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The construction of heterocyclic aramid nanofibers (HNFs) was
reported for the first time in this study by a polymerization-induced
self-assembly method. 2-(4-Aminophenyl)-5-aminobenzimidazole was
introduced as the third monomer to participate in the polymerization
of poly(p-phenylene terephthalamide) and HNFs were successfully
prepared based on the balance of the solvent isolation effect and
intermolecular interaction. Subsequently, HNFs were fabricated into
nanopaper, which has uniform micro—nano structures and significantly
improved mechanical properties and electrical insulation.

In recent years, aromatic polyamide poly(p-phenylene terephthal-
amide) (PPTA) based nanofibers (ANFs) have become a research
hotspot in the field of high performance polymers due to their
excellent properties and novel processibility.' ANFs have broad
application prospects in many fields, such as adsorption
materials,®” reinforced composites,®™® flexible conductors,"
supercapacitors,’>*® and infrared stealth materials."* So far,
there are various methods for preparing ANFs, such as electro-
spinning, mechanical disintegration and the deprotonation
method, but these methods have little industrial production
value.™ Based on the “bottom-up polymerization-induced self-
assembly” method for preparing ANFs invented by our group,’
ANFs can be produced on a large scale and retain the physical
and chemical properties of PPTA. However, the preparation of
ANFs by this method requires polyoxyethylene ether as an
interfacial isolation additive,” which could not be thoroughly
removed due to covalent or noncovalent bond force and sub-
sequently gives rise to the risk of the performance of ANFs.
One of the most important uses of ANFs is to prepare aramid
paper.’®2® Aramid paper is an essential raw material for the
application of high-grade insulation and honeycombs, which
strictly requires high performance of ANFs. PPTA-based ANF
paper has high tensile strength, great thermal stability and
excellent insulation properties.>’ However, because of the rigid

Key Laboratory of Advanced Materials (MOE), Department of Chemical Engineering,
Tsinghua University, Beijing 100084, P. R. China. E-mail: tuoxl@tsinghua.edu.cn
+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d0ma00286k

This journal is © The Royal Society of Chemistry 2020

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Synthesis of heterocyclic aramid nanofibers
and high performance nanopaperf

molecular chain characteristics of PPTA, ANF paper also exhibits
the disadvantage of brittleness and its elongation at break is
usually around 5%, showing insufficient toughness.>* Thus, it is
in urgent need to modify ANFs and improve the performance of
nanopaper.

Copolymerization has been proved to be an effective strategy
to adjust the properties of PPTA.>*7>® Herein, we introduce the
heterocyclic monomer 2-(4-aminophenyl)-5-aminobenzimi-
dazole (APBZ) as a third monomer to participate in PPTA
polymerization and expect to obtain modified copolymerized
nanofibers. Heterocyclic aramid fiber is famous for its better
strength and tenacity than PPTA fiber.””*® Heterocyclic aromatic
polyamides (HAPs) are generally prepared in the dimethylacet-
amide (DMAC)/LIiCl system, which is more conducive to the
stability of the synthesized copolymer.’>*° However, based on
the principle of polymerization-induced self-assembly to obtain
ANFs, the DMAC/LiCl solvent system is actually not a good choice
for the formation of nanofibers. From the perspective of industrial
production, it has high cost and complicated aftertreatment.
In contrast, the solvent system of N-methyl-2-pyrrolidone (NMP)/
CaCl, is less costly, easy to recycle and has excellent interface
isolation effect for the PPTA molecular chain.*"** The cation of
the salts could complex with the carbonyl group of NMP, and the
anion could combine with the hydrogen atom on the amide
bond of the polymer, thereby isolating the molecular chain and
increasing the solubility of the aromatic polyamides. Therefore, in
this paper, we expect to prepare heterocyclic aramid nanofibers
(HNFs) in the NMP/CaCl, solvent system without any interfacial
additives.

As a result, HNFs were first prepared by copolymeriza-
tion and then HNF papers with uniform structure, excellent
mechanical properties and electrical insulation were also
successfully fabricated as shown in Fig. 1. The effect of como-
nomer addition ratio on the HNF morphology and HNF paper
properties was studied briefly. It is important to notice that the
modification by copolymerization expands the application
range of aramid nanofibers, which is expected to be applied
to fields with higher performance requirements.
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Fig. 1 Schematic process of the preparation of HNFs and nanopaper.

In this work, HNFs were prepared by a polymerization-
induced self-assembly method, where 5 g of CaCl, was added
and dissolved in 100 mL of NMP at 100 °C in a reactor under
nitrogen atmosphere. Then the reaction system was cooled
down to 0-10 °C using an ice water bath. p-Phenylene diamine
(PPD) and the third monomer APBZ (the total concentration
0.2 mol L") were added and dissolved in NMP solution under
stirring. The addition ratio of APBZ in amine monomer was
20%, 40%, 50%, 60% and 80%. Finally, 4.089 g of terephthaloyl
chloride (TPC) was added subsequently into the system and the
reaction started under high speed stirring. The reaction was
stopped when the Weissenberg effect happened (Fig. S1, ESIT).
A certain amount of HAP gel was taken out and diluted by
excess NMP. Then, the diluent was added slowly into plenty of
deionized water under strong shear to obtain the heterocyclic
aramid nanofiber (HNF) dispersion. All the dispersions are
uniform and stable, showing different colours with different
APBZ addition ratios (Fig. S2, ESIt).

The results of the FTIR characterization of HAP are shown
in Fig. 2. In addition to the typical peaks of aromatic poly-
amides,® the occurrence of peaks at 1600 cm™* and 1422 cm ™"
represents the C=N stretching vibration of the imidazole ring
and the bending vibration absorption of the imidazole ring,
respectively,®*> which indicates successful participation of
APBZ in the copolymerization. The molecular weights of the
obtained HNFs are shown in Table S1 (ESIt). All the molecular
weights are more than ten thousand Dalton and varied with
APBZ addition ratio, which is similar to the copolymerization in
the DMAc/LiCl solvent system.*® This not only demonstrates
the availability of NMP/CaCl, for copolymerization of APBZ in
PPTA, but also ensures the excellent properties of HNFs such as
thermal stability which can also be inferred from the TGA data
as shown below (Fig. 5b).
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Fig. 2 The FTIR spectra of HAP with different APBZ addition ratios.
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The HNF structures we obtained are shown in Fig. 3. According
to the TEM results, PPTA and HAP can self-assemble into nano-
fibrillar structures, which confirms the feasibility of the
polymerization-induced self-assembly method without poly-
oxyethylene ether as interfacial isolation. However, APBZ has
a significant influence on the morphology of the formed
nanostructure. Without APBZ addition, ANF is uniformly dis-
persed with a diameter of about 60 nm and extremely high
length to diameter ratio. As the proportion of APBZ increases,
the HNF morphology gradually changes from a fibrous struc-
ture to ribbon-like aggregation. In the process of nanofiber
formation, NMP/CacCl, has a solvent isolation effect for aramid
molecular chains. When the amount of APBZ added is low, the
balance of solvent isolation effect and intermolecular inter-
actions induced the formation of fibrillation in the nanoscale.
After the addition ratio of APBZ up to 60%, agglomeration can
be observed obviously. It is speculated that the heterocyclic
monomer destroyed the planar conjugated molecular chain
structure of PPTA and the molecular chain gradually begins
to warp and agglomerate, resulting in changes in the micro-
nano structure. From a macro perspective, HNFs can be uniformly
dispersed in water. The colour of the dispersion becomes darker as
the addition ratio of APBZ increases, which also indicates the
success of copolymerization.

The preparation process of HNF paper shown in Fig. 1 is
easy and effective. Excess water of HNF dispersion was filtered
out by sintered discs with the help of vacuum. Finally, the wet
paper was put in two smooth and flat glass plates and dried
in a vacuum oven (<100 Pa) at 60 °C for 48 h. ANF paper
was prepared for comparison through the same process as
described above but without APBZ addition.

As is shown in Fig. 4(a), HNF paper with a thickness of
around 30 pm has a homogeneous appearance with high
transparency. The SEM image in Fig. 4(b) indicates that the
surface of HNF paper is uniform and smooth without any
obvious defects. Micro-level observations reveal the disappear-
ance of the interface between most nanofibers. On the contrary,
the obtained ANF paper through the same preparation process
is less uniform with more defects such as pores at the

lum

Fig. 3 TEM images of HNF with different APBZ addition ratios: (a) 0%,
(b) 20%, (c) 40%, (d) 50%, (e) 60%, and (f) 80%.
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Fig. 4 (a) The appearance of HNF paper; (b) SEM image of the paper
surface (APBZ addition ratio 50%).

microscale (Fig. S3, ESIT). This difference between HNF and
ANF papers implies the strong intermolecular interactions
between HNFs during the drying process.

In order to evaluate the performance of HNF paper, tensile
strength, thermal stability and electrical breakdown tests were
performed subsequently. As shown in Fig. 5(a), The stress-
strain curve of HNF paper with different APBZ addition ratios
demonstrated that the tensile strength (TS) has been signifi-
cantly improved compared with ANF paper. When the APBZ
addition ratio is 50%, the TS of HNF paper reaches a maximum
value of 203.5 MPa. At the same time, the elongation at break
(EB) has also been greatly improved to 19% due to the addition
of nonlinear comonomer, indicating that the heterocyclic
molecular structure facilitates the strengthening and toughening
of the aramid nanofiber paper.

Fig. 5(b) shows the TGA curve of aramid paper. It can be seen
that the thermal stability of HAP is almost the same as that of
pure PPTA fiber and the thermal decomposition temperature
(Tq) is about 550 °C. In addition, with the increase of the APBZ
addition ratio, the residual mass of the samples also suggests an
increasing trend, which confirms the high temperature resis-
tance of the copolymer. At high temperature, compared with
the benzene ring, benzimidazole has a higher residual mass
and thermal stability due to its stable aromatic ring structure.’”
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Fig. 5 (a) The stress—strain curves of HNF paper and ANF paper. (b) The
TGA curves of HNF and neat PPTA. (c) EBS of HNF paper and ANF paper.
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Table 1 Comparison of ANF paper, HNF paper and Nomex® 412

Thickness/ Density/ EBS/

Type pm (gm™®) (kv mm™"') TS/MPa EB/% T,4/°C
ANF paper 47 48.5 90 75.5 5.5 550
HNF paper 30 42.1 158 203.5 19.0 550
Nomex®412 60 41.5 15 58.7 17.0 420

In this work, the residual mass of HNF with 20% APBZ addition
ratio improvement is not obvious, but the change of residual
mass of the other HNFs followed this rule which indicates that
the more benzimidazole segments, the more residual mass.**>°

As shown in Fig. 5(c), heterocyclic copolymerization can
significantly increase the electrical breakdown strength (EBS)
value compared with that of ANF paper due to the uniform and
smooth structure. With the increase of APBZ addition ratio, the
EBS of HNF paper also increases first and then decreases with
the highest value of 158 kv mm™" at 50% APBZ addition ratio.
The EBS values are sharply higher than the commercial products
such as 15 kv mm~* of Nomex® 412 paper as shown in Table 1.
The TEM images in Fig. 3 illustrate that HNFs are more likely to
agglomerate when the APBZ addition ratio is high, resulting
in lower density and declining electrical insulation. Table 1
compares the performance of ANF paper, HNF paper and
Nomex™ 412, implying that the introduction of APBZ (addition
ratio <50%) leads to a comprehensive performance improvement
of aramid nanofiber paper, especially in mechanical and insula-
tion properties. For HNF paper, the smaller thickness has a higher
surface density and ultra-high properties, which also reveals its
compact structure and great enhancement effect. Importantly,
with excellent mechanical strength and toughness, HNF paper
has the best insulation in the field of aramid paper by far.

In conclusion, heterocyclic aramid nanofibers and the paper-
based material were prepared for the first time by copolymeriza-
tion in this study. The mechanical, electrical, and thermal stability
properties of HNF paper were characterized in detail. The effects
of heterocyclic monomers on the micro-nano structure and
properties of aramid paper were evaluated. The whole preparation
process did not use any additives, NMP/CaCl, was proved effective
for HAP polymerization and the characteristics of the obtained
nanofibers and the performance of the HNF paper were impressive.
It was found that compared with ANF paper, the HNF paper
maintains high heat resistance and its mechanical properties and
electrical insulation properties have been significantly improved,
which makes up for the brittleness of ANF papers. All the results
demonstrated that copolymerization with a heterocyclic monomer
is a good way to improve the performance of aramid nanofibers and
is easy to implement for industrial production, which provides new
ideas for the research of copolymerized aromatic polyamides.
Through this study, HNF paper is expected to be used in broader
application ranges and higher performance requiring cases.
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