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A B S T R A C T   

The zinc bicyclo [2.2.1]-heptane-2, 3-dicarboxylate-double-decker silsesquioxanes (Zn2(DDSQ-ND)) was firstly 
synthesized and the crystallization behavior of isotactic polypropylene (iPP) filled with different amount of 
Zn2(DDSQ-ND) (0–1 wt %) was investigated in detail. With the addition of Zn2(DDSQ-ND), the crystallization 
temperature enhanced significantly, indicating that it acted novel and effective nucleating agent in the iPP 
system. The morphology of spherulites, nucleation density, and the crystal structure of the samples were char
acterized using POM and WAXD. Besides, ultra-fast scanning calorimetry (FSC) was employed to study the effects 
of Zn2(DDSQ-ND) on the non-isothermal and isothermal crystallization behaviors of the sample iPP/Zn2(DDSQ- 
ND) under the high cooling rates and wide crystallization temperature ranges, as well as the cold crystallization 
and recrystallization behavior during the heating process. The data suggested that Zn2(DDSQ-ND) accelerated 
the formation of α-phase iPP and acted as a novel α-nucleating agent in the iPP system.   

1. Introduction 

Isotactic polypropylene (iPP) is an important commercial resin and 
has been widely used in many scopes such as packaging, machinery, 
transportation, electrical field due to its excellent performance [1]. To 
further expand its application, the method of physical blending or 
copolymerization is usually conducted to modify iPP. As a typical 
semi-crystalline polymer, the properties of iPP largely depend on crys
tallization behavior [2–5]. The addition of a nucleating agent (NA) 
through physical blending is one of the most popular and cost-efficient 
ways to accelerate the crystallization process and modify the proper
ties of iPP. NA can increase the crystallization temperature and reduce 
the crystals size of the polymer, which leads to a general improvement of 
processability and mechanical properties of the final product [6–10]. 
Nowadays, the development of high-efficiency NA for semi-polymer is 
still an attractive research direction in industry and academia. 

Polyhedral oligomeric silsesquioxanes (POSS) are organic-inorganic 
hybrid nano-particles, which have attracted great attention in recent 
years as novel nanofillers [11]. It has the empirical formula of (RSiO1.5)n 

where R is an active or inert organic group covalently attached to 
inorganic Si–O core [12,13]. Due to the great flexibility of its structures, 
POSS has attracted much attention in the field of polymer modification 
[14–16]. The introduction of POSS can greatly improve the properties of 
the polymer, such as mechanical properties, thermal stability, 
thermo-oxidative resistance, decreased flammability, and viscosity [17, 
18]. The different cage structures and functional groups around the core 
result in a wide variety of POSS. So far, there are more than one hundred 
kinds of commercialized POSS. Besides, it is reported that POSS can act 
as a nucleating agent for semi-crystalline polymers and accelerate the 
crystallization process [11,19–22]. It is well-known that the functional 
groups of POSS significantly affect its nucleation efficiency in polymer 
matrixes [21,23,24]. In the literature, the molecular structure contain
ing metal carboxylate is frequently reported as an effectively nucleating 
agent for iPP, such as zinc phthalate [25], zinc adipate [26], Al-PTBBA 
[27], and carboxylated graphene/calcium pimelate [28]. However, the 
potential of POSS with bicyclo [2.2.1]-heptane-2,3-dicarboxylate func
tional group as an effective nucleating agent has not been explored. In 
our study, it was first synthesized and its effect on the crystallization 

* Corresponding author. 
E-mail address: xzh@ecust.edu.cn (Z. Xin).  

Contents lists available at ScienceDirect 

Polymer 

journal homepage: http://www.elsevier.com/locate/polymer 

https://doi.org/10.1016/j.polymer.2021.123574 
Received 24 November 2020; Received in revised form 22 February 2021; Accepted 25 February 2021   

mailto:xzh@ecust.edu.cn
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2021.123574
https://doi.org/10.1016/j.polymer.2021.123574
https://doi.org/10.1016/j.polymer.2021.123574
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2021.123574&domain=pdf


Polymer 220 (2021) 123574

2

behavior with iPP was focused analyzed here. 
Besides, the nucleating efficiency of NA largely depends on the 

cooling rate and the temperature of crystallization [29,30]. The 
ultra-fast scanning calorimetry (FSC) can provide us a better under
standing of the crystallization behavior of iPP with the POSS-based NA 
under a high cooling rate or a wide crystallization temperature range. 

In this section, we synthesized zinc bicyclo [2.2.1]-heptane-2, 3- 
dicarboxylate-double-decker silsesquioxanes (Zn2(DDSQ-ND)) firstly 
and prepared iPP/Zn2(DDSQ-ND) hybrid materials by melt blending. 
The crystallization behavior of Zn2(DDSQ-ND) in the iPP system was 
enlarged investigated by combining differential scanning calorimetry 
(DSC) and FSC. The morphologies and crystal structure of iPP samples 
were analyzed using polarized optical microscopy (POM) and wide- 
angle X-ray scattering (WAXD), respectively. In addition, the influence 
of Zn2(DDSQ-ND) on the non-isothermal and isothermal crystallization 
behaviors of iPP was also measured using FSC under a high cooling rate 
and a wide crystallization temperature range. 

2. Experimental 

2.1. Materials 

In this study, the commercial iPP (trade name T30S, Mw = 4.51 ×
105 g mol− 1, PDI = 3.51) was supplied by Jiujiang Petroleum Chemical 
(China) with a melt flow index (MFI) of 2.9 g/10 min (230 ◦C/2.16 kg). 
The syntheses of bis-(nadic anhydride) double-decker silsesquioxanes 
(DDSQ-ND) are described in Ref. [31]. Zinc oxide (ZnO) was obtained 
from Shanghai Titanchem Co., Ltd. (China). Tetrahydrofuran was ob
tained from Shanghai Titan Science Corp. All chemicals were of 
analytical grade and used without further purification. 

2.2. Synthesis of zinc bicyclol [2.2.1]-heptane-2, 3-dicarboxylate-double- 
decker silsesquioxanes (Zn2(DDSQ-ND)) 

As shown in Scheme 1, Zinc salt of bis-(nadic anhydride) double- 
decker silsesquioxanes (Zn2(DDSQ-ND)) was synthesized according to 
the similar reaction [25]. Bis-(nadic anhydride) double-decker silses
quioxanes (DDSQ-ND) (1.0 g, 0.6 mmol) and zinc oxide (ZnO) (0.1 g, 
1.2 mmol) were dissolved in tetrahydrofuran (50 mL) and stirred at 
70 ◦C for 8 h. Then the solvent was removed using vacuum distillation. 

After that, white powder was obtained after washing using fresh tetra
hydrofuran. The obtained product was dried at 70 ◦C under a vacuum 
oven for 24 h (yield: 80.6%). The structure, thermostability, and crystal 
morphology of Zn2(DDSQ-ND) were characterized by Fourier transform 
infrared spectroscopy (FT-IR), wide-angle X-ray diffraction (WAXD), 
thermogravimetric analysis (TGA), and scanning electron microscopy 
(SEM), as shown in Fig. 1, S1-3. The results indicated that 
Zn2(DDSQ-ND) with the single crystal plate and multi-layer assembled 
block crystal morphology were synthesized and exhibited high thermal 
stability at the processing condition. Based on the results of WAXD, the 
crystal form of Zn2(DDSQ-ND) obviously changed compared with 
DDSQ-ND, which also confirmed DDSQ-ND reacted with ZnO. The FT-IR 
spectra were recorded on a Nicolet iS10 FT-IR spectrometer (the United 
States) using KBr pellets in the range of 4000− 500 cm− 1. IR data 
(ν/cm− 1): 1644, 1622 [ν(COO− )as], 1449 [ν(COO− )s], 1266, 1131, 
1027. 

2.3. Preparation of iPP/Zn2(DDSQ-ND) composites 

The iPP was mixed with 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 wt % 
nucleating agent Zn2(DDSQ-ND), respectively. The powdery PP and 
Zn2(DDSQ-ND) was pre-mixed fully using the method of dry-blended. 
Then, the compound further mixed using a twin-screw extruder 
(Haake Minilab, Thermal Fisher Scientific (China) Co., Ltd.) at 200 ◦C 
and a rotating speed of 60 rpm. 

2.4. Characterizations 

The crystallization and melting behaviors of samples were investi
gated using a differential scanning calorimeter (DSC3+, METTLER 
TOLEDO, Switzerland) under the protection of nitrogen flow (150 mL 
min− 1). The temperature was calibrated using indium (In) as a standard 
medium before measurements. The samples (3–5 mg) were heated to 
200 ◦C and kept at this temperature for 5 min to eliminate the thermal 
history. Then the samples were cooled to 50 ◦C at a cooling rate of 
10 ◦C⋅min− 1 and reheated to 200 ◦C at a heating rate of 10 ◦C⋅min− 1. The 
heat flow as a function of temperature was recorded. Besides, ultra-fast 
scanning calorimetry (FSC) experiments were performed using a Mettler 
Toledo Flash DSC 1 apparatus fitted with a UFS 1 sensor. Figs. 2 and 3 
displayed the temperature-time profile for non-isothermal and 
isothermal crystallization experiments. All operations were conducted 
under the protection of the nitrogen atmosphere. The samples were 

Scheme 1. Synthetic route of Zn2(DDSQ-ND).  Fig. 1. FTIR spectra of DDSQ-ND and Zn2(DDSQ-ND).  
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prepared under a microscope and support temperature was set to 
− 90 ◦C. The typical sample size was between 20 and 200 ng [32]. 
Wide-angle X-ray diffraction (WAXD) was carried out using a Rigaku 
D/max-2550VB/PC apparatus (Japan). The spectra were recorded in the 
2θ range of 5–50◦ by using Cu Kα radiation (λ = 1.54 Å). Morphologies 
of iPP samples were obtained using a polarized optical microscope 
(BX51 Olympus) equipped with a digital camera (DP70). A Linkam 
(THMS600) hot stage was used to control the experimental temperature. 
The samples were kept at 200 ◦C for 5 min to erase the thermal history. 
Then, the samples were cooled to 141 ◦C at the maximum cooling rate of 
the machine and maintained at 141 ◦C until the crystallization was 
completed. 

3. Results and discussion 

3.1. Nucleation efficiency of the Zn2(DDSQ-ND) 

The crystallization processes of isotactic polypropylene (iPP) with 
zinc bicyclo [2.2.1]-heptane-2, 3-dicarboxylate-double-decker silses
quioxanes (Zn2(DDSQ-ND)) (0–1 wt %) were investigated using con
ventional differential scanning calorimetry (DSC). Fig. 4 displays the 
crystallization and melting behavior of iPP with different content of 

Zn2(DDSQ-ND). The presents of Zn2(DDSQ-ND) increases the tempera
ture of the crystallization peak (Tc). Generally, the Tc of the polymer is 
one of the vital criteria to determine the nucleating efficiency of the 
nucleating agent (NA). As reported, if the Tc value of the polymer con
taining 1% of additive is 6.5 ◦C or more higher than that of the polymer 
alone, the nucleating efficiency of the additives is rated as high [33]. 
Fig. 5 presents the dependence of Tp with the concentration of 
Zn2(DDSQ-ND). As can been seen, the endothermic peaks occurred at 
118.3, 124.5, 125.6, 126.7, 127.1, 127.5, 127.7 and 127.8 ◦C for pure 
iPP with 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 wt % Zn2(DDSQ-ND), 
respectively. The detailed data are summarized in Table 1. Compared 
with pure iPP, the results indicated that the Tc has been greatly 
improved for iPP/Zn2(DDSQ-ND) composites. The decrease of super
cooling (ΔT) of nucleated iPP, that is, the difference between Tc and Tm 
(the melting peak temperature), was also suggestive of a growing rate of 
crystallization, as proposed by Beck et al. [34]. As Table 1 shown, ΔT of 
pure iPP was 46.6 ◦C, while that of nucleated iPP was 35.8 ◦C (con
taining 1 wt % of Zn2(DDSQ-ND)), lowered by 10.8 ◦C. The lower 
supercooling required for crystallization reflected that the crystalliza
tion could appear more easier and the crystallization rate is faster during 
practical application. Therefore, Zn2(DDSQ-ND) accelerated the crys
tallization rate of iPP and acted as undoubtedly an effective nucleating 
agent in the system. 

The melting curves of all the samples are shown in Fig. 4(b). The 
melting peak temperature (Tm) of the samples are listed in Table 1. It is 
observed that all the samples showed one endothermic peak, which 
belongs to the melting of α-formed crystal of iPP [35]. Combining the 
results of the cooling curve, it can be concluded that Zn2(DDSQ-ND) 
acted as α-nucleating sites and significantly promoted the formation of 
α-phase iPP. 

However, the cooling rate obtained by conventional DSC measure
ments could not match with the actual polymer processing [36]. DSC 
only achieves lower supercooling, which is often much lower than the 
actual cooling rate during processing. It is known from practice that high 
cooling rates of about 100–10000 ◦C s− 1 occur during processing, such 
as blow molding and injection molding [36]. Ultra-fast scanning calo
rimetry (FSC) could provide convenient conditions for the study of the 
crystallization behaviors of polymer in much higher cooling rates than 
DSC. Herein, we choose the cooling rate of 200 ◦C s− 1 to investigate the 
crystallization behaviors of all samples under a higher cooling rate 
(Fig. 6). 

For the pure iPP, the FSC result showed two crystallization peaks in 
the cooling curves. The lower temperature peak occurred at around 
15 ◦C, which is attributed to the formation of mesophase iPP due to the 
high cooling rate [37]. The higher crystallization temperature around 
60 ◦C corresponds to the formation of stable α-phase iPP. The lower 
crystallization peak gradually disappeared with the content of 
Zn2(DDSQ-ND) increasing in the system. When the content of 
Zn2(DDSQ-ND) was higher than 0.2 wt %, there is no significant mes
ophase iPP generated, which denoted the heterogeneous nucleation ef
fect of Zn2(DDSQ-ND) in the iPP system. Besides, the higher 
crystallization peak temperature gradually increased as the content of 
Zn2(DDSQ-ND) increased, as expected. The results are consistent with 
the conventional DSC. 

During the heating process, the samples tended to reorganize and 
cold crystallization, which behaved as an exothermal peak of iPP at 
around 30 ◦C in Fig. 6(b). The mesophase melts around 80 ◦C and re- 
crystallizes at about 100 ◦C [38]. Then, all formed crystals melt at a 
higher temperature of about 125 ◦C. With the addition of 
Zn2(DDSQ-ND), the peak of the cold crystallization gradually dis
appeared and showed one exothermic peak. This phenomenon indicated 
that there has no obvious reorganization of the crystalline happened 
during heating and the formed crystal more stable for the 
iPP/Zn2(DDSQ-ND) composites. Combined with the increased Tc, it can 
be concluded that Zn2(DDSQ-ND) effectively suppressed the formation 
of mesophase iPP and the cold crystallization behavior and promoted 

Fig. 2. Temperature-time profile for non-isothermal crystallization of iPP at 
different cooling rates. 

Fig. 3. Temperature-time profile for isothermal crystallization of iPP under 
various temperature. 
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the formation of α-phase iPP during the processing. 

3.2. Crystal morphology 

The morphologies of spherulites were investigated using polarized 
optical microscopy (POM). Fig. 7 presents the POM micrographs of neat 
iPP and iPP/Zn2(DDSQ-ND) after completing the isothermal crystalli
zation. For neat iPP, the crystals formed into larges spherulites due to 
their slow crystallization rate. With the addition of Zn2(DDSQ-ND), the 
spherulite size significantly reduced and the nucleation densities 
dramatically increased. The reason for this phenomenon is the spheru
lites tended to impinge on other spherulites during the isothermal 

crystallization processing and stopped further growth, which resulted in 
smaller spherulites and increased spherulite number densities. 

The wide-angle X-ray diffraction (WAXD) patterns of pure iPP and 
nucleated iPP with different content of Zn2(DDSQ-ND) are shown in 
Fig. 8. The WAXD results of iPP samples peak positions are consistent 
with that reported before [39], where its characteristic peaks can be 
found at 2θ angles of 14.14◦(110), 16.96◦(040), 18.56◦(130), 21.25◦

(111) and 21.91◦(131). It clearly indicated that all the iPP samples can 
only form α-crystal in the system. Therefore, the addition of 
Zn2(DDSQ-ND) significantly reduced the sizes of iPP spherulites but did 
not change the crystal form of iPP. Besides, the characteristic peak of 
Zn2(DDSQ-ND) was observed at 2θ angles of 6.59◦. It can be clearly 
observed that the characteristic peak can be found when higher content 
of Zn2(DDSQ-ND) is added in the iPP matrixes, which indicated that the 
Zn2(DDSQ-ND) could crystallize in the iPP system. Similar results are 
also observed in other systems [40–42]. Combining the results of DSC, 
POM, and WAXD, it can be concluded here that Zn2(DDSQ-ND) acted as 
an effective α-nucleating agent, which obviously enhanced the crystal
lization process and exhibited outstanding nucleation efficiency in the 
iPP system. 

Fig. 4. The DSC curves of neat iPP and nucleated iPP with different content of Zn2(DDSQ-ND) on the (a) first cooling and (b) second heating scan in N2.  

Fig. 5. The crystallization temperature of iPP with different content of 
Zn2(DDSQ-ND). 

Table 1 
Crystallization and melting behaviors of pure iPP and iPP/Zn2(DDSQ-ND) 
composites obtained from DSC.  

Samples Tp (◦C) Tm (◦C) ΔT (◦C) 

Pure iPP 118.3 164.9 46.6 
0.05 wt % 124.5 162.7 38.2 
0.1 wt % 125.6 163.1 37.5 
0.2 wt % 126.7 163.2 36.5 
0.4 wt % 127.1 163.3 36.2 
0.6 wt % 127.5 163.4 35.9 
0.8 wt % 127.7 163.5 35.8 
1 wt % 127.8 163.6 35.8 

ΔT = Tm - Tc. 
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3.3. Non-isothermal crystallization behavior 

The cooling rates have a dramatic impact on the crystallization 
behavior and the properties of the semi-crystalline polypropylene 
[43–49]. To further investigate the influence of the Zn2(DDSQ-ND) on 
the crystallization behavior of iPP, the non-isothermal crystallization 
behaviors of the neat iPP and nucleated iPP with 0.2 wt % 
Zn2(DDSQ-ND) were investigated using FSC under the cooling rate of 
1–1000 ◦C s− 1. 

As shown in Fig. 9, when the cooling rate was lower than 50 ◦C s− 1, 
the cooling process showed a single obvious exothermic event, which 
attributed to the crystallization of iPP. With the cooling rate increases, 
the Tc shifted toward the low temperature (as the orange line showed) 
and became broad because the crystals had less time to nucleate and 
grow [42]. The Tcs of the iPP/Zn2(DDSQ-ND) composites were higher 

than that of the neat iPP. For the neat iPP, the exothermic peaks 
occurred at 105.1, 100.5, 95.4, 89.9, 84.6 and 77.1 ◦C at the cooling rate 
1, 2, 5, 10, 20 and 50 ◦C s− 1, respectively; the Tcs of iPP/Zn2(DDSQ-ND) 
were 109.8, 105.8, 100.6, 96.1, 90.7, 83.0 ◦C, respectively. At the same 
cooling rate, the Tc values of the iPP/Zn2(DDSQ-ND) composite are al
ways higher than that of pure iPP. The result had the same tendency as 
the traditional DSC results (Figs. 4–5). 

When the cooling rate exceeded 50 ◦C s− 1, the cooling curve showed 
two exothermic peaks for the sample of pure iPP. A much lower crys
tallization peak was observed around 20 ◦C for the neat iPP, which was 
attributed to the mesophase formation. The phenomenon is related to 
the fact that α-crystallization is not completed at high temperatures due 
to rapid cooling rates, leaving enough supercooled melt for mesophase 
formation. However, there is no obvious mesophase formed in the iPP/ 
Zn2(DDSQ-ND) system when the cooling rate exceeded 50 ◦C s− 1, which 

Fig. 6. The DSC (a) cooling and (b) heating curves of neat iPP and nucleated iPP with different content of Zn2(DDSQ-ND) in N2.  

Fig. 7. Polarized optical microscope photographs of (a) pure iPP and nucleated iPP with (b) 0.05 wt %, (c) 0.1 wt %, (d) 0.2 wt %, (e) 0.4 wt %, (f) 0.6 wt %, (g) 0.8 
wt % and (h) 1 wt % Zn2(DDSQ-ND) after completing isothermal crystallization at 141 ◦C. 
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indicated that Zn2(DDSQ-ND) have a positive effect on the formation of 
more stable α-crystalline phase iPP under the high cooling rate and acted 
as a nucleating agent in the system. Besides, for all the samples, the 
intensity of the crystallization peak became weaker with higher cooling 
rates. When the cooling rate is too fast, there are no crystallization 
phenomenon was observed. This indicated that the crystallization 
behavior of iPP was suppressed and the material remains amorphous 
under fast cooling rates. 

As is well-known, the melting behaviors of the polymers are closely 
related to their crystallization behaviors. Therefore, the corresponding 
melting behaviors of neat iPP and iPP/Zn2(DDSQ-ND) were investigated 
using FSC. The heating rate used here is 1000 ◦C s− 1, which is well below 
the critical heating rate of iPP and allows for observing the cold 

crystallization behavior during heating [50]. Fig. 10 presents the FSC 
heating curves of the samples that crystallized at different cooling rates. 
It is clearly depicted that the glass transition happened as an endo
thermal peak at around 0 ◦C (see red symbols). Besides, the samples 
have cold crystallization, which happened at approximately 30 ◦C as the 
broad exothermal peak. The result is an indication that amorphous iPP is 
dominant in the sample, which is corresponding to the cooling curves. 
As the cooling rate gradually decreased, the intensity of the exothermic 
peak became weaker on the heating curve and the cold crystallization 
behavior gradually disappeared. This result is contributed to the crystals 
became more stable during the lower cooling rate. The critical cooling 
rate that formed cold crystallization is 50 ◦C s− 1 for pure iPP and 100 ◦C 
s− 1 for the iPP/Zn2(DDSQ-ND), which suggested that the Zn2(DDSQ-ND) 
improved the stability of the formed crystal. Besides, the small 
exothermic crystallization peaks around 100 ◦C are related to the 
recrystallization of the mesophase into α-phase [29]. All crystals melt at 
a higher temperature and shown one melting peak of approximately 
120 ◦C, which belongs to the stable α-crystals of iPP. 

When the cooling rates are further decreased (lower than 50 ◦C s− 1 

for pure iPP and 100 ◦C s− 1 for iPP/Zn2(DDSQ-ND)), the cold crystalli
zation and reorganizations behavior (the mesophase to α-phase iPP) 
could not observe during the heating. The phenomenon attributed to 
that the stable α-phase crystals of iPP formed under a low cooling rate. 
Besides, the melting peak gradually shifted to a higher temperature with 
decreasing cooling rates, which related to the formed more perfect 
crystals under the lower cooling rates. Furthermore, the heat flow also 
clearly increased with the decrease of cooling rates because the melting 
enthalpy and crystallinity increased under a low cooling rate compared 
to a higher cooling rate. 

As mentioned above, the evaluation of nucleation efficiency of the 
crystallization process is largely based on the Tc. Fig. 11 shows the Tcs of 
iPP with different content of Zn2(DDSQ-ND) under different cooling 
rates. The Tc of samples was significant affected by the cooling rate. As 
the cooling rates increases, the Tc gradually shifted to a lower temper
ature. At the same cooling rate, the Tc of iPP/Zn2(DDSQ-ND) is always 
higher than pure iPP, as shown in Fig. 11. Thus, the addition of 

Fig. 8. WAXD profiles of pure Zn2(DDSQ-ND), iPP and nucleated iPP samples 
with different content of Zn2(DDSQ-ND). 

Fig. 9. The FSC curves of neat iPP and nucleated iPP with 0.02 wt % Zn2(DDSQ-ND) at different cooling rates.  
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Zn2(DDSQ-ND) also accelerated the crystallization process under high 
cooling rates. 

3.4. Isothermal crystallization behaviour 

The heat flow rate of pure iPP and nucleated iPP with 0.2 wt % 
Zn2(DDSQ-ND) was recorded in the isothermal crystallization process 
using FSC, as presented in Fig. 12. Under the different isothermal crys
tallization temperatures, it is evident that the trend of the maximum 
heat flow rate presented four regimes from the low to high crystalliza
tion temperature. Since the peak time of crystallization can determine 
by measuring the maximum heat flow rate of the samples during the 

isothermal processes, which is considered a convenient measure of the 
rate of phase transformation and a good approximation of half crystal
lization time [30,51]. As expected, the bimodal dependence of crystal
lization peak time as a function of the temperature was observed, as 
shown in Fig. 13. Two obvious minima of crystallization peak time for 
all the samples were observed at about 20 and 72 ◦C. It has been re
ported that the mesophase iPP was formed at the lower temperature and 
α-iPP formed at higher temperature [29]. Generally, at the higher 
supercooling, the samples have a higher thermodynamic driving force 
for crystallization and showed a lower peak time of crystallization. 
When the supercooling further increased, the mobility of the samples 
decreased and resulted in a lower crystallization rate and longer crys
tallization time [51]. Consequently, the minima of crystallization peak 
time of mesophase/α-phase iPP can be observed during the isothermal 
crystallization processing, and the respective nucleation schemes 
change at around 44 ◦C. 

Notably, the crystallization rate of iPP is inversely proportional to 
the crystallization peak time. The results clearly showed that the addi
tion of Zn2(DDSQ-ND) reduced the isothermal crystallization peak time 
of α-phase iPP and significantly promoted its crystallization during the 
isothermal process. As shown in Fig. 14, the crystallization peak time 
decreases with increasing Zn2(DDSQ-ND) content. Consequently, it 
acted as a heterogeneous nucleation site for iPP crystallization, which is 
in good agreement with the results of non-isothermal crystallization. 
Besides, the mesophase formation of iPP has not been significantly 
affected by the Zn2(DDSQ-ND). The phenomenon is related to the exis
tence of many mesophase nodules at low temperatures, the number of 
which exceeded conventional α-phase nucleating heterogeneities by 
several orders of magnitude [52]. Thus, the isothermal crystallization 
behavior of iPP has not been largely influenced by Zn2(DDSQ-ND) in the 
mesophase formation area. Similar results have been found in other 
α-nucleating agents of iPP [29]. 

To get more information about the isothermal crystallization 
behavior, the heating curves also was measured using FSC after the 
isothermal crystallization of the samples was completed, as shown in 
Fig. 14. At the lower isothermal crystallization temperature, the melting 

Fig. 10. The FDSC heating curves of (a) neat iPP and (b) Zn2(DDSQ-ND)/iPP that crystallized under different cooling rates.  

Fig. 11. Dependence of the crystallization peak temperatures on the cooling 
rates for the neat iPP and nucleated iPP with different content of 
Zn2(DDSQ-ND). 
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of mesophase and the recrystallization (the mesophase into stable 
α-phase iPP) behavior was observed (see blue symbols), followed by the 
melting of the iPP crystals (see red symbols). Unlike non-isothermal 
crystallization, cold crystallization behavior was not observed in the 
heating curve after isothermal crystallization was completed. When the 
isothermal crystallization temperature was higher than 44 ◦C, the 
melting of mesophase and the recrystallization behavior could not be 
obviously observed, indicating crystals in the system are mainly the 
α-phase iPP. The results are consistent with the data discussed above. 
When the isothermal crystallization temperature further increased 
(74–97 ◦C), the melting peak gradually shifted to the higher tempera
ture. Worth noting, the melting enthalpy for the pure iPP gradually 
decreased when the crystallization temperature further increased 
(higher 100 ◦C), while the samples iPP/Zn2(DDSQ-ND) have no obvious 

change in melting enthalpy. The phenomenon suggested the Zn2(DDSQ- 
ND) have a positive effect on isothermal crystallization under the higher 
temperature. Combining the improved crystallization temperature 
(isothermal and non-isothermal crystallization), Zn2(DDSQ-ND) acted as 
an effectively α-nucleating agent in the iPP system. 

4. Conclusion 

The POSS-based nucleating agent Zn2(DDSQ-ND) was firstly syn
thesized and the crystallization behaviors of the iPP/Zn2(DDSQ-ND) 
composites were investigated using conventional DSC and FSC in detail. 
The results indicated that Zn2(DDSQ-ND) acted as an effective nucle
ating agent in the iPP system. The crystallization peak temperatures 
greatly increased as the content of Zn2(DDSQ-ND) increased. The 
nucleation density of iPP/Zn2(DDSQ-ND) is higher than in pure iPP and 
the spherulites sizes of iPP are greatly reduced when Zn2(DDSQ-ND) was 
added. The crystal structure of iPP remains unchanged in the composite 
based on the results of WAXD. Besides, due to the conventional DSC is 
not able to monitor the crystallization process under fast cooling and 
heating rates, the non-isothermal and isothermal crystallization behav
iors of samples are characterized by the FSC. The results of non- 
isothermal crystallization under the cooling rates of 1–1000 ◦C s− 1 

revealed that Zn2(DDSQ-ND) effectively suppressed the formation of 
mesophase iPP and the cold crystallization behavior and promoted the 
formation of α-phase iPP. The isothermal crystallization behaviors were 
further probed under a wider temperature range. The bimodal depen
dence of crystallization peak time as a function of the temperature was 
observed. Zn2(DDSQ-ND) significantly improved the crystallization rate 
for the α-phase iPP when the isothermal crystallization temperature was 
above about 44 ◦C. Combining the results of non-isothermal and 
isothermal crystallization behavior, it can be concluded that the 
Zn2(DDSQ-ND) acted as a novel and effective α-nucleation agent in the 
iPP system. 
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