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Abstract A small molecule core (TMP-SK3) with three
terminal carboxyl groups was synthesized successfully by
the reaction of 1,1,1-trihydroxymethylpropane with the
excessive sebacic acid diacetic anhydride (SK). Then, the
core molecule was used as a coupling agent to condensate
with polyethylene glycols (PEG) of different molecular
weights or polyethylene glycol monomethyl ether
(PEGm) in the presence of stannous octoate as catalyst
and diphenyl ether as an azeotropic agent to remove
water. Thus, the three-arm star-shaped PEGs was
obtained successfully and characterized by 'H-NMR,
DSC, GPC and XRD etc.. DSC measurements indicate
that the crystallizing and the melting temperatures of the
three-arm star-shaped PEGs were different from those of
the corresponding linear PEG because the existence of
TMP-SK; altered its crystallizing velocity and perfect
degree of crystallization.

Keywords star-shaped polymer, 1,1,1-trihydroxymethyl-
propane, sebacic acid diacetic anhydride, PEG

1 Introduction

The star-shaped polymer is defined as a kind of polymer
containing three or more polymer chains from a branched
point or a core. No main chain or branched chain can be
distinguished. Compared to the same molecular weight
linear polymers, every chain of the star-shaped polymers
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was bound to one point by chemical bonds and the free
chain ends were less than those in linear polymers in unit
volume. Due to their special molecular structures, star-
shaped polymers show smaller hydrodynamic radius,
lower viscosity with particular thermal properties and
degradation behavior. It has gained much attention in
science and industry due to the many potential applica-
tions [1].

The star-shaped polymers, which are prepared from
vinyl monomers by the active anionic polymerization,
the active cationic polymerization and the atom transfer
radical polymerization etc., were investigated thoroughly
[2-7]. In general, there are two methods to synthesize star-
shaped polymers [8]. The first is defined as “core-first”,
i.e. the initiator containing multiple functional groups is
adopted to initiate the monomers to polymerize. The arm
number of star-shaped polymers is determined by the
number of functional groups in the core. The second is
defined as “arm-first”, i.e. the chain segments as arms are
synthesized first (usually produced by active polymeriza-
tion) and then they are connect to each other by a coup-
ling agent containing multiple functional groups to
produce star-shaped polymers with equal arm lengths.

Linear polyethylene glycol (PEG) is a kind of biocom-
patible, water soluble polymers widely used in scientific
research, especially in the areas of biotechnology and
pharmacology. In recent years, some of the research [9—
18] shows that the viscosities of the branched polymers are
lower than those of the linear polymers, but their degra-
dation rates are higher than those of the linear polymers at
the same molecular weight. This property of branched
polymers is favorable for the encapsulation and delivery
of drugs. Some previous literatures [19,20] reported that
the hyperbranched polyether polyhydric alcohol or the
hyperbranched polymer with hydroxyl terminals was used
as a core to synthesize star-shaped PEGs by the anionic or
cationic ring opening polymerization of ethylene oxide. In
this paper, a small molecule core (TMP-SK3) with three
terminal carboxyl groups was synthesized successfully by
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the reaction of 1,1,1-trihydroxy-methylpropane with
excessive sebacic acid diacetic anhydride. Then, TMP-
SK; was used as a coupling agent to condensate directly
with PEGs of different molecular weights or PEGm in the
presence of stannous octoate as catalyst and diphenyl
ether as azeotropic agent. This produced three-arm star-
shaped polymers successfully. In addition, we still found
that it was difficult to obtain the star-shaped polymers if
TMP was directly used as a coupling agent. So, the core
molecule must be modified by introducing some interval
segments to decrease the density of functional groups in
space and further produce the expected star-shaped poly-
mers effectively. The process of introducing some interval
segments into the core molecules is significant to prepare
star-shaped polymers by using a small molecule contain-
ing multiple functional groups as a core.

2 Experiments

2.1 Materials

The average molecular weights of the PEG with
hydroxyl terminal groups (Acros Co.) were 800, 2000
and 4000, respectively. The average molecular weight of
polyethylene glycol monomethyl ether, PEGm (Acros
Co.), was 750. PEG, PEGm and 1,1,1-trihydroxy-
methylpropane, TMP (Shanghai Reagent Co.), were
all dried at 75°C for 12 h and kept in vacuum oven.
Sebacic acid diacetic anhydride (SK) was synthesized
from sebacic acid and acetic anhydride and purified
according to the reference [21,22]. Dimethyl sulfoxide
(DMSO), 1,4-dioxane, N,N-dimethyl formamide
(DMF) were dried by anhydrous magnesium sulfate
and then purified by vacuum distillation. Diphenyl
ether was dried by molecular sieve (3 A). Acetone, tolu-
ene, tetrachloromethane, ethyl ether, chloroform and
stannous octoate were purchased in the domestic mar-
ket and used without further purification.

2.2  Measurements

"H-nuclear magnetic resonance ('H-NMR) measurements
were carried out on a 400 MHz Mercury Plus NMR
spectrometer (Varian Co.) with CDCly or DMSO-dg as
solvents. IR spectra were recorded on a Perkin-Elmer
FTIR spectrometer. DSC measurements were performed
on a Perkin-Elmer Pyris-1 differential scanning calori-
meter at a heating rate of 10°C min~! in N,. The crystal-
lization and molten processes of AB, star-shaped
miktoarm copolymers were observed in situ by using a
Leica DM LP micropolariscope. XRD measurements
were performed on a D/MAX-2200/PC diffractometer
and XRD patterns were recorded at a scanning rate of
4° min~! with Cu Ko radiation (1 = 1.54178 A).
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2.3 Synthesis process

2.3.1 Synthesis of the small molecule TMP-SK;
In a 150 mL conical flask, 3.35 g TMP was dissolved in
20 mL anhydrous DMF under stirring and then 18 g SK
was added in several batches. When most of the SK solid
dissolved, 40 mL toluene was added and the mixture was
refluxed for 6 h with N, protection under stirring. Lastly,
the mixture in the conical flask was evaporated at 110°C
by a rotating evaporator under vacuum until it became
transparent (about 1 h). After it was cooled to room tem-
perature, the resulting off-white viscous material was dis-
solved in 40 mL acetone and filtrated. Then, the filtrate
was poured into 200 mL de-ionized water and kept in
refrigerator for 12 h. White solid was obtained by filtra-
tion and dried under vacuum for 12 h. The yield was 82%.
'"H-NMR (400 MHz, DMSO-dg, 6): 0.80, 1.21, 1.46,
2.15-2.25, 2.48 (DMSO0), 3.35 (H,0), 3.93, 11.95

2.3.2  Synthesis of three-arm star-shaped PEGs

The synthesis of TMP-(SK-PEG&800);) was as an example,
and the typical process was as follows: In a 150 mL con-
ical flask, 1.372 g TMP-SK; and 5.6 g PEG800 were dis-
solved in 20 mL acetone. 0.02 g stannous octoate, as
catalyst, and 10 mL diphenyl ether, as an azeotropic
agent, were also added into the conical flask. At last, the
mixture in the conical flask was evaporated by a rotating
evaporator at 160°C under 0.09 MPa for 3 h and further
at 160°C under 200 Pa for another hour. After it was
cooled to room temperature, the resulting solid was dis-
solved in 10 mL chloroform and precipitated in 300 mL
anhydrous ethylether. White solid was produced by filtra-
tion and dried under vacuum at 80°C for 12 h. The yield
was 83%.

'"H-NMR (400 MHz, CDCls, 6): 0.80, 1.21, 1.52, 2.23,
3.93, 4.16, 7.27 (CDCls)

Other samples were prepared in the same process shown
in Fig. 1 and the molar ratio in feed was shown in Table 1.

3 Results and discussion

3.1 Synthesis and characterization of three-arm star-
shaped PEGs

The “arm-first” method was adopted first to synthesize
three-arm star-shaped PEGs, i.e. the hydroxyl group of
the PEGm (average molecular weight = 750) was first
changed into carboxyl group by reacting with SK. Then,
it was coupled with TMP to produce three-arm star-
shaped polymers. The synthetic route was shown in
Fig. 2. However, "TH-NMR results show that the antici-
pated three-arm star-shaped polymer was not obtained in
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Fig. 1 Synthetic process of three-arm star-shaped PEGs
(method 1)

this process. Most of them were SK-PEGm with carboxyl
end groups and the signals of the core TMP (peak 1 and 4
in Fig. 3) were not detected. We considered that the steric
hindrance of the three anear hydroxyl groups in TMP was
too serious and this made them difficult to couple with the
chain segments (SK-PEGm with relatively high molecular
weight) as arms. The results were not satisfied even under
the severe reaction conditions.

In order to obtain the anticipated three-arm star-
shaped PEGs, the density of functional groups in unit
volume of TMP core should be decreased. The excessive
SK was used to react with TMP and the three anear
hydroxyl groups in TMP were changed into three carb-
oxyl groups. Simultancously, this modification can
improve the distance between the functional groups in
the coupling agent and decrease the steric hindrance
among the functional groups in next coupling reaction.
Then TMP-SK3 was coupled with PEGm directly and
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Fig. 2 Synthetic process of three-arm star-shaped PEGm
(method 2)

the NMR results show that the three-arm star-shaped
polymer was prepared successfully (see Fig. 3 and
Fig. 4). Furthermore, this coupling agent TMP-SK; was
also adopted to couple with PEGs of different molecular
weight to produce three-arm star-shaped PEGs with dif-
ferent arm lengths.

"H-NMR spectra of the intermediate (TMP-SK3) and
the three-arm star-shaped polymers (TMP-(SK-
PEGm750);, TMP-(SK-PEG800);) are shown in Fig. 4.
The various kinds of protons in the '"H-NMR spectra were
attributed and labeled by the number from 1 to 10. In 'H-
NMR spectrum of TMP-SK;, the ratio of peak area
between the end carboxyl group (7) and the methyl group
(1) is close to 1 and the ratios of peak area between the
other peaks and the methyl group nearly agree with the
theoretical values. This means that the three hydroxyl
groups of TMP were esterified successfully by SK and
an intermediate (TMP-SK3) containing three carboxyl
groups was formed.

In the '"H-NMR spectrum of TMP-(SK-PEGS800);, the
original peak (7) attributed to the carboxyl group of the
core intermediate (TMP-SK3) disappeared completely and
other peaks still existed but their chemical shifts were min-
imally changed. In addition, a new strong peak and a new
weak peak appeared at o: 3.4-3.7 and J: 4.15, respectively.

Table 1 The molar ratio in feed

samples TMP-SK; PEG PEGm yield/%
Fws /mol g MW" /mol g MW" /mol g

1 686 0.0005 0.343 4000 0.00175 7.0 - - - 93

2 686 0.001 0.686 2000 0.0035 7.0 - - - 92

3 686 0.002 1.372 800 0.007 5.6 - - - 83

4 686 0.002 1.372 - — - 750 0.007 5.25 82

“Formula weight;
®Molecular weight in average
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Fig. 3 'H NMR spectra of resulting polymers made from
method 1 and method 2

The first one was attributed to the protons of PEG800
arms (—CH,0-) and the latter was attributed to the pro-
tons of methylene near the ester group at the core
(-COOCH,-). Comparing the 'H-NMR spectra of
TMP-(SK-PEGm750), and TMP-(SK-PEG800)3;, only
one new peak appears at o: 3.3 which is attributed to
the protons of methoxyl groups in PEGm750 arms
(CH30-). Thus it can be seen that the three-arm star-
shaped polymers were prepared successfully according
to the synthetic route given in Fig. 1. It is very important
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to induce some interval segments into the small core
molecule to synthesize three-arm star-shaped polymers.

3.2 The arm number and molecular weights of three-arm
star-shaped polymers

The arm number of the resulting three-arm star-shaped
polymers can be confirmed by their characteristic peaks in
the 'H-NMR spectra due to their relatively simple
molecular structures. For example, according to the area
ratio of Sy (peak 8 attributed to the protons of methylene
near to the ester groups in PEG) and S (peak 1 attributed
to the protons of methyl in TMP core), the arm number of
the star-shaped polymers can be calculated and the results
are shown in Table 2. All the arm numbers of the resulting
star-shaped polymers are near to 3.

Table 2 The molecular weights and the arm numbers of the three-
arm star shaped PEG and PEGm

samples My M, nmr arm number (NMR)
TMP-SK;-(PEG800)3 3100 3700 2.7
TMP-SK;-(PEG2000); 6700 7600 2.6
TMP-SK;-(PEG4000); 12700 14500 2.8
TMP-SK;-(PEGm750); 2900 3200 2.5

In addition, the molecular weights of three-arm star-
shaped polymers can also be calculated according to their
"H- NMR spectra. In order to confirm the results of cal-
culation, the GPC measurements were adopted too. The
GPC results show that the number-average molecular
weight of TMP-(SK-PEG400); was 9600 and the molecu-
lar-weight distribution was 1.2, which were close to the
theoretical values. However, the molecular weights of
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Fig. 4 'H-NMR spectra of intermediates and three-arm star-shaped PEGs in DMSO or CDCl;
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TMP-(SK-PEG800); and TMP-(SK-PEG2000); were rela-
tively low and their signals in GPC measurements were
overlapped with the signal of solvent DMF. So the value
in GPC measurements can not be obtained. The molecular
weights of three-arm star-shaped PEGs calculated from
the "H-NMR spectra are shown in Table 2. There is only
one methyl group in the core of each three-arm star-
shaped PEGs. The integral area of its proton signal can
be used as a base to calculate their molecular weights
quantitatively. The calculation is as follows.

For three-arm star-shaped PEGs containing terminal
hydroxyl groups:

Sgoy 3
Mn,NMR=§—?9 x 7 x 444635

For three-arm star-shaped PEGms containing terminal
methoxyl groups:
Sgog 3

B Sho
My, NMR = S X7 ><44—i—S—l x 174635

where Sgig9 is the integral area of the proton signals in
PEG arm, S; is the integral area of the methyl proton
signals in TMP core, 44 is the formulaic weight of the
structure unit in PEG, 635 the formula weight of the core
TMP, S, the integral area of the methoxyl proton signals
and 17 is the formulaic weight of methoxyl.

According to the results in Table 2, the molecular
weights calculated from the "H-NMR spectra are approx-
imate with the theoretical values of the three-arm star-
shaped polymers. This means the design and synthesis
of three-arm star-shaped polymers are successful.

3.3 The crystallization behavior of three-arm star-
shaped PEGs

The crystallization behavior of three-arm star-shaped
PEGs was characterized by DSC measurements. The
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DSC cooling curves of lincar PEG800, PEG2000,
PEG4000 and their corresponding three-arm star-shaped
polymers TMP-(SK-PEG800);, TMP-(SK-PEG2000)s,
TMP-(SK-PEG4000); were shown in Fig. 5a. The crystal-
lizing temperatures of TMP-(SK-PEG800); and TMP-
(SK-PEG2000); were lower than those of the correspond-
ing linear PEG800 and PEG2000. In addition, the reduced
extent of crystallizing temperatures decreased markedly
with increasing the arm length of PEG. On the contrary,
the crystallizing temperatures of TMP-(SK-PEG4000);
increased a little than that of the corresponding linear
PEG4000. When the molecular weights of PEG arms were
relatively low, the existing core disturbed the crystallizing
process of PEG arms and resulted in the decrease of their
crystallization temperature. However, when the molecular
weights of PEG arms were increased and higher than some
value (such as PEG4000), the core disturbance to the
crystallization process of PEG arms could be neglected.
Contrarily, the star-shaped structure made the adjacent
PEG arms crystallize easily and resulted in a crystallizing
temperature increase. The DSC heating curves of linear
PEG800, PEG2000, PEG4000 and their corresponding
three-arm star-shaped polymers TMP-(SK-PEGS800)s,
TMP-(SK-PEG2000);, TMP-(SK-PEG4000); are shown
in Fig. Sb. The melting temperatures of three-arm star-
shaped polymers were lower than those of the correspond-
ing linear PEGs. The average extent of melting temper-
ature decrease was about 5°C-6°C. Thus, it can be seen
that the core TMP-SK3 not only affected the crystallizing
velocity but also the perfect degree of crystals, resulting in
the changes of crystallization and melting temperatures.
The XRD spectra of the linear PEG2000, the intermedi-
ate TMP-SK; and the three-arm star-shaped TMP-(SK-
PEG2000); are shown in Fig. 6. Comparing these spectra,
we can find that TMP-SK; itself is a kind of crystallizing
material. However, in the XRD spectrum of TMP-(SK-
PEG2000)3, the crystal diffraction peaks attributed to
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Fig. 5 The DSC cooling (a) and heating (b) curves of the three-arm star shaped PEG and linear PEG in different molecular weights at

(a) colling or heating rate of 10°C/min
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TMP-SA; were hardly observed. As a whole, the XRD
spectrum of TMP-(SK-PEG2000); is similar to that of
linear PEG2000. It means the crystallization behaviors
of three-arm star-shaped polymers are determined by
the PEG arms, but not the core TMP-SK.

PEG2000

TMP-SK;-(PEG2000),

TMP-SK,

10 20 30
20/(°)

Fig. 6 XRD spectra of TMP-SK;, PEG2000 and TMP-(SK-
PEG2000);

In summary, the trifunctional small molecule core was
synthesized by the reaction of 1,1,1-trihydroxymethylpro-
pane with the excessive sebacic acid diacetic anhydride.
Then, the three-arm star-shaped PEGs with definite struc-
ture and narrow distribution were obtained by using the
core molecule as a coupling agent to condensate directly
with PEG of different molecular weights. The results indi-
cate that inducing some interval segments into the small
core molecule is very important to synthesize three-arm
star-shaped polymers.
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