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Abstract The imidization mechanism, structure, and mag-
netic properties of organic modified Zinc-aluminum layered
double hydroxides/polyimide composites are investigated.
During imidization, organic modified Zinc-aluminum layered
double hydroxides lose the hydroxyl group and sodium
dodecyl sulfate modifier decomposes partly resulting in a
loose contact between PI and oxidized Zinc-aluminum lay-
ered double hydroxides. The thermal properties of composites
are slightly decreased with increasing organic modified Zinc-
aluminum layered double hydroxides but the wettability
varies oppositely. Comparing to organic modified Zinc-
aluminum layered double hydroxides, the saturated magne-
tization of heated organic modified Zinc-aluminum layered
double hydroxides is enhanced slightly due to structural
improvement in Fe;O, crystalline domain. Therefore, the
magnetic properties are not affected by imidization procedure.
The soft magnetic composites have large potential in elec-
tromagnetic shielding.
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Introduction

Layered double hydroxides (LDHs) constitute an important
class of ionic lamellar solids originated from the isomorphous
substitution of divalent cations, such as Mg>", by trivalent
ones, suchas AI**,ina planar brucite-like structure [1, 2], due
to potential applications in ion exchange, catalysis, absorp-
tion, and antacids [3-9]. LDHs are also used as fillers in
nanocomposite synthesis [10-15], because they not only
improve the mechanical properties, but also serve as 2D
construction blocks with a large aspect ratio. Furthermore,
LDHs have specific advantages not matched by nanoclays
made of layered silicates. In clay-polymer nanocomposites,
the enforcing efficiency depends on the degree of exfoliation
in the polymer matrix. A nanocomposite with fully exfoliated
LDHs contains more exfoliated layers than a layered silicate-
polymer nanocomposite because each layer of the LDHs
consists of a single octahedral sheet of mixed metal hydroxide
whereas clays are composed of multiple octahedral/tetrahe-
dral sheets of metal oxide/hydroxide. Therefore, LDHs gen-
erally provide more efficient reinforcement at a lower filler
concentration [15].

In LDH-containing nanocomposites, the nanosheets are
not only used to improve the mechanical properties [16], but
also serve as building blocks for the construction of the var-
ious functional nanocomposites or nanostructures. Guo [17]
used LDH as filler in preparing polymeric materials stable
under UV exposure. Leroux [18] prepared immiscible
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polystyrene (PS) composites by direct incorporation of
poly(AMPS) to the LDH phases to produce hybrid platelets
used as an organo-modified 2D-type filler in PS. Enhanced
dielectric properties were observed. Sasaki [19] reported the
preparation of multilayered nanocomposites via layer-
by-layer self-assembly of the exfoliated Co-Al LDH nano-
sheets and poly(sodium styrene4-sulfonate) and magnetic
circular dichroism measurements revealed interesting mag-
neto-optical response. In addition, LDHs were found to be
suitable for flame retarding applications since the platelet
surface was covered by hydroxyl groups and at a high tem-
perature, the platelets turned into a ceramic barrier exhibiting
self-extinguishing properties [20-22]. The functional prop-
erties of the composites depend on LDH exfoliation which
can be promoted by modification with organic surfactants.
Organic modification increases the interlayer distance (basal
spacing) rendering the inorganic particles more hydrophobic
and driving the polymer chains or chain segments into the
interlayer space to improve the compatibility of the two
phases [23]. Furthermore, since LDHs have a large aspect
ratio, the nanosheet alignment is also critical. Linear fillers
such as carbon nanotubes, carbon fibers, some magnetic parti-
cles and 2D nanosheets such as plate-like Fe,O3, graphene
have been aligned in polymer matrices [24—28], the use of a
magnetic field for this purpose has seldom been reported.
In this article, we prepare magnetic ZnAl-LDH with
embedded Fe3;O, in the sheet and incorporated it in the
polyimide (PI) matrix after modification by Sodium
dodecyl sulfate (SDS). An external magnetic field is
applied before imidization at room temperature to study the
alignment of the magnetic LDH for the purpose of elec-
tromagnetic shielding. In this study, the effects of imidi-
zation on the structure and magnetic properties are studied.

Experimental
Materials

SDS was purchased from Xilong Chemical Corporation.
Pyromellitic anhydride (PMDA) was obtained from Tianjin
Tian yuan Electronic Material Company Limited and 4,4'-
Oxydianiline (ODA) was bought from Japan Mitsubishi
Chemical Corporation (MCC) and used without purifica-
tion. All other chemicals and reagents were purchased from
Beijing Chemical Reagent Factory. They were analytical
grade and used without further purification.

Synthesis of magnetic nanoparticles
The magnetic nanoparticle was synthesized by co-precipi-

tation [29]. The pH of the FeCl;-6H,0/FeSO,-7H,0 solu-
tion with a molar ratio of Fe(lll)/Fe(Il) = 1.8/1 was
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maintained at 10-11 by the addition of NH3-H,O under
stirring and supersonic conditions at 65 °C. The mixture
was maintained at this temperature for another 1 h. The
precipitates were separated by a permanent magnet after
aging for 1 h, washed thoroughly with deionized water and
acetone, and then used directly.

Synthesis of magnetic ZnAl-LDH

The magnetic ZnAl-LDH precursor was synthesized by
co-precipitation [30]. Two-hundred milliliter of an aque-
ous solution containing Zn(NOj3),-6H,O (0.10 mol) and
AI(NO3),-9H,0 (0.05 mol) and 200 mL of an aqueous solu-
tion containing NaOH (0.33 mol) and Na,CO5 (0.10 mol)
were added to a solution containing a certain amount of
magnetic nanoparticles (Zn/Fe molar ratio = 17.86) under
vigorous magnetic stirring at 65 °C. The mixture was aged at
this temperature for 8 h (pH 10). The resultant suspension was
filtered, washed four times by deionized water, and dried at
70 °C overnight.

Preparation of organic magnetic ZnAl-LDH

The organic magnetic ZnAl-LDH (OZnAl-LDH) was pre-
pared by spontaneous self-assembly [26]. Seventy-five mil-
liliter of the solution containing 0.02 mol Zn(NOs3),-6H,O
and 0.01 mol AI(NO3)3-9H,0 and 75 mL of the SDS solu-
tion (3.0 g) were added to a solution containing a certain
amount of Fe;O4 at a pH of 10. The mixture was aged at
65 °C for 8 h. The resulting precipitate was filtered, washed
by deionized water, and dried at 70 °C.

Preparation of magnetic OZnAl-LDH/PI
nanocomposites

The OZnAl-LDH powders and 2.0024 g (0.0100 mol) of
ODA were dispersed in N,N-dimethylacetamide (DMAc)
ultrasonically for 3 h to obtain suspensions with different
concentration of OZnAl-LDH. Then the suspension was put
in a flask, 2.2139 g (0.0102 mol) of PMDA was added
slowly under mechanical stirring. After the mixtures were
stirred in an ice bath for 6 h, a viscous OZnAl-LDH/polya-
mic acid (PAA) solution was obtained. The viscous solutions
were cast on clean glass plates and then a super magnet about
0.6 T was positioned parallel to the film to orient the mag-
netic OZnAl-LDH sheets. After drying in vacuum at 60 °C
for 3 h under the external magnetic field, imidization was
performed in a convection oven using the following thermal
schedules: 80, 100, 130 and 170 °C for 30 min each and then
200, 250 and 300 °C for 1 h each to obtain the transparent
OZnAl-LDH/PI films. The OZnAl-LDH contents in the
composites relative to PI (ODA + PMDA) were 0, 0.5, 1, 3,
5,7,9 and 15 vol%.
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Characterization and measurements

The X-ray diffraction patterns were recorded on a Rigaku
D/Max-rA rotating anode X-ray diffractometer equipped
with a Cu K, tube and a Ni filter (A = 0.1542 nm). Ther-
mal gravimetric analyses (TGA) were performed on Per-
kin-Elmer TGA 7 with a heating rate of 20°/min ranging
from 25° to 800°. The surface hydrophobicity of the films
has been studied by contact angle measurements via the
hanging drop method. The contact angle value is the
average of the data obtained through measurement of one
sample at three different positions by a JC2000D mea-
surement meter at ambient temperature. The transmission
electron microscopy (TEM) images were obtained on a FEI
Tecnai G20 transmission electron microanalyser at an
accelerating voltage of 200 kV. The fresh surface of the
composite film was formed by an ion beam cutting parallel
to the film surface at room temperature. The magnetic
hysteresis loops were recorded on a PPMS-9T Vibrating
sample magnetometer.

Results and discussion

Recently study on the alignment of magnetic OZnAl-LDH in
PI matrix was carried out in our lab. The XRD patterns of the
magnetic ZnAl-LDH, OZnAl-LDH, oxidized OZnAl-LDH,
pure PI, OZnAl-LDH/PI with 7 vol% OZnAl-LDH prepared
under the magnetic field parallel to the plane of film, as well
as without the magnetic field are shown in Fig. la—f,
respectively. These diffraction patterns reveal the structural
changes in the samples. The magnetic ZnAl-LDH and
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Fig. 1 XRD patterns of a magnetic ZnAl-LDH, b magnetic OZnAl-
LDH, c¢ oxidized OZnAl-LDH, d pure PI, e OZnAl-LDH/PI with
7 vol% OZnAl-LDH prepared under the magnetic field parallel to the
plane of film, as well as without the magnetic field (f)

OZnAl-LDH have well-crystallized lamellar structure with
3R rhombic symmetry shown in Fig. 1a, b[31]. To verify the
structural change of OZnAl-LDH in the OZnAl-LDH/PI, the
0OZnAl-LDH powders are heated similarly as the procedure
of imidization and the XRD pattern (Fig. 1c) does not show
the characteristic diffraction peaks of ZnAl-LDH. Therefore,
the disappearance of the characteristic peaks of LDH in the
composites (Fig. le, f) may derive from the complete
exploiting or the structure change.

Figure 2 displays the TGA curves of ZnAl-LDH,
OZnAIl-LDH, pure PI and OZnAl-LDH/PI nanocomposites
prepared with various OZnAl-LDH contents under the
magnetic field parallel to the plane of film. Thermal anal-
ysis of ZnAl-LDH shows a mass loss in the range of
100-190 °C due to the removal of interlayer water mole-
cules which has close interaction with the hydroxide layer
and/or interlayer anion via hydrogen bonding [23, 24].
The rapid mass loss at the higher temperature range
(190-320 °C) stems from dehydroxylation of the LDH
basal layers and it further decreases at 480-610 °C as a
result of the loss of interlayer carbonate. The mass loss of
OZnAI-LDH can be divided into three stages. Between 25
and 170 °C, the weight loss stems from loss of absorbed
water. Between 170 and 410 °C, collapse of the crystalline
structure results in dehydroxylation of the host layers in the
OZnAl-LDH and decomposition of the SDS alkyl chain,
whereas decomposition of the sulfuric group is responsible
for the behavior observed between 580 and 800 °C. Our
results show that the dehydroxylation temperature of the
host layers in SDS-LDH is lower than that in LDH as
consistent with previous reports on MgAl-LDH interca-
lated by SDS via regeneration [16, 23]. As can been seen in
Fig. 2, the weight of the SDS-LDH residue (64%) is greater
than that of LDH (56%) and it can be attributed to the
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50 T T T T v T v
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Fig. 2 TGA curves of ZnAl-LDH, OZnAl-LDH, PI and OZnAl-

LDH/PI nanocomposites prepared with various LDH contents under
the magnetic field parallel to the plane of film
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lower adsorption of water and incomplete decomposition
of sulfuric group [32]. The temperature of dehydroxylation
in the host layer and decomposition of alkyl chain of SDS
is in the range of the imidization temperature. Therefore, it
can be inferred that during the imidization of OZnAl-LDH/
PI composites, the SDS may partly decompose and the
residues influence the thermal properties of the composites.

The weight loss data of the composites summarized in
Table 1 indicate obvious mass loss is tested out as the
OZnAI-LDH content is larger than 5 vol% when the tem-
perature is below 100 °C although no reaction could take
place. These results illuminate some water molecules have
been adsorbed on the surface of the composites due to the
relatively hydrophilic OZnAl-LDH loading. To corroborate
the weight loss results, contact angle measurement are
conducted. The contact angle variation is a direct evidence
of hydrophilic or hydrophobic change of a surface [33].
Larger contact angle means lower hydrophilic property of
the measured surface. The contact angles of composite
films with 0, 1, 3, 5, 7 and 15 vol% OZnAl-LDH are 78.5,
76.3, 76.0, 75.0, 69.0 and 61.5°, respectively (Fig. 3),
demonstrating that the hydrophilic property increases with
OZnAI-LDH concentration. The contact angle variances of
above composite films are 0.75, 0.08, 0.25, 0.08, 0.25, 0.25,
respectively.

At the temperature of dehydroxylation of OZnAl-LDH
basal layers and decomposition of SDS (Fig. 2), the weight
loss of the composites (summarized in Table 1) between
100 and 350 °C is not serious. This indicates that in the
process of imidization, dehydroxylation of the OZnAl-
LDH basal layers and decomposition of SDS are almost
completed. Further decrease at the higher temperature
range (350450 °C) arises from the decomposition of the
polymer matrix because of the relatively weak interaction
between the PI and OZnAl-LDH. The temperature of 5%
weight loss of the samples with 0, 1, 3, 5, 7, 15 vol%
OZnAI-LDH is 594, 595, 576, 550, 545, 473 °C, respec-
tively. Since 5% weight loss is an index of material
resistance heat, the weight loss (which is the contribution
of absorption water) below 100 °C could not be included
in. After deduction the contribution of absorption water,
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Fig. 3 The contact angles of the composite films with different
content of OZnAl-LDH

the temperature of 5% weight loss changes to be 594, 595,
576, 559, 558, 499 °C, respectively. The reduction in
thermal resistance with increasing OZnAl-LDH is ascribed
to the decomposition of SDS and LDH along with imidi-
zation of PAA and the relatively loose stack between
oxided OZnAIl-LDH and PI. This trend is somewhat dif-
ferent from that observed from the MgAl-LDH and PI
system [11]. This is because in the latter, the modifier is
grafted onto the PI molecules and there are no small
molecules in the process of imidization. Although the
introduction of OZnAl-LDH decreases the thermal prop-
erties, the temperature of 5% weight loss is still larger than
550 °C when the amount of OZnAl-LDH is lower than
15%. Hence, good thermal resistance is still demonstrated.

Schematic representation of the OZnAl-LDH/PAA
preparation and imidization is shown in Scheme 1. When
PMDA is introduced into the system of OZnAl-LDH/ODA/
DMAc, the anhydride groups of PMDA react with the amine
functional groups of ODA and PAA is formed. The higher
molecule weight of PAA enlarges the interlayer spacing and
enforces exfoliation of ZnAl-LDH. The disordered nano-
layers are well dispersed in the PAA matrix to form the
0OZnAl-LDH/PAA nanocomposites. While in the process of
imidization, dehydroxidation of PAA, decomposition of

Table 1 Mass losses measured from the composites at different temperatures

Temperature range (°C)

Mass loss of the composites (%)

0* 1 3 5 7 15
25-100 0 0 0 0.7 0.9 1.4
100-180 0 0 0 0.1 0.1 0.4
180-220 0 0 0 0.1 0.1 0.2
220-350 0 0 0 0.1 0.1 0.5
350-450 0 0 0.2 0.8 0.8 1.7

4 Samples with different LDH contents (vol%)
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Scheme 1 Schematic representation of the OZnAl-LDH/PAA prep-
aration and imidization

SDS, and dehydroxylation of LDH take place and LDH is
converted into oxides. The reaction of ZnAl-LDH and the
imidization of PAA can be expressed as the bottom equation:

Magnetic ZngAl, (OH),,CO3

Imldlzatlon ( 1 )

-4H,0 Magnetic ZngAl,03CO3

Fig. 4 TEM photograph of the internal structure of the magnetic
OZnAl-LDH/PI with 7 vol% OZnAl-LDH

The magnetic properties of the OZnAl-LDH are deter-
mined. The suspension of magnetic OZnAl-LDH in water
exhibits good response to the external magnetic field
(Fig. 5b). When the magnetic field is withdrawn, the mag-
netic OZnAl-LDH disperses homogenously under ultrasonic
or stirring (Fig. 5a) because of the low remanence and
coercivity. Our results also demonstrate that every sheet of
the as-prepared OZnAl-LDH contains magnetic particles
and responds to an external magnet field. Figure 6 depicts the
magnetization (M) versus magnetic field (H) curve of the
magnetic OZnAl-LDH at room temperature. The OZnAl-
LDH powders have obvious ferromagnetic characteristics.
The hysteresis loop is closed and the saturation magnetiza-
tion (M;) of the OZnAl-LDH powders is up to 1.68 emu/g
due to the small Fe content (Zn/Fe molar ratio = 17.86). The
coercivity (H,.) and negligible remanence (M,) are about
48 Oe and 0.04 emu/g, respectively. The relatively low H,

f )\,\Aﬁ, " @_0* @J‘ Imidization %mN_O_O_O% 2)

Figure 4 depicts the TEM photograph of the fresh face of
the OZnAl-LDH/PI composite film with 7 vol% OZnAl-
LDH prepared without the magnetic field. This fresh surface
is formed after ion beam milling parallel to the film surface.
The oxidized OZnAl-LDH well dispersed in the matrix
resembles a single hexagonal sheet. This demonstrates that
the lamellar structure is reserved during imidization.

and M, values signify that these micro-particles are not
magnetized at zero applied field illustrating a typical para-
magnetic behavior and that the single-domain magnetic
nanoparticles are separated entirely. The remanence ratio,
M./M,, differentiates between the SD (single-domain) and
non-SD particle behavior. According to Stoner and Wohlf-
arth [34], aremanence ratio of 0.5 results only from a random
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Fig. 5 The photos of magnetic
OZnAl-LDH suspended in

water a in the absence and b the
presence of an external magnet

201 e OZnAl-LDH
15F —© Heated OZnAl-LDH &£
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Fig. 6 Magnetic hysteresis loops of the magnetic OZnAl-LDH and
the heated OZnAl-LDH which was treated in the same way as
imidization of OZnAl-LDH/PAA

distribution of non-interacting uniaxial particles whereas a
remanence ratio of less than 0.1 is typically observed for the
multi-domain case. The remanence ratio of our materials is
0.03 which indicates a uniform distribution of Fe;O,4 in the
OZnAI-LDH and formation of a uniform micro-domain.
The magnetic properties of materials depend on the
temperature, and so the influence of imidization on the
magnetic properties of the composites is evaluated. After
heat treatment in the similar way as imidization of OZnAl-
LDH/PAA, the M, of the heated OZnAl-LDH increases to
1.90 emu/g. According to the literature, the solid phase
reaction of Fe;0,4 with ZnO takes place at about 1000 K to
give ZnFe,O4 magnetic particles [35]. Meanwhile, oxidation
of Fe;04 is not dominant due to the protection effect of the
SDS and polymer molecules during imidization. Therefore,
the increase in saturation magnetization can be ascribed to
the structural improvement in the Fe;0, crystalline domain,
although the subtle change cannot be revealed unequivocally
by XRD due to its low content and small size. Figure 7
displays the magnetic hysteresis loops of the magnetic
OZnAl-LDH/PAA and OZnAl-LDH/PI nanocomposites
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Fig. 7 Magnetic hysteresis loops of the OZnAl-LDH/PAA and
0OZnAl-LDH/PI nanocomposites with 7 vol% OZnAl-LDH prepared
under the magnetic field parallel to the plane of films

with 7 vol% OZnAI-LDH acquired at the room temperature
under a magnetic field parallel to the plane of the sample. In
general, the specific saturation magnetization (M;) of soft
magnetic polymeric composite microspheres at 300 K is
lower than that of Fe;O4 nanoparticles. The M value is only
about 0.05 for the OZnAl-LDH/PI nanocomposites prepared
with a magnet field parallel to the surface and it is in
agreement with previous results [36, 37]. The M value and
the magnetic hysteresis loop style of OZnAl-LDH/PAA
were almost the same as OZnAl-LDH/PI indicating that the
magnetic property of the composites had not obvious change
in the process of imidization and the magnetic property of the
composites is independence of temperature.

Conclusions
Magnetic OZnAl-LDH/PI composite films were prepared

by in situ polymerization. The influence of imidization
procedure on the structure, thermal and magnetic properties
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was discussed in detail. The results showed that in the
imidization process of PAA, the LDH lost the hydroxy of
the host layers and the SDS modifier decomposed partly,
resulting in relatively loose contact between PI and oxi-
dized LDH. The thermal property of the composites
slightly decreased with increasing OZnAl-LDH but the
wettability varies oppositely. The saturated magnetization
of OZnAI-LDH was enhanced slightly due to the crystallity
improvement in the Fe;0, domain under the protection of
SDS. However, the magnetic properties of OZnAl-LDH/PI
composite films were not affected by the imidization pro-
cedure. The soft magnetic composite materials have the
large potential applications in electromagnetic shielding.
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