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The concept of hyperbranched polymers was first
presented in theoretical work by Flory in 1952.1 How-
ever, it did not attract interest until 1988 when the first
example of this type of macromolecule was reported by
Kim and Webster.? Since then, there has been much
interest in this area,® and a large number of hyper-
branched polymers have been reported based on a
variety of different chemical architectures including, for
example, polyesters,* polyethers,> polyamides,® polyphen-
ylenes,” polyurethanes,® polysiloxysilanes,® and others.10
Meanwhile, some of the physical properties of hyper-
branched polymers have also been investigated.3

A majority of hyperbranched polymers reported to
date have been prepared by step-growth polymerization
of AB,-type monomers. We have also reported recently
the novel proton-transfer polymerization of AB, epoxy
monomers!! and the “self-condensing vinyl polymeriza-
tion” (SCVP) of functionalized vinyl monomers.1?2 A
variety of AB vinyl monomers have now been reported
to undergo SCVP to give hyperbranched polymers by
cationic,!? free radical,’® or group transfer polymeriza-
tion.™ The use of ring-opening polymerization has also
been reported for the preparation of hyperbranched
polymers.321516 In a recent review, Kim mentioned
briefly the attempted ring-opening polymerization of
2-hydroxylmethyloxetane under basic conditions, a slug-
gish reaction that failed to produce a hyperbranched
polyether.3@ In contrast, Suzuki et al. used the Pd-
catalyzed ring-opening polymerization of a cyclic car-
bamate in the presence of an initiator to afford a
branched polyamine.'®

Here we present a new approach to the preparation
of hyperbranched polymers that combines ring-opening
polymerization and some of the features found in SCVP.
This new approach was demonstrated by polymerization
of monomer 1 as shown in Scheme 1. Monomer 1
contains both an e-caprolactone ring that is well-known
to polymerize by ring-opening polymerization and a
primary alcohol group that may initiate the ring-
opening polymerization of e-caprolactone under certain
activation conditions (110 °C, stannous octoate as
catalyst). Despite the lack of a vinyl group, this mono-
mer has some analogies to those used in SCVP; that is,
it is an AB monomer containing one polymerizable
group and one initiating moiety. The polymerization
process is initiated by the ring opening of the e-capro-
lactone group of one AB monomer with one initiating
alcohol group of another monomer, affording a dimer 2
with one e-caprolactone group and two primary alcohol
groups. Therefore, the AB monomer 1 has effectively
been transformed into an AB,-type monomer that is
well-known to polymerize to afford hyperbranched
macromolecules. Additional ring-opening steps involving

10.1021/ma990785x CCC: $18.00

Ml“_“MA“MAMA“A““.. -

T T T Y T T T T T

1000 3000 5000 7000 9000
Mass (m/z)

Figure 1. MALDI-TOF MS spectrum of polymer 3.

monomer 1 and dimer 2 result in larger oligomers.
Eventually high molecular weight hyperbranched mac-
romolecules 3 are produced by subsequent condensation
of increasingly larger oligomers. Unlike other prepara-
tion of hyperbranched polymers by ring-opening polym-
erization, this reaction proceeds entirely through one
type of reactive nucleophile: a primary alcohol.

The preparation of monomer 1 is shown in Scheme
2. The starting compound 4 was prepared according to
a literature procedure.l” Protection of the hydroxyl
group of 4 with benzyl group, followed by deprotection
of the acetal group, afforded 5 in 88% yield. Ketone 5
was then converted to the corresponding ester 6 in 98%
yield via the Baeyer—Villiger oxidation.'® Finally, re-
moval of the benzyl protecting groups by hydrogenolysis
afforded the desired monomer 1 in quantitative yield
as a clear liquid.

Bulk polymerization of 1 was carried out at 110 °C
in the presence of a catalytic amount of stannous
octoate.l® The polymerization process was monitored
closely by size exclusion chromatography (SEC). In the
early stage, a gradual buildup of dimers, trimers,
tetramers, and higher oligomers is observed. As the
reaction proceeds, the concentration of the lower oligo-
mers decreases while higher molecular weight polymer
is formed. The Kinetics of the ring-opening polymeriza-
tion process was studied using different amounts of
catalyst. As expected, the amount of catalyst has a great
influence on the rate of polymerization. In the presence
of 1 mol % of catalyst, the polymerization was complete
in 1 h, while the reaction was slower at lower catalyst
concentrations. An interesting feature observed in the
kinetic study is that after rising rapidly the molecular
weight of polymer reaches a maximum and then re-
mains constant. Once the maximum is reached, a longer
reaction time does not lead to a further increase of
molecular weight or to the formation of insoluble
materials. Presumably, this is due to the consumption
of e-caprolactone ring by intramolecular macrocycliza-
tion reactions.

Hyperbranched polymer 3 is a clear viscous liquid
that may easily be obtained with M,, in the range
65 000—85 000 and with a polydispersity of ca. 3.2 (as
measured by SEC in DMF with polystyrene standards).
The molecular weight varies with the concentration of

© 1999 American Chemical Society

Published on Web 09/15/1999



6882 Communications to the Editor

Macromolecules, Vol. 32, No. 20, 1999

Scheme 1

o OH
0 o)
o)
1
- > OH
o
OH
1 2 °

A
) 00
o)
lo) (6]
o)
HO
o
O 9)3/,/ N
O, o
o]
0
0 OH
o]

3

Scheme 2

o

(0]
0. a) PhCH,Br, NaH, THF
b) p-TSA, acetone, H26 OCH,Ph
OH
4

5
mCPBA,
CH,Cl,
o o
o) 0}
H,, Pd/C, THF
<«
OH OCH,Ph
1
catalyst, and lower catalyst concentrations tend to give

6
polymers with higher molecular weights. Polyester 3
with its large number of alcohol end groups is soluble
in polar solvents, such as DMSO, DMF, and methanol,
but insoluble in THF, CH,Cl,, and CHCls.

Figure 1 shows the MALDI-TOF MS spectrum of a
sample of hyperbranched polyester 3. A series of peaks
with spacing of 158 mass unit (corresponding to the
molecular weight of the monomer) were detected from
MW 340 to ca. 10 000. These peaks correspond to the
sodium adducts of the dimer to the 63-mer. The peak
intensity for these oligomers decreased sharply as the
molecular weight increased. This is not surprising since
the higher oligomers and all polyesters with MW >
10 000 may not fly well under the conditions used for
this analysis and therefore cannot be detected. The
proposed structure of the hyperbranched polyesters was
also confirmed by 'H and 13C NMR spectroscopy.

The degree of branching (DB) of hyperbranched
polymers as originally defined by Hawker, Lee, and
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Fréchet* is expressed as

DB =
(no. of dendritic units) + (no. of terminal units)
total no. of units

Both 'H NMR and ¥C NMR have been utilized to
determine DB.42¢ Examination of the structure of
polymer 3 reveals that four different types of subunits
A, B, C, and D may be present as shown in Figure 2. It
is most likely that subunit A at the focal point is not
present as a result of the intramolecular reaction
described above. Even if it were present, its molar
proportion would be so low that it could be ignored
without affecting significantly the DB calculation. Sub-
unit B represents the terminal unit with two alcohol
groups, subunit C is the linear unit with one alcohol
group and one ester group, and finally subunit D is the
dendritic unit with two ester groups and no alcohol
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Figure 2. Structure of possible subunits in polymer 3.
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Figure 3. The 500 MHz 3C NMR spectra for model com-
pounds and polymer 3 in DMSO-ds.
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group. The 3C NMR spectrum of 3 exhibits much fine
structure related to its branching pattern that may be
used to determine the DB. To facilitate the assignment,
three model compounds representing the subunit B, C,
and D were prepared as shown in Scheme 3. The 2C
NMR spectra of these compounds, as well as that of
polymer 3, are shown in Figure 3. As can be seen from
these spectra, all related 13C resonances of the model
compounds are also found in the spectrum of polymer
3, and some of these are well-resolved. These resonances
can easily be assigned to the different subunit B, C, and
D by a simple comparison with those of the model
compounds. The DB of hyperbranched polyester 3
calculated from the relative integration of the various
13C signals was determined to be 0.50.

The presence of a large number of alcohol groups at
the chain ends allows further surface modification
reactions. To demonstrate this, a simple end-capping
reaction was performed using acetyl chloride in the
presence of triethylamine to afford polyester 3a with
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acylated end groups. The complete extent of the acyla-
tion reaction was confirmed by 'H NMR, which shows
both the completed disappearance of the alcohol protons
and the appearance of methyl protons. The solubility
of the hyperbranched polyester changes dramatically
upon acylation of its alcohol chain ends. After acylation,
polyester 3a is still soluble in DMF and DMSO; it also
becomes soluble in THF, CHCl,, and CHCI; but is no
longer soluble in methanol.

In conclusion, we have demonstrated a new approach
to a hyperbranched polyester. The resulting hyper-
branched polyester consists of the building block of poly-
(e-caprolactone) that are known to be biodegradable and
biocompatible.?° Since the aliphatic polyesters, such as
poly(e-caprolactone) and poly(lactide), are widely used
in biomedical applications, the new hyperbranched
polyesters may find uses in similar applications. In
addition, the large number of chain ends may offer these
hyperbranched polyesters other advantages compared
with the case of linear poly(e-caprolactone); for example,
these functional groups may be used to attached biologi-
cally active molecules. The biodegradability of these new
hyperbranched polyesters is currently under investiga-
tion.
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