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ABSTRACT: Nanocrystalline Mg(OH), was synthesized
using four different methods and the crystallite size was cal-
culated from X-ray powder diffraction patterns. For the stabi-
lization of the particles in polymer dispersions, two different
surface modifiers were used [poly(N-vinyl-2-pyrrolidone)
and 3-methacryloxypropyltrimethoxysilane]. IR spectroscopy
measurements show that the surface of the particles is cov-
ered with the surface modifiers rendering the particles dis-
persable in monomer solutions such as butanediol
monoacrylate. The dispersions were polymerized into films

of 100 um thickness by addition of a UV initiator (24,6-tri-
methylbenzoyldiphenylphosphine oxide, Lucirin TPO) and a
crosslinking agent (trimethylolpropanetriacrylate, Laromer
TMPTA) between two glass plates by UV-polymerization.
The resulting films were characterized by UV-Vis spectros-
copy, thermogravimetry, and scratch resistance tests. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 116: 2197-2204, 2010
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INTRODUCTION

The concept of incorporation of inorganic particles
into polymers is an effective method to integrate
new functions inside polymer matrices. Mg(OH),-
filled polymers are promising materials due to the
low price of the hydroxide and good mechanical
properties. As compared with MgO, the hydroxide
is beneficial as a flame retardant due to the decom-
position into H,O and MgO at higher temperature.
Mg(OH), can be obtained in a crystalline form if
synthesized properly. As compared with MgO nano-
particles, it is not moisture sensitive and thus easier
to store. Numerous investigations on Mg(OH), and
its properties as flame-retardant inorganic filler ma-
terial were carried out, because it does not evolve
toxic, gaseous, or corrosive substances during
decomposition.'™

The integration of an inorganic filler material can
affect the mechanical properties of the polymer ma-
trix.”™® Inorganic fillers are expected to minimize the
scratch damage of polymers, which is advantageous
because there is a permanent demand for high sur-
face quality for various applications of polymeric
materials. Nanocrystalline Mg(OH),-powders can be
synthesized using different pathways, for example,
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under solvothermal conditions,” in a hydrothermal
reaction using different precursors and solvents as
reactants,’”'? or via sol-gel technique.'*'* One dis-
advantage of using Mg(OH), as filler material is, for
example, the large amount that is needed to increase
the flame retardant efficiency which leads to a drop
of the mechanical properties of the composites.*'
This effect can be prevented, for example, by the
minimization of the particle size or by surface modi-
fication of the particles. The particles often are too
hydrophilic to be dispersed in polymers. Attaching
organic groups to the surface of the particles should
prevent the formation of aggregates and the organo-
philic surface modification of the inorganic particles
(in this case, magnesium hydroxide) should increase
the compatibility between the particles and the poly-
mer in order to improve the dispersability and with
that the mechanical properties of the composite ma-
terial.'">'” Functionalized trialkoxysilanes, for exam-
ple, are widely used monomers, because of their
ability to undergo condensation reactions with sur-
face OH groups.'®'® Another known grafting agent
is poly(N-vinyl-2-pyrrolidone), which is nontoxic
and has excellent biocompatible properties.****

In this work, four different methods were used to
produce Mg(OH), powders. The powders were syn-
thesized: (a) in ethanol solution, (b) in a microemul-
sion, (c) with 3-methacryloxypropyltrimethoxysilane
(MPTS) in ethanol, and (d) with poly(N-vinyl-2-pyr-
rolidone) as surface modifier in distilled water as
solvent. The preparation of poly(N-vinyl-2-pyrroli-
done)-coated Mg(OH), was carried out in analogy to
a work described by Qiu et al.*> The different syn-
thesis methods lead to products of different size and
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shape. The nature of the powders and crystallite size
was examined by X-ray powder diffractometry
because it is essential for the particles to be smaller
than one-fourth of the wavelength of the incident
light to avoid light scattering effects of the particles
incorporated into a polymer. Light scattering would
lead to decreasing transparency of the polymer/filler
composite. To avoid particle aggregation during syn-
thesis or in the polymer dispersions, the two differ-
ent surface modifying agents were used. They also
offer the ability for the modified particle to take part
in the polymerization step because a covalent attach-
ment to the polymer matrix is possible, which can
be formed by the carbon—carbon double bonds.!”
The synthesis products were dispersed in butanediol
monoacrylate (BDMA) with different solid content
and polymerized via UV-polymerization after addi-
tion of a crosslinking agent (Laromer TMPTA) and
UV initiator (Lucirin TPO) between two glass
plates.** The resulting films were ~ 100 pum thick.
The effect of Mg(OH), nanocrystallites on the me-
chanical properties of the polymer was studied via
pencil-scratch resistance tests and UV-Vis spectros-

copy. The filler content was measured by
thermogravimetry.
EXPERIMENTAL

Precipitation in ethanol solutions

For the syntheses in ethanol solution 4.1 g (0.02 mol)
MgCl,-6H,O were dissolved in 200 mL distilled
water to a 0.1 molar salt solution. The solution was
exposed to an ammonia gas flow of 56 mL/min. The
white Mg(OH), powder was collected by centrifuga-
tion, washed with ethanol, and dried at room
temperature.

Precipitation in microemulsions

Marlophen NP5 (RO(CH,CH,0O),H, x = 5, R = non-
ylphenyl, M = 440 g/mol, SASOL) was chosen as
surfactant. The phase diagram was obtained by add-
ing the surfactant to mixtures of n-heptane (>99%,
Aldrich) and deionized water under vigorous stir-
ring at 20°C until the microemulsions appear trans-
parent (Fig. 1). The equilibration time was 15 min.
The reverse microemulsions were set aside to verify
that phase separation would not occur after stirring
was stopped. All microemulsions remained stable
for at least 24 h.

The aqueous phase of the microemulsions con-
tained a 2 molar salt solution of MgCl,-6H,O. The
composition of the microemulsion used for Mg(OH),
synthesis was as follows: 4 g (0.04 mol) heptane, 0.5
mL of a 2 molar MgCl, salt solution, and 1.2 g (0.003
mol) Marlophen NP5. The reverse microemulsion
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Figure 1 Oil-rich region of the phase diagram for Marlo-
phen NP5/heptane/water with solutes in the aqueous
phase (I = isotropic solution, II = two phase region, x =
mass fraction). The solid circle marks the composition of
the microemulsion used for Mg(OH), synthesis. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

appeared transparent after stirring. The reverse
microemulsion was characterized by DLS using a
Zetasizer Nano ZS from Malvern Instruments. The
micelle size was measured at 20°C. For DLS meas-
urements, the viscosity of the solvent was used. The
average particle diameter (z-average) was deter-
mined from intensity weighed size distributions,
calculated using the NNLS-algorithm.

The micelle size was measured as 13.4 nm z-aver-
age (PDI 0.05). The microemulsion was exposed to
an ammonia gas flow of 56 mL/min, the white pre-
cipitate was isolated by centrifugation, washed with
ethanol, and dried at room temperature.

Synthesis of surface-modified Mg(OH),
nanocrystallites with poly(N-vinyl-2-pyrrolidone)

In the synthesis, 20.0 g MgCl,-6H,0, 1.0 g potassium
oleate, and 0.25 g Poly(N-vinyl-2-pyrrolidone) were
simultaneously dissolved in 30.0 g distilled water.
The solution was stirred for 1 h at room tempera-
ture. An alkaline solution of 2 mol/L NaOH was
added until the pH value 10 was reached. The sus-
pension obtained was allowed to age for 1 h at room
temperature under vigorous stirring. The Mg(OH),
powder was collected, washed with distilled water,
and dried at room temperature.

Synthesis of surface-modified
Mg(OH), nanoparticles with
3-methacryloxypropyltrimethoxysilane

In a typical synthesis, 2.03 g (0.01 mol) MgCl,-6H,O
and 4.96 g (0.02 mol) with MPTS were dissolved in
100 mL ethanol. Although being treated in an
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TABLE I
Compositions of the Acrylate Films
Solid

content BDMA  TMPTA Lucirin

Filler material (%, g) (g) (g) TPO (g)
MPTS modified 3, 0.09 25 0.62 0.09
MPTS modified 6,0.19 2.5 0.62 0.09
MPTS modified 9,1.28 25 0.62 0.09
PVP modified 3, 0.09 2.5 0.62 0.09
PVP modified 6,0.19 2.5 0.62 0.09
PVP modified 9,0.28 25 0.62 0.09
Ethanolic solution 3, 0.09 2.5 0.62 0.09
Ethanolic solution 6, 0.19 2.5 0.62 0.09
Ethanolic solution 9,0.28 2.5 0.62 0.09
Microemulsion 3, 0.09 2.5 0.62 0.09
Microemulsion 6, 0.19 2.5 0.62 0.09
Microemulsion 9,0.28 2.5 0.62 0.09
Without filler - 2.5 0.62 0.09

ultrasonic bath, 1.5 mL of a 13.3 molar solution of
ammonia in water were added to the solution. The
obtained turbid solution was kept under ultrasound
for 1 h at room temperature. The white powder was
isolated by centrifugation, washed with ethanol, and
dried at room temperature.

Preparation and polymerization of
acrylate-mixtures with various filler content
and polymerization as films

The Mg(OH), powders were diluted with BDMA
and ultrasound for 60 min and milky dispersions
were obtained. These dispersions were stable for a
few hours but sedimentation occurred. In case of the
surface-modified samples, the dispersions were sta-
ble for days and there was only little sedimentation
observed. To prepare polymer films with a thickness
of 100 pm, the suspensions were mixed with TMPTA
and Lucirin TPO (Table I). The mixture was filled in
between two glass plates separated by double
faced adhesive tape (width 50 mm, length 25 m),
Scheme 1. Polymerization was carried out in a UV
cube inert (Hoenle AG) using UV radiation (200 W/
cm, LAMP FOZFR 100 D22 U150 E3S9) for 10 min.

X-ray diffraction analysis

X-ray diffraction (XRD) powder patterns were
recorded in transmission geometry using a Stoe
Stadi-P diffractometer and Cu Koy radiation (A =
0.15405 nm). For crystallite size determinations, the
single-line size/strain analysis (WinXPow, Stoe) was
used.

IR spectroscopy

The samples were prepared for IR spectroscopy in
KBr-Pellets. The spectrometer used was a BioRad

Excalibur Series IR-spectrometer FTS 3000 (wave-
number interval: 4000 cm ™! to 400 cm !, scans: 64,
resolution: 4 cm ™).

Thermogravimetric analysis of the surface-
modified Mg(OH), and on the polymer films

Thermogravimetric measurements were performed
by heating the sample at 5°C/min using a device
from Netzsch (simultaneous thermal analysis, TG
and DTA/DSC, STA 409) to quantify the residual
mass by combustion of the sample.

UV-Vis spectroscopy

The UV-Vis measurements were carried out using a
UV-1650 PC spectrometer (Shimadzu). The transmis-
sion was measured from 800 nm to 200 nm without
using cuvettes; the 100-pm-thick polymer films were
placed and fixed in front of the light beam.

Scratch resistance of the composite materials

The scratch tests were done using a pencil-scratch
hardness testing device according to Wolff-Wilborn
Model 291. In this method, pencils of various grades
of hardness were moved over the surface that was
to be tested. The angle between pencil and surface
was 45° to the horizontal and the testing device was
moved with a force of 7.5 N. The pencil hardness of
the surface was defined by those two grades of
hardness: the softer one of which just produced a
writing trace, whereas the next harder one gave a
perceptible scratch on the surface. An assortment of
pencils with 17° of hardness from 6 B to 9 H was
used for testing. The pencil with 6 B was the softest,
whereas the pencil with 9 H was the hardest one.
The scratch resistance was measured on polymer
films. The films were fixed on a glass substrate for
measurement.

|

Scheme 1 Reaction setup for polymerization with glass
chamber and spacer. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Figure 2 XRD-patterns of Mg(OH), synthesized via dif-
ferent methods with and without surface modification.

RESULTS AND DISCUSSION
X-ray diffraction analysis and microscopy

The powder XRD pattern of the surface-modified
Mg(OH), powder with MPTS showed amorphous
characteristics [Fig. 2(A)]. Some sharp reflections of
low intensity indicate the presence of an unidentified
crystalline side product. The pattern of the powder
synthesized in ethanol solution also showed a strong
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amorphous character [Fig. 2(B)]. All reflections in
Figure 2(C,D) correspond to crystalline magnesium
hydroxide. Mg(OH), surface modified with poly(N-
vinyl-2-pyrrolidone) showed no XRD reflections aris-
ing from impurities. The reflections of the measured
sample were significantly broadened [Fig. 2(C)]. This
indicates the small grain size of the Mg(OH), crystalli-
tes. The crystallite size was calculated from the broad-
ened XRD reflections with the Scherrer equation. As a
result, the size of 25.6 nm was obtained. The reflec-
tions of the sample synthesized in microemulsion
were broadened and no impurities could be seen [Fig.
2(D)]. The crystallite size was calculated as 20.5 nm.
Scanning electron micrographs (Fig. 3) reveal the very
fine nanostructure of the Mg(OH), nanoparticles. A
dominant morphological feature seen in the SEM is
the plate-like morphology [Fig. 3(B,D)] of the particles.
Only MPTS modified particles show a more granular
particle structure. The particles are highly aggregated
after isolation as a powder.

IR spectroscopy

Evidence for the presence of the surfactant PVP onto
the surface of the Mg(OH), particles was obtained
using FTIR spectroscopy [Fig. 4(A)]. The reflections at
2927 cm ' and 2852 cm™' show the asymmetric and
symmetric vibrations of aliphatic groups (—CH,—),—>
This indicates that the surfactants are adsorbed onto
the surface of the Mg(OH), particles. A contribution

Figure 3 Scanning electron micrographs (A) microemulsion derived Mg(OH),, (B) from ethanol, (C) MPTS modified, and

(D) PVP modified.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 FTIR-spectrum of (A) Mg(OH), modified with
PVP and (B) MPTS after drying at room temperature.

from solvent molecules to the IR absorption is less
likely because the samples were dried before analysis.
The sharp peak at 3701 cm ' can be assigned to the
OH-stretching band in the crystal structure. The
absorption reflections at 1620-1444 cm ' can be associ-
ated to the OH bending mode of water or the CH,/
NH scissoring mode of the surfactant PVP. The sur-
face-modified particles with MPTS were also investi-
gated [Fig. 4(B)].* The reflections at 2927 cm ' and
2852 cm ' show the asymmetric and symmetric vibra-
tions of aliphatic groups (—CH,;—),,—. The bands close
to 1713 cm ' and 1632 cm ™' are associated to the
stretching vibrations of C=0 and C=C groups, respec-
tively. The absorption bands located at 1327 cm ' and
1299 cm ™! are assigned to the C—O—C bonds and
wagging vibration of CHj; groups of the MPTS mole-
cule. The band at 1180 cm ' is attributed to stretching
vibrations of Si—O—C bonds and the broad peak
around 1002 cm ™' is assigned to bending vibrations of
these Si—O—C bonds. This indicates that MPTS is
adsorbed on the surface of the Mg(OH), particles. IR
spectroscopy alone can often not clearly distinguish
between adsorbed modifiers or a physical mixture of
the modifier and the particle. However, the use of the
modifier leads to a significant improvement of the par-
ticle dispersion in monomers (below) also indicating
adsorption on the particle surface.

The IR spectra are also in agreement with a physi-
cal mixture of the modifier and the particles. The
strong band at 530 cm ™! is attributed to the MgO
stretching vibration in Mg(OH),.

Thermogravimetric analysis of the
surface-modified magnesium hydroxide

The surface-modified Mg(OH), products were inves-
tigated by thermogravimetry (Fig. 6). The hydroxide

1004
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Figure 5 Thermogravimetric measurements on Mg(OH),
modified with (A) PVP, (B) MPTS, (C) without surface modi-
fication from ethanol solution, and (D) microemulsion.

coated with PVP decomposes to a residual mass of
43.01 wt % at 700°C, that is, due to resulting MgO.
The dehydration of the hydroxide starts at 365°C.
The change in the mass of the sample between
100°C and 700°C is associated with the decomposi-
tion of the organic coating and to the decomposition
of the hydroxide to magnesium oxide [Fig. 5(A)].
The sample coated with MPTS shows a residual
mass of 50.69 wt % at 700°C, which can be assigned
to MgO and SiO, resulting from the decomposition
of MPTS and dehydration of Mg(OH), which starts
at 260°C [Fig. 5(B)]. The powder prepared from etha-
nol MgCl, solution showed a residual mass of 64.9
wt % [Fig. 5(C)] after thermal decomposition and for
the sample precipitated in microemulsion a residual
mass of 63.9 wt % was measured [Fig. 5(D)]. The
decomposition of the hydroxide to magnesium oxide
starts for both samples at 350°C.

TABLE II

TGA-Analysis of the Mg(OH), Filled Polymer Films

Solid Residual

content mass at

Films (%, g) 700°C (%)
MPTS modified 3, 0.09 0.95
MPTS modified 6, 0.19 3.37
MPTS modified 9,1.28 3.30
PVP modified 3, 0.09 3.16
PVP modified 6, 0.19 4.30
PVP modified 9,0.28 3.60
Ethanolic solution 3, 0.09 1.89
Ethanolic solution 6, 0.19 2.31
Ethanolic solution 9, 0.28 3.30
Microemulsion 3, 0.09 3.28
Microemulsion 6, 0.19 3.64
Microemulsion 9,0.28 4.95
Without filler - 1.18

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Thermogravimetric measurements on acrylate films with Mg(OH), modified with (A) MPTS and (B) PVP and
without surface modification from (C) ethanol solution and (D) microemulsion with different solid content.
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Figure 7 UV-Vis transmission spectra of acrylate films containing different Mg(OH), powders (A) PVP, (B) from microe-
mulsion, (C) from ethanol solution, and (D) with MPTS and with different solids content.
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TABLE III
Transmittance of the Composite-Films with Mg(OH), from Different Syntheses with
Different Solid Content in % at 700 nm

Solid Mg(OH), from Mg(OH), Mg(OH), Mg(OH),
content ethanol from modified modified
(wt %) solution microemulsion with MPTS with PVP

0 90.0 90.0 90.0 90.0
3 86.4 86.7 89.0 86.4
6 86.0 82.5 87.6 83.0
9 82.6 80.0 86.4 83.5

Film characterization

Different types of Mg(OH),-filled films were pre-
pared and they were examined by UV-Vis spec-
trometry, thermogravimetry, and scratch resistance
measurements.

Four films were prepared with the same content
(wt %), but different filler material and three films
with different content, but the same filler. To mea-
sure the filler content of the polymer films, thermog-
ravimetry was used (Table II). The reference poly-
mer without Mg(OH), decomposed to a residual
mass of 1.18% at 700°C. The latter leads to the con-
clusion that the polymer is almost completely
decomposed. In case of not modified Mg(OH),, the
residual mass at 700°C is assigned to MgO resulting
from decomposition of the hydroxide. The resulting
products after decomposition of the films with the
surface-modified Mg(OH), sample coated with
MPTS are MgO and SiO,. The major decomposition
product of the films filled with hydroxide with PVP
on the surface should be MgO. The residual masses
at 700°C of the films filled with the different hydrox-
ide powders are lower than the original amount dis-
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@ 3H/4H - R
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solids content Mg(OH), / %

Figure 8 Pencil-scratch resistance of the polymer films
with Mg(OH); filler from different syntheses with different
solids content: films filled with hydroxide from (A) etha-
nol solution, (B) coated with MPTS, (C) from microemul-
sion, and (D) coated with PVP.

persed in the monomer. This weight loss is due to
the fact that the filler before decomposition was
Mg(OH), with and without MPTS or PVP on the
surface, and after the process, the resulting solid
product was MgO and for the MPTS modified sam-
ple also SiO;.

Transmission spectra were measured for 100-pum-
thick polymer samples. The transmission spectrum
of the pure polymer shows a high transmittance in
the visible spectral range of 90% at 700 nm (Fig. 7).
In comparison with the spectrum of the pure poly-
mer, the spectra of the polymer/Mg(OH), compo-
sites showed lower transmittance in the visible (Ta-
ble II). The loss of transmittance can be attributed to
light scattering by particles. The spectra of the poly-
mer composites with Mg(OH), particles, which were
generated under different synthesis conditions; all
show the tendency of decreasing transmission with
increasing filler content down to 80% transmission
in the visible with 9 wt % filler from microemulsion
synthesis (Table III). The slightly reduced transmis-
sion is caused by the formation of aggregates or
incomplete dispersion. The transmission values of
the Mg(OH), filled polymer films are high consider-
ing the thickness of 100 pm.

For pencil-scratch resistance measurements, the
films were fixed on a glass substrate for measure-
ment. The pure polymer film shows a scratch resist-
ance of H/2H. The scratch resistance increases with
increasing filler content up to 4H/5H for a sample
filled with 9 wt % Mg(OH), modified with MPTS
and for a sample filled with 9 wt % hydroxide from
synthesis in ethanol solution. An increase up to 3H/
4H was observed for films filled with Mg(OH), syn-
thesized from microemulsion or modified with PVP

(Fig. 8).

CONCLUSIONS

Nanocrystalline Mg(OH), was produced via four
different syntheses methods with and without sur-
face modification. For surface modification of the
particles, MPTS and poly(N-vinyl-2-pyrrolidone)
were used. The crystallite size calculated applying

Journal of Applied Polymer Science DOI 10.1002/app
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the Scherrer equation was between 16 nm and 26
nm, and the powders prepared by precipitation in
ethanol with and without MPTS show amorphous
character. The interpretation of IR-spectra of the syn-
thesis products with MPTS and PVP leads to the
conclusion that the particles were successfully sur-
face modified. The dispersability of the particles in
BDMA increases with surface modification. Using a
photo initiator and a crosslinker, the Mg(OH), dis-
persions can be polymerized by UV initiation as
films with 100 um thickness. They show high trans-
mittance values exceeding 80% with 9 wt % filler
content, which is very high considering the 100 pm
thickness of the films. The scratch resistance
increases significantly in the Mg(OH),/polymer
nanocomposite films as compared with the pure
polymer films.

The donation of surfactants by SASOL is gratefully
acknowledged.
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