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Abstract

An organic-inorganic hybrid compound constituted by a Zn/Al layered double hydroxide (LDH)
intercalated with citric acid (LDH-CA), was dispersed in polyimides (PIs) with N-benzonitrile
side group, through in situ polymerization. At first, 3-(bis(4-aminophenyl)amino)benzonitrile as
a diamine monomer was synthesis and then it was reacted with 4,4-benzophenone
tetracarboxylicdianhydride via thermal imidization method to formed prossable PI. To improve
the thermal and mechanical properties and also to avoid the aggregation of LDH particle in the
polymer matrix, small amount of LDH-CA (1, 2, 4 wt %) was added to the synthesized PI. The
resulted materials were characterized by Fourier transform-infrared spectroscopy, X-ray powder
diffraction, thermogravimetry analysis (TGA), field emission-scanning electron microscopy, and
transmission electron microscopy (TEM) techniques. TEM results showed that the LDH-CA
nanolayers were dispersed in PI matrixes. The mechanical and thermal properties of the
synthesized composites are effectively enhanced by the incorporation of 2wt.% LDH-CA in the
polymer matrix. For the PI/LDH-CA nanocomposites, the maximum degree of tensile strength is
observed at a LDH-CA loading of 2 wt%, corresponding to an almost 32% increase in tensile

strength compared to the pure PL.

Keywords: ZnAl-layered double hydroxide; polyimides; in situ polymerization; Tensile strength;

Thermal properties
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Introduction

Organic/inorganic hybrid materials have attracted widespread consideration owing to their
potential uses as flame retardant materials, gene and drug delivery and catalyst carriers.'
Polymeric nanocomposites (NCs) are a new class of materials consisting of nanosized fillers in a
polymeric matrix, and possess properties superior to those of conventional microsized filler
composites, due to the ultrafine dimensions of the filler.® Moreover, on account of the unique
properties such as enhanced mechanical and thermal properties, reduced flammability as well as
high chemical stability, polymer/layered crystal NCs have been recognized as one of the most
important organic/inorganic hybrid materials.*® Most of the published works has focused on
organically modified smectite clays, in particular montmorillonites, as fillers of polymeric
composites.”” Furthermore, the emphasis is placed on layered double hydroxide (LDH) systems
rather than clays in recent years due to artificially preparing and highly tunable properties.'®"!
LDHs are a kind of anion clay with unique properties that are not commonly observed in layered
silicates. LDHs are well characterized and conventionally used for flame retardants,12 catalysts,13
ion exchangers,'"* matrices for biosensors,"” and supercapacitor electrode material.'® Their
novelty originate from their broad range of chemical composition, highly tunable properties, ease
of synthetic procedures in the laboratory, stability in air, interchangeable anions and their
potential industrial uses.'” Ultrathin nanosheets, prepared by delamination of layered hydroxides,
have attracted attention due to the extremely small thickness of the order of 1 nm and large
lateral size of the order of micrometers.'"® Chemical composition of LDHs can be represented by
the generic formula [M*"_, M’ (OH),][(A™)yn-mH,0].'""* Common features of these
compounds are positively charged ‘host’ layers of mixed metal (M*" and M’") hydroxide,

. . . .. .. 19
charge-compensating layers of ‘guest’ anions, and water molecules in interstitial positions.
y )
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However, the surface characteristic of LDH is hydrophilic and it is difficult to realize the
intercalation of polymer into the interlayers because of the integrated hydrogen-bonding network
between the hydroxide layers, intercalated anions and water molecules. When certain organic
anions are present in the interlayer space, the surface of LDHs can be rendered from hydrophilic
to hydrophobic and as a result may be used to prepare polymer/LDH NCs. To make the more
compatible LDH with most hydrophobic polymers, the appropriate interlamellar surface
modification of LDH is essential for the preparation of LDH based polymer NCs. "%
Organically modified LDH have been dispersed in various polymers, such as polypropylene,”
polystyrene,24 poly (methyl methacrylate),25 polylactide,26 polyimide (PD),” poly(amide-imide)28
and poly(ethylene glycol diacrylate).”” Because of their highly tunable properties, these NC
materials are evaluated for potential application in a large number of fields, such as those
emphasizing mechanical performance and as polymer electrolytes.*

Thermally stable organic polymers have been the subject of various studies to enlarge the
application of organic materials in harsh environment.’ Of thermally stable organic polymers,
the excellent properties of aromatic PIs such as outstanding thermooxidative stability and higher
chemical resistance led to the use of PIs in different area, such as insulating materials for
electronics, semipermeable membranes for gas separation, and high-temperature adhesives and

coatings.’>*>

In spite of their excellent properties, aromatic PIs have a few problems in which
inefficient processability is most obvious one originating from their very high glass-transition
temperature and lack of efficient solubility in common organic solvents.** Therefore, extensive
efforts such as introducing of bulky pendent groups, flexible linkage, noncoplanar structures and
or copolymerizing from different diamines or dianhydrides have been made to improve their

35-38

processability. With these modification methods, the melting temperatures can be
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significantly lowered, and the solubility may be much improved, which results in processable
PIs.*

The extent of improvement in the NC properties depends on the state of dispersion of the
silicate layers of the organoclay. Apart from the chemical structure and the length of the organic
moiety in the organoclay, the processing conditions determine the state of dispersion. Several
approaches were examined by Delozier et al. for PI-clay NCs.> According to their findings, the
best results were obtained using an in situ polymerization technique, wherein polyamic acid
(PAA) was synthesized in the presence of organoclay, and then it was thermally imidized using a
solution-casting technique. In the present work, a soluble aromatic PI containing pendant
benzonitrile groups was synthesized by the reaction of 3-(bis(4-aminophenyl)amino)benzonitrile
and 4,4'-benzophenone tetracarboxylicdianhydride (BTDA) by thermal imidization method.
Then, we report the synthesis, characterization and properties of partially exfoliated NCs by in
situ polymerization technique under thermal imidization method. In order to make a
homogeneous dispersion in the polymer matrix, the inorganic LDH was made organophilic by
the intercalation of citric acid (LDH-CA) anion in the interlayer. Characterization focused on the

morphology, mechanical and thermal properties of the novel hybrid materials.

Experimental

Materials

All materials and solvents were purchased from Merck Chemical Co and Aldrich Chemical CO.
3-Aminobenzonitrile, 1-fluoro-4-nitrobenzene, BTDA, palladium on activated carbon (10 wt%)
and hydrazine hydrates were used as received. N-methyl-2-pyrrolidone (NMP), N N-

dimethylformamide (DMF) and N,N'-dimethylacetamide (DMAc) were dried over barium oxide,
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followed by fractional distillation. Citric acid (=99.5%, Mw=192.12 g/mol), Zinc nitrate
hexahydrate [Zn(NOs3), . 6H,0], Aluminum nitrate nonahydrate [AI(NOs); . 9H,0] and sodium
hydroxide (NaOH) were used as received. Deionized water was used throughout the
experiments.
Synthesis of diamine monomer
Diamine monomer was synthesis in two steps. At first, 3-(bis(4-nitrophenyl)amino)benzonitrile
was prepared by nucleophilic substitution reaction of 3-aminobenzonitrile with 1-fluoro-4-
nitrobenzene in the presence of cesium fluoride in DMSO; yield = 90%, melting point= 218-220
°C. In the second step, the nitro groups were reduced to the corresponding amines with hydrazine
hydrate as the reducing agent and palladium as the catalyst as shown in Scheme 1. The purity of
this monomer was checked by thin layer chromatography, which showed one spot in an
ethylacetate/cyclohexane mixture (50:50) with R¢ =0.42. The yield was 81%; melting point=
188- 191 °C.”

FTIR (KBr, cm'l) of diamine 1: 3448 (s), 3377 (s), 3113 (w), 3075 (w), 2225 (s), 1555
(m), 1440 (w), 1323 (w), 1252 (w), 844 (m), 739 (w). 'H-NMR (400 MHz, DMSO-dj, ppm) of
diamine 2: 4.49 (s, 4H, NH), 6.26-6.28 (d, 8H, Ar-H, J= 4.5 Hz), 6.49 (s, 1H, Ar-H ), 6.76-6.78
(d, 1H, Ar-H), 7.19-7.20 (d, 1H, Ar-H, J=4 Hz), 7.36-7.38 (dd, 1H, Ar-H, J=4 Hz).
Preparation of polyamic acid (PAA) and pristine Pl
2.00 g (6.66 mmol) of 3-(bis(4-aminophenyl)amino)benzonitrile as diamine monomer 1 was
dissolved in NMP (20 wt%) and cooled with the ice water bath. After completely dissolved,
BTDA (2.15 g, 6.66 mmol) as the anhydride monomer 2 was added into the above solution under
stirring with a mechanical stirrer, a condenser and a nitrogen inlet for 6 h at room temperature to

obtain the pristine PAA. The inherent viscosity of the PAA was 0.97 dL/g, as measured in
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DMACc at a concentration of 0.5 g/dL at 30 °C. The PAA was converted into PI with a thermal
imidization method. In this method, about 1.00 g of the PAA solution was spread into a Petri
dish 7 cm in diameter and baked at 90 °C overnight (ca. 12 h) for the removal of the casting
solvent. The semidried PAA film was further dried and converted into the PI by sequential
heating at 150 °C for 1 h, at 200 °C for 1 h, and at 300 °C for 3 h. To ensure the completion of
imidization, the PI films were further heated at 350 °C for another 1 h. and then were examined
by elemental analysis, tensile testing, X-ray crystallography, and thermal analysis.

PI: FTIR (KBr, cm™): 3106 (aromatic C-H stretching), 2217 (stretching C=N), 1777
(asymmetric imide C=0 stretching), 1726 (symmetric imide C=O stretching), 1629 (aromatic
C=C stretching), 825 (C-N bending). 'H-NMR (400 MHz, DMSO-ds, ppm): 6.15-6.16 (d, 2H,
Ar-H, J=3.5), 6.55 (s, 2H, Ar-H, J= 4.5 Hz), 6.62-7.64 (d, 2H, Ar-H, J= 4.5 Hz), 6.71 (s, 1H,
Ar-H), 7.45-7.46 (d, 1H, Ar-H, J=13.5), 7.53-7.55 (d, 1H, Ar-H, J= 3.5), 7.78-7.80 (d, 1H, Ar-H,
J=4.5 Hz), 7.82-7.83 (d, 1H, Ar-H, J= 3.5), 8.17-8.19 (d, 1H, Ar-H, J= 4.5 Hz), 8.26-8.28 (d,
1H, Ar-H, J=4.5 Hz), 8.46-8.48 (d, 1H, Ar-H, J= 4.5 Hz). Anal. Calcd. for C3¢HsN4Os (586.55

g/mol): C, 73.72%; H, 3.09%; N, 9.55%. Found: C, 73.77%; H, 3.13%; N, 9.48%.

@CN QQN;M QQ ¢©E

Pd/C
DMSO

Diamine 1

NMP

Q o)
P I o g

C Heatmg C N

N @ v
CO,H N n
° QL
Polyimide CN Poly(amic acid) CN

Scheme 1. Synthesis of diamine, PAA and PL
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Synthesis of CA modified Zn/Al LDH (LDH-CA)

Citric acid (CA) with one hydroxyl and three carboxyl groups exist widely in citrus fruits and
pineapples. The LDH-CA was prepared using co-precipitation technique as shown in Fig. 1: a
mixed metal solution of Zn(NOs), . 6H,O (4.6 g, 0.015 mol) and AI(NO3); . 9H,0O (1.8 g, 0.030
mol) with 2:1 molar ratio in 100 mL decarbonated water was added dropwisely over 2 h to an
aqueous solution containing 0.015 mol of CA under nitrogen atmosphere with vigorous stirring.
During the titration, the solution pH was adjusted to 7-8 with 0.1 N NaOH solutions to induce
co-precipitation reaction. The mixture was sonicated with a frequency of 2.25x10* Hz and power
of 100W for 2h under nitrogen atmosphere. Finally, the obtained suspension was filtrated using
Whatman filter paper and washed four times by dispersion in distilled water and filtration and it
was dried at 60 °C for 12 h. For comparative study, Zn/Al LDH-CO;> was prepared under

identical reaction conditions without using CA compound.

d=0.48 nm
o O OH i

HOJJ\/]C\\.;-OH

OH #

0
le(N(:)-;)-v ()H-v() m ﬁ =
o N g
+ Citric Acid 2
X i pH=9 E
Al(NO3); 9H20 Ultrasonic Irradiation e

Fig. 1. Preparation of citrate intercalated LDH (LDH-CA).
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Preparation of PI/LDH-CA NC films

Various contents of LDH-CA (1, 2 and 4 wt%), were dispersed in NMP (5 mL) under sonication
for 2 h in order to prepare various concentrations of LDH-CA nanoparticles. Diamine (0.5 g, 1.5
mmol) was added to flasks containing various concentrations of the LDH-CA in NMP solution
under a nitrogen purge in a sonic bath. After diamine was completely dissolved in the LDH-
CA/NMP solutions, 0.54 g (1.5 mmol) of BTDA was added, and then the mixtures were stirred
at room temperature under a nitrogen purge. The solid concentration of the solutions was kept at
10 wt% for all of the compositions. After 12 h, viscous PAA/LDH-CA solutions were obtained.
These PAA precursor solutions were cast onto clean, dry glass substrates. The as-cast films were
soft-baked at 80 °C for 12 h and then thermally imidized using a stepwise imidization process
under a nitrogen atmosphere for 1 h at 150 and 200 °C, and 3 h at 300 °C. The overall process is
summarized by the flow charts in Scheme 2. The average thickness of the composite films varied

from 6 to 30 um. All of the films were stored in desiccators prior to their characterization.
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LDH-CA in NMP

Sonicated for 2 h

Diamine 2 in NMP

Mixing Dianhydride

Polymerization

PAA/LDH solution

'

Casting

Curing by thermal imidization

PI/LDH-CA nanocomposite films

Scheme 2. Flow charts diagram for the preparation of PI/LDH-CA NC films.
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Fourier transform-infrared (FT-IR) spectra of the samples were recorded at room temperature in
the range of 4000-400 cm’ at a resolution of 4 cm™, on (Jasco-680, Japan) spectrophotometer.
Spectra of solids were obtained using KBr pellets. Vibrational transition frequencies are reported

in wavenumber (cm™). The band intensities are assigned as weak (w), medium (m), shoulder
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(sh), strong (s), and broad (br). Inherent viscosities (1n;,,) were measured by a standard procedure
using a Cannon-Fenske Routine Viscometer (Germany) at 30+0.5 °C. Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Avance DRX 400 and 100 MHz, by using
solutions in deuterated dimethylsulfoxide (DMSO-d6). The Proton resonances were designated
as singlet (s) and multiplet (m). Carbon, hydrogen and nitrogen content of the compounds were
determined by pyrolysis method by Vario EL elemental analyzer. X-ray diffraction (XRD)
patterns were recorded using CuK, radiation on a Bruker (Germany), D8 Avance, diffractometer
operating at current of 100 mA and a voltage of 45 kV. The diffractograms were measured for
20, in the range of 1.2-80°, using CuKo incident beam (A= 1.51418 A). And Bragg’s law ni=
2dsinf was used to compute the d-spacing. Thermal stability was measured with a
thermogravimetry analysis (TGA) (TA instrument Co.) at a heating rate of 20 °C min” from
room temperature to 800 °C under a continuous flow of nitrogen. The morphology of the hybrid
materials was examined by field emission-scanning electron microscopy [(FE-SEM), HITACHI;
S-4160]. The powdered sample was dispersed in H,O, and then the sediment was dried at room
temperature before gold coating. Transmission electron microscopy (TEM) images were
recorded using a Philips CM 120 (Eindhoven, Netherland) with an accelerator voltage of 100 kV.
The NC films were first microtomed into 60 nm ultra thin sections with a diamond knife using
Leica Ultracut UCT ultramicrotome. Tensile strength and elongation at break of the NC films
were measured with the help of UTM-INSTRON, PLUS, Model No. 8800. Test samples with
dimension of 10x25 mm® and thickness in the range of 6 to 30 pum were used for the

measurement of tensile strength and percentage of elongation at break.

11
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Results and discussion
FT-IR and ' H-NMR study
FT-IR, 'H-NMR and elemental analysis data of the diamine monomer 1 are reported in the
experimental section. In the FT-IR spectrum of the diamine, the characteristic absorptions of the
nitrile groups were observed at 2225 cm™. The characteristic absorptions of the amine group
showed the typical N-H stretching absorption pair in the region of 3448-3377 cm™. In the 'H-
NMR spectrum of the diamine compound 1, a peak at 4.50 ppm was assigned to the amine
protons group and all aromatic protons appeared at 6.2-7.4 ppm. The FT-IR and NMR spectra of
the diamine 1 was reported in our previous articles.”’

Conversion of the PAA to the fully cyclized PI was proved by means of by FT-IR, 'H
NMR spectroscopy and elemental analysis techniques. The FT-IR spectra of the PAA and
corresponding PI based on BTDA are presented in Fig. 2. As shown in Fig. 2a, PAA showed a
broad absorption characteristic band of carboxylic O—H and amide N—H groups at about 2600-
3700 cm™ and a narrow characteristic band at 1685 cm™ associated to C=0 of amide linkage.
After thermal imidization, these peaks were disappeared. In the spectra of the PI, absorption
bands of the imide groups appear at 1777 and 1726 cm’ for the symmetric and anti-symmetric
stretching vibrations of the carbonyl groups.*® Other characteristic absorption bands of the imide
were appeared at 1356 and 825 cm’ for the C-N stretching and C=0O bending, respectively (Fig.
2b). In the 'H-NMR spectrum of the PI, all the peaks have been readily assigned to the hydrogen
atoms of the repeating unit and no amide or acid protons at 10-13 ppm were appeared. This
indicating that complete imidization was really achieved. Good agreement between calculated
and found amounts of C, H, and N content was observed in elemental analysis of PI approving

its proposed structure.

12
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Fig. 2. FT-IR spectra of the PAA (a) and neat PI (b).

Fig. 3 shows the FT-IR spectra of the LDH-CA and PI NCs with 1, 2, 4 wt.% of LDH-
CA. A broad absorption peak between 3600 and 3000 cm™ is assigned to O-H group stretches of
both the hydroxide layers and the interlayer water (Fig. 3a).”’ Weaker bands arising from
aliphatic C-H stretches is observed in the range of 2950-2850 cm™. The asymmetric and
symmetric carboxylated anion of the CA was observed at around 1582 and 1398 cm’,

: 39,40
respectively.””

The bands around 780, 554 and 440-450 cm™ are caused by various lattice
vibrations associated with metal hydroxide sheets.'* Figs. 3b-3e shows the FT-IR spectra of the
neat PI and PI NCs with different amount of LDH-CA. A broad absorption between 3600 and
3200 cm™ was associated with the stretching mode of hydrogen-bonded hydroxy groups from
both the hydroxide layers and interlayer water in LDH-CA. In the FT-IR spectra of the NC with
different amount of LDH-CA, the symmetric and anti-symmetric stretching vibrations of the
carbonyl groups a of the imide shifted from 1777 and 1726 cm™ to 1772 and 1721 cm’,

respectively, in comparison with neat PI. Also, in addition to the PI peaks, the FT-IR spectra of

the PI/LDH-CA NCs show new absorption bands at 700-400 cm™ for metal hydroxide sheets.*!

13
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This result verifies that LDH-CA was successfully formed in the hybrid PI composites by the

thermal imidization techniques (Fig. 3c-3e).

(a)
(b)
5 (¢)
E R
wn ~
§ p—
1721
] W
(e)
4000 3000 2000 1000 400

Wavenumber (cm'l)
Fig. 3. FT-IR spectra of LDH-CA (a), neat PI (b) and NC with 1 (b), 2 (c) and 4wt.% (e) of
LDH-CA.

X-ray diffraction

XRD patterns of the ZnAl-COs> LDH and LDH-CA are shown in Fig. 4. The XRD patterns of
the ZnAl-CO5” compounds display the characteristic reflections of LDH with the basal peaks for
(003) and (006) planes at low 26 angle and the nonbasal peaks for (101), (015), (018), (110) and
(113) planes at high 26 angle.* For ZnAl-CO5;* LDH, the interlayer d spacing of characteristic

(003) planes (dgo3) at 260 = 11.42° was found to be 0.76 nm which is similar to the values reported

43,44

previously, indicating that Zn/Al-LDH is well crystallized (Fig. 4a). As expected, the

position of the basal reflections of LDH-CA is shifted to higher d value indicating the expansion

in the interlayer distance (Fig. 4b). The XRD patterns of the LDH-CA showed the expanding

14



Page 15 of 26

New Journal of Chemistry

LDH structure with a sharp (003) spacing of 1.98 nm at 20 = 4.38°. Given that the thickness of
the brucite-like layer of LDH is 0.48 nm,*** the gallery height in the LDH-CA is 0.71 nm,
compared with 0.28 nm in the carbonate-containing LDH. These data suggest a monolayer
arrangement for the intercalated carboxylate oriented perpendicular to the LDH layers. This
finding reveals that citrate anions had intercalated into the gallery of the LDH layers (Fig. 1).
XRD curves of neat PI and PI/LDH-CA films are also shown in Fig. 4c-4f. The P/LDH-CA
films do not show any diffraction peak in the range 26 = 1.2-10° as opposed to the diffraction
peak at 20 = 4.38° for LDH-CA. Usually, there are two types of NCs depending upon the
dispersion of clay par‘[icles.27 The first type is an intercalated polymer/clay NCs, which consists
of well-ordered multilayers of polymer. In these NC samples, the extent of polymer penetration
is not sufficient to delaminate the ordered structures. The second type is an exfoliated
polymer/clay NCs, in which there is a loss of ordered structure due to the extensive penetration
of polymer into the silicate layers.*® In the case of the PVLDH-CA hybrid films, the XRD curves
indicate the possibility of exfoliated silicate layers of LDH-CA being dispersed in PI. XRD
curves of the PI/LDH-CA films are shown in Fig. 4. No peaks appear when the LDH-CA
contents are 1, 2 and 4 wt%. This indicates the exfoliated silicate layers of LDH-CA might be
dispersed in PI. While XRD provides a partial picture about distribution of nanofiller and
disappearance of peak corresponding to d-spacing does not always confirm the exfoliated NCs,
characterization of NC morphology need microscopic investigation. The complete disappearance
of LDH peaks in the NC samples may be owing to the partial exfoliated structure, in which the
gallery height of intercalated layers is large enough and the layer correlation is not detected by

XRD.

15
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Fig. 4. XRD patterns of LDH-CO5* (a), LDH-CA (b), NC with 1 (c), 2 (d) and 4wt.% (e) of

LDH-CA and neat PI (f).

Morphology of PI/LDH-CA NCs

The FE-SEM and TEM images of the LDH-CA are presented in Fig. 5. According to these
images, the particles exhibit typical hexagonal plate-like morphology, without curved or
contorted sheets found (Fig. 5). It is clear, therefore, that the expanded basal spacing and reduced
interaction between LDH layers due to CA anion intercalation facilitate the curved growth of

LDH crystals along vesicle interfaces.

16
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(b) 20 nm

Fig. 5. FE-SEM (a) and TEM (b) images of LDH-CA.

FE-SEM and TEM images of NC materials with 2 and 4 wt.% of LDH-CA are shown in
Fig. 6. In the FE-SEM images of the NC films with 2 and 4 wt.% of LDH-CA, the plate like
structures of LDH was changed (Fig. 6a and 6c). Apparently, it seems that the particles are
dispersed in the polymer matrix. In the NC with high LDH concentration, some aggregation may
be observed in the FE-SEM pictures. For PI NC with 2 and 4 wt.% of LDH-CA, the TEM
images reveal a coexistence of LDH-CA layers in the exfoliated states (Fig. 6b, 6d). Particles
seem to be loose and not agglomerated was observed in the sample prepared by in situ
polymerization, suggesting that this method may be suitable for dispersion of the inorganic filler
in the polymer matrix (Fig. 6b). A little aggregations were observed in the TEM image of the
PI/LDH-CA NC4% in comparison with NC2%. As a result, increasing the LDH-CA content
leads to poor properties of the PI/LDH-CA NCs, because of the aggregation domains of the

LDH-CA nanolayers.

17
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100 nm

Fig. 6. FE-SEM (a, c) and TEM (b, d) images of NCs with 2 and 4% of LDH-CA.

Mechanical properties of PI/LDH-CA NC films

It is generally believed that external stress on a polymer composite is transferred from the
continuous phase (polymer matrix) to the discontinuous phase (filler). Therefore, the ultimate
properties of the composites are dependent on the extent of bonding between the two phases, the
surface area of the nanofiller, and the arrangements between the filler particles.”’” Previous
studied demonstrated that, the strength should be reduced if there are no bonding sites between
the organic polymer phase and the inorganic nanofiller phase due to the inert nature of the PIs
and the weak interactions between these polymers and the fillers.*®*** The tensile properties of
the PI/LDH-CA NC films in terms of the increased degree of tensile strength relative to pure PI
as function of LDH-CA content were exanimate by tensile testing and their stress—strain curves

were shown in Fig. 7. The tensile strength at break was observed to increase with the LDH-CA

18
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content. With 2 wt% LDH-CA content, the maximum tensile strength of the PVLDH-CA NCs
was 136 MPa, which is 32% higher than pure PI. In this study, citrate anion in LDH-CA, is the
connection between the Zn/Al nanolayers and the PI matrix, increasing the compatibility
between these two phases. Thus, the well dispersed Zn/Al nanolayers effectively enhance the
tensile strength of the PI/LDH-CA NCs. Further additions of LDH-CA (4 wt%) don’t enhance
the strength because of increasing brittleness, as a few amount of Mg/Al nanolayers were
aggregated to form a defect in the NCs, reducing tensile strength.*’ Interestingly, the elongation
of the PI/LDH-CA NC films increased with LDH-CA content. With 2 wt.% LDH-CA content,
the elongation at break was increased in comparison to the pure PI. By the same reasoning, the
elongation behavior of the P/LDH-CA NCs is also determined by the interfacial bonding
between the Zn/Al nanolayers and the PI matrix. When the LDH-CA content was increase to 4
wt.%, the strain was reduced which is confirm that some aggregation of the Zn/Al nanolayers

was occurred.

140
()
C
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Fig. 7. Tensile stress-strain curves of neat PI (a), and NC with 1 (b), 4 (¢) and 2wt.% (d) of
LDH-CA.

Thermal properties
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The thermal stability of the pure polymer and PI/LDH-CA NCs was evaluated by TGA
experiments at 20 °C min™ from 20 to 800 °C as shown in Fig. 8. From Table 1, for all PI/LDH-
CA NCs, an improvement in the onset temperature and in the midpoint temperature is observed.
Pure PI film is quite stable up to 390 °C. The weight of the pure PI film remained around 98%
under 400 °C, and then substantially decreased from 410 °C to 550 °C. The PI/LDH-CA NC film
showed a similar pattern of weight loss but at higher temperature than the pure PI films. The
decomposition temperature at 5% (Tso,) weight loss for these composites increases with the
LDH-CA nanofillers loading. About 50 °C improvements in Tsy, is found in 2 wt% LDH-CA
nanofillers loading. The 10 % weight loss temperatures (Ti¢;) of the PI is 407 °C and for NC
materials with 1, 2 and 4wt% of LDH-CA, it is 436, 461 and 486 °C, respectively (Table 1). The
char yields at 800 °C of the NCs with different LDH-CA content are higher than that of pure PL
The char yield of NCs was from 70 to 74% at 800 °C. In reality the presence of the hydrotalcite-
like lamellae produces a barrier to oxygen diffusion into the heated polymer due to the
accumulation of the oxides produced by thermal degradation of the material on the surface of the
volatizing polymer.>’”° This behavior indicates that LDH-CA have great potential for polymer

reinforcement.
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Fig. 8. TGA thermograms of neat PI (a), and NC with 1 (b), 2 (¢) and 4wt.% (d) of LDH-CA.
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Table 1. Thermal properties of the pure PI and NC with different amount of LDH-CA.

Material Ts (°C)* Ty (°C)? Char yield (%)

Pure PI 398 407 68
PI/LDH-CA NC1% 423 436 70
PI/LDH-CA NC2% 447 461 73
PI/LDH-CA NC4% 460 486 74

* Temperature at which 5 and 10% weight loss was recorded by TGA at heating rate of
20 °C min™ in a N, atmosphere.
b Weight percent of the material left undecomposed after TGA at maximum temperature

800 °C in a N, atmosphere.

Conclusions

Herein, a soluble aromatic polyimide containing pendant benzonitrile groups was synthesized by
the reaction of  3-(bis(4-aminophenyl)amino)benzonitrile  and  4,4’-benzophenone
tetracarboxylicdianhydride by thermal imidization method. Layered double hydroxide
intercalated with citric acid was prepared through co-precipitation method and polyimide/layered
double hydroxide-citric acid nanocomposites were successfully prepared by in situ
polymerization technique. FT-IR and XRD results show that citrate anions are present in the
Zn/Al layered double hydroxide such these materials are layered with large interlayer spaces of
1.98 nm. Morphology, structure and properties of the polyimide/layered double hydroxide-citric
acid nanocomposite films were characterized. TEM results showed that the layered double
hydroxide-citric acid nanolayers were homogenously dispersed in polymer matrixes. Dispersed

organoclay platelets into polyimide matrix were found to increase the thermal stability such as
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thermal decomposition temperature and char yield of polyimide/layered double hydroxide-citric
acid nanocomposites. The tensile strength increases with increasing amount of layered double
hydroxide-citric acid up to certain content. For the polyimide/layered double hydroxide-citric
acid nanocomposites, the maximum degree of tensile strength is observed at a layered double
hydroxide-citric acid loading of 2 wt%, corresponding to an almost 32% increase in tensile
strength compared to pure polymer. According to the obtained results in this study, by using
suitable modifier for layered double hydroxide and in situ polymerization technique,
nanocomposites materials with good thermal and mechanical properties could be obtained. These
novel high-performance hybrid materials demonstrate a promising potential for future

application.
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In situ thermal synthesis of novel polyimide nanocomposite films
containing  organo-modified layered double hydroxide:

Morphological, thermal and mechanical properties

o
I|
o OO % Q C
A A o+
n)’ -
Zn(NO3), 6H,0 ;\‘1 .1_"
" Cltrlc Acld

pH=9

Ultrasonic Irradiation PI/LDH-CA NCs

,{‘?ﬁ.‘,

In-situ polymerization

AI(NO3); 9H0

+
+ + 4+ ¥

Citric acid modified-LDH

Page 26 of 26



