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Introduction. Hyperbranched polymers have attracted much
attention because of their special physical and chemical proper-
ties caused by the branching structure.1 As compared to their
linear analogues, hyperbranched polymers possess considerably
higher solubility in organic solvents, lower viscosity, and
decreased interchain entanglement. Hyperbranched polymers are
typically prepared by growth polymerization of ABn-type
monomers, and the resulting macromolecules have a large
number of terminal functional groups. The properties of
hyperbranched polymers are extremely dependent on the
terminal functional groups and can be tailored by chemical
modification.

Dendritic polymers such as dendrimer and hyperbranched
polymer are usually unable to crystallize due to their highly
branched topology.2 However, crystallization can be induced
by the attachment of long alkyl chains as molecular scaffold.3-7

For hyperbranched polymers, to date crystallization has only
been studied to a very limited extent. Hult et al. have observed
crystallization for aliphatic hyperbranched polyesters bearing
alkyl chains with more than 12 carbons as terminal groups.4

Frey et al. have systematically studied the thermal properties
of crystalline esterified aliphatic hyperbranched polyether poly-
ols.5 In these cases, flexible long alkyl chains crystallize
expelling the hyperbranched backbone, and the crystallinity
depends on the length and substituent degree of the alkyl chains.

Recently, there has been considerable interest in organic-
inorganic hybrid materials. In particular, polyhedral oligomeric
silsesquioxane (POSS), which has a molecular sized silica-like
cage structure and can be functionalized with a wide variety of
organic groups, is an interesting class of inorganic components.8

The incorporation of POSS into some polymers has led to
enhancements in thermal and mechanical properties.8a,b,f,jPOSS
groups are dispersed as isolated aggregates and can form
crystalline domains throughout polymer matrix.9 The enhance-
ment of properties is attributed to both dispersion and aggrega-
tion of POSS groups.

Among reported hyperbranched polymers so far, silicon-
containing hyperbranched polymers are beginning to attract
interest as new organic-inorganic hybrid materials.10 Hyper-
branched polysiloxysilane (HBPS) is an especially attractive
material because of remarkable properties of the siloxane bond
such as flexibility, thermal stability, and dielectric constant.11

In addition, the terminal vinyl or hydrosilane (SiH) groups of
HBPS can be modified easily by hydrosilylation reaction.11a In
this study, we prepared HBPS with POSS groups at the terminal
position to develop novel crystalline hyperbranched polymers.

Results and Discussion.HBPS having terminal vinyl groups
(HBPS-Vi) was synthesized by the literature method.12 The
molecular weight of HBPS-Vi wasMw ) 9300 andMw/Mn )
2.0. HBPS with terminal POSS groups in varying amounts (P1-
P3) were prepared by hydrosilylation reaction of HBPS-Vi with
hydro-heptacyclopentyl-substituted POSS (POSS-H) (Scheme
1). P1-P3 were isolated by preparative GPC, and unreacted
POSS-H was removed completely. The molecular weights,
substituent degrees of POSS groups, and thermal properties are
summarized in Table 1. Although HBPS-Vi was a viscous liquid
polymer, P1-P3 were white solid materials. The molecular
weight of polymers increased in proportion to the feed amount
of POSS-H. The chemical structures ofP1-P3 were character-
ized by NMR and IR spectra.13 There is no vinyl signal in the
1H NMR spectrum ofP1, indicating that all vinyl groups were
hydrosilylated with POSS groups. The1H NMR spectra ofP2
andP3 showed residual vinyl signals. The substituent degrees
of POSS groups ofP2andP3were calculated to 57% and 21%,
respectively, from the relative integral ratio of remained vinyl
groups. The values correspond to the feed amounts of POSS-
H.

Thermal behavior ofP1-P3was investigated by differential
scanning calorimetry (DSC).P1-P3 display both a glass
transition temperature (Tg) and a melting point (Tm). For P1-
P3, theTg is increased compared to theTg of HBPS-Vi, and a
Tm is now observed, which is assumed to be due to POSS
regions as HBPS-Vi is amorphous. It should be emphasized that
POSS-H decomposes before aTm is observed. The increase of
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Scheme 1

Table 1. Hydrosilylation Reaction of HBPS-Vi with POSS-H

polymer
POSS-H feed

(X)a
POSS
(%)b Mw

c Mw/Mn
c Tg

d Tm
d

P1 2.7e 100 24 300 1.4 18 233
P2 0.5 57 19 800 1.7 16 211
P3 0.2 21 15 600 1.7 18 167

a Equivalent with respect to HBPS-Vi.b Estimated from1H NMR spectra.
c Determined by GPC against PS standard curve.d DSC: 10°C/min from
-50 to 270°C under N2 two cycles. Second heating was used for all
calculations.e Done in two steps of 1.33 equiv.
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Tg can be explained by the steric effect and interaction of POSS
groups, which restrict polymer motion.7b The decrease ofTm is
considered because the hyperbranched polysiloxysilane back-
bone interferes with crystallization of POSS groups and makes
the crystal domain size smaller. As seen in Table 1, theTm

decrease with decreasing content of POSS groups, indicating
that the crystallinity is dependent on the content of POSS groups,
since the higher content of POSS groups should make aggregates
and crystalline domains more easily. In order to investigate the
crystallization behavior ofP1-P3, DSC curves were measured
for five heating/cooling cycles. Figure 1 shows DSC curves of
P1 for five heating/cooling cycles. Interestingly, theTg decreased
gradually with increasing cycles. (ForP2 andP3, theTg peaks
during cooling were unobservable.) These findings suggest that
POSS phase separates gradually into aggregates from hyper-
branched siloxysilane segments by repetition of melt and
recrystallization. TheTg and decreasing change in cooling are
higher than those in heating. These are considered because POSS
crystal domains formed in cooling retard polymer motion, and
the POSS obstacle is decreased with phase separating.

The crystallinity of P1-P3 was characterized by X-ray
diffraction. The wide-angle X-ray scattering (WAXS) patterns
of P1 and POSS-H are shown in Figure 2a,b. In the pattern of

P1, the two typical crystalline peaks of POSS molecules were
observed at 8.22° and 18.82° (d-spacings 10.76 and 4.72).9 P1
showed a very similar diffraction pattern to POSS-H, suggesting
that the crystal structure ofP1 is the same as that of POSS-H,
which has a hexagonally packed structure.14 The terminal POSS
groups seem to aggregate and form crystal domains, leaving
the hyperbranched polysiloxysilane backbone unaffected. The
optical densities of scattering angle 2θ of the patterns ofP1-
P3and POSS-H (Figure 2c) reveal that the degree of crystallinity
is proportional to the content of POSS groups as mentioned
above.

To investigate the growth of crystallites,P1-P3were heated
to the melt and cooled slowly below the melting point. The
micrograph ofP1clearly demonstrates thatP1 forms crystallites
(Figure 2d). This indicates that crystallinity can be induced by
the attachment of POSS groups to chain end of HBPS as
molecular scaffold. In the cases ofP2 andP3, crystallites were
not observed.

In summary, we have synthesized HBPS with POSS groups
at the terminal position with controllable extent of substitution.
The POSS groups crystallize, and the degree of crystallinity
was proportional to the content of POSS groups. The use of
POSS as assembling block is possible to create new crystalline
hyperbranched polymers.
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P1, P2, andP3 (c). Micrograph ofP1 under cross polarizer (d).
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