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Abstract In this study, an exfoliated montmorillonite was
introduced into a benzoxazine matrix—prepared from para-
formaldehyde, aniline, and phenol—to form polymer/
exfoliated clay nanocomposites. Wide-angle X-ray diffrac-
tion, differential scanning calorimetry, dynamic mechanical
analysis, thermogravimetric analysis, transmission electron
microscopy, and contact angle measurements revealed the
structures and thermal and mechanical properties of these
polybenzoxazine/clay nanocomposites; the montmorillonite
was exfoliated into nanoparticles (single sheets or layers)
that were dispersed in the polybenzoxazine matrix. The
incorporation of the exfoliated montmorillonite improved the
polymer’s glass transition and thermal decomposition temper-
atures, mechanical properties, and surface hydrophobicity.
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Introduction

Benzoxazine derivatives—characterized by an oxazine
ring (a six-membered heterocycle containing oxygen and
nitrogen atoms) attached to a benzene ring—are readily
synthesized from a combination of a phenolic derivative,
formaldehyde, and a primary amine. Depending on the
positions of the heteroatoms, many benzoxazine struc-
tures can be prepared, including monomeric-type
benzoxazines [1], main chain–type benzoxazines [2–6],
side chain–type benzoxazines [7, 8], and telechelic-type
benzoxazines [9]. Polybenzoxazines exhibit many unique

properties: near-zero volume changes upon polymeriza-
tion with high mechanical integrity [10]; low water ab-
sorption in water at room temperature [11]; surprisingly
high glass transition temperatures (Tg) [12]; rapid devel-
opment of their physical and mechanical properties dur-
ing the polymerization process (e.g., 80 % of the Tg

development occurs at a 50 % degree of conversion for
a bisphenol-A/aniline–based benzoxazine) [13]; very high
char yields [14]; and low surface energies [15, 16].
Therefore, polybenzoxazines have been studied widely
ever since they were first reported [17], with various
related applications also appearing gradually [18–23].

For further improve the physical properties of polymer
matrix, one of the most important technologies is the man-
ufacture of (nano)composites through blending with other
polymers or nanofillers [24–26]; for example, reinforcement
with glass fibers [27], cellulose fibers [28], or carbon fibers
[29] or the incorporation of nanofillers from clay [30–34],
carbon nanotubes [35, 36], and polyhedral oligomeric
silsesquioxane (POSS) [37–48]. These (nano)composites
can impart polybenzoxazines with excellent processability
and superb mechanical properties, without forming volatile
species. Although many reports describe nanocomposites
manufactured through the incorporation of clay into
polybenzoxazines, in those cases the clays were merely
intercalated and dispersed in the polymeric matrix with a
layered or lamellar structure [30–34]. In this present study,
we used POSS nanocomposites to improve the exfoliation
of clay incorporated in a polybenzoxazine. After intercalat-
ing propargyl dimethylstearylammonium bromide between
the layers of montmorillonite (MMT) to form intercalated
montmorillonite (In-MMT), we introduced a mono-
functionalized azide-POSS derivative to undergo Huisgen
[2+3] cycloadditions (click reactions) with the acetylenic
intercalator units, resulting in the MMT exfoliating into
nanoparticles in the form of single sheets or layers [48].
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We then incorporated this exfoliated montmorillonite (Ex-
MMT) into the Pa-type benzoxazine (3-phenyl-3,4-dihydro-
2H-benzoxazine) monomer-derived from paraformaldehyde,
aniline, and phenol-to form exfoliated polybenzoxazine
nanocomposites (Scheme 1), the thermal and surface proper-
ties and morphologies of which we investigated using wide-
angle X-ray diffraction (WAXD), differential scanning calo-
rimetry (DSC), dynamic mechanical analysis (DMA),
thermogravimetric analysis (TGA), transmission electron mi-
croscopy (TEM), and contact angle analyses.

Experiments

Samples

Montmorillonite (MMT) was purchased from Nanocor
(USA); N,N-dimethylstearylamine, propargyl bromide,
paraformaldehyde, and aniline were obtained from
Tokyo Chemical Industry; N,N-dimethylformamide
(DMF), sodium azide (NaN3), ethanol, vinylbenzyl chlo-
ride, and N,N,N,N,N-pentamethyldiethylenetriamine
(PMDETA) were purchased from Sigma–Aldrich.
Copper(I) bromide (CuBr, Alfa Aesar, USA) was purified
through washing with glacial AcOH overnight, followed
by washing with absolute ethyl ether and drying under
vacuum. All solvents were distilled prior to use. The
mono-functionalized azide-POSS derivative [49–53] and

the Pa monomer 3-phenyl-2H,4H-benzoxazine [19] were
prepared according to previously reported procedures. In-
MMT was prepared as follows: A mixture of N,N-
dimethylstearylamine (3.86 g, 130 mmol) and propargyl
bromide (1.55 g, 130 mmol) in distilled water (100 mL)
and EtOH (100 mL) was heated at 80 °C for 0.5 h with
rapid stirring to form propargyldimethylstearylammonium
bromide; MMT (10 g) was added to the solution, which
was then stirred vigorously for 4 h; after cooling to room
temperature, washing, filtering, drying, and grinding, In-
MMT was obtained. Ex-MMT was prepared from In-
MMT, the mono-functionalized azide-POSS derivative,
and click reactions as follows: Mono-functionalized azide
POSS (N3-POSS, 0.589 g, 0.500 mmol), In-MMT
(0.521 g), and CuBr (0.0717 g, 0.500 mmol) were mixed
together in the solid state under vacuum; after adding
anhydrous DMF (50 mL), the mixture was stirred rapidly
for 12 h under vacuum; next, six freeze/thaw/pump cy-
cles were performed, with the total time of freezing and
pumping being 0.5 h and the time of the thaw, while
strongly stirring, being 1 h in each cycle; at this point,
N,N,N,N,N-pentamethyldiethylenetriamine (0.100 mL,
0.500 mmol) was added and one freeze/thaw/pump cycle
was performed again; after the final thaw to room tem-
perature, the reaction mixture was stirred rapidly for 12 h
under vacuum; after washing sequentially with anhy-
drous DMF and distilled water, filtering, drying, and
grinding, Ex-MMT was obtained.

Scheme 1 a The preparation of
exfoliation MMT by using click
reaction and b preparation of
exfoliated nanocomposites
from benzoxazine and
exfoliation MMT from (a)

Table 1 Compositions of
polybenzoxazine/clay
nanocomposites

BM BIM BEM-A BEM-B BEM-C BEM-D BEM-E BEM-F BEM-G

Pa 5 g 5 g 5 g 5 g 5 g 5 g 5 g 5 g 5 g

MMT 0.25 g — — — — — — — —

In-MMT — 0.25 g — — — — — — —

Ex-MMT — — 0.05 g 0.15 g 0.25 g 0.35 g 0.50 g 1.50 g 2.50 g
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Polybenzoxazine/clay nanocomposites

Pa-Type benzoxazine monomer was mixed with MMT,
In-MMT, or Ex-MMT with vigorously stirring until the
sample became homogeneous. The sample was then
placed in a natural oven and cured at 140 °C for 3 h,
160 °C for 3 h, and then 200 °C for 4 h under a heating
rate of 2 °C·min–1. BM was formed from Pa and MMT;
BIM from Pa and In-MMT; and BEM from Pa and Ex-
MMT (Table 1). The weight ratio of MMT or In-MMT
to Pa was fixed at 5 wt%; those of Ex-MMT to Pa were
1, 3, 5, 7, 10, 30, and 50 wt%, named BEM-A, BEM-B,
BEM-C, BEM-D, BEM-E, BEM-F, and BEM-G,
respectively.

Characterization

WAXD data were collected using a BL17A1 wiggler
beam line at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. A triangular bent
Si (111) single crystal was employed to obtain a
monochromated beam having a wavelength (l) of

Fig. 1 a XRD patterns and b
TEM images of a MMT,
b In-MMT, and c Ex-MMT
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Fig. 2 XRD patterns of Pa benzoxazine samples containing various
contents of Ex-MMT
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1.33001 Å. Values of d(001) were calculated using
Bragg’s law, l=2dsinθ, where l is the wavelength of
the X-ray radiation, d is the distance between two
MMT layers, and θ is the diffraction angle. TEM images
were recorded using a JEOL-2100 transmission electron
microscope operated at an accelerating voltage of
200 kV. Ultrathin sections (thickness: ca. 70 nm) of the
TEM samples were prepared using a Leica Ultracut UCT
microtome equipped with a diamond knife; they were
placed onto Cu grids coated with carbon-supporting
films. The glass transitions of the samples were studied
using a TA Q-20 differential scanning calorimeter oper-
ated under an atmosphere of pure N2. The sample (ca.
7 mg) was placed in a sealed aluminum sample pan.
The glass transition scans were conducted from 25 to
250 °C at a rate of 20 °C·min–1. The thermal stabilities

of the samples were measured using a TA Q-50
thermogravimetric analyzer operated under an atmo-
sphere of pure N2. The sample (ca. 7 mg) was placed
in a Pt cell and heated at a rate of 20 °C·min–1 from 30
to 800 °C under a N2 flow rate of 60 mL·min–1. The
dynamic mechanical properties of the samples were investi-
gated using a PerkinElmer DMA800 dynamic mechanical
analyzer operated in air. The sample (10 mm × 8 mm ×
2 mm) was fixed on the bracket and subjected to the single-
frequency/strain mode as the temperature was increased from
25 to 200 °C at a rate of 2 °C·min–1. A Dataphysics OCA
contact angle system was used to measure the advancing
contact angles on the samples (10 mm×8 mm×2 mm) at
25 °C; a drop (5 μL) of distilled water, ethylene glycol (EG),
or diiodomethane (Diio) was placed onto the sample surface
using a syringe.
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Results and discussion

Figure 1(A)-(a) displays the XRD pattern of In-MMT; its
diffraction peak appeared at a value of 2θ of 2.05°, provid-
ing a value of d(001) of 3.73 nm. For pure MMT, these values
were 5.38° and 1.42 nm, respectively [Fig. 1(A)-(b)]. The
greater value of d(001) for In-MMT reveals that propargyl
dimethylstearylammonium bromide had indeed intercalated
between the layers of MMT, opening them to a certain
extent. In contrast, we observed no diffraction peak in the
2θ range from 0.5 to 5° in the XRD pattern of Ex-MMT
[Fig. 1(A)-(c)], which we had prepared through click re-
actions between In-MMT and the mono-functionalized
azide-POSS derivative. During this transformation, the
POSS nanoparticles had to enter between the layers of In-
MMT to undergo click reactions with the intercalated
propargyldimethylstearylammonium bromide. The entry of
the cage-like POSS nanoparticles led to partial exfoliation of
MMT into nanoparticles having the form of single sheets or
layers; the click reactions had a further and stronger exfoli-
ating effect, causing the MMT to undergo complete exfoli-
ation [Fig. 1(B)-(c)]. [47]

Next, we incorporated the Ex-MMT at different weight
ratios into the polybenzoxazine matrix formed from the Pa
monomer, obtaining samples BEM-A, BEM-B, BEM-C,
BEM-D, BEM-E, BEM-F, and BEM-G (Table 1). For com-
parison, we also prepared MMT-based polybenzoxazine
nanocomposites incorporating BM and In-MMT (Table 1).
Figure 2 reveals that the XRD patterns of samples BEM-A
to BEM-G featured no diffraction peaks in the 2θ range of
0.5–5°, indicating that each contained fully exfoliated

nanocomposites. The dispersion of exfoliated MMT sheets
or layers in the polybenzoxazine matrix had a significant
effect on the thermal properties of these systems; we inves-
tigated the glass transition temperatures, thermal degrada-
tion behavior, and mechanical properties using DSC, DMA,
and TGA, respectively.

Figure 3(a) displays the DSC traces of pure Pa and
BM, BIM, and BEM-C having the same fixed ratio
(5 wt%) of MMT, In-MMT, and Ex-MMT, respectively,
in the polybenzoxazine matrix; their values of Tg were
129, 131, 133, and 134 °C, respectively. In the DSC
traces of Pa featuring contents of Ex-MMT ranging from
1 to 50 wt% [Fig. 3(b)], the values of Tg increased upon
increasing the Ex-MMT content; Table 2 summarizes the
results. Figs. 4(a) and (b) display DMA data for pure Pa,
BM, BIM, and BEM-C; each of the samples exhibited a
high storage modulus (ca. 5.00 × 109Pa) at temperatures below
its glass transition, at which the polymeric chains and segments
were frozen and could not move. Deformation arises mainly
from changes to the lengths and angles of the chemical bonds
between the atoms in the polymeric chains and segments. In
the glass state, these polymeric materials exhibited great elas-
ticity, high storage moduli, and low loss moduli. Moreover, the
incorporation of MMT or In-MMT into the polybenzoxazine
did not improve the storage modulus, due to the poor
dispersion of the MMT species; in contrast, the storage
modulus after incorporating a certain content of Ex-MMT
into polybenzoxazine was slighter higher than that of pure
polybenzoxazine, probably because of the exfoliation of this
clay in the polymer matrix. In addition, the presence of
MMT, In-MMT, and Ex-MMT influenced the values of Tg

Table 2 Thermal properties and surface hydrophobicities of pure Pa and the nanocomposites Pa with pure MMT (BM), Pa with In-MMT (BIM),
and Pa with Ex-MMT (BEM)

Tg
a Tg

b Char Yieldc Td
c (°C) Derivative Weight (%·°C–1)c Contact Angle (°)

(°C) (°C) (%) 95 % 50 % Peak 1 Peak 2 Water EG Diio

Pa 130 129 35.3 349 485 0.40 0.43 96.7 70.6 50.3

BM 135 131 39.3 357 498 0.38 0.37 97.6 71.4 51.9

BIM 137 133 37.0 347 486 0.36 0.41 98.2 72.5 53.2

BEM-A 134 132 37.0 353 494 0.37 0.42 102.7 75.0 53.0

BEM-B 136 132 37.0 352 495 0.36 0.41 103.7 75.8 58.6

BEM-C 140 134 38.6 345 496 0.34 0.39 104.5 76.4 60.1

BEM-D 143 136 39.8 350 501 0.32 0.39 105.2 77.0 64.1

BEM-E 145 140 40.5 348 503 0.32 0.39 106.1 77.5 67.7

BEM-F — 141 41.2 347 506 0.32 0.36 — — —

BEM-G — 144 45.7 347 546 0.29 0.31 — — —

a Determined through DMA
bDetermined through DSC
cDetermined through TGA; the values of Td were determined at weight percentages of 95 and 50 % in Figs. 4(a) and (c); the Derivative Weights
were the values at Peaks 1 and 2 marked in Figs. 4(b) and (d)
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of the polybenzoxazine. In this study, we determined values
of Tg from the loss modulus peak [Figs. 4(b) and (d)].
Figure 4 and Table 2 reveal that, at a same fixed ratio
(5 wt%) of MMT, In-MMT, and Ex-MMT relative to
Pa polybenzoxazine, the value of Tg increased from
129.7 °C for Pa to 135.4 °C for BM, 137.1 °C for BIM,
and 139.5 °C for BEM-C, respectively, as a result of their
different transfer modes for heat and mass. Scheme 2(a)
illustrates how the heat flow could pass through the poly-
meric chains and segments in Pa polybenzoxazine directly,
allowing them to move freely and resulting in a sharp
change of modulus and a rapid glass transition. The transfer
paths for heat flow in BM, BIM, and BEM [Schemes
2(b)–(f)] were delayed, blocked, or distorted as a result of
the incorporation of MMT, In-MMT, and Ex-MMT, respec-

tively, into the polybenzoxazine matrix. These variations in
the transfer paths of the heat flow caused the moduli of
BM, BIM, and BEM to decrease slowly (or delayed their
sharp changes); the same phenomenon occurred for the
glass transition. Thus, the values of Tg of BM, BIM, and
BEM were higher than that of Pa polybenzoxazine. Greater
amounts of Ex-MMT in the polybenzoxazine matrix led to
more-significant changes in the transfer paths of heat flow
and, therefore, induced higher values of Tg; indeed, when
the content of Ex-MMT was 1, 3, 5, 7, and 10 wt% relative
to Pa polybenzoxazine, the values of Tg were 134, 136,
140, 143, and 145 °C, respectively. The glass transition
temperatures we obtained through DMA followed a similar
trend to those from our DSC analyses; the values of Tg
obtained from the former were, however, higher than those
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from the latter, as would be expected because the molecules
would have to move significantly to change the modulus by
several orders of magnitude to undergo the glass transition.
Therefore, the glass transitions obtained through DMA were
delayed (i.e., higher temperatures) relative to those obtained
through DSC.

Similarly, the incorporation of MMT, In-MMT, and Ex-
MMT into the polybenzoxazine matrix and the resulting
changes to the transfer paths of heat flow also influenced
the thermal degradation significantly. Fig. 5(a) displays the
TGA traces of pure Pa, BM, BIM, and BEM-C. The char
yield of pure Pa was 35.4 wt%. Because of the presence of
inorganic MMT, the char yield of BM increased to

39.4 wt%. Although the char yield of BIM at
37.1 wt% was higher than that of pure Pa, it was lower
than that of BM because the organic intercalator,
propargyldimethylstearylammonium bromide, had en-
tered into the MMT layers. The char yield of BEM-C
(38.62 %) was lower than that of BM, but higher than
those of pure Pa and BIM, because of the click re-
actions that had occurred between the propargyl-
containing intercalator and the mono-functionalized
azide POSS in the MMT layers. Similar phenomena
were manifest in the thermal degradation temperatures
(Td) and derivative weights. The values of Td, defined
as the temperature of 50 wt% weight loss, were 485 °C

Scheme 2 Dispersion
diagrams and corresponding
heat flows for (a) Pa, (b) BM,
(c) BIM, (d)–(f) BEM

J Polym Res (2013) 20:114 Page 7 of 13, 114



for pure Pa, 498 °C for BM, 487 °C for BIM, and
497 °C for BEM-C. Thus, the presence of MMT, In-
MMT, and Ex-MMT delayed the thermal degradation.
The derivative weights [Fig. 5(b), Table 2] for pure Pa,
BM, BIM, and BEM-C were 0.40, 0.38, 0.36, and
0.34 %·°C–1, respectively, at peak 1 and 0.43, 0.37,
0.41, and 0.39 %·°C–1, respectively, at peak 2. Thus,
the incorporated MMT, In-MMT, and Ex-MMT changed
the transfer paths of heat flow, influenced the char
yield, delayed thermal degradation, and decreased the
pyrolysis rate of the derivative weight. The effects of
MMT, In-MMT, and Ex-MMT on the thermal degrada-
tion became increasingly significant upon increasing

their contents. As indicated in Figs. 5(c) and (d) and
Table 2, when we increased the content of Ex-MMT
relative to Pa in BEM from 1 to 50 % (corresponding
to BEM-A to BEM-G), the char yield and the value of
Td both increased while the derivative weights at peaks
1 and 2 both decreased, as expected. Although the
values of Td at a weight percentage of 95 % for Bz, BM,
BIM, and BEM did not vary significantly, our findings de-
scribed above are enough to prove the delaying effect on
thermal degradation of polybenzoxazine caused by the pres-
ence of MMT, In-MMT, and Ex-MMT.

The glass transition and thermal degradation data for
BM, BIM and BEM were closely related to their
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Fig. 6 TEM images and fast
Fourier transforms of (a1, a2)
BEM-C and (b1, b2) BEM-E

Figure 7 TEM images and fast
Fourier transforms of (a1, a2)
BEM-F, and (b1, b2) BEM-G

J Polym Res (2013) 20:114 Page 9 of 13, 114



structures, especially with regard to the degree of dis-
persion of MMT, In-MMT, and Ex-MMT in the poly-
meric matrix. The pristine MMT had a lamellar
structure [Fig. 1(B)-(a)], In-MMT was an intercalated
nanocomposite [Fig. 1(B)-(b)], and Ex-MMT was an
exfoliated nanocomposite [Fig. 1(B)-(c)]; therefore, each
was dispersed in the polybenzoxazine matrix in a dif-
ferent states. TEM and fast Fourier transform analyses
[Fig. 1(B)] clearly revealed the lamellar structures of
MMT and In-MMT and the random dispersion of Ex-
MMT. The layered morphology implied that the primary
building blocks of the nanodomains of MMT consisted
of an assembly of many lamellae (lamella multiples),
arranged compactly and densely in a certain direction.
In-MMT had a similar, or possibly even the same,
layered morphology as that of MMT, as revealed in
Fig. 1(B)-(b), but the arrangement was not as compact
or dense as that of MMT—direct, visible evidence for
the intercalation of propargyldimethylstearylammonium
bromide into the MMT. Figure 1(B)-(c) reveals that

Ex-MMT did not have a lamellar structure; here, the
MMT had been exfoliated into nanoparticles, either
single sheets or layers, as a result of the click reactions
of the cage-like POSS nanoparticles. These single sheets
or layers were dispersed randomly and freely in the
polymeric matrix. This structure is consistent with the
XRD pattern in Fig. 1(A) and confirms that we had
successfully prepared the Ex-MMT.

Exfoliated single sheets or layers of MMT can form differ-
ent dispersion states in a polymeric matrix. Scheme 2(d) re-
veals single sheets or layers dispersed randomly, freely, and
uniformly—a so-called “random dispersion.” These single
sheets or layers could also gather together to form structures
such as islands or stars [Scheme 2(e)]—a so-called “island
dispersion.” Moreover, the random and island dispersions
always appeared together in the form of the mixed dispersion
presented in Scheme 2(f). Therefore, the Ex-MMT–based
nanocomposites often contained more than one dispersion of
the exfoliated single sheets or layers. In Fig. 6, the numbers 1,
2, and 3 represent random, island, and mixed dispersions,
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respectively. The BEM samples, including BEM-C
[Figs. 6(a1) and (a2)], BEM-E [Figs. 6(b1) and (b2)], BEM-
F [Figs. 7(a1) and (a2)] and BEM-G [Figs. 7(b1) and 7(b2)],
all featured the dispersions described above. The sizes of the
single sheets or layers ofMMT in Figs. 1(B) and Fig. 6 were in
the range 0.05–1 μm. They comprised some elementary par-
ticles (also called “structural units”), which were constituted
by some thin solid layers. The size of an elementary particle
was approximately 8–10 nm; because the thickness of a thin
solid layer was approximately 0.93–1 nm, an elementary
particle usually contained about eight thin solid layers.
During the intercalation process leading the formation of In-
MMT, the exfoliation and click reactions leading to Ex-MMT,
and the strong stirring in the preparation of BEM, the MMT
was exfoliated into nanoparticles in the form of thin solid
layers, elementary particles, or aggregates of the two. In
addition, the Ex-MMT nanoparticles and the polybenzoxazine
chains underwent an assembly process during the strong stir-
ring used in the preparation of BEM. The different charges of
the components led to the formation of ionic bonds between
them; this assembly process not only had a further exfoliation
effect on the Ex-MMT nanoparticles but also anchored these
exfoliated single sheets or layers with polybenzoxazine chains
through physical crosslinking. The better the dispersion, the
greater the number of physical crosslinking points and, there-
fore, the stronger the anchoring effect. In addition, the Ex-
MMT nanoparticles also interacted with the polybenzoxazine
chains indirectly as a result of the latter’s compatibility with
propargyldimethylstearylammonium bromide. In other words,
the structure of MMT, the assembly process, the anchoring
effect, and the compatibility of the polymer and intercalator all
combined so that the BEM systems possessed structures fea-
turing the random, island, or mixed dispersions displayed in
Fig. 6 and Schemes 2(d)–(f).

The pure Pa, BM, BIM, and BEM and the dispersions of
MMT, In-MMT, and Ex-MMT in the polybenzoxazine ma-
trix also featured different surface properties, such as surface
hydrophobicity. Fig. 8(a) and Table 2 reveal that the surface
contact angles of distilled water, EG, and Diio slowly in-
creased upon proceeding from Bz, via BM and BIM, to
BEM. The same behavior occurred for the dispersions of
MMT, In-MMT, and Ex-MMT in the polybenzoxazine ma-
trix [Fig. 8(b), Table 2]; as the content of Ex-MMT relative
to Pa increased in the polybenzoxazine matrix, the surface
contact angles tested from these three liquid also increased
slowly, but obviously. This polybenzoxazine is a hydropho-
bic polymer or thermosetting resin that has a low surface
energy [15]. After incorporating MMT, In-MMT, or Ex-
MMT into the polybenzoxazine matrix, as random, island,
or mixed dispersions, the surfaces of the tested samples
(10 mm × 8 mm × 2 mm) became much rougher. This
roughness caused BM, BIM, and BEM to exhibit large
surface contact angles and low surface energies. As revealed

in Fig. 8(b) and Table 2 for samples BEM-A to BEM-E, a
greater content of Ex-MMT relative to Bz in the
polybenzoxazine matrix led to greater roughness on the
surfaces of the tested samples, larger surface contact angles,
and lower surface energies.

Conclusions

In this study, we introduced Ex-MMT, into a benzoxazine
matrix to form exfoliated nanocomposites. The MMT
exhibited a completely exfoliated state in the polymeric
matrix; this situation differs from that found in previous
reports, where it possessed only layered or lamellar struc-
tures. The exfoliated single sheets or layers formed random
dispersions, island dispersions, or mixed dispersions of the
two. Because of the incorporation of Ex-MMT, the value of
Tg of the polybenzoxazine improved greatly, as did its
surface hydrophobicity.
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