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Abstract Two calixarene derivatives (2a, 2b) have been
synthesized and used as macro-initiators to prepare star-
shaped poly(e-caprolactone)s (SPCLs) via controlled ring-
opening polymerization of ¢-caprolactone in the presence
of yttrium tris(2,6-di-zert-butyl-4-methylphenolate) [Y
(DBMP);]. The molecular weight of SPCLs was character-
ized by end group '"H-NMR analyses and size-exclusion
chromatography (SEC). The results indicate that SPCLs
based on a calix[4]arene derivative (2a) are well-defined
four-arm star polymers with reasonably narrow molecular
weight distributions in the given molecular weight range,
while SPCLs based on a calix[6]arene derivative (2b) are
star polymers with not so defined structures. Differential
scanning calorimetry (DSC) analyses suggest that the max-
imal melting point, the crystallization temperature and the
degree of crystallinity of SPCLs increases with the increas-
ing molecular weight and are lower than those of the liner
poly(e-caprolactone) (LPCL) counterpart. Furthermore,
polarized optical microscopy (POM) indicates that SPCL
exhibits irregular spherulites with poor morphology and
slower crystallization rate, whereas LPCL shows fast crys-
tallization rate and good spherulitic morphology.

Keywords star polymers, calixarene, poly(g-caprolac-
tone), rare earth catalyst, ring-opening polymerization

Calixarenes are cyclic oligomers obtained from the con-
densation reaction of formaldehyde with p-alkyl-phenols.
The calixarenes with four, six or eight p-tert-butylphenol
units can be easily prepared. They have been regarded as
the third-generation host molecules after the crown ethers
and cyclodextrins showing potential applications in sen-
sors, molecule probes, liquid crystals, polymer syntheses,
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etc [1-5]. Nowadays, increasing attention has been paid
on the syntheses of polymers containing calixarenes
because of their unique physical and chemical properties.
Gnanou [6] and Sawamoto [7] used functionalized calix[n]
arenes as ATRP initiators for the polymerization of acry-
lates and styrene to prepare star polymers. Kennedy et al.
reported eight-arm poly(isobutylene) stars prepared by
living cationic polymerization from a calix[8]arene-based
initiator [8]. Gnanou’s group [9] also prepared eight-arm
poly(ethylene oxide) (PEO) stars based on calix[8]arene
precursors via anionic polymerization. Very recently,
our research group [10] described the synthesis of calix
[6]arene-based amphiphilic polymers consisting of six
PPO-block-PDTC arms by ring-opening polymerization.
Poly(e-caprolactone) (PCL) is one of the most attractive
and promising biodegradable aliphatic polyesters which
can be used as synthetic biomaterial or controlled drug
release matrix due to its good drug permeability, biocom-
patibility and non-toxicity [11]. PCLs with tailor made
architectures have attracted much attention in relation
to functional materials. Star-shaped poly(e-caprolac-
tone)s (SPCLs), having high molecular weight but rela-
tively short chains, exhibit smaller hydrodynamic radius
and lower viscosity compared to linear poly(e-caprolac-
tone)s (LPCLs) with similar molecular weight and are
expected to display peculiar morphology, thermal prop-
erty and degradation performance. Stannous octanoate
[Sn(Oct),] is the most widely used catalyst for the prepara-
tion of SPCLs [12], but high temperature is needed for the
polymerization which leads to the unavoidable transester-
ification. In recent years, our group has exploited a series
of rare earth phenolate complexes as efficient catalysts for
CL homo- and co-polymerization under mild conditions
[13]. In this paper, two kinds of multifunctional calixarene
precursors have been synthesized (2a, 2b, Fig. 1), and
calixarene-based  star-shaped  poly(e-caprolactone)s
(SPCLs) have been prepared by the core-first method at
40°C using the precursors as macro-initiators in the pres-
ence of yttrium tris(2,6-di-fert-butyl-4-methylphenolate)
[Y(DBMP);] (Fig. 2) via controlled ring-opening poly-
merization. All the samples were characterized by nuclear
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Fig. 1

magnetic resonance spectroscopy (NMR) and size-exclu-
sion chromatography (SEC). Differential scanning calori-
metry (DSC) was used to investigate the thermal and
crystallization behaviors of SPCLs. In the meantime, the
crystalline morphology of SPCLs was also investigated by
polarized optical microscopy (POM).

1 Experimental
1.1 Materials and measurements

e-caprolactone (99%; Acros) was distilled under reduced
pressure prior to use. Methyl chloroacetate, potassium
carbonate, potassium iodide (analytical reagent) and
lithium aluminum hydride (LiAlHy4; 97%; Alfa) were used
as received without further purifications. p-tert-Butylcalix
[4]arene and p-tert-butylcalix[6]arene were synthesized
according to the procedure described in the literature
[1]. THF was distilled from the ketyl prepared from
sodium and benzophenone. Y(DBMP); was synthesized
as we reported formerly [14]. Other reagents and solvents
were purified by general methods.
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Fig. 2 The chemical structure of yttrium tris(2,6-di-zert-
butyl-4-methylphenolate) [Y(DBMP);]
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Synthetic route for the preparation of 2a and 2b

The molecular weight and molecular weight distri-
bution of the polymers were determined by size-exclusion
chromatography (Waters 208 apparatus with a Waters
2410 refractive-index (RI) detector). The calibration was
performed with commercial polystyrene standards.
Tetrahydrofuran (THF) was used as eluent at a flow rate
of 1.0 mL-min~" at 30°C. '"H-NMR spectra were recorded
on a Bruker Avance DMXS500 spectrometer in CDCly
with tetramethylsilane as the internal standard. ESI-pos-
itive MS was performed using Bruker Esquire 3000 plus
spectrometer with an ESI interface. Differential scanning
calorimetry (DSC) measurements were performed on a
TA Q100 apparatus. All the samples were first heated
from 0°C to 100°C, held for 2 min to erase the thermal
history, then cooled to 0°C at a rate of 20°C-min'!, and
finally heated to 100°C at a rate of 10°C-min~'. The
intrinsic viscosities of PCLs were measured with an
Ubbelohde viscometer in DMF at (30.0 + 0.1)°C. The
morphologies of PCLs were monitored with an Olympus
BX51 polarized optical microscope (POM).

1.2 Synthesis of compound 1a

A mixture of p-tert-butylcalix[4]arene (0.65 g, 1 mmol),
methyl chloroacetate (0.86 g, 8 mmol), KI (12.7 mg,
0.1 mmol), K,CO3 (1.38 g, 10 mmol) and anhydrous
acetone (60 mL) was stirred under argon atmosphere
and refluxed for 48 h. After removing acetone, 100 mL
water was added, followed by adjusting the PH to 7 with
hydrochloric acid, and then extracted with dichloro-
methane. The organic extract was dried over magnesium
sulfate, filtered and concentrated to obtain a white solid.
The crude product was recrystallized from CHCl;/MeOH
(0.80 g, 85% vyield). MS for Cs¢H7,05: m/z =960
(M+Na)*, '"H-NMR (CDCl;, 500 MHz): §=1.00 (s,
36H, C(CH3)3), 3.69 (s, 12H, CHs3), 3.12 and 4.88 (d,
8H, ArCH, Ar), 4.74 (s, 8H, ArOCH,), 6.71(s, 8H, ArH).

1.3 Synthesis of compound 1b
Following the general procedures described above, com-

pound 1b was obtained from p-tert-butylcalix[6]arene in
80% yleld MS for C84H108018: m/z = 1427 (M+Na)+,
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'H-NMR (CDCl;, 500 MHz): § = 1.08 (s, 54H, C(CH3)3),
3.72 (s, 18H, CH;), 4.01-4.23 (m, 12H, ArCH,Ar), 4.84 (s,
12H, ArOCH,), 6.91 (s, 12H, ArH).

1.4 Synthesis of compound 2a

20 mL dry THF with la (0.48 g, 0.5 mmol) was added
dropwise to a stirred 10 mL dry THF containing
LiAlH4 (0.12 g, 3 mmol). The reaction mixture was
stirred for 120 min under argon atmosphere at room tem-
perature. The excess of LiAlH,4 was destroyed by careful
addition of water and the solvent evaporated under
reduced pressure. The residue was taken up in chloroform
and washed successively with dilute sulfuric acid and
water. The organic phase was dried over magnesium sul-
fate, filtered, and evaporated. The white crude product
was recrystallized from EtOH/water (Yield: 73%). MS
for Cs5,H7,04: m/z = 847 (M+Na)+, 'H-NMR (CDC13,
500 MHz): 6 = 1.15 (s, 36H, C(CH3)3), 3.12 and 4.27 (d,
8H, ArCH,Ar), 3.87-3.98 (m, 16H, ArOCH,CH,), 5.05
(s, 4H, CH,CH,0H), 6.77 (s, 8H, ArH).

1.5 Synthesis of compound 2b

Following the general procedures described above, com-
pound 2b was obtained from 1b in 72% yield. MS for
C78H108012: m/z=1 259 (M+Na)*, "H-NMR (CDCI;,
500 MHz):6 = 0.90-1.40 (bs, 54H, C(CHs3);), 3.90-4.00
(bs, 12H, ArCH,Ar), 3.30-3.89 (m, 24H, ArOCH,CH,),
4.33-4.65 (bs, 6H, CH,CH,0OH), 6.85-7.20 (bs, 12H,
ArH).

1.6 Synthesis of calixarene-centered (2a, 2b) star-shaped
poly(e-caprolactone)s (SPCLs)

The polymerization was carried out in a 15 mL ampoule

with Schlenk technique under inert atmosphere. The pre-
cursor (2a or 2b), Y(DBMP); and dry THF were added

T™S

ppm

Fig. 3
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into the container with designed amounts and aged for
30 min at 40°C before the CL monomer was injected into
the ampoule. The ampoule was put into a water bath at
40°C for polymerization. After 4 hours the polymeriza-
tion was quenched by ethanol with 5% HCI, and the poly-
mer precipitated from ethanol, filtered and dried in
vacuum to constant weight.

2 Results and discussion

2.1 Syntheses and characterizations of calixarene
macro-initiators (2a, 2b)

Generally speaking, for preparing star-shaped polymers
by the “Core-first” method, a multifunctional compound
was needed as the core molecule to initiate the polymer-
izations simultaneously at each initiating site. The multi-
functional compound must have good solubility to ensure
all the initiating sites could induce the polymerization
simultaneously. p-tert-Butylcalix[4]arene and p-tert-butyl-
calix[6]arene always show poor solubilities in common
solvents. However, their solubilities have been signifi-
cantly improved by incorporating several 2-hydro-
xyethoxy groups onto the lower rim which insures all
the initiating sites could initiate the ring-opening polymer-
ization of CL in the presence of Y(DBMP); to prepare
SPCLs with expected arm number and average arm
length. The '"H-NMR spectra of the macro-initiators
(2a, 2b) are presented in Figure 3. A couple of double
signals from the methylene protons bridging the phenyl
rings at 3.12 and 4.27 indicate the cone conformation of
2a in the solution. The signals of the alcoholic hydroxyl
groups could be clearly detected at §: 5.05. This indicates
the presence of strong intramolecular hydrogen bonds
which could stabilize the cone conformation. The broad
signals from 2b refer to the structures with relatively com-
plicated conformations.

ppm

"H-NMR spectra (500 MHz) of macro-initiators 2a (a) and 2b (b)
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2.2 Synthesis and characterization of calixarene-based
star-shaped poly(e-caprolactone)s (SPCLs)

Yttrium  tris(2,6-di-zert-butyl-4-methylphenolate) [Y
(DBMP);] can initiate the polymerization of ¢-caprolac-
tone (CL) as a single component catalyst to produce linear
poly(e-caprolactone) (LPCL). So, before the polymeriza-
tion, calixarene macro-initiators must react with the [Y
(DBMP);] to insure that all the yttrium active centers have
been transferred to the macro-initiators which can initiate
the polymerization of CL to produce star poly(e-caprolac-
tone) (SPCL) (Fig. 4). In order to reduce the amount of
LPCL produced, the Y(DBMP); was added according to
that 3 OH groups of 2a and 4 OH groups of 2b will react
with Y(DBMP); in the aging step. Thus, all the functional
sites could initiate the CL polymerization simultaneously
because of the rapid exchange between the dormant
hydroxyls and active alkoxy yttrium relative to the rate
of polymerization [15]. Under this condition, a series of
SPCLs with expected arm number and average arm length
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Fig. 4
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have been prepared by just adjusting the molar ratio of CL
to the macro-initiators (Table 1).

Figure 5 exhibits the '"H-NMR spectra of SPCL2 and
SPCLS8 (Table 1), in which the peak at about J: 4.5 (H™")
(Fig. 5a) shows that four of the OH groups of 2a were
esterified, and PCL arms were linked to 2a. The signal of
OH at o: 5.05 disappeared and all other signals of the
calix[4]arene core were clearly detected. Furthermore,
the ratio of peak areas of H* and H' (HY/H') is 18, which
is close to 1/4 of the calculated value by observed con-
version and [CL]y/[2a] (73). All these findings suggest
that SPCL2 is a 4 arm star polymer with average arm
length of 18 CL units. From the 'H-NMR spectra of
SPCLS8 (Fig. 5b), the signal at §: 4.5 (H"") also shows
that the direct links between PCL arms and 2b, and all
the protons except for OH due to calix[6]arene core were
detected. Nevertheless, the protons of the tert-butyl
gives multiple signals, which indicate the complicated
conformations of 2b. The ratio of peak areas of H¢
and H' (HY/H") is 18, which deviates 1/6 of the calculated

“Core-first” synthetic strategy for a poly(e-caprolactone) star by ROP
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Table 1 Ring-opening polymerization using macro-initiators 2a and 2b for SPCLs
run polymer® [CL)/[core] [ Conv. M, cal My NMR M, sec PDI
/molar ratio /dL-g™! 1% /(g'mol~1)® /(g'mol ") /(g-mol~1)¢

1 SPCLI1 45 0.135 92.6 5600 5400 12 600 1.26
2 SPCL2 81 0.154 90.5 9200 9 500 14 500 1.31
3 SPCL3 125 0.185 91.6 13 900 14 600 18 300 1.41
4 SPCL4 160 0.207 95.5 18 200 17 400 23200 1.45
5 SPCL5 200 0.225 91.9 21 800 22 300 36 700 1.42
6 SPCL6 405 - 95.0 44 700 24 000 36 000 double®
7 LPCL 55 0.224 93.4 5900 5 800 22 000 1.34
8 SPCL7 45 0.138 92.2 6 000 7 600 15 600 1.50
9 SPCL8 80 0.174 91.8 9 600 12 500 20 500 1.56
10 SPCL9 125 0.224 92.1 14 400 25200 27 200 1.63
11 SPCL10 160 0.256 95.5 18 700 29 900 - -
12 SPCL11 202 94.5 23 000 - - -

Polymerization conditions: THF; [CL], = 2.0 mol/L; 40°C; 4 h

#SPCL1-6 were based on macro-initiator 2a; SPCL8-12 were based on 2b; LPCL was initiated by n-butanol

® Calculated from the feeding molar ratio of [CL]y/[Core] and conversion

cCalculated from equation: M, \yg = % xmx 114+ Mcore (2a: m=4; 2b: m = 6)

9 Measured by SEC
¢Double peak

value by observed conversion and [CL]o/[2b] (13). These
findings suggest that the arm number and average arm
length of SPCLS are not so clear which may be related
to the complicated conformations of 2b preventing the
transformation of active centers between each initiating
chain and the active centers prefer to producing some
LPCL. From the data in Table 1, the molecular weights
of SPCLs based on calix[4]arene derivative (2a) obtained
from '"H NMR spectra coincide with the values calcu-
lated by observed conversion and [CL]y/[2a] indicating
that they are well-defined four-arm star polymers, while
SPCLs based on calix[6]arene derivative (2b) are ill-
defined star polymers.

As a comparison, LPCL was also prepared using n-
butanol as the initiator under similar conditions (Run 7,
Table 1). The molecular weight of LPCL was calculated
by a similar method. LPCL and SPCL1 have similar
molecular weight, but the viscosity of LPCL is signifi-
cantly higher than SPCL1’s (Table 1) which also verifies
the star architecture of the product prepared.

2.3 SEC traces of the SPCLs
SEC traces (Fig. 6a) show that the SPCLs based on a p-

tert-butylcalix[4]arene derivative (2a) have single and
reasonably narrow molecular weight distributions in the
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Fig. 5 'H-NMR spectra (500 MHz) of SPCL2 (a) and SPCLS (b) in CDCl;
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Fig. 6 SEC traces of two series of SPCLs: (a) SPCLs based on 2a and (b) SPCLs based on 2b

given molecular weight range which indicates that no lin-
ear PCL exists. However, with the average arm length
increased, the tailing was detected in the low-molecular-
weight region which could be attributed to linear PCL
originating from the chain transfer to the solvent. When
the designed average arm length increased to 100 CL
units, the SEC trace of the sample shows an obvious dou-
ble peak signal. Although SPCLs based on p-tert-butylca-
lix[6]arene derivative (2b) have single signal (Fig. 6b),
relatively broad molecular weight distributions suggests
that their structures are ill-defined which confirms the
results of the "H NMR analyses.

2.4 DSC analyses of the SPCLs

The differential scanning calorimetry (DSC) curves of the
samples in the cooling run and the second heating run are
presented in Fig. 7. The melting temperature (7},) and the
crystallization temperature (7,.) of the polymers were
influenced by their architectures, and increased with the
increasing of the molecular weight. Both T}, and T, of

LPCL
\/ SPCL7
s
é SPCLI
T'% w SPCL2
(a) w SPCL4

5 10 15 20 25 30 35 40 45 350
temperature/°C

SPCLs are obviously lower than those of LPCL with sim-
ilar molecular weight. For SPCLs, 7T, and T, increases
with increasing average arm length. The lower crystalliza-
tion temperature (7,) suggests that the crystallization of
the chains in SPCLs is slower than that in the counterpart
LPCL. These observations could be attributed to two fac-
tors: first, the increased free end-groups and branching
points of the star polymers rendered the crystallization
more difficult; second, the calixarene core could constitute
an obstacle to the crystallization of PCL arms. The degree
of crystallinity (X.) of SPCLs can be calculated from DSC
analyses with the enthalpy of fusion of 139.6 J/g for per-
fect crystalline PCL [16]. The results summarized in
Table 2 suggest that SPCL has much lower X, than that
of its linear analogue.

2.5 Polarized optical microscope (POM) analyses of the
SPCLs

A polarized optical microscope (POM) was used to
observe the crystalline morphology for both SPCL1 and

J ‘ LPCL

J\ SPCL7

SPCLI

endothermal

SPCL2

(b)
SPCL4

M
M
N

L 1 1 1 1 1 1 L

10 20 30 40 50 60 70 80 90
temperature/°C

Fig. 7 The DSC curves of PCLs: (a) cooling run and (b) second heating run
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Table 2 Thermal behaviors of SPCLs and LPCL determined by DSC

run polymer A Toy/°C ® Tinl°C S AHm/J-g™! Y AHpo/J-g ! * Xe1l% > Xl %
1 SPCL1 54.5 46.6 67.1 58.8 49.7 43.6
2 SPCL2 58.3 48.3 80.9 61.1 59.9 453
3 SPCL4 61.4 51.5 89.5 63.4 66.3 47.0
4 SPCL7 56.5 49.3 69.5 54.9 51.5 40.1
7 LPCL 58.6 54.9 94.4 68.6 69.9 50.8

#Data from the first heating run;
®Data from the second heating run

LPCL, as presented in Fig. 8. The isothermal crystal-
lization temperature at 45°C was chosen for the two
samples. Within a rather short crystallization time
(260 s), LPCL presented apparent Maltese cross pat-
terns showing a fast crystallization rate. However,
SPCL1 shows irregular spherulites even after 1250 s.
In all, these results indicate that the star architectures
highly affects the spherulite morphology and the spher-
ulite growth rate of PCL which further verifies the star
architecture of the products prepared.

e e |
20 pm

SPCL1 410s

N

' Y

20 pm

SPCL1 1250s

3 Conclusions

Two calixarene derivatives (2a, 2b) have been successfully
prepared and used for the synthesis of star-shaped poly
(e-caprolactone)s with yttrium tris(2,6-di-zert-butyl-4-
methylphenolate) [Y(DBMP);] as the catalyst via ring-
opening polymerization. SPCLs based on calix[4]arene
derivative (2a) are well-defined four-arm star polymers
with narrow molecular weight distributions in a given
molecular weight range indicating controlled polymeriza-

—

30 um

LPCL 260s

i v
LPCL 12505

Fig. 8 POM photomicrographs of PCL polymers crystallized at 45°C
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tions. Compared with LPCL with similar molecular
weight, SPCL shows a lower crystallization rate and lower
crystallinity, as well as irregular spherulite morphology.
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