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Abstract: Novel biodegradable branched poly(ethylene succinate) (b-PES) composites, i.e., nucleated
b-PES samples, were prepared by incorporating low loadings of cyanuric acid (CA) through a
solution and casting method to enhance the crystallization rate. As an efficient nucleating agent,
CA could remarkably increase the nonisothermal melt crystallization peak temperature, shorten
the crystallization half-time, accelerate the overall isothermal melt crystallization, and enhance
the nucleation density of b-PES spherulites in the composites. Despite the addition of CA, the
crystallization mechanism and crystal structure of b-PES remained unchanged. A possible epitaxial
crystallization mechanism may account for the nucleation of b-PES crystals induced by CA.
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1. Introduction

Poly(ethylene succinate) (PES) is one of the most promising biodegradable aliphatic
polyesters, showing similar physical properties to those of polyethylene and polypropy-
lene [1]. Many researchers have already extensively reported the fundamental studies with
regard to PES, including crystal structure, crystallization, morphology, melting behavior,
and enzymatic degradation [2–10]. To meet various practical application requirements,
some PES-based copolymers have been further designed and synthesized [11–17]. PES
may be synthesized from ethylene glycol and succinic acid via a classical two-step melt
polycondensation reaction; therefore, some novel PES-based copolymers have been pre-
pared by introducing the third diol or diacid comonomer during the synthesis process. In
literature, the synthesis, thermal properties, crystallization, and degradation behavior of
some random linear PES-based copolymers have extensively been reported [11–17]. The
structure and properties of these novel PES-based copolymers are directly influenced by
both the chemical structure and the composition of the novel third comonomer.

It should also be emphasized that the above PES-based copolymers are all linear
aliphatic polyesters. Compared with the linear copolymers, branched PES copolymers
have seldom received enough attention [18]. The introduction of short or long side chains
(branches) usually affects the structure symmetry of the main chain of the homopolymer
and causes the depression of thermal properties; consequently, the physical properties of
biodegradable polymers, especially the mechanical properties and degradation behavior,
may be further adjusted [18–23]. We recently reported the synthesis, thermal properties,
mechanical properties, and hydrolytic degradation of novel n-octyl branched PES (b-PES)
copolymers, which were prepared through the copolymerization of ethylene glycol and
succinic acid in the presence of the comonomer of 1, 2-decanediol. The chain branching
gradually decreased the glass transition temperature, melting point, and dynamic storage
modulus of branched PES copolymers; moreover, they degraded more slowly than linear
PES in the alkaline environment [18]. In addition, the chain branching also reduced the
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crystallinity and crystallization of b-PES. The slow crystallization rate of b-PES should be
enhanced from a polymer processing viewpoint to shorten the processing time; moreover,
the increased crystallinity will in turn affect the physical properties, including both me-
chanical properties and biodegradation, and influence practical application. The utilization
of nucleating agent is an efficient way to increase the crystallization rate; however, such
study has not been performed till now.

As a small molecule compound, cyanuric acid (CA) is one of the most efficient nucle-
ating agents for some biodegradable polyesters, such as poly(3-hydroxybutyrate), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate),
poly(L-lactide) (PLLA), poly(butylene adipate), and poly(ε-caprolactone) (PCL) [24–27].
Low loading of CA remarkably increased the nonisothermal melt crystallization peak tem-
perature (Tp), nucleation density of spherulites, and overall isothermal melt crystallization
rate of the above polyesters, indicating its efficient nucleating agent feature [24–27]. For
instance, at a cooling rate of 5 ◦C/min, 0.3 wt% of CA increased the Tp of PLLA by 14.3 ◦C,
while 0.2 wt% of CA increased that of PCL by 7.5 ◦C [25,27].

In this research, b-PES/CA composites were prepared through a solution and casting
method at low CA loadings. The crystallization, morphology, and crystal structure of
b-PES/CA composites were studied and compared with those of neat b-PES. The aims of
this work are as follows: One, to explore whether CA may promote the crystallization of
b-PES as an efficient nucleating agent. Two, to discuss the possible nucleation mechanism.
From the results, CA is really an efficient nucleating agent for b-PES. From both polymer
crystallization and polymer processing viewpoints, this research should be of interest and
importance, as a low content of CA can increase the slow crystallization rate and promote
the practical application of novel branched b-PES.

2. Experimental Section

Through a typical two-stage polymerization method, the random b-PES sample used
in this study (Mw = 8.8 × 104 g/mol, Mn = 5.9 × 104 g/mol, 5 mol% 1, 2-decamethylene
succinate (DS) unit) was synthesized by our laboratory [18]. CA was bought from Sigma-
Aldrich (Shanghai, China) Trading Co., Ltd. The chemical structures of b-PES and CA are
illustrated in Figure 1.

Figure 1. Chemical structures of b-PES (left) and CA (right).

The preparation process of the b-PES/CA composites was similar to those of PLLA/CA
and PCL/CA composites in literature [25,27]. For simplicity, the composites containing 0.1
and 0.2 wt% CA were abbreviated as b-PES/CA0.1 and b-PES/CA0.2, respectively.

The nonisothermal and isothermal melt crystallization behaviors of neat b-PES and
b-PES/CA composites were studied under nitrogen atmosphere with a TA instruments
Q100 differential scanning calorimeter (DSC). A fresh sample of about 5 mg was weighed
for each test; furthermore, the previous thermal history of the sample was firstly erased by
heating to 130 ◦C and holding there for 3 min to reach the crystal-free melt.

The spherulitic morphologies of neat and nucleated b-PES were observed with a
polarizing optical microscope (POM) (Olympus BX51) equipped with a Linkam THMS
600 hot stage.
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The crystal structures of neat and nucleated b-PES were investigated at room tempera-
ture from 5◦ to 45◦ at 5 ◦/min with a Rigaku D/Max 2500 VB2t/PC X-ray diffractometer at
40 kV and 200 mA.

3. Results and Discussion
3.1. Influence of CA on the Nonisothermal and Isothermal Melt Crystallization Behaviors of b-PES

The influence of CA on the nonisothermal and isothermal melt crystallization behav-
iors of b-PES was studied with DSC under different crystallization conditions.
Figure 2 shows the nonisothermal melt crystallization behavior of neat and nucleated
b-PES at 5 ◦C/min. Both neat b-PES and b-PES/CA0.1 presented broad crystallization
exothermic peaks, while b-PES/CA0.2 displayed a narrow one. Relative to that of neat
b-PES, the crystallization exothermic peaks of b-PES/CA composites shifted upward to
higher temperature range, suggesting that low content of CA obviously enhanced the non-
isothermal melt crystallization behavior of b-PES. As demonstrated in Figure 2, neat b-PES
had a Tp of 33.4 ◦C with a crystallization enthalpy (∆Hc) of 10.7 J/g. For the composites,
CA apparently influenced the Tp and ∆Hc values of b-PES. For b-PES/CA0.1, Tp and ∆Hc
increased to 43.1 ◦C and 11.5 J/g, respectively, while they remarkably increased to 52.3 ◦C
and 30.4 J/g, respectively, for b-PES/CA 0.2.

Figure 2. Nonisothermal melt crystallization behavior of neat and nucleated b-PES at a cooling rate
of 5 ◦C/min.

The degree of crystallinity (Xc) of b-PES was calculated using the follow Equation (1):

Xc =
∆Hc

φ∆Ho
m

× 100 % (1)

where φ is the weight fraction of the b-PES in the composites, and ∆H0
m is the melting

enthalpy of a 100% crystalline of b-PES. As the ∆H0
m value of b-PES is not available so

far, the ∆H0
m value of PES (180 J/g) was used in this work [28]. By using the above ∆Hc

values, the Xc values were calculated to be 6.0%, 6.4%, and 16.9%, respectively, for neat
b-PES, b-PES/CA0.1, and b-PES/CA0.2, respectively. All the acquired data are listed in
Table 1 for comparison. In brief, the nonisothermal melt crystallization behavior of b-
PES was apparently promoted by CA, indicating an efficient nucleating agent effect. In
particular, the nonisothermal melt crystallization behavior of b-PES was significantly
enhanced at a CA loading of 0.2 wt% as evidenced by the increased Tp, ∆Hc, and Xc values
in the composite, compared with those of neat b-PES.
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Table 1. Summary of some parameters of neat and nucleated b-PES during the cooling process.

Samples b-PES b-PES/CA0.1 b-PES/CA0.2

Tp (◦C) 33.4 43.1 52.3
∆Hc (J/g) 10.7 11.5 30.4

Xc (%) 6.0 6.4 16.9

The overall isothermal melt crystallization kinetics of b-PES and its composites was
further studied with DSC at different Tcs ranging from 55 to 70 ◦C. Figure 3 shows the plots
of relative crystallinity versus crystallization time for neat b-PES and b-PES/CA0.2. For
simplicity, the plots of b-PES/CA0.1 were not shown here. As illustrated in
Figure 3, crystallization time prolonged with increasing crystallization temperature (Tc) for
both neat b-PES and b-PES/CA0.2, as the nucleation should become difficult at higher Tc
due to the smaller degree of supercooling. At the same Tc, b-PES/CA 0.2 needed shorter
time to complete the isothermal melt crystallization than neat b-PES, indicating that the
addition of a low content of CA significantly accelerated the crystallization process of
b-PES. For instance, it took neat b-PES about 50 min to complete crystallization at 70 ◦C,
while it only required around 14 min for b-PES/CA 0.2 to finish crystallization at the
same Tc.

Figure 3. Plots of relative crystallinity versus crystallization time for (a) neat b-PES and (b) b-
PES/CA0.2.
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The overall isothermal melt crystallization kinetics of neat b-PES and its composites
was further analyzed by the classical Avrami equation, which describes the variation of
relative crystallinity (Xt) with crystallization time (t) as follows in Equation (2):

1 − Xt = exp(-ktn) (2)

where k is the crystallization rate constant, involving both nucleation and growth rates of
the crystals, and n is the Avrami exponent, relating to crystallization mechanism, i.e., the
nucleation type and geometry of the crystals [29,30]. Figure 4 displays the Avrami plots of
neat b-PES and b-PES/CA0.2. All the Avrami plots exhibited almost parallel straight lines,
demonstrating that the Avrami equation well described the crystallization process of the
samples within the studied Tc range.

Figure 4. Avrami plots for (a) neat b-PES and (b) b-PES/CA0.2.
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Table 2 summarizes the n and k values of all the three samples within the investigated
Tc range for further comparison. From Table 2, the n values slightly varied from 1.9 to 2.6,
indicating that both neat and nucleated b-PES crystallized through the same crystallization
mechanism, regardless of Tc [31]. In addition, the k values decreased with an increasing
of Tc for each sample. Through the following equation, crystallization half-time (t0.5) was
calculated in Equation (3):

t0.5 = (ln 2/k)1/n (3)

Table 2. Summary of the Avrami parameters of neat and nucleated b-PES during the isothermal
melt crystallization.

Tc (◦C) n k (min−n) t0.5 (min)

Neat b-PES

55 2.5 8.07 × 10−3 5.94
60 2.5 4.97 × 10−3 7.21
65 2.6 1.33 × 10−3 11.08
70 2.5 2.57 × 10−4 23.58

b-PES/CA0.1

55 1.9 2.92 × 10−1 1.58
60 2.0 1.61 × 10−1 2.08
65 2.1 4.72 × 10−2 3.59
70 1.9 2.15 × 10−2 6.22

b-PES/CA0.2

55 2.2 2.88 × 10−1 1.49
60 2.5 1.26 × 10−1 1.98
65 2.1 5.62 × 10−2 3.31
70 2.3 1.17 × 10−2 5.89

The calculated t0.5 values are also listed in Table 2 for comparison. For each sample,
t0.5 obviously increased with increasing Tc, suggesting slower crystallization rate at higher
Tc. At the same Tc, t0.5 significantly decreased with an increase in CA content, indicating
that CA accelerated the isothermal melt crystallization process of b-PES in the composites.
Moreover, t0.5 of b-PES/CA 0.2 was slightly smaller than that of b-PES/CA 0.1 at the
same Tc, revealing that the effect of CA on the enhanced crystallization rate of b-PES
leveled off when the loading was up to 0.2%. Figure 5 displays the plots of 1/t0.5 versus
Tc for neat b-PES and its composites. The greater 1/t0.5, the faster crystallization rate. As
clearly depicted in Figure 5, 1/t0.5 gradually decreased with the increase of Tc for neat and
nucleated b-PES. At a given Tc, the 1/t0.5 values of nucleated b-PES were always obviously
greater than that of neat b-PES, demonstrating the accelerated crystallization process of
b-PES induced by the presence of CA. The plots of b-PES/CA0.1 and b-PES/CA0.2 were
close to each other; moreover, the plot of b-PES/CA0.2 was only slightly higher than
that of b-PES/CA0.1, suggesting that the nucleation effect of CA may reach saturation in
b-PES/CA 0.2.

Figure 5. Variations of 1/t0.5 with Tc for neat and nucleated b-PES.
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3.2. Spherulitic Morphology and Crystal Structure Studies of Neat and Nucleated b-PES

To provide direct evidence of the nucleating agent effect of CA, the spherulitic mor-
phology of neat b-PES and its composites was studied in this section with POM. Figure 6
displays the spherulites of neat and nucleated b-PES after completely crystallizing at 60 ◦C.
For both neat b-PES and its composites, quite a number of spherulites were observed. Com-
pared with that of neat b-PES, CA significantly decreased the size of b-PES spherulites and
increased the number of spherulites in the composites, thereby increasing the nucleation
density of b-PES spherulites. However, the difference in the size and number of b-PES
spherulites seemed not so big on increasing the CA loading from 0.1 to 0.2%, suggesting
again that the nucleation effect tended to level off.

Figure 6. Spherulites of (a) neat b-PES, (b) b-PES/CA0.1 and (c) b-PES/CA0.2 after isothermal melt crystallization at 60 ◦C.

The effect of CA on the crystal structure of b-PES was further investigated. Figure 7
shows the wide angle X-ray diffraction (WAXD) profiles of neat and nucleated b-PES after
isothermally crystallizing at 60 ◦C for 72 h. As clearly shown in Figure 7, all samples showed
similar WAXD profiles, suggesting that CA did not change the crystal structure of b-PES.
For neat b-PES, two main diffraction peaks appeared at 19.60◦ and 22.67◦, corresponding
to planes (021) and (200) of b-PES crystals, respectively [1]. For b-PES/CA0.1, the two
diffraction peaks were observed at 20.10◦ and 23.23◦, respectively. For b-PES/CA0.2, they
appeared at 2θ = 20.22◦ and 23.35◦, respectively. With increasing CA loading, the two
diffraction peaks slightly shifted upward to a higher 2θ range, suggesting the variation in
unit cell parameters. In brief, the incorporation of CA did not change the crystal structure
of b-PES, despite the slight variation in unit cell parameters.

Figure 7. WAXD patterns of neat and nucleated b-PES after crystallizing at 60 ◦C.
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Based on the above results, only a small amount of CA significantly enhanced the
crystallization rate of b-PES by acting as an efficient nucleating agent. From both polymer
crystallization and practical application viewpoints, the nucleation mechanism of b-PES
induced by CA was further discussed. So far, the exact nucleation mechanism is still uncer-
tain. One possible nucleation mechanism was proposed based on the crystal structures of
b-PES and CA. The crystal structure of b-PES was an orthorhombic unit cell with lattice
parameters of a = 0.760 nm, b = 1.075 nm, and c = 0.833 nm [2], while a monoclinic unit
cell with lattice parameters of a = 0.775 nm, b = 0.674 nm, c = 1.191 nm, and β = 130.7◦ was
determined for that of CA [32]. The a values of both b-PES and CA were close to each other;
consequently, the mismatching was smaller than 2%. Therefore, b-PES crystals probably
grow on the surface of CA crystals via a possible epitaxial crystallization mechanism, which
needs further investigation [22–25].

4. Conclusions

The effect of CA on the significantly enhanced crystallization rate of novel branched
biodegradable b-PES as an efficient nucleating agent was studied for the first time in this
research. Through a solution and casting method, b-PES/CA composites, i.e., nucleated
b-PES samples, were prepared at low CA loadings. During the nonisothermal melt crystal-
lization, CA obviously increased the nonisothermal melt crystallization peak temperature;
therefore, the nonisothermal melt crystallization behavior of b-PES was remarkably en-
hanced in the composites. CA significantly increased the isothermal crystallization rate of
b-PES but did not change the crystallization mechanism. The increase in CA loading from
0.1 to 0.2% did not apparently further increase the crystallization rate of b-PES, indicating
that the enhancement effect tended to level off. The spherulitic morphology study directly
confirmed the nucleating agent effect of CA, as the nucleation density of b-PES spherulites
increased significantly in the composites. In the composites, CA did not change the crystal
structure of b-PES despite the slight variation of the lattice parameters. Based on the
crystal structures of b-PES and CA, the nucleation of b-PES crystals induced by CA was
discussed via a possible epitaxial crystallization mechanism. The practical application of
novel biodegradable b-PES may be promoted by CA as an effective nucleating agent from
the viewpoints of polymer processing and polymer crystallization.
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