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Miscibility and Crystallization Behavior of Novel Branched Poly(ethylene

succinate)/Poly(vinyl phenol) Blends

Kang-Jing Zhang and Zhao-Bin Qiu”

State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China

Abstract The blends of novel branched poly(ethylene succinate) (b-PES) and poly(vinyl phenol) (PVPh) were prepared via a solution
and casting method. The miscibility, melting behavior, spherulitic morphology and growth, and crystal structure of b-PES/PVPh blends
were investigated in detail. PVPh was miscible with b-PES over the whole compositions as evidenced by the single composition
dependent glass transition temperature. Double melting behavior occurred in neat b-PES and b-PES/PVPh 85/15 blend after isothermal
melt crystallization, which may be explained by the melting, recrystallization, and remelting mechanism. In addition, the depression of
equilibrium melting point of an 85/15 blend was also found, confirming again the miscibility between the two components. The addition
of PVPh caused the decrease of nucleation density and crystal growth rates of b-PES spherulites in the blend. The crystal structure of b-
PES was unchanged before and after blending; moreover, the crystallinity of b-PES decreased slightly in the blend.
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INTRODUCTION

Traditional polymer products from fossil resources have
brought serious white pollution and plastic waste due to the
nondegradable nature. As a member of biodegradable and
biocompatible polymers, poly(ethylene succinate) (PES) has
drawn considerable attention in the field of environmentally
friendly materials. PES is able to degrade completely under
simple conditions; moreover, its monomer, succinic acid, can
be derived from natural resources. Many studies have re-
ported the melting behavior, crystallization kinetics, mor-
phology, and crystal structure of PES.'"®l In addition, some
PES-based polymer blends have been prepared to modify
the physical properties for extending the practical applica-
tions.”"1% Although blending is an efficient way to improve
the properties of polymeric materials, it may face the fact of
phase separation, which may not meet the practical requi-
rement.[' 12 In addition to physical polymer blends, copoly-
merization is also an effective chemical method to modify
the properties of PES by changing the structure units of
molecular chain. Many researchers have extensively reported
the crystalline morphology, crystallization kinetics, mecha-
nical properties, crystal structure, and degradation behaviors
of PES-based copolymers, such as poly(ethylene succinate-
co-propylene succinate), poly(ethylene succinate-co-butylene
succinate), poly(ethylene succinate-co-octamethylene succi-
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nate), poly(ethylene succinate-co-decamethylene succinate),
poly(ethylene succinate-co-ethylene adipate), and poly(ethy-
lene succinate-co-ethylene suberate).['32% In general, these
PES-based copolymers are linear aliphatic polyesters. How-
ever, novel branched polymers have opened a new way in
modification by introducing side chains, which may decrease
glass transition temperature and melting temperature.[>!~23]
In our previous work, two novel branched and random PES
copolymers containing 4.6 mol% and 9.6 mol% n-octyl pen-
dant group as side chains were synthesized through copoly-
merization with the comonomer of 1,2-decanediol. The glass
transition temperature, melting point, dynamic storage mo-
dulus values, and heat of fusion of branched PES copolymers
were lower than those of linear PES and decreased gradually
with increasing side chains content. The branched PES co-
polymers behaved as non-Newtonian fluid and had the same
crystal structures as linear PES, but degraded slower in the
alkaline environment than linear PES.[¢]

Poly(vinyl phenol) (PVPh), as a proton donor, offers ex-
cellent potential for hydrogen-bonding interactions with
proton acceptor polymers. PVPh is an amorphous polymer
with high glass transition temperature. Many researchers
have reported that PVPh is miscible with various polymers,
such as poly(e-caprolactone) (PCL), poly(L-lactide) (PLLA),
poly(butylene succinate) (PBS), poly(ethylene succinate)
(PES)poly(butylensuccinate-co-butylenadipateY PBSA)poly-
(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX),
poly(butylene succinate-co-butylene carbonate) (PBSC),
poly(butylene suberate) (PBSub), and poly(ethylene oxide)
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link.springer.com
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(PEO).27351 These polyesters all have carbonyl groups,
which can form hydrogen bonding interaction with the hy-
droxyl groups of PVPh, leading to the miscibility of these
polymer blends.

From the specific molecular interaction viewpoint of the
two components, b-PES may form novel miscible polymer
blends with PVPh. However, b-PES/PVPh blends have not
been reported so far. Therefore, the miscibility, melting be-
havior, morphology, and crystal structure of the novel crys-
talline/amorphous polymer blends were investigated in this
work. The research values and novelties of this research are
as follows. First, the miscibility, melting behavior, and mor-
phology of b-PES/PVPh blends were studied for the first
time to better understand the miscible crystalline/amorphous
blends with specific interaction. Second, this research should
be the first study on novel b-PES-based polymer blends.
Third, as a new polyester, the potential application with de-
sired properties of b-PES may be extended by polymer
blending from a practical viewpoint. This work should be an
important and interesting study on the miscibility and crys-
tallization behavior of biodegradable polymer blends, espe-
cially in branched polymer/PVPh blending systems.

EXPERIMENTAL

Materials and Preparation of b-PES/PVPh Blends

PVPh (My = 1.1 x 10* g/mol) was purchased from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. The branched and
random PES (My = 8.8 x 10* g/mol, M, = 5.9 x 10* g/mol)
containing 5 mol% 1,2-decamethylene succinate (DS) unit
was synthesized by our laboratory via a typical two-stage
(including esterification and polycondensation) melt conden-
sation method by using ethylene glycol, succinic acid, and
1,2-decanediol as the monomers (the molar feed ratio of
ethylene glycol/1,2-decanediol = 95/5) and tetrabutyl titanate
as the catalyst. The detailed preparation procedure is des-
cribed elsewhere and not shown here for brevity.[??! N,N-
dimethylformamide (DMF) was used as a mutual solvent.
Fig. 1 displays the chemical structures of b-PES and PVPh.

o o
/\/
{‘0 Mo M* *+H2C_CH+*
O n n

O
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Fig.1 Chemical structures of b-PES (left) and PVPh (right)

Neat and blended b-PES were prepared via a solution and
casting method. The preparation of b-PES/PVPh blends was
described as follows. First, b-PES/PVPh blends with various
weight ratios of 85/15, 70/30, 50/50, 30/70, and 15/85 were
dissolved in DMF at 50 °C through a continuous magnetic
stirring for 4 h. Second, the solutions were poured into petri
dishes to evaporate the solvent at room temperature for 24 h.
Third, the blend films were further transferred into a vacu-
um oven at 50 °C for 72 h to remove the residual solvent

completely. The blends with different weight ratios of the
two components were abbreviated as 85/15, 70/30, 50/50,
30/70, and 15/85, respectively. In addition, neat b-PES film
was prepared in a similar way.

Characterization

The miscibility and melting behaviors of neat and blended
b-PES were studied by using a TA instruments Q100
differential scanning calorimeter (DSC) with a Universal
Analysis 2000 software under nitrogen atmosphere. Each
fresh sample was around 4 mg. The samples were first heated
to 190 °C and held there for 3 min to erase any previous
thermal history. For the glass transition temperature (7y)
measurement, neat and blended b-PES were quenched to
—40 °C from the crystal-free melt at 60 °C/min, and the
subsequent DSC heating traces were recorded at 20 °C/min.
For the melting behavior study, the samples were cooled to
the chosen crystallization temperature at 40 °C/min, main-
tained for 1 h to ensure complete crystallization, and heated
again at 20 °C/min to study the subsequent melting behavior.
It should be emphasized that only the melting behavior of
neat b-PES and 85/15 blend was studied in this research,
because other samples crystallized too slow or even did not
crystallize when the weight fraction of PVPh was higher than
30% in the blends.

The spherulitic morphology of neat and blended b-PES
was investigated with a polarizing optical microscope (POM)
(Olympus BX51) equipped with a Linkam THMS 600 hot
stage. The samples were cooled at 60 °C/min to isothermal
crystallization temperature from the crystal-free melt after
erasing any thermal history.

The crystal structures of neat and blended b-PES were
studied with a Rigaku D/Max 2500 VB2t/PC X-ray dif-
fractometer at 40 kV and 200 mA using a speed of 5 (°)/min
from 5° to 45° at room temperature. The samples for the
wide angle X-ray diffraction (WAXD) experiments were
first pressed into films of about 1 mm in thickness from the
crystal-free melt on a hot stage at 130 °C and then trans-
ferred into a vacuum oven at 65 °C for 72 h.

RESULTS AND DISCUSSION

Miscibility Study of b-PES/PVPh Blends

It is one of the most efficient methods to evaluate the mis-
cibility of polymer blends through the 7 study, when the dif-
ference in Tgs of the two neat components is over 20 °C. If
they are miscible, only one single composition dependent T
will exist between those of the two neat components. If they
are partially miscible or immiscible, two 7gs from the two
components will be detected. The miscibility of binary crys-
talline/amorphous b-PES/PVPh blends was first studied with
DSC. Fig. 2 shows the DSC thermograms of neat b-PES,
neat PVPh, and their blends with different compositions. As
introduced in the experimental part, all samples were quen-
ched from the melt state, and the 7 values were measured at
a heating rate of 20 °C/min from the amorphous state. Neat
b-PES showed the lowest Ty of —10.9 °C, while neat PVPh
had the highest one of 170.7 °C. The difference in 7y bet-
ween b-PES and PVPh was about 180 °C. The b-PES/PVPh
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blends had a single composition dependent 7 between those
of the two neat components, which increased with the in-
crease of PVPh content, indicating that b-PES/PVPh blends
were miscible. The hydrogen bonding interaction between
the hydroxyl groups of PVPh and the carbonyl groups of
b-PES should be responsible for the good miscibility of
b-PES/PVPh blends, which will need further investigation in
the forthcoming research. Neat b-PES showed an obvious
melting peak at about 95.4 °C, which slightly shifted down-
ward to 94.9 °C in the 85/15 blend and could not be detected
for the other samples with high PVPh compositions. This
phenomenon indicated that the crystallization of b-PES was
restrained by the dilution of amorphous PVPh, especially at
high PVPh content in the blends.

[ 1 W/g

100/0
. 85/15
= | 70130
§ | 50/50
' 30/70
i 15/85
= 0/100

.

20 0 20 40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 2 The Tg measurement of b-PES/PVPh blends with DSC at a
heating rate of 20 °C/min from the amorphous state (The arrow
shows the melting peak of the 85/15 blend.)

The dependence of 7, on the weight fraction in PVPh in b-
PES/PVPh blends is shown in Fig. 3. The solid line in Fig. 3
is based on the Fox equation, which has often been used to
predict the variation of T, of miscible blends with the blend
composition:

1w W
M, " (1)
T, Tga To
where Tg1 and T2 are the respective Tes, and W1 and W are
the weight fractions of the neat components, respectively.[>¢]

175

150
125
100

T, (°C)
v

0 20 40 60 80 100

Weight fraction of PVPh (%)

Fig. 3  Variation of Ty with the weight fraction of PVPh for b-
PES/PVPh blends (The solid line is based on the Fox equation.)

Fig. 3 clearly demonstrates that 7, of the blends increased
with the increasing weight fraction of PVPh; however, the
increased 7, showed different blend composition depend-
ence. When the weight fraction of PVPh was lower than
50%, T, of the blends increased slightly from —10.9 °C for
neat b-PES to 16.6 °C for 50/50 blend. In addition, the meas-
ured 7, values were all lower than those predicted by the Fox
equation, indicating a negative deviation. This kind of devi-
ation implies that the hydrogen bond interaction between the
carbonyl of b-PES and the hydroxyl of PVPh may be rather
weak. When the weight fraction of PVPh was higher than
70%, T, of the blends increased abruptly from 16.6 °C for
50/50 blend to 104.9 °C for 30/70 blend. By merely increas-
ing the weight fraction of PVPh from 50% to 70%, the in-
crease in 7, was almost 90 °C. In addition, the measured 7,
values were very close to those fitted by the Fox equation
when the weight fraction of PVPh was higher than 70%. The
blend composition played an important role in affecting the
T, values of b-PES/PVPh blends, which may arise from the
different hydrogen bond interaction strengths between com-
ponents within different blend composition ranges. When the
weight fraction of PVPh was 70% and above, the interaction
was strong, and the 7, values of the blends were well fitted
by the Fox equation. On the other hand, when the weight
fraction of PVPh was 50% and below, the measured 7,
values of the blends were lower than those predicted by the
Fox equation because of the weak interaction. The strong in-
teraction would lead to high 7, values, while the weak inter-
action would lead to low T, values. Such phenomenon was
also reported in PHBHHx/PVPh blends.32] The dependence
of T, values on blend compositions is common in blending
systems. Penning et al. once reported that the 7, values of
poly(vinylidene fluoride)/poly(1,4-butylene adipate) (PVF,/
PBA) blends displayed a sigmoidal curve with composi-
tion.[37) In brief, the deviation of 7, values was dominated by
the more abundant blend component.

Melting Behavior and Equilibrium Melting Point Study
of b-PES/PVPh Blends

In addition to the single composition dependent 7y, the de-
pression of the equilibrium melting point temperature of
crystalline component is another powerful evidence of mis-
cibility with amorphous component in miscible crystalline/
amorphous polymer blends.*8% Therefore, the melting be-
havior of neat and blended b-PES was studied in this section
to determine the equilibrium melting point temperatures.

Fig. 4 displays the subsequent melting behavior of an
85/15 blend after crystallizing at various 7T s for 1 h, from
which two melting endothermic peaks were observed. The
lower melting peak temperature (7,,;) shifted upward to a
higher temperature with increasing 7, while the higher melt-
ing peak temperature (7,,,) was almost unchanged. As shown
in Fig. 4, T, increased gradually from 80 °C to 85.5 °C,
while T, was maintained at about 95 °C. Similar pheno-
menon also occurred in neat b-PES. The ratio of the area of
T to that of T,,, increased with increasing 7; moreover,
the two melting peaks were found to approach each other
gradually. Such double melting behavior may be explained
by the melting, recrystallization, and remelting mechani-
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sm.[40-421 According to this mechanism, T,,,; was the melting
point of the crystals formed at 7, during isothermal crystal-
lization prior to the heating scan in DSC, while 7,,, was ori-
ginated from the melting of the crystals formed through re-
crystallization at 7 in the subsequent heating process.

m2

m! 45°C

50 °C
55°C

L~ N\ e0°C)

Heat flow
Endo

70 80 90 100 110 120
Temperature (°C)

Fig. 4 Subsequent melting behavior of 85/15 blend at heating rate
of 20 °C/min after crystallizing at indicated 7¢ values for 1 h

To confirm the mechanism proposed above, the heating
rate dependence of the double melting behavior of an 85/15
blend was further investigated with DSC. Fig. 5 illustrates
the double melting behavior of the 85/15 blend at different
heating rates from 5 °C/min to 20 °C/min after crystallizing
at 55 °C for 1 h. As clearly shown in Fig. 5, T}, increased
while 7;,, decreased with the increasing heating rate. In ad-
dition, the ratio of the area of T,,; to that of T, became
greater with the increasing heating rate. In other words, the
recrystallization was restricted with the increasing heating
rate. The results shown in Figs. 4 and 5 indicate that the
double melting behavior of neat and blended b-PES should
be attributed to the melting, recrystallization, and remelting
processes; therefore, T,,,; was used for the estimation of equi-
librium melting point.

Heat flow
Endo

20 °C/min

10 °C/min

5 °C/min
70 80 90 100 110 120

Temperature (°C)

Fig. 5 Heating rate dependence of double melting behavior of an
85/15 blend after crystallizing at 55 °C for 1 h

Hoffman and Weeks proposed the following relationship
between apparent melting point (7,,,) and 7:

Toy=nTc+ (1- T.) Tmo 2

where Tm° is the equilibrium melting point, and # can be
regarded as a measure of the stability, i.e., the lamellar
thickness, of the crystals undergoing the melting process.!*!

Fig. 6 displays the Hoffman-Weeks plot for the estima-
tion of 7,,° of an 85/15 blend. From Fig. 6, T,,° was deter-
mined to be 99.5 °C for 85/15 blend. Similarly, 7,,° was
found to be 102.9 °C for neat b-PES. For simplicity, the
Hoffman-Weeks plot for the estimation of 7,,,° of neat b-PES
was omitted. 7,,° of 85/15 blend was lower than that of neat
b-PES. The depression in 7,,,° of the 85/15 blend confirmed
again the good miscibility between crystalline b-PES and
amorphous PVPh.[3] Similar results have also been repor-
ted for some other miscible crystalline/amorphous polymer
blends.[27732]

120

85/15
110

100
90 |
80 |

Ty (°C)

70
60 |
50

40 1 1 1 1
40 50 60 70 80 90

7. (O

100 110 120

Fig. 6 Hoffman-Weeks plot for the estimation of equilibrium
melting point of an 85/15 blend

Spherulites Morphology and Growth Rates of Neat and
Blended b-PES

In the above sections, the miscibility, double melting beha-
vior, and equilibrium melting point temperature of b-PES/
PVPh blends were studied by DSC in detail. As spherulitic
morphology and growth may influence the physical proper-
ties and biodegradation, they were further investigated with
POM for neat and blended b-PES in this section. Fig. 7 pre-
sents the POM images of neat and blended PES after crys-
tallizing at 50 °C and filling the whole space.

As displayed in Fig. 7, both neat b-PES and its blend
could form regular spherulites with typical Maltese-cross
feature. From the POM micrographs, the average radius was
around 50 and 100 um for neat and blended b-PES spheru-
lites, respectively. The size of spherulites became larger by
blending with 15% of PVPh at the same crystallization tem-
perature. The decrease of nucleation density of spherulites
indicated that the crystallization of b-PES was diluted by
amorphous PVPh in the blend. Fig. 7 shows that the spheru-
lites continued growing until they collided with each other
and finally filled all the space, suggesting that PVPh com-
ponent was expelled into the interlamellar and interfibrillar
regions of b-PES spherulites.

The growth rates were further studied by measuring the ra-
dius of spherulites with crystallization time for neat b-PES
and 85/15 blend at various 7, values and are shown in Fig. 8.
Both the samples exhibited bell shape curves for the growth

https://doi.org/10.1007/S10118-019-2269-1
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b 50 pm

Fig. 7  Spherulites of (a) 100/0 and (b) 85/15 samples after
crystallizing at 50 °C and filling the whole space

100/0

G (um/min)
2
o

Q

5 85/15
121 ° o

4.0 4.5 5.0 5.5 6.0 6.5
T, (O
Fig. 8 Plots of G with T for neat and blended b-PES

rates in the T, range of 40 °C to 65 °C. With increasing T,
the G values of neat and blended b-PES first increased and
then decreased after they reached the maximum. From
Fig. 8, the spherulites of neat b-PES grew faster than those of
its blend at the same 7. For instance, the G values were 2.92
and 1.42 pm/min for neat b-PES and 85/15 blend, respect-
ively, at T, of 50 °C. The spherulitic growth rate of the 85/15
blend was significantly lower than that of neat b-PES. The
reduction in G values of the blend may be related to the fol-
lowing factors: the restricted mobility of b-PES polymer
chains after blending with the high 7, PVPh component, the
weaker thermodynamic driving force for the growth of
spherulites caused by the depression of equilibrium melting
temperature, and the dilution of amorphous PVPh content in
the blend. In brief, both the aforementioned DSC and POM
results revealed that blending with PVPh reduced the crystal-
lization ability of b-PES in the 85/15 blend.

Crystal Structure Study of Neat and Blended b-PES

WAXD experiments were carried out to further study the
crystal structures of neat b-PES and its blend. Fig. 9 shows
the WAXD patterns of neat b-PES and 85/15 blend, which
were isothermally crystallized at 65 °C for 72 h. As shown in
Fig. 9, both neat and blended b-PES exhibited almost the
same diffraction peaks at nearly the same locations; more-
over, two main diffraction peaks were observed at 26 of
around 20.1° and 23.2°, corresponding to the (021) and (200)
planes of b-PES, respectively.l?] This result indicated that
blending with amorphous PVPh did not modify the crystal
structure of b-PES. In addition, the crystallinity values were
about 36% for neat b-PES and 28% for 85/15 blend on the
basis of the WAXD patterns, suggesting that blending with
amorphous slightly decreased the crystallinity of b-PES.

(021
(200)

85/15

Intensity

100/0

0 15 20 25 30 35 4 45
20 (°)

Fig. 9 WAXD patterns of neat and blended b-PES crystallized at

65°Cfor72h

W

CONCLUSIONS

In this work, novel degradable branched PES/PVPh blends
were prepared through a solution and casting method. The
miscibility, melting behavior, spherulitic morphology and
growth, and crystal structure of b-PES/PVPh blends were
investigated by DSC, POM, and WAXD in detail. Crystalline
b-PES was found to be miscible with amorphous PVPh over
the entire compositions as evidenced by the single compo-
sition dependent glass transition temperature. The depression
of the equilibrium melting point of 85/15 blend was another
evidence to further support the miscibility of the two com-
ponents. Double melting behavior was found for both neat
b-PES and 85/15 blend after they finished the isothermal
crystallization from the melt, which may be explained by
the melting, recrystallization, and remelting mechanism.
Through the Hoffman-Weeks equation, the equilibrium mel-
ting point temperatures of neat and blended b-PES were de-
termined. The depression of the equilibrium melting point
temperature in the blend confirmed again the miscibility
between the two components. The spherulitic morphology
and growth rates of neat and blended b-PES were studied
with POM in a wide crystallization temperature range. The
size of the spherulites of 85/15 blend became larger than that
of neat b-PES, indicative of a decrease in the nucleation
density. Moreover, the spherulitic growth rate of 85/15 blend
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was lower than that of neat b-PES at the same crystalliza-
tion temperature. The reduction of spherulitic growth rate
of the blend was attributed to its increased glass transition
temperature, decreased equilibrium melting point tempera-
ture, and the dilution effect of amorphous component. The
WAXD results illustrated that the crystal structure of b-PES
was not modified by blending with PVPh, and the crystal-
linity decreased slightly after crystallized at 65 °C for 72 h,
as revealed by the WAXD measurement.
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