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NON-ISOTHERMAL CRYSTALLIZATION BEHAVIORS
OF ISOTACTIC POLYPROPYLENE WITH AND WITHOUT
1,3:2,4-BIS(3,4-DIMETHYLBENZYLIDENE) SORBITOL
AS A NUCLEATING AGENT

Yue-fei Zhang, Xian-zu Luo, Yao Chang, and Ting Zhou
School of Chemistry and Biological Engineering, Hunan Provincial Key
Laboratory of Materials Protection for Electric Power and Transportation,
Changsha University of Science and Technology, Changsha, P. R. China

1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol (DMDBS) is the third-generation sorbitol-

based nucleating agent for isotactic polypropylene (iPP). In this study, the non-isothermal

crystallization behaviors of iPP with and without DMDBS as a nucleating agent were inves-

tigated bymeans of a differential scanning calorimeter (DSC), and the Caze method was used

to analyze the non-isothermal crystallization kinetics. The results show that the addition of

DMDBS can increase the crystallization peak temperature (Tp) of iPP greatly under the

same cooling rate. When concentration of DMDBS is 0.2wt.% and the cooling rate is

10�C/min, Tp of iPP nucleated with DMDBS can be increased from 118.7�C of virgin iPP

to 130.1�C. Under non-isothermal conditions, the addition of DMDBS changes the spherulite

growth pattern of iPP. In addition, nucleation activity of DMDBS was calculated by using the

method proposed by Dobreva and Gutzow, and the results showed that DMDBS had high

nucleation activity.

Keywords: 1,3:2,4-Bis(3,4-dimethylbenzylidene) sorbitol (DMDBS); Isotactic polypropylene; Non-

isothermal crystallization; Nucleating agent; Nucleation activity

INTRODUCTION

One of the widely used commodity plastics, isotactic polypropylene (iPP) has
been used in many areas such as packaging, household goods, and automotives
because of its relatively low manufacturing costs and rather versatile properties.[1–3]

The application of iPP, however, has been limited because its transparency and
mechanical properties are not very good. Addition of nucleating agents to iPP is an
effective method to improve mechanical and optical properties that are related to
crystallization and morphology.[4–12] Sorbitol-based nucleating agents are a type of
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highly efficient nucleating agent for a-iPP, and addition of only small amounts
(i.e., 0.2wt.%) of this type of nucleating agent may also greatly improve the trans-
parency and reduce the haze value of iPP. In contrast to most classical nucleating
agents, which are dispersion-type nucleating agents, such as organic carboxylic
acid salts, as discussed in the literature,[13] sorbitol-based nucleating agents are
dissolution-type nucleating agents. The sorbitol-based nucleating agents can dissolve
in iPP at the melting temperature of iPP, whereas dispersion-type nucleating agents
are dispersed in iPP and remain in solid state at the melting temperature of iPP,[14]

so that dispersion of sorbitol-based nucleating agents in iPP melt could be improved.
Therefore, sorbitol-based nucleating agents have been widely used during the past
decade as nucleating agents to improve the transparency of iPP.

The most representative example of sorbitol-based nucleating agents is 1,3:2,4-
dibenzylidene sorbitol (DBS), which is called the first generation of sorbitol-based
nucleating agents. However, DBS has certain disadvantages such as evaporation
during processing and bleeding out from the iPP film, which will cause unfavorable
smells in iPP products. Some attempts have been made to overcome these problems
by modifying the structure of DBS to produce second- and third-generation sorbitol-
based nucleating agents. The second generation of sorbitol-based nucleating agents
comprises its alkyl- and halo-derivatives, such as 1,3:2,4-bis(p-methylbenzylidene)
sorbitol (MBDS). Most recently, 1,3:2,4-bis lpar;3,4-dimethylbenzylidene) sorbitol
(DMDBS) was developed as a representative of the third-generation sorbitol-based
nucleating agents by Milliken Chemical Co.

Many groups have studied the effects of sorbitol-based nucleating agents on the
mechanical properties and crystallization behaviors of iPP.[15–21] However, there are
few systematic studies on crystallization kinetics of iPP nucleated with the
third-generation sorbitol-based nucleating agent DMDBS, and the crystallization
kinetics of iPP nucleated with DMDBS in these researches was mostly studied under
the isothermal conditions. In addition, from a technological point of view, non-
isothermal crystallization conditions approach more closely the industrial conditions
of polymer processing, so that the study of crystallization of polymers under non-
isothermal conditions is of great practical importance. Meanwhile, isothermal crystal-
lization analysis is often limited to a narrow temperature range because of more errors
of the crystallization rates of the samples at too high or too low crystallization tem-
peratures.[22] In this work, non-isothermal crystallization behaviors of iPP with and
without DMDBS as a nucleating agent were studied by using the Caze method,
and the objective was to explain the nucleation mechanism of sorbitol-based nucleat-
ing agent in iPP, so as to provide some theoretical foundations for developing novel
and highly active nucleating agents.

EXPERIMENTAL SECTION

Materials

iPP powders T30S with a MFR of 2.5 g=10min, supplied by Sinopec
Jiujiang Co. (China), were used in this work. Nucleating agent DMDBS (pro-
vided by Milliken Chemical Co., USA), whose structure is shown in Scheme I,
was used.
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Sample Preparation and DSC Analysis

The iPP powders and nucleating agents DMDBS (0.2wt.%) were mixed in a
high-speed mixer for 5min. Then the mixture was extruded by a twin-screw extruder
through a strand die and was cut into pellets, which were used for subsequent differ-
ential scanning calorimetry (DSC) analysis. A comparative sample of virgin iPP was
also prepared according to the same procedures.

Non-isothermal crystallization behaviors of virgin iPP and iPP nucleated with
DMDBS were studied by using a PerkinElmer Pyris 1 DSC (PerkinElmer Co., USA).
All DSC operations were carried out under nitrogen environment. Sample weights
were between 2 and 3mg and all samples were heated to 200�C and held in the
molten state for 5min to erase their thermal history. Non-isothermal crystallization
experiments were carried out by cooling the samples from 200� to 50�C by using
constant cooling rates U (selected from 2.5 to 40�C=min), and the exothermal curves
of heat flow as a function of temperature were recorded.

Theory of Crystallization

The Avrami equation is commonly used to analyze the isothermal crystalliza-
tion of polymers:[23,24]

1� Xt ¼ expð�Ztt
nÞ ð1Þ

where n is the Avrami exponent, Zt is the rate constant, and Xt is the relative
crystallinity at temperature T.

The Avrami equation has been extended by Ozawa[25] from the theory of Evans
for isothermal crystallization to develop a simple method for studying non-
isothermal crystallization kinetics. The general form of the Ozawa theory is written
as follows:

XvðTÞ ¼ 1� expð�KT=/
mÞ ð2Þ

where KT is the cooling crystallization function, U is the cooling rate during non-
isothermal crystallization, and m is the Ozawa exponent, which depends on the
dimension of the crystal growth. However, there is a main hypothesis in the Ozawa

Scheme 1. Molecular structure of nucleating agent DMDBS.
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method that n is independent of temperature and only a limited number of Xv data
are available for the foregoing analysis, as the onset of crystallization varies
considerably with the cooling rate. In addition, the equation is valid exclusively
for primary crystallization before crystal growth impingement takes place at high
transformation.[26]

Caze and coworkers[27] raised a new method to modify the Ozawa equation.
They assumed an exponential increase of KT with T upon cooling. On this basis,
the temperatures at the peak and the two inflection points of the exotherm with skew
Gaussian shape are linearly related to lnU in order to estimate the exponent n.

On the basis of the findings on the crystallization behaviors of poly (ethylene
terephthalate) and PP, Kim et al.[26] proposed:

lnKT ¼ aðT � bÞ ð3Þ

where both a and b are empirical constants. If the extreme point of the pertinent
@XvðTÞ=@T curve occurs at T¼Tp (crystallization peak temperature), i.e.,
@2XvðTÞ=@T2
� �

Tp
¼ 0, we have:

KT ðTpÞ ¼ /n ð4Þ

Combining Equations (2), (3), and (4) yields:

ln½�lnð1� XvðTÞÞ� ¼ aðT � TpÞ ð5Þ

Hence, a straight line will be obtained by plotting ln[�ln(1�Xv(T))] versus T, and the
constant a and the product –aTp can be obtained from the slope and intercept,
respectively. At T¼Tp obtained from the foregoing algorithm, Equations (3) and
(4) lead to:

Tp ¼ n ln/=aþ b ð6Þ

Then parameter n can be obtained from the linear plot of Tp against ln/=a in
accordance with Equation (6).

RESULTS AND DISCUSSION

Non-isothermal Crystallization Kinetics of iPP Nucleated
with DMDBS

The non-isothermal crystallization of virgin iPP and iPP nucleated with
DMDBS was carried out by DSC with cooling rates from 2.5 to 40�C=min. The
DSC curves of virgin iPP and iPP nucleated with DMDBS are shown in Figure 1.
With increasing cooling rate, crystallization peak temperature (Tp) of iPP shifts to
lower temperature. With the addition of nucleating agent DMDBS, Tp of iPP is
increased greatly. When the cooling rate is 10�C=min, Tp of iPP nucleated with
DMDBS is increased from 118.7�C of virgin iPP to 130.1�C.

It can be seen from Figure 1 that with the increase of cooling rate, the
crystallization peak of iPP becomes wider and the position and temperature of
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crystallization peak (Tp) move to lower temperature, which shows that the extent of
supercooling increases with the increase of cooling rate. The activity of the molecular
chain becomes worse, and the difference of crystallization extent is large under low
temperature so that the crystallization peak becomes wider. Comparing Figures 1(a)
and 1(b) it can be seen that the crystallization temperature of iPP nucleated with
DMDBS is higher than that of virgin iPP because the nucleating agent
becomes the heterogeneous nuclei of crystallization, which makes crystallization easy
to occur.

By means of integrating the partial areas under the DSC curves, the values of
the crystalline weight fraction Xw(T) can be obtained (Figure 2).

Crystallization half-time t1=2 can be obtained from Figure 2 by using equation
t¼ (T0�T)=/ (where t is the crystallization time, T0 is the onset crystallization
temperature, T is the crystallization temperature, and / is the cooling rate). The
results are listed in Table I.

Figure 2. Relative crystallinity of virgin iPP (a) and iPP nucleated with DMDBS (b) at different cooling

rates.

Figure 1. DSC cooling curves of virgin iPP (a) and iPP nucleated with DMDBS (b) during non-isothermal

crystallization.
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Xw(T) can be converted into Xv(T) by the following equation:[26]

XvðTÞ ¼
XwðTÞ qaqc

1� 1� qa
qc

� �
XwðTÞ

ð7Þ

where qa and qc are the bulk densities of the amorphous phase and the crystallized
phase, respectively. For iPP, the density of the amorphous phase is qa¼ 0.852 and
that of the crystallized phase is qc¼ 0.935. So plots of ln[� ln(1�Xv(T))] versus T
can be obtained (Figure 3) and there is good linear relationship between them.
The values of a and –aTp can be determined from the slope and intercept of each
straight line, respectively. The results are also listed in Table I.

Straight lines can be obtained from plotting the obtained Tp and ln/=a under
different cooling rates (Figure 4), and the Avrami exponents of virgin iPP and iPP
nucleated with DMDBS can be determined from the slope of each straight line.
The results are also listed in Table I.

Figure 3. Plots of ln[�ln(1�Xv(T))] vs. T for virgin iPP (a) and iPP nucleated with DMDBS (b).

Table I. Non-isothermal crystallization kinetics parameters for virgin iPP and iPP nucleated with

DMDBS

Sample Cooling rate U, �C=min Tp,
a �C a Tp,

b �C t1=2, s n

2.5 124.5 �1.26 124.1 118 3.71

5 121.9 �1.16 122.0 64

iPP 10 118.7 �1.01 118.6 43

20 115.0 �0.91 115.1 25

40 110.2 �0.85 110.7 14

2.5 135.3 �1.58 134.8 118 3.35

5 132.8 �1.45 132.5 59

iPP=DMDBS 10 130.1 �1.30 130.3 34

20 127.0 �1.12 127.3 17

40 123.6 �0.98 124.0 9

aDetermined from Figure 1.
bCalculated from Caze method.
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For iPP, the Avrami exponent n is 3.71 approaching 4, which indicates that in
virgin iPP the crystal growth pattern is homogeneous nucleation followed by
three-dimensional spherulite growth. On the other hand, the Avrami exponent n
of iPP nucleated with DMDBS is 3.35 approaching 3, which indicates the crystal
growth pattern of iPP nucleated with DMDBS is heterogeneous nucleation followed
by three-dimensional spherulite growth. Particles of nucleating agent DMDBS in iPP
will become heterogeneous nuclei of iPP, so that it will change the crystal growth
pattern of iPP.

Nucleation Activity of Nucleating Agent DMDBS in iPP

Dobreva and Gutzow[28,29] proposed a simple method for calculating the
nucleation activity of nucleating agents in polymer melt. Nucleation activity (u) is
a factor by which the work of three-dimensional nucleation decreases with the
addition of a nucleating agent. If the foreign substrate is extremely active, u
approaches 0, while for inert particles, u approaches 1. The nucleation activity (u)
is calculated from the following equation:

u ¼ B�=B ð8Þ

where B is a parameter that can be calculated from the following equation:

B ¼ xr3V2
m

3nkBT0
mDS

2
m

ð9Þ

where x is a geometric factor, r is a specific energy, Vm is the molar volume of the
crystallizing substance, n is the Avrami exponent, kB is the Boltzmann constant, DSm

is the entropy of melting, and T0
m is the infinite crystal melting temperature.

Furthermore, B can be experimentally determined from the slope of the
straight line obtained by plotting lnU versus 1=DT2

p (DTp is supercooling degree

Figure 4. Plots of Tp vs. lnU=a for virgin iPP and iPP nucleated with DMDBS.
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and DTp¼Tm�Tp) according to:

lnU ¼ Cons tan t� B

DT2
p

ð10Þ

The above equation holds for homogeneous nucleation from a melt, near the melting
temperature. By using a nucleating agent, Equation (10) is transformed to the
following form for heterogeneous nucleation:

lnU ¼ Cons tan t� B�

DT2
p

ð11Þ

Plots of lnU versus 1=DT2
p for virgin iPP and iPP=DMDBS are shown in Figure 5.

It can be seen from Figure 5 that straight lines are obtained for both virgin iPP
and iPP nucleated with DMDBS. The values of B and B� of virgin iPP and iPP
nucleated with DMDBS can be calculated from the slopes of these two straight lines,
respectively. Then the corresponding nucleation activity (u) of DMDBS is calculated
from Equation (8) and the value is 0.524 (Table II). The results showed that DMDBS
had strong nucleation activity in iPP.

Figure 5. Plots of lnU vs. 1=DT2
p for virgin iPP and iPP nucleated with DMDBS.

Table II. Nucleation activity of DMDBS in iPP under non-isothermal

crystallization

Sample B (or B�) u

Virgin iPP 1.05 1

iPP=DMDBS 0.55 0.524
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CONCLUSIONS

Non-isothermal crystallization behaviors of iPP with and without DMDBS as
a nucleating agent were investigated by adopting the Caze method. Under the same
cooling rate, addition of DMDBS can increase the crystallization peak temperature
(Tp) of iPP greatly. The Caze method is successfully employed to deal with the
non-isothermal crystallization behaviors of iPP. Under non-isothermal conditions,
the addition of DMDBS changes the spherulite growth pattern of iPP. For virgin
iPP, growth pattern is homogeneous nucleation followed by three-dimensional
spherulite growth, while for iPP nucleated with DMDBS, the growth pattern is het-
erogeneous nucleation followed by three-dimensional spherulite growth. In addition,
nucleation activity of DMDBS calculated by using the method proposed by Dobreva
and Gutzow showed that DMDBS had high nucleation activity.
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nucleating agent on the crystallization behaviour of isotactic polypropylene and elastomer
blends. Polymer 48: 5324–5331.

4. Khanna, Y. P. 1993. Rheological mechanism and overview of nucleated crystallization
kinetics. Macromolecules 26: 3639–3643.

5. Feng, Y., J. Xin, and J. N. Hay. 1998. Effect of nucleating agent addition on crystalliza-
tion of isotactic polypropylene. J. Appl. Polym. Sci. 69: 2089–2095.

6. Jang, G. S.,W. J. Cho, and C. S. Ha. 2001. Crystallization behavior of polypropylene with or
without sodium benzoate as a nucleating agent. J. Polym. Sci. Polym. Phys. 39: 1001–1016.

7. Kristiansen, P. M., A. Gress, P. Smith, D. Schmidt, and H. W. Hanft. 2006. Phase beha-
vior, nucleation and optical properties of the binary system isotactic polypropylene=
N,N0,N00-tris-isopentyl-1,3,5-benzene-tricarboxamide. Polymer 47: 249–253.

8. Li, X., Y. F. Zhang, and D. Xie. 2009. Effects of bicyclic [2,2,1] heptane di-carboxylate on
properties, crystallization and melting behaviors of isotactic polypropylene. Int. J. Polym.
Anal. Charact. 14 (7): 569–5745.

9. Zhang, Y. F., and Z. Xin. 2006. Effects of substituted aromatic heterocyclic phosphate
salts on properties, crystallization and melting behaviors of isotactic polypropylene. J.
Appl. Polym. Sci. 100 (6): 4868–4874.

10. Zhang, Y. F., and Z. Xin. 2006. Isothermal and nonisothermal crystallization kinetics of
isotactic polypropylene nucleated with substituted aromatic heterocyclic phosphate salts.
J. Appl. Polym. Sci. 101 (5): 3307–3316.

11. Zhang, Y. F., and Z. Xin. 2007. Isothermal crystallization behaviors of isotactic
polypropylene nucleated with a=b compounding nucleating agents. J. Polym. Sci. Polym.
Phys. 45 (5): 590–596.

12. Mohmeyer, N., H. W. Schmidt, P. M. Kristiansen, and V. Altstadt. 2006. Influence of
chemical structure and solubility of bisamide additives on the nucleation of isotactic
polypropylene and the improvement of its charge storage properties. Macromolecules
39: 5760–5767.

458 Y.-F. ZHANG ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



13. Binsbergen, F. L. 1970. Heterogeneous nucleation in the crystallization of polyolefins:
Part 1. Chemical and physical nature of nucleating agents. Polymer 11 (2): 253–267.

14. Nagarajan, K., K. Levon, and A. S. Myerson. 2000. Nucleating agents in isotactic
polypropylene. J. Therm. Anal. Calorim. 59: 497–508.

15. Tammy, L. S., M. Divakaran, K. B. Long, Y. P. Khanna, R. G. Bray, W. B. Hammond,
S. Curran, J. J. Belles, and B. C. Shari. 1994. The mechanism of action of sugar acetals as
nucleating agents for polypropylene. Macromolecules 27 (12): 3147–3155.

16. Shepard, T. A., C. R. Delsorbo, R. M. Louth, J. L. Walborn, D. A. Norman, N. G.
Harvey, and R. J. Spontak. 1997. Self-organization and polyolefin nucleation efficacy
of 1,3:2,4-di-p-methylbenzylidene sorbitol. J. Polym. Sci. Polym. Phys. 35 (16):
2617–2628.

17. Kristiansen, M., T. Tervoort, P. Smith, and H. Goossens. 2005. Mechanical properties of
sorbitol-clarified isotactic polypropylene: Influence of additive concentration on polymer
structure and yield behavior. Macromolecules 38: 10461–10465.

18. Kristiansen, M., M. Werner, T. Tervoort, and P. Smith. 2003. The binary system isotactic
polypropylene=bis(3,4-dimethylbenzylidene) sorbitol: Phase behavior, nucleation, and
optical properties. Macromolecules 36: 5150–5156.

19. Marco, C., G. Ellis, M. A. Gomez, and J. M. Arribas. 2002. Comparative study of the
nucleation activity of third-generation sorbitol-based nucleating agents for isotactic
polypropylene. J. Appl. Polym. Sci. 84: 2440–2450.

20. Marco, C., G. Ellis, M. A. Gomez, and J. M. Arribas. 2003. Analysis of the isothermal
crystallization of isotactic polypropylene nucleated with sorbitol derivatives. J. Appl.
Polym. Sci. 88: 2261–2274.

21. Zhang, Y. F. 2008. Isothermal crystallization behaviors of isotactic polypropylene
nucleated with the third generation sorbitol derivative nucleating agents. J. Macromol.
Sci. Part B Phys. 47 (5): 891–899.

22. Yu, J., and J. He. 2000. Crystallization kinetics of maleic anhydride grafted polypropylene
ionomers. Polymer 41 (3): 891–898.

23. Avrami, M. 1940. Kinetics of phase change. II. Transformation-time relations for random
distribution of nuclei. J. Chem. Phys. 8: 212–24.

24. Avrami, M. 1941. Kinetics of phase change. III. Granulation, phase change, and micro-
structure. J. Chem. Phys. 9: 177–84.

25. Ozawa, T. 1971. Kinetics of non-isothermal crystallization. Polymer 12: 150–158.
26. Kim, P. C., S. N. Gan, and K. K. Chee. 1999. Determination of Avrami exponent by

differential scanning calorimetry for non-isothermal crystallization of polymers. Polymer
40 (1): 253–259.

27. Caze, C., E. Devaux, A. Crespy, and J. P. Cavrot. 1997. A new method to determine the
Avrami exponent by DSC studies of non-isothermal crystallization from the molten state.
Polymer 38 (3): 497–502.

28. Dobreva, A., and I. Gutzow. 1993. Activity of substrates in the catalyzed nucleation of
glass-forming melts. 1. Theory. J. Non-cryst. Solids 162: 1–12.

29. Dobreva, A., and I. Gutzow. 1993. Activity of substrates in the catalyzed nucleation of
glass-forming melts. II. Experimental evidence. J. Non-cryst. Solids 162: 13–25.

CRYSTALLIZATION BEHAVIORS OF iPP 459

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1


