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Co-poly(p-phenylene terephthalamide) (co-PPTA) fibers containing 4,4'-oxidianiline (4,4’-ODA) and 2-(4-
aminophenyl)-5-aminobenzimidazole (BIA) in terephthaloyl chloride (TPC) and p-phenylene diamine (p-
PDA) were prepared via a wet spinning method, followed by water washing and drawing at a high
temperature. With the addition of a new acid-binding agent, imidazole, the solution prepared by low-
temperature polycondensation had suitable viscosity for spinning. Herein, the properties of six co-PPTA
fibers with different contents of BIA and 4,4’-ODA segments were studied. The mechanical properties of
the co-PPTA fibers were improved with the addition of BIA and ODA; they reached the optimum tensile
strength of 2.45 GPa at a p-PDA/ODA/BIA molar ratio of 2/4/4, which showed a higher degree of
orientation and the highest crystallinity, and the strength further increased on increasing the thermal
drawing ratio. X-ray diffraction indicated that the fibers exhibited highly ordered structures, while two-
dimensional wide angle X-ray diffraction showed that molecular packing regions with highly oriented
structures were formed. In addition, the co-PPTA fibers exhibited excellent thermal stability when the 5%
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1 Introduction

A poly(p-phenylene terephthalamide) (PPTA) fiber is an organic
high-performance fiber obtained through polycondensation
and spinning with aromatic compounds as raw materials.
Kevlar® was invented and commercialized by the DuPont
Company in the United States in the 1960s."* The applications
of para-aramid fibers have already penetrated a large number of
industrial fields, from the traditional military industry to aero-
space, electronics, composite materials and other new fields.>®
The traditional preparation method of PPTA fibers is liquid
crystal spinning, where a PPTA polymer with a high molecular
weight and a high molecular weight PPTA polymer dissolved in
concentrated sulfuric acid are used as spinning solutions.”™®
However, this process is complicated, and the solution is diffi-
cult to recover. Furthermore, pyridine is often used as an acid
binding agent to adsorb the small molecule HCI generated by
the reaction, and it is extremely harmful to the human body. In
order to solve these problems, flexible moieties have been
introduced into the rigid backbones to improve solubility.

“State Key Laboratory of Chemical Resource Engineering, College of Materials Science
and Engineering, Beijing University of Chemical Technology, Beijing 100029, China.
E-mail: niuhq@mail. buct.edu.cn; wdz@mail. buct.edu.cn; Fax: +86 10 6442 4654;
+86 10 6442 1693; Tel: +86 10 6442 4654; +86 10 6442 1693

*Jiangsu Shino New Material and Technology Co., Ltd, Changzhou 213000, China

33664 | RSC Adv., 2019, 9, 33664-33673

Flexible bonds can cause the molecular chains to undergo rigid
twisting or flexible distortions and decrease the interactions
between the benzene rings and amide groups, which eventually
leads to rotation in the benzene rings and endows the molecular
chain with a stable helical structure. The helical structure not
only destroys the symmetry and regularity of the molecular
chains but also increases the free volume, thus decreasing the
crystallinity and improving the solubility.

Research on the co-poly(p-phenylene terephthalamide) (co-
PPTA) fiber was first started by the Russian Research Institute
of Chemical Industry."* In 1972, Russian scientists first used
benzimidazole diamine (BIA) and terephthaloyl chloride (TPC)
monomer to carry out the industrial synthesis and spinning of
a high-strength and high-modulus aramid fiber, SVM. Subse-
quently, Russian scientists introduced p-phenylene diamine (p-
PDA) into the SVM molecular chain to produce Armos fiber, and
they registered a patent in 1978.">** The tensile strength of the
Armos fiber exceeded 4.9 GPa in 1987 and increased to 5.5 GPa
in the 1990s with the development of spinning technology. In
addition, the former Soviet Union used 3,4’-oxidianiline (3,4’
ODA) and BIA as monomers to carry out terpolymerization to
obtain amide-soluble copolymers and prepare them through
stock solution spinning, with strengths of 5.0-5.5 GPa and
modulus of 130-140 GPa; these are comparable to high-
performance carbon fibers and are the strongest among all
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aramid fibers today.'*® The Japanese Ryugamine Mikado
Company used 3,4-ODA as the third monomer to obtain an
industrial product with the trademark Technora®, which typi-
cally showed 3.5 GPa strength.'*" The Institute of Chemistry
Chinese Academy of Sciences and Tsinghua University used
3,4-ODA as the third monomer, LiCl as the cosolvent and
pyridine as the acid absorbent to synthesize a jelly-like copol-
ymer by a low-temperature solution poly-condensation method.
Because of their good processability and outstanding proper-
ties, copolymerized para-aramid fibers have received increasing
attention from researchers.'*** For example, Longbo Luo et al.*®
comparatively studied the introduction of asymmetric hetero-
cyclic units into PPTA and their effects on its microstructure,
interactions and properties. K. Li et al?? studied the
mechanical properties, UV stability and the structure and
property evolution during the decomplexation of hydrogen
chloride from co-PPTA fibers in detail. However, current
research focuses on the relationship between the structure and
properties of modified PPTA fibers and the influence of the
third monomer, such as BIA and 3,4’-ODA, on the structure and
properties of the PPTA fibers.

Inspired by these known successes, in this study, BIA and
4,4'-ODA moieties were introduced to TPC/p-PDA rigid back-
bones to improve their processability. The solutions were
synthesized at low temperature and spun directly into fibers via
a wet-spinning process. During the synthesis process, imidazole
was adopted to replace pyridine as a new acid binding agent. A
series of co-PPTA fibers with different diamine molar ratios
were obtained, and the effects of the 4,4’-ODA and BIA moieties
on the aggregation structure, morphologies, and mechanical
and thermal properties of the co-PPTA fibers were investigated
in detail. In addition, the effects of the thermal drawing ratio on
the mechanical properties and crystallinity of the fiber were
studied. This study may serve as a rule to fabricate high-
performance PPTA fibers by molecular design.

2 Experimental
2.1 Materials

The monomer TPC was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. and used after sublimation.
The monomers 4,4"-oxidianiline (4,4’-ODA), p-PDA and BIA were
purchased from Changzhou Rongtuo Chemical Company and
recrystallized to use. The solvent dimethylacetamide (DMAc)
(analytically pure) was purchased from DuPont Co. and used
after distillation. The flux lithium chloride was purchased from
Tianjin Fengyue Chemical Co., Ltd. Imidazole was purchased
from Saan Chemical Technology (Shanghai) Co., Ltd. The
reaction principle is shown in Fig. 1.

2.2 Preparation of the co-PPTA fibers

Co-PPTA fibers were prepared by low temperature condensation
polymerization and spun by a low temperature wet spinning
process. Co-PPTA fibers were synthesised by copolymerization
of TPC and a mixture of three diamines, namely 4, 4'-ODA, BIA
and p-PDA. Firstly, LiCl was dissolved in DMAc in a dry three-
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necked flask, which was evacuated and filled with nitrogen to
ensure the absence of water or oxygen. Afterwards, diamine
monomer BIA, p-PDA, and ODA were added to the system in
sequence and were gradually dissolved as the system tempera-
ture increased from 0 °C to 20 °C. Meanwhile, imidazole was
added as an acid binding agent. Then, high-purity TPC was
continuously added and reacted at low temperature for 2 to 4
hours to obtain a viscous spinning solution with fluidity. Based
on this method, the co-PPTA solutions with different p-PDA/
ODA/BIA molar ratios (6/2/2, 4/2/4, 2/2/6, 2/4/4, 2/6/2, 4/4/2)
were synthesized respectively.

The Co-PPTA solution for the wet-spinning was degassed
under vacuum to remove air bubbles. Co-PPTA fibers were
produced by extruding the viscous co-PPTA solution through
the spinneret (100 holes, 9 pm in diameter). Co-PPTA solutions
formed in DMAc solvent were primarily extruded into a coagu-
lation bath consisting of a DMAc/H,O mixture to obtain co-
PPTA fibers. After removing the residual solvents in the
washing bath, the co-PPTA fibers were dried at 80 °C to 200 °C
and delivered into furnaces with temperatures ranging from
200 °C to 500 °C to be converted into co-PPTA fibers. The
experimental flowchart is illustrated in Fig. 1.

2.3 Characterization

The intrinsic viscosity of the co-PPTA solution was determined
by an Ubbelohde viscometer (German JULABO 77960). The co-
PPTA solution was diluted to 0.5 mg ml™", 1.0 mg ml ™},
1.5 mg ml~ ' and 2.0 mg ml~* with H,SO,. The intrinsic viscosity
of the co-PPTA solution was determined in a constant temper-
ature tank at 30 °C. The intrinsic viscosity of the co-PPTA
solution was obtained by extrapolation. The capillary diameter
of the Ubbelohde viscometer was 0.58 mm.

Fourier transform infrared (FTIR) spectra of the fibers
treated at different p-PDA/ODA/BIA molar ratios were obtained
on a Nicolet Nexus 670 FTIR spectrometer in the wave number
range of 4000 to 400 cm ™.

The mechanical properties of co-PPTA fibers were deter-
mined on an Instron 3344 instrument with a gauge length and
extension speed of 250 mm and 125 mm min ™", respectively.
For each group of fibers, at least 40 filaments were tested as
representative.

The equatorial structure of the co-PPTA fibers was measured
by two-dimensional wide angle X-ray diffraction (2D WAXD,
Bruker AXS D8 AVANCE). The fibers were tightly wound and laid
flat on the test bench. The X-ray was excited by a Ko ray from
a Cu anode target with a wavelength A of 0.154056 nm, a tube
voltage of 40 kV, a tube current of 40 mA, a scanning range of 5
to 40°, and a scanning speed of 10° min~". 2D WAXD was used
to measure the meridional structures of the co-PPTA fibers. The
crystallinities of the co-PPTA fibers were measured by X-ray
diffraction (Ultima IV) in a scanning range of 5 to 90°.

The degree of fiber orientation can be calculated by Her-
man's equation:***

3(cos’> ¢ — 1)

f=7 &)
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Fig. 1 Flow chart of the co-PPTA fiber preparation.

where fis the orientation factor along the fiber axis and the
average value of the included angle between the fiber axis and
the lattice ¢ axis. cos” ¢ can be calculated by the below integral.
Once all the values of (cos®¢) have been obtained, the
molecular orientation in the direction of (hkl) can be
evaluated.

T

foz I(¢@)sin ¢ cos® pde
G

(2)

cos? ¢ =

02 I(¢p)sin @dg

Scanning electron microscopy (SEM, Hitachi S-4700) was
used to characterize the surface and cross-section morphol-
ogies of the co-PPTA fibers. A bunch of the co-PPTA fibers was
smoothly laid and fixed on the measuring table with
conductive adhesives. Epoxy resin and a curing agent were
used to embed the fibers. The fibers were immersed in liquid
nitrogen for 5 minutes and broken, then bonded to the side of
the sample table by conductive adhesives. In vacuum, the
surfaces and cross-sections of the co-PPTA fibers were coated
with platinum metal particles with a diameter of 5 nm by
electroplating and were sprayed with gold to render them
conductive.

The thermal stabilities of the co-PPTA fibers were deter-
mined by thermogravimetric analysis (TGA, Q50, manufactured
by TA Instruments). The co-PPTA fibers were cut into powder,
and about 5 mg was placed in the sample table. The heating rate
was 10 °C min ', and the temperature was 800 °C in nitrogen
atmosphere.

The thermos-mechanical properties of co-PPTA fibers were
measured by a dynamic mechanical analyzer (DMA, Q800,
manufactured by TA). A bunch of the co-PPTA fibers were fixed
on the film test fixture with a heating rate of 5 °C min™" and
a frequency of 1 Hz in the temperature range from 30 °C to
450 °C.
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3 Results and discussion
3.1 Chemical structure

The chemical structures of the co-PPTA fibers with different p-
PDA/ODA/BIA molar ratios (6/2/2, 4/2/4, 2/2/6, 2/4/4, 2/6/2, 4/4/
2) characterized by FT-IR are shown in Fig. 2. In the func-
tional group region of 4000 to 400 cm " in the infrared spectra,
the characteristic absorption bands of co-PPTA fibers at
1640 cm ' (aramid-l band), 1495 cm ™' (aramid-ll band) and
1248 cm™ ' (aramid-lll band) are revealed. There is a relatively
weak absorption band at 1593 cm ™', which is the characteristic
absorption band of C=N in benzimidazole; thus, BIA can
successfully participate in condensation polymerization. The
absorption peak at 1110 cm ™" is assigned to the C-O-C of ODA.
Additionally, the peak becomes more intense with increasing
ODA content.

The ATR-FTIR curves of the co-PPTA fibers with different
molar ratios of p-PDA/ODA/BIA in the range of 3000 to

C-0-C

C-N-C / imide ring

. o —-N-H- Benzimidazole ring
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0-PPTA-1

1 '/llll I
3000 2000 1500
Wavenumbers(cm™)
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Fig.2 FT-IR curves of the co-PPTA fibers with different molar ratios of
p-PDA/ODA/BIA.
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Fig. 3 The FTIR curves of the co-PPTA fibers with different molar
ratios of p-PDA/ODA/BIA in the range of 3600 to 3000 cm™*; band 1,
band 2 and band 3 correspond to free N—H, hydrogen-bonded N-H
and strong hydrogen-bonded N—H stretching, respectively.

3600 cm ™! were carefully investigated to study the interactions

of the hydrogen bonds. In Fig. 3, the bonds of free N-H
(~3405 cm™") are reflected in the wavenumbers of band 1
(center: ~3415 cm™ ').1%2%3° Band 2 (center: ~3350 cm™ ') mainly
corresponds to N-H groups participating in hydrogen bonding
interactions in amide groups.*****° The wavenumber of bond 3
(center: ~3200 cm™') represents hydrogen bonded N-H
(~3145 cm™') stretching in polybenzimidazole, respec-
tively.'****® The center of band 3 is lower than that of band 2;
therefore, band 3 can be attributed to stronger hydrogen bond
stretching of the N-H groups.*® Based on the above analysis, the
percentages of the free N-H, hydrogen-bonded N-H and
stronger hydrogen-bonded N-H can be calculated by the relative
areas of band 1, band 2 and band 3.'¢3°32
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Hydrogen bonding plays an important role in the prepara-
tion process of PPTA fibers; it restricts drawing processing of
polyamides. Hydrogen bonding can limit further alignment of
molecular chains. The greater the amount of free N-H, the more
readily the molecular chain is drawn in the process of move-
ment, which is more conducive to the formation of fiber
orientation structures. With the increase in BIA content and the
decrease in PDA content, hydrogen-bonded N-H and strong
hydrogen-bonded N-H decreased and free N-H increased, as
shown in Fig. 4(a). Fig. 4(b) shows that with the decrease in BIA
content and the increase in ODA content, free N-H and strong
hydrogen-bonded N-H decreased and hydrogen-bonded N-H
increased. Fig. 4(c) shows that free N-H and strong hydrogen-
bonded N-H increased while hydrogen-bonded N-H
decreased with decreasing ODA content and increasing PDA
content. The introduction of BIA and ODA destroyed the regu-
larity of the molecular chains. The softer the molecular chains,
the more readily they can be drafted, and the more regular the
arrangement between the molecular chains; this results in an
increase in the formation of strong hydrogen bonds. Further-
more, the introduction of BIA leads to a certain degree of twist
in the molecular chain, which in turn leads to a decrease in the
formation of strong hydrogen bonds.

3.2 Mechanical properties

The intrinsic viscosities, tensile strengths and moduli of the co-
PPTA fibers with different molar ratios are listed in Table 1.
According to the intrinsic viscosity of the fibers in the table,
a spinning solution with suitable viscosity can be prepared
directly by introducing ODA and BIA. The co-PPTA-4 fibers,
which possess a p-PDA/ODA/BIA molar ratio of 2/4/4, possess
the optimum mechanical properties with the tensile strength of
2.45 GPa. The mechanical properties of the fibers are more
complicated and influence by many factors, such as intrinsic
viscosities, intermolecular interactions, the rigidity of the
polymer backbone, molecular packing and structural
defects.**** Due to the presence of hydrogen bonding interac-
tions and high orientation in the fibers, the mechanical prop-
erties of the PI fibers were improved when BIA was incorporated
into the polymer chains.* The introduction of BIA destroys the

[ JFreeN-H 09 [ JFree N-H b [ FreeN-H
a (] H-bonded N-H 0] H-bonded N-H — sl © ™ | H-bonded N-H
06 [ Strong H-bonded N-H " ][ Strong H-bonded N-H | strong H-bonded N-H
07 07
05 = ]
9 g 084 306+
g T T
4 ]
E’O 205+ gos
c < <
o3 804 o4
[} [} o
Q
5 o 03 ©03-
202 2 2
F =
" 02d 02
0.1 Gl 0.1
00 , 00 nm| . | , ,

T
co-PPTA3
(BIAODA=3:1)

T
co-PPTA-3
(p-PDABIA=1:3)

T
co-PPTA-1
(p-PDA:BIA=3:1)

co-PPTA-2
(p-PDABIA=1:1)

Fig. 4

(BIA:ODA=1:1)

T
co-PPTA5
(ODAp-PDA=3:1)

co-PPTA-6
(ODAp-PDA=1:1)

co-PPTA-1
(ODA:p-PDA=1:3)

T
co-PPTA4 co-PPTAS

(BIAODA=1:3)

Influence on the amounts of free N-H, hydrogen-bonded N-H and strong hydrogen-bonded N—H stretching in co-PPTA fibers with

different molar ratios of p-PDA/ODA/BIA; (a) ODA is constant, p-PDA and BIA change; (b) p-PDA is constant, BIA and ODA change; (c) BIA is

constant, BIA and p-PDA change.
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Table 1 The intrinsic viscosities and the mechanical properties of the co-PPTA fibers with different molar ratios of the diamines

co-PPTA fibers p-PDA/ODA/BIA [n] (dL g ') Tensile Strength (GPa) Fixed-length Modulus (GPa)  Elongation (%)
p-PDA : BIA 3:1 co-PPTA-1 6:2:2 2.21 1.39 £ 0.12 76.63 £ 3.97 2.18 + 0.22
1:1 co-PPTA-2 4:2:4 2.76 1.81 + 0.14 73.98 £ 2.01 4.04 £ 0.19
1:3 co-PPTA-3 2:2:6 2.81 2.33 +0.04 75.03 £ 2.21 3.33 £ 0.14
BIA : ODA 3:1 co-PPTA-3 2:2:6 2.81 2.33 £0.04 75.03 £ 2.21 3.33£0.14
1:1 co-PPTA4 2:4:4 2.68 2.45 + 0.04 63.10 £ 0.87 4.83 + 0.01
1:3 co-PPTA-5 2:6:2 2.05 1.67 + 0.08 35.21 +1.31 5.38 £ 0.13
ODA:p-PDA 3:1 co-PPTA-5 2:6:2 2.05 1.67 £+ 0.08 35.21 £ 1.31 5.38 £ 0.13
1:1 co-PPTA-6 4:4:2 2.13 2.00 £ 0.05 50.13 £ 1.09 4.61 £ 0.11
1:3 co-PPTA-1 6:2:2 2.21 1.39 £ 0.12 76.63 £ 3.97 2.18 + 0.22

regularity of the PPTA fibers, and the tensile strength and
modulus of the fibers enhance with increasing amount of BIA
segments. As mentioned above, the free N-H and the rigidity of
the benzimidazole rings are positive factors in improving the
tensile strength and modulus of the co-PPTA fibers. Moreover,
the introduction of ODA increases the flexibility of the chains
and the entanglement between the molecular chains of the
fibers. Therefore, as shown in Fig. 5(a), the flexibility of the
molecular chains appropriately enhances the stretchability of
the molecular chains, thereby improving the orientation of the
fibers and the mechanical properties of the fibers. However,
when the proportion of ODA increases to a large extent, the rigid

o /V\N,\Jf\ o o ——
(5 3 Dit{}f s iz:!é o) -~ t%? Q\ FUTVISs 70N
\7) Pagadinteg <7/ (ﬁ’?ﬁ i
transverse
core  skin section
- ordered
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internal dorod [N
structure of N ordere
co-PPTA NAVRI fibrials stucture
amorphous
co-PPTA longitudinal enlargment ordered
fiber section of fibrials structure
(a) (b) (c) (d)

Fig. 5 Sketch of the chain segment motion at high temperature (a)
and hypothetical structure model of the co-PPTA fiber (b).

structure of the molecular chains decreases, and the mechan-
ical properties of the fibers decrease instead.

The co-PPTA-6 fiber was selected to carry out experimental
research on different thermal drawing ratios. The mechanical
properties, modulus and elongation are shown in Table 2. A
hypothetical structure model of the co-PPTA fiber is shown in
Fig. 5(b). As the draw ratio increases, the corresponding tensile
strengths and moduli of the co-PPTA fibers increase, reaching
the optimum tensile strength of 2.72 GPa and modulus of
70.13 GPa, respectively. Through thermal drawing, the molec-
ular chains of the fibers are rearranged, and crystalline and
oriented structures gradually appear above the glass transition
temperature. Coupled with the existence of a large number of
hydrogen bonds between molecular chains, the mechanical
strength of the fibers is enhanced.

3.3 Aggregation structure

Fig. 6 shows the 2D-WAXD patterns of co-PPTA fibers with
different molar ratios of the diamines. The co-PPTA fibers
exhibit two clear diffraction spots in the meridional direction,
indicating that a highly oriented structure is formed along the
fiber axis direction. Diffuse diffraction spots appear at the fiber
equator, indicating ordered intermolecular packing in the
transverse fiber direction. In order to analyse the orientation
degrees of the fibers in the equatorial and meridian directions,
diffraction curves in the equatorial and meridian directions are
shown in Fig. 7.

Two-dimensional wide angle X-ray diffraction (2D WAXD)
was performed on a Bruker D8 Discover diffractometer equip-
ped with GADDS as a 2D detector. The degrees of orientation of
the fibers are shown in Table 3. The axial orientation degrees of

Table 2 The mechanical properties of co-PPTA-6 fibers with different drawing ratios

Drawing ratio Tensile strength (GPa)

Fixed-length modulus (GPa) Elongation (%)

1.00 0.86 + 0.07
1.25 2.00 = 0.05
1.50 2.35 + 0.05
1.75 2.44 £ 0.08
2.00 2.59 + 0.03
2.25 2.72 £ 0.05

33668 | RSC Adv., 2019, 9, 33664-33673

16.63 £+ 0.73 9.40 £ 0.45
50.13 £ 1.09 4.61 £ 0.11
59.55 £ 2.95 4.73 £ 0.07
63.72 £ 2.22 4.56 £ 0.18
69.40 £ 3.29 4.65 £ 0.14
70.13 £ 0.77 4.21 £0.15

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Set of 2D-WAXD fiber patterns with different molar ratios of the diamines; (a) co-PPTA-1, (b) co-PPTA-2, (c) co-PPTA-3, (d) co-PPTA-4,

(e) co-PPTA-5, (f) co-PPTA-6.
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Fig. 7 Sets of WAXD fiber patterns scanned along the equatorial (a)
and meridian (b) directions.

the co-PPTA fibers can reach above 85.93%, among which the
orientation degree of the co-PPTA-5 fibers is as high as 98.79%.
The addition of ODA and BIA can increase the flexibility of the
molecular chains. Under the same drawing ratio, the greater the
flexibility of the molecular chains, the more readily they orient
along the axial direction in the process of polymer trans-
formation from random coil to ordered structures along the
fiber axis. Therefore, the addition of ODA and BIA can enhance
the degree of orientation. Theoretically, the degree of fiber
orientation determines the changes in the mechanical proper-
ties. However, as shown in Fig. 5(a), when there are too many
flexible groups, the rigid structure of the molecular chain
decreases. Although the degree of orientation is very high, the
mechanical properties decrease instead, as the co-PPTA-4 fiber
shows.

The XRD spectra are shown in Fig. 8. The crystallinities of the
X-ray diffraction spectra of the co-PPTA fibers with different
molar ratios of the diamines were calculated by MID JADE5
software, and the average values were calculated several times.
The amorphous peak positions and crystallinities are shown in
Table 3. There are two diffraction peaks around 20° and 27°,

This journal is © The Royal Society of Chemistry 2019

corresponding to the (110) and (200) crystal planes, respec-
tively.>*” The intensity of the (110) crystal plane peak is higher
than that of the (200) crystal plane, which indicates the high
modulus aramid fiber. The changes in the peak intensity and
apparent crystal plane size reflect the evolution of the crystal-
linity during processing. The crystallinity of the co-PPTA fibers
decreases due to the introduction of the third monomers BIA
and ODA. The X-ray diffraction spectra of the co-PPTA fibers
show a sharp diffraction peak when 2-theta is about 20°; it is
arched by an amorphous peak, indicating that the crystal
structure of the co-PPTA fibers is obviously different from the
amorphous structure on this crystal plane. The other diffraction
peaks are not sharp, which indicates that there is a very
incomplete crystalline phase in the co-PPTA fibers. There are
crystalline macromolecular chains in this crystal phase;
however, its aggregation arrangement is not perfect. In addi-
tion, during spinning and post-processing, the influence of the
spinning draw ratio and precursor heat treatment on its crys-
talline structure are also quite important.

As reported previously, the drawing ratios played an impor-
tant role in the molecular orientation of co-PPTA fibers. Fig. 9
shows the set of 2D-WAXD fiber patterns of the co-PPTA-6
samples with different drawing. Diffraction curves in the
equatorial and meridian directions are shown in Fig. 10. As
shown in Table 4, the mechanical properties and the degree of
orientation of the co-PPTA fibers increase with the increase in
drawing ratio. It is evident that the alignment of molecules
becomes more ordered due to the stretching of the molecule
chain as the draw ratio increases. When there is no drawing
ratio, there is no diffraction spot in the radial direction; thus,
the mechanical properties of the fiber are poor. As the thermal
drawing ratio increases, the fibers gradually become orderly,
which indicates that the molecular chains will rearrange after

RSC Adv., 2019, 9, 33664-33673 | 33669
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Table 3 The degrees of orientation and crystallinities of the co-PPTA fibers with different molar ratios of the diamines
co-PPTA fibers Degree of orientation (%) Amorphous peak position (°) Crystallinity (%)
p-PDA : BIA 3:1 co-PPTA-1 85.93 20.244 33.65
1:1 co-PPTA-2 85.99 20.756 39.44
1:3 co-PPTA-3 86.04 20.147 62.11
BIA : ODA 3:1 co-PPTA-3 86.04 20.147 62.11
1:1 co-PPTA-4 90.45 19.267 66.62
1:3 co-PPTA-5 98.79 19.677 31.18
ODA : p-PDA 3:1 co-PPTA-5 98.79 19.677 31.18
1:1 co-PPTA-6 86.27 20.872 33.05
1:3 co-PPTA-1 85.93 20.244 33.65
co-PPTA-6
—aeras ,/\/\/-’\»/\/k\/\\,
——co-PPTA4
e -
——co-PPTA w2 S H /
£ ratio=1.75 = \ e
2 _____"’."E‘.ﬁ—/\ _/\_____J piotS
17} 1465 —=
g ____:_25__/\ NN N
= —M\ rato=1_
1'3 é \% 16 2‘0 2‘4 2 4 6 é 1'0 12 1'4 16 18 2‘0 22 24
20(°) 20
Fig. 10 Set of WAXD fiber patterns of co-PPTA-6 with different
. ; : : a - - drawing ratios scanning along the equatorial (a) and meridian (b)

Fig. 8 X-ray diffraction spectra of co-PPTA fibers with different molar
ratios of the diamines.

drawing. In addition, we found that the fiber with the best
mechanical properties has the largest degree of orientation.

In order to clearly understand the structural evolution of the
fibers during the drawing process, WAXD measurements were
also performed to characterize the macromolecular packing of
the co-PPTA fibers, as illustrated in Fig. 11. The crystallinities

directions.

and degrees of orientation of the co-PPTA-6 fibers with different
drawing ratios are shown in Table 4. The table shows that the
crystallinities and orientation degrees of the fiber increase with
increasing thermal drawing ratio, and the arrangement of
molecular chains also tends to be more regular; therefore, the
mechanical properties will also be strengthened. The fibers also
had two crystal planes, (110) and (200), respectively. At low
drawing ratios, the (200) crystal plane is located at about 23°.

Fig.9 Setof 2D-WAXD fiber patterns of the co-PPTA-6 samples with different drawing ratios. (a) Ratio = 1; (b) ratio = 1.25; (c) ratio = 1.5; (d) ratio

= 1.75; (e) ratio = 2; (f) ratio = 2.25.
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Table4 The degrees of orientation and crystallinities of the co-PPTA-
6 fibers with different drawing ratios

Drawing Degree of Amorphous peak

ratio orientation (%) position (°) Crystallinity (%)
1.00 — 20.867 29.28

1.25 86.27 20.872 33.05

1.50 87.04 20.783 35.79

1.75 87.69 21.011 55.65

2.00 88.18 21.203 66.36

2.25 88.85 20.595 72.48

With increasing drawing rate, the fibers have three crystal
planes; however, when the drawing rate increases to 1.75, the
angle of the crystal plane changes to around 27°.

3.4 Morphologies of the co-PPTA fibers

During the wet-spinning process, the coagulation of fibers is
a dual diffusion process; namely, the solvent diffuses into the
bath and the coagulant diffuses into the fibers.**** Different
diffusion rates lead to the formation of a skin-core structure.
Fig. 12 shows SEM characterizations of the co-PPTA fibers with
different molar ratios enlarged 6000 times, respectively. The
mean diameters of the co-PPTA fibers are about 8 to 12 pum; it
can also be clearly seen that the co-PPTA fibers have cylindrical
shapes, smooth fiber surfaces and uniform diameters. From the

x2.25

x2.00

>

2

8 x1.75

=
x 1.50
x1.25
x1.00

10 20 30 40 50 60 70 80 90
26(°)

Fig.11 X-ray diffraction spectra of the co-PPTA-6 fibers with different
drawing ratios.

.I
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cross-section images, all the co-PPTA fibers possess dense
morphologies without obvious microvoid structures. The SEM
results showed that the fibers possess homogenous and
uniform morphologies and that the incorporation of ODA and
BIA had little effect on the morphologies of the final PI fibers.**
It is well known that the skin-core structure is a typical structure
of fibers prepared by wet spinning processes. The skin-core
structure of fibers is directly related to the coagulation condi-
tions and spinning speed.**** The cross-sectional morpholog-
ical photographs of the co-PPTA-4 fibers are different from
those of the other fibers. This is because the tensile strength of
the co-PPTA-4 fibers is optimum, and they are more ordered
across along the fiber axis. Overall, the co-PPTA fibers exhibit
homogeneous surfaces as well as dense cross-section
morphologies, endowing the prepared PPTA fibers with excel-
lent mechanical performance.

3.5 Thermal gravimetric analysis

Fig. 13 and its inset table show that all the fibers exhibit 5%
weight loss temperatures (Tys) over 492 °C under nitrogen and
10% weight loss temperatures (T4;0) over 505 °C, demon-
strating the outstanding thermal and thermo-oxidative
stabilities of the co-PPTA fibers. The co-PPTA-2 fibers have
the highest thermal weight loss temperature, with a Ty5 value
of 503 °C and a Ty, value of 522 °C. It can be clearly observed
that the Ty5 values of the high ODA content fibers are relatively
low, indicating that the introduction of benzimidazole moiety
results in improvement in the thermal and thermo-oxidative
stabilities of the co-PPTA fibers; this is probably related to
the increased intermolecular interactions.*> In conclusion, the
introduction of ODA leads to a decrease in the thermal
stability of the PI fibers because of the decreased rigidity of the
polymer backbone.

3.6 Dynamic mechanical analysis

DMA was carried out under a nitrogen environment to investi-
gate the effects of the ODA and BIA contents on the thermal
mechanical properties of the co-PPTA fibers; as illustrated in
Fig. 14, two relaxation peaks appeared. The secondary glass
transition occurs at about 100 °C, which is the  relaxation peak,
and the glass transition occurs at about 290 °C, which is the

el f1J
\ |

Fig. 12 SEM images of the co-PPTA fibers: (al and a2) co-PPTA-1, (bl and b2) co-PPTA-2, (c1 and c2) co-PPTA-3, (d1 and d2) co-PPTA-4, (el

and e2) co-PPTA-5, (f1 and f2) co-PPTA-6.
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Fig. 13 TGA and DTG of the co-PPTA fibers at a heating rate of 10 °C min~ under nitrogen atmosphere.
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Fig. 14 DMA curves of the co-PPTA fibers with different molar ratios of the diamines at a heating rate of 5 °C min~* under nitrogen atmosphere.
(a) ODA is constant, p-PDA and BIA change; (b) p-PDA is constant, BIA and ODA change; (c) BIA is constant, BIA and p-PDA change.

o relaxation peak. The temperature of the glass transition (72)
decreases with the increasing BIA content. Meanwhile, it can be
observed from Fig. 4 that the strong hydrogen bond effect
slightly decreased, and the Tg also decreased. In addition, due
to the introduction of BIA and ODA, the loss factor tan ¢
increased. As shown in Fig. 14, the change of tan ¢ is deter-
mined by the joint action of ODA and BIA. ODA improved the
mobility of the molecular chains; meanwhile, the greater the
elasticity of the molecular chains, the smaller the loss factor.
The loss factor tan ¢ of the co-PPTA-5 fibers is the largest. The
co-PPTA-1 fibers have the highest Tg value of 300 °C. Therefore,
the introduction of flexible groups into the main chain can
decrease the glass transition temperature, and the strong
hydrogen bonds between molecules can increase the glass
transition temperature. The flexibility of the fiber increases the
internal friction in the molecular chain, causing an increase in
the internal friction resistance of the chain segment in the
movement process and further causing the loss factor to
increase.

4 Conclusions

High-performance co-PPTA fibers containing different molar
ratios have been prepared by wet spinning followed by hot
drawing. The mechanical properties of the co-PPTA fibers are

33672 | RSC Adv., 2019, 9, 33664-33673

enhanced with increasing BIA and ODA content, reaching the
optimum tensile strength of 2.45 GPa at the p-PDA/ODA/BIA
molar ratio of 4/2/4. Additionally, the mechanical properties
of the fibers increased with increasing thermal draw ratio. BIA
and ODA destroy the regularity of the molecular chains and
decrease the hydrogen bonds generated by PDA. XRD indicated
highly ordered structures, and two-dimensional wide-angle
XRD showed that highly oriented structures in the molecular
packing regions were formed in the fibers. Additionally, the co-
PPTA fibers exhibited excellent thermal and thermo-oxidative
stabilities, with a 5%-weight-loss temperature of over 500 °C
under a nitrogen environment. The introduction of flexible
groups into the main chain can decrease the glass transition
temperature. The two thermal relaxation processes, 3 relaxation
and o relaxation, were observed above room temperature. The
a relaxation was verified to be hydrogen-bonding and molecular
orientation-dependent. A glass transition occurred at about
290 °C, which indicated B relaxation. The introduction of flex-
ible groups into the main chain can decrease the glass transi-
tion temperature and increase tan o. It is believed that these co-
PPTA fibers have good prospects in future research.
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