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Abstract—A polymer-inorganic nanocomposite of fibrous Na—Mg triple chain hydrosilicate and polyamido-
imide based on 4-chloroformyl-(N-p-chloroformylphenyl)phthalimide and 4,4'-diaminodiphenyl ether has been
developed. Morphology and dynamic mechanical properties of the nanocomposite films have been studied.
Anisotropy of mechanical properties of the nanocomposite and the pristine polyamidoimide films has been
revealed. Introduction of the fibrous filler disrupts the ordered mesomorphic structure of the polymer matrix; its
recovery upon heating above the glass transition temperature is possible.
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The polymer-inorganic nanocomposites with a set
of mechanical, thermophysical, dielectric, and transport
properties significantly different from those of the
initial polymer belong to a class of relatively new
materials. Development of such composite materials is
a topical issue in view of their potential applications in
modern technologies [1-3] including the membrane
ones.

Possibilities of application of wvarious tubular
nanoparticles as fillers for production of organic-
inorganic composites have been considered in [4-7].
Besides carbon nanotubes, the oxide or hydroxide
particles including hydrosilicate nanotubes of the
chrysotile (a fibrous modification of serpentinite) type
have been recognized as efficient modifiers of polymer
matrices. The formation mechanism of such nanotubes
has been studied in [8-10]; therein, a procedure of
targeted hydrothermal synthesis has been developed to
prepare the (Mg,Ni,Fe);Si;O5(OH), nanotubes of
various morphology and surface activity.

Introduction of 5-20 wt % of the synthetic nano-
tubes of magnesium hydrosilicate Mg;Si,0s5(OH), into
the polyimide matrix has resulted in a significant
enhancement of the thermal stability and the Young’s
modulus of the nanocomposite, its strength and
elongation at break remaining sufficiently high [11].
The barrier properties of the nanocomposites with
respect to water and oxygen have been also improved.
It has been found that the materials barrier properties
depend on the nanotubes content as well as on their
orientation in the polymer matrix and the dispersion
state [12].

Mechanical, dielectric, and transport properties of
polyimide nanocomposites modified with magnesium
hydrosilicate nanotubes, carbon nanofibres, and
montmorillonite nanoparticles have been compared in
[13, 14]. Efficiency of the nanotubes chemical
treatment in order to optimize their interactions with
the matrix and to improve the Young’s modulus of the
composite materials has been demonstrated.
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Fig. 1. Scanning electron microscopy images of the Na—Mg triple chain hydrosilicate.

The reports [15, 16] have pioneered in preparation
of nanocomposites of polyamidoimides differing in the
diamine component structure with the chrysotile type
nanotubes of Mgs;Si,Os(OH)s. It has been demon-
strated that the introduction of up to 10 wt % of the
filler improves the mechanical properties (in particular,
the Young’s modulus) as well as heat and thermal
stability of the material [17]. Such materials have been
considered promising for the preparation of pervapora-
tion membranes, the optimal transport being attained
with 2 wt % of the nanotubes in the composite. The
practical interest towards the described material is due
to their applications in purification of natural
hydrocarbon raw materials from aliphatic alcohols and
water [16]. Since any treatment of the filler may
change the material transport properties, the compa-
rison of the composite membranes characteristics with
these of the starting polyamidoimide seems incorrect.
Therefore, the magnesium hydrosilicate nanotubes
have been introduced in the polymer matrix without
any chemical pre-treatment in the experiments
described in [15—17]. It has been demonstrated that the
nanotubes form agglomerates, their size and dispersion
state being determined by the matrix chemical
structure [16, 18]. Structural features of the so formed
composites have been studied in view of their im-
portance for the pervaporation behavior of the
membranes [17-20]. It has been found that the
membrane surface morphology is affected by the
content and the distribution pattern of the filler as well
as the matrix chemical nature. The modifier particles
can be uniformly distributed over the composite
membrane volume without being expelled to the
surface at relatively low loading of the filler. However,
if the nanotubes content is too high (above 5 wt %),
part of the nanotubes is pushed out to the surface, the
adhesion contact between the matrix and the filler
being disrupted; this may result in deterioration of the
membrane strength [19].

Besides the tubular hydrosilicates, synthetic fibrous
hydrosilicates of the band-chain type are interesting in-
organic fillers. A model of the structure of two- and
triple chain hydrosilicates based on their X-ray
diffraction analysis has been described in [21]. The
fibrous hydrosilicates possess valuable engineering
properties: they are stable in the corrosive media,
highly thermally stable (up to 800°C), and mecha-
nically strong [22]. Synthesis of such nanoparticles is
performed under hydrothermal conditions at 250-500°C
and pressure above 20 MPa from synthetic mixtures of
inorganic compounds as well as from common natural
minerals (forsterite, enstatite, talcum, and, serpentinite)
or certain industrial tailings [23, 24].

This work aimed to prepare composites based on
the polyamidoimide and fibrous nanoparticles of the
Na,Mg,SicO16(OH), triple chain hydrosilicate (the
hydrosilicate built of three silicon-oxygen chains);
such nanoparticles significantly differed from the
earlier studied Mg;Si,Os(OH)4 nanotubes. The mor-
phology, thermophysical, and dynamic mechanical pro-
perties of the prepared materials have been studied and
analyzed accounting for the nanoparticles structure.

Electron microscopy images of the synthesized
fibrous nanoparticles of the triple chain hydrosilicate
are shown in Fig. 1. As seen, the prepared nano-
particles were formed of the 0.05-0.2 mm long and
10-100 nm thick fibers arranged in bundles. Besides
the triple chain hydrosilicate fibers, admixture of thin
needle-like nanoparticles (0.2—-0.5 mm long and 10—
50 nm thick) was observed, assigned to the double
chain Na—Mg hydrosilicate (the richterite amphibole).

The structure of the synthesized triple chain hydro-
silicate and the presence of the two-row hydrosilicates
(amphiboles) [22] admixture were confirmed by the
X-ray diffraction pattern of the product (Fig. 2).
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Fig. 2. X-ray diffraction patterns of the prepared fibrous Na—Mg triple chain hydrosilicate. Arrows point at the reflections assigned

to the double chain hydrosilicate admixture.

Results of thermogravimetric analysis of the
starting polyamidoimide and its composite with the
triple chain hydrosilicate at 25-620°C are collected in
Table 1. In both cases, three stages of the mass loss
were observed: the marginal (<2%) decrease of the
mass up to 110°C (elimination of water traces);
evaporation of the residual solvent (N-methyl-2-
pyrrolidone) at 180-300°C, and sharp mass loss above
460°C (the thermal decomposition onset). The
observed mass loss and the corresponding temperature
ranges were practically the same for the starting polyamido-
imide and the composite; hence, incorporation of the
fibrous triple chain hydrosilicate in the polyamido-
imide matrix neither improved the material thermal
stability nor slowed down the solvent release from the
film. Those features distinguished the polyamidoimide
modification with the triple chain hydrosilicate from
the earlier studied modification by magnesium hydro-
silicate nanotubes [17].

The earlier studies by means of atomic force
microscopy [19, 25] have revealed the presence of
distinct oriented domains on the surface of polyamido-
imide membranes; this can be due to either the poly-
mer nature or to the film preparation technique. In
view of that, physico-mechanical properties of the
nonporous polyamidoimide films and the composites
were studied in the directions / (perpendicular to the
squeegee blade motion direction during the films
formation) and 2 (along the blade motion direction).
The device for the films formation is sketched in Fig. 3.

Dynamic mechanical tests of the starting poly-
amidoimide and the composite films cut along the
directions / and 2 were performed over the —150 to
350°C range, below the thermal decomposition onset
(Table 1). Fig. 4a presents the test results for the
starting polyamidoimide film cut perpendicular to the
direction of the squeegee blade motion. The elastic

Table 1. Thermogravimetric analysis data for the films of polyamidoimide and its composite with the triple chain hydrosilicate®

o o o~ | Adsorbed water, | Residual solvent, | High-temperature
Sample h,°C | I D5, °C | 1, °C wt % Wt % residue (600°C), wt %
Polyamidoimide 103 180-290 460 1.8 13.7 453
Polyamidoimide—triple chain 105 178-296 462 2.0 13.7 45.8
hydrosilicate

* T, end of water release; T>—T3, range of residual solvent release; Ty, thermal decomposition onset.
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Direction 2

Glass plate

Fig. 3. The device for film preparation (scheme).

modulus of the sample below the glass transition E'
was 1.65 GPa and decreased upon heating (1 GPa at
150°C and 0.015 GPa at 295°C), noticeably increasing
upon further heating. The plots of the loss modulus
(E™) and the loss factor (tan &) of the same sample as a
function of temperature revealed three secondary
transitions at —75, 50, and 200°C and the main transi-
tion at 291°C. The low-temperature (—75°C) vy transi-
tion was assigned to the presence of the frozen
adsorbed water; the transition vanished after the sample
pre-heating at 150°C. The [ relaxation transition
observed at 50°C was typical of polyamidoimides and
polyimides. That transition temperature generally
correlates with the physico-chemical properties
(including transport ones) of the polymers [26].
However, there has been no commonly accepted view
on the nature of that transition; it has been most often
assigned to rotation vibrations of the phenylene and
imide groups [27-28].

The transition showing the loss factor maximum at
200°C (the B' transition) and corresponding to the
elastic modulus decrease to 0.2 GPa was assigned to
elimination of the solvent (N-methyl-2-pyrrolidone) in
the course of the film heating [17, 19]. The polymer
polar groups formed hydrogen bonds with the solvent
molecules, those bonds were destroyed upon heating.
The solvent release off the polymer material was
accompanied by the liberation of the polyamidoimide
functional groups and enhancement of the polymer
chains mobility; that was reflected in the relaxation
transition on the loss factor plot as a function of
temperature. Pre-heating of the polyamidoimide film at
200°C favored the intermolecular interactions and
formation of the better ordered structure, and the f'
transition was observed at the higher temperature as a
shoulder at the loss factor curve; after the pre-heating
above 200°C that transition was not observed at all.
Finally, the high-temperature a transition (291°C) was
assigned to devitrification of the most ordered parts of
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the sample. The main o transition was complete at
295°C, the elastic modulus being the lowest at that
point (0.015 GPa); the increase in the Young’s
modulus at further heating will be discussed below.

The plots of elastic and loss modules and loss factor
as functions of temperature were qualitatively similar
for the film specimens cut along directions / and 2.
Selected results of the dynamic mechanical analysis of
the films are summarized in Table 2. Note that the
elastic modulus of the specimen cut along the direction
of the blade motion during the film preparation was
significantly higher. The films chemically identical to
those used in this work (prepared via the solution
casting onto the glass surface followed by the solvent
evaporation) have possessed the mesomorphic
structure with typically planar orientation of the
macromolecules [29, 30]. The formation of the films
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Table 2. Temperatures of relaxation transitions and elasticity modulus in the glassy state of the polyamidoimide and its

composite with the triple chain hydrosilicate

GUBANOVA et al.

E'at T,,°C T3, Ty (°C) T,, °C
Sample ~140°C, according | according (according according | according | according R
GPa to £ to tan & to tan d) to E' to £ to tan o
Polyamidoimide
direction / 1.65 | 82 80 50; 200 280 285 291 11.0
direction 2 6.4 —80.5 -76 50; 200 280 284 290 17.3
Polyamidoimide—triple
chain hydrosilicate 54
direction / 1.24 74 71 50; 185 285 - 294
direction 2 4.4 =77 —74 50; 200 282 - 291 5.6

* R, is a ratio of elasticity modules at the onset (260°C) and at the end (295°C) of the glass transition range.

using the squeegee blade directed likely the pre-
dominant orientation of the polymer chains in the
casting solution, thus leading to the observed aniso-
tropy of the mechanical properties of the as prepared
films (Table 2). That was further confirmed by the
anisotropy of positions of the small-angle reflection in
the X-ray diffraction patterns (Fig. 5a).

The diffraction patterns of the polyamidoimide
samples contained a diffuse halo at 20 of 19.5° and the
small-angle reflections at 20 of 2.42° (d = 36.4 A,
direction /) and 1.67° (d = 53.0 A, direction 2). The
presence of the small-angle reflections evidenced the
mesomorphic state of the polyamidoimide [29, 30].

Anisotropy of mechanical properties of the poly-
amidoimide films was evident at the elevated tempera-
tures (Fig. 4b); the difference in the loss factor was the

(@)
1
300 F
Direction 2
200
Direction /
100
1 10 20 30 40

20, deg

most evident at 200-300°C, whereas the relative
deformation of the specimens cut along the directions
1 and 2 were different above the glass transition
temperature (7 > 295°C). Besides the glass transition
temperature (7,), the main o transition can be
described by the vitrification temperature range (AT,)
and the thermal capacity jump (AC,). The noticeable
decrease of the elasticity modulus observed in the
dynamic mechanical test over the glass transition range
(AT, = 260-295°C) (Fig. 4a) was expressed by the
modulus ratio at the start and end points of the
vitrification (R,). That ratio was significantly higher
for the direction 2 as compared to the direction / (R, =
17 and 11, respectively, cf. Table 2).

The increase of the elastic modulus upon heating
above 295°C (Fig. 4a) measured in the mechanical test

(b)
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Fig. 5. X-ray diffraction patterns of the (a) polyamidoimide (along directions / and 2) and (b) the composite samples.
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was accompanied by noticeable elongation of the
polyamidoimide film specimen (Fig. 4b), assigned to
the segmental mobility of the macromolecules.
Simultaneous increase of the stiffness and the
elongation of the specimen could be ascribed to the
macromolecules orientation under conditions of the
experiment. It has been earlier demonstrated that the
increase in the dynamic mechanical modulus of the
rigid-chain polyimide films along the uniaxial
stretching direction is due to the molecules orientation
rather than the increased degree of crystallinity [31].
For the polyimides it has been shown that the domains
growth and the macromolecules ordering inside the
domain upon the uniaxial stretching are observed at
relatively low temperatures (below the polymer T,)
and deformations [32, 33]. Further heating and
stretching resulted in orientation of the domains as a
whole. Since the polyamidoimide films used in this
work existed in the mesomorphic state, the increase of
their elastic modulus above the glass transition tem-
perature could be reasonably explained by the
orientation of the ordered domains along the stress
axis. The influence of temperature on the size and
ordering degree of the mesomorphic regions was more
pronounced below the a transition temperature, when
the specimen elongation was ingorable increased
(Fig. 4b).

Let us now analyze the properties of the poly-
amidoimide nanocomposite with the triple chain
hydrosilicate prepared in this work. The filler loading
was of 2 wt %; such content has turned optimal in
view of the transport properties of the composite with
the chemically similar tubular filler [15, 19]. Even
though the used loading was not necessarily optimal in
the case of the nanocomposites studied in this work,
we expected to discover the general features of the
fibrous filler influence on the composite properties.

X-ray diffraction pattern of the nanocomposite
(Fig. 5b) contained the diffuse amorphous halo at 26 of
19.5°, typical of the polyamidoimide. The introduction
of the such bulky fibrous nanoparticles disordered the
macromolecules folding, and the small-angle reflection,
observed in the diffraction pattern of the starting
polyamidoimide (Fig. 5a), was absent in the case of the
nanocomposite film. At the same time, the reflections
typical of the triple chain hydrosilicate at 26 of 9.67°
(d = 9.15 A) and 27.7° (d = 3.22 A) overlaid the
amorphous halo (see inset in Fig. 5b). Note that the
introduction of the same amount of the magnesium
hydrosilicate nanotubes has not changed the starting
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polyamidoimide structure, and the reflections typical
of the pure filler have not been observed [17]. To
summarize, in contrast to the earlier studied tubular
hydrosilicate, the triple chain hydrosilicate used in this
work as a filler disrupted the mesomorphic structure of
the matrix but revealed its own crystalline structure,
due likely to the nanoparticles aggregation.

Incorporation of 2 wt % of the triple chain
hydrosilicate into the polyamidoimide matrix retained
the anisotropy of mechanical properties of the starting
polymer film (Table 2). The composite elastic and loss
modules as well as loss factor as functions of
temperature were qualitatively similar to those of the
unfilled polymer (cf. Figs. 4a and 6a). The a transition
of the composite film was observed at the temperature
practically equal to the starting polyamidoimide glass
transition temperature. However, the elastic modules
of the composite film in its glassy state in both direc-
tions were significantly lower than the corresponding
modules of the starting polymer film (Table 2). Hence,
the introduction of the fibrous triple chain
hydrosilicate did not enhance the composite stiffness
as compared to that of the matrix, despite the excellent
mechanical properties of the filler. The shift of the y
transition temperature upon the fibrous filler
incorporation was also notable; it could be due to the
high adsorption ability of those nanoparticles [23, 24].

The increase of elastic modulus and the elongation
of the composite above the glass transition temperature
(291°C) (Fig. 6b) was less prominent than in the case
of the wunfilled polyamidoimide. Evidently, the
introduction of the fibrous filler decreased the polymer
chains flexibility and their orientation became less
efficient. The R, parameter was isotropic in the case of
the composite, likely due to the chaotic distribution of
the fibrous nanoparticles over the polymer matrix volume.

The elastic modulus of the composite increasing
upon heating above the glass transition temperature
pointed at recovery of the ordered mesomorphic
structure of the polyamidoimide matrix, initially
disrupted due to the fibrous filler introduction. The
possibility of the reordering due to orientation above
the glass transition point has been earlier demonstrated
for amorphous aliphatic copolyimides [34, 35]. The
molecular origin of the macroscopically similar
process in the case of the composite studied in this
work needs additional justification.

Decrease in the polyamidoimide elastic modulus
after its modification with the triple chain hydrosilicate
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could be due to the non-uniform distribution of the
fibrous aggregates in the sample volume and to the low
degree of the fibres exfoliation within the aggregate.
That was confirmed by the scanning electron
microscopy data: the images of the composite revealed
the presence of the randomly distributed individual
fibres of the filler (Fig. 7a) along with the bundled
aggregates of the triple chain hydrosilicate fibres
(Fig. 7b). The stress is concentrated on such
aggregates, thus decreasing the composite strength.

Atomic force microscopy studies of the composite
surface revealed neither the fibrous structures nor their
fragments (Fig. 7c). Hence, even though the fibrous
triple chain hydrosilicate particles were larger than the
earlier studied tubular hydrosilicates [15, 16], at the
filler content of 2 wt % the fibrous particles were
distributed over the polymer film volume without
being expelled to the surface. Analysis of AFM images
of the cross-sections of the composite film revealed the
presence of two phases: the polymer and the inorganic
filler (Fig. 7d). The inorganic particles were 20—-25 nm
thick, coinciding with the filler size according to the
scanning electron microscopy studies (Fig. 1). Dis-
tance between the fragments of the fibrous structures
in the composite was of 2-2.5 pum, larger than that in
the initial bundle (Fig. 1). That could be due to the
ultrasonic  treatment during the nanoparticles
dispersing and the efficient interaction between the
polar groups at the filler surface and the polymer polar
groups. Hence, an optimal choice of the polymer
matrix (the one capable of stronger interaction with the
filler) could improve the inorganic phase dispersion
and the strength of the resulting composite. Another

approach towards the composite strength improvement
is the dispersing procedure modification, allowing for
better orientation of the fibrous nanoparticles in the
polymer matrix.

To summarize, in this work we prepared and
studied a new polymer-inorganic composite based on
polyamidoimide and fibrous Na—Mg hydrosilicate. The
results indicate the presence of both the individual
nanofibres and their larger aggregates in the com-
posite. Certain mechanical properties of the composite
were deteriorated as compared with those of the pure
polymer matrix, due to the insufficiently efficient
dispersion of the filler. The introduction of the fibrous
filler disrupted the ordered mesomorphic structure of
the matrix; however, it could be recovered via the orienta-
tion processes upon heating above the glass transition
temperature. The anisotropy of mechanical properties
of the starting and the filled polymer films was demon-
strated, assigned to the orientation of the polymer
chains along the direction of the films formation.

EXPERIMENTAL

The polyamidoimide (M,, = 65000) was prepared
from 4-chloroformyl-(N-p-chloroformylphenyl)phthal-
imide and 4,4'-diaminodiphenyl ether (0.01 mol of the
each component) via the low-temperature solution
polycondensation [36]. The reaction was carried out in
N-methyl-2-pyrrolidone first at —15°C during 1 h and
then at room temperature during 2 h to yield viscous
pale-yellow solution.

The fibrous triple chain hydrosilicate Na,Mg;SisO¢:
(OH), (used as filler) was prepared under hydro-

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85 No. 6 2015
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Fig. 7. Visualization of the film of the polyamidoimide composite with the triple chain hydrosilicate: (a, b) the cross-section (SEM)
and (d) phase contrast AFM; (¢) the surface (topography mode AFM).

thermal conditions at 400°C and 50 MPa (24 h) from a
mixture of MgO and SiO, in an aqueous solution of
NaOH (1 wt % of the alkali). The ratio of magnesium
and silicon in the reaction mixture corresponded to the
stoichiometry of the hydrosilicate, MgO : Si0, =4 : 6.

The composite was prepared in the N-methyl-2-
pyrrolidone via ultrasonic treatment (40 kHz) upon
mixing the hydrosilicate dispersion in the poly-
amidoimide solution (in air, at room temperature). The
mixing duration (20 h), the polymer concentration
(8 wt %), and the filler content (2 wt % with respect to
the polymer) were determined according to the earlier
reported data [16]. The 35-40 pum thick composite
films were prepared via the dispersion casting onto a
glass plate followed by the film formation with a
squeegee blade and evaporation of the solvent at 150°C.

Dynamic mechanical tests of the films were run
using a Perkin Elmer Diamond (USA) device in the

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 85

elongation mode (1 Hz, heating at 2 deg/min, nitrogen
atmosphere); the multi-frequency mode (0.5, 1, 2, 5,
and 10 Hz) was used as well. The specimen dimen-
sions were 10 mm x 10 mm x 3540 um.

Thermogravimetric analysis was performed using a
Q-1500 (Hungary) derivatograph (heating at a rate
10 deg/min, nitrogen atmosphere).

X-ray diffraction studies were run at room tem-
perature using a D8 Advanced BrukerAXS dif-
fractometer (reflection mode, scattering angle 20 of
1°—40°, scanning step of 0.02°; CukK, radiation, Ni
filter, 36 kV, 36 mA).

Cross-sections of the composite films were
observed using a Supra 55VP Zeiss (Germany) scanning
electron microscope. The surface electrical conductivity
was achieved by contrasting the specimen with gold
(15-20 nm, cathodic sputtering, a Quorum 150

No. 6 2015
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device). The secondary electrons mode (SE2) was used
in the morphology studies.

Morphology of the surface and low-temperature

cross-sections was additionally studied by means of
atomic force microscopy using a SPM SOLVER Pro-

M

device (NT-MDT, Russia). The observations were

performed in a semi-contact mode in air using an NSG
10/Au silicon cantilevers with the stiffness coefficient
of 11.8 N/m and the curvature of the tip of 6 nm.
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