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Abstract: N,N’-Diphenyl glutaramide (DPG) is found to be an effective nucleating 
agent to induce the β-form of iPP. The results of wide angle X-ray diffraction, 
differential scanning calorimetry and polarized light microscopy indicate that 0.2 
wt% of DPG can induce the maximum amount of β-form iPP, and the favorable 
crystallization temperature for the growth of β-form is 120 ˚C in this study. Analysis 
of the misfit factor between the cell parameters of DPG and β-iPP shows β-iPP can 
epitaxially crystallize on the bc face of DPG crystal well. 
Keywords: polypropylene; β crystalline form; N,N’-diphenyl glutaramide; nucleating 
agent; crystallization 

 

Introduction  

As a general-purpose plastic, isotactic polypropylene (iPP) has been widely used in 
many fields. The performance of material based on iPP resin depends strongly on its 
crystalline form and the degree of crystallinity. IPP has four kinds of crystalline forms: 
α, β, γ and smectic [1, 2]. α-form is the most common crystalline form and the γ-form 
shows the most thermodynamical stability [3-5]. In comparing with other three forms 
of iPP, β form iPP is a metastable one, but presents outstanding toughness, which 
has been applied in the industrial field to improve the impact strength of the iPP 
materials [6, 7]. The literatures [8, 9] reported rich β-form can exist in the iPP sample 
in the presence of specific nucleating agents. The first efficient nucleating agent was 
the γ-form of linear trans-quinacridone which was found by Leugering et al. [10]. But 
drawbacks such as intense red color and polymorphic nature are also very obvious, 
and limit the application. Some other β-form promoters such as calcium pimelate [11-
13], N,N,N’,N’,-tetraalkyl terephthalamide [14], N,N'-dicyclohexyl-2,6-
naphthalenedicarboxamide [15, 16], N,N’-dicyclo hexylterephthalamide [17], 
dicyclohexyl-substituted-1,4-phenylenebisamides [18], also have been found as 
effective β-nucleating agents for iPP.  

The epitaxial crystallization mechanism has been widely used to explain the addition 
of nucleating agents in bulk semi-crystalline polymers. Traditionally, epitaxy is 
associated with dimensional matching rules between the contact planes of the 
interacting species. A long accepted rule of thumb is that oriented overgrowth 
requires a mismatch smaller than ± 15%. Large mismatches cannot be 
accommodated over large distances and will force the formation of dislocations or 
defects hence the disorientation of the deposit [19, 20]. The misfit factor ( mf ) 

between the two crystal structures of iPP and the nucleating agent can be calculated 
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as 100m
PB PA

f
PA

, in which PA and PB are the appropriate period length of 

substrate and polymer respectively [21]. In the present article, an organic compound 
(N,N’-diphenyl glutaramide) was synthesized and blended with iPP to induce the β-
form of iPP. The influence of the content of the nucleating agent and the 
crystallization temperature on the β-form of iPP has been investigated. 
 
Results and discussion 
 
WAXD measurement 

The WAXD patterns illustrate the influence of the content of DPG on the proportion of 
β-form iPP, as shown in Figure1. It can be found that when the content of DPG 
increases from 0.05% to 0.2%, the diffraction peak at 2θ = 16.2˚ increases, but those 
at 2θ =14.2°, 17° and 18.6° decline. The maximum percentage of β-form within the 
iPP is 86.12% when the content of DPG is 0.2% (see Table 1).  
 

 
 

Fig. 1. WAXD patterns of iPP specimens doped with different content of DPG 
crystallized at 120 ˚C. 
 
Tab. 1. Effect of DPG content on KWAXD and XWAXD of iPP samples crystallized at 120 
˚C. 
 

DPG content (%) 0 0.05 0.1 0.15 0.2 0.3 

KWAXD  (%) 21.2 38.2 79.6 82.8 86.1 75.2 
XWAXD  (%) 50.5 53.9 62.5 65.0 71.7 60.8 
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The data listed in Table 1 also shows that the degree of crystallinity of samples 
increases with the increasing DPG content, which shows that more nucleating 
centres improve the proportion of crystalline phase. But when the content of DPG 
continues to increase (C=0.3%), the percentage of β-form and the degree of 
crystallinity decline. The phenomena maybe resulted from the superfluous DPG, 
which aggregates within the iPP resin, destroying the order of macromolecular 
chains, i.e. less chain is packed in the β-form lattice. 
 

 
 
Fig. 2. WAXD patterns of iPP specimens doped with different contents of DPG 
crystallized at different crystallization temperatures.(a): pure iPP; (b): C=0.1%; (c): 
C=0.2%. 
 
The suitable temperature range for the growth of β-form iPP is between 105 ˚C and 
140 ˚C [22, 23]. We chose four crystallization temperatures (TC) within the 
temperature range to study the effect of the TC on the proportion of β-form and the 
degree of crystallinity, and to find the favorable TC for the growth of β-form. As found 
in Table 2, the data unambiguously shows that the KWAXD increases when TC 
increases from 110˚C to 120˚C, then it decreases at higher TC. When TC is 140 ˚C, 
there only exists little proportion of β-form, especially for samples containing 0.2% 
DPG. These results clearly indicate that the β-form iPP is favored at 120 ˚C in 
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comparing with other three temperatures in this study. And when the sample 
crystallizes at 140 ˚C, the low content of β-form maybe result from its slow growth 
rate, and the fact that perfect crystal needs more time to form. 

On the contrary, TC does not show obvious influence on the degree of crystallinity 
(XWAXD) when TC increases from 110 ˚C to 130 ˚C. But the XWAXD of all samples 
decrease when TC increases to 140 ˚C, especially for sample containing 0.2% DPG. 
It can be concluded that at high TC, high content of DPG does not improve the 
content of crystalline phase of iPP. 
 
Tab. 2. The influence of DPG contents and crystallization temperatures on the KWAXD 
and XWAXD. 
 

DPG content (%) 0 0.1 0.2 

TC (˚C) KWAXD 
(%) 

XWAXD 
(%) 

KWAXD 
(%) 

XWAXD  
(%) 

KWAXD  
(%) 

XWAXD  
(%) 

110 10.2 53.6 69.1 62.6 81.7 70.1 
120 21.2 53.9 79.6 62.5 86.1 71.7 
130 18.6 55.5 52.7 62.7 78.9 70.8 
140 5.6 53.1 5.6 55.4 0 51.5 

 
DSC measurement 

The melting process of iPP samples is complex, the difference between the α-form 
and β-form can be revealed by DSC measurement. The melting curves of pure or 
nucleated iPP samples, which were treated under isothermal crystallization process, 
exhibit two melting peaks.  
 

 
 

Fig. 3. Effect of the DPG contents on the DSC melting traces of β-nucleated iPP at 
the heating rate of 10 ˚C/min. All samples crystallized at 120 ˚C for 30 min. 
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Tab. 3. The quantitative results of the β-nucleated samples calculated from the DSC 
curves of Fig. 3. 
 

DPG content 
(%) 

Tm, α (˚C) Hα (J/g) Tm, β  (˚C) Hβ  (J/g) KDSC  (%) 

0 161.5 108.3 146.9 21.2 15.7 
0.05 160.6 94.6 145.6 44.0 30.7 
0.1 163.1 53.1 148.7 75.6 57.5 

0.15 164.5 43.1 148.6 75.9 62.6 
0.2 165.6 45.2 146.9 89.5 65.3 
0.3 161.2 47.9 146.7 73.7 59.4 

 
Some literature [24-28] has reported that three phase transformations were inevitable 
while nucleated iPP sample undergoes heating process: the β-form melts; the new α-
form recrystallizes from the original β-form and α-form melts finally. Figure 4 and 
Table 4 show the influence of heating rates on the melting curves of iPP samples. As 
can be observed, Hβ increases with the increasing heating rate, but Hα shows an 
opposite changing trend. The observation indicates that under a slow heating rate 
condition, the β-form has more time to transform into the new α-form. But if the 
heating rate is fast, the β-form has less time to recrystallize into α-form. However, 
when the heating rate is 5 ˚C/min, three melting peaks can be found on the melting 
curve. Lots of literature [15, 29-31] has pointed out that the first two melting peaks 
correspond to β1-form and β2-form respectively, while the third one corresponds to α-
form. The small intermediate β2-form shows a more ordered and stable structure 
which recrystallizes from the original β1-form.  
 

 
 

Fig. 4. DSC thermograms of nucleated iPP at different heating rates: (1) 5˚C/min; (2) 
10˚C/min; (3) 20˚C/min. The DPG contents of the samples were 0.1%, and they were 
crystallized at 110˚C for 30mins. Heating rate is indicated on each curve.  
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Tab. 4. The quantitative results of the β-nucleated samples calculated from the DSC 
curves of Fig. 4. 
 

Heating rate 
(˚C/min) 

Tm, α (˚C) Hα (J/g) Tm, β (˚C) Hβ (J/g) KDSC (%) 

5 166.3 60.8 145.4  
151.1 

33.9 36.6 

10 168.1 54.9 147.1 68.3 55.5 
20 162.8 53.8 148.2 122.6 73.9 

 

 
 
Fig. 5. The PLM images of iPP samples containing different contents of DPG. (a): 
pure iPP; (b): C=0.05%; (c): C=0.1%; (d): C=0.15%; (e): C=0.2%; (f): C=0.3%. All 
samples were crystallized at 120˚C for 30min. 
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PLM observation 

The β-form of iPP exhibits bright and colored spherulitic structure in Figure 5. When 
the DPG content increases from 0% to 0.2%, the number of β-spherulites increases, 
and the size of the β-spherulites decreases. Because higher content of DPG provides 
more nucleating centres, which results in more numbers of β-spherulite. More 
nucleation centres promote the nucleation rate. The β-spherulite has less time to 
grow larger, which brings on smaller size of β-spherulite. But when the DPG content 
increases to 0.3%, the numbers of β-spherulites decreases somewhat (Figure 5f). 
This observation on the PLM images accords with the results of DSC and WAXD.  
 
Analysis of the β nucleation mechanism of DPG 

From the above discussion, we know that DPG is an active β nucleating agent for 
iPP. And when the molten iPP crystallized on the surface of DPG, the geometric 
relationship between the crystal of iPP and that of DPG should be considered. The 
main (and minimal) structural characteristics required for nucleating agents of β-iPP 
are the existence in the contact faces of a 0.65 nm periodicity which matches the iPP 
chain axis repeat distance and an orthogonal cell geometry in that contact plane [32, 
33]. The diffraction pattern of DPG is shown in the Figure 6.  
 

 
 

Fig. 6. The powder WAXD pattern of DPG. 
 
The cell parameters of DPG which were calculated from the WAXD data, and those 
of β-iPP which were first revealed by Meille et al. [34], are summarized in Table 5. 
The misfit factaor mf between the length of cβ-iPP and that of bDPS is about 6.9%, which 

shows a good matching relationship between them, and the c-axis of β-iPP is parallel 
with the b-axis of DPG. In addition, the misfit factor between the length of bβ-iPP and 
that of cDPG is 1.6%, which shows that one helical period of β-iPP can be packed in 
one span of the c-axis of DPG. Hence the molecular chains of iPP crystallized from 
the molten state deposit on the bc-face of DPG, which lines with benzene rings (see 
Fig. 7).  
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Tab. 5. The cell parameters of β-iPP and DPG. 
 

 system a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

β-iPP trigonal 11.03 11.03 6.49 90 90 60 
DPG triclinic 9.11 6.94 11.21 68.48 124.13 102.99 

 

 
 
Fig. 7. The envisioned epitaxy of β-iPP crystal on the surface of DPG crystal.  
 
Conclusions 

In this study the organic compound N,N’-diphenyl glutaramide (DPG) was found as 
an effective β-nucleating agent for isotactic polypropylene. WAXD measurement 
reveals that DPG not only increase the degree of crystallinity of nucleated iPP, but 
also improve the formation of β-form. The percentage of β-form within the iPP sample 
reaches its maximum value with addition of 0.2 wt% DPG. And the favorable 
crystallization temperature for the growth of β-form is about 120 ˚C in this study. DSC 
measurement shows that Hβ increases, but Hα declines with the increasing heating 
rate for the sample containg 0.1% DPG, which indicates that β-form has less time to 
transform into α-form due to higher heating rate. The size of β-spherulite can be 
reduced with the addition of DPG from the observation of PLM. The analysis of the 
cell parameters indicate that there exists excellent geometric matching between the 
crystal of DPG and that of β-form iPP.  
 
Experimental part 
 
Materials 

IPP powder (MFR = 1 g/10 min at 230 ˚C and 21.2 N load) was obtained from 
Jingling Plastics and Rubber Chemical Co, Ltd. Industrial antioxidant (B215) was 
commercially available. N,N’-diphenyl glutaramide (DPG), which was synthesized in 
our laboratory, characterized by infrared technology (VECTORTM 22 Fourier 
transform infrared spectrometer, Bruker, Germeny) and 1H NMR (AVANCE 400D+ 
HR/MAS, Bruker, Switzerland). The FTIR and 1H NMR data of the DPG are given as 
below.  

FTIR: 3310.94cm-1( -NH), 3080.78 cm-1 ( -H), 1745.15 cm-1 and 1673.18cm-1 

( C=O), 1319.15 cm-1 and 1270.75 cm-1 ( -N), 1549.92 cm-1 and 1500.32 cm-1 ( -

http://www.bruker-biospin.com/polymers
http://www.bruker-biospin.com/polymers
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CH). 1H NMR (DMSO-d6, 400MHz): δ=1.90ppm (m, 2H), δ=2.37ppm (t, 4H), 
δ=7.01ppm (t, 2H), δ=7.28ppm (t, 4H), δ=7.59ppm (d, 4H), δ=9.89ppm (s, 2H). 
 
Preparation of nucleated iPP samples 

200 g iPP powder was mixed with 0.2 g B215 and variable amounts of DPG in a 
mixer at the speed of 25000 rpm for 2 minutes. The mixtures were compounded in a 
single-screw extruder (LSJ20, D = 20 mm, L/D = 25/1, Shanghai KeChuang Rubber 
Plastic’s Machinery Set Co. Ltd). The rate of the screw was 60 rpm. The temperature 
of the extruder from the hopper to the die was set at 210 ˚C, 220 ˚C, 220 ˚C and 210 
˚C, respectively. The melt was cooled and pelletized. IPP doped without DPG was 
prepared in a similar way to produce a blank control sample.  

A pellet of the pure or nucleated iPP sample was placed between two glass slides on 
a hot stage kept at 210 ± 2 ˚C for 10 minutes to allow the sample to melt completely 
and remove thermal memory, squeezed on the top slide to form a film, and then put 
the specimens into glycerol bath at different temperature (110 ± 1˚C, 120 ± 1 ˚C, 130 
± 1 ˚C and 140 ± 1 ˚C respectively) to crystallize for 30 min, then quenched in ice 
water. The thickness of samples is ca. 0.5 mm for WAXD and DSC characterization 
and 20 ~ 40 μm for PLM observation, respectively. 
 
Wide angle X-ray diffraction (WAXD) characterization 

WAXD diffraction patterns of the nucleated iPP samples were recorded in an ARL 
X’TRA X-ray diffractometer (Thermo Electron Corporation, USA) using Cu Kα 
radiation (λ=1.54Å). It was operated at a voltage of 45 kV and a filament current of 35 
mA. Radial scans of intensity vs. diffraction angle (2θ) were recorded in the range of 
5 to 40˚, and the scanning rate was 10 ˚/min. 

The characteristic crystal planes for the monoclinic α-phase of iPP are: (110), (040), 
(130) and (041) planes, which correspond to the diffraction angles 2θ=14.2°, 
17°,18.6° and 22°, respectively. And the characteristic crystal planes (300) and (301) 
for β-form are characterized at the diffraction angles 2θ=16.2° and 21.2°. The relative 
proportion of β phase in the iPP specimen was measured by the empirical ratio 
KWAXD [35]: 

(300)

(300) (110) (040) (130)
WAXD

H
K

H H H H
                                                                (1) 

The H (300), H (110), H (040) and H (130) are the heights of the peaks of β-form 
(300) and three strong α-form peaks (110), (040) and (130), respectively. All the 
heights of the peaks were measured above the amorphous background. The total 
degree of crystallinity (XWAXD) of the sample was calculated by the function as below: 

100
C

WAXD
I

X
I

                                                                                                        (2) 

where CI  was the integral intensities diffracted by a crystalline part, and I was the 
total integral intensities [36]. 

N,N’-diphenyl glutaramide was also investigated by the same X-ray diffractometer. 
The scanning angle range was 2 to 60˚, and the scanning rate was 2 ˚/min.  
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Differential scanning calorimetry (DSC) measurement 

The thermal property of pure iPP and nucleated iPP were measured by a DSC 
instrument (CDR-34P, Shanghai Precision Scientific Instrument Co. Ltd) under a dry 
nitrogen atmosphere. For sample measurement, about 4 ~ 6 mg of each sample was 
sealed in an aluminium pan and heated from room temperature to 220 ˚C at a 
heating rate of 10 ˚C /min. The heat flow and the temperature were recorded. The 
peak melting temperatures of the α form (Tm, α) and β form (Tm, β) were obtained from 
the melting curves. The enthalpy of the α-form (Hα) and β-form (Hβ) were obtained 
from the separation of the areas of α- and β-form melting peaks. The content of β-
form is calculated by the functions as below: 

, , ,/( )DSC m m mK H H H                                                                                   (3) 

where 
0

,mH is the enthalpy of α-form PP with 100% crystallinity (177.0J/g), and 

0

,mH  is the enthalpy of β-form PP with 100% crystallinity (168.5J/g) [37]. 

 
Polarized light microscopy (PLM) observation 

Crystal morphology of the pure and nucleated iPP samples were observed by a 
polarized light microscope (LW-200-4JS, Shanghai LW Scientific Co. Ltd) equipped 
with cross polars and a CCD camera. 
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