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ABSTRACT: Nylon 6 (N6)/mesoporous silica (MS)
nanocomposites (NMSNs) were synthesized via in situ
synchronous hydrolytic polymerization of tetraethylortho-
silicate (TEOS) and e-caprolactam. The novelty of this tech-
nique lies in that the nanosilica generated in situ has
unique mesoporous structure and ultrahigh-specific sur-
face area (SSA). Mechanical test showed that, compared to
conventional precipitated silica (PS) nanofillers, the MS
generated in situ shows better reinforcing efficiency on N6.
At a loading of only 3.0 wt % MS, the tensile modulus,
flexural modulus, and the heat distortion temperature of
NMSNs exhibit increase of 54.8%, 77.9%, and 55.9�C,
respectively. The effects of MS on the crystallization
behaviors of N6 have been studied by differential scan-

ning calorimetry (DSC), which shows that the incorpora-
tion of MS influences the crystallization behaviors of N6
obviously: (1) increases crystallization temperature (Tc) by
serving as heterogonous nucleating agent; (2) favors the
formation of c-phase by hindering the mobility of N6
chains. Dynamic mechanical analysis confirmed that,
compared ti that of neat N6, the temperature of the main
a-relaxation (Ta) and the secondary b-relaxation (Tb) of
NMSNs is shifted 6.1�C and 5.3�C toward higher tempera-
ture. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 1957–
1964, 2011
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INTRODUCTION

Incorporation of inorganic nanofillers such as clay1–3

and silica4,5 into polymer matrix is always attractive
because of scientific and engineering points of view.
For fabricating high-performance polymer-based
nanocomposites, different techniques have been
developed, among which sol–gel hybridization and
in situ polymerization are the two most successful
methods.

Inorganic–organic hybrid nanocomposites using
sol–gel process where the inorganic phase is grown
in situ is being actively pursued.6,7 Sol–gel hybridiza-
tion centers on the growth of the silica from the hy-
drolysis-condensation of alkoxysilanes like TEOS in a
solution containing the polymer. So far, many poly-
mer/silica nanocomposites have been prepared in
this way using poly(vinyl acetate),8,9 poly(methyl
methacrylate),10 natural rubber,11 poly(vinyl alco-

hol),12 epoxy resin,13 poly(dimethylsiloxane),14 acrylic
rubber,15,16 polyimide,17–19 and polyamide 66.20

In situ polymerization, where monomers polymer-
ize into polymer in the presence of nanofillers, is
another effective technique. This technique is ex-
traordinarily effective to prepare nylon 6 (N6)-based
nanocomposites via hydrolytic ring-opening poly-
merization of e-caprolactam, because e-caprolactam
and water can serve as excellent dispersing agents
for nanofillers. Many nanocomposites based on N6
have been fabricated by adding nanoparticles, such
as carbon nanotubes,21 montmorillonite,22 and
silica,23 into the hydrolytic polymerization system of
e-caprolactam.
In this work, we prepared N6/mesoporous silica

(MS) nanocomposites (NMSNs) via a method com-
bining the advantages of sol–gel hybridization and
in situ polymerization. The novelty of this work lies
in the fact that both silica and N6 have been grown
in situ synchronously via hydrolytic polymerization
mechanism. By this method, the silica nanoparticles
generated in situ not only uniformly dispersed in
polymer phase, but also have mesoporous structure
and ultrahigh-specific surface area (SSA). Compared
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to traditional precipitated silica (PS), this kind of MS
shows better reinforcing efficiency on N6.

EXPERIMENTAL

Materials

Commercial grade e-caprolactam was obtained from
Nanjing Oriental Chemical Company. Analytical
grade tetraethylorthosilicate (TEOS), adipic acid, for-
mic acid, and ethanol were bought from National
Reagent Group Co., China. PS (Ultrasil VN3, size
range ¼ 20–100 nm) was bought from Bayer, India.

Preparation of NMSNS and N6

Nylon-6/MS nanocomposites were prepared follow-
ing the two steps below:

1. A desired amount of TEOS was dissolved in two
times of water containing 20-mL formic acid,
mixed, and heated to 60�C for 8 h to finish hy-
drolysis reaction of TEOS. e-Caprolactam (2000
g) and 200-mL deionized water were then added
and mixed. Afterward, the ethanol and formic
acid were removed by vacuum distillation.

2. After adding 10 g of adipic acid, the system
was heated to 250–260�C under a nitrogen
atmosphere in a steel reactor equipped with
nitrogen inlet and mechanical mixer. Simulta-
neously, the pressure was increased to 2.0–2.4
MPa. Afterward, it was maintained for 3 h to
achieve prepolymerization of e-caprolactam
and silicic acid in the presence of water. The
pressure then began to level off by discharging
water vapor slowly, and the reaction was fur-
ther carried out at atmospheric pressure for 1
h. Finally, postpolymerization was performed
at 200–300 Pa until the system viscosity stop
increasing. Nylon-6/MS nanocomposites were
then obtained and denoted as NMSN.

For purpose of comparison, neat nylon-6 was pre-
pared following step (2) and denoted as N6. Con-

ventional N6/silica nanocomposite was also pre-
pared in the same manner by adding PS and
designated as NPSN. The loading of PS was kept at
3.0 wt % of composite, solely for comparative
purpose.
Finally, all samples were extracted with boiling

water for 48 h and then dried under vacuum at
100�C for 48 h. The formulation, composition, and
sample code of the prepared samples are listed in
Table I.

Characterization

Transmission electronic microscopy (TEM), scanning
electronic microscopy (SEM), and atomic force mi-
croscopy (AFM) were used to observe the dispersion
and morphology of MS in NMSN.
SEM was performed in a JEOL 6400 microscopy at

an acceleration voltage of 10 kV. The fracture surface
was coated with 20 nm of gold in a Palaron sputter-
ing apparatus before observation.
TEM was carried out on a JEOL-2100F microscopy

at an acceleration voltage of 100 kV. The NMSN
sample was ultramicrotomed with a diamond knife
on a Leica Ultracut UCT at �20�C to get an 80-nm
ultrathin section. To observe the mesoporous struc-
ture of silica directly, the N6 phase in NMSNs was
completely burned out by calcinations of NMSN30
at 700�C for 8 h. The obtained silica powder was dis-
persed in ethanol, and a drop of the dispersion was
dripped on a copper grid. To observe the semi-inter-
penetrating network between N6 and silica, the sam-
ples for TEM were prepared as follows: 0.1 g of
NMSN30 was dissolved in 10 mL trifluoroethanol
(TFE), and then the silica nanoparticles were precipi-
tated by centrifugation to wash away the N6
enwrapping the silica nanoparticles; the obtained
precipitate was dissolved in 10 mL TFE to form
diluted dispersion, and then a drop of the dispersion
was dripped on a copper grid.
Tapping mode AFM images were obtained with a

VeecoDigital Instruments scanning probe micro-
scopy with Nanoscope IIIa with tapping mode

TABLE I
Formulation, Composition, and Sample Codes of the Prepared Samples

Sample
code

e-Caprolactam
(g)

TEOS
(g)

Adipic
acid (g)

Precipitated
silica (g)

Silica content (wt %)

Theoreticala Experimentalb

N6 2000 0.0 10.00 – 0.00 0.0
NMSN05 1990 36.80 9.95 – 0.50 0.49
NMSN15 1970 110.0 9.85 – 1.50 1.53
NMSN30 1940 220.0 9.70 – 3.00 3.04
NPSN30 1940 – 9.70 60 3.00 3.07

a The weight percent SiO2 was calculated assuming full condensation of TEOS and
e-caprolactam.

b Residue from gravimetric analysis carried out in a muffle furnace in air at 800�C.
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(Model RTESP) probes for morphological investiga-
tion. Ultrathin section of NMSN30 with 200-nm
thickness was used for AFM imaging.

BET measurement (TriStar 3000, Micromeritics)
was used to measure the surface area, total pore vol-
ume, and average pore diameter of the MS powder
obtained by burning NMSN30 at 700�C in a muffle
furnace for 8 h to remove the polymer phase. Before
measurement, all the samples were outgassed at
110�C for 4 h. The measurement was carried out by
the sorption of nitrogen gas.

For measurements of mechanical properties, the
samples were directly injection molded into stand-
ard testing specimens according to ASTM. The
IZOD notched impact strength was measured
according to ASTM D 256, using an IZOD machine
Model CSI-1370. The tensile tests were performed on
an Instron machine series 1122 according to ASTM
D 638 at a crosshead speed of 50 mm min�1. The
bending tests were carried out on the same instru-
ment according to ASTM D 790 at a crosshead speed
of 5mm/min. Heat distortion tests were carried out
according to ASTM D 648-2001.

Dynamic mechanical analysis (DMA) was per-
formed over a temperature range of �125–150�C
with a Netzsch DMA 242 at a heating rate of 3�C
min�1 and a frequency of 1 Hz.

Differential scanning calorimetry (DSC) measure-
ments were carried out on a NETZSCH DSC 200 PC
calibrated by in standards. All the measurements
were first performed from 50 to 250�C at a heating
rate of 10�C min�1 under nitrogen atmosphere, and
the samples were held at that temperature for 10
min to erase any previous thermal history and then
drop from 250 to 50�C and start the second heating
scan. The melt enthalpy (DHf), which is a measure of
the degree of crystallinity, was used for comparison
of the relative changes in the crystallinity of N6 and
determined according to the following equation:

Xc; ðDSCÞ ¼ DHf

ð1� /Þ � DHf �
� 100%

where DHf is the melting enthalpy of N6 in the sam-
ples, U is the weight fraction of silica in the NMSs,
and DHf* is the melting enthalpy of the matrix poly-
mer with 100% crystallinity (DHf* ¼ 190 J g�1 24,25).

RESULTS AND DISCUSSION

The morphology and dispersion of MS
in the N6 matrix

The TEM images of NMSN30 at different magnifica-
tions are shown in Figure 1. At low magnification
[Fig. 1(a)], the MS in the NMSN is too vague to be
clearly observed. The picture of high magnification
[Fig. 1(b)] gives a relatively clear image of MS,
which shows that the MS particles have irregular
shape; however, the observation effect is also unsat-
isfactory. It is obvious that the image contrast of the
MS particles is very low; therefore, TEM cannot give
an image that can clearly reflect the morphology and
dispersion of MS on the whole (the reason will be
discussed later).
The TEM images of NMSN30 are shown in Figure

2. Although the micromorphology of MS cannot be
clearly seen due to the resolution limitation of SEM,
it can be seen that MS particles (small white dot in
Fig. 2) are dispersed uniformly in N6 matrix.
To clearly observe the dispersion of MS in N6 ma-

trix, the AFM phase images for NMSN30 are also
given, as shown in Figure 3. It is clearly shown that
the MS particles have irregular shape. The size dis-
tribution of MS is very uneven, ranging from tens to
hundreds nanometers. In spite of the differences in
morphology and size, these nanosized silica particles
are dispersed uniformly in N6 matrix.

Figure 1 TEM images of NMSN30 at different magnifications.
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Figure 4(a) shows the TEM picture of MS par-
ticles after the N6 phase was removed by a
method previously mentioned. As shown in Figure
4(a), the porous structure of MS can be clearly
seen. The pore size is estimated to be about 10
nm. Generally speaking, the pores in the range of
2–50 nm are denoted mesopores26; therefore, the
silica generated in situ in this study is mesoporous
filler. Because polymer phase and silica phase are
generated synchronously during polymerization, it
is reasonable to deduce that N6 phase penetrates
in the MS network, consequently, a semi-interpene-
trating network forms in every nanosized MS par-
ticles. After the N6 enwrapping MS particles was
washed away, the obtained silica particles were
observed by TEM. As shown in Figure 4(b), a lot
of fiberlike N6 phase is found present on the sur-
face. Being strongly immobilized by these meso-
pores, the N6 phase in mesopores cannot be easily
washed away; therefore, when washed by solvent
of N6, fiberlike N6 phase can form these MS
nanoparticles.

BET measurement of MS

The BET measurement curves of MS are shown in
Figure 5, in which Figure 5(a) is the nitrogen sorption
and desorption curve from which the SSA can be
determined, and Figure 5(b) shows the pore size dis-
tribution of MS. The detailed data of BET test are col-
lected in Table II. It is known that mesoporous nano-
particle has much higher SSA than conventional
nanoparticle. As shown in Table II, the SSA of MS
measured by BET is 632 m2/g, indicating that the MS
generated in situ has ultrahigh SSA. The mean pore
size of MS is 14.2 nm with a broad size distribution
from 2 to 50 nm, as shown in Figure 5(b). The single-
point adsorption total pore volume of pores is tested
to be 3.21 cm3/g. For Ultrasil VN3, the PS used as
comparison, the SSA is only 132 m2/g, much lower
than that of MS, and no pore is detected.
Ultrahigh SSA means huge contact surface

between N6 and silica, and porous structure indi-
cates that some N6 chains are immobilized in these
mesopores. According to the pore volume of silica

Figure 3 AFM phase images of NMSN30 at different magnifications.

Figure 2 SEM images of NMSN30 at different magnifications.

1960 LI AND YANG

Journal of Applied Polymer Science DOI 10.1002/app



and the density of N6, it can be easily estimated
that, in NMSN30 system, about 13.5 wt % of N6 is
trapped in these mesopores. Certainly, the presence
of a large amount of N6 in the mesopores of MS will

lower the image contrast of silica particles obviously,
which explains the reason why the MS particles look
very vague when observed by TEM and why a clear
image cannot obtained. It is reasonable to deduce
that, at the same loading of silica, MS may have
greater effects on the mechanical properties and
crystallization behavior of N6 than PS.
Although numerous polymer/silica nanocompo-

sites have been successfully fabricated via sol–gel
hybridization, this kind of MS filler generated in situ
polymerization has never been reported. The key of
our success lies in the fact that both silica network
and N6 are generated synchronously. Because of the
excellent compatibility of e-caprolactam and silicic
acid, at the initial stage of polymerization, the sys-
tem is homogenous monophasic system. With the
reaction proceeds, silica network forms and micro-
phase separation occurs. However, due to the low
loading of TEOS, it is impossible to form a silica net-
work throughout the system. Instead, many nano-
sized silica networks form. During this process,
some water, e-caprolactam, and oligomer of N6 were
enwrapped in these silica networks. Polymerization
can still proceed in these swelling silica networks,
and the N6 formed remains in the networks. The
last stage of the polymerization was performed
under high temperature and high vacuum. Under
such a condition, the water enwrapped and

Figure 4 (a) TEM micrograph of MS obtained by sintering NMSN30 at 700�C for 8 h. (b) TEM micrograph of MS after
N6 enwrapping the surface was washed away.

Figure 5 BET test curves of MS obtained by heating
NMSN30 at 700�C for 8 h. (a) Nitrogen adsorption and
desorption curve and (b) pore size distribution curve.

TABLE II
BET Surface Area, Total Pore Volume, and Average Pore

Diameter of MS Generated In Situ and PS

Sample
BET surface
area (m2 g�1)

Single point
adsorption

total pore volume
of pores (cm3 g�1)

Adsorption
average pore
diameter (nm)

MS 632 3.21 14.2
PS 132 — —
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generated by polycondensation, and unreacted e-
caprolactam monomer may serve as foaming agents.
The quick release of these small molecules from the
incompletely crosslinked silica network leads to the
formation of many pores, and these formed pores
will be occupied by N6 quickly. At last, when a fully
crosslinked silica network forms, the porous struc-
ture is fixed. It should be noted that the mechanism
proposed here is based purely on assumption, and
the exact mechanism requires further investigation.

Crystallization behavior

The crystallization and melting behavior of N6,
NPSN30, and NMSNs have been studied by DSC.
The cooling curves and second heating curves are
shown in Figure 6, and the data are summarized in
Table III. It is seen from Figure 6(a) that the incorpo-
ration of MS leads to a considerable increase in crys-
tallization temperature (Tc). In particular, the Tc of

NMSN30 is 193.3�C, which is 12.7�C higher than
that of N6 (180.6�C) and also 6.4�C higher than that
of NPSN30 (186.9�C ).
In Figure 6(b), N6 and its nanocomposites all

show two melting peaks at about 213 and 220�C,
ascribed to the melting peaks of the c-crystalline
form and a-crystalline form, respectively.27,28 The
lower temperature melting peak is designated as
Tm1, while the higher temperature as Tm2 in Table
III. The melting peaks of c-phase become obvious
with the increasing loading of MS, indicating that
the incorporation of MS favors the formation of the
c-crystalline form. The similar phenomenon has
been observed in polyamide 6/clay nanocomposites
by many researchers29,30 and has been ascribed to
the interaction between clay layers and polymer
chain. Vaia et al.31 suggested that the interaction
between clay layers and polymer chains results in
conformation changes of chains, limiting the forma-
tion of hydrogen-bonded sheets of the a-phase and
favoring the formation of c-phase. This explanation
is also applicable to NMSNs system. Considering the
ultrahigh SSA, the immobilizing effect of mesopores
on N6, and the hydrogen bonds between polar am-
ide group of N6 and the hydroxyl groups of MS, the
chain mobility of N6 is also constrained effectively
in the NMSNs system.
With the increasing loading of MS, the two melt-

ing points, Tm1 and Tm2, shift to high temperature as
shown in Table III. The Tm2 of NMSN30 is 222.1�C,
2.9�C higher than that of neat N6, and also 1.8�C
higher than NPSN30, indicating that the incorpora-
tion of MS may lead to the formation of more per-
fect crystals. As shown in Table III, it is surprising
to find that the crystallinity (Xc(DSC)) is not obviously
changed with increasing MS content. Although MS
can promote crystallization by acting as nucleating
agent, MS can also hinter the chain mobility of N6,
as previously mentioned. Because of the coexistence
of these two oppositing effects of MS on the crystal-
lization behavior, the total crystallinity may change
a little depending on the loading of MS.

Figure 6 DSC curves of neat N6, NPSN30, and NMSNs.
(a) cooling scan and (b) second heating scan.

TABLE III
Characteristic Values of Crystallization and Melting

Behavior of N6, NPSN30, and NMSNs

Sample
code

Cooling scan Second heating scan

Tc

(�C)
Tm1

(�C)
Tm2

(�C)
DHf of
N6 J g�1

Xc(DSC)

(%)

N6 180.6 212.0 219.2 51.68 27.2
NMSN05 185.2 212.2 220.8 54.34 28.6
NMSN15 191.9 213.8 221.0 53.39 28.1
NMSN30 193.3 215.1 222.1 49.97 26.3
NPSN30 186.9 212.4 220.3 53.3 28.0
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Mechanical properties

The mechanical properties and heat deflection tem-
perature (HDT) of N6, NPSN30, and NMSNs are
listed in Table IV. The incorporation of MS leads to
a considerable improvement in mechanical proper-
ties, as shown in Table IV. In particular, the flexural
modulus, flexural strength, tensile strength, and ten-
sile modulus of NMSN30 increase by 69.3%, 35.8%,
27.3%, and 77.8%, respectively, compared to those of
pure N6, and are also 27.9%, 21.3%, 13.3%, and
24.4% higher than those of NPSN30. It is obvious
that, at the same loading of silica, MS has better
reinforcement effect on N6 than PS.

The HDT of a polymeric material is an index of its
heat resistance toward applied load. The incorpora-
tion of MS remarkably increases the HDT of N6. The
HDT of NMSN30 is 113.4�C, which is 55.9�C higher
than that of N6 (HDT ¼ 57.5�C), and also 23.4�C
higher than NPSN30 (HDT ¼ 90.0�C). The increased
HDT can be mainly ascribed to the constrained
chain mobility. As mentioned, the HDT reflects the
ability of a polymeric material to withstand loads at
elevated temperature, and this is also a modulus-
temperature behavior as elucidated by DMA.

The variation of storage modulus and loss factor
of neat N6 and NMSN30 with temperature is shown
in Figure 7. The incorporation of MS leads to a shift
of the temperature of the main a-relaxation (Ta) to-

ward high temperature, indicating that the mobility
of N6 chain segments is obviously inhibited. This
result is inconsistent with that of the polyamide 6,6/
silica system prepared by sol–gel method,20 in which
the incorporation of silica decreases Ta obviously.
This leads to the question as to what causes so great
difference for these two systems. In polyamide 66/
silica system, the silica is generated under low tem-
perature; therefore, the conversion of TEOS and the
crosslinking degree of silica is low, which leads to a
comparatively high content of low molecules in the
resulting composite. The plasticizing effect of these
low molecules is responsible for the decreased Ta.
However, in our study, the MS is generated under
high temperature (250�C) and high vacuum (200–300
Pa) for long time; therefore, a fully crosslinked silica
network and full conversion of TEOS are guaran-
teed. It is known that the peak height of the loss
tangent curve indicates the chain flexibility of the
polymer chains that undergo resonance with the
externally applied sinusoidal stress. The more flexi-
ble the chains are, the higher the amplitude of vibra-
tion would be.16,32 It is seen from Figure 7 that the
tan dmax of NMSN30 is much lower than that of N6,
which indicates that strong interface interaction
exists between N6 and MS.
The b-relaxation is related to the movement of the

polar groups of N6. The temperature of the b-relaxa-
tion (Tb) of NMS30 is observed at �49.9�C, 5.3�C
higher than that of N6 (�55.2�C), which indicates
that the movement of polar groups of N6 is also
constrained by the incorporation of MS.
From Figure 7, it is seen that the storage modulus

increases with the addition of MS. The improvement
in the storage modulus of the NMSN30 is mainly
due to the stiff nature of the MS and the combined
effect of the ultrahigh SSA and fine dispersion of
MS. In addition, the strong interface interaction and
the immobilizing effect of MS on N6 play positive
role on the improvement of the storage modulus.

CONCLUSIONS

In situ synchronous growth of silica and N6 leads to
the formation of mesoporous structure of MS.

TABLE IV
Mechanical Properties and HDT of N6, NPSN30, and NMSNs

Samples
codes

IZOD notched
impact strength

(J/m)

Flexural
strength
(MPa)

Flexural
modulus
(GPa)

Tensile
strength
(MPa)

Tensile
modulus
(GPa)

HDT, 1.82
MPa (�C)

N6 79.4 98.2 1.76 66.4 1.26 57.5
NMSN05 85.7 119.3 2.49 76 1.59 80.7
NMSN15 82.0 127.1 2.74 78.2 1.82 103.2
NMSN30 76.2 133.4 2.98 84.5 2.24 113.4
NPSN30 53.2 110 2.33 76.5 1.80 90.0

Figure 7 Storage modulus and loss factor of neat N6 and
NMSN30.
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Compared to conventional PS, MS shows better abil-
ity in improving mechanical properties and increas-
ing HDT, which can be ascribed to the ultrahigh
SSA, strong interface interaction, and the immobiliz-
ing effect of mesopores on N6. In particular, at a
loading of 3 wt % MS, the flexural modulus, flexural
strength, tensile modulus, and HDT of NMSN ex-
hibit increase of about 69.3%, 35.8%, 77.8%, and
55.9�C, respectively. DSC results show that the incor-
poration of MS influences the crystallization behav-
iors of N6 obviously: (1) increases Tc by serving as
heterogonous nucleating agent, leading to the forma-
tion of more perfect crystals; (2) favors the formation
of c-phase by hindering the mobility of N6 chains.
DMA analysis shows that compared to that of neat
N6, the temperature of the main a-relaxation (Ta)
and secondary b-relaxation (Tb) is shifted 6.1�C and
5.3�C toward higher temperature, respectively, indi-
cating that the chain mobility of N6 is effectively
constrained by the incorporation of MS.
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