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Abstract: The crystalline structures and transitions of poly(phthalazinone ether sulfone) (PPES)/monomer casting (MC) 

nylon 6 composites were studied by wide-angle X-ray diffraction (WXRD) and Fourier-transform infrared (FTIR) spec-

troscopy. WXRD analyses demonstrated that the γ-form crystals of quenched samples could transform into α-form crys-

tals by raising the annealing temperature. And increasing the PPES content promoted the γ→α form transition, which was 

conducive to crystallizing in the stable α-form crystal. FTIR analyses indicated that the α-form crystals of the pristine 

samples could transform to γ-form crystals through treating with aqueous I2/KI. The inclusion of PPES to MC nylon 6 

hindered the α→γ form transition, which was conducive to crystallizing in the stable α-form crystal. Two consistent 

observations have come from these studies: PPES favored the α-form crystal in PPES/MC nylon 6 composites. The crys-

talline transition mechanism was the strong interactions between PPES and MC nylon 6 anchored the antiparallel chains 

hydrogen bonding of the α-form crystal.
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Introduction

As the physical property of crystalline polymers such as the 

thermal, mechanical, barrier, and degradation properties, 

depend strongly on crystallization morphology and structure.1

The crystallinity, relative content of different crystalline phases, 

crystallite size and perfection content, and orientation of 

crystallites are key factors in determining the properties of 

crystalline polymers.2 Therefore, the study of the crystalline 

morphology of polymer matrix has always been the focus of 

research on the structure and properties of polymer matrix 

composites.3-5 Most semicrystalline polymers can form different 

polymorphs or crystal modifications by varying the crystallization

or processing conditions.6-8 Nylon 6 is commercially important 

and one of the prominent members of the polyamide class of 

semicrystalline polymers.9-13 The polymorphic structures of 

nylon 6 result from the different spatial arrangements in the 

hydrogen bonding between the oxygen in the carbonyl group 

of one polyamide molecular chain and the hydrogen attached 

to the nitrogen in the neighboring polyamide molecular chain.3,14

Nylon 6 forms two types of crystals: α and γ.15-17 The γ-form 

polyamide crystal is constituted by polyamide molecules 

adopting the parallel-chain-arrangement hydrogen bondings in 

a twisted conformation, and the hydrogen bonding direction is 

almost perpendicular to the carbon frame plane. Whereas the 

polyamide molecules in the monoclinic α-form crystal have 

taken the more stable antiparallel-chain-arrangement hydrogen 

bondings and lie in an extended zigzag planar fashion. 

Antiparallel chains are situated so that the amide linkage and 

methylene units lie within the same plane, and the hydrogen 

bondings occur between adjacent antiparallel chains in a fully 

extended conformation, to form hydrogen-bonded sheets stacked 

upon one another. The α-form is more stable than the γ-form 

because of shorter hydrogen bondings.18 At room temperature, 
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nylon 6 usually forms a stable α-form crystal. On the X-ray 

diffraction pattern, the characteristic diffraction peaks of α-form 

crystal are at 2θ=20° and 24°, and are indexed as 200 and 002/

202 reflections, respectively. In the γ-form, these peaks are 

indexed as 001 reflections and appear at 2θ=21°. These two 

form crystals are very sensitive to the way of preparing samples, 

the crystal transformation occurs through different treating 

means.19 On the other hand, the crystallization behavior of nylon 

6 changes significantly due to that the additive in nylon 6 matrix 

composites can change the physical and chemical environment 

of the nylon 6 melt.20 Therefore, elucidating the relationships 

between polymorphic crystalline structure and transition, 

crystallization condition, and the effect of additive is of 

fundamental importance for tuning the crystallization behavior 

of nylon 6 in processing.

MC nylon 6 as a kind of nylon 6 is an important engineering 

plastic. As poly(phthalazinone ether sulfone) (PPES)/monomer 

casting (MC) nylon 6 composites were successfully prepared for 

the first time through anionic in-situ ring-opening polymerization,21,22

there are few studies on the crystalline structures and transitions 

of PPES/MC nylon 6 composites. In this study, we would like 

to investigate the effect of PPES content, annealing temperature, 

and treating with aqueous I2/KI on crystalline structures and 

crystal transitions of MC nylon 6 matrix by using WXRD and 

FTIR.

Experimental

Sample Preparation. PPES/MC nylon 6 composites were      

prepared through anionic in-situ ring-opening polymerization 

with the PPES mass percentage of 0.0, 0.5, 2.0, 4.0, and 6.0 

wt%, the method was elaborated in detail in our previous 

paper.23 Thick films with a dimension of 20 mm×10 mm×1 mm 

and thin films with a thickness of 30-40 μm were obtained by 

mechanical incision. Both types of films were extracted in 

distilled water to remove the remaining monomer and small 

molecular polymer and then dried in a vacuum oven at 80 ℃           

for 24 h. The thick films were melted at 270 ℃ for 30 min and              

then quenched to liquid nitrogen temperature. The quenched 

samples were annealed in a large test tube full of nitrogen at 

130, 150, and 210 ℃ for 2 h, respectively. Thin films were           

iodinated by immersing the films in an aqueous solution of 

0.2 mol L-1 KI and 0.2 mol L-1 I2 at room temperature for 5 min 

to 24 h. The films were then rinsed with distilled water for 

2 min to remove excess iodine from the film surface, followed 

by drastic removal of the excess iodine and potassium iodide 

with sodium thiosulfate. The samples were then dried at room 

temperature.

Wide-angle X-ray Diffraction (WXRD). WXRD measure-     

ments were performed using a Bruker D8 Advance powder 

X-ray diffractive apparatus with CuKα radiation (40 kV, 40 mA) 

and a wavelength of 1.54 nm. The diffractograms were scanned 

in 2θ with the range from 5 to 35° at a rate of 2.0°/min. A 

curve-fitting procedure with the Gaussian method was used to 

resolve selected X-ray diffraction curves and determine the 

area under the peaks.

Fourier-transform Infrared (FTIR). The IR spectra were col-     

lected at a resolution of 2 cm-1 in the range of 400-4000 cm-1

using a NexusTM FTIR from the Nicolet company. Sets of 32 

scans were used for signal averaging. The thin film can be 

directly tested in the sample compartment of the FTIR. A 

curve-fitting procedure with the Lorentzian method was used 

to resolve selected IR bands and determine the area under the 

peaks.

Results and Discussion

WXRD Analysis. Studies have indicated that rapid cooling     

or quenching from the melt produces the γ-form of nylon 6, 

while higher crystallization temperatures or slow cooling leads 

to the α-form.24,25 Annealing at different temperatures also 

affects the crystal structure. Annealing below 130 ℃ only     

produces the γ-form crystal, treating above 200 ℃ leads to the     

α-form crystal, annealing between 130~200 ℃, two crystal     

forms coexist.26 Kyotani and Mitsuhashi attribute the temperature 

dependence to the crystallization rates of the two forms, i.e. at 

temperatures below 130 ℃ the rate of formation of γ-form is     

faster, while above 190 ℃ the crystallization rate of α-form     

is faster, while at intermediate temperatures, the rates are 

comparable.26 Considering that the crystallization rate is related 

to polymer chain mobility, Fornes combined with Kyotani’s 

point proposed nylon 6 tends to form the γ-form crystal when 

the movement of the molecular chain segment is hindered.27

Figure 1 shows the WXRD spectra of pure MC nylon 6 and its 

composites crystallized under different treatment temperatures. 

As can be seen clearly, these results are in accord with the 

literature.

Figure 1(a) shows the WXRD spectra of pure MC nylon 6 

and its composites. Two strong diffraction signals around at 

2θ=20° and 24°can be seen in all curves of Figure 1(a), which 

match the 200 and 002/202 crystal planes of the characteristic 

peak of triclinic (α1 and α2) crystalline structure in MC nylon 
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6, which demonstrated that inclusion of PPES to MC nylon 6 

did not change the crystalline structure of MC nylon 6. Similar 

results have been reported by Reynaud et al.28 However, the α1

and α2 crystals differed in the relative intensity of diffraction 

peaks between 2θ=20° and 24°. To further investigate the crystal 

structure of MC nylon 6 and its composites, the resulting plots 

of X-ray intensity versus 2θ were analyzed using the Gaussian 

curves fitting program. This part will be detailed and discussed 

later with the samples annealed at 210 ℃ for 2 h.

The effect of PPES on the crystalline structure and γ→α

crystal transformation of MC nylon 6 can be further analyzed 

through deconvoluting the X-ray diffraction curves of all 

samples with Gaussian curves following the work by Gurato 

and Ho Jia-Chong et al.18 Figure 2 are four representative 

examples of the diffraction curves that had been resolved into 

crystalline and amorphous scattering components using the 

peaking fitting software. For example, the X-ray diffraction 

curves of the pristine samples and the samples annealed at 

210 ℃ for 2 h can be deconvoluted into three components.     

The three components consisted of (200)α1 and (002/202)α2

diffraction peaks appearing at 2θ=20.4-20.6° and 23.7-23.9°, 

represented the α1 and α2 crystalline structure, respectively, 

and a broad peak due to the amorphous region as shown in 

Figure 2(a) and 2(d). The crystallinity indices, CIα, as defined 

in eq. (1), where Aα1 and Aα2 are the areas under the α1-form 

and α2-form crystal peaks, respectively. Aa is the area under 

the amorphous peak.

(1)

The X-ray diffraction curves of the quenched samples can 

also be deconvoluted into three components. The three com-

ponents consisted of (020)γ1 and (200)γ2 diffraction peaks 

appearing at 2θ=11.6° and 22.2°, respectively, and a broad 

peak due to the amorphous region as shown in Figure 2(b). 

The crystallinity indices, CIγ as defined in eq. (2), where Aγ1 and 

Aγ2 are the areas under the γ-form crystal peaks, and Aa is the 

area under the amorphous peak.

(2)

Similarly, we deconvoluted the X-ray diffraction curves of 

the samples annealed at 150 ℃ for 2 h into five components    

by approximating peaks with Gaussian curves. The five com-

ponents consisted of (020)γ1, (200)γ2, (200)α1, and (002+202)α2

diffraction peaks appearing at 2θ=11.3°, 22.4°, 20.3°, and 

CIα %( )
Aα1 Aα2+

Aα1 Aα2 Aα+ +
-------------------------------- 100%×=

CIγ %( )
Aγ1 Aγ2+

Aγ1 Aγ2 Aα+ +
------------------------------ 100%×=

Figure 1. XRD curves of MC nylon 6 and its composites at 
different treatment temperatures: (a) pristine samples; (b) samples 
quenched in liquid nitrogen from melt; (c) quenched samples annealed 
at 150 ℃ for 2 h; (d) quenched samples annealed at 210 ℃ for 2 h.
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24.0°, respectively, and a broad peak due to the amorphous 

structure as shown in Figure 2(c). The crystallinity indices, CI, 

as defined in Eq. 3, 4, and 5, where CItotal is the sum of CIα and 

CIγ, and the other symbols are the same as in eq. (1) and (2).

 (3)

 (4)

 (5)

The CIα, CIγ, CItotal, and Aα1/Aα2 in pure MC nylon 6 and its 

composites treated at different temperatures are presented in 

Table 1. The CIα and CItotal values increased slightly as the 

content of PPES increased in composites, indicating that the 

addition of PPES to MC nylon 6 increased the crystallinity. 

This finding was consistent with our previous study.23 According 

to the crystal structure and cell parameters of nylon 6, the 

intermolecular hydrogen bonding of nylon 6 is formed in the 

c-axis direction. That is, the intermolecular interaction in the c-

axis direction is greater than that in the a-axis direction. The 

molecular chain is conducive to arranging in the c-axis direction 

under crystallization. The diffraction peak intensity of 002 and 

202 crystal planes is greater than that of 200 crystal planes. 

Therefore, the Aα1/Aα2 values of MC nylon 6 and its composites 

were less than 1. And the Aα1/Aα2 values decreased slightly as 

the content of PPES increased, it can be illustrated that the 

inclusion of PPES to MC nylon 6 was more favorable to molecular 

arrange in the c-axis direction during crystallization. It is not 

difficult to see that the CIα, CItotal, and Aα1/Aα2 values in annealed 

samples at 210 ℃ for 2 h were higher than that of pristine    

samples, the CIα and CItotal values increased slightly with the 

increase of PPES content. All the Aα1/Aα2 values were also less 

than 1 but had no significant change rule with the increase of 

PPES content. Studies have shown that, during the annealing 

process the macromolecules of the polymer are regularly 

rearranged, and transformed from a non-equilibrium state to 

an equilibrium state.29,30 And the dates indicated that the 

rearrangement extent of the molecular chain in the a-axis 

direction was greater than that in the c-axis direction during the 

annealing process, but the increase in PPES content had little 

effect on the rearrangement degree of the molecular chain in 

the a-axis direction.

Under quenching treatment, the α→γ form transitioned com-

pletely. The CIγ of quenched samples increased with PPES 

content increasing. After annealing, the CIγ was higher than 

CIα %( )
Aα1 Aα2+

Aα1 Aα2 Aγ1 Aγ2 Aα+ + + +
-------------------------------------------------------- 100%×=

CIγ %( )
Aγ1 Aγ2+

Aα1 Aα2 Aγ1 Aγ2 Aα+ + + +
-------------------------------------------------------- 100%×=

CItotal %( )
Aα1 Aα2 Aγ1 Aγ2+ + +

Aα1 Aα2 Aγ1 Aγ2 Aα+ + + +
-------------------------------------------------------- 100%×=

Figure 2. Deconvolution curves of the X-ray diffraction curves of 
different samples: (a) MC nylon 6; (b) MC nylon 6 quenched in liq-
uid nitrogen from melt; (c) the 0.5% PPES/MC nylon 6 composite 
annealed at 150 ℃ for 2 h; (d) the 0.5% PPES/MC nylon 6 com- 
posite annealed at 210 ℃ for 2 h.
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that of quenched samples, and the CIγ increased gradually with 

the increase of PPES content. The results showed that the mac-

romolecules of polymers were more regularly arranged during 

the annealing process, and changed from a non-equilibrium state 

to an equilibrium state.

Under annealing treatment at 150 ℃ for 2 h, the CIγ decreased,           

but the CIα and CItotal increased with PPES content increasing. 

The γ-form crystal transformed entirely to α-form under 

annealing at 210 ℃ for 2 h. These data suggested that γ→α           

form transition can be achieved by raising the annealing tem-

perature and increasing the PPES content can promote the γ

form transition. The results can be explained as follows: the 

anchoring effect from the interaction between PPES and MC 

nylon 6 twisted the unstable parallel chains hydrogen bonding 

of the γ-form crystal to antiparallel chains hydrogen bonding of 

the α-form crystal. That is to say, PPES favored the α-form 

crystal in PPES/MC nylon 6 composite.

FTIR Analysis. The α-form of nylon 6 is most commonly         

observed at room temperature and can be transformed into the 

γ-form by treating in an aqueous iodine-potassium iodide 

solution.16 Since crystal transformation of nylon 6 was first 

reported by treating with I2/KI aqueous solution, many scholars 

have used FTIR, XRD, and other characterization methods to 

study the α→γ crystal transformation in nylon 6 after treatment 

with I2/KI aqueous solution.27,31 H. Arimoto used X-ray diffraction 

and polarization microscopic infrared absorption to study the 

α→γ transition mechanism of nylon 6 treated with I2/KI aqueous 

solution.32 Based on earlier research, we mainly studied the 

effect of PPES on the α→γ transition of MC nylon 6 using 

FTIR.

The FTIR spectra of nylon 6 include many absorption bands 

associated with the crystal form: 1236 (m), 1001 (w), 977 (m), 

776 (vw), 730 (m), and 712 cm-1 (s) are related to the γ-form 

crystal, whereas 1293 (w), 1202 (m), 1041 (vwsh), 1029 (m), 

960 (m), 952 (w), 929 (m), 835 (w), and 731 cm-1 (m) are related 

to the α-form crystal.33 Based on the literature and our actual 

measurement results, we believe that it is satisfactory to use the 

change of absorption intensity of 928 and 960 cm-1 to characterize 

the content of α-form crystal and the change of absorption 

intensity of 914 and 976 cm-1 to characterize the content of 

γ-form crystal. The two bands are sensitive to the change in crystal 

content. For convenience, we describe the results obtained in a 

major spectral region.

The FTIR spectra in the range 900-1020 cm-1 for the sam-

ples untreated and treated with aqueous I2/KI recorded as a 

function of time are shown in Figure 3. Figure 3(a) shows that 

MC nylon 6 mainly exists in the α-form, and the γ-form is only 

a shoulder peak. On increasing the treatment time from 0 to 

1440 min, the characteristic absorption peak intensity of the α

and γ crystal in MC nylon 6 and its composites changed dra-

matically. When we treated MC nylon 6 with aqueous I2/KI 

from 0 min to 1440 min, the strong absorption bands at 928 

and 960 cm-1 assigned to α-form crystalline bands decreased 

dramatically, then the band at 928 cm-1 disappeared when the 

treating time was 30 min, the band at 960 cm-1 became weaker 

and broader with the treating time extending. However, two 

other bands, at 914 and 976 cm-1 assigned to γ-form crystalline 

bands abruptly appeared, even though the treating time was 

only 5 min, and there was a steady increase in the intensity of 

the two bands with the treating time extending. These results 

indicated that the α-form crystal of MC nylon 6 can be fast and 

completely transformed into the γ-form crystal by treating it in 

aqueous I2/KI. As can be seen from Figure 3(b, c, d, e), the 

inclusion of PPES to MC nylon 6 distinctly affected the extent 

of the α→γ transition. The intensities of the band at 928 cm-1

decreased continuously with increasing treating time, but the 

band didn’t disappear even though the treating time was extended 

to 1440 min. Some other bands, at 914, 960, and 976 cm-1, on 

Table 1. Crystallinity Indices of the α Crystal, the γ Crystal, and the Total Crystal in MC Nylon 6 and Its Composites at Different 

Treatment Temperatures

Samples

In-situ
composites

Quenched
samples

Annealed 
samples (130 ℃)

Annealed
samples (150 ℃)

Annealed
samples (210 ℃)

CIα (%) Aα1/Aα2 CIγ (%) CItotal (%) CIγ (%) CItotal (%) CIγ (%) CIα (%) CItotal (%) CIα (%) Aα1/Aα2

0.0 wt% 26.04 0.36 30.07 30.07 35.20 35.20 18.34 34.48 52.82 32.83 0.68

0.5 wt% 29.58 0.32 32.42 32.42 38.10 38.10 12.21 42.08 54.29 32.97 0.71

2.0 wt% 27.28 0.32 32.63 32.63 38.77 38.77 11.78 43.12 54.89 33.50 0.60

4.0 wt% 27.81 0.29 32.08 32.08 40.73 40.73 10.87 43.73 54.60 33.33 0.58

6.0 wt% 27.42 0.30 35.69 35.69 49.97 49.97 10.70 45.04 55.74 34.53 0.71
 Polym. Korea, Vol. 47, No. 4, 2023
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Figure 3. IR spectra of the samples untreated and treated with aque-
ous I2/KI taken as a function of time in the 900-1020 cm-1 region:
(a) 0.0%; (b) 0.5%; (c) 2.0%; (d) 4.0%; (e) 6.0%.

Figure 4. Normalization IR spectra of the samples untreated and 
treated with aqueous I2/KI taken as a function of time in the 900-
1020 cm-1 region: (a) 0.0%; (b) 0.5%; (c) 2.0%; (d) 4.0%; (e) 6.0%.
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increasing the treating time had similar change trends but showed 

different intensity compared with that of MC nylon 6. Inter-

estingly, the characteristic absorption peak intensity of the α

and γ crystals depended critically on PPES content.

For the convenience of further discussion, the normalized 

intensity of the 928 cm-1 bands (characteristic band of the α-form 

crystal) was evaluated and plotted as a function of the treating 

time in Figure 4. In the treating process of the samples with 

aqueous I2/KI, the intensity of the 976 cm-1 bands (characteristic 

band of γ-form crystal) increased remarkably and regularly 

upon treating from 0 to 1440 min. The intensity of the 914 cm-1

bands (characteristic band of γ-form crystal) also showed a 

gradual increase in the time range of 0-1440 min. While the 

intensity of the 960 cm-1 bands (characteristic band of α-form 

crystal) became weaker and broader with the treating time 

extending. These results further confirmed the occurrence of α

to γ phase transition during treating with aqueous I2/KI. However, 

the intensity of the 976 cm-1 bands decreased gradually with 

the PPES content increasing in the normalized FTIR analysis, 

obtaining the Y values of 4.25, 2.77, 1.86, 1.59, and 1.31, 

respectively (Figure 4). The results clearly indicated that 

increasing the PPES content can hinder the α→γ form tran-

sition.

To quantitatively study the change of crystallinity with treating 

time and PPES content increasing, each peak was modeled 

using a Lorentzian peak shape. Figure 5 are four representative 

examples of FTIR curves that have been resolved into independent 

components using the peaking fitting software. Areas of the 

peaks obtained from the analysis were used to estimate the degree 

of crystallinity for each phase. Despite the good agreement, the 

degree of crystallinity obtained via this analysis should be 

treated as approximate, since the initial guess for each peak 

will influence these results. In view of this, the ratio of A976/A928 

(A976 and A928 express the areas of the absorption peaks at 976 

cm-1 and 928 cm-1, respectively), and A914/A960 (A914 and A960

express the areas of the absorption peaks at 914 cm-1 and 960 

cm-1, respectively) to illuminate the α→γ  transition extent. The 

analysis results are shown in Table S1.

The dependencies of the A976/A928 and A914/A960 on treating 

time for MC nylon 6 and its composites are shown in Figure 6.

It can be seen from Table S1 and Figure 6, the speed of transition 

was rapid during the first 30 min, whereas increased treating 

time, the α→γ  transition proceeded more slowly, even though 

the time extended to 24 h. On the other hand, the α→γ  transition 

speed of the composites decreased with the increase of PPES 

content, indicating that the inclusion of PPES to MC nylon 6 

Figure 5. Deconvolution curves of the IR spectra of MC nylon 6 
treated with aqueous I2/KI at different times: (a) 0 min; (b) 5 min; 
(c) 30 min; (d) 1440 min.
 Polym. Korea, Vol. 47, No. 4, 2023
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hindered the α→γ transition. According to the literature, the 

antiparallel hydrogen bonding of the α-form crystal firstly be 

destroyed by the iodine, then the molecular chain twisted to 

parallel hydrogen bonding of the γ-form crystal in the treating 

process with aqueous I2/KI, due to the coordination of the iodine 

and the amide group.32,34-36 The addition of PPES hindered the 

α→γ transition, on the one hand, the destruction of the antiparallel 

hydrogen bonding of the α-form crystal was hindered by the 

strong interaction between PPES and MC nylon 6; on the other 

hand, the anchoring effect from the strong interaction between 

PPES and MC nylon 6 greater than the twist impact from the 

coordination of the iodine and the amide group. The higher the 

PPES content, the greater of the hindering and anchoring effect, 

thereby making the α→γ  form transition more difficult. PPES 

favored the α-form crystal in PPES/MC nylon 6 composite. 

Therefore, the results given by the FTIR absorption spectra are 

consistent with the information provided by X-ray diffraction.

Conclusions

Crystalline structures and transitions of PPES/MC nylon 6 

composites were investigated with WXRD and FTIR mea-

surements. The inclusion of PPES to MC nylon 6 did not 

change the crystalline structure but increased the crystallinity. 

The presence of PPES improved the orientation of polymer 

chains in c-axis during crystallization. Annealing increased the 

CIα, CIγ, and CItotal values of PPES/MC nylon 6 composites, 

and annealing at 210 ℃ for 2 h improved the orientation of     

polymer chains in a-axis compared to that of pristine samples. 

The γ-form crystals of quenched samples could transform into 

α-form crystals by raising the annealing temperature. And 

increasing the PPES content promoted the γ→α form tran-

sition, which was conducive to crystallizing in the stable α-

form crystal. The α-form crystals of the pristine samples could 

transform to γ-form crystals through treating with aqueous I2/

KI. The inclusion of PPES to MC nylon 6 hindered the α→γ

transition, which was conducive to crystallizing in the stable 

α-form crystal. Two consistent observations have come from 

these studies: PPES favored the α-form crystal in PPES/MC 

nylon 6 composites. The crystalline transition mechanism involved 

in this study was the strong interactions between PPES and 

MC nylon 6 anchored the antiparallel chains hydrogen-bonding 

of the α-form crystal.
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