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ABSTRACT: A series of hyperbranched poly(ester-amine)s (defined as HPEA-1–HPEA-5) with terminal acrylate

groups were synthesized through Michael addition between piperazine (A2) and trimethylolpropanetriacrylate

(TMPTA) (B3) under molar ratios ranged from 1/2 to 1/1.08. As increasing the molar ratio between piperazine and

TMPTA, the degree of branching (DB), number average molecular weight (Mn), polydispersity index (Mw=Mn) and

glass transition temperature (Tg) of the polymers increased accordingly. Due to their amphiphilic flexible structures,

the polymers could form stable aggregates in acetone–acidic water selective solution at volume ratio of 1/25. The

influences of polymer structures and the solution pH on the size and size distribution of the aggregates were measured

by dynamic light scattering (DLS). The results indicated that smaller size was obtained for the polymer with higher Mn,

while the size distribution changed in accordance with Mw=Mn. At lower solution pH, both smaller size and narrower

size distribution were obtained. Furthermore, the polymer dispersions were irradiated by UV light to initiate polymer-

ization of acrylate groups within the aggregates. The resulting cured particles possessed decreased size compared with

the size of the corresponding aggregates as determined by DLS and transmission electron microscopy (TEM).
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Dendritic polymers, including dendrimers and hy-
perbranched polymers have gained increasing interests
during the past decade due to their unique physical
properties.1 With well-defined molecular weight and
architecture, dendrimers have been explored exten-
sively as building blocks to construct supramolecular
assemblies based on their catalyst, binding and optical
properties.2 Researches on amphiphilic dendrimers
consisting of polar core and apolar shell demonstrated
that they could form inverted unimolecular micelles
in solutions.3 Which makes them useful candidates
as drug delivery carrier,4 photosensitive materials,5

liquid–liquid extractants,6 molecular nanocapsules7

and so on. However, the difficulty in their synthesis
is now a great challenge for practical application.
Hyperbranched polymers resemble dendrimers in

many aspects, such as high solubility, low solution
and melt viscosities, lack of entanglement and so
on. However, hyperbranched polymers can be pre-
pared even through one-pot procedure and thus they
have been considered as suitable substitutes for den-
drimers in many aspects, including supramolecular
assembly.8 Similar to dendrimers, amphiphilic hyper-
branched polymers with surface hydrophobic alkyl
chains and interior hydrophilic core could trap polar
guest molecules within the molecules9 and form or-
ganized monolayer at air–water interfacial.10 Pyrene-

labeled hyperbranched amphiphiles could form mi-
celles in aqueous solution.11 We also observed hyper-
branched polyester with hydrophilic shell and hydro-
phobic core could form global aggregates in selec-
tive solution.12 However, the influence of polymer
structure on the aggregation behavior in solution has
not been systematically investigated.
In this paper, a series of amphiphilic hyperbranched

poly(ester-amine)s (defined as HPEA-1–HPEA-5)
with terminal acrylate groups were synthesized and
characterized. These polymers could form stable
aggregates in acetone and acidic water selective solu-
tion. The influence of polymer structures and the solu-
tion pH on the size and size distribution of the aggre-
gates were studied by dynamic light scattering (DLS).
The dispersion was further irradiated by UV light to
form cured particles through polymerization of acry-
late groups within the aggregates.

EXPERIMENTAL

Synthesis of Hyperbranched Poly(ester-amine)s
Hyperbranched poly(ester-amine)s were prepared

through Michael addition between piperazine (A2)
and trimethylolpropanetriacrylate (TMPTA) (B3). For
example, at piperazine/TMPTA molar ratio of 1/1.08,
the reaction procedure for HPEA-5 is described as
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follows: 2.901 g (0.0098mol) TMPTA and 0.5wt%
hydroquinone as inhibitor were dissolved in 20mL
THF. 0.783 g (0.0091mol) piperazine was dissolved
in 1mL methanol and the solution was diluted by
20mL THF. After dropping TMPTA solution into pi-
perazine solution under ice bath within 1 h, the tem-
perature was slowly elevated to 30 �C and the reaction
was maintained for 48 h. After removing the solvent
by vacuum distillation, the crude product was washed
twice by ether and dried to a constant weight in an
oven under vacuum, thus to yield 3.198 g viscous yel-
low product in 86.8% yield. By the same procedure,
the other polymers termed as HPEA-1, HPEA-2,
HPEA-3 and HPEA-4 were prepared in 79.5, 82.1,
81.0 and 85.2% yields at piperazine/TMPTA molar
ratio of 1/2.00, 1/1.67, 1/1.43 and 1/1.20, respective-
ly. 1H NMR (300MHz, CDCl3): � 0.85–0.92 (m,
CH3–), 1.42–1.52 (m, CH3CH2–), 2.47–2.53 (m, R0-
OOCCH2CH2 N(CH2R)2), 2.62–2.65 (m, R0-OOC-
CH2CH2NR2), 4.04–4.18 (m, RCH2OCOR

0), 5.92–
6.37 (m, –COOCH=CH2). FT-IR (KBr): � (cm�1) =
2800–3000 (C–H sat.), 1730 (C=O), 1660 (conju-
gated C=C), 1050 (C–N stretch).

Formation of Aggregates and UV Curing
Polymer of 0.1 g was dissolved in 4mL acetone

with or without 5wt% benzophenone. The solution
was mixed with 100mL acidic deionized water for 15
min under ultrasonication. After maintained at room
temperature for 12 h, a stable milk-like dispersion
was formed. The dispersion containing benzophenone

was directly irradiated with a 1000W medium pres-
sure mercury arc lamp for 3min to complete the cur-
ing reaction.

Measurement
1H NMR spectra were recorded using Unity

UNITY-200 spectrometer. FT-IR spectra were record-
ed on NICOLET 560 FT-IR spectrometer. GPC was
performed in THF at ambient temperature using a col-
umn from Waters and was calibrated with polystyrene
standards. Differentials scanning calorimetric (DSC)
measurements were carried out using DuPont-2400
DSC Plus module. The polymer dispersion was meas-
ured by dynamic light scattering (DLS) using Malvern
Zetasizer 3000HS instrument at an angle of 90�. The
dispersion containing benzophenone was directly
placed on a carbon-coated grid and imaged on a trans-
mission electron microscopy (TEM, H-800).

RESULTS AND DISCUSSION

Synthesis and Characterization
Five hyperbranched poly(ester-amine)s (defined as

HPEA-1–HPEA-5) were synthesized through Michael
addition of piperazine (A2) and TMPTA (B3) under
various molar ratios ranged from 1/2 to 1/1.08. The
synthetic procedure was outlined in Figure 1, where
the resulting polymer contains three structural units:
(1) dendritic unit (Nd), (2) linear unit (NL) and (3)
terminal unit (Nt). It has been well known that direct
polycondensation of A2 kind and B3 kind monomers

Figure 1. Synthetic procedure and structure of hyperbranched poly(ester-amine).
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generally results in gelation.8 In this study, gelated
products were formed at short reaction time or high
monomer concentration. If the total monomer concen-
tration was lower than 10wt% and the reaction was
lasted for at least 48 h to consume all secondary
amines in the system, soluble products could be pre-
pared successfully.
The structure of HPEA was confirmed by FT-IR

and 1H NMR measurements. In the 1H NMR spectra
of the products, the peak (at 2.87 ppm) responding
to CH2 next to secondary amine group is not observed.
In order to calculate the degree of branching (DB), the
multi-peaks at 3.80–4.30 ppm in the 1H NMR spectra
for various samples were compared in Figure 2. It is
clear that the peaks for the protons in –CH2OOC–
move to higher frequency as more acrylate groups in
TMPTA reacting with secondary amines. Through
comparing the integral of each peak to that of the
peaks within 0.85–0.98 ppm (belong to –CH3), the

assignment of these peaks was assured. Based on this
analysis, the peaks at 4.14–4.16, 4.05–4.08 and 4.02–
4.05 ppm were attributed to the protons of a(H) in ter-
minal unit, b(H) in linear unit and c(H) in dendritic
unit (see Figure 1), respectively. In order to prove
this result, model reactions between piperidine and
TMPTA at molar ratios of 1/1, 2/1 and 3/1 were fur-
ther carried out by a procedure similar to the reaction
between piperazine and TMPTA. The peaks at 4.00–
4.20 ppm for 1H NMR spectra of TMPTA and the re-
sulting samples were shown in Figure 3. Based on the
structures of model compounds and the integral of the
peaks, the assignment of the peaks were defined in
Figure 3. It is obvious that the result is the same as
that obtained from Figure 2.
Based on the integration of corresponding peaks

of the 1H NMR spectra, the relative contents of the
structural units were calculated. From the results in
Table I, it is noticed that Nt decreased, while both
Nd and NL increased with improving piperazine/
TMPTA molar ratio. In addition, Nt is higher than
Nd for the first three samples, but is lower than Nd

for the last two samples. It may suggest that some cy-
clized structures were formed in HPEA-4 and HPEA-
5. The values of DB for the polymers calculated by
Frey’s equation,13 DB ¼ 2Nd=ðNL þ 2NdÞ, were sum-
marized in Table I. Since Nd is a major parameter
for calculating DB, the values of DB increased from
HPEA-1 to HPEA-5.
The polymers were further characterized by GPC

and DSC measurements, and the results were shown
in Table I. At higher piperazine/TMPTA molar ratio,
more acrylate groups could react with secondary
amines, thus resulted in a polymer with higher number
average molecular weight (Mn). Because the reaction
proceeded in a random fashion, as increasing in mo-
lecular weight, the molecular structure turned to be
more irregular and thus the polymer had an increased
polydispersity index (Mw=Mn). Furthermore, the high-
er glass transition temperature (Tg) obtained at higher
piperazine/TMPTA molar ratio should be attributed
to the lower moving ability of the chains restricted
by branching structures. All the polymers possess Tg
lower than 0 �C, indicating of their highly flexible
chains.

Aggregation Behavior in Selective Solution
Despite of structural difference, all the five poly-

mers in Table I were dissolve completely in organic
solvents, such as methanol, THF and acetone, but
not in pure water. If the polymers were directly dis-
persed into acidic aqueous solution, the rapid associa-
tion of exterior hydrophobic acrylate groups can pre-
vent interior tertiary amine groups from ionizing,
thus only a partly of the polymers was dissolved in

(1) 

(2)

(3) 

(4) 

δ

Figure 2. Comparing the peaks within 3.80–4.30 ppm in the
1H NMR spectra of various samples. Piperazine/TMPTA molar

ratio: (1) 0/1; (2) 1/8; (3) 1/1.08; (4) 1/0.33.
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the solution, especially for the one with more terminal
acrylate groups.
Since acetone is a good solvent for the whole mole-

cule and acidic water is a good solvent for only the
interior part with ionizable tertiary amines, acetone–
acidic water mixture could be regarded as a selective
solvent for the polymers. If the polymers in a small
amount of acetone were mixed with large amount of

acidic water at volume ratio of 1/25, stable translu-
cent milk-like dispersions were resulted, indicating
the formation of intermolecular aggregates in the sys-
tems. In acetone–acidic water selective solution,
under the help of acetone, the acrylate groups could
pack together to form a hydrophobic tail due to the
flexibly chains of the molecule. Meanwhile, the core
turned outside and reacted with hydrogen protons,

δ

Figure 3. Comparing the peaks within 4.00–4.20 ppm in the 1H NMR spectra of model samples prepared from piperidine and TMPTA.

Piperidine/TMPTA molar ratio: (1) 0/1; (2) 1/1; (3) 2/1; (4) 3/1.

Table I. Structural analysis and Tg for the polymers

Sample
Piperazine/TMPTA Structure unit/%

DB/% Mn Mw=Mn Tg/
�C

/molar ratio Nt NL Nd

HPEA-1 1/2.00 50.5 41.2 8.3 28.7 1818 1.325 �42:5

HPEA-2 1/1.67 48.3 36.5 15.2 45.4 1948 1.347 �32:4

HPEA-3 1/1.43 37.3 44.0 18.7 45.9 2222 1.560 �21:2

HPEA-4 1/1.20 22.0 53.3 24.7 48.1 2546 1.842 �11:4

HPEA-5 1/1.08 14.2 55.3 30.5 52.5 3246 3.754 �9:3
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thus to form a hydrophilic head. Through hydrophobic
association, many such head-tail amphiphilic mole-
cules could further self-assemble into aggregates sta-
bilized by double electrical layers. So the aggregate
should be composed of a hydrophilic shell and a hy-
drophobic core.
Because the aggregates formed in solutions were in

sphere shapes as observed by TEM, the particle size
and size distribution were determined by DSL meas-
urements. The number average size defined as Dn ¼
�di=ni is arithmetical average. The volume average
size defined as Dv ¼ ð�nidi

3=�niÞ1=3 could be consid-
ered as weight average size if the particle density is
constant. Z average size Dz is based on the measure-
ment of light scattering intension and is an average
of accumulative total.
According to the molecular structure of the poly-

mers, there are one tertiary amine and two acrylate
groups in terminal unit, two amines and one acrylate
in linear unit, and only three tertiary amines in
dendritic units, the numbers of tertiary amines and
acrylates groups in 100 structural units of the poly-
mers could be calculated based on the content of the
structural units listed in Table I. From the results in
Table II, the content of tertiary amines increased
and the content of acrylate groups decreased from
HPEA-1 to HPEA-5. Due to the different contents in
ionizable tertiary amine and hydrophobic acrylate
groups, the polymers demonstrate different amphiphil-
ic features and aggregation behaviors in acetone–acid-
ic water selective solution.
The polymers in Table I were dispersed into ace-

tone–acidic water selective solution at pH 5.0 and
the aggregate size and size distribution were deter-
mined by DSL. Comparing Dv and Dv=Dn in Table II
with Mn and Mw=Mn in Table I, respectively, it is in-
teresting to note that smaller size is obtained at higher
Mn, while Dv=Dn changes in accordance with Mw=Mn.
According to the contents of tertiary amines and acry-
late groups in the molecules, the polymer with lower
molecular weight has less tertiary amine groups and
more hydrophobic acrylate groups and thus is more
hydrophobic. In selective solution, to get a hydrophil-
ic–hydrophobic balance, it is needed for more mole-

cules to participate in aggregation to increase surface
static repulsive force and result in somewhat bigger
aggregates. On the contrary, the one with higher mo-
lecular weight is more hydrophilic and contains more
dendritic units. In this case, the molecules are difficult
to associate with each other and smaller aggregates
are formed. In addition, the polymer with higher
Mw=Mn possesses more irregular molecular structure.
The intermolecular aggregation tends to proceed in
more irregular manner, thus result in a wider size dis-
tribution for the aggregates.
Based on HPEA-2 and HPEA-4, the influence

of solution pH on aggregate size and size distribu-
tion were further investigated. From the results in
Table III, the aggregate size became large as increas-
ing solution pH in both HPEA-2 and HPEA-4 sys-
tems, which could be attributed to the decrease in ion-
izing degree of tertiary amines. In addition, the size
for HPEA-4 is larger than that for HPEA-2 under
the same pH due to their different amphiphilic struc-
tures. The distribution of Dv for HPEA-2 and HPEA-
4 was shown in Figure 4 and Figure 5, respectively.
From Figure 4, the particle size concentrated at
around 200 nm at pH 2.8. As increasing the pH, the
size distribution became wider, the peak at 200 nm
became small and the peak at 400 nm became large
gradually, which is in accordance with the results in
Table III. From Figure 5, HPEA-4 possessed a wider
size distribution than that for HPEA-2 which should
be attributed to the more irregular molecular architec-
ture of HPEA-4.

UV Radiation of the Dispersion
Due to the existence of some terminal acrylate

groups in the molecules, the polymers could be re-

Table III. Influence of solution pH on the size

of the aggregates

HPEA-2 HPEA-4
Solution pH

2.8 3.6 5.0 3.6 5.0 6.2

Dz/nm 235.4 255.2 281.4 151.5 209.3 218.9

Dv/nm 205.2 338.0 392.0 124.0 185.3 257.0

Table II. Size and size distribution for the aggregates in selective solution

Sample
Amount of groups in 100 units

Tertiary amine Acrylate group
Dz/nm Dv/nm Dn/nm Dv=Dn

HPEA-1 157.8 142.2 306.0 386.3 272.0 1.42

HPEA-2 166.9 133.1 267.5 344.5 215.5 1.60

HPEA-3 181.4 118.6 237.8 293.2 176.0 1.67

HPEA-4 202.7 97.3 219.3 248.8 141.3 1.76

HPEA-5 216.3 83.7 241.4 96.5 27.4 3.52

Conditions: polymer: 0.1 g, acetone: 4mL, water: 100mL, solution pH: 5.0
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garded as starting materials for cured samples, espe-
cially for cured particles in solution. If suitable
amount of a common UV initiator, benzophenone,
was dissolved in HPEA-2 and HPEA-4 acetone solu-
tion, aggregates were formed after mixing the solution
with acidic water at volume ratio of 1/25. Due to its
hydrophobic nature, benzophenone can get into the
interior of the aggregates and contact with acrylate
groups. After irradiated by UV light, no precipitate

was formed in the dispersion. The particles size meas-
ured by DSL was shown in Table IV. All the sizes of
particle are smaller than those of the corresponding
aggregates in Table III. The decrease in size could
be attributed to the polymerization of acrylate groups
initiated by UV initiator, which may cause the shrink-
age of the particles. For HPEA-2 system at solution
pH 2, fine hard powder was obtained after evaporation
the solvent. DSC measurement of the cured sample
indicated it possesses Tg of 138

�C, much higher than
that of its prepolymer. It indicated rather compact
networks had been formed within the particles. Its
FT-IR spectrum showed the characteristic band for
conjugated vinylic groups at 1660 cm�1 was com-
pletely disappeared. These results clearly indicated
that cured particles were formed during the irradiation
of the dispersion. The high reaction extent of acrylate
groups further demonstrated they located mainly at
the core part of the aggregates and reacted easily with
each other.
The samples were further imagined by TEM. Since

typical staining agents with heavy metal ions can in-
fluence the aggregation behavior of the molecules,
benzophenone was used directly as staining agent
for TEM samples. Figure 6 shows the TEM photo-
graphs for the particles formed in the selective solu-
tion before and after irradiation. In both cases, globu-
lar particles with diameter less than 60 nm were
observed. After irradiation, the particle size become
smaller and the size distribution become wider. How-
ever, the size observed by TEM was much smaller
than that obtained by DSL. In selective solution, the
aggregates were in swelling state with solvent embed-
ded. In preparing TEM samples, the evaporation of
solvent could not only make the aggregates shrinking,
but also change the surrounding environment for the
aggregates, for example solution pH. So the particle

Figure 5. Influence of solution pH on the distribution of Dv in

HPEA-4 system.

Table IV. Effect of solution pH on the size of cured particles

HPEA-2 HPEA-4
Solution pH

2.8 3.6 5.0 3.6 5.0 6.2

Dz/nm 197.2 197.0 218.8 127.9 145.9 146.9

Dv/nm 188.8 249.3 287.0 80.8 82.2 102.6

Conditions: polymer: 0.1 g, benzophenone: 5wt%, acetone:

4mL, water: 100mL, solution pH: 3.6

(1) (2)

100nm100nm

Figure 6. TEM photographs for the particles formed in selec-

tive solution.

Figure 4. Influence of solution pH on the distribution of Dv in

HPEA-2 system.
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size observed by TEM is different from that obtained
by DSL. Nevertheless, TEM results could be used to
define the size of drying particles.
From the above results, it is shown that amphiphilic

hyperbranched polymers could form stable aggregates
in selective solution and the aggregate sizes were con-
trolled by polymer structures and solution pH. Such
aggregates have potential applications as hydrophobic
drug capsule and pH controlled release system.
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