macu: PEG2K-PCL2K, PEG5K-PCL2K i PEG5K-PCL5K. Meron BigpisHaerbesa Bif
OlibIirocTi gitepaTypHuX maHux, B AKux aMmpidiasui 6aok-cononimepu PEG-PCL cunresysa-

850 Functional materials, 26, 4, 2019



Fawu Wang et al. / The synthesis of PEG-PCL ...

HO, BUKOPUCTOBYIOUM IMOJi€TUIEHTIIKOJIbMOHOMETUIOBUIN edip 3 (iKcoBaHOIO MOJEKYIAP-
Hoto Macoo PEG i ¢-kamponakTony B siKocTi cupoBuHM, Kanpuaar ojnosa (Sn(Oct),) B axocri
Karaxisaropa. Orpumani comoiMepyu OXapaKTepus30OBAHO 32 IJOINOMOIOK iH(padepBoHOI
cuekrpockonili 3 Pyp’e-neperBopeHHAM, Ielb-IPOHHKAKUY0l xpomarorpadii i BomHesoro
SIEePHOro MarHiTHOro pesoHaHcy. BukopucToByoun mMeTon rianisy, amdidginbauii 6/I10K-cOmo-
aimep PEG-PCL camosbupaerncsa y BOAL 3 YTBOPEHHAM HAHOYACTUHOK HOJgiMepy. DPisuro-
ximiumi BiIacrmBoCTi mOiMEPHMX HAHOYACTHHOK XapaKTePHM30BAHO AMHAMIUHHM JA3€PHUM
po3ciloBaHHAM, CKAaHYIOUOI €JEeKTPOHHOI0 MiKPOCKOIi€io i g3era-IoTeHIioMeTpOM.

1. Introduction

Amphiphilic polymers due to the solubil-
ity of each segment in selective solvents can
occur as a result of associating polymer
micelle formation. Polymer micelle has a
low critical micelle concentration at the
large solubilization of space, and structure
stability; also, due to the different proper-
ties of a hydrophobic polymer chain seg-
ment to the physical and electrostatic inter-
actions with drugs, has wide application
prospect as a drug carrier [1]. Due to its
biocompatibility and other excellent proper-
ties, poly(caprolactone) (PCL) has become in
the focus of research on biological materials
in recent years [2].

As a biodegradable material, polyhexolac-
tone is non-toxic and has no side effects,
but it has high crystallinity and is not easy
to degrade. As drug carriers, hydrophobic
PCL nanoparticles are easy to be adsorbed
by proteins and recognized and captured by
reticuloendothelial cells, and have a short
cycle time in the body [3]. Therefore, it is
necessary to conduct hydrophilic modifica-
tion on the surface of the PCL nanoparti-
cles. Polyethylene glycol (PEG) is a biocompat-
ible non-ionic water-soluble polymer with low
toxicity to humans and its properties have
been recognized by the food and drug admini-
stration (FDA) of the United States [4].

So it is necessary to study amphiphilic
block polymers (PEG-PCL). PEG-PCL with
different molecular weight was synthesized
in this paper and their physicochemical
properties were analyzed [5, 6].

2. Experimental

2.1 Materials

Ethyleneoxide (AR,99 %), e-caprolactone
(AR,99 %), tetrahydrofuran (AR,99 %),
calciumhydride (AR,98 %), methanol
(AR,99.5 %), diethylether (AR,99 %), ben-
zophenone (AR,99 %), natrium (AR,99 %),
potassium bis (trimethylsily) amide (1.0 mol
solution in THF,100 ml), potassium hydrox-
ide (AR,99 %), acetic acid (AR,99 %).
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2.2 Purification of materials

In the experiment, ethylene oxide and
g-caprolactone are easy to react with water
molecules and external air, resulting in
many impurities in the final product, which
are not easy to separate. In order to get a
purer polymer, the raw material needs to be
purified [7].

Ethylene oxide: In the distillation device,
the operations of vacuum and nitrogen were
repeated three times to ensure that the sys-
tem is free of water and oxygen. Calcium
hydride and potassium hydroxide (mass
ratio 1:1) were used as desiccant, and the
fractions were collected in —10°C (ice salt
bath) after distillation [8].

e-Caprolactone: Calcium hydride was used

as a desiccant and e-caprolactone was dried
for 24 h. The fractions at 90°C to 110°C were
collected by vacuum distillation [9].

Tetrahydrofuran: In the presence of me-
tallic sodium, tetrahydrofuran requires re-
flux for three days. Dibenzophenone was
used as a color reagent, distilled until the
solution is blue-purple, and then collected
for later use [10].

2.3 Methods

The synthesis of poly(caprolactone)-poly
(ethylene glycol) (PEG2K-PCL2K)

The reaction tube was drained, then,
1.77 g of ethylene oxide monomer and
10 ml of THF were added in the reaction
tube. 1.7 ml of potassium bis(trimethyl-
silyl)amide was added as an initiator at the
temperature of 40 °C with magnetic stirring
at 300 rpm for 24 h. As a result, polyethyl-
ene glycol was synthesized, then it can be
used as an initiator to initiate the ring-
opening polymerization of e-caprolactone.
Amphiphilic block polymers (PEG2k-PCL2k)
can be synthesized by this method [11, 12].
Specific steps are as follows: 1.4 ml of the
e-caprolactone monomer and 8 ml of tetra-
hydrofuran are dropped into the reaction
tube with a syringe. In order to avoid gela-
tion in the ring-opening polymerization of
e-caprolactone, the temperature should be
around 0 °C; so, the reaction tube should be

in the ice-water. The e-caprolactone mono-
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Fig. 1. Chemical equations for synthesis of poly(caprolactone)-poly(ethylene glycol)(PEG-PCL).

mer is added into the tube when the tem-
perature is appropriate [13]. After the drip
is finished, it reacts at room temperature
for half an hour. Then 152 ul of acetic acid
is added to terminate the reaction. The ob-
tained polymer was precipitated into a
white solid by a mixture of anhydrous
methanol and anhydrous ether (V/V = 1:3)
[14]. Then the material was left overnight
at room temperature and vacuum dried.

The synthesis of poly(caprolactone)-poly
(ethylene glycol) (PEG5K-PCL2K)

Using the above method PEG5K-PCL2K
was synthesized. In the step of synthesizing
poly(ethylene oxide) macromolecules as in-
itiators, 4.8 g of ethylene oxide monomer,
10 ml of tetrahydrobaran, and 1.8 ml of po-
tassium bis(trimethylsily)amide were added
to the reaction tube. 1.9 ml of the &-capro-
lactone monomer and 8 ml of tetrahydro-
furan were added to the reaction tube in the
reaction of ring-opening polymerization of
e-caprolactone induced by high molecular
polyethylene glycol. Then 148 ul of acetic
acid was added into the reaction tube as a
termination agent, after the reaction was
completed. The obtained polymer was pre-
cipitated into a white solid by a mixture of
anhydrous methanol and anhydrous ether
(V/V = 1:3). Then the material was left over-
night at room temperature and vacuum dried.
The synthesis of poly(caprolactone)-poly
(ethylene glycol) (PEG5K-PCL5K)

Using the above method, PEG5k-PCL5k
was synthesized. In the step of synthesizing
poly(ethylene oxide) macromolecules as in-
itiators, 4.3 g of ethylene oxide monomer,
10 ml of tetrahydrofuran, and 1.8 ml of po-
tassium bis(trimethylsilyl) amide were
added to the reaction tube. 4.2 ml of the
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g-caprolactone monomer and 10 ml of tetra-
hydrofuran were added to the reaction tube
in the reaction of ring-opening polymeriza-
tion of e-caprolactone induced by high mo-
lecular polyethylene glycol. Then 150 ul of
acetic acid was added into the reaction tube
as a termination agent, after the reaction
was completed. The obtained polymer was
precipitated into a white solid by a mixture
of anhydrous methanol and anhydrous ether
(V/V = 1:8). Then the material was left
overnight at room temperature and vacuum
dried.

The reaction equation presented in Fig. 1.

3. Results and discussion

The copolymer was characterized by
Fourier-transform infrared (FT-IR) spec-
troscopy, gel permeation chromatography
(GPC), and hydrogen nuclear magnetic reso-
nance ('H-NMR). Then, amphiphilic block
copolymers (PEG-PCL) were self-assembled
in water to form polymer nanoparticles by
the method of dialysis. The physicochemical
properties of the polymer nanoparticles
were characterized by dynamic laser scatter-
ing (DLS), scanning electron microscope
(SEM) and Zeta potentiometer.

3.1 The analysis of Fourier-transform in-
frared (FT-IR) spectroscopy

As shown in Figs. 2-8, obvious peaks
appear around 1730 em™1, this is caused by
the stretching vibration of C=0 in the -O-C=0
group. It can be preliminarily judged that
polyethylene glycol successfully initiated
the ring-opening polymerization of ¢-capro-
lactone, and the hydroxyl group of polyeth-
ylene glycol successfully connected to the
aldehyde group of e-caprolactone [15]. And
in the range of 3300 cm™! to 3600 cm™1,

Functional materials, 26, 4, 2019
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Fig. 2. Figure a, figure b and figure ¢ are Fourier infrared spectra of polymers PEGgyyk-PCLoy,

PEGyy-PCLyk and PEGy-PCL,y, respectively.
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Fig. 3. Figure a, figure b and figure c are Gel permeation chromatography of polymers PEGgy-
PCLyyk, PEG4k-PCLyk and PEGk-PCLyk, respectively.

three obvious peaks appeared in all three
graphs; two of them are caused by the
stretching vibration of the N—H group. This
indicates the presence of an amino group,
and it can be preliminarily judged that
polymers with amino terminations have
been synthesized. This is consistent with
the chemical equation. Therefore, it can be
inferred that PEG-PCL with the terminal
amino group has been successfully synthe-
sized [16].

3.2 The analysis of gel permeation chro-
matography (GPC)

As shown in Table 1, the molecular
weight of the polymer obtained by the GPC
test is close to the theoretical value; it is
shown that the molecular weight of PEG-
PCL synthesized by this method can be con-
trolled in a certain range. The values of
polydispersity (PDI) and Mz/Mw were in the

range of 1 to 1.5; this indicates that the
polymerization reaction is controllable and
the synthesized polymers are homopolymers
with narrow distribution.

As shown in Fig. 3, there was only one
elution peak, further proving that the syn-
thesized polymer was an amphiphilic block
copolymer (PEG-PCL) rather than a mixture
of MePEG and PCL [17]. The molecular
weight distribution was maintained at about
1.8. This indicates that no depolymerization
or crosslinking reactions have occurred.

Fig. 3 (A, B and C) are results of gel
permeation chromatography of polymers
PEG2K-PCL2K, PEG5K-PCL2K and
PEG5K-PCL5K, respectively.

3.3 The analysis of hydrogen nuclear
magnetic resonance (1H-NMR) The Fig. 4
is the ('"H-NMR) spectra of PEG2K-PCL2K
polymer; the ('H-NMR) spectra of PEG5K-

Table 1. Composition and molecular weight distribution of PEGm-PCLn

PEGm-PCLn Mn Mw MP Mz Polydispersity Mz/Mw
PEG2k-PCL2k 2972 3612 3439 4352 1.215521 1.204822
PEG5k-PCL2k 4737 6196 6791 7504 1.307921 1.211097
PEG5k-PCL5k 7373 10324 9480 13548 1.400165 1.312344
Functional materials, 26, 4, 2019 853
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Fig. 4. Hydrogen nuclear magnetic resonance

('"H-NMR) spectra of polymers PEGyk-

PCLy, 2K.

PCL2K and PEG5K-PCL5K were similar to
those of Fig. 4, so it was appropriately to
analyze only Fig. 4.

The peak with a chemical displacement of
3.65-107% is attributed to the proton peak of
the methyl (a) in the chain segments of
polyethylene glycol; the triple peak at 3-1076
is attributed to the proton (c); the triple
peak at 4.1.1076 is attributed to proton (f);
the multiple peak at 1.6-1076 is attributed
to proton (d); the multiple peak in 1.4.1076
is attributed to proton (e). The results of
hydrogen nuclear magnetic resonance
showed that the product was an amphiphilic
block copolymer (PEG-PCL) [18].

3.4 The self-assembling of amphiphilic
block polymers in water

50 mg of the amphiphilic block polymers
(PEG-PCL) was dissolved in 5 mL of THF,
and then the copolymer solution was slowly
dropped into 30 mL of water under the con-
dition of intense agitation. The water-dis-
persion solution of the self-assembled poly-
mer nanoparticles was dialyzed for 24 h in
a dialysis bag (M WCO 4000) [19].

3.5 Analysis of dynamic laser scattering
(DLS) and Zeta potentiometer measure-
ments

The results of dynamic laser scattering
(DLS) and Zeta potentiometer indicate that
the size of the self-assembled nanoparticles
is about 200 nm. The value of PDI below

Table 2. Composition and molecular weight
distribution of PEG -PCL n

PEG_-PCL_n | Size, nm | Zeta, mV PDI
PEG,,-PCLy, | 15623 |-385.46+4 | 0.142
PEG,,-PCL,, | 175431 |-38.96t3| 0.163
PEG,-PCLy, | 18635 |-34.72+4| 0.192
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Fig. 5. Figure a, figure b and figure c are
scanning electron microscope images of poly-
mers PEGyi-PCLyk, PEGgi-PCLyy and
PEG x-PCLyy respectively

0.2 indicates that the size of the self-assem-
bled nanoparticles obtained by this method
is uniform. The absolute value of Zeta po-
tential was in the range of 85 to 40. It
shows that the system has good stability
and difficult to condense [20].

3.6 Analysis by scanning electron micros-
copy (SEM )

In the Fig. 5, the microstructures of the
composites were analyzed by a scanning
electron microscope. The surface morphol-
ogy of nanoparticles is relatively regular,
and the particle size range is close to the
DSL test results. Thus, it is shown that the
self-assembled nanoparticles have good sur-
face morphology. The average particle size
is about 200 nm.

4. Conclusions

In this paper, amphiphilic block polymers
(PEG-PCL) with different molecular weights
were synthesized by the method that uses po-
tassium bis(trimethylsilyl)amide(KN(Si(CH3)s),)
as a catalyst, ethylene oxide and e-caprolac-
tone as raw materials.

The testing and analyses have shown that
the molecular weights and molecular weight
distributions of the PEG-PCL, the micro-

Functional materials, 26, 4, 2019
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structure, and the size of the nanoparticles
formed by self-assembling basically reached
the expected standard. This shows that the
amphiphilic block polymers can be obtained
by this method, and the molecular weight
can be controlled flexibly [21]. However,
the research on the PEG-PCL is far from
complete, and there is still a lot of work to
be done in the future.
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