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Introduction
Over the last decades the interest in dendritic macromole-
cules has increased rapidly due to their unusual chemical
and physical properties.[1–8] Regular dendrimers are
usually only accessible through multistep syntheses,
which limits their availability. In contrast, less regular,
hyperbranched polymers are readily synthesized by one-
step polycondensation of AB2 monomers. Furthermore,
hyperbranched polymers posses similar properties to

those of dendrimers, such as high solubility, low viscos-
ity, and lack of chain entanglements in the solid state.[9–13]

Many hyperbranched polymers have been obtained
through several approaches such as self-condensing vinyl
polymerization,[14] ring-opening polymerization,[15–18]

polymerization of A2 and B3 monomers,[19, 20] and the clas-
sical method – polycondensation of AB2 monomers.[21–27]

However, not much regarding the preparation of hyper-
branched copolymers and the comparison of their proper-
ties is reported in the literature. In this work, other new
hyperbranched copolymers were easily produced by the

Full Paper: Hyperbranched copoly(sulfone-amine)s with
various lengths of linear segments between two branching
units were synthesized by copolymerization of A2 type
monomer with B2 and BB92 type monomers without any
catalysts. Herein, A2 is divinyl sulfone (DV); B2 is pipera-
zine (PZ) or 4,49-trimethylenedipiperidine (TMDP), and
BB92 is 1-(2-aminoethyl)piperazine (AP) or N-methyl-1,3-
propanediamine (NPA). Analysis by FTIR and LC-MSD
confirmed the polymerization path that has been presented
in previous papers of this series. The rapid reaction of sec-
ondary-amino groups of BB92 and B2 with vinyl groups of
A2 results in the formation of the intermediate containing
one reactive vinyl group and two active hydrogen atoms.
Further polymerization of this AB92 type intermediates
gives hyperbranched copoly(sulfone-amine)s. The analy-
sis of DSC showed that the resulting branched copolymers
were semi-crystalline when the feed ratio of B2 to BB92
was equal to or higher than two. Furthermore, double-
melting endotherms were observed in the corresponding
DSC curves of the sample with TMDP units, while only
one melting peak was observed for the sample with PZ
units. The degree of branching (DB) of the copolymers
obtained increased with decreasing the feed ratio of B2 to
BB92 monomers.
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a Part 2: cf. ref.[31]

Thermogram of the copoly(sulfone-amine) copoly(DV-TMDP-
AP) measured by DSC. The samples were heated at 10 8C/min
from 30 to 200 8C.



3036 C. Gao, D. Yan, W. Tang

method of copolymerization of A2 with B2 and BB92
monomers. Through this approach, the architecture of
resulting copolymers such as the degree of branching and
the length of linear segments between branching points
can be well controlled. Interestingly, the crystallization
behavior also depends on the feed ratio of B2 to BB92.

In previous parts of this series, the strategy for making
hyperbranched polymers from commercially available A2

and BB92 monomers has been developed,[28, 29] and a num-
ber of hyperbranched polymers and copolymers[30, 31] have
been prepared. This paper implements the copolymeriza-
tion of divinyl sulfone with N-methyl-1,3-propanedia-
mine or 1-(2-aminoethyl)piperazine and piperazine or
4,49-trimethylenepiperidine to synthesize branched copo-
ly(sulfone-amine)s with controlled structures. Further-
more, the thermal property of the samples with similar
units was comparatively investigated.

Experimental Part

Materials

1-(2-Aminoethyl)piperazine (AP), N-methyl-1,3-propanedia-
mine, piperazine, and 4,49-trimethylenedipiperizine (TMDP)
were purchased from Aldrich and used as received. Divinyl
sulfone (DV) was purchased from Aldrich and purified by
vacuum distillation before use. Organic solvents such as
chloroform, N,N-dimethylformamide (DMF), N,N-dimethyl-
acetamide (DMA), and N-methyl-2-pyrrolidone (NMP) are
analytical pure reagents and purified by distillation before
use.

Instruments

Proton NMR was recorded with a 500 MHz Bruker NMR
model. Tetramethylsilane (TMS) was used as the internal
standard in all cases, and D2O as the solvent. FTIR measure-
ments were performed on a Bruker Equinox 55 spectrometer
with Barnes Analytical FTIR Sealed Cell (KBr 0.5 mm).
Chloroform was used as solvent. Mass spectra were obtained
on a HP 1100 LC-MSD. X-ray powder diffraction was taken
by using Cu Ka radiation with a Rigaku III Dmax 2500. The
molecular weight of the product was obtained on the HP
1100 gel permeation chromatograph (GPC) with water as
solvent and PEO as standards, and the column used was
G6000 PW (XL).

Differential scanning calorimetric studies was conducted
under nitrogen on a Perkin-Elmer DSC 1 model. Thermo-
gravimetric analysis (TGA) was performed under nitrogen
on a Perkin-Elmer TGA 7 thermal analyzer. The inherent
viscosity (ginh) of the resulting polymer was measured at a
concentration of 0.5 g/dL in 1 n hydrochloric acid aqueous
at 258C.

Synthesis

Copoly(DV-TMDP-AP)

A typical polymerization example (P1 in Table 1) is given as
follows: to a solution of 4,49-trimethylenedipiperizine

(2.1037 g) and 1-(2-aminoethyl)piperazine (1.2921 g) in
20 ml of chloroform, divinyl sulfone (2.3630 g) was added.
The mixture was heated at 50 8C for 48 h with vigorous stir-
ring, and then poured into 600 ml of acetone. The precipita-
tion was collected and dried under vacuum. Yield: 4.9 g
(85%).

C27H53N5O4S2: Calcd. C 56.31, H 9.28, N 12.16, S 11.13;
Found C 56.28, H 9.26, N 12.15, S 11.10.

IR (KBr): 1314, 1131 (SO2), 3450–3250 cm–1 (NH2 and
NH).

Copoly(DV-TMDP-NPA)

(Sample P9 in Table 2.) Divinyl sulfone (2.3630 g) was
added dropwise to a solution of 4,49-trimethylenedipiperizine
(2.1037 g) and N-methyl-1,3-propanediamine (0.8815 g) in
chloroform (20 ml). After being stirred at 408C for 72 h, the
mixture was poured into 600 ml of acetone. The precipitation
was collected by filtration, washed with hot acetone, and
dried under vacuum. Yield: 4.38 g (82%).

C25H50N4O4S2: Calcd. C 56.15, H 9.42, N 10.48, S 11.99;
Found C 56.21, H 9.48, N 10.45, S 11.95.

IR (KBr): 1313, 1132 (SO2), 3450–3250 cm–1 (NH2 and
NH).

Copoly(DV-PZ-NPA)

(Sample 14 in Table 2.) This copoly(sulfone-amine) was pre-
pared by the same path as that for the synthesis of copo-
ly(DV-TMDP-NPA) using PZ (0.8614 g). Yield: 3.57 g
(87%).

C16H34N4O4S2: Calcd. C 46.8, H 8.35, N 13.65, S 15.62;
Found C 46.85, H 8.41, N 13.62, S 15.68.

IR (KBr): 1312, 1130 (SO2), 3450–3250 cm–1 (NH2 and
NH).

Hydrochlorination of Copolymer

A typical example is given as follows: the resulting copo-
ly(DV-TMDP-NPA) (1 g) was added to 6 N hydrochloric
acid aqueous (20 ml) with stirring. After dissolving per-
fectly, the solution was poured into 200 ml of acetone. The
precipitate was collected and reprecipitation from water
solution into acetone. Yield 1.2 g of product. The hydro-
chloride of the copoly(sulfone-amine) was well soluble in
water, so it was used as the sample in the measurement of
1H NMR and GPC.

IR (KBr): 1310, 1132 cm–1 (SO2), 2750–2250 cm–1

(hydrochloride of tertiary amino groups).
1H NMR (D2O): d = 1.2 (CH2), 1.45 (CH), 2.08 (1NH1 or

NH21), 3.05 (CH21NH2), 3.2 (CH21NH), 3.35
(CH2N(CH2)2), 3.7 (CH21SO2).

Results and Discussion
Hyperbranched copoly(sulfone-amine)s were prepared by
direct polyaddition of AP or NPA and TMDP or PZ to
DV. The addition of vinyl monomers with other amines
such as PZ and its derivatives to obtain linear polyamines
has been widely studied.[32–34] However, the polyaddition
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of DV to TMDP or PZ and AP or NPA has not been
investigated yet. In the reaction of this paper, the feed
ratio of A2 to B2 and BB92 was 1. The feed ratio of B2 and
BB92, r, ranged from 1 to 5 (1 f r f 5). The thermal prop-
erties of hyperbranched copolymers generated from var-
ious feed ratios of B2 and BB92 were considerably different
with one another.

Polymer Synthesis

For the synthesis of copoly(DV-TMDP-AP), the reaction
was carried out in several solvents to investigate the
effect of solvent on the polymerization. The results were
summarized in Table 1. When the reaction was carried
out in water and/or tetrahydrofuran (THF), a precipitation
occurred as soon as the DV was added into the mixture of
TMDP and AP no matter what the ratio was. The analysis
of 1H NMR spectra showed that vinyl groups were still
present in the product though the yield of polymer was as
high as 93%. These data suggests that the reaction of DV
with TMDP and AP is very rapid in the initial period, and
generates macromolecular species that are insoluble in
the two solvents. The precipitate was soluble in proton-
acid aqueous solution, which showed no gelation
occurred during the reaction. When the polymerization
was performed in polar organic solvents such as DMF,
DMA, DMSO, and NMP, the reaction mixture was homo-
geneous throughout the reaction. When the mixture of
THF and the polar organic solvent aforementioned was
used as the reaction solvent, precipitation was observed
after 12–24 h for the polymerization with r F 2.

The combination of IR and 1H NMR measurements
confirmed the structure of the resulting polymers. In the
IR spectra of the copolymers synthesized in polar organic
solvents, absorption of primary-amino groups was found
at 3450–3250 cm–1 as two splitted peaks, but that of
vinyl groups was not observed. In the corresponding 1H
NMR spectra, the peak of protons of amino groups
appeared at d = 2.08 ppm, and that of vinyl groups disap-
peared. These results indicated that the vinyl groups of
DV reacted completely with the amino groups (secondary

and primary amino groups) of TMDP and AP forming
branched copolymers with end primary amino groups. In
the 1H NMR spectra of the products prepared in water,
the protons of vinyl groups were found as two peaks at d
= 6.4 and 6.8 ppm, which showed that the vinyl group
was still present in the macromolecular species.

For the synthesis of copoly(DV-TMDP-NPA), similar
phenomena were observed in the path. When PZ, instead
of TMDP, was used to react with DV and NPA, a precipi-
tate was observed for the sample P16. The power precipi-
tate can be well resolved in the proton-acid solution too.
The data indicated that the precipitation might be caused
by the crystallization of the polymers. Details were given
in the part of thermal behaviors. The results for the syn-
thesis of copoly(DV-TMDP-NPA) and copoly(DV-PZ-
NPA) were summarized in Table 2.

Reaction Path

In previous parts of this series,[28, 29] the polymerization
path of A2 and BB92 monomers has been studied. The
rapid reaction between A and B groups results in the for-
mation of the dominant dimers that can be regarded as a
new AB92 type of monomer. Further polymerization of
AB92 gives hyperbranched polymers. Therefore, the copo-
lymerization path of A2 with BB92 and B2 may be as shown
in Scheme 1. The fast addition of secondary-amino
groups of B2 and BB92 to vinyl groups of DV generates
species 4, 5, 6, 7, and then 8. Now intermediate 8 is a
new AB92 type of monomer which has one vinyl group
and two reactive hydrogen atoms attached to the nitrogen
atom. So the monomers of A2, BB92 and B2 have been cor-
related transformed into a general ABX-type of monomers
that is known to give rise to hyperbranched structures.

The reaction path was also investigated by using LC-
MSD and in situ FTIR. Figure 1 shows the in situ FTIR
spectra for the reaction of DV with TMDP and AP within
initial 35 s. The small peak at 3338 cm–1 attributed to
secondary-amino groups rapidly decreased, and was
totally disappeared at 35 s. In the meantime, the strong
absorption at 1613 cm–1 attributed to vinyl groups

Table 1. Copolymerization of divinyl sulfone with 4,49-trimethylenedipiperidine (TMDP) and 1-(2-aminoethyl)piperazine (AP).

Sample ra) Solvent Yield
%

ginh

dL=g
DB
%

M
—

w M
—

w/M
—

n

P1 1 CHCl3 85 0.45 30.5 26350 1.32
P2 1 DMA 87 0.48
P3 1 DMA + THF 89 0.51 31.3 29720 1.34
P4 1 NMP 83 0.47
P5 2 DMA + THF 91 0.65 18.7 32570 1.28
P6 3 DMA + THF 93 0.89 15.1 43400 1.35
P7 4 DMA + THF 93 1.17 11.6 55280 1.38
P8 5 DMA + THF 95 1.23 8.4 56400 1.31

a) The feed ratio of TMDP to AP.
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decreased significantly with the reaction. Little change of
the absorption of primary-amino groups at 3380 and
3311 cm–1 could be found within the initial stage as
expected. The absorption bands of primary-amino groups
and vinyl groups decreased gradually with reaction, and
the peaks of primary-amino groups still appeared clearly

when the peak of vinyl groups disappeared completely.
The FTIR data indicate: at first, the much faster reaction
between vinyl groups of DV and secondary-amino groups
of TMDP and AP leads to the generation of the inter-
mediate containing a vinyl group and primary-amino
group. Further addition of active hydrogen atoms of pri-
mary-amino groups to vinyl groups of the intermediates
results in hyperbranched copoly(sulfone-amine)s.

Mass spectrum further verified the proposed reaction
path. Figure 2 displays the mass spectrum of the mixture
taken from reaction system of DV, TMDP and AP at
initial stage. The peaks of species 4, 5, 6 and 7 were
found at m/z = 248.1, 329.2, 447.3, and 458.3, respec-
tively, and the peak of intermediate 8, i.e., AB92, was
observed at m/z = 576.3. In the mass spectrum, other
peaks were found. The species found at m/z = 377.2 gen-
erated from species 2 and 4. This species contained four
active B9 groups, which might act as a core of hyper-
branched polymer. The peak at m/z = 775.5 was assigned
to the species produced from species 5 and 6.

Table 2. Copolymerization of divinyl sulfone (A2) with 4,49-trimethylenedipiperidine or piperazine (B2) and N-methyl-1,3-propane-
diamine (BB92). The solvent used was the mixture of DMA and THF. Sample P9–P13 was copoly(DV-TMDP-NPA), and sample
P14–P18 was copoly(DV-PZ-NPA).

Sample B2/BB92 A/B/B9 Yield
%

ginh

dL=g
DB
%

M
—

w M
—

w/M
—

n

P9 1 4/3/2 82 0.42 32.5 25130 1.31
P10 2 6/5/2 88 0.51 19.5 26180 1.33
P11 3 8/7/2 86 0.63 16.3 32010 1.29
P12 4 10/9/2 91 0.75 11.8 35450 1.35
P13 5 12/11/2 90 0.86 9.2 39430 1.38
P14 1 4/3/2 87 0.47 31.8 27580 1.42
P15 2 6/5/2 89 0.58 18.8 29050 1.32
P16 3 8/7/2 85 0.71 16.8 35100 1.35
P17 4 10/9/2 92 0.84 11.5 39130 1.31
P18 5 12/11/2 95 0.95 9.6 43850 1.33

Scheme 1. Reaction path for the copolymerization of A2 with
B2 and BB92.

Figure 1. In situ FTIR spectra for the reaction of DV, TMDP
and AP with r = 1 in chloroform during the initial 35 s.
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For the reaction system of DV with TMDP or PZ and
NPA, the polymerization path was also investigated by
using LC-MSD and in situ FTIR. Similar results were
obtained from FTIR, and the peaks of species 4, 5, 6, 7,
and 8 were observed at the corresponding mass spectrum.

The experimental data were in agreement with the
reaction path shown in Scheme 1.

Degree of Branching

The degree of branching of the hyperbranched copoly-
mers made from A2, B2 and BB92 monomers is equal to the
ratio of branched units (Nb) and terminal units (Nt) to the
total units.[30] The total units are composed of branched
units, terminal units, linear units from B2 monomer (Nl),
and linear units from BB92 monomer (NL). For the copoly-
mers under consideration, Nb is the tertiary-amino groups,
Nt primary-amino groups, Nl trimethylenedipiperidine
units, and NL secondary-amino groups. Since every unit
has one sulfone group, the total units are equal to the sul-
fone groups (Ns, CH2SO2CH2). In the 1H NMR spectrum
of the copoly(sulfone-amine) made from DV, TMDP, and
AP (Figure 3), the peaks of Nb, Nt, and Ns appeared at d
3.35, 3.05, and 3.7 ppm, respectively. Therefore, DB of
the hyperbranched copolymers can be calculated from the
integration of corresponding peaks of the 1H NMR spec-
trum.

Tables 1 and 2 summarize the values of DB. It can be
seen that DB increases with decreasing the feed ratio of
B2 to BB92, which confirms that DB of hyperbranched
copolymers can be effectively controlled by the ratio of
B2 to BB92 in the copolymerization. Furthermore, the
inherent viscosity of the branched copoly(sulfone-
amine)s is dependent of DB. The inherent viscosity
decreased with increasing the DB. Interestingly, the ratio
of molecular weight to inherent viscosity increased with
DB (Figure 4). In other words, the higher the DB, the

higher the molecular weight for hyperbranched polymers
with the same inherent viscosity. This conclusion is
amenable to the previous observation reported.[30]

Thermal Behavior

Generally, ordinary hyperbranched polymers are amor-
phous. Crystallinity has, so far, been introduced by the
use of linear long end-chains (side-chain crystalliza-
tion).[10, 11] In this work, crystallinity was introduced
within the branched backbone by variation of DB. Figure

Figure 2. Mass spectrum of the reaction mixture of DV, TMDP and AP with r = 1 at 50 s.

Figure 3. 1H NMR spectrum of the sample P8, P6, and P3,
respectively.
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5 shows the thermograms of the branched copolymers.
Interestingly, double-melting endotherms were observed
for the copolymers with TMDP units, especially for the
sample P8 and P13 (Figure 5a and 5b). Compared with
the linear polysulfone-amine made from TMDP and DV
(LPSA), the melting temperatures of branched copoly-
mers were lower. For the sample P1 or P5, no melting
peak was observed in its DSC curve, which showed that
the hyperbranched copolymers were amorphous. For the
copoly(DV-PZ-NPA), the branched copolymer with r = 2
(sample 15 in Table 2) was semi-crystalline (Figure 5c).
However, if DV reacted with PZ and N-ethylethylenedi-
amine (NDA), the resulting polymer was amorphous
when the ratio of PZ to NDA was equal to 2.[31] The dif-
ferent results may be caused by the different sidegroups
of BB92 monomers, and the influence of sidegroup of NPA
(CH3) may be not so strong as that of sidegroup of NDA
(CH2CH3) on the crystallization of resulting polymers.
The double-melting endotherms of the samples with
TMDP units may result from the two types of crystal. X-
ray powder pattern showed that there were two large
peaks at 2H = 17.5 and 20 degree, and two small peaks at
5 and 11 degree, respectively. Further study about the
double-melting endotherms is in progress.

In general, the crystallization tendency of the copoly-
mers with TMDP units is rather slow. Figure 6 displays
the DSC curves of the sample P8 in Table 1. After the
sample was placed in vacuum at 1008C for 24 h, double
melting peaks appeared at its DSC curve during the first
heating scan. Notably, the corresponding crystallization
peak was hardly found during the cooling scan, and the
melting peaks were not observed any more during the
second heating scan with a heating rate of 108C/min. If
the melted sample was kept at 1008C for more than 2 h,
double-melting endotherms appeared again at the DSC

curve (Figure 7). For the sample of copoly(DV-TMDP-
NPA), similar results were obtained. These data sug-
gested that the sample with TMDP units crystallized very
slowly, so no crystallization peak can be observed at gen-
eral cooling rate. After longer time at suitable tempera-
ture, the segments of branched macromolecules may

Figure 4. Plots of inherent viscosity and the ratio of molecular
weight to inherent viscosity vs. degree of branching (DB) of the
resulting branched copoly(sulfone-amine)s.

Figure 5. Thermograms of copoly(sulfone-amine)s measured
by DSC: A) Copoly(DV-TMDP-AP); B) Copoly(DV-TMDP-
NPA); C) Copoly(DV-PZ-NPA). The samples were heated at
10 8C/min from 30 8C to 200 8C.
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arrange more regularly, resulting in some crystallization.
Interestingly, the crystallization peak of the sample with
PZ units appeared at its DSC curve with a cooling rate of
10–208C/min, and a corresponding melting peak also

appeared at its DSC curve with a heating rate of 10–
208C/min. Figure 8 showed the cooling DSC curves of
copoly(DV-PZ-NPA) with a cooling rate of 208C/min.
The comparison result suggested that the crystallization
of branched sample with PZ units be faster than that of
sample with TMDP units, which might result from its
shorter linear segments.

The decomposition temperature (Td) of the resulting
copolymers measured by TGA was ranging from 285 to
3208C. The glass transition temperature (Tg) of the sam-
ples was not clearly observed from the DSC curves.

Conclusions
Copolymerization of divinyl sulfone (A2) with piperazine
or 4,49-trimethylenedipiperidine (B2) and 1-(2-amino
ethyl)piperazine or N-methyl-1,3-propanediamine (BB92)
results in hyperbranched copoly(sulfone-amine)s. The
influence of reaction conditions on the copolymerization
has been investigated. The mass spectrum and in situ
FTIR spectra confirmed the copolymerization path. The
rapid addition of secondary amino groups of B2 and BB92
to vinyl groups of A2 creates a intermediate that can be
regarded as a new AB92 type monomer. Further polymeri-
zation of the new monomer gives rise to a hyperbranched
copolymer. The degree of branching of the resulting
copolymers can be controlled by the ratio of B2 to BB92.
The degree of branching increased with decreasing the
ratio of B2 to BB92. When the feed ratio of B2 to BB92 was
equal to or larger than 2, the resulting copolymers were
semi-crystalline. Double-melting endotherms were
observed for the copolymers with TMDP units, and one
melting peak was observed for the sample with PZ units.
At a cooling rate of 10–208C/min, no crystallization
peak can be observed for the melted sample with TMDP
units, while a crystallization peak was observed for the
melted sample with PZ units.
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