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ABSTRACT: A new strategy for synthesis of hyperbranched polymers from commercially available A,
type and BB’ type monomers has been developed. In the first part of this series, hyperbranched
polysulfone—amine with multiamino groups is prepared by polyaddition of 1-(2-aminoethyl)piperazine
(BB',) to divinyl sulfone (Az) without any catalysts. The products are soluble in water and organic solvents
such as N,N-dimethylformamide, chloroform, and N-methyl-2-pyrrolidone. The polymerization mechanism
has been investigated with FTIR, HPLC, and MS. During the reaction, secondary amino groups of 1-(2-
aminoethyl)piperazine react rapidly with vinyl groups of divinyl sulfone within 15 s, forming dominant
dimers and some other species. The dimer can be considered as a new AB'; type of monomer. Further
reactions among AB’; molecules and AB'; with other species result in the formation of hyperbranched
polymers. The degree of branching of the resulting polymer is higher than 50%. No gelation occurs in
solution polymerization when the A; to BB'; ratio equals 1. Similarly, there is no gelation in solution
polymerization if the feed ratio of A, to BB'; is 3/2; however, gelation does occur when the resulting
polymer is separated from the solution. There are both terminal amino groups and vinyl groups in
the hyperbranched polysulfone—amine if the feed A, to BB'; ratio is 3/2, which further react with each
other in bulk state resulting in a cross-linked material. If the terminal amino groups are protected by
hydrochloride acid in advance in the solution, then no gelation can be observed after the product is

separated from the solution.

Introduction

The interest in hyperbranched polymers increased
rapidly over the past decade due to their unique physical
and chemical properties as compared to their linear
analogues.1~13 Hyperbranched polymers were prepared
mainly by polycondensation of an ABx type monomer
which has one “A” functional group and x “B” functional
groups.'* This approach has been widely used to syn-
thesize a variety of hyperbranched polymers such as
polyethers,1516 polyesters,'’~1° polyamides,® polyure-
thanes,?! poly(siloxysilanes),?? polycarbonates,?® poly-
(ether ketones),?* and so forth. Most of ABy type
monomers are unavailable commercially. It is cumber-
some to synthesize a new ABy monomer. Recently,
Kakimoto and co-workers?® successfully performed the
polycondensation of diamines (Az) with trimesic acid (Bz)
in the presence of triphenyl phosphite and pyridine as
condensation agents, resulting in the hyperbranched
aromatic polyamide. The authors?® pointed out that gel
formation was observed when the total monomer con-
centration was increased to 0.31 mol/L or 4.9 wt %. So
the allowed concentration of the raw materials for the
preparation of hyperbranched polymers is limited.
Furthermore, the polycondensation of diamines and
tricarboxylic acids leads to gelation within 10—20 min
when the feed ratio of amino groups to carboxylic acid
groups is equal to 1 (Ay/Bs = 3/2).2526

In this work, we present a novel approach for the
synthesis of hyperbranched polymers from a BB’, type
of trifunctional monomer and an A; type of difunctional
monomer. Both the BB'; type monomer and the A, type
monomer are commercially available. In the BB'; mono-
mer there are one B functional group and two B’
functional groups. Both B and B' groups can react with
A group, and the reactivities of B and B' groups are
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different from each other. The difference in reactivities
may be attributed to the distinct in chemical environ-
ment or chemical structures of the two functional
groups. Through this approach, hyperbranched poly-
sulfone—amine was successfully prepared by the poly-
merization of 1-(2-aminoethyl)piperazine (BB';) and
divinyl sulfone (A) without any catalysts.

Experimental Section

Characterization. The *H NMR studies were conducted
on a Bruker 500 MHz NMR spectrometer with CDClI; as
solvent. FTIR measurements were performed on a Bruker
Equinox 55 spectrometer using a Barnes analytical FTIR
sealed cell (KBr 0.5 mm). HPLC chromatograms were obtained
on a Waters 515 HPLC with C-18 column as immobile phase
and water and acetonitrile (25:75) as mobile phase. HP 1100
LC/MSD was used to obtain the mass spectrum. The molecular
weight was measured in chloroform solution on VPO K-7000
with polystyrene standards (M, = 7000). TGA was imple-
mented in nitrogen on a PE Pyris-7 thermal analyzer. All the
samples were heated at 20 °C/min heating rate from 25 to 700
°C. DSC was carried out with a PE Pyris-1 thermal analyzer.
All the samples were heated at 10 °C/min heating rate from
25 to 200 °C under nitrogen for the first scan, then cooled at
10 °C/min cooling rate to —50 °C, and immediately heated at
10 °C/min heating rate from —50 to 200 °C for the second scan.

Materials. Divinyl sulfone (DV) was purchased from Ald-
rich and purified by vacuum distillation before use. 1-(2-
Aminoethyl)piperazine (AP, Aldrich) was used as received.

Polymerization. When the feed ratio of DV to AP is 1/1, a
typical experimental procedure is as follows (PA-1 in Table
1): a three-necked flask was charged with 2.363 g (20 mmol)
of DV, 2.584 g (20 mmol) of AP, and 15 mL of chloroform. The
mixture was heated at 40 °C for 5 days under stirring and
poured into 500 mL of methanol. The precipitated product was
collected by filtration and purified by reprecipitation from
chloroform solution into methanol. The product was washed
with methanol and acetone and dried under vacuum at 80 °C
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Table 1. Reaction Conditions and Results of the Polymerization of Divinyl Sulfone and 1-(2-Aminoethyl)piperazine

code ratio? solvent concnP time (days) yield (%) DBnwmr (%) DBtit (%) 7inn® (dL/g)
PA-1 11 CHCI3 1.7.5 5 93.0 53.2 54.6 0.25
PA-2 11 H.0 1.7.5 5 85.8 50.6 51.2 0.28
PA-3 3:2 CHCIs 15 7 95.5 52.5 0.31
PA-4 3:2 H>O 15 7 87.3 57.1 0.18
PA-5 11 CHCl3 1.2.5 4 96.4 53.4 54.7 0.42
PA-6 3:2 CHClI; 1:2.5 6 97.8 54.3 0.35
PA-7 11 DMF 1:15 1 89.3 55.7 58.4 0.23
PA-8 3:2 DMF 1:15 1 90.1 58.2 0.21

a The initial mole ratio of divinyl sulfone to 1-(2-aminoethyl)piperazine. ® The volume ratio of divinyl sulfone to solvent. ¢ The inherent
viscosity of the hydrochloride measured at the concentration of 0.5 g/dL in water at 25 °C.

for 24 h. Yield: 4.6 g (93%) of snow-white powder. *H NMR
(CDCl3): 6 3.3, 3.2 (—CH3S0,CH,—), 2.1 (—NH—, secondary
amino proton), 1.25 (—NH;, primary amino proton). IR (KBr):
v 3450—3250 (amino groups), 1314.9, 1130.1 cm™* (SOy). Anal.
Calcd for C10H21N30,S: C, 48.51%; H, 8.49%; N, 16.98%; S,
12.94%. Found: C, 48.45%; H, 8.61%; N, 16.91%; S, 12.99%.
If the precipitant was 500 mL of methanol and 20 mL of 10 N
aqueous HCI, the product obtained was hydrochloride of the
polysulfone—amine. IR (KBr): 2750—2150 (tertiary amino
group), 1315, 1133 cm™* (SOy).

For the polymerization of DV and AP with the ratio 3/2,
DV (3.545 g, 30 mmol) was reacted with AP (2.584 g, 20 mmol)
under reaction conditions similar to those aforementioned.
After the mixture was heated at 40 °C for 7 days, the reaction
solution was then poured into 500 mL of methanol containing
30 mL of 10 N aqueous HCI with stirring. The product was
collected by filtration and purified by reprecipitation from
water solution into methanol and then dried under vacuum
at 70 °C for 24 h. Yield: 7.8 g of snow-white powder. IR
(KBr): 3450—3250 (primary or secondary amino group), 2520
(tertiary amino group), 1613 (C=C), 1332 and 1133 cm™* (SO,).
1H NMR (D20): ¢ 2.08 (secondary amino proton), 6.4 and 6.8
(vinyl protons).

End-Capping Reaction. End-capping of amino groups: In
a three-neck flask, 2.3 g of polymer PA-1 was dissolved in 30
mL of chloroform, and then 1.2 g of benzoyl chloride and 2
mL of triethylamine in 15 mL of chloroform solution were
added to the mixture. The reaction was conducted at room
temperature for 10 h with stirring. Then the reaction mixture
was poured into 500 mL of tetrohydrofuran (THF); the
precipitate was collected by filtration. The crude product was
purified by reprecipitation from chloroform solution into THF.
The product was filtered, washed with THF, and dried
overnight in a vacuum at about 100 °C to give the end-capped
polymer. This polymer was used to measure the molecular
weight.

When the feed ratio of DV to AP is 3/2, there are many vinyl
groups in the resultant polymer. End-capping of vinyl groups
is as follows: after the polymerization was carried out for a
given time, a sufficient amount of 2-aminopropane was added
to the reaction system and heated at 60 °C for 48 h. The
mixture was poured into 800 mL of methanol, and the
precipitate was collected and purified by reprecipitation from
water solution into methanol. The product was dried under
vacuum at 80 °C for 24 h, and snow-white powder polymer
was obtained. *H NMR (CDCl3): 6 3.3, 3.2 (—CH2S0,CH;—),
3.12 (CH), 1.8 (—NH-), 1.25 (—NHy), 1.08 (CH3).

Results and Discussion

The new strategy for preparation of hyperbranched
polymers from A, type monomers and BB', type mono-
mers is described below.

Polymer Synthesis. Polyaddition of divinyl sulfone
(DV) to 1-(2-aminoethyl)piperazine (AP) with the ratio
of 1/1 or 3/2 was carried out in water or organic solvents
such as chloroform, N,N-dimethylformamide (DMF),
and N-methyl-2-pyrrolidone (NMP). Reaction conditions
and results are summarized in Table 1.

When the ratio of DV to AP is equal to 1, the resulting
polymer is soluble in water, acid aqueous solution, and
organic solvents such as chloroform, DMF, NMP, and
their mixture. The solubility of the hydrochloride of the
hyperbranched polymer is as high as 1.5 g/mL in water.
In the IR spectrum of the resulting polymer, a broad
absorption band from 3450 to 3250 cm~! (vn—n) was still
observed, while the absorption peak at 1613 cm™! (vc=
c) disappeared, which indicated vinyl groups had com-
pletely reacted with amino groups. In the IR spectrum
of the hydrochloride, a new strong absorption band
attributed to tertiary amino appeared at 2529 cm™1,
which implied there were large amount of tertiary
amino groups in the polymer chains. In the 'TH NMR
spectrum, the peaks for the protons of secondary amino
groups and primary amino groups were observed at 2.08
and 1.25 ppm, respectively, while the peak of vinyl
groups was absent. These data further confirmed that
the vinyl groups totally reacted with the amino groups,
and a branched polymer had been obtained since there
were a lot of primary amino groups in terminal units of
the polymer.

For the polycondensation of A, and B3 monomers with
3/2 feed ratio, successful examples without gelation have
been seldom reported since the critical conversion of
gelation is lower compared with the polymerization of
1/1 monomer ratio.?>27 Aharoni?® has reported that
gelation occurred within 10—20 min during the poly-
merization of A, and Bs. In this work, no gelation was
observed with the polyaddition of A; and BB'; in solvent.
The hydrochloride of the resulting polymer, i.e., the
amino groups of the hyperbranched polymer have been
converted into the ammonium hydrochloride and cannot
further react with vinyl groups, can dissolve in water,
and the solubility is as high as 1.45 g/mL. The sample
can be deprotected from the ammonium hydrochloride
at 150 °C, which results in cross-linking. The end-
capped polymer with benzoyl chloride is soluble in
chloroform, DMF, and NMP. The polymer end-capped
with 2-aminopropane is still soluble in water and
chloroform. The hyperbranched polymer separated from
the solution by precipitation with methanol becomes a
cross-linked material. The existence of solvent seems
important for the reservation of the resulting hyper-
branched polymer. In addition, the product is a reactive
polymeric cross-linking agent, which is probably useful
for the preparation of interpenetrating polymer net-
works (IPN).28 In the IR spectrum of the polymeric
hydrochloride, the absorption of carbon—carbon double
bonds from 1620 to 1605 cm~! and that of amino groups
from 3450 to 3250 cm~! were still present. In the H
NMR spectrum of the same polymer, the protons of the
vinyl groups were observed at peaks of 6.4 and 6.8 ppm,
and those of amino groups were detected at the peak of
2.08 ppm. These examinations confirmed that there are
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Table 2. End-Capping Reaction of the Resulting
Polysulfone—Amine

code ratio? Mn Ninh? (dL/g) Ninh® (dL/g)
PEA-1 11 19 500 0.15 0.24
PEA-2 3:2 21 300 0.18 0.27

a The initial mole ratio of divinyl sulfone to 1-(2-aminoethyl)pi-
perazine. ® The inherent viscosity of the end-capped polymer
measured at a concentration of 0.5 g/dL in chloroform at 25 °C.
¢ The inherent viscosity of the hydrochloride of the end-capped
polymer measured at a concentration of 0.5 g/dL in water at
25 °C.
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Figure 1. FTIR spectra for the reaction system of DV and
AP with the feed ratio of 1:1 in chloroform within initial 15 s.

vinyl groups and amino groups in the resulting hyper-
branched polymer, which is consistent with the phe-
nomena aforementioned. When the DV concentration in
the reaction mixture approaches 3.5 mol/L, gelation
appears at approximately 50 min under the same
reaction conditions. So all of the polymerization was
carried out at a suitable concentration of monomers
(Table 1). The respective molecular weights of the end-
capped polymers are shown in Table 2.

Reaction Mechanism. For the polymerization of 1/1
feed ratio, the reaction process was investigated in situ
with FTIR. As shown in Figure 1, the absorption peak
at 3334 cm™! (assigned to secondary amino groups)
rapidly decreases with reaction and totally disappears
at about 15 s, while the peaks at 3383 and 3311 cm™?
(assigned to primary amino groups) change a little.
During this period, the area of the absorption band from
1620 to 1605 cm™! (assigned to carbon—carbon double
bonds) decreases to about a half of the feed DV. Then,
the absorption peaks at 3383 and 1613 cm™! gradually
decrease with reaction time. When the peak at 1613
cm~! totally disappears at about 5 h, the peaks of
primary amino groups at 3383 and 3311 cm™1 still exist
(Figure 2). These data indicate the reaction of secondary
amino groups with vinyl groups is much faster than that
of primary amino groups with vinyl groups; therefore,
the dimers that can be regarded as a new kind of AB’,
type monomers may be the dominant intermediate at
the beginning of the reaction. Further polyaddition of
AB’; monomers results in hyperbranched polysulfone—
amine.

The outcomes obtained from FTIR spectra are in
agreement with those found from HPLC and MS. For
the reaction system of DV and AP at the ratio of 1/1,
the peak in the chromatogram of HPLC at the retention
time (Rt) for DV (4.018 min) rapidly decreases with
reaction and totally disappears at about 12 s from the
HPLC chromatogram (Figure 3). These data further
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Figure 2. FTIR spectra for the reaction system of DV and
AP with the feed ratio of 1:1 in chloroform from 5 min to 5 h.
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Figure 3. HPLC chromatogram for the reaction system of
DV and AP with the feed ratio of 1:1 in water: (a) pure divinyl
sulfone; (b) 2 s; (c) 8 s; (d) 12 s. The sample was hydrochlori-
nated with 1 N aqueous HCI as soon as it was taken from the
reaction system to avoid further reaction.

2

] ~
100- g
4 . .
o~ It}
60+ b &
] <+
- ¥ -
4 ©
20 = g > 3
0 ! ! L l o ! - , i .
200 400 600 m/'z

Figure 4. Mass spectrum of the sample taken from the
reaction system of DV and AP in water with the feed ratio of
1:1 at 40 s.

confirm that the reaction of DV and AP during the
initial period is very fast indeed. Furthermore, the
sample obtained from the reaction system was meas-
ured with MSD (Figure 4). The major molecular ion
peak for AB', molecules (m = 247.4) is observed from
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Scheme 1. Reaction Mechanism of Divinyl Sulfone and 1-(2-Aminoethyl)piperazine
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the mass spectrum of the reaction mixture at m/z =
248.1 (m + 1). The peak of AB'; fragment ion (the
residual moiety of AB', without its primary amino
group, m = 231.4) is also observed at m/z = 231. These
data suggest the secondary amino groups react with the
vinyl groups, generating AB’', type dimers. Moreover,
the peaks of (AB'2), (m = 494.7) and (AB';)s (m = 742.1)
are found at m/z = 495.3 and 742.1, respectively, which
indicates that the self-condensing polyaddition of AB'»
monomers begins in the meantime. On the other hand,
the peaks of m/z = 366.1, 377.3, and 624.4 in the mass
spectrum indicate the existence of the other species. The
relative intensity of the peak at 366.1 is much lower
than that at 377.3, which further identifies the result
of FTIR; i.e., the reaction between secondary amino
groups and vinyl groups is much faster than that
between primary amino groups and vinyl groups. Among
the all species exhibited in the mass spectrum, only
species for m/z = 366.1 with two vinyl groups may lead
to gel formation during further reaction. However, the

I\
,/CH2CH;S0,CH,CHy—N__ NCHCHoNC

/N /
CHzcHzSOzCHzCHz_N\_/NCHchzN\H

/H

H

\ /H

CHZCH,S0,CH,CH,—N_ NCH,CHANC

amount of this species is too small to reach the critical
condition of gelation. So no cross-linking was observed
in the polymerization.

In accordance with the experimental data given
above, the reaction mechanism probably reads as Scheme
1. In the reaction system there are vinyl groups (A),
active hydrogen atoms of secondary amino groups (B),
and active hydrogen atoms (B') of primary amino
groups. The reaction of B and A is much faster than
that of B' and A due to the stronger electron-donating
(or nucleophlicity) of secondary amino groups.?® The
dimers, AB'; (3), formed dominantly in the initial period
act as a new monomer. Further polymerization of 3
results in higher oligomers (7 or 9;) and finally hyper-
branched polymer. Scheme 2 shows other reactions in
the reaction system of DV and AP.

When the feed ratio is equal to 3/2, the reaction is
more complex, which was investigated in situ with
FTIR, too. Similar to the reaction with 1/1 feed ratio,
secondary amino groups of BB', monomer rapidly



Macromolecules, Vol. 33, No. 21, 2000

Hyperbranched Polymers 7697

Scheme 2. Other Reactions in the System of Divinyl Sulfone and 1-(2-Aminoethyl)piperazine
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decrease with reaction and totally disappear at about
12 s (Figure 5). Then, the amino and vinyl groups slowly
decrease with reaction, and the two sorts of groups are
still present at 6 h (Figure 6). These data further prove
the reaction scheme given above is correct; otherwise,
the primary amino peaks would have vanished. Figure
7 shows the chromatogram of HPLC for the reaction
system of the 3/2 feed ratio. The peak of DV is still
observed after 1 h reaction. The experimental data are
fully in agreement with each other. After the formation
of AB’, intermediate the polymerization proceeds
smoothly. Therefore, there are a certain amount of free
amino groups and vinyl groups in the resulting polymer,
which might be able to form the three-dimensional
network in much more concentrated solution or bulk.
To obtain stable solid product, the hyperbranched
polymer should be end-capped before precipitation.
Degree of Branching. The degree of branching (DB)
is one of the most important parameters for the struc-

tural characterization of hyperbranched polymers.30-34
When the monomer ratio is equal to 1, the resulting
polymer contains the following units: (1) branched units
(N, tertiary amino groups except the piperazine groups,
—CH2N(CH32—)5); (2) linear units (N,, secondary amino
groups, —CH;NHCH>—); (3) terminal groups (N, pri-
mary amino groups, —CH,;NH,). The DB of a hyper-
branched polymer is defined® as the number of branched
and terminal units divided by the total units. Since
every unit contains a sulfone group (—CH»SO,CH,—,
Ns), so DB can be calculated from the ratio of (N, + Ny)/
Ns. The relative percentages of the units aforementioned
can be calculated by the respective integration of the
1H NMR peaks. The peaks attributed to the protons of
branched units, terminal units, and sulfone units were
found at 2.7, 3.04, and 3.25 ppm, respectively. The
values of DB for various polymer samples calculated
from the integration of 'H NMR peaks (DBnwmRr) are
summarized in Table 1. Since the resulting polymer
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Figure 5. FTIR spectra for the reaction system of DV and
AP with the feed ratio of 3:2 in chloroform within initial 12 s.
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Figure 6. FTIR spectra for the reaction system of DV and
AP with the feed ratio of 3:2 in chloroform from 5 min to 6 h.

contains primary, secondary, and tertiary amino groups,
it is possible to determine its DB by using the double-
titration method (DByit).3%3¢ The values of DBy are also
given in Table 1.

When the monomer ratio is equal to 3/2, terminal
units consist of vinyl groups (Ny) and primary amino
groups (—CH2NH>, Np). The DBnwmr is defined as the
ratio of (Np + Ny + Np)/(Np + Ny + Np + Nj). In our
work, the vinyl group is end-capped with 2-aminopro-
pane, so either the integration of its methyl groups
(CHj3) or that of tertiary carbon groups (CH) can be used
to estimate the DBnywr. The peaks attributed to the
protons of branched units, linear units, primary amino
groups, and methyl groups were located at 2.68, 3.08,
2.92, and 1.08 ppm, respectively. The values of DBnvr
are also summarized in Table 1.

Thermal Properties. The glass transition temper-
ature (Tg) is observed at —18.6 and —12.6 °C for the
polymer samples PA-4 and PA-1, respectively. There are
no melting and crystallization peaks in the DSC curve,
which indicates the hyperbranched polysulfone—amine
is amorphous. In TGA curve, the temperatures for 5%
weight loss of PA-4 and PA-1 samples are 290 and 280
°C, respectively.

Conclusions

The polymerization of divinyl sulfone (A;) and 1-(2-
aminoethyl)piperazine (BB'y) without any catalysts has
been investigated as a novel approach to prepare
hyperbranched polysulfone—amines. During polymeri-
zation, secondary amino groups of 1-(2-aminoethyl)-
piperazine react fast with vinyl groups of divinyl sulfone
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Figure 7. HPLC chromatogram for the reaction system of
DV and AP with the feed ratio of 3:2 in water: (A) divinyl
sulfone; (B) 2.4 min; (C) 30 min; (D) 60 min. The sample was
hydrochlorinated with 1 N aqueous HCI as soon as it was
taken from the reaction system to avoid further reaction

<

forming dominant dimers, which can be regarded as a
new AB’, type of monomers. Further polymerization of
this monomer results in hyperbranched polysulfone—
amine. When the feed ratio of A, to BB’ is equal to 1,
no gelation was observed in water or organic solvent.
The hyperbranched polymer with large amount of amino
groups is well soluble in water, chloroform, and polar
organic solvents such as N,N-dimethylformamide, di-
methyl sulfoxide, and N-methyl-2-pyrrolidone. When the
feed ratio of A,/BB’; is 3/2, the hyperbranched polymer
containing amino and vinyl end functional groups has
been successfully obtained through hydrochlorination
of the resulting polymer. Furthermore, since functional
groups of monomers exhibit different reactivity, the
degree of branching for the hyperbranched polymer is
high than 50%. The direct polymerization of other A;
and BB'; monomers has been successfully investigated
and will be published elsewhere.
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