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ABSTRACT: Exfoliated nylon 11/montmorillonite (MMT)
nanocomposites were prepared via in situ polymerization
by the dispersion of organically modified MMT in 11-ami-
noundecanoic acid monomer. The polymorphic behavior of
the nylon 11/MMT nanocomposites was investigated with
X-ray diffraction, transmission electron microscopy, and
Fourier transform infrared with attenuated total reflectance.
MMT induced and stabilized the d-crystalline form of nylon

11. The crystal structure of nylon 11 was transformed from
a hexagonal d-form structure to a triclinic a-form structure
during the annealing process. Meanwhile, the hydrogen
bonds in the nanocomposites also exhibited some differen-
ces from neat nylon 11 after annealing. � 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 102: 5483–5489, 2006
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INTRODUCTION

Applications of layered silicate as fillers in polymers
have received considerable attention in recent years. It
has been demonstrated that a high-aspect-ratio lay-
ered-silicate leads to dramatic enhancements in the
properties in comparison with conventional microcom-
posites.1–3 The impressive mechanical properties of
polymer/clay nanocomposites, that is, nylon 6/clay
nanocomposites,4–6 were first demonstrated by a
group at the Toyota research center in Japan. Since
then, many polymer/clay nanocomposite systems
have been prepared and investigated. The effect of clay
on the crystal structure of the matrix is of interest.
Early investigations of the nylon 6 matrix suggested
that the g-crystalline form was enhanced by the addi-
tion of the clay.7–10 Although the property enhance-
ments of polymer/clay nanocomposites can be ex-
plained by the exfoliation and dispersion of montmo-
rillonite (MMT) layers in a matrix, some property
changes may be related to the crystalline modification
of the polymer matrix.10–13

The residual stress formed during the preparation of
polymer/clay nanocomposites could affect the micro-
structure and properties of the composites. Thermal

annealing can be used to remove residual stress during
processing thereafter and has been shown to change
the crystalline structure in polyimide and poly-
amide.14,15 Gurato et al.16 and Gogolewski et al.17 dem-
onstrated the conversion of the crystal structure of ny-
lon 6/clay nanocomposites by an annealing treatment.
A similar phenomenon was also observed in nylon
66/clay nanocomposites.18

Nylon 11 is a semicrystalline polymer and exhibits
at least five crystalline forms, including the a form
resulting from the annealing of a quenched sample or
solution casting from m-cresol, the a0 form obtained
from melt crystallization, the d form corresponding to
a high-temperature a form, the d0 form obtained via
melt quenching, and the g form obtained via solution
casting from trifluoroacetic acid.19–26 The a and a0

forms have a triclinic structure, but the other three
forms have a hexagonal or pseudohexagonal structure.

By now, research is mainly focused on the influence
of clay on the crystallization of nylon 11.27,28 As nylon
6/clay hybrid materials exhibit excellent properties, it
is expected that the properties of nylon 11 will also be
improved by the preparation of its corresponding
nanocomposites. However, the effects of layered
MMT on the crystallization of nylon 11 have received
little attention, especially the influence of annealing
treatments.

In general, the gallery distance of clay should play
an important role in determining the degree of exfolia-
tion of clay aggregates. Therefore, it is very important
to match the chemical affinity between the polymer
matrix and clay. In this study, we modified the original
clay with 11-aminoundecanoic acid by a novel method.

Correspondence to: X. Zhang (xikuizhang@163.com).
Contract grant sponsor: National 973 Project; contract

grant number: 2003CB615602.
Contract grant sponsor: Shanghai Genius Advanced

Materials Co., Ltd.

Journal of Applied Polymer Science, Vol. 102, 5483–5489 (2006)
VVC 2006 Wiley Periodicals, Inc.



Thus, the layered clay could be compatible with the
nylon 11 matrix and could achieve exfoliation. In this
work, a series of nylon 11 nanocomposites with differ-
ent degrees of clay intercalation and exfoliation were
prepared via in situ polymerization. The nanocompo-
sites were characterized with X-ray diffraction (XRD),
transmission electron microscopy (TEM), and Fourier
transform infrared (FTIR) with attenuated total reflec-
tance. We clarified the possibility of the d0 and d phases
with the presence of MMT and investigated the effects
of MMT on the crystallization behavior of nylon 11.
The crystalline-structure changes of nylon 11/MMT
nanocomposites under thermal annealing were also
characterized and examined.

EXPERIMENTAL

Material preparation

The monomer, 11-aminoundecanoic acid, was com-
mercially available. The pristine silicate clay was sup-
plied by Zhejiang Fenghong Clay Chemicals Co., Ltd.
(China). The cation-exchange capacity of the Na–MMT
used in this study was 80 mequiv/100 g, and the water
content was about 7 wt % in the original state (ther-
mogravimetric analysis method). Organically modified
MMT was prepared as follows. MMT (100 g) was dis-
persed into 5000 mL of hot water with a homogenizer.
11-Aminoundecanoic acid (8.0 g) and 4 mL of concen-
trated hydrochloric acid were dissolved in hot water
(200 mL) and then poured into the MMT water sus-
pension with vigorous stirring for 12 h. The product
was filtered off, washed three times, and dried in a
vacuum oven.

A wide range of nylon 11/organoclay nanocompo-
sites containing 1, 2, 4, or 6 wt % organoclay was pre-
pared via in situ polymerization. First, 11-aminounde-
canoic acid was mixed with the organoclay in a vessel,
and then the mixtures were heated at 100–1508C to

drive off the water and heated again at 230–2608C for
4 h to achieve polymerization. The neat nylon 11 was
prepared with the same procedure. The samples were
annealed at 1608C for different times in the range of 0–
24 h and then gradually cooled to room temperature.

The neat nylon 11 and the nanocomposite pellets
were placed in a mold that was positioned between
two steel plates covered with aluminum foil. Film sam-
ples (0.1 mm thick) were prepared via compression
molding in a press at a temperature of 2208C and a
pressure of 150 bar, followed by quick quenching in an
ice–water bath to obtain amorphous sheets.

Measurements

The XRD measurements were performed at room tem-
perature with a Rigaku D/max 2550 diffractometer
operating at a voltage of 40 kV and a current of 100
mA with a curved graphite crystal filtered with Cu Ka
radiation (l ¼ 0.154056 nm). The scanning rate was
48/min, and the scanning ranges were 1.2–10 and 3–
508. The data were collected at step intervals of 0.028.

The TEM measurements of the nanocomposite
specimens without staining were taken at room tem-
perature with a Hitachi H-600 transmission electron
microscope operated at 120 kV. The ultrathin films
(50–70 nm thick) were performed at �608C for nylon
11/organically modified MMT nanocomposites with a
Leica Ultracut-E microtome with a diamond knife.

IR spectra were collected at a resolution of 4 cm�1

with a Nicolet Avatar 360 FTIR spectrometer in its atte-
nuated total reflectance mode.

RESULTS AND DISCUSSION

Nanostructure and morphology

Figure 1 shows the XRD patterns of pristine silicate
clay and organoclay modified with 11-aminoundeca-

Figure 1 XRD patterns of (a) the original clay and (b) the
organoclay.

Figure 2 XRD patterns of nylon 11/MMT nanocompo-
sites with different MMT concentrations: (a) 1, (b) 2, (c) 4,
and (d) 6 wt %.
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noic acid. The characteristic diffraction peaks corre-
sponded to the (001) reflections plane of MMT. The
XRD pattern of the pristine clay mineral showed a
reflection peak at about 2y ¼ 7.18, corresponding to a
basal spacing of 1.38 nm. For the organoclay, the reflec-
tion peak of the basal plane dramatically shifted to 2y
¼ 5.88 with a d-spacing of 1.53 nm. The obviously
increased layer distance demonstrated that 11-amino-
lauric acid diffused into the clay galleries to increase
the layer distance, and a swollen and intercalated
structure was formed in the organoclay.

The dispersion of the MMT layers in the nylon 11
matrix was evidenced by XRD, as shown in Figure 2.
The reflection peak of the (001) crystal plane shifted to
2y ¼ 5.08 [Fig. 2(d)] and 2y ¼ 2.28 [Fig. 2(c)], thus corre-
sponding to the basal spacings of 1.76 and 3.47 nm,
respectively. This suggested that the nylon 11 mole-

cules entered the interlayer spacing and increased the
d-spacing. However, in Figure 2(a,b), there was no
characteristic peak corresponding to the MMT basal
spacing. The absence of basal plane peaks indicated
that the homogeneous and exfoliated nanocomposite
structures existed within the nylon 11 matrix when the
MMT concentration was less than 4 wt %. As the
MMT concentration increased up to a critical value,
the aggregation of silicate layers in the matrix
occurred, and the intensity of the (001) characteristic
diffraction peaks increased.

Figure 3 presents TEM images of nylon 11/organo-
clay nanocomposites; the dark areas represent the clay,
and the gray/white areas represent the polymer ma-
trix. Each layer of clay was disordered and dispersed
homogeneously in nylon 11. This was consistent with
the absence of the (001) plane peak in Figure 2 due to

Figure 3 TEM images of nylon 11/MMT nanocomposites: (a) 2 wt % MMT and (b) 6 wt % MMT. Images a0 and b0 are
local magnifications of images a and b, respectively.
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the very large interlayer spacing and the disordered
state of the clay layer. Figure 3 shows that the clay dis-
persed in the nylon 11 matrix well, and the degree of
dispersion of the clay aggregates in sample NC-2 was
much higher than that of sample NC-6. Clearly, the
former (with a low clay loading of 2 wt %) was typical
of a disordered and exfoliated clay nanostructure,
whereas the latter (with a high clay loading of 6 wt %)
had a typically ordered intercalated nanoclay mor-
phology. This observation was also consistent with
that made from the XRD patterns given in Figure 2.

Figure 4 displays the wide-angle X-ray diffraction
(WAXD) patterns of nylon 11/MMT nanocomposites
with different concentrations of MMT. Figure 4(a)
shows one strong and broad reflection (100) with a d-
spacing of 0.42 nm, which was characteristic of the d0

form of nylon 11. This crystal structure was deter-
mined to be a smectic phase.29 The other WAXD pat-
terns [Fig. 4(b–e)] show a stronger and sharper
reflection at about 0.43 nm with increasing MMT
concentration than that of Figure 4(a); these changes
demonstrate the characteristic d form produced from
the d0 form.20 It is suggested that the addition of sili-
cate layers forced the amide groups of nylon out of
the hydrogen-bond sheet, resulting in the conforma-
tional change of the molecular chains and restricting
the formation of hydrogen-bond sheets.30 The addi-
tion of MMT forced the amide groups of nylon 11
out of the extended sheet, resulted in the tilting of
the amide group and the formation of the d phase.
This trend also indicated that the degree of crystal-
linity of the hexagonal d form increased with an
increase in the MMT concentration; that is, the
higher the MMT concentration was, the more perfect
the crystallization of nylon 11 was.

Influence of annealing on the crystalline structure

Figure 5 presents the WAXD patterns of nylon 11
annealed at 1608C for different times. The original
sample [Fig. 5(a)] exhibited only one strong and
broad reflection (100) at 2y ¼ 21.58 with a d-spacing
of 0.42 nm, which was characteristic of the pseudo-
hexagonal d0 form. When the sample was annealed
at 1608C, the (100) reflection split into two reflec-
tions, and these two reflections split more obviously
with increasing annealing time. The annealing treat-
ment increased the reflection intensity, and the sepa-
ration of the two reflections became more obvious,
thus leading to the crystal transformation from the
pseudohexagonal d0 form to the triclinic a form. The
thermal treatment favored the formation of the a
form rather than the d0 form in nylon 11, as the a
form was the thermodynamically more stable crys-
talline form. These results also indicated that the
prolonged annealing time of nylon 11 improved the
crystal perfection of the polymer.31

Figure 6 shows the WAXD patterns of the nylon 11/
MMT nanocomposites with various MMT contents
annealed at 1608C for different times. The original
sample [Fig. 6(a)] exhibited only one strong reflection
(100), which was characteristic of the d form. When the
composites were annealed at 1608C for different times,
the (100) reflection of the d form split into two reflec-
tions, and these two reflections split more obviously
with increasing annealing time [Fig. 6(b–g)]. The two
reflections were indexed as (100) and (010,110) planes
because the nylon 11/MMT nanocomposites crystal-
lized in the triclinic a-form structure. These two reflec-
tions corresponded to the distance between hydrogen-
bonded chains in sheets and the separation of the
hydrogen-bond sheets, respectively.32

Figure 4 WAXD patterns of nylon 11/MMT nanocompo-
sites with different MMT concentrations: (a) 0, (b) 1, (c) 2,
(d) 4, and (e) 6 wt %.

Figure 5 WAXD patterns of nylon 11 annealed at 1608C
for different times: (a) 0, (b) 0.25, (c) 1, (d) 3, (e) 6, (f) 12,
and (g) 24 h.
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A structural investigation showed that the crystal
transformation occurred from the hexagonal d-form
structure to the triclinic a-form structure during the

annealing process. These three patterns showed simi-
lar crystal transformation for nylon 11/MMT nano-
composites under annealing. After annealing, the
(010,110) reflection representing the intersheet distance
became stronger than that of the former pattern
because the a-crystalline form became dominant in all
nylon 11/MMT cases with an increase in the MMT
contents. The annealing treatment increased the reflec-
tion intensity of the nanocomposites and made the
crystallization and arrangement of hydrogen-bond
sheets more perfect. Moreover, these three figures
show that the (010,110) reflection was not strong
enough, although the annealing time was long enough.
This indicated that the hexagonal d form was reason-
ably stable.33

Figure 7 shows the XRD patterns of nylon 11/MMT
nanocomposites annealed at 1608C for 24 h. There is
no characteristic peak of MMT basal spacing in Figure
7(a,b). When the MMT concentration was 4 wt %, the
characteristic peak of MMT basal spacing was present
at 2.38, corresponding to a basal spacing of 3.46 nm.
This observation was consistent with that made from
the XRD patterns given in Figure 2. In other words, the
morphology of nylon 11/MMT nanocomposites did
not change after annealing.

Hydrogen bonds in the nylon
11/MMT nanocomposites

Aliphatic polyamides, such as nylon 6, are well known
for their strong hydrogen-bonding ability and seek to
maximize the number of hydrogen bonds within and
between polymer chains. All possible hydrogen bonds
are satisfied in the crystalline regions, and the vast ma-
jority is consummated in the amorphous regions.34

Generally, the addition of silicate layers forces the am-
ide groups of nylon out of the hydrogen-bond sheet
and restricts the formation of hydrogen-bond sheets.30

Figure 6 XRD patterns of nylon 11/MMT nanocompo-
sites with (I) 1, (II) 2, or (III) 4 wt % MMT annealed at
1608C for different times: (a) 0, (b) 0.25, (c) 1, (d) 3, (e) 6,
(f) 12, and (g) 24 h.

Figure 7 XRD patterns of nylon 11/MMT nanocompo-
sites annealed at 1608C for 24 h with different MMT con-
centrations: (a) 1, (b) 2, and (c) 4 wt % MMT.
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Therefore, the hydrogen bonds of nylon in nylon/
MMT nanocomposites will be different from those of
neat nylon. Wu and coworkers35–37 examined the influ-
ence of a thermal treatment on the crystallization
behavior of nylon 6/clay nanocomposites with FTIR,
WAXD, and differential scanning calorimetry and con-
firmed these conclusions.

The N��H stretching region of nylon ranges from
3100 to 3500 cm�1, and the peak at about 3300 cm�1

has been assigned to the hydrogen-bonded N��H
stretching mode.38 Figure 8 shows the IR spectra of ny-
lon 11/MMT nanocomposites with different MMT
concentrations at room temperature. For clear observa-
tion, we modified the curves with a Gaussian equation.
The wave number of the hydrogen-bonded N��H
stretching mode shifted to the higher side with increas-
ing MMT contents. This shift trend suggested that the
addition of MMT changed the hydrogen bonds of the
nanocomposites and weakened the nylon 11 hydrogen
bonds, similarly to the nylon 6/MMT nanocompo-
sites.33 The higher the MMT concentration was, the
greater its influence was on the hydrogen bonds.

Figure 9 shows the FTIR spectra of nylon 11/MMT
nanocomposites with different MMT concentrations
annealed at 1608C for different times. For clear obser-
vation, we also modified the curves with a Gaussian
equation. It was evident that the N��H stretching band
at about 3300 cm�1 shifted to the lower wave-number
side with increasing annealing time. This change
reflected the fact that the hydrogen-bond intensity
became higher. During the annealing process, as the
lattice of the crystal expanded, the average interchain
distance became larger. Therefore, the hydrogen bonds
became stronger after annealing, and the nylon 11
crystallized more perfectly with increasing annealing
time. This was evidenced by the d-spacing of the (100)
and (010,110) crystal planes in the nylon 11/MMT

nanocomposites with 4 wt % MMT, as shown in Figure
10. It revealed a separate trend for the (100) and
(010,110) reflections, in agreement with the FTIR
results. It also showed that the pseudohexagonal d0

Figure 8 FTIR spectra of nylon 11/MMT nanocomposites
with different MMT concentrations: (a) 0, (b) 1, (c) 2, (d) 4,
and (e) 6 wt % MMT.

Figure 9 FTIR spectra of nylon 11/MMT nanocomposites
with (I) 1, (II) 2, or (III) 4 wt % MMT annealed at 1608C
for different times: (a) 0, (b) 3, and (c) 24 h.
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form of nylon 11 tended to transfer to the triclinic a
form during the annealing process.26

CONCLUSIONS

We prepared exfoliated, layered-silicate-based nylon
11 nanocomposites via in situ polymerization. These
nylon 11/organoclay nanocomposites were character-
ized with a number of experimental techniques. XRD
and TEM showed that the exfoliated nanocomposites
were formed at low clay concentrations (<4 wt %),
and a mixture of exfoliated and intercalated nanocom-
posites was obtained at higher clay concentrations. The
nylon 11/MMT nanocomposites displayed polymor-
phic behavior. The crystal transformation of nylon 11
and nylon 11/MMT nanocomposites under annealing
was studied with XRD. The addition of MMT made
the crystalline form change from the pseudohexagonal
d0 form to the more stable hexagonal d form. The
results of FTIR demonstrated that the hydrogen bonds
of nylon 11 were weakened by the addition of MMT.
MMT restricted the formation of hydrogen-bond
sheets by forcing the amide groups of nylon out of the
hydrogen-bond sheets. The dependence of hydrogen
bonds for the nanocomposites on the annealing treat-
ment varied a lot in comparison with neat nylon 11,
especially when the annealing time was prolonged.
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