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Highlights 

• Lozenge-shaped poly(p-phenylene terephthalamide) single crystals were 
obtained. 

• The PPTA single crystals consisted of modification I crystals. 

• The single crystal thickness was approximately equal to the PPTA chain 
length.  

• Upon the single crystal heat treatment, the symmetry changed from P1a1 to 
P11n. 

• The heat treatment did not change the thickness of the PPTA single crystals. 
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ABSTRACT 

In this study, the preparation of poly (p-phenylene terephthalamide) (PPTA) single 

crystals was examined using crystallization from dilute solutions in concentrated sulfuric acid. 

Lozenge-shaped PPTA single crystals were successfully prepared using a self-seeding 

method with a low degree of supercooling, and they consisted of modification I crystals. The 

a-axis direction of the crystal corresponded to the long diagonal direction of the rhombus, the 

b-axis direction with the short diagonal direction, and the PPTA molecular chain direction 

(the c-axis direction) with the crystal’s thickness direction. In addition, the PPTA single 

crystals had a (110) growth plane, where the thickness of each single crystal was 

approximately equal to the molecular chain length of the PPTA. Upon heat treatment of the 

PPTA single crystals, the symmetry changed from P1a1 to the more stable P11n. In addition, 

the heat treatment caused a difference in the density of each symmetric crystal, resulting in 

crack formation along the b-axis direction, which is the hydrogen-bonding direction. 

However, the heat treatment did not change the thickness of the PPTA single crystals. 

Conversely, the isothermal crystallization of the PPTA caused progression in the 

crystallization only under a high degree of supercooling, thus yielding plate-like PPTA 

crystals that consisted of modification II crystals. In these plate-like PPTA crystals, the length 

corresponded to the crystal a-axis direction, and the electron diffraction pattern was broad. 

Furthermore, the equilibrium dissolution temperature of the PPTA single crystals was 

discussed. 
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1. Introduction 

Poly(p-phenylene terephthalamide) (PPTA) is a rigid polymer whose molecular chains 

cannot fold, and it is widely used as high-performance fibers and films possessing high 

tensile strength, high elastic modulus, high thermal resistance, and good chemical resistance 

[1–10]. Various studies have attempted to elucidate the crystal structure and crystallization 

mechanisms of PPTA. Northolt et al. [11, 12] revealed the crystallographic structure of PPTA 

fibers using X-ray structural analysis. Subsequently, Haraguchi et al. [13] reported the 

crystalline structure of PPTA films prepared from sulfuric acid solutions, which was different 

from that proposed by Northolt et al. These proposed structures were called modification I 

and modification II, respectively. In a study by Dobb et al. [14], the molecular chain 

orientation and microstructure of PPTA crystals were clarified by observing PPTA fibers. 

The b-axis direction corresponding to the hydrogen-bonding direction was oriented in the 

radial direction throughout the solidification process during spinning, and the sheet structures 

grown in the b- and c-axis directions existed in the fibers. They concluded that the sheet 

structure was formed via hydrogen bonding and it was the basic structure for the PPTA fiber, 

named the pleated sheet model. However, PPTA fiber structure is quite complicated and 

these results obtained from fibers are not enough to clarify the characteristics of PPTA 

crystallization by studying only the fiber. 

In order to clarify the crystallization behavior of PPTA, it is important to understand the 

morphology and growth mechanism of PPTA single crystals. Additionally, the structural 

stabilization of PPTA single crystals through heat treatment is valuable not only from an 

academic but also an industrial perspective. Various techniques for the preparation of PPTA 

single crystals have been previously reported. Liu et al. [15] prepared a PPTA single crystal 

using the confined thin film melt polymerization method, resulting in the formation of lath-
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shaped modification I crystals with the long axis of the laths corresponding to the b-axis, 

which is the hydrogen-bonded direction. Takahashi et al. [16] prepared negative PPTA 

spherulites using strain-induced crystallization from a sulfuric acid solution, and the prepared 

crystals consisted of “fibrous” lamellae of several tens of nanometers. The molecular chain 

axes were perpendicular to the long axis of each lamella, and the long axis of the “fibrous” 

lamellae corresponded to the b-axis. Jackson et al. [17] performed high-temperature PPTA 

crystallization in organic solutions induced by the addition of a poor solvent or precipitating 

agent, and they reported that PPTAs with a molecular weight (Mw) of 46,000 afforded 

ribbon-like crystals and those with a Mw of 3,430 afforded small needle-like crystals. Both 

crystals were the modification I structures. With higher molecular-weight PPTA, the 

molecular chain axes were parallel to the ribbon axes in an extended-chain-type structure. 

These results revealed that PPTA could form extended chain crystals with lamellar or ribbon-

like morphologies. In the lamellar crystals, the molecular chains were oriented perpendicular 

to the plate surface, and the length direction of the crystals corresponded to the b-axis 

direction, which was the hydrogen-bonding direction. This result indicated that the formation 

of hydrogen bonds affected the crystal growth. However, the PPTA crystal growth plane was 

not clarified in previous studies. 

In this study, single crystals were crystallized from dilute PPTA solutions, and the 

relationship among the morphology, growth direction, crystal system, and microstructure of 

the obtained PPTA single crystals was investigated. Subsequently, the PPTA single crystals 

were subjected to heat treatment to examine the properties associated with structural 

stabilization. Furthermore, the equilibrium dissolution temperature of the PPTA single 

crystals was examined. 
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2. Experimental Section 

2.1. PPTA Samples 

PPTA samples of different Mw were prepared by the hydrolysis of PPTA fibers (Kevlar, 

DuPont de Nemours, Inc., DE, USA) [18]. The fibers were washed with methanol and dried 

in vacuo. Then, they were placed in a 10 M aqueous solution of sodium hydroxide, and the 

mixture was refluxed at 135°C for a predetermined period. The resulting residues were 

washed with distilled water and dried in vacuo at 135°C. The Mw of the PPTA samples was 

calculated from their intrinsic viscosities, which were measured in 96.6 wt% sulfuric acid at 

25°C using the following equation [19]: 

[𝜂] = 1.95 ×  10−6 𝑀𝑊
1.36. 

The molecular length (L) of each PPTA sample was calculated from its Mw, where the 

repeating unit length (L0) was 1.29 nm [11]. Also, the Mw was controlled by the hydrolysis 

time. The results are presented in Table 1. The Mw and molecular lengths of the PPTAs in 

Table 1 represent the average Mw and molecular chain length obtained from the conducted 

viscosity measurements. Thus, the used PPTA samples in this study are polydisperse. Four 

PPTA samples were prepared with different L’s of 32, 60, 80, and 220 nm, which were 

calculated from the Mw, and the samples were called PPTA(32), PPTA(60), PPTA(80), and 

PPTA(220), respectively. 
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2.2. Preparation of PPTA Single Crystals 

The PPTAs were dissolved in 78.5 wt% sulfuric acid in a concentration of 0.1 wt% at 

120°C. Then, the solution was kept at a predetermined temperature to obtain the PPTA 

crystals through conventional isothermal crystallization. Furthermore, crystallization using 

the self-seeding method [21] was carried out in the following procedure. First, the PPTA 

crystal suspensions, which were prepared using isothermal crystallization at 30°C, were 

heated from 30°C at a rate of 12°C/h until the turbidity disappeared, resulting in the apparent 

dissolution of crystals. Thereafter, the solution was immediately cooled to the crystallization 

temperature, and the precipitates were then washed with distilled water until a neutral pH was 

obtained. 

 

2.3. Measurements 

Isothermal crystallization was conducted at the predetermined temperature, whereas the 

time-to-cloudiness of the solution was measured using visual confirmation as the time at 

Hydrolysis 
time (h) [η] Mw DPn

a 
Molecular  

length (L) (nm)b 
Sample code 

0 3.62 40,600 171 220 PPTA(220) 

24 0.92 14,800 62 80 PPTA(80) 

35 0.60 10,900 46 60 PPTA(60) 

78 0.26 5900 25 32 PPTA(32) 
a Average degree of polymerization. 
b Monomer length estimated with Lo of 1.29 nm [11].  

Table 1 Relationship between the hydrolysis time and the molecular length. 
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which the solution became cloudy, indicating the crystals growth to submicron sizes. Also, 

each PPTA crystal suspension was heated at a rate of 6°C/h, and the dissolution temperature 

(Td) of the PPTA crystals was visually observed, at which the solution transitioned from the 

cloudy state to a clear one. The measurements were performed three or more times under 

each set of conditions. Under the analogous conditions, the same time-to-cloudiness and the 

Td were noted within the effective digit. 

2.4. Transmission Electron Microscopy and Scanning Probe 

Microscopy Observation 

The samples were prepared for a transmission electron microscope (TEM) and scanning 

probe microscopy imaging by depositing the precipitate suspensions in water onto carbon 

grids or mica plates and then by drying in air at room temperature. The morphologies and 

electron diffraction patterns of the PPTA crystals were observed by the TEM (JEM2000EXII 

manufactured by JEOL Ltd. Tokyo, Japan) at an acceleration voltage of 200 kV, and their 

morphologies and thickness were observed in ScanAsyst modes using a scanning probe 

microscope (SPM; Multi Mode 8, manufactured by Bruker Co., MA, USA). 

2.5. Heat Treatment of PPTA Crystals 

The PPTA crystal suspension was dropped onto a TEM observation grid made of a 

supporting silicon nitride membrane substrate (S171-1; Agar Scientific Ltd., Essex, UK) or 

onto an SPM observation substrate (mica), and it was then dried at 25oC. Thereafter, using a 

vacuum heating furnace (FT-101S; Full-tech Co., Osaka, Japan), heat treatment was 

performed at a predetermined temperature in vacuo. 
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3. Results and Discussion 

3.1. Preparation and Structure of PPTA Single Crystals 

The PPTA(220) did not dissolve in 78.5 wt% sulfuric acid at a concentration of 0.1 wt% 

at 25oC; however, it dissolved after it was heated to 140°C. Even when the PPTA(220) 

solution was cooled to 0°C, crystallization was not observed. However, the PPTA(32), 

PPTA(60), and PPTA(80), which were composed of shorter molecular chains, effectively 

dissolved in 78.5 wt% sulfuric acid at a concentration of 0.1 wt% at 120°C. Subsequently, 

when the solution was cooled to 0°C, cloudiness in the solution was noted in all the samples 

after 1 h, which indicates crystallization. To gain a better understanding of these results, we 

referred to the outcomes of some previous investigations that considered other rigid polymers. 

It was reported that rigid polymers, such as poly(p-phenylene benzobisthiazole) (PBZT) 

and poly(p-phenylene benzobisoxazole) (PBO), can be crystallized from dilute solutions by 

isothermal crystallization [22–25]. Both PBZT and PBO are rigid polymers composed of a 

heterocycle and a benzene ring. These molecules do not contain any amide bonds; therefore, 

in contrast to PPTA molecules, they exhibit lower flexibility and are less affected by 

intermolecular hydrogen bonding than PPTA molecules. Moreover, in a previous study 

considering PBZT [23], instantaneous crystallization was observed when the polymer was 

dissolved at a concentration of 0.1 wt% at 120°C and then quenched to 0°C. However, in the 

case of PPTA, such instantaneous crystallization was not observed under any crystallization 

conditions. These results indicate that the crystal growth rate of PPTA is significantly slower 

than that of PBZT. This difference can be attributed to the lower rigidity of the molecular 

chains of PPTA in comparison with the molecular chains of PBZT, which is due to the 

presence of an amide bond in PPTA molecules. In addition, studies involving PBZT revealed 

that the crystal growth rate is usually slow for long and rigid molecular chains with the same 
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degree of supercooling (Dsp), which is defined as the difference between the Td and the 

crystallization temperature. Hence, it was concluded that crystallization hardly takes place in 

long-chain PPTA molecules, such as the PPTA(220). Consequently, the PPTA(32), 

PPTA(60), and PPTA(80) were used in the subsequent study, as they exhibit relatively 

shorter molecular chains. 

The Tds of the PPTA(32), PPTA(60), and PPTA(80), which were obtained by quenching 

to 0°C, are 95.8°C, 101.0°C, and 103.2oC, respectively. It can be seen that longer PPTA 

molecular chains have higher Tds. The Td of PPTA crystals will be discussed later in the 

manuscript. The relationship between the isothermal crystallization temperatures and the 

times-to-cloudiness of the PPTA samples is demonstrated in Table 2. With the same 

crystallization temperature, crystallization occurred more rapidly in the solution with the 

longer molecular chains. Thus, it can be concluded that Dsp determines the crystallization 

behavior. Therefore, for the same molecular chain length, a longer time is needed for 

crystallization at higher temperatures. In addition, it was clarified that crystallization did not 

occur at Dsp ≦ 33°C using the abovementioned conventional isothermal crystallization.  

 

 

 

 

 

 

 

 

 

 

Crystallization 
temperature 

(°C) 

Time-to-cloudiness (h) 

PPTA(32)  PPTA(60) PPTA(80)  

0 1 1 1 

30 3 2 1.5 

40 5.5 5 4 

60 40 13.5 12.5 

65 NC a 18 15 

70 NC 22.5 19 

75 NC NC NC 

a Crystallization did not occur. 

 

Table 2 Relationship between the crystallization temperature and the time-to-cloudiness. 
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Subsequently, isothermal crystallization was carried out using a self-seeding method [21]. 

When the PPTA(32) solution was kept at 65°C after using the conventional isothermal 

crystallization method, crystallization was not observed, as shown in Table 2. However, by 

using the self-seeding method, crystallization was observed in 20 min at 65°C (Dsp = 30.8°C) 

in the PPTA(32) solution, as shown in Table 3. The observed time-to-cloudiness by the self-

seeding method was extremely shorter than that observed by the conventional isothermal 

crystallization method. These results revealed that undissolved crystals serve as nuclei and 

that the self-seeding method works for the preparation of PPTA crystals with a low Dsp. 

Similarly, in the PPTA(60) and PPTA(80) solutions, crystallization was observed at 75°C 

after using the self-seeding method, but it was not observed at 75°C after using the 

conventional isothermal crystallization method. 

From these results, it was found that crystal growth was mainly controlled by the primary 

nucleation in the crystallization from dilute solutions of PPTA. After the primary nuclei were 

formed, subsequent secondary nucleation and crystal growth were found to occur almost 

immediately. In addition, the molecular chain length of PPTA had a considerable effect on 

the crystallization temperature and crystal growth rate. 

 

 

 

 

 

 

 

 

 

Crystallization 
temperature (°C) 

Time-to-cloudiness (min) 

PPTA(32) PPTA(60) PPTA(80) 

65 20 6 3 

75 NC a 20 18 

80 NC NC NC 

Table 3 Relationship between the self-seeding crystallization temperature and the time-to-cloudiness. 

 

a Crystallization did not occur. 
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To clarify the morphology and crystal structure of the obtained crystals, TEM observation 

was conducted. The isothermal crystallization of PPTA(32) at 60°C (Dsp = 35.8°C) yielded 

thin plate-like crystals, as shown in Figure 1a. The selected area electron diffraction pattern 

of this plate-like crystal exhibited diffuse arc-shape streaks, as shown in Figure 1b, which 

indicates that the crystal orientation in this plate-like crystal is disordered. The d-spacing 

values were calculated from the electron diffraction patterns (Supporting Information, Table 

S1), and these reflections could be indexed as modification II PPTA crystals, as reported by 

Xu et al. [26]. It was also found that the crystal’s length direction corresponded to the 

crystalline a-axis, whereas the crystal’s width direction corresponded to its b-axis, which is 

the hydrogen-bonding direction. Also, the molecular chains were oriented perpendicular to 

the plate. These results differ from those obtained in a previous study [15], wherein the PPTA 

crystals, prepared using the confined thin-film melt polymerization method, were grown in 

the b-axis direction, indicating the strong influence of hydrogen bonding between the PPTA 

molecular chains in the crystal growth direction. 

On the other hand, the isothermal crystallization of PPTA(32) at 0°C (Dsp = 95.8°C) 

resulted in the formation of fan-like aggregates of ribbon-like lamellae, as shown in Figure 1c. 

Similar morphology was observed in the isothermal crystallization of the PPTA(32) at 30°C 

(Dsp = 65.8°C), as shown in Figure 1d. The electron diffraction pattern of the ribbon-like 

lamellar crystals was unclear, but it was similar to that of the plate-like crystals. Therefore, 

the crystal’s length direction corresponded to the crystalline a-axis, whereas its width 

direction corresponded to the b-axis. The molecular chains were also oriented perpendicular 

to the plate.  

These results indicate that metastable modification-II PPTA crystals were obtained from 

dilute solutions of PPTA in a sulfuric-acid solution having a large Dsp. The crystal’s length 

increased in the a-axis direction. It is considered that during the crystallization in the sulfuric 
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acid solution, the effect of the hydrogen bonding between the PPTA molecular chains was 

weakened by the interaction between the PPTA molecular chains and sulfuric acid, and the 

growth in the b-axis direction did not proceed predominantly. 

 

 

The bright-field image and electron diffraction pattern of the prepared PPTA(32) crystal 

using the self-seeding method at 65°C (Dsp = 30.8°C) are shown in Figure 2a and b, 

respectively. As seen in the figure, a lozenge-shaped morphology and sharp spots in the 

electron diffraction pattern can be observed. All the spots were indexed with an orthorhombic 

unit cell of a = 0.788 nm, b = 0.522 nm, and c = 1.29 nm, corresponding to the fiber axis 

(Supporting Information, Table S2). These results indicate the following: the product is a 

Figure 1. Transmission electron microscopy images of PPTA(32) crystals. a) isothermally 

crystallized at 60°C, b) electron diffraction image taken from the circled area in a), c) 

isothermally crystallized at 0°C, and d) isothermally crystallized at 30°C.  
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modification I PPTA crystal, as reported by Northolt [12] and Liu [15], the molecular chains 

oriented perpendicular to the lamella, and the crystalline a-axis is along the long diagonal 

direction, whereas the crystalline b-axis is along the short diagonal direction. Furthermore, 

the crystal’s (110) plane corresponds to the growth direction of the single crystal. 

The morphology and electron diffraction pattern of the prepared PPTA(80) single crystal 

by the self-seeding method at 75°C (Dsp = 28.2°C) are shown in Figures 2c and d, 

respectively. As seen in the figure, they are similar to those of the PPTA(32) single crystals. 

The PPTA(60) single crystals (Supporting Information, Figure S2) are also similar to the 

PPTA(32) and PPTA(80) single crystals. Thus, the metastable modification II crystals were 

obtained as lamellar crystals with relatively high degrees of supercooling (Dsp > 33°C), 

whereas the stable PPTA modification I crystals were obtained as lozenge-shaped single 

crystals with relatively low degrees of supercooling (Dsp < 31°C). The crystal habit of the 

lozenge-shaped PPTA single crystals was plainly evident, and the growth plane of the PPTA 

single crystal was the (110) plane. In this case, the crystal growth direction was defined by 

the crystal unit cell and was not affected by hydrogen bonding. Thus, crystallization using the 

self-seeding method under a relatively low degree of supercooling is required to prepare 

lozenge-shaped PPTA single crystals.  

As described, the effect of the hydrogen bonding between the PPTA molecular chains 

was weakened through the crystallization in the sulfuric acid solution, and crystallization at a 

small Dsp could be conducted using the self-seeding method. Thus, a lozenge-shaped PPTA 

single crystal was obtained wherein the (110) planes were reflected in the crystal’s growth 

plane. 
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Dark-field images taken by the 200 and 110 reflections of the PPTA(32) single crystals 

are presented in Figures 3a and b, respectively. A pattern of stripes parallel to the short 

diagonal direction (the b-axis) can be observed in the dark-field image of a lozenge-shape 

crystal taken by the 200 reflection. Conversely, in the dark-field image taken by the 110 

reflection, crystallites can be observed all over the crystal. In the lozenge-shape single 

crystals prepared by crystallization from a dilute solution of polyethylene [27], a dark-field 

image, taken by the 110 reflection, exhibited bright diagonal sectors [28]. This pattern is 

Figure 2. Transmission electron microscopy and electron diffraction of PPTA single 

crystals. a) PPTA(32) single crystal prepared using the self-seeding method at 65°C, b) 

electron diffraction from the selected area in a), c) PPTA(80) single crystal prepared 

using the self-seeding method at 75°C, and d) electron diffraction from the selected area 

in c) 
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attributed to the fact that the polyethylene single crystal has a hollow pyramidal structure and 

that the molecular chains in each sector have different folding directions, resulting in a 

diagonal extinction in the 110 dark-field image. In contrast, in the 110 dark-field image of the 

PPTA single crystal, such diagonal extinctions do not exist, which indicates that the PPTA 

single crystal was formed of extended molecular chains; therefore, there were no folded 

structures on the crystal surface, and the crystal did not have a hollow pyramid structure like 

the polyethylene single crystal. 

 

 

 

A scanning probe microscopy image of the PPTA(32) single crystal, which was prepared 

using the self-seeding method at 65°C, is shown in Figure 4a. As shown in Figure 2a, a 

lozenge-shaped crystal can be observed. Occasionally, the overgrowth of lamellar crystals is 

observed in some regions. Therefore, the thickness measurements of the PPTA single crystal 

were conducted at locations corresponding to the thickness of a single sheet of the lamellar 

crystal. The measured crystal thickness was about 40 nm, as shown in Figure 4b, which is 

close to the average molecular chain length (32 nm) of the used PPTA for crystallization. An 

image of the prepared PPTA(80) single crystal using the self-seeding method at 75°C is 

Figure 3. Dark-field images of the PPTA(32) single crystal 

taken by the a) 200 reflection and b) 110 reflection. 
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shown in Figure 4c. The thickness of the crystal was about 80 nm (Figure 4d), which is the 

same as the average molecular chain length (80 nm) of the used PPTA for crystallization. 

These results clarified that the thickness of the PPTA single crystals that have a clear crystal 

habit is close to the average molecular chain length of the used PPTA for crystallization. In 

other words, it was found that there is no difference in the crystal habits of the obtained single 

crystals, even when the molecular chain length varied in the range of the molecular chain 

length of the used PPTAs in this study. Since each PPTA single crystal is composed of an 

extended chain, the difference in the molecular chain length is directly reflected only in the 

thickness of single crystals. Thus, the following discussion concerning the heat treatment of 

the PPTA single crystals is based on the obtained results for the PPTA(32) crystals; however, 

the results are also analogous to other PPTA crystals. 
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3.2. Heat Treatment of PPTA Single Crystals 

The PPTA(32) single crystals were heat-treated at 350°C, and the change in the morphology 

is shown in Figure 5. Cracks were observed parallel to the b-axis, and these cracks were 

attributed to the formation of hydrogen-bonded sheets in the crystals. The electron diffraction 

images before and after the heat treatment are shown in Figure 6. The h + k = odd (i.e., hk0) 

reflections disappeared, whereas the intensities of the 200 and 310 reflections were increased 

by the heat treatment. In addition, the results of the X-ray diffraction pattern of the as-

crystallized and heat-treated PPTA single crystals were the same as those of the electron 

Figure 4. Scanning probe microscopy images and cross-sectional height profiles 

of PPTA single crystals. a) PPTA(32) single crystal prepared by the self-seeding 

method at 65°C, b) the cross-sectional height profile along the line A–B in a), c) 

PPTA(80) single crystal prepared by the self-seeding method at 75°C, and d) the 

cross-sectional height profile along the line C–D in c). 
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diffraction pattern (Supporting Information, Figure S3.) From these results, it can be 

concluded that the symmetry of the PPTA crystals changed during the heat treatment. In 

addition, the modification I PPTA crystal structures were reported to have a P1a1 symmetry 

with respect to the b-axis direction [15] and a P11n symmetry with respect to the c-axis 

direction [11, 12, 15]. In the P11n symmetry, the adjacent molecular chains in the diagonal 

direction can be regarded as equivalent, so the hk0 reflections can be considered to have 

canceled each other out. In contrast, in the P1a1 symmetry, the adjacent molecular chains in 

the diagonal direction cannot be regarded as equivalent, so the hk0 reflections cannot 

completely cancel each other out. According to the electron diffraction images before and 

after the heat treatment, which coincide with the P1a1 and P11n symmetries, respectively, the 

symmetry of the crystal changed from P1a1 to P11n. The hydrogen-bonding (N–H–O) 

distances and angles of the P1a1 and P11n symmetry crystals were also determined [15]: the 

distances and angles of the hydrogen bonds of the P1a1 symmetry crystal are 0.2328 nm and 

155.2°, respectively, while those of the hydrogen bonds of the P11n symmetry crystal are 

0.2124 nm and 172°, respectively. Therefore, the distance of the hydrogen bond is closer in 

the P11n symmetry crystal than in the P1a1 symmetry crystal, and the angle of the hydrogen 

bond of the P11n symmetry crystal is more linear than that of the P1a1 symmetry crystal. 

Based on these results, it was concluded that the intermolecular hydrogen bonding in the 

crystal region gets stronger after heat treatment. In Ref. 15, the unit cells of the P11n 

symmetry crystal and the P1a1 symmetry crystal were reported as follows: P11n (a = 0787 

nm, b = 0.518 nm, c = 1.29 nm) and P1a1 (a = 0.788 nm, b = 0.522 nm, c = 1.29 nm). Hence, 

the P11n symmetry crystal is denser than the P1a1 symmetry crystal. It was also considered 

that the crystal densification following the heat treatment made it difficult to maintain the 

original morphology and that the van der Waals forces in the a-axis direction were weaker 

than the hydrogen bonding in the b-axis direction, thus resulting in the formation of cracks 
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parallel to the b-axis. This change in the symmetry was attributed to a 1/2 shift in the 

molecular chain along the molecular chain axis [15]. Such cracks and changes in the crystal 

symmetry were observed when the heat treatment was performed at 300°C, 350°C, and 

400°C. In Ref. 29, the β*-relaxation around 250°C was reported in a study on the dynamic 

mechanical properties of PPTA fibers, which was determined to be associated with the 

thermal molecular motion in the crystalline region. In addition, in a study on the dynamic 

mechanical properties of PPTA fibers, Kunugi et al. also reported that the β*-relaxation was 

observed at approximately 270°C [30]. Moreover, it was also reported that the crystallinity of 

Kevlar fibers increased after heat treatment at 300°C. Hindeleh et al. also reported that the 

crystallinity and the microparacrystallite (mPC) size of Kevlar fibers increased after heat 

treatment at a temperature of at least 250°C [31]. These results indicate that the heat 

treatment of >250°C results in a molecular motion of the molecular chains of crystal regions 

and leads to structural changes not only in the amorphous region but also in crystal regions. 

Although it is not directly established that molecular motion in the molecular chain axis 

direction is present, it is inferred that the molecular motion in the molecular chain axis 

direction is generated by heat treatment at 250°C or higher. This is based on the X-ray 

diffraction pattern of the heat-treated fiber, which indicates the improvement of the 

crystallinity in the meridional direction [30]. Thus, it can be concluded that the single crystals 

of PPTAs are stabilized by the molecular chain movement in the chain direction after heat 

treatments. 
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Figure 7 shows high-resolution dark-field images of PPTA single crystals before and after 

the heat treatment. The sizes of the crystallites are quantified in Table 4. Narrow crystallites 

were observed in both samples, and the long axes of the narrow crystallites corresponded to 

the b-axis. In addition, the crystallites became larger after the heat treatment, particularly 

along the b-axis direction. In other words, during the heat treatment, the crystallites grew 

along the b-axis rather than the a-axis because the hydrogen bonds existed in the b-axis 

direction. These b-axis-grown crystallites were also reported in Dobb et al.’s fiber studies 

[14], as described in Introduction section. Based on this finding and the results of the electron 

diffraction, it was concluded that the PPTA single crystals were stabilized through the heat 

treatment and narrow crystallites grew in the hydrogen-bonding direction. 

Figure 6. Electron diffraction patterns of a PPTA(32) single crystal. 

a) as-crystallized and b) after heat treatment at 350°C. 

 

 

 

 

          

          

            

             

 

Figure 5. TEM image of a PPTA(32) single crystal after heat treatment at 350°C. 

 

 

 

 

            

               

            

       



21 

 

 

 

 

 

 

 

 

 

The thickness of the heat-treated PPTA single crystals was consistent with that of the as-

crystallized single crystals, and it was not changed by heat treatment as shown in Figure 8. 

This result differs from that obtained in the previously study [32], wherein the thickness of 

the single crystals of flexible polymers, such as polyethylene, increased upon heat treatment. 

Thus, it was proven that the thickness of the PPTA-extended chain crystals without folding 

did not increase even after heat treatment, and changes were observed in the crystal 

symmetry and the size of the crystallites increased in the hydrogen-bonding direction. 

 

 

direction 
Crystallite size 

As-crystallized Heat-treated 

a-axis 8.1 ± 1.9 nm 11.1 ± 7.7 nm 

b-axis 51.6 ± 11.7 nm 67.3 ± 20.0 nm 

Figure 7. High-resolution dark-field images of PPTA(32) single crystals taken by 

the 200 reflection. a) as-crystallized and b) after heat treatment at 350°C. 

Table 4 Crystallite sizes of PPTA(32) single crystals measured from 

dark-field images taken by the 200 reflection. 
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3.3. Equilibrium Dissolution Temperature of PPTA Single 

Crystals 

The Tds of PPTA single crystals with different molecular lengths are detailed in Table 5. It 

was found that longer PPTA molecular chains have a higher Td. The behavior is the same as 

that of the Td of the prepared PPTA crystal by isothermal crystallization at 0°C, as shown in 

Figure 8. Scanning probe microscopy images and cross-sectional height profiles of PPTA 

single crystals. a) PPTA(60) single crystal prepared by the self-seeding method at 75°C, b) 

the cross-sectional height profile along the E–F line in a), c) PPTA(60) single crystal 

prepared by the self-seeding method at 75°C followed by heat treatment at 350°C and the 

cross-sectional height profiles along the lines d) G–H, and e) I–J in c). 
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Table 2. However, the Td of the PPTA single crystal, which was prepared using a self-seeding 

method with a low degree of supercooling, is higher than that of the obtained PPTA crystal 

by utilizing conventional isothermal crystallization with a high degree of supercooling. This 

is because the PPTA single crystal is composed of a more stable modification I structure. 

 

 

 
 
 

   

 

 

 

According to a study on flexible polymers by Lauritzen, Hoffman, Price [33, 34], the 

equilibrium Td (the Td of the crystal of infinite thickness, Td
0) is obtained from the 

relationship between the Td and the thickness of the crystal. As described above, the thickness 

of each PPTA single crystal is identical to the average molecular chain length. Therefore, the 

Td
0 of the PPTA single crystal can be estimated by comparing its Td and PPTA molecular 

chain length. Thus, the relation between the molecular chain length of the PPTA and the Td of 

PPTA single crystals can be established. 

First, it is considered as a crystal model in which n molecular chains are extended, assuming 

that the crystal thickness is equal to the molecular chain length and that the cross-sectional 

area of a single molecular chain is a (Figure 9). In the crystallization from a dilute solution, 

the free energy change (Δφ) by the crystal formation is a summation of an increase in the 

surface free energy of the newly formed crystals and a decrease in the free energy due to the 

volume formation: 

Sample code Dissolution 
temperature (°C) 

PPTA(32) 99.1 
PPTA(60) 107.8 
PPTA(80) 111.6 

Table 5. Td of the prepared PPTA single crystals using the self-seeding method. 
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  Δφ = Aσ – VΔf, 

 

where Δf is the difference in the free energy between the solution and the crystal states of the 

molecular chain, σ is the surface free energy per unit surface area, V is the volume, and A is 

the surface area. 

 

 

 

If σe and σs represent the surface free energy per unit surface area of the end and side 

faces, respectively, and C is the shape factor, Aσ and Δf can be described as follows: 

 

Aσ = 2naσe + CnaLσs 

 

Δf = Δh − TΔS, 

 

where Δh is the intermolecular aggregation energy based on the chemical structure of the 

molecular chain, and ΔS is the entropy change that is primarily attributed to the dissolution 

and the associated change in the molecular chain morphology. L is the length of the PPTA 

molecular chain. 

Figure 9. Schematic drawing of a PPTA crystal. 



25 

 

Therefore, 

 

Δφ = 2naσe + CnaLσs − naLΔf. 

  

At Td, Δφ is equal to 0, therefore 

 

Td = A − B/L, 

where A = (Δh − Cσs)/ΔS and B = 2σe/ΔS. 

Td is linearly related to 1/L, and Td
0 can be obtained by extrapolating the molecular chain 

length “L” to infinity. The Tds of the PPTA single crystals are plotted versus the inverse of 

the molecular length, as shown in Figure 10, so a linear relation is obtained between the Td 

and 1/L. According to Figure 10, the Td
0 of the PPTA single crystal in 78.5 wt% sulfuric acid 

was estimated to be 119.2°C.  

From these results, the equilibrium dissolution temperature could be obtained by 

measuring the dissolution temperature of the PPTA single crystals. A linear relation was 

clearly obtained between the inverse of the thickness of the PPTA single crystal (i.e., the 

length of the PPTA chain used for the crystallization) and the dissolution temperature, and 

the dissolution temperatures of the PPTA single crystals in predetermined concentrations of 

sulfuric acid could be estimated through the length of the PPTA chain. 
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Figure 10. Dissolution temperatures of the PPTA single 

crystals in 78.5 wt% sulfuric acid as a function of the inverse 

of the polymer molecular length (1/L). 
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4. Conclusions 

The isothermal crystallization of PPTA resulted in the formation of modification II PPTA 

crystals with plate-like morphologies and an unclear crystal habit. However, crystallization 

using a self-seeding method with a low degree of supercooling yielded lozenge-shaped 

modification I PPTA single crystals. In the obtained lozenge-shaped crystals, the a-axis 

direction corresponded to the long diagonal direction of the rhombus, the b-axis direction to 

the short diagonal direction, and the PPTA molecular chain axis (i.e., the c-axis direction) to 

the thickness direction of the crystal. The growth plane of the PPTA single crystal was the 

(110) plane, and the thickness of single crystals was approximately equal to the average 

molecular length of the PPTA used for the crystallization. It was considered that during the 

crystallization in the sulfuric acid solution, the effect of hydrogen bonding between the PPTA 

molecular chains was weakened by the interaction between the PPTA molecular chains and 

sulfuric acid, and the growth in the b-axis direction (the hydrogen-bonding direction) did not 

proceed predominantly. Thus, the (110) plane of the PPTA crystal is reflected on the growing 

surface. In addition, as the PPTA single crystal was composed of an extended molecular 

chain, the length of the PPTA chain used for crystallization was directly reflected in the 

thickness of the PPTA single crystals.  

The heat treatment of the PPTA single crystals resulted in a symmetry change from the 

P1a1 symmetry to the more stable P11n symmetry. Therefore, the P11n symmetry crystal 

was denser than the P1a1 symmetry crystal. It was considered that the crystal densification 

following the heat treatment made it difficult for the crystal to maintain its original 

morphology and the van der Waals forces in the a-axis direction were weaker than the 

hydrogen bonding in the b-axis direction, resulting in the formation of cracks parallel to the 

b-axis direction. The narrow crystallites elongated in the b-axis direction were observed in 



28 

 

the heat-treated PPTA single crystals, indicating that the narrow crystallites grew in the 

hydrogen-bonding direction. In addition, unlike previously reported polyethylene single 

crystals, which comprised flexible molecules, the thickness of the PPTA single crystals, 

which comprised extended molecules, did not change following heat treatment. Thus, it was 

proven that the thickness of the PPTA-extended chain crystals without folding did not 

increase even after heat treatment, and changes were observed in the crystal symmetry and 

the size of the crystallites increased. 

Furthermore, the equilibrium Td of the PPTA single crystals in 78.5 wt% sulfuric acid 

was estimated to be 119.2°C. The proposed method is also applicable to other rigid polymers 

that form extended-chain crystals; therefore, our study presents a method for determining the 

equilibrium Td of rigid polymers. 
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Preparation of solution-grown lozenge-shaped poly(p-phenylene terephthalamide) single crystals and 
their structural stabilization by heat treatment 
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* Corresponding author. Graduate School of Natural Science and Technology,  
Okayama University, 3-1-1 Tsushima-naka, Kita-ku Okayama 700-8530, Japan 
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Hydrolysis of the PPTA fiber 
The samples were prepared for infrared (IR) spectrometry measurements by the KBr method. The IR 
measurements were conducted using a PARAGON 1000 FT IR instrument (Perkin Elmer, Inc., MA, 
USA). 
 
Fig. S1 shows the infrared (IR) spectra of the PPTA fibers before and after hydrolysis. Because the 
characteristic peaks corresponding to the amide groups of PPTA (1525 and 1660 cm−1) were observed 
both before and after hydrolysis, it was concluded that the basic structure of the PPTA was not 
affected by the hydrolysis process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

h k l dobs.(nm) dcalc.(nm) Intensity 

0 1 0 0.516 0.522 s 

2 0 0 0.391 0.394 s 

2 1 0 0.309 0.314 m 

a) 

b) 

Fig. S1 Infrared spectra of (a) a PPTA fiber and (b) PPTA hydrolyzed for 78 h. 

 

 

Table S1. Observed and calculated lattice spacings for the samples shown in Fig. 1d 
(vs = very strong, s = strong, m = medium, w = weak, and vw = very weak) 
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Fig.S3 X-ray diffraction patterns of PPTA single crystals. 
a) as crystallized and b) after heat treatment at 400°C.  
These measurements were conducted using a VariMax Rapid instrument 
(Rigaku Co., Tokyo, Japan). 
 

 

 

 

Table S2. Observed and calculated lattice spacings for the samples shown in Fig. 2b 
(vs = very strong, s = strong, m = medium, w = weak, and vw = very weak) 

h k l dobs.(nm) dcalc. (nm) Intensity 

0 1 0 0.518 0.522 vw 

1 1 0 0.439 0.435 s 

2 0 0 0.396 0.394 vs 

2 1 0 0.318 0.314 m 

 

 

Fig. S2 Transmission electron microscopy and electron diffraction of PPTA single crystals. 
a) PPTA(60) single crystal prepared by self-seeding method at 65°C and b) electron 
diffraction from selected area in a). 

 

 

 

200nm

a
b
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