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Abstract In this study, novel polyimide/x-Fe,O; (PI/ox-
Fe,03) hybrid nanocomposite films were synthesized via
thermal curing of different amount of modified «-Fe,O3
nanoparticles containing poly(amic acid) derived from
3,5-diamino-N-(9H-fluoren-2-yl)benzamide and 3,3',4,4'-
benzophenonetetracarboxylic dianhydride in N-methyl-2-
pyrrolidone. To improve the dispersion and obtain the
homogeneous distribution of x-Fe,03 in polymeric ma-
trix, the surface of nanoparticles was modified to
organophile with y-aminopropyltriethoxy silane. The PI/
«-Fe,O3 nanocomposite films were characterized by
Fourier transform infrared spectra, X-ray diffraction and
transmission electron microscopy (TEM). The TEM re-
sults confirm that the nanoparticles were dispersed uni-
formly in PI matrix on nanoscale. Additionally, thermo-
gravimetric analysis data showed an improvement of
thermal stability of novel nanocomposite films as com-
pared to the pure polymer.

Keywords Polyimide - Nanocomposite -
Amine-functionalized Fe,O3 - «-Fe,O3

Introduction

Organic/inorganic hybrid materials have become a pop-
ular topic in material science due to their unique me-
chanical, electrical, magnetic and adhesive properties
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[1-9]. Polyimides (PI)s are accepted as reliable high-
temperature polymers. They are widely utilized in mi-
croelectronic devices because of their excellent
thermomechanical and planarization properties, low di-
electric constants, and high dissipation factors [10—19].
Therefore, PIs are a promising matrix candidate for
hybrid materials [20-22].

Nanostructured hematite (x-Fe,O3) is a typical envi-
ronmentally friendly semiconductor material. Nanostruc-
tured «-Fe203 is the most thermodynamically stable iron
oxide phase and is of particular interest owing to its high
resistance to corrosion, low processing cost and non-
toxicity [23]. Therefore, this multifunctional material
has investigated extensively for a variety of applications
including photo-catalysis [24-26], gas sensing [27-30],
photo-assisted electrolysis of water [31, 32], magnetic
recording [29, 33], drug delivery [34], tissue repair en-
gineering [35] and magnetic resonance imaging [36],
along with its use in lithium-ion batteries [29], spin
electronic devices [37] and pigments [38]. In particular,
the magnetic properties of «-Fe203 have attracted much
interest over the past decades. In the 1950s it was found
to be canted antiferromagnetic (weakly ferromagnetic) at
room temperature, antiferromagnetic below the Morin
transition temperature of 250 K and paramagnetic above
its Neel temperature of 948 K.

In the present article, we report the synthesis and
characterization of PI/x-Fe,O3; nanocomposite films
using amine-functionalized Fe,O; and poly(amic acid)
(PAA) derived from 3,5-diamino-N-(9H-fluoren-2-
yl)benzamide and 3,3',4,4’-benzophenonetetracarboxylic
dianhydride as the PI precursor. The resulting nano-
composites were characterized using Fourier transform
infrared (FT-IR), thermogravimetric analysis (TGA), X-
ray diffraction (XRD), and transmission electron mi-
croscopy (TEM).
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Experimental
Materials

All chemicals were purchased from Fluka Chemical Co.
(Buchs, Switzerland), Aldrich Chemical Co. (Milwaukee,
WI), Riedel-deHaen AG (Seelze, Germany) and Merck
Chemical Co. 2-Aminofluorene, hydrazine monohydrate,
10 % palladium on activated carbon (Pd/C) and 3,5-
dinitrobenzoyl chloride (from Merck) were used as received.
3,3',4,4’-Benzophenonetetracarboxylic dianhydride (BTDA,
from Merck) and 4,4'-(hexaflouroisopropylidene)diphthalic
anhydride (6FDA, from Aldrich) were recrystallized from
acetic anhydride before use. Pyromellitic dianhydride
(PMDA, from Merck) and naphthalene-1,4,5,8-
tetracarboxylic dianhydride (NTDA, from Aldrich) were pu-
rified by sublimation. N-Methyl-2-pyrrolidinone (NMP) was
purified by distillation under reduced pressure over barium
oxide. a-Fe,Os nanoparticles were purchased from Neutrino
Co. The silane coupling agent (y-aminopropyltriethoxy
silane) (APTES, KH550) was purchased from Merck Chem-
ical Co.

Techniques

Proton nuclear magnetic resonance (‘H NMR) spectra were
recorded on Bruker Avance 400 MHz spectrometer in dimeth-
yl sulfoxide-ds (DMSO-de). The proton resonances were des-
ignated as singlet (s) and multiplet (m). Inherent viscosities
were measured by a standard procedure using a Cannon-
Fenske routine viscometer (Germany) at the concentration of
0.5 g/dL at 25 °C. FT-IR spectra were recorded with a Jasco-
680 spectrometer (Japan) in the range of 400-4000 cm .
Vibration bands were reported as wavenumber (cm ™). FT-
IR spectra of all samples were collected by making their
pellets in KBr as a medium. The diffraction pattern of related
materials was recorded in the reflection mode using a Bruker,
D8 Advance diffractometer. Nickel filtered CuKo radiation
(radiation wavelength, A =0.154 nm) was produced at an
operating voltage of 45 kV and a current of 100 mA. The
redox behavior was investigated with cyclic voltammetry on a
potentiostat EG&G Co, PARSTAT 2273, USA instrument. It
was conducted for the dipped polymer film on the working
electrode in dry acetonitrile containing tetrabutylammonium
hexafluorophosphate (0.1 M) as an electrolyte. Surface mor-
phology and sample homogeneity of polymer nanocompos-
ites were characterized using FE-SEM HITACHI (S-4160)
(Tokyo, Japan). The morphology and dispersity analysis were
performed on transmission electron micrograph (TEM) ana-
lyzer on Philips CM 120 operating at 100 kV. The reaction
was carried out on a Misonix ultrasonic liquid processor, XL-
2000 Series. Ultrasound was a wave of frequency 2.25x
10* Hz and power 100 W. Thermogravimetric analysis
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(TGA) is performed with a STA503 win TA at a heating rate
of 10 °C/min from 25 °C to 800 °C under nitrogen
atmosphere.

Monomer synthesis
Synthesis of N-(9H-fluoren-2-yl)-3,5-dinitrobenzamide (3)

Into a 25 mL round-bottomed flask fitted with a magnetic
stirrer was placed a solution of 0.200 g (1.10x 10> mol) 2-
aminofluorene (1) in 3 mL of dry NMP. The reaction mixture
was cooled in an ice water bath. To this solution 0.254 g
(1.10x107% mol) of 3,5-dinitrobenzoyl chloride (2) in 2 mL
of NMP was added dropwise. The mixture was stirred in ice
bath for 3 h, and then 0.75 mL of triethylamine was added.
The mixture was stirred in ice bath for 2 h and at room
temperature overnight. The resulting mixture was poured into
10 mL/30 mL cold water/concentrated HCI. The precipitate
was collected by filtration and washed thoroughly with water
and dried at 70 °C for 8 h to yield 0.39 g (95 %) of compound
3. Recrystallization from DMF/water gave orange crystals.
mp 309 °C. FT-IR (KBr, cm '): 3262 (N-H stretch), 1651
(C=0 stretch), 1538, 1341 (—NO, stretch). '"H NMR (DMSO-
de, ppm): 10.94 (s, 1H, N-H), 9.21 (d, 2H, Ar, ] =7.2 Hz), 9.01
(t, 1H, Ar,J=2.1Hz), 8.13 (d, 1H, Ar, J=0.8 Hz), 7.93 (d, 1H,
Ar,J=8.3 Hz), 7.87 (d, 1H, Ar, ] =7.5Hz), 7.79 (dd, 1H, Ar, ]
=1.8 Hz, ] =8.3 Hz), 7.59 (d, 1H, Ar, J =7.4 Hz), 7.40 (t, 1H,
Ar,J=7.2Hz),7.31 (dt, 1H, Ar,J=1.0 Hz, ] =7.4 Hz), 3.98 (s,
2H, CHy).

Synthesis of 3,5-diamino-N-(9H-fluoren-2-yl)benzamide (4)

0.200 g (5.33 % 10~* mol) of the dinitro compound 3, 0.01 g of
10 % Pd/C, and 10 mL of ethanol were introduced into a two-
necked flask to which 3 mL of hydrazine monohydrate was
added dropwise at 60 °C. After the complete addition, the
reaction was continued at reflex temperature for another 12 h.
To the suspension, 10 mL of THF was added to redissolve the
precipitated product, and refluxing was continued for 90 min.
The mixture was filtered to remove the Pd/C and the filtrate
was distilled to remove the solvent. The crude product
recrystallized from ethanol and dried in vacuo at
80 °C to give 0.14 g (yield: 86 %) of compound 4.
mp 255 °C. FT-IR (KBr, cm '): 3466, 3439, 3360 and
3330 (N-H stretch), 1650 (C=0 stretch). '"H NMR
(DMSO-ds, ppm): 10.03 (s, 1H, N-H), 8.09 (d, 2H,
Ar, J =1.1 Hz), 7.83 (d, 2H, Ar, J =8.3 Hz), 7.71 (dd,
1H, Ar, 'J =19 Hz, ?J=8.3), 7.56 (d, 1H, Ar, J
=1.9 Hz), 7.36 (t, 1H, Ar, J =6.8 Hz), 7.27 (dt, 1H,
Ar, 'J =1.1 Hz, *J =7.4 Hz), 6.31 (d, 2H, Ar, J
=19 Hz), 6.01 (t, 1H, Ar, J =1.9 Hz), 4.96 (s, 4H,
2NH,), 3.91 (s, 2H, CH,).
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Polymer synthesis

The typical two-step method was applied to the polyconden-
sation of monomers. 0.2043 g (6.34x 10~* mol) of BTDA was
added gradually to a solution consisting of 0.2000 g (6.34 x
10~* mol) diamine 4 dissolving in 3 mL of NMP with stirring.
Thus the solid content of the mixture solution was approxi-
mately 10 %. The mixture was stirred at room temperature for
24 h under nitrogen atmosphere to yield a viscous PAA
solution in NMP. The inherent viscosity of the PAA in DMAc
was 0.62 dL/g, measured at a concentration of 0.50 g/dL at
25 °C. The PAA was subsequently converted into PI by either
a thermal or chemical imidization process. For the thermal
imidization, the PAA film was obtained by casting from the
reaction polymer solution onto a glass plate and drying at
90 °C overnight under vacuum. Then the PAA film was
transformed into PI by sequentially heated at 110, 150, 180,
210, 230 and 280 °C for 30 min each. Meanwhile, chemical
imidization was carried out via the addition of 3 mL of an
acetic anhydride/pyridine (5:4, v/v) mixture into the PAA
solution at ambient temperature, then the mixture was stirring
at 100 °C for 3 h to yield a homogeneous PI solution, which
was poured slowly into methanol to give a fibrous precipitate,
which was collected by filtration, washed thoroughly with
methanol, dried at 100 °C in vacuum.

PAA: FT-IR (KBr, cm'): v =3400-2400 (br), 1781 (m),
1724 (s), 1668 (s), 1594 (s), 1536 (s), 1488 (m), 1454 (m),
1290 (m), 1091 (m), 987 (m), 863 (m), 796 (m), 765 (m), 649
(m).

PI-b-I :FT-IR (KBr, cm '): 3385 (N-H stretch), 1785
(asymmetrical C=0, imide), 1729 (symmetrical C=0, imide),
1670 (C=O0 stretch, amide), 1351 (C-N stretch), 720 (imide
ring deformation).

Pl-a-II :'"H NMR (DMSO-d,, ppm): 11.15 (s, 1H, N-H),
8.63-6.82 (m, Ar), 5.76 (s, 1H, CH), 4.03 (s, 1H, CH).

Pl-c-1I :'"H NMR (DMSO-d,, ppm): 11.00 (s, 1H, N-H),
8.55-6.89 (m, Ar), 5.76 (s, 1H, CH), 4.04 (s, 1H, CH).

Surface functionalization of «-Fe,O5 nanoparticles
with APTES

«-Fe,O3 nanoparticles were dried at 110 °C in an oven for
24 h to remove the adsorbed water. Modification of &-Fe,0O;
nanoparticles with y-aminopropyltriethoxy silane (APTES,
H,N(CH,)3Si(OCH,CHj3);) was carried out as follows. A
silane-coupling agent, APTES was added to a toluene solution
containing &-Fe, O3 nanoparticles, which had been vigorously
stirred overnight to disperse 0.1 g of «-Fe,O; nanoparticles
homogeneously in 30 mL of toluene. A further day was spent
for introducing APTES moieties to the surface of a-Fe,O;
nanoparticles. After filtering and washing by copious amounts
of toluene and acetone in sequence, the final product was
attained as a bright brown powder.

Preparation of PI/a-Fe,O3; nanocomposites

Pl/x-Fe,O3 nanocomposites were prepared with different
weight percentages of «-Fe,O; (5, 10, 15 and 20) as follow:

0.2000 g (6.34x10™* mol) diamine 4 and 0.2043 g (6.34
10™* mol) of BTDA in 5 mL of NMP gave viscous gel of
PAA, which was applied for the experiment. Different weight
percentages of «-Fe,O5 (5, 10, 15 and 20 wt %) were added to
the PAA, and the suspension was sonicated for 4.5 h. The
nanocomposite films were then cast from the suspension
placed onto the dust-free glass plates. After the film produc-
tion, they were annealed at 80, 100, 200, and 300 °C for 1 h
each to convert the PAA into PL

Pl/x-Fe,05 10 wt.%: FT-IR (KBr, cm ™ '): v =3419 (m),
1779 (m), 1722 (s), 1670 (s), 1590 (s), 1533 (s), 1488 (s), 1454
(s), 1421 (s), 1390 (s), 1348 (s), 1294 (s), 1234 (s), 1191 (s),
1159 (s), 1089 (s), 983 (m), 892 (m), 854 (m), 769 (m), 715
(s), 622 (m), 545 (s), 472 (m), 422 (m).

Results and discussion
Monomer synthesis

N-(9H-Fluoren-2-yl)-3,5-dinitrobenzamide (3) was prepared
by the condensation of 2-aminofluorene (1) and 3,5-
dinitrobenzoyl chloride (2). The new aromatic diamine having
a bulky pendent fluorenamide group, 3,5-diamino-N-(9H-
fluoren-2-yl)benzamide (4), was successfully synthesized by
hydrazine Pd/C-catalytic reduction according to the synthetic
route outlined in Scheme 1. The purity of monomer 4 was
checked by thin layer chromatography, which showed one
spot in an ethylacetate/cyclohexane mixture (50:50) with Re
=0.38. FT-IR and 'H NMR spectroscopic techniques were
applied to identify the structure of the compound 3 and the
diamine monomer 4. The transformation of nitro to amino
functionality could be monitored by the change of FT-IR
spectra. The nitro groups of compound 3 gave two char-
acteristic bands at around 1538 and 1341 cm ™' (-NO,
asymmetric and symmetric stretching). After reduction,
the characteristic absorptions of the nitro group disap-
peared and the amino group showed the typical N-H
stretching absorption pair in the region of 3466—
3330 cm . The '"H NMR spectra of compound 3 and
the diamine monomer 4 are shown in Figs. 1 and 2.
These spectra agree well with the proposed molecular
structure of compounds 3 and 4. The '"H NMR spectrum
confirm that the nitro groups have been completely trans-
formed into amino groups by the high-field shift of the
aromatic protons and by the resonance signals at
4.96 ppm corresponding to the amino protons.
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Scheme 1 Synthesis of diamine
4 and PIs
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Polymer synthesis Alternatively, the thermal cyclodehydration of the PAA was

The new PIs having fluorenamide units were prepared by the
polycondensation of equal molar amounts diamine monomer
4 with various aromatic dianhydride monomers through the
conventional two-step imidization technique, which involved
ring opening polyaddition of monomers to form PAAs and
subsequently cyclodehydration to PIs, as shown in Scheme 1.
The PAA solution was prepared by slowly adding a solution
of dianhydride to a solution of the diamine 4 in anhydrous
NMP. The either thermal or chemical imidization procedures
were chosen to attain imidization at the final stage of the
reaction forming Pls, merits of the former were ease for the
synthesis, while the latter was suited for the preparation of
soluble PI. The chemical cyclodehydration of the PAA was
made in the presence of a mixture of acetic anhydride and
pyridine as dehydrating agents. The chemical conversion also
enabled us to more easily characterize the resulting Pls.
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occurred via heating the PAA films to the temperature 280 °C
under vacuum to fabricate PI films. The results of the poly-
merization reactions are presented in Table 1. Inherent viscos-
ity values of PIs were in the range of 0.33—0.44 dL/g showing
a moderate molecular weight. These polymers generally
exhibited brown color due to charge transfer between the
diamine donor moieties and dianhydride acceptor groups
(Table 1). The structure of the PIs was confirmed by FT-
IR and "H NMR spectroscopic analyses. The absorptions
at around 3500-2700 cm ' and 1700-1600 cm™ ' present-
ed in FT-IR spectrum of PAA should be assigned to the -
OH vibration of carboxyl bands and the carbonyl group
vibration of amide bands in PAA (Fig. 9d), and they
disappear after thermal or chemical imidization, however,
there exist strong absorptions that represent imide ring at
1785 and 1729 cm™ ' after forming PIs. Comparing with
FT-IR spectra of Pls, there exist similar IR absorption
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Fig. 1 "H NMR spectrum of
dinitro 3 in DMSO-dg¢ solution

DMSO

bands for the PI either from thermal or chemical imidization,
these show that the conversion from PAA to PI were basically
complete using two kinds of imidization methods. Figures 3
and 4 show the high-resolution "H NMR spectra of PI-a-I and
PI-c-I by chemical imidization, respectively. The assignments

P=] R B R g )

of the "H NMR spectra agree well with the proposed polymer
structure. The above results reveal that the diamine monomer
4 holds a good polymerization activity to form PIs, mean-
while, 100 % chemical imidization could be achieved at lower
temperatures, and this should be suitable to get soluble PI.

Fig. 2 '"H NMR spectrum of 4 2 1
diamine 4 in DMSO-d¢ solution
3
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Table 1  Synthesis and some physical properties of PIs

Dianhydride Polymer Method® Yield (%) M (dL/g)° Color

a Pl-a-l1 1 80 0.33 Light brown
b PI-b-I I 88 0.48 Off-White

c PlcI I 92 041 Off-White

d PId-1 I 98 0.42 Brown

a Pl-a-II 1I 81 0.35 Brown

b PI-b-II 11 86 041 Brown

c Pl-c-I 1II 82 0.44 Brown

d PI-d-I1 11 88 043 Brown

4 Method I: chemical imidization; method II: thermal imidization
®Measured at a concentration of 0.5 g/dL in DMF at 25 °C

The solubility of PIs was tested quantitatively in var-
ious solvents. Most of the PIs obtained by chemical
imidization, were soluble in the test solvents including
NMP, DMAc, DMF and DMSO and were insoluble in
solvents such as chloroform, methylene chloride, acetone,
methanol, ethanol and water. The solubility of the PIs in
several organic solvents is also summarized in Table 2.
The good solubility should be result from increased flex-
ibility or free volume caused by the introduction of a
bulky pendent fluorenamide group in the repeat unit.
Comparing with those obtained by chemical imidization,
the poor solubility of PIs obtained by thermal imidization
was possibly due to the presence of partial inter

Fig. 3 "HNMR spectrum of PI-
a-I in DMSO-dg solution

(o) 11rsc_ CFsl1 (0]

14 W
13 13: 0 1 N‘}
12 12 o,

Cc=0

molecular crosslinking during the thermal imidization
stage. The excellent solubility makes these Pls potential
candidates for practical applications in spin- or dip-
coating processes.

The UV-vis spectra of the PIs were recorded in DMF.
It is apparent that the wavelength of maximum absorp-
tion is related to the m— 7* transition resulting from the
conjugation between the aromatic rings and nitrogen
atoms in the aforementioned compounds. All of these
compounds show almost similar UV—vis spectra pattern.
These polymers showed maximum absorption at 318—
357 nm in DMF solution. The absorption spectrum of
the PlI-c-II is shown in Fig. 5.

Charge transport in organic materials is believed to be
governed by the hopping process involving redox reaction
of charge transport molecules. Cyclic voltammetry (CV)
is a preliminary characterization method to determine the
redox properties of polymeric materials. Figure 6 shows
the representative cyclic voltammogram of polymer Pl-a-I
in acetonitrile with 0.1 M BuyNPF4. One pair of redox
waves was observed in these polymers. As shown in this
figure, Pl-a-I showed an oxidation wave of which a peak
top is at 1.3 V (versus Ag/AgCl).

Surface modification of a-Fe,O3 nanoparticles
Surface-treating «-Fe,Oj filler with a suitable modifying

agent can improve the compatibility of o«-Fe,O; filler
with polymeric matrix, promotes effectively the adhesion

H>O DMSO

314 2

L
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Fig. 4 'H NMR spectrum of PI- DMSO
¢-I in DMSO-dg solution " (o) 12 o) H,0
N N]l
10 1% 3 ol 3-13 ,
$=o
NH14
69
7 12
3¢S
4 3 1
14
5 14 18 12 11 10 o 8 6 4 3 2 1 0 ppm

of polymeric matrix to «-Fe,O; filler; and reduces the
aggregation of nanoparticles in polymer/x-Fe,O3; nano-
composite. In this investigation, the surface of x-Fe,O;
nanoparticles was treated via APTES. Hydroxyl groups
that exist on the surface of «-Fe,O; nanoparticles can
replace with OCH,CH; of the APTES to bond to it
(Fig. 7). In this way, the surface of «-Fe,O3; was changed
to hydrophobic that can have good affinity to organic
matrix. As a result, the modified «-Fe,O; nanoparticles
can fulfill steric hindrance between inorganic nanoparti-
cles and organic polymer to obtain uniform dispersion and
prevent the aggregation process. For coupling agent
APTES, the functional group that provides different inter-
actions to «-Fe,O3 nanoparticle is the amino group. Var-
ious interaction types between aminosilane and o-Fe,O3
surface were proposed as follows: a) hydrogen bonding b)

g

ionic bonding c¢) covalent bonding with surface hydroxyl
groups. The details of the mechanism are shown in Fig. 8.
FT-IR spectra of as-received «-Fe,O; nanoparticles and
APTES-modified «-Fe,Os nanoparticles are shown in
Fig. 9 together with the spectrum of pure APTES mole-
cule. A broad absorption band in the range from 900 to
1100 cm™' observed in the FT-IR spectrum of the APTES-
modified «-Fe,O3 nanoparticles (c) is assignable to the
Si-O stretching. The disappearance of the peaks at 1170,
1110, 1080 and 960 cm ', which are characteristic bands
of Si-O-C in APTES observed in spectrum of pure
APTES (b) and the appearance of the bands at 1130 and
1010 cm™ ', not observed in spectrum of pure x-Fe,O;
nanoparticles (a), are indicative of the formation of Si-O-
Fe and Si-O-Si bonds resulting from the reaction of
APTES molecules. In addition, the enhancement of the

Table 2 Solubility properties of

Pls Polymer  Solubility in various solvents®
NMP DMAc DMF DMSO THF CHCl; CH,Cl, acetone methanol
Pl-a-I ++ ++ ++ ++ +— - - - -
PI-b-1 ++ ++ ++ ++ +— - - - -
Pl-c-1 ++ ++ ++ ++ +— - - - -
# Quantitative solubility was PI-d-I + ++ ot T+ +— _ _ _ _
determm?d using 5 mg of the Pl-a-Il T — T — _ _ _ B B
polymer in 0.5 mL of solvent. ++,
soluble at room temperature; +, PI-b-II + + o B B B N - -
soluble on heating at 60 °C; +-, Pl-c-I1 +— + ++ - — - — — —
partially soluble; -, insoluble PI-d-IT +— +— +— +— - _ _ _ _

even on heating at 60 °C
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Fig. 5 Absorption spectrum of Pl-c-Il in DMF solution 2.70x 10> M

absorption band in the range from 1450 to 1600 cm ',

compared to spectrum of pure «-Fe,Os; nanoparticles (a)
collected for the pre-modified sample, is attributed to the
overlap of the CH, bending and the N-H bending origi-
nated from the introduction of APTES moieties. Further-
more, small peaks at about 2940 and 2850 cm ™', attribut-
able to asymmetric and symmetric CH, stretching, respec-
tively, appear in spectrum of modified x-Fe,O3 nanopar-
ticles (c), whereas the peaks at 2960 and 2880 cm ™' in
spectrum of pure APTES (b) assigned to the asymmetric
and symmetric CHjz stretching, respectively, in the ethoxy
group of APTES are not observed in spectrum of modi-
fied «-Fe,O3 nanoparticles (c). These results suggest that
the silane-coupling reaction progressed at the surface of
nanoparticles leading to the chemical binding of the
APTES group to the surface of «-Fe,O3; nanoparticles
[39].

Nanocomposite synthesis

The polymerization of diamine 4 and BTDA in dry NMP
proceeds at the room temperature to avoid the premature
imidization of amic acid moieties. Obtained PAA was
mixed with modified «-Fe,O3 nanoparticles and the so-
lution was sonicated for 4.5 h. The thin films of the
stated crude mixtures were prepared by casting on dust-
free glass plates. Then gradual annealing of thin films
was performed up to 300 °C and continued at this

-0.5 0 0.5 1 1.5 2 2.5
E/V

Fig. 6 Cyclic voltammogram of Pl-a-I in acetonitrile with 0.1 M
Bu,NPF;
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temperature for several hours to ensure the complete
imidization.

The FT-IR spectrum of the PI/x-Fe,O3; nanocomposite
5 wt% shown in Fig. 9e has all the frequencies of pure
PI with additional frequencies around 450 and 550 cm
~!, which correspond to the Fe-O vibration frequencies
of pure x-Fe,03. There was a slight blue shift in these
two peaks when compared with the pure «-Fe,O3. This
blue shift observed in the FT-IR spectra of the nanocom-
posites was possibly because of the weak bonding
formed between PI and «-Fe,Os.

XRD analysis of the nanocomposite films was per-
formed to determine the chemical state of «-Fe,O;
incorporated within PI film. XRD patterns of the pure
«-Fe,O53 nanoparticles (a), Pl/x-Fe,O; nanocomposite
5 wt% (b) and PI-b-I (c) are given in Fig. 10. The
peaks of «-Fe,Oz nanoparticles in the range of 20
=20-80° correspond to (021), (104), (110), (113),
(024), (116), (018), (214), (300), (010) and (217) Bragg
reflection, respectively, and identify that «-Fe,O3 nano-
particles have a rhombohedral structure. The full width
at half-maximum of the strongest characteristic reflec-
tion (104) is used to estimate the average crystallite size
by applying the Scherrer equation. The crystallite size
of «-Fe,O3 nanoparticles in PI film is 50 nm, which is
consistent with the result determined by statistical anal-
ysis of the TEM image, indicating that each individual
particle is a single crystal. The diffraction pattern for
the pure PI shown in Fig. 10c demonstrates that all the
Pls are completely amorphous, primarily because of the
bulky fluorenamide pendant groups. Furthermore, the
amorphous nature of these polymers is also reflected
in their good solubility.

According to the electronic structure of Fe,O3 report-
ed previously [40], the optical absorption band in the
visible and UV regions were attributed to the transition
in the crystal field and the charge-transfer processes,
respectively. The polymer has absorption about 343 nm.
In the case of the nanocomposites, the strongest absorp-
tion band is assigned to the electron transfer from O 2p
to Fe 3d, corresponding to the valance band to the
conductive band transition, and the small shoulder at
480 nm is considered to arise from a crystal-field spin-
forbidden transition (d-d transition).

To characterize the morphology and dispersity o-
Fe,O5 nanoparticles in the nanocomposites, FE-SEM im-
ages of fracture surfaces of neat PI and nanocomposite
15 wt.% were examined. The neat PI showed a smooth
fracture surface morphology. For PI/x-Fe,O3; nanocom-
posite, «-Fe,O; nanoparticles were well dispersed and
embedded in the PI matrix without showing noticeable
«-Fe,O5 aggregates. In addition, the fracture surface of
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Fig. 7 Surface modification of
«-Fe,O3 nanoparticles with
APTES

the PI/x-Fe,O3 nanocomposite is relatively smooth with-
out exhibiting the pull-out of «-Fe,O3 nanoparticles from
the PI matrix and the boundary between modified o-
Fe,05 and PI matrix is not discernibly clear. These results
strongly support that due to hydrogen bonding between
polar and hydrophilic groups of modified x-Fe,O3 and
polar groups in the PI, the «-Fe,O; nanoparticles are
wrapped around PI particles and nanoparticles are also
mixed well with the polymer matrix, eventually leading
to the good dispersity of «-Fe,O3 nanoparticles in the
PI matrix. Silane treatment of inorganic nanoparticles is
a usual and effective way to make a strong connection
between a polymer and nanoparticles, because of the
unique bifunctional structure of the silane coupling
agents with one end being capable of reacting with the
hydroxyl groups on the nanoparticles surface and the
other end being compatible with the polymer. The mod-
ification process is described as a hydrolysis and con-
densation reaction between the silane coupling agents
and the nanoparticles surface in a polar medium. The

Fig. 8 The mechanism of Pl/«x-Fe,O5 formation

HO.
Si
o
/\Si/\/\
HO, ¢
OH JOH
HO—Fe03—0--- ‘/\/\Si‘boﬂﬂ
HO_ O OH
5i—0 /O
H
T ANLOH
\ SI:OH
OH

bonding between the silane and the nanoparticles sur-
face removes the surface hydroxyl groups and changes
the hydrophilic surface into a hydrophobic surface. So
the result of surface treatment is a reduction of the
nanoparticles-nanoparticles interaction and an improve-
ment in the dispersability of the nanoparticles in the
polymer matrix. Therefore, the aggregation of nano-oc-
Fe,O3 in the PI matrix decreased after it was modified
by the silane coupling agent KH550.

TEM analysis was performed for Pl/x-Fe,O; nano-
composite films to identify the distribution of nanopar-
ticles within polymer matrix. Figure 11 shows the TEM
image of the nanocomposite 15 wt.%. As can be seen,
the nanoparticles were well dispersed in the polymer
matrix. The relatively strong interactions between poly-
mer matrix and «-Fe,O; nanoparticles are responsible
for observing the nanoparticles with almost spherical
shapes.

The thermal properties of pure PIs and PI hybrid
nanocomposite 15 wt.% were studied using TGA at a
heating rate of 10 °C min ', under nitrogen atmosphere.
The TGA curves of pure PI and PI hybrid nanocom-
posites 15 wt.% were shown in Figs. 12 and 13. The
thermoanalysis data of these samples are summarized in
Table 3. These studies show that the nanocomposites are
thermally stable up to 500 °C. The 10 % weight loss
temperatures of the pure PI and nanocomposite were
recorded in 526 and 585 °C for PI-b-II and PI-b-Il/x-
Fe,O05 15 wt% respectively. The amount of residue (char
yield) of nanocomposit, PI-b/x-Fe,O3 15 wt% was more
than 63 % at 800 °C. As shown in the Figs. 12 and 13,
the thermal stability of nanocomposite is higher than
pure PI that is due to the good compatibility of modi-
fied «-Fe,O3 particles with polymer matrix. «-Fe,O;
nanoparticles have high thermal stability due to their
larger surface area, so the incorporation of «-Fe,O;
nanoparticles can improve the thermal resistance of
nanocomposites. The DSC thermogram of PI-b-1I/x-
Fe,O; 15 wt% showed high glass transition tempera-
tures about 294 °C (Fig. 14). The presence of «-Fe,O3

@ Springer
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nanoparticles in a polymer matrix improved the thermal
stability and fire retardant properties of the polymer.

Char yield can be applied as decisive factor for estimating
limiting oxygen index (LOI) of the polymers based on Van
Krevelen and Hoftyzer equation [41].

LOI = 17.5 +0.4CR
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Fig. 10 X-ray diffraction patterns of (¢) Pure x-Fe,O3 nanoparticles; (b)
Pl/x-Fe,O; nanocomposite 5 wt% and (c) PI-b-1
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Fig. 11 TEM image of nanocomposite 10 %

where CR=char yield.

The nanocomposite had LOI values calculated derived
from their char yield was higher than 42. On the basis of
LOI values, such nanocomposites can be classified as self-
extinguishing materials.

Conclusions

A series of novel aromatic Pls with pendent fluorenamide
moieties were prepared from 3,5-diamino-N-(9H-fluoren-2-
yl)benzamide and various tetracarboxylic dianhydrides via
the direct polycondensation. These polymers were thermally
stable and soluble in common organic solvents. Novel PI/oc-
Fe,O3 nanocomposites were fabricated by ultrasonic tech-
nique as a simple and inexpensive route to prepare the poly-
mer/nanoparticles, using «-Fe,O3 nanoparticles modified by
APTES. The surface modification of inorganic particles by
similar molecular chains to those of an organic matrix is a
practical way to improve the compatibility between the or-
ganic and the inorganic phases. The modification would create
the nanoparticles scatter within the matrix more homoge-
neously. Furthermore, the molecules grafted onto the nano-
particles would interact with the matrix, hence the final
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Fig. 12 TGA thermogram of PI-b-II
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Fig. 13 TGA thermogram of PI-b/x-Fe,05 15 wt%

mechanical properties could be greatly improved. FT-IR and
XRD data confirmed that «-Fe,O5 nanoparticles are dispersed
in the PI matrix. Morphology investigation of resulting nano-
composite exhibited well-dispersed «-Fe,O5; nanoparticles in
the polymer matrix by TEM analysis. TGA studies indicated
that thermal stability of the nanocomposites has improved as
compared to the pure polymer. This method offers a simple
way for preparation PI/a-Fe,O5; nanocomposite films for po-
tential application in high-density data-storage media.

Table 3  Thermal properties of the pure PI-b-II, PI-c-II and PI-b/x-
F6203 15 wt%

Polymer  Decomposition Char Yield® (%) T, (°C)d LOI
Temperature (°C)
Ts* Tio”
PI-b-11 505 526 53 268 38.7
Pl-c-II 526 556 60 289 415
PI-b-11/ 563 585 63 294 42.7
oc-Fe203
15 wt%

# Temperature at which 5 % weight loss was recorded by TGA at a heating
rate of 10 °C/min under nitrogen atmosphere

" Temperature at which 10 % weight loss was recorded by TGA at a
heating rate of 10 °C/min under nitrogen atmosphere

¢ Percentage weight of material left undecomposed after TGA analysis at
maximum temperature 800 °C under nitrogen atmosphere

4 Glass-transition temperature recorded at a heating rate of 20 °C/min
under nitrogen atmosphere

Tg=294.11 °C

Heat Flow

150 200 250 300 350
Temperature (°C)

Fig. 14 DSC thermogram of PI-b-Il/x-Fe,05 15 wt%
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