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ABSTRACT: Structure–property relationships were studied in a series of hyperbranched
polyesters based on dimethoxypropionic acid with ethoxylated pentaerythritol as the
core. In DSC thermograms, all the polyols exhibit a prominent glass transition and a
small melting endotherm. It is possible to model the glass transition temperature of
hyperbranched polymers by adapting a method used to calculate the glass transition
temperature of dendritic polymers. Because the glass transition occurs near ambient
temperature, small changes in the glass transition temperature with generation num-
ber have a large effect on the mechanical properties. Polyols that are above the glass
transition temperature are ductile. Polyols that are below the glass transition temper-
ature are brittle. When deposited from a dilute solution, the polyols form monolayer
aggregates of spherical molecules. The aggregates are stabilized by hydrogen bonding
of terminal repeat units. The observation of a yield stress indicates that the intermo-
lecular associations provide a level of resistance to deformation. However, because the
globular structure does not permit the usual processes of orientation and strain hard-
ening, the neck gradually thins until it fractures at an engineering strain above 100%.
© 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 1207–1217, 2000
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INTRODUCTION

Since the development of the synthetic pathways
in the refs. 1–3, dendrimers and hyperbranched
polymers have attracted considerable attention.
These highly branched macromolecules are char-
acterized by a globular structure with a multiplic-
ity of reactive end groups.4–6 Consequently, den-
drimers and hyperbranched polymers differ sig-
nificantly from conventional linear polymers in
their physical properties. Because hyperbranched

polymers are synthesized through a one-step poly-
condensation reaction, their branching is irregular
and they exhibit broad molecular weight distribu-
tions. Structurally, hyperbranched polymers can be
thought of as intermediate between linear polymers
and symmetrically perfect dendrimers.

Hyperbranched polymers are attractive be-
cause they resemble dendritic polymers, but they
can be produced more easily on a larger scale at a
reasonable cost.7,8 Previous research focused on
development of synthetic approaches for specific
systems, and subsequent characterization empha-
sized the thermal and rheological behavior.9,10 A
number of unusual features have been reported,
such as significantly lower viscosity compared to
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linear polymers of the same molecular weight.11

Another characteristic of hyperbranched polymers
is their very high solubility in a variety of sol-
vents.12 Less is known about the solid-state proper-
ties including the mechanical behavior of hyper-
branched polymers.

The unique architecture of dendritic and hy-
perbranched polymers opens avenues to new con-
cepts in structure–property relationships. Be-
cause of their ready availability, a series of hyper-
branched polyesters based on dimethoxypropionic
acid with hydroxyl end groups was studied. The
present work focused on the solid-state structure
and its relationship to thermal and mechanical
properties. Using generation number as a variable,
correlations were sought between structure (molec-
ular mass, molecular size, and shape) and proper-
ties (thermal behavior, mechanical properties) in
order to identify potential areas of application.

EXPERIMENTAL

Materials

Four hyperbranched polyesters based on dime-
thoxypropionic acid (bis-MPA) as the repeating
unit and ethoxylated pentaerythritol as the tetra-
functional core were obtained from Perstorp Poly-
ols (Perstop, Sweden).13 The pseudo-one-step pro-
cedure involves sequential addition of a mono-
mer, each addition corresponding to the
stoichiometric amount of the next theoretical gen-
eration. The polymers are identified by genera-
tion as second, third, fourth, and fifth in accor-
dance with the stoichiometric ratio between core
and repeating units. Because the growth of a hy-
perbranched molecule occurs randomly, the hy-
perbranched polymers are not ideal in the sense
that some monomer units are linearly incorpo-
rated. The repeating unit, bis-MPA, is incorpo-
rated into polyols in three ways: as dendritic units
that are fully esterified with no unreacted hy-
droxyls, as linear units with one unreacted hydroxyl
group, and as terminal units with two unreacted
hydroxyls (Fig. 1). The ratio of the number of den-
dritic and terminal units to the total number of
units defines the degree of branching (DB):

DB 5
O dendritic 1 O terminal

O dendritic 1 O terminal 1 O linear
(1)

The molecular weight, hydroxyl functionality
(number of unreacted hydroxyl groups), and DB
are listed in Table I.

Methods

The thermal stability and volatile content were
determined on the as-received granules. Speci-
mens weighting 10–15 mg were heated in a Per-
kin–Elmer Model 7 TGA to 600°C at a rate of
10°C/min. The purge gas was a mixture of N2
(55%) and O2 (45%). Loss of volatiles was ob-
served as a weight loss between 100 and 200°C.
The amount of volatiles was determined from the
weight loss measured at the intersection of two
tangential lines.

As-received granules were dried in a vacuum
for 8 h at 40°C and compression-molded into films
0.8 mm thick. The dry granules were sandwiched
between Teflon sheets and heated at 120°C for 5
min under minimal pressure and for 5 min at 375
psi. The films were cooled under pressure at a
rate of 15°C/min. These films were used for den-
sity, differential scanning calorimetry (DSC),
wide-angle X-ray diffraction, and mechanical
measurements.

The density of small pieces cut from the films
was measured with a hydrometer using chloro-
form/hexane solutions. At least three specimens
were tested for each material. There was a small
increase in the density with the generation num-
ber from 1.285 g/cc for polyol-2 to 1.305 g/cc for
polyol-5 (Table II).

Samples weighting 4–10 mg were cut from the
films for thermal analysis in a Perkin–Elmer
Model 7 DSC. The specimens were heated from 25
to 40°C at 10°C/min and held at 40°C for 10 min
to remove the thermal history. They were subse-
quently slowly cooled to 250°C at a rate of 1°C/
min and held 3 min at 250°C. The thermogram
was recorded as the specimen was heated from
250 to 100°C at 10°C/min (first heating), cooled to
250°C at 10°C/min, and reheated to 100°C at
10°C/min (second heating).

Wide-angle X-ray diffraction patterns were re-
corded with a Statton camera using CuKa radia-
tion from a Philips PW 1830 generator. The in-
tensity was recorded with a Philips 3100 diffrac-
tometer.

Stress–strain behavior was measured in uniax-
ial tension with ASTM 1708 microtensile speci-
mens cut from the compression-molded films. The
gauge length was 22.25 mm; the specimen width
was 4.8 mm. Specimens were stretched in an In-
stron 1123 with strain rates of 1, 10, 100, and
1000%/min.

The polyols were deposited on mica substrates
for atomic force microscopy (AFM). The freshly
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cleaved mica substrate was immersed in a dilute
solution of the polyol in THF (3 mg/mL) for 2 min
and dried at ambient temperature in a vacuum
for 30 min. The AFM experiments were conducted

in air with a commercial scanning probe micro-
scope Nanoscope IIIa from Digital Instruments
(Santa Barbara, CA) operating in the tapping
mode. Measurements were performed at ambient

Figure 1 Schematic representation of the hyperbranched polyol molecule.

Table I Characteristics of Hyperbranched Polyolsa

Designation Type
Mw

Calculated
Mw by
SEC

Hydroxyl-
Functionality

Degree of
Branching (%)

Polyol-2 2nd generation 1750 1800 16 45
Polyol-3 3rd generation 3600 3300 32 45
Polyol-4 4th generation 7300 5900 64 44
Polyol-5 5th generation 14,800 6700 128 44

a Data from Perstorp Polyols.
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conditions using rectangular diving-board-type Si
probes with a spring constant of 50 N/m and res-
onance frequencies in the 284–362 kHz range.
The tip radius was 10 nm.

RESULTS AND DISCUSSION

Characterization

The polyols exhibited good thermal stability. A
small decrease in weight beginning at about
100°C was attributed to the loss of volatiles; the
onset of degradation followed at ; 250°C. The
thermal stability improved only slightly as the
polyol generation increased from 2 to 5 (Table II).
The amount of volatiles was about 2.5 wt % for
polyol-2 and 1.5 wt % for the other polyols.

First heating thermograms of all the polyols
showed a glass transition and a melting endo-
therm (Fig. 2). The temperature of the prominent

glass transition increased with generation from
below ambient temperature for polyol-2 (1°C) and
polyol-3 (10°C) to about or above ambient temper-
ature for polyol-4 (22°C) and polyol-5 (27°C). The
glass transition temperature for dendritic sys-
tems has been reported to increase with genera-
tion number to a limit, above which it remains
practically constant.14 In the hyperbranched sys-
tem, the increase in Tg with generation number is
assumed to reflect a decrease in chain mobility
due to branching. Therefore, the glass transition
temperature depends on the microstructure of the
arm emerging from the central core.

Because of the large number of chain ends, the
chemical nature of the terminal groups strongly
affects the glass transition temperature. For ex-
ample, the glass transition of a similar polyol
decreases from 32 to 15°C if converted to the
benzoate and decreases to 220°C as the propi-
onate.15 The glass transition temperature also
depends on the microstructure of the arm emerg-
ing from the central core as determined by the
composition of the polymer backbone, the number
of unreacted end groups, and the degree of
branching. In contrast to the linear polymer,
where chain ends affect the glass transition tem-
perature only at low molecular weight, the hyper-
branched macromolecule has an ever-increasing
number of chain ends, which decreases the glass
transition temperature, and, concurrently, an ev-
er-increasing number of branching points, which

Table II Physical Properties of Hyperbranched
Polyols

Designation
Volatiles

(%)
Density
(g/cm3)

Tg

(K)
Tm

(K)
DH
(J/g)

Polyol-2 2.5 1.285 274 328 4.3
Polyol-3 1.5 1.295 283 330 9.1
Polyol-4 1.5 1.300 295 331 5.9
Polyol-5 1.4 1.305 300 331 7.0

Figure 2 DSC thermograms of polyols.
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restricts segmental mobility and increases the
glass transition temperature.

One approach to modeling the glass transition
of dendritic polymers derives from the chain effect
for linear polymers14:

Tg 5 Tg
` 2 KSne

MD (2)

where Tg
` is the value of Tg extrapolated to infi-

nite molecular weight; K, a constant that depends
on chain-end free volume and density; ne, the
number of chain ends per molecule; and M, the
molecular weight. Because dendritic and hyper-
branched macromolecules have an ever-increas-
ing number of chain ends, ne and M both increase
with the generation number. Therefore, the ratio
ne/M does not approach zero at high molecular
weight, and unlike linear polymers, Tg

` cannot be
obtained by extrapolation to ne/M 5 0. However,
the ratio ne/M reaches a limiting value (ne/M)` at
high molecular weight. Subtracting this addi-
tional term, eq. (2) becomes

Tg 5 Tg
` 2 KFne

M 2 Sne

MD
`

G (3)

The value of (ne/M)` depends on the molecular
weight of the monomer unit and the branch mul-
tiplicity. For the polyols, (ne/M) decreased
slightly with M, leveling off at a value of 0.0086.
Using this as (ne/M)`, the data fit eq. (3) with a
correlation coefficient of 0.96 and extrapolation
gave Tg

` 5 29°C and K 5 5.6 3 104 K g/mol (Fig.
3). These values are close to those reported for
dendritic poly(benzyl ethers).10

An alternative expression for the glass transi-
tion that incorporates the additional influence of
branch density is16

Tg 5 @Tg
` 2 K1~1 2 p!#S1 1 K2

Xc

1 2 Xc
D (4)

where Tg
` is the glass transition temperature of

the linear polymer of infinite molecular weight;
K1, a constant characterizing the influence of end

Table III Parameters of Tg Calculation

Designation
Tg

`

(K) Ftot Freact p

Polyol-2 256 9 9 2 4 5 5 0.556
Polyol-3 259 21 21 2 8 5 13 0.619
Polyol-4 260 45 45 2 16 5 29 0.644
Polyol-5 262 93 93 2 32 5 61 0.656

Figure 3 Glass transition temperature of polyols ver-
sus [ne/M 2 (ne/M)`].

Figure 4 Glass transition temperature of polyols
compared with predictions from (solid line) eq. (4) and
(dashed line) eq. (3).
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groups; K2, a constant characterizing the influ-
ence of branches; Xc, the branch density; and p,
the fractional conversion defined as the ratio of
reacted functional groups to the total number of
functional groups. The reference glass transition
Tg

` of the hyperbranched polyol changes with the
generation number because the initiator core and
branching unit are different (copolymer effect).
The value of Tg

` for each generation was calcu-
lated using the Fox equation:

1
Tgi

` 5
wc

Tgc

1
wr

Tgr

(5)

where wc and wr are the weight fractions of the
core and arms, respectively. The structural ana-
log for the core is poly(vinyl methyl ether),
[O(CH2)OOO(CH2)2]n, with Tgc

5 242 K.17 For the
arms, the analog is [OCH2OC(CH3)2OCOOO]n,
with Tgr

5 263 K.18 The values of Tg
` calculated

from eq. (5) are included in Table III.
At complete reaction, the fractional conversion

of the bis-MPA monomer p is given by16

p 5
Freact

Ftot
5

2~g21! 1 3 O
g51

g21

2~g21!

3 O
g51

g

2~g21!

(6)

where g is the generation number (Table III).
The branch density Xc is defined as the fraction

of bis-MPA units present as branch points and is
the ratio of the number of branched units to the
sum of the terminal, branched, and linear units.
The branch density was obtained from the degree
of branching (Table I). Including the central core
with two branch units, the branch density was
the same for each generation and equal to 0.25.

The constant K1 reflects the molecular weight
dependence. For linear aliphatic polyesters, K1 is
not very sensitive to structure and a typical value
of K1 5 98 was used.19 The branching constant
K2, which characterizes the influence of branch
density on the glass transition temperature, was
used as a fitting parameter. The value of K2 is
similar for many crosslinked polymers and equal
to about 1.2.19 Using a slightly lower value of K2

5 1.0, eq. (4) satisfactorily described the increase
in Tg with the generation number (Fig. 4).

Both approaches predicted leveling off of Tg at
higher generations. The beginning of leveling off
is apparent in the Tg of polyol-5. The dependency
of Tg on the generation number and the limiting
value of Tg

` obtained by the two methods were
almost the same (Fig. 4). The value of Tg

` was
30°C from eq. (3) compared to 34°C from eq. (4). A
similar leveling-off trend in linear polymers is
associated with the decreasing number of chain
ends as the molecular weight increases.19 Level-
ing off in hyperbranched polymers results from

Figure 5 X-ray diffractometer scans of polyols.
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two factors that contribute in opposite ways to the
glass transition temperature. Unreacted func-
tional groups decrease the glass transition tem-
perature below that of the linear analog. This is
analogous to the molecular weight effect in linear
polymers. On the other hand, branching increases
the glass transition temperature. The effects of
end groups and branches compensate each other
to some extent. It can be seen from eq. (4) that the
fractional conversion p initially increases with
the generation number but rapidly approaches a
limiting value of p 5 0.667 after the fifth or sixth
generation. Therefore, if the constancy in branch
density (Xc 5 0.25) extends to higher generation
numbers, the glass transition temperature should
level off. Branching more than compensates for
chain ends, and the glass transition temperature
levels off at a value about 44° above the glass
transition of the linear analog.

Solid-State Structure

The wide-angle X-ray pattern consisted of a
strong crystalline reflection with a spacing of
0.473 nm and a weak amorphous reflection with a
spacing of about 0.26 nm. As seen from the de-
fractometer scans in Figure 5, the generation
number did not affect the spacing of the crystal-
line band; however, the intensity and sharpness
decreased with an increasing generation number,
which suggested a loss of crystalline order with
an increasing generation number.

A similar reflection with a spacing of 0.47 nm
in the diffraction pattern of linear aliphatic poly-
esters is assigned to the intermolecular spacing of
chains in the planar zigzag configuration.20 Be-
cause the hyperbranched molecule grows ran-
domly, linear crystallizable monomer runs are
possible. The degree of branching, about 0.45

Figure 6 AFM images and section analysis of polyol-5 on mica.
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compared to unity for a perfect hyperbranched
molecule, confirms the presence of linear bis-MPA
segments. Numerical simulations indicate that
even in ideal structures highly folded branches
are present at all stages of growth.21 Being more
flexible, the linear segments are especially likely
to fold back on themselves and thus are posi-
tioned to readily crystallize. The observation that
generation number affects neither the crystalline
spacing nor the melting temperature supports
this hypothesis. The X-ray and DSC results also
reveal that the amount of crystallinity is low and
the crystallites are small and/or imperfect.

Typical AFM phase images of polyols showed
particles dispersed on the mica substrate (Fig. 6).
Height scans revealed the particles to be on the
order of 2 nm high, or approximately the dimen-
sion of a single polyol molecule. Distributions
based on height measurements of 50 particles
indicated a range of particle heights as antici-
pated for the broad molecular weight distribution
(Fig. 7). The range overlapped from one polyol to
another; however, the maximum in the distribu-
tion increased with the generation number from
1.5 nm for polyol-2 to 3.2 nm for polyol-5. Excel-
lent agreement between the particle dimension
from AFM height scans and the molecular diam-

eter calculated from the theoretical molecular
weight and density by assuming a spherical
shape (Table IV) suggested that the polyols de-
posited as monolayers of spherical molecules.
This is perhaps surprising because most models
indicate that molecules of a low generation num-
ber are not spherical, although the shape rapidly
approaches spherical between the first and third
generations.22,23 It may be that packing in the
condensed state tends to promote a uniform, that
is, spherical, shape of the molecules.

To obtain the lateral dimension of the particles
in the AFM images, it was necessary to correct for
the tip radius. Using the standard method for
spherical particles24 and a tip radius of 10 nm, a

Figure 7 Height distribution of polyols from AFM.

Table IV Size of Hyperbranched Polyols

Designation

Calculated Diameter
for Spherical
Shape (nm)

Monolayer
Thickness

from AFM (nm)

Polyol-2 1.6 1.5 6 0.4
Polyol-3 2.0 1.9 6 0.4
Polyol-4 2.6 2.4 6 0.4
Polyol-5 3.3 3.2 6 0.4
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minimum particle diameter of 15 nm was calcu-
lated, which is an order of magnitude larger than
the diameter of a single molecule. The particles in
the AFM images appear to be monolayer aggre-
gates of spherical molecules. The polyols probably
form aggregates in solution. Like solution aggre-
gates of dendritic polymers,1,25 aggregates of

polyols are probably stabilized by hydrogen bond-
ing of terminal groups.

Based on the various measurements, a hierar-
chical model of the solid-state polyol can be sug-
gested (Fig. 8). The polyol molecules form mono-
layer aggregates when deposited from a dilute
solution. The spherical shape of individual mole-

Figure 9 Effect of generation number on the stress–strain behavior of polyols.

Figure 8 Schematic representation of the polyol structure.
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cules is indicated by the correspondence between
the dimension obtained from AFM height images
and the diameter calculated from the molecular
weight for a spherical molecule. The small
amount of crystallinity is attributed to linear seg-
ments that fold back on themselves and crystal-
lize. Otherwise, the arms are disordered or amor-
phous as indicated by the prominent glass tran-
sition and low degree of crystallinity. Associations
between molecules in the aggregate probably
arise from intermolecular hydrogen bonding be-
tween terminal repeat units.

Stress–Strain Behavior

Polyols that were below the Tg were brittle and
fractured at a strain of less than 5% (polyol-4 and
polyol-5 in Fig. 9). Polyols that were above the Tg
exhibited a maximum in the stress–strain curve
with localized thinning of the specimen (polyol-2
and polyol-3 in Fig. 9). However, the neck did not
stabilize. Instead, the neck became progressively

thinner until it fractured. This behavior contrasts
with typical thermoplastics where strain harden-
ing stabilizes the neck and permits it to propagate
along the gauge length. The behavior of the poly-
ols is analogous to that of some ductile metals.
Like the ductile metals, the polyols do not strain
harden. This is consistent with their globular
structure that does not permit the processes of
chain extension and orientation that are the usual
mechanisms of strain hardening. However, inter-
molecular associations, such as hydrogen bonding
and possibly intermolecular crystallization of linear
segments, provided connections between hyper-
branched molecules. The yield stress reflected the
force required to overcome these associations.

The effect of strain rate is illustrated for each
of the polyols in Figure 10. The maximum stress
always increased with strain rate and generation
number. For polyol-2, the strain rate did not af-
fect the mode of deformation, characterized by
gradual thinning of the neck until it fractured at

Figure 10 Effect of strain rate on the stress–strain behavior: (a) polyol-2; (b) polyol-3;
(c) polyol-4; (d) polyol-5.
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an engineering strain above 100%, except for the
highest strain rate. At a strain rate of 100%/min,
the neck fractured after thinning only slightly
and the fracture strain was correspondingly much
lower. Polyol-3, which was closer to the Tg, exhib-
ited a ductile-to-brittle transition. As strain rate
increased, the neck thinned down less before frac-
turing, and the fracture strain decreased accord-
ingly, until at the highest strain rate, brittle frac-
ture preceded yielding. Increasing the strain rate
effectively shifted the Tg to a higher temperature.
In the case of polyol-3, the strain rate shifted the
Tg from slightly below ambient temperature to
above ambient temperature, and a ductile-to-brit-
tle transition resulted. The effect of strain rate on
the stress–strain behavior of the polyols that
were below the Tg (polyol-4 and polyol-5) was to
increase the fracture stress without significantly
altering the fracture strain.

In summary, a study of hyperbranched polyols
provided some insight into the structure–prop-
erty relationships in these globular polymers. The
primary thermal transition is the glass transition
of the amorphous branched arms. Generation
number has a major impact on the glass transi-
tion temperature. This is particularly significant
for polyols based on unmodified bis-MPA because
the glass transition is close to ambient tempera-
ture. Thus, a small decrease in Tg alters the be-
havior from brittle to ductile. A further conse-
quence is the strong dependence of deformation
behavior on strain rate. The polyols have a small
amount of crystallinity that is probably associ-
ated with linear arm segments. Interactions be-
tween molecules are provided by hydrogen bond-
ing of terminal repeat units. The intermolecular
associations are strong enough to produce a yield
stress in the tensile stress–strain curve of polyols
that are above the glass transition temperature.

This research was generously supported by the Amoco
Chemical Co.
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