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a b s t r a c t

Hyper-branched polystyrenes (HBPS) were synthesized. The bulk glass transition temperature (Tg)
measured by differential scanning calorimetry (DSC) for two kinds of HBPS with an equivalent Mw, which
were fractionated from different lots, were different, being respectively higher and lower than that of the
corresponding linear polystyrene (PS). Infrared spectroscopy revealed that the Tg of HBPS increased with
an increasing extent of intramolecular cross-linking, or cyclization, in the molecule. The segmental
dynamics of HBPS was examined by dynamic mechanical analysis. The relaxation temperature for the
segmental motion in HBPS was consistent with the DSC results. The fragility index was always lower for
HBPS than for the linear PS, regardless of its primary structure and chain end chemistry. This would
indicate that the segmental motion for HBPS is less cooperative than that of the linear PS, probably due to
a lack of intermolecular chain entanglements in HBPS.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

For the last two decades, dendritic polymers have been widely
studied as a novel pathway to enhance synthetic polymer func-
tions in the fields of coatings, drug delivery systems, supramo-
lecular chemistry, nanotechnology, etc [1–15]. The most intriguing
feature of dendritic polymers seems to be their versatility in
introducing functional groups into end groups and the central
part, termed the focal point, of a molecule. While a linear polymer
has only two end groups, a dendritic polymer possesses (nþ 1)
ends, where n denotes the number of branching points in the
molecule. This feature means that the number of chain ends for
a dendritic polymer increases with increasing molecular weight.
Thus, dendritic polymers have a tremendous potential as highly-
functionalized materials due to the large number of chain ends
acting as a functional moiety.

Dendritic polymers can be roughly categorized into two groups:
dendrimers including dendrons and hyper-branched polymers
(HBP) [16–18]. Dendrimers are synthesized by either a divergent or
convergent method, and thus, the primary structure is thought to
be well-defined, resulting in an almost perfectly monodispersed
product. The glass transition temperatures (Tg) of dendrimers have
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been extensively studied [19–24]. One of the main conclusions
obtained thus far is that Tg is sensitive to the generation number,
namely, molecular weight as well as chain end chemistry. This
point is extremely important in developing a clear relationship
between the primary structure of polymers and Tg. However, since
the synthesis of dendrimers with higher generations is quite
complicated and difficult, they are not necessarily suitable for mass
consumption in industrial fields except for a few kinds, such as
poly(amidoamine) [1]. On the other hand, the synthetic routes for
HBP are generally based on radical reactions, and so, are easier than
that for dendrimers. Thus, to this date, various types of HBP have
been synthesized, efforts that have led to a broad array of appli-
cations both in academic and industry. A disadvantage of HBP is
that the primary structure is not clear, so that complications arise in
understanding its physical properties. The Tg for HBPs with a wide
range of monomer structures has hitherto been examined by
differential scanning calorimetry (DSC) [25–40]. However, most
studies focused on just the Tg values for products, which were not
fractionated, and did not discuss the segmental dynamics.

Flory theoretically argued that the molecular weight distribu-
tion of HBP increases with increasing molecular weight [41]. This
conclusion rests on the fact that HBP molecules with different
degrees of branching are mixed in the product. Hence, as long as
a non-fractionated HBP is used, the details of its glass transition
behavior would essentially remain undetermined on account of its
broad molecular weight distribution, resulting, in turn, in a broad Tg
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Table 1
Characterization of samples used in this study.

Sample Mw Mw/Mn Tg/K

lHBPS-H 47 k 4.22 364
lPS 58 k 1.06 375
hHBPS-H 157 k 5.81 376
hPS 115 k 1.08 375
HBPS–DC 57 k 3.88 335
PS–DC 52 k 2.48 340
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distribution. This difficulty motivated us to fractionate HBP samples
for Tg measurements by DSC. In fact, we will present an interesting
result showing that samples with equivalent molecular weights
fractionated from different lots exhibit different Tgs.

In this study, the glass transition temperature and segmental
dynamics of hyper-branched polystyrene (HBPS) were studied by
DSC in conjunction with dynamic mechanical analysis (DMA). Our
choice of the polystyrene (PS) backbone is based simply on the fact
that the glass transition temperature and dynamics for the corre-
sponding linear PS are well understood. Comparing the results for
HBPS with our knowledge obtained by means of the linear PS, we
discussed the effects on that compound of its unique architecture,
branching structure, and chain end chemistry on its glass transition
behavior.
2. Experimental section

The HBPS with dithiocarbamate end groups (HBPS–DC) were
synthesized by a self-addition free radical photo-polymerization of
N,N-diethylaminodithiocarbamoylmethylstyrene (DTCS) [42]. The
HBPS with hydrogen termini (HBPS-H) were prepared by
substituting HBPS–DC with a H-containing tin agent. Fig. 1 repre-
sents the synthetic route for HBPS–DC and HBPS-H. The photo-
polymerization of DTCS in toluene solutions was carried out in
a sealed glass vessel under UV irradiation at 303 K for 6 h. Then, the
reduction of HBPS–DC to HBPS-H was induced at 303 K for 2 h by
adding an excess amount of tributyltin hydride (Bu3SnH) into
a toluene solution of HBPS–DC. For comparison, linear polystyrene
(PS) synthesized by a living anionic polymerization and linear PS
having DC groups at every repeating unit (PS–DC) synthesized by
a conventional radical polymerization of DTCS were also used.

The product obtained after the reduction reaction possessed
a broad molecular weight distribution (Mw/Mn), where Mn and Mw

denote number- and weight-average molecular weights. Table 1
summarizes the characterizations of samples used in this study.
Here, the indexes of l and h in front of PS and HBPS-H stand for
lower and higher Mw, respectively. The values of Mw and Mw/Mn

were, respectively, determined by multi-angle laser light scat-
tering (MALLS, DAWN HELEOS; Wyatt Technology Co. Ltd.)
measurement and gel permeation chromatography (GPC, HLC-
8120GPC; Tosoh Co. Ltd.) with a Shodex KF-804L column using PS
standards. Both lHBPS-H and hHBPS-H were fractionated by GPC
as a function of hydrodynamic volume. Mw and Mw/Mn values for
the fractionated HBPS are tabulated in Table 2. The fractionated
samples were used for Tg measurements. The Tg of the bulk
samples was measured by DSC (Diamond DSC; PerkinElmer Co.
Fig. 1. Synthetic route for HBPS–DC and HBPS-H.
Ltd.) with a power compensation type of scan at a cooling rate of
10 K min�1. The Tg for HBPS-H was also predicted by PolyInfo [43]
on the basis of van Krevelen’s structural group contribution theory
[44]. In PolyInfo, a repeating unit could not be too large, and thus,
a unit containing three branching points was used for the
prediction.

The extent of intramolecular cross-linking, or cyclization, for
HBPS was examined by Fourier transform infrared (FT/IR) spec-
troscopy using a KBr pellet technique. The spectra were recorded at
a resolution of 0.5 cm�1 with a Herschel FT/IR-620 spectrometer
(JASCO Co. Ltd.); 512 scans were necessary to obtain spectra with
a high signal-to-noise ratio. No signatures for the presence of
crystals were observed on IR spectra and DSC charts for HBPS
synthesized by a radical polymerization due to the atactic mono-
mer sequences. Degree of branching [45,46], which was deter-
mined by 1H NMR measurements, was ranging from 0.20 to 0.22 for
HBPS–DCs used [47]. This value is in good accordance with the
reported one for the same polymerization system estimated by
a kinetic approach [48].

The thermal molecular motion of HBPS-H in films was examined
by DMA (Rheovibron DDV-01FP, A&D Co., Ltd.). Self-supported films
of HBPS-H could not be prepared due to a lack of intermolecular
entanglements. Thus, a unique method for the measurements was
used in this study. First, HBPS-H films with thickness of ca. 300 nm
were prepared by a spin-coating method from toluene solutions
onto a substrate of 7.5 mm-thick polyimide (PI) films [49]; then,
they were annealed at a temperature above the Tg under 10�3 Torr
for 24 h. After the annealing, the films were cooled at a rate of
0.5 K min�1. Specimens with a width of 3 mm and a length of
30 mm were cut from the films thus prepared. The measurements
were carried out at a heating rate of 1 K min�1 at a frequency
ranging from 0.05 to 110 Hz, under a dry nitrogen purge. To realize
such a wide frequency range, four independent measurements for
specimens at a different set of frequencies were made. Beforehand,
it was confirmed that the PI substrates did not exhibit a clear
relaxation process in the temperature range of 300–400 K [49].

3. Results and discussion

3.1. The effects of molecular weight and chain end chemistry on Tg

As stated above, it has been reported that the Tg of HBP depends
on both molecular weight and chain end chemistry [25–40]. Thus,
Table 2
Mw and Mw/Mn values for samples fractionated by GPC.

From lHBPS-H From hHBPS-H From HBPS–DC

No. Mw Mw/Mn No. Mw Mw/Mn No. Mw Mw/Mn

1 19 k 1.29 1 14 k 1.28 1 51 k 1.34
2 29 k 1.25 2 23 k 1.24 2 77 k 1.18
3 47 k 1.22 3 69 k 1.19 3 95 k 1.19
4 61 k 1.20 4 116 k 1.14 4 127 k 1.18
5 80 k 1.16 5 194 k 1.19 – – –
– – – 6 441 k 1.14 – – –
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we first discuss these issues using our samples. Fig. 2 shows the Mw

dependence of Tg for our HBPS and PS samples. The Tg was deter-
mined to be the midpoint of the baseline shift on the plot of
temperature vs. heat capacity during the cooling process. The data
sets marked by filled circles and triangles were from samples
fractionated from lHBPS-H and hHBPS-H, respectively. As shown in
Table 2, the molecular weight distribution of each sample improved
upon those of the original. The upper limit of the Mw for samples
fractionated from lHBPS-H was 8� 104, because that compound did
not contain higher Mw fractions. Similarly, samples of HBPS–DC
were also fractionated from a sample with an Mw of 57 k and
Mw/Mn of 3.88.

First, we discuss the chain end effect on the Tg. The Tg values for
the linear PS–DC were lower than those for the linear PS with an
equivalent Mw by approximately 30 K. In addition, the Tg for the
HBPS–DC was much lower than that for the HBPS-H. This is a clear
indication that, as previously reported [25–40], chain end chem-
istry is one of the factors responsible for variations in Tg values,
even for HBP. However, the Tg for the HBPS–DC was comparable to
those for the linear PS–DC. Thus, it seems likely that, in the case of
HBPS terminated with DC groups, the effect of large number
density of DC groups on the Tg is much stronger than the effect of
the architecture, so that no clear difference in the Tg exists between
HBPS–DC and linear PS–DC.

In general, the Tg for polymers decreases with decreasing Mw

values. This trend is simply expressed by the traditional Fox and
Flory theory, where an extra free volume is induced by chain end
portions [50]. After a slight modification, the equation can be
applied even to HBP, as follows [21];

Tg ¼ TN
g �K 0ðne=MwÞ (1)

where ne and K0 are, respectively, the number of chain ends per
molecule, and a constant related to the characteristics of a polymer.
In Fig. 2, we plot the fitted data for HBPS-H and linear PS. In the case
of linear PS, the fitting parameter of K0 with a ne of 2 was estimated
to be about 5�104, a value is in good agreement with the reported
one [50]. Given that the K0 is related only to the free volume
induced by the chain ends, the value should be invariant, regardless
of the branching structure. If that is the case, the ne values for HBPS-
H are estimated to be 4.4 and 3.9, from lHBPS-H and hHBPS-H,
respectively. However, taking into account the chemical structure
of HBPS-H and Mw, these ne values are judged to be unrealistic.
Thus, the Mw dependence of Tg for HBP cannot be simply explained
Fig. 2. Mw dependence of Tg for HBPS-H and HBPS–DC. Two kinds of HBPS-H frac-
tionated from lHBPS-H and hHBPS-H were used. lHBPS-H and hHBPS-H possessed
different Mw and Mw/Mn. For comparison, the data for linear PS and PS–DC are also
shown.
in terms of the chain end effect, strongly suggesting the contribu-
tion of the other factors.

When the Mw for linear polymers increases, Tg reaches
a constant value, denoted as Tg

N, because the number density of
chain ends becomes smaller as the Mw values rise. This is the
essence of the Fox–Flory theory. The Tg values for HBPS-Hs, taken
from those for lHBPS-H and hHBPS-H, also reach constant values,
367 K and 382 K, at a semi-infinite Mw. However, the origin of the
Tg

N for HBP should be different from that for the linear polymers.
According to Stutz’s theoretical claim, the Tg for dendrimers
depends on the end group conversion and the degree of branching
[23]. In dendritic polymers, the branching portion would restrict
thermal molecular motion occurring on a relatively large scale,
such as segmental motion [23], an inhibition resulting in a Tg higher
than that of the corresponding linear polymer [34]. Although the
fraction of end groups and branching per molecule initially increase
with increasing Mw, they quickly approach their limits at about
the fourth or fifth generation, so that no Mw dependence of the Tg

exists in a higher generation. Assuming that this notion is also
applicable to HBP, we can clarify the invariance of Tg with Mw, as
shown in Fig. 2.
3.2. The role of intramolecular cross-linking on Tg

The Tg for HBPS-H, taken from hHBPS-H, was higher than that
from lHBPS-H at any given Mw in the entire range. The Tg difference
at a specific Mw for the two kinds of HBPS-H, fractionated from
different lots, could hardly be explained at first glance. A possible
explanation for this variation is that molecular structure of lHBPS-H
and hHBPS-H differs. As shown in Fig. 1, HBPS-H was obtained by
reducing HBPS–DC. If lHBPS-H and hHBPS-H possess different
primary structure, the original HBPS–DCs should also be structur-
ally different from each other. Thus, FT-IR measurement was
applied to the HBPS–DC with lower and higher molecular weights.

Fig. 3 shows the IR spectra for these samples in the wavenumber
range from 1470 to 1520 cm�1. For comparison, the spectrum for
the linear PS–DC is also shown. Since all the spectra were
normalized with the internal standard peak at 1510 cm�1 [51–53],
corresponding to the C–C stretching vibration of aromatic rings,
they can be directly compared to one another. The absorption band
at 1485 cm�1 corresponds to the C–N stretching vibration of DC
groups [54]. It is clear that the peak at 1485 cm�1 became smaller
for HBPS–DC than for PS–DC. In addition, the decrement was more
striking for the higher Mw HBPS–DC than for the lower one. If only
Fig. 3. IR spectra for PS–DC and HBPS–DC with different Mw. All the spectra were
normalized with the internal standard at 1510 cm�1.



Fig. 4. Schematic representation of possible reactions in synthesis of HBPS under photo-irradiation.
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the propagation reaction is occurred during the polymerization, the
fractional amount of DC groups to aromatic rings should be
invariant with respect to the branching structure. However, this
was not the case in Fig. 3. Thus, it is most likely that some side
reactions in addition to the propagation occurred and that the
extent was more remarkable for the higher Mw HBPS–DC.

The most plausible side reaction is a recombination between
radicals originated from DC groups, that is, intramolecular cycli-
zation, which would make the molecule rigid, as the origin for this
Tg difference. Of course, intermolecular cross-linking might also
occur. However, if that effect was important, the substance would
not dissolve in any solvent. Thus, the effect of intermolecular
cross-linking can be excluded from the current discussion. Fig. 4
illustrates possible reactions during the photo-polymerization
process of HBPS. There are two types of reactions: an addition of
a radical species to a monomer and a recombination between
radical species. The former is the propagation process in the
polymerization, and produces the branching structure, either
(CH2CH2CH) or (CHCH2CH) unit between the nearest two phenyl
rings. The sequential difference is based on the type of propa-
gating radical, such as primary benzyl radical or secondary phe-
netyl one [55]. Then, the successive reduction incorporates methyl
groups at end portions. On the other hand, the latter recombina-
tion reaction occurs during the photo-polymerization and/or the
reduction. This generates intramolecular cyclic structure with any
of (CHCH), (CH2CH) or (CH2CH2) unit between the nearest two
phenyl rings. Also, the number of end portions in a molecule is
inversely proportional to the number of cyclic structure. Thus,
products with a larger number of intramolecular cyclization
Fig. 5. (a) IR spectra for two kinds of HBPS-H fractionated from lHBPS-H and hHB
should be more rigid due to their smaller number of carbons
between the nearest two phenyl rings and smaller number of
chain ends in addition to the presence of the cyclic structure itself.
These factors should result in a higher Tg.

If the above-mentioned discussion is correct, the HBPS-H taken
from the hHBPS-H, which exhibits a higher Tg than that from
lHBPS-H, should have a larger number of intramolecular cyclic
structures. To confirm whether this hypothesis is plausible, we
also made IR measurements on two kinds of HBPS-H samples.
Since DC groups are not existed in HBPS-H, other characteristic
bands were used to judge the difference in their primary struc-
tures. Fig. 5 shows typical IR spectra within the wavenumber
range from 2800 to 3200 cm�1 for two kinds of HBPS-H with
a similar range of hydrodynamic volumes, fractionated from
lHBPS-H and hHBPS-H [56]. Both spectra were again normalized
using an absorption peak at 1510 cm�1 as an internal standard
[51–53]. The absorption peaks observed at wavenumbers higher
than 3000 cm�1 considerably overlapped each other, whereas the
peaks observed at 2800–3000 cm�1 were separated. The former
can be assigned to the C–H stretching vibration of aromatic rings
[51–53], suggesting that the fractional amount and the chemical
state of the phenyl groups are both independent of the branching
structure. The absorption peaks at 2850 and 2920 cm�1 are
assignable to the symmetric and anti-symmetric C–H stretching
vibrations of methylene groups [51–53]. They became smaller for
hHBPS-H than for lHBPS-H, a result suggesting that the methylene
content per molecule is lower for hHBPS-H than for lHBPS-H. To
further discuss the difference in the two spectra, the differential
spectrum, subtracting hHBPS-H spectrum from the lHBPS-H one,
PS-H. The differential spectrum between the two is plotted in the panel (b).



Fig. 6. Tg prediction for realistic, simplified model HBPS-Hs on the basis of van Krevelen’s structural group contribution theory. For comparison, the prediction was also made for
linear PS.
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is shown in Fig. 5(b). On this figure, additional peaks appeared at
2870 and 2960 cm�1, were assigned to the symmetric and anti-
symmetric C–H stretching vibrations of methyl groups [51–53].
This means that the lHBPS-H possesses more methyl end groups
than the hHBPS-H. Thus, it is evident why the series of HBPS-H
from hHBPS-H exhibit a higher Tg than that from lHBPS-H: the
former series contains more intramolecular cyclic portions.

3.3. Theoretical prediction of Tg

To confirm the effect of molecular structure on the Tg of HBPS,
we adopted a method proposed by van Krevelen [44]. Since this
method is based on structural group contributions, it should be
noted that the cyclization effect on Tg is not included. However,
once an intramolecular cyclic structure is formed rather than
a propagation reaction proceeding, the chemical structure of
a molecule is changed, as discussed after Fig. 4. In such a case, van
Krevelen’s method would still be qualitatively effective for our
purpose. Fig. 6 shows the structures of HBPS-H and linear PS, and
the Tg values predicted by the method. Due to calculation limits,
only three branching points were incorporated into the construc-
tion of a HBPS-H molecule. The structural discrepancy between
lHBPS-H and hHBPS-H was expressed by different sequences of
methylene units, which were sandwiched between the aromatic
rings, and the number of methyl end portions [57]. The Tg value for
linear PS was calculated to be 372 K, which was quite reasonable.
When the branching points were incorporated into the molecule, as
shown in panel (a), the Tg decreased to 361 K. This value was
Fig. 7. (a) Annealing time dependence of Tg increment for HBPS–DC at 423 K with and witho
consistent with the experimental Tg for HBPS-H with Mw of 30 k,
and fractionated from lHBPS-H, as shown in Fig. 2. In the case of the
model hHBPS-H depicted in panel (b), the Tg was higher than that
for (a) by 11 K. Although the predicted Tg increment for hHBPS-H
compared with lHBPS-H was slightly smaller than that seen in the
experiment in Fig. 2, it is acceptable. The Tg predictions by van
Krevelen’s method reveal that the incorporation of C–C sequences
instead of C–C–C ones, which are necessarily introduced by the
intramolecular cyclization, makes the main chain rigid. Finally,
we consider the origin of the underestimated Tg increment for
hHBPS-H. As stated before, van Krevelen’s method does not include
the effect of cyclization. Thus, it seems most likely that the
underestimation of the Tg increment for hHBPS-H arises from
ignorance of the cyclization effect.

3.4. Relationship of Tg to the degree of cross-linking

To examine to what extent Tg increases with the progress of the
recombination reaction, that is, a cross-linking, HBPS–DC was
annealed at 423 K, with or without photo-irradiation, and then Tg

for the products was measured. Actually, the cross-linking effect on
Tg should be studied using HBPS-H. However, after annealing,
HBPS–DC would not dissolve in any organic solvents due to the
presence of intermolecular cross-linking, making it impossible to
complete the reduction reaction to HBPS-H. Thus, this discussion
centers on HBPS–DC instead. Fig. 7(a) shows the annealing time
dependence of the Tg increment, with and without UV irradiation.
The DTg ordinate is defined as the difference in Tg between the
ut UV irradiation. (b) IR spectra for HBPS–DC marked by arrows with i–v in the panel (a).



Fig. 8. Temperature dependence of dynamic loss modulus for HBPS-Hs and linear PSs
at 11 Hz.
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original sample and the product. The DTg increased with annealing
time in both cases. The time evolution of DTg was much faster with
photo-irradiation than in its absence. This is because the cross-
linking proceeds faster under UV irradiation due to the accelerated
formation of radicals from DC groups. Panel (b) of Fig. 7 shows the
normalized IR spectra for neat HBPS–DC, HBPS–DC annealed for
240 min at 423 K without UV irradiation, and HBPS–DC annealed
for 6, 30 and 240 min at 423 K with UV irradiation, corresponding
to the locations marked with arrows in Fig. 7(a). Since all the
spectra were normalized with the internal standard peak at
1510 cm�1 [51–53], they can be directly compared to one another. A
decrease in the intensity of the absorption peaks at 1485 cm�1,
which corresponds to the C–N stretching vibration of DC groups,
reflects the progress of cross-linking process. The order of the
heights of the absorption peaks was the inverse of the order for DTg.
Thus, it is clear that the presence of cross-linking makes Tg higher.
The extent of the Tg increment induced by cross-linking seems to be
reasonable after taking into account simulation results as well as
results from other polymeric systems using cross-linkers [58].
3.5. Glass transition dynamics

So far, the glass transition temperatures of HBPS-H and HBPS–DC
were discussed. Now, we examine the glass transition dynamics of
HBPS-H by DMA. Due to the necessity of a relatively large amount of
Fig. 9. (a) Temperature dependence of relaxation time for the aa-process in HBPS-H and PS
normalized by the reference temperature, at which s is equal to 100 s. The solid curves denote
samples for these measurements, we prepared the specimens using
samples that had not been fractionated. Fig. 8 shows the tempera-
ture dependence of the dynamic loss modulus (E00) for films of HBPS-
H with low and high Mw, such as lHBPS-H and hHBPS-H. The data for
the corresponding linear PSs are also presented. For the sake of
clarity, each data set was only plotted at a measurement frequency
(f) of 11 Hz. In all cases, the aa-absorption peak arisen from the
segmental motion was clearly observed, and the peak position
systematically shifted depending on the measurement frequency
(not shown). The absorption peak for lHBPS-H appeared at a lower
temperature than that of the corresponding PS by approximately
10 K. On the other hand, the aa-relaxation process for hHBPS-H
appeared to a higher temperature than that for the corresponding
linear PS. These results are entirely consistent with those found by
DSC presented in Fig. 2.

Fig. 9(a) shows the relation between temperature (T) and
relaxation time (s) for the aa-process in lHBPS-H, hHBPS-H and PS
films. The s value at T was simply calculated by 1/(2pf) at which E00

was maximized. The T–s relation for polymers is generally
expressed by the Vogel–Fulcher (VF) equation [59,60].

s ¼ s0expfB=ðT�TvÞg (2)

Here, Tv is Vogel temperature, at which viscosity diverges to
infinity; it is generally equal to Tg-50. The parameters s0 and B are
characteristic time related to molecular vibration, and activation
temperature, respectively. Using a s0 value of 10�14 s [61], and with
B and Tv as fitting parameters, equation (2) produced the solid
curves, which were in good agreement with the experimental
results. Table 3 summarizes the fitting parameters for the VF
analysis. In the case of linear PS, both the B and Tv values so
obtained were consistent with those reported values by other
experimental techniques such as dielectric relaxation spectroscopy
(DRS) [62]. In contrast, B for HBPS-H somewhat deviated from that
for PS. In addition, the Tv value for HBPS-H was slightly lower than
Tg-50 K, especially for lHBPS-H. These infer that the glass transition
dynamics of HBPS-H is essentially different from that of linear PS.

It is generally accepted that the characteristics of glass-forming
materials can be classified by a fragility index (m), which is closely
related to the slowing down of the segmental dynamics as the
temperature approaches the Tg [63,64]. If a substance is a strong
liquid, the relation of temperature to segmental relaxation time
shows an Arrhenius behavior. This means that the index becomes
smaller. However, when a substance is a polymeric material in
which the segmental motion is cooperative, its nature is fragile,
resulting in a higher value of m. In these experiments, the m value
can be extracted from the tangential line at s¼ 100 s, which closely
corresponds to the Tg [63–65], using:
films. (b) Relation between reciprocal temperature and relaxation time. The abscissa is
the best fit predicted by the Vogel–Fulcher equation using parameters shown in Table 3.



Table 3
Fitting parameters of VF analysis for HBPS-H and linear PS films.

Sample B/K Tv/K m

lHBPS-H 2000 306 106
lPS 1510 328 144
hHBPS-H 1750 323 125
hPS 1520 328 144

Fig. 10. Relationship between heat capacity change at Tg and fragility index for HBPS
and PS. Data reported by Roland et al. are also plotted in the figure.
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m ¼ d logðsÞ=d
�
Tg=T

�
(3)

To estimate m, s was re-plotted against the reciprocal absolute
temperature (1/T), which was normalized by the reference
temperature (Tref), defined at s¼ 100 s in Fig. 9(a). Fig. 9(b) shows
the results, a so-called Angell plot [63,64]. This plot clearly shows
that the (Tref/T)�s relations for two linear PSs with different Mw

were superimposed, meaning that the m values were almost the
same for both. The m values for lPS and hPS were equal to be 144,
which are in quantitative agreement with reported values [65]. On
the other hand, the (Tref/T)�s curves for lHBPS-H and hHBPS-H did
not overlap. In this case, the m values for lHBPS-H and hHBPS-H
were 106 and 125, respectively, being smaller than those for linear
PSs. It is interesting to note that, although the Tgs for lHBPS-H and
hHBPS-H were, respectively, lower and higher, than those of the
corresponding linear components, the m values for both lHBPS-H
and hHBPS-H were always smaller than that of PS with an equiv-
alent Mw. Invoking the idea that a smaller m means a less cooper-
ative segmental motion [66], we conclude that the segmental
motion for HBPS-H is less cooperative than that for the corre-
sponding linear PS, probably due to a lack of intermolecular
entanglements. This interpretation is similar to that invoked for the
segmental dynamics for linear PS with an Mw being smaller than
the entanglement limit [65,67].

Kwak et al. reported that hyper-branched poly(ether ketone) was
more fragile than the corresponding linear component [37]. This
was because the HBP was denser than the linear component [37],
meaning that their m value results incorporated not only a branch-
ing effect but also a packing effect. On the contrary, the density of
our HBPS-H measured by a conventional pycnometry was 1.046,
which is comparable to or less than that of linear PS. Hence, it is
likely that their reasoning for their fragility claim is not applicable in
our case. In addition, Roland et al. and Mano et al. studied the effect
of cross-linking on m using polymers gelated by cross-linkers, and
found that the m value increased with an increasing number density
of cross-linking points [68–70]. This seems to be quite reasonable;
given that they mixed a cross-linking agent into the polymerization
system, the network structure should be well developed over the
usual polymer dimensions. In contrast, the only network structure
in our HBPS-H is within a molecule, resulting in a lack of intermo-
lecular entanglements. Thus, it is conceivable that the size differ-
ence in the network structures caused an opposite cross-linking
effect on the m value in the observations of Roland et al. and Mano
et al. from that observed in this work. Furthermore, it should be
always kept in mind that HBPS-H may not truly resemble poly-
styrene. Introducing hyper-branching structure into a polymeric
molecule generates new structural features that can alter the
chemistry. Thus, as shown in Figs. 1 and 4, using DTCS as the
monomer to make HBPS introduces C–C and/or C–C–C units
between phenyl rings, rather than the single methylene link in PS.
Thus, for the moment, we are not able to exclude the possibility that
the discrepancy in the glass transition behavior between HBPS and
linear PS is controlled not only by branching and end group effects,
but also differences in chemical structure.

According to Angell’s argument, dynamic fragility should be
associated with the heat capacity change at Tg, namely DCp. This
notion claims that there is a positive correlation between m and
DCp, as demonstrated for nonpolymeric glass-forming liquids [71].
Huang and McKenna extended this idea, and proposed that there
is a fragility dilemma in glass-forming liquids [72]. They classified
m vs. DCp relations into three regimes, depending on how dynamic
fragility correlates with the equivalent thermodynamic property:
polymeric glasses with a negative correlation, organic small
molecules with no correlation, and inorganic glass-formers with
a positive one. To discuss further the effect of architecture on the
segmental dynamics, the relationship between dynamic and
thermodynamic fragilities for HBPS is directly compared with that
for PS. Fig. 10 shows the relation between DCp and m values for
HBPS and PS. The data for linear PS reported by Roland et al. [65]
are also plotted and exhibit a negative correlation between DCp

and m. Our data for linear PS followed similar typical behavior for
polymeric glasses [72]. On the other hand, in the case of HBPS, no
clear correlation seems to exist between DCp and m. This may be
a sign that HBPS can be regarded as small organic molecules
rather than entangled polymeric materials [72]. This speculation is
quite consistent with our experience that self-supporting films of
HBPS cannot be prepared. Further support for this supposition
comes from the consideration that a hyper-branching structure
prevents the formation of entanglements between neighboring
molecules due to the presence of shorter chains between
branching points as well as intramolecular cyclic portions. Such
a less entangled system would reduce the amount of cooperativity
in the segmental motion, as indicated by the experimental data in
Fig. 9. Again, it should be always kept in mind that the discrepancy
of glass transition dynamics between HBPS and linear PS may be
controlled by not simply the effect of its unique architecture, but
also by the differences in chemical structure.
4. Conclusions

If hyper-branched polystyrenes follow the general trend observed
for glass transitions, the Tg of HBPS should be lower than that of the
corresponding linear PS due to the dominant effects of chain end
portions. In fact, the bulk glass transition temperature of HBPS–DC
was lower than that of HBPS-H at a given Mw. However, two different
fractions of HBPS-H with an equivalent Mw showed Tg values that
were respectively higher and lower than that of the corresponding
linear PS. One possible reason for the Tg being higher than that of the
linear PS with a comparable Mw is if a cyclic structure is well
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developed in the hyper-branched molecule. A fragility analysis
implies that the segmental motion of HBPS was always less cooper-
ative than that of linear PS. Since a HBPS molecule possesses shorter
segments between branching points, as well as intramolecular cyclic
portions, unlike a linear PS with a higher Mw, intermolecular entan-
glements would not form among HBPS molecules. Thus, we conclude
that the glass transition dynamics of hyper-branched polymers is
controlled by not just chain end and branching effects, but also the
presence of intramolecular cyclization.
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