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ABSTRACT: We reported an efficient method to prepare nylon-6- (PA6-) graphene (NG) composites by
in situ polymerization of caprolactam in the presence of graphene oxide (GO). During the polycondensation,
GO was thermally reduced to graphene simultaneously. By adjusting the feed ratio of caprolactam to GO,
various composites with 0.01-10 wt% content of graphene were obtained. The highly grafting nylon-6 arms
on graphene sheets was confirmed by XPS, FTIR, TGA and AFM measurements, showing the grafting
content up to 78 wt % and homogeneous 2D brush-like morphology from AFM observations. The efficient
polymer-chain grafting makes the graphene homogeneously dispersed in PA6 matrix and depresses the
crystallization of PA6 chains. Furthermore, we prepared NG fibers by melt spinning process, and found that
the tensile strength increased by 2.1 folds and Young’s modulus increased by 2.4 folds with the graphene
loading of 0.1 wt % only, revealing an excellent reinforcement to composites by graphene. The in situ
condensation polymerization approach paves the way to prepare graphene-based nanocomposites of
condensation polymers with high performances and novel functionalities.

Introduction

Carbon is a common and marvelous element. Besides the well-
known allotropes of graphite and diamond, other new forms of
carbon have been discovered in the last few decades in succession,
mainly including fullerene,1 carbon nanotubes (CNTs),2 and
graphene.3 Graphene, the newly discovered two-dimensional
atomic carbon sheet composed of sp2-hybridized carbon atoms
in a hexagonal lattice, is considered as building blocks for other
graphitic carbon of zero-dimension (0D) fullerene, 1D CNTs,
and 3D graphite.4 Because of their unique attributes respectively,
different forms of graphitic carbon have been employed as fillers
to prepare polymer composites with integrated properties
through various methods.5 Mechanically noncovalent mixing is
a simple process for the fabrication of composites, which, how-
ever, generally resulting in poor interaction between fillers and
polymer matrices.6 To resolve this problem, either surface mod-
ification or in situ polymerization approach has been tried.7 For
CNTs/polymer composites, chemically functionalized CNTs
have been demonstrated as efficient nanofillers for high perfor-
mance composites.8 Even though various functionalization and
polymer-grafting approaches have been reported to exfoliate
CNTs bundles, it is still extremely hard to access composites in
which CNTs were individually dispersed in the polymer matrix
due to the ultrastrong entanglement of CNTs. As to graphite/
polymer composites, expanded graphite obtained by microwave
treatment of graphite intercalation compounds was usually used
for achieving modified dispersibility and higher interfacial
interaction.9 Although expanded graphite has been used com-
mercially, complete exfoliation of graphite to the level of indivi-
dual graphene sheets is yet to be accessed. Recently, the
prosperity of graphene technology provides the successful fabri-
cation of graphene-based composites in which graphene sheets
are dispersed as individual sheets, impacting composites ascen-
dant properties only in very low containing of graphene.10

Compared with other graphitic carbon, graphene possesses a
vast range of unique properties and potential applications, and
more attributes are to be discovered since the first individual
graphene sheet fabricated usingmechanical exfoliation byGeim’s
group.3 The very peculiar electronic properties of graphene,
representing by unprecedented carrier mobility (200000 cm2/V s)11

and quantum Hall effect,12 make graphene extraordinarily per-
spective as next-generation material for nanoelectronic devices.
With more ascendant properties, such as high mechanical
stiffness13 and thermal conductivity14 (1086 GPa and 3000 W
m-1 K-1 respectively), graphene either shows great potential to
fabricate nanocomposites with high performances and novel
functionalities for a range of applications such as electric con-
ductive composites,10,15,16 supercapacitors,17 sensors,18 bio-
materials,19 batteries,20 ultrafast laser mode-locker,21 and ther-
mally stable and mechanically reinforced materials.22,23 The
manufacture of such composites of optimized performance re-
quires that graphene sheets should be homogeneously distributed
in various matrices. Similar to CNTs, pristine graphene sheets are
prone to congregate in composites unfortunately for their strong
π-π stacking between layers and incompatible surface character-
istics with the polymer matrices, posing a big obstacle for its
application in nanocomposites. Therefore, chemical functionali-
zation is needed as well to achieve the single-sheet dispersion of
graphene in far-ranging polymer composites with optimum per-
formances.

Chemical reduction of graphene oxide (GO) is one of the most
addressed routes to prepare graphene on large-scale. Generally,
GO is obtained by oxidation of the natural flake graphite in the
presence of strong oxidants such as potassium permanganate
mixed with concentrated sulfuric acid, followed by soni-
cation.24,25 The natural graphite flakes possess stably stacked
multilayer crystalline structures with perfect sp2-hybridized car-
bon atoms arranged in a honeycomb lattice in one layer and
strong van der Waals forces between neighbored layers. After
oxidation, abundant functional groups (e.g., hydroxyl, carboxyl,*Corresponding author. E-mail: chaogao@zju.edu.cn.
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epoxy, ketone, etc.) were introduced onto the graphitic layers,
and simultaneously part of sp2-carbons were converted into sp3

ones.25-27 Because of the strong repulsion between negative-
charged layers and the enlarging of interlayer distance, the
oxidized bulk graphite could be easily exfoliated into individually
dispersed single layers by sonication in water. Such oxidized
graphite was termed as graphene oxide (GO) recently. Because of
the destruction of conjugated plane, GO is nonconductive
(∼10-4 S/m),25,28 and could be reduced into single layers of
conductive graphene (∼102 S/m)27 for the restoring of conjugated
structure.

According to the chemical structure ofGO, twomethodologies
have been developed to covalently modify its surface with
polymer on the basis of different reactive sites of carbon-carbon
double bonds and functional groups, respectively. Ye and co-
workers prepared amphiphilic polymer-grafted graphene from
polystyrene and polyacrylamide macroinitiators via radical cou-
pling onto the vinyl bonds ofGO.29On the basis of the functional
groups of GO, both “grafting to” and “grafting from” strategies
have been employed for polymer grafting. By direct esterification
with GO and conversion of carboxyl groups into acyl chlorides,
poly(vinyl alcohol) chains were grafted onto the surface of
graphene via the grafting to strategy.30 Through the “grafting
from” strategy, vinyl polymers such as polystyrene and poly-
(methyl methacrylate) were successfully grafted onGO sheets via
surface-initiated atom transfer radical polymerization.22,31 No-
tably, all of the grafted polymers are almost vinyl polymers,
whereas how to functionalize graphene or GO with polyconden-
sation-type polymers is rarely investigated32 and needed to be
explored.

Herein, we first report an effective protocol to prepare nylon-
6- (PA6-) graphene (NG) composites on the basis of carboxyl
groups of GO by in situ polymerization with simultaneously
thermal reduction to graphene from GO. Modified graphene
sheets were homogenously dispersed in composites because of the
high content of grafted PA6 arms on graphene sheets up to
78 wt %. Moreover, we prepared meter-long NG fibers by melt-
spinning process, and found that both the tensile strength and
Young’s modulus of fibers are dramatically increased with only
0.1 wt % graphene loading.

Experimental Section

Materials. Graphite powder (40 μm) was obtained from
Qingdao Henglide Graphite Co., Ltd. Concentrated H2SO4

(98%), KMnO4, caprolactam, and 6-aminocaproic acid were
purchased from Shanghai Reagents Company and used as
received.

Characterization.Atomic force microscopy (AFM) images of
GO and nylon-6-grafted graphene sheets were taken in the
tapping mode by carrying out on Nano Scope III A and NSK
SPI3800 respectively, with samples prepared by spin-coating
sample solutions onto freshly exfoliated mica substrates at 1000
rpm. Scanning electron microscopy (SEM) images were taken
on a Hitachi S4800 field-emission SEM system. X-ray photo-
electron spectroscopy (XPS) was recorded on a PHI 5000c
ESCA photoelectron spectrometer. X-ray diffraction (XRD)
measurements were performed on a Philips X’Pert PRO dif-
fractometer equipped with Cu KR radiation (40 kV, 40 mA).
Raman spectra were collected on a Jobin-Yvon LabRam
HRUV Raman spectroscope equipped with a 514.5 nm laser
source. Fourier-transform infrared (FT-IR) spectra were re-
corded on a Bruker Vector 22 spectrometer (KBr disk). Differ-
ential scanning calorimetric (DSC) analysis was performed on a
Mettler TAGS equipment. In DSC analysis, dried samples
under vacuum were heated to 100 �C and cooled slowly to room
temperature in the first cycle to remove thermal history. The
data were collected using a heating rate of 20 �C/min in a
nitrogen atmosphere in the second cycle. Thermal gravimetric

analysis (TGA) was done in a TGA PYRIS6 equipment from
PE, using a heating rate of 20 �C/min in a nitrogen atmosphere.
The stress-strain curves of single fiber were collected under a
draw speed of 5 cm/min at room temperature. To get the
intrinsic viscosity (ηin) of free PA6, the viscosity measurements
were took in 85% formic acid solution of nylon-6 with a
concentration of 5 g/L, in an Ubbelohde viscometer at 30 �C.

Synthesis of Graphene Oxide. GO single sheets were synthe-
sized from natural graphite powder using a modified Hummers’
method;24,33 the synthesis procedure consisted of two steps
of oxidation. In the preoxidation step, concentrated H2SO4

(40 mL) was put into a 500 mL round-bottom flask and heated
to 80 �C. K2S2O8 (8.4 g) and P2O5 (8.4 g) were added succes-
sively, followed by slow addition of graphite powder (10 g). The
mixture was kept at 80 �C for 4.5 h. After cooling down to room
temperature, the mixture was diluted with deionized water and
left overnight. Then the mixture was vacuum-filtered and
washed with deionized water (1.6 L) using a 0.22 μm polycar-
bonate membrane. The solid was dried in air at room tempera-
ture. In the second oxidation step, a 1.5 L three-necked round-
bottom flask containing 230 mL of concentrated H2SO4 was
chilled to 0 �C. The preoxidized sample was added into the flask
and stirred. Then, KMnO4 (60 g) was added slowly under
continuous stirring, and the temperature was kept below 10 �C.
Themixture was heated to 35 �C and stirred for 2 h. Themixture
was then diluted with deionized water (0.5 L) and stirred for 2 h.
Successively, additional 1.5 L of deionized water was added,
followed by dropwise adding of 30% H2O2 (25 mL). The
mixture was left undisturbed for 4 days and the nearly clear
supernatant was decanted. The precipitatemixturewas repeated
water-washing and centrifugation successively with 1 M HCl
solution at least three centrifugation cycles to remove residual
metal oxides and with deionized water until the decantate
became neutral. At last, GO dispersion in water was sonicated
for 30 min. After centrifugation, the brown mixture was va-
cuum-dried under P2O5 at room temperature for 5 days.

Preparation of Nylon-6-Graphene (NG)Composites.A typical
procedure to prepare graphene-nylon 6 composites with 0.1 wt
% containing was depicted as follows: GO (10 mg) and capro-
lactam (9 g) were loaded into a 50 mL three-neck round-bottom
flask and the mixture was sonicated at 80 �C for 2 h to obtain a
homogeneous brown solution of GO, followed by introducing
aminocaproic acid (1 g). After equipped a mechanical stirring
and aN2 inlet, the mixture was heated at 180 �C for 1 h at 250 �C
for 9 h with a steady stirring. The color changed gradually from
brown to black and the viscosity was also gradually enhanced
during the reaction.After cooling to room temperature, the hard
bulk was chopped into small pieces and washed in boiling water
for 5 h by three times to remove monomer and low molecular
weight oligomers completely. The washed black pieces of NG
composites were dried at 80 �C in vacuum for 24 h. In the end,we
obtained NG composites noted as NG-0.01, NG-0.1, NG-0.5,
NG-1, NG-5, and NG-10, according to the feed weight percen-
tage of GO. Through repeating centrifugal-washing by formic
acid to remove free PA6, purified PA6-grafted graphene (PNG)
brushes were obtained. The free PA6 was also collected by
precipitation into methanol.

Melt-Spinning Process for NG Composites Fibers. The fibers
of composites were fabricated using a self-made apparatus. The
composite pieces in glass injector were heated to 250 �C for 10min
under N2 atmosphere and the composite melt was pressed with
N2 (1MPa) to extrude through the pinhole to form several meters
long continuous fiber when cooled in the ambient atmosphere.
The continuous fibers were enwound on a steadily rotating roll.

Results and Discussion

Synthesis of Nylon-6-Graphene Composites. Nylon, a
kind of well-known condensation-type polymer, shows ex-
tensive applications in the field of fibers and engineering
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materials. Previously, nylon/CNTs composites have been fab-
ricated and exhibited enhanced mechanical properties.34-36

Considering the totally different topology between CNTs
and graphene, how to prepare fine nylon/graphene composites
and their properties ripe for investigation. In our experiments,
NG composites with a range of graphene loadings were
synthesized by in situ ring-opening polymerization of caprola-
tam in the presence of GO, initiated by 6-aminocaproic acid
(Scheme 1). The homogeneous dispersion of graphene in the
resultant NG composites requires good dispersion of precur-
sors (GO) in melt monomers (caprolatam). Besides providing
grafting points to polymer functionalization, the pendent
functional groups onGOplatelets also offer strong interaction
with polar organic solvents37 andmonomers, rendering homo-
geneous dispersion of GO in the mixture of melting caprola-
tam and 6-aminocaproic acid after sufficient sonication
treatment. In addition, the homogeneous dispersion of GO
avoids using solvents and excludes possible aggregation caused
by solvent evaporation.

At elevated temperature, caprolactam was initiated by
6-aminocaproic acid and polymeric chains of PA6 step-
propagated along with the consumption of monomers.
Synchronously, part of the active PA6 chains were immobi-
lized onto the sheets, by condensation reaction between the
carboxyl acid groups ofGOwith active amino groups at PA6
chains terminals, having analogous grafting mechanism to
the preparation of carbon nanotube (CNT)-based polya-
mides composites from functionalized CNTs.34-36 Along
with continuous propagation of polymer chains, the viscos-
ity of the mixture increased gradually and the melting NG
composites with lower feed ratio of GO than 1 wt %
obviously exhibited Weissenberg effect38 under stable stir-
ring at the end of reaction, indicating the high molecular
weight of PA6 we synthesized. Moreover, the color of
melting mixture turned from brown to black (Figure 1a),
suggesting restoration of conjugated planes for the thermal
reduction of GO to graphene by decomposition of labile
oxygen-contained moieties such as epoxy and hydroxyl
groups.26,27

In the process of condensation polymerization, the exces-
sive carboxylic acid groups on GO sheets inevitably disrupt
the stoichiometric balance between carboxylic acids and
amino groups in reaction system, by grafting polymer chains
onto graphene sheets and simultaneously terminating po-
tential propagation of active chains ends. Thus, the higher
feed ratio of GO to monomer and the more content of
carboxylic acids of GO mean the smaller molecular weight

of grafted polymer chains corresponding to the less weight
fraction of grafted polymer. Deduced from the condensation
polymerization theory by Flory,39 we deduced the inverse
function relationship between the degree of polymerization
(X
_
n) and the weight percentage of GO (wGO), representing in

eq 1 (the deduction of eq 1 see SI).

X
_
n ¼ kwGO

- 1 ð1Þ
Structure and Properties of PNG 2D Brushes. GO sheets

perform soluble in water and DMF37 but insoluble in the
good solvents of PA6 such as formic acid, concentrated
sulfuric acid, and m-cresol. The thermal reduced GO
(RGO) prepared by annealing at 250 �C for 10 h are insoluble
in all the aforementioned solvents, even after long-time
sonication. After successful grafting, the covalently grafted
chains of PA6 change the surface properties of graphene
sheets and impact good solubility to the modified graphene
in the good solvents of PA6. As shown in Figure 1b, both of
the resultant NG composites and PNG sheets are dissolved
homogenously in formic acid, concentrated sulfuric acid and
m-cresol, without aggregation of graphene sheets for half a
year, implying the high efficiency of polymer grafting. To
affirm the uniform grafting effect on the graphene sheets, we
took AFM measurement, the most used method to validate
the structure of modified single graphene sheet with size in
microscale, to visualize the PNG single sheets deposited by
spin-casting from its formic acid solution. Figure 1c and
Figure 1, parts d and e show the tapping mode AFM images
of GO and PNG sheets, respectively. The grafted chains on
two sides of graphene sheets heighten its thickness to about
8 nm, comparing to the thickness ofGOabout 0.8 nm.More-
over, the grafted PA6 chains cover the whole plane of
graphene with even height (Figure 1d,e), suggesting the high
density of grafting with a fabulous efficiency. Interestingly,
such PA6-grafted graphene nanosheets represent a novel
kind of 2D macromolecular brushes, which is hoped to be
applied as building blocks for facile fabrication of large-area
surface brushes used in the lubrication-related systems and
other nanotechnology.40

To further validate the very existence of grafted PA6
chains on graphene sheets, we used XPS to characterize
GOandPNG-0.5, as shown inFigure 2. In theXPS spectrum
of GO, two obvious peaks are observed at 288.0 eV (C 1s)
and 534.0 (O 1s), and no peak of nitrogen element was
detected. For the sample PNG-0.5, strong signal of N 1s
was found at 401.0 eV besides the signals of C 1s and O 1s,

Scheme 1. Synthesis of NG Composites by in situ Ring-Opening Polymerization of Caprolactam in the Presence of GO
a

aThe blue bonds in the nylon 6-grafted graphene represent restored conjugated bonds through high-temperature reduction; the red curves represent
the grafted PA6 macromolecular chains.

http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-000.jpg&w=412&h=153
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indicating the abundance of nitrogen element in PA6-grafted
graphene sheets.41 The relative atomic concentration ratio of
nitrogen to carbon (N/C) in PNG-0.5 is 0.069, close to the
calculated value (0.08) from the corresponding TGA results
(78 wt % of grafted nylon-6 and 22 wt % graphene). These
results confirmed the successful grafting PA6 chains onto the
graphene sheets. Moreover, we also detected characteristic
bands of PA6 in the FTIR spectrum of PNG sheets without
free PA6 chains (Figure 3), compared with that of thermally
reduced GO at 250 �C for 10 h: the new emerged broad band
at 1640 cm-1 corresponds to the stretching vibration of the
CdOgroups of the amide functionality; another newband at
1536 cm-1 is assigned to the bending vibration of the N-H
bond and the stretching vibration of the C-N bond of the
amide groups; the stronger bands at 2860 and 2930 cm-1 are
due to the C-H stretching vibrations of grafted PA6 chains.
All these results undoubtedly indicated the existence of PA6
chains grafted on graphene.

Theoretical deduction of condensation polymerization
concluded that the molecular weight of free polymer and
quantity of grafted polymer on graphene sheets decreased
with the introduction of precursor of graphene (eq 1). Figure
4a shows the TGA curves of GO and PNG sheets in which

the free polymers had been removed completely. The weight
loss below 150 �C is due to the release of water contained in
GO samples. It is found that the main weight loss of GO
(about 35%) occurred below 250 �C (the onset temperature is
220 �C), assigning to the decomposition of the oxygen-
contained functional moieties such as epoxy and hydroxyl
that were introduced ontoGO sheets during the oxidation of
graphite.27 On the contrary, the PNGs kept thermal stability
up to 350 �C (the onset temperature is 382 �C) and no weight
loss was detected below 250 �C, suggesting that the unreacted
labile functional groups of GO material had been degraded
into conjugated bonds or decomposed during the high-
temperature polycondensation. Accordingly, the GO ma-
terial has been thermally reduced into graphene simulta-
neously with the grafting of PA6 chains in such a one-pot in
situ polymerization, giving rise to PA6-grafted graphene
brushes. The weight loss values of grafted PA6 below 550
�C, the quantities of grafted PA6 on graphene sheets, are
found to be 78%, 63.5%, 58%and 31%, for PNG-0.5, PNG-
1.0, PNG-5.0, and PNG-10.0, respectively, indicating that
the grafted polymer content decreases with increasing feed
fraction of GO.

To speculate the length of grafted PA6 chains on graphene
sheets, we investigated the molecular weight of free PA6
collected from the supernate of NG composites solution
after centrifuging. The intrinsic viscosity (ηin) of free PA6
was obtained from the viscosity measurements in 85%

Figure 1. (a) Pieces of choppedNG-0.5 composites. (b) ReducedGO (1, 2, 3), NG-0.5 (4, 5, 6), and PNG-0.5 (7, 8, 9) dispersed in sulfuric acid, formic
acid, andm-cresol, respectively. (c) AFMheight image ofGOonmica deposited fromaqueous solution. (d) AFMheight image, and (e) 3D-view image
of purified nylon-grafted graphene brushes (PNG-0.5) on mica spinning-cast from the solution of formic acid.

Figure 2. XPS spectra of GO and PNG-0.5. The peaks located at 401.0
and 534.0 eV denote the nitrogen and oxygen elements, respectively.

Figure 3. FTIR spectra of thermally reducedGO (RGO) and PNG-0.5.

http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-001.jpg&w=338&h=200
http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-002.png&w=204&h=162
http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-003.png&w=181&h=133
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formic acid solution in a Ubbelohde viscometer, and the
viscosity-average molecular weight (Mη) was calculated from
Mark-Houwink equation, ηin = K[Mη]

R (where K=2.26�
10-4 and R=0.82).42 Table 1 shows that the molecular
weights of free PA6 samples decreased with increasing the feed
fraction of GO, from 20636 for neat PA6 to 3103 g/mol for
NG-10 composite.Figure 4bgives the relationshipbetween the
measuredMη and the theoretic molecular weight (Mth) calcu-
lated from eq 1 with the feed percentage of GO, showing the
similar decreasing tendency with increasing the feed content of
GO. The result is also in accordance with the weight loss data
of TGA shown in Figure 4a, that is the amount of PA6 grafted
on graphene decreasedwith increasing the feed content ofGO.
The similar conclusionswere obtained during in situ condensa-
tion polymerization of CNT-based PA6 composites from
acidified carbon nanotubes34 and CNT-grafted polyurea from
amino-functionalized CNTs.43 We believe that the general
theoretical deduction on grafting polymerization to nanopar-
ticles will render more reasonable design of graphene-based
composites in the future.

Characterization and Thermal Properties of NG Compo-
sites. The presence of thermally reduced graphene in NG
composites was confirmed by TGA curves (Figure 5) and
Raman spectroscopy (Figure 6) of NG composites. TGA
results of NG composites reveal the existence of graphene in
the resultant NG composites (Figure 5 and Table 1). The
residual weight percentages above 550 �C indicate the
amount of graphene in composites and increased with the
feed content of GO. Furthermore, the NG composites with
graphene containing lower than 1.0 wt % are stable before
380 �C, revealing the thermal reduction of GO into graphene
and good thermal stability of the NG composites. It is
obviously detected that NG-10.0 performs lower tempera-
ture of decomposition threshold in TGA test (350 �C),
suggesting the lowmolecular weight of PA6 in the composite
for the intense disruption to stoichiometric balance caused
by excessive carboxylic acids of GO.

The Raman spectra in Figure 6 show the characteristic
peaks located at 1347 and 1586 cm-1 corresponding to theD
and G bands of graphene sheets respectively,44 and the
intensity of the two peaks scales up with the content of
graphene in composites, which is consistent with the results
from TGA tests of NG composites. Referring to the G band
of GO (1602 cm-1), the G band of NG composites (1586
cm-1) shifts toward lower wavelength which close to the
value of graphite, further bearing out the thermal reduction
of GO during condensation polymerization. Therefore, we
could conclude that the in situ condensation as a protocol to
fabricate nanocomposites from GO offers dual advantages
including effective grafting and thermal reduction of GO,
which is valuable for the composites for electric resistance
application.

In composites of crystalline polymer, the crystallization im-
pacts great influences to their performances. Therefore, inves-
tigation to the crystallization of graphene-based composites is

Figure 6. Raman spectra of NG composites.

Figure 4. (a) TGA curves of the pristine GO and PNG sheets. (b) The measured viscosity-average molecular weight (Mη) of free nylon-6 (blank
rectangle) and theoretically deduced molecular weight (Mth) from eq 1 (filled rectangle) as a function of feed content of GO.

Table 1. Molecular Weight of Free Nylon 6 and Thermal
Properties of NG Composites

samples PA6 NG-0.01 NG-0.1 NG-0.5 NG-1.0 NG-5.0 NG-10.0

[η]a 0.78 0.74 0.69 0.65 0.425 0.23 0.165

Mη
b 20 636 19 350 17 769 16 521 9840 4654 3103

W550 �Cc 3.0 5.2 3.6 4.5 8.5 15.8 27.7

Tm (�C)d 218.6 218.6 219.2 218.2 217.3 206 201.2
a Intrinsic viscosity of free nylon-6 of NG composites, which was

measured at 25 �C in 85% formic acid solution by a Ubbelohde
viscometer. bThe molecular weight of free PA6 thereof was calculated
fromMark-Houwink equation,whereK=2.26� 10-4 andR=0.82.42
cThe residual weight percentage at 550 �C in the corresponding TGA
curve. dThe melting temperature measured by DSC.

Figure 5. TGA curves of NG composites. The arrow directs the
sequence of the curves from bottom to up.

http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-004.png&w=179&h=134
http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-005.png&w=350&h=122
http://pubs.acs.org/action/showImage?doi=10.1021/ma1009337&iName=master.img-006.png&w=181&h=132
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needed to deeply understand the dispersion behavior of gra-
phene sheets in crystalline polymers. In NG composites, the
well-dispersed graphene sheets block off the interconnected
matrices to form confined regions of PA6 chains. The more
containing of graphene means intenser confinements to PA6
chains. It is well-known that PA6 has two crystal forms at least:
more thermodynamically stable R-form crystal with hydrogen
bonds between antiparallel chains and γ-form crystal with
hydrogen bonds between parallel chains, indicated byTm peaks
at 218 and 209 �C in DSC curves, respectively.45 As shown in
DSCcurvesofNGcomposites (Figure 7aandTable 1),Tmpeak
at 209 �C disappears on the introduction of graphene into the
composites, suggesting the depressed γ-form crystal of PA6 by
well-dispersed graphene sheets. With increasing the graphene
loading, Tm peak of R-form crystal at 218 �C becomes broader
and weaker, indicating the incomplete R-form crystals for the
confinedmobility of polymer chains,which is a leadingdynamic
factor to form crystals by arrangements of polymer chains.
Moreover,Tmpeak at 218 �Cmoves to lower temperatureswith
increasing graphene content, answering for that the molecular
weight of the polymer decreases with increasingGO content for
the termination to the active chains by carboxyl acids on GO
sheets during the in situ polymerization for NG composites.
From the DSC curves of free PA6 and PNG brushes in
Figure 7b, we also find that PNG-0.5 has a wider and lower
Tm peak at 213 �C, implying the depressed crystallization
behavior of PA6 chains anchored on the graphene sheets.
Further evidence fordepressedcrystallization inNGcomposites
are demonstrated by their XRD patterns (Figure 8). The
diffraction peaks located at 2θ 20� and 24� are corresponding
to (200) and (002, 220) reflections in R-form crystals of PA6,
respectively.45 Along the increasing containing of graphene, the
diffraction peaks ofR-form crystals becomeweaker, confirming
the depressed crystallization in NG composites. These results
declared that 2D nanosheets have significant influence on the
crystallization, aggregation or assembly behaviors of polymer
chains.

Graphene Dispersion in NG Composites and Its Reinforce-
ment to NG Fibers. Resulted from the successful grafting on
graphene by PA6 chains, themodified surface characteristics
rendered homogeneous dispersion of functionalized gra-
phene sheets in NG composites, revealed by SEM images
of NG cross-section composites (Figure 9a,b). The bright
regions are attributed to the graphene sheets for their high
conductivity. It is obviously inspected that the bright regions
are well-distributed in PA6 matrix (dark region) without
congregation. We could inspect the typical stretched and
wrapped patterns of graphene sheets in the spaced PA6
regions. As shown by the SEM images of neat PNG sheets
in Figure 9c,d, the polymer-grafted sheets are curl-folded
together, performing bright edges with uniformly narrow

thickness. The homogeneous dispersion of graphene is as-
cribed to the high density of grafting, which enhanced the
interfacial interaction with matrix. It is also attributed to the
in situ polymerization protocol, in which graphene sheets are
kept homogeneously along polymerization of the interca-
lated caprolactam monomers between layers. The resultant
homogeneous dispersion of graphene sheets in composites
by in situ polymerization provides the utmost element to
obtain superior performances of nanocomposites.

Graphene sheets have been applied to reinforce the com-
posites from both aspects of theory46 and experiments.22,23

From aforementioned investigations to NG composites, the

Figure 7. DSC curves of NG composites (a) and free PA6 and PA6-grafted graphene of PNG-0.5 (b).

Figure 8. XRD patterns of NG composites and PNG-0.5.

Figure 9. SEM images of cross-section from NG-0.5 composites (a, b)
and bulk PNG-0.5 (c, d).
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homogeneous dispersion of graphene nanosheets in PA6
matrix would result in potential reinforcement for the effec-
tive loading transference, especially at low containing of
graphene. To evaluate the strengthening effect of graphene,
we processed NG composites to continuous fibers by melt-
spinning process, of which the apparatus is illustrated in
Figure 10a. The diameter of fibers fabricated in our process
was about 50 μm and performed homogeneous without
aggregation of graphene sheets in fibers. As shown in
Figure 10b, the fibers under microscope show smooth sur-
face. The mechanical properties of NG composites fibers are
illustrated in Figure 10c. At low containing of graphene, NG
fibers show distinct yield points for crystalline polymer,
probably for the orientation-induced crystallization at high
draw ratio. Pure PA6 fiber performs a tensile strength of 56
MPa and a break elongation of 420%, a little stronger than
pure nylon films47 for the axis drawing orientation. The fiber
of 0.01 wt% graphene containing has a tensile strength of 84
MPa, which is higher than that of nylon fiber by 50%, and
performs a lower break elongation of 343%. When the
graphene containing increases up to 0.1 wt %, the tensile
strength is dramatically enhanced up to 123 MPa (2.2 folds
over that of PA6 fiber), companying with further decreasing
of break elongation at 269%. Increasing with the containing
of graphene, the Young’s modulus increases from 305 MPa
for neat PA6 to 722MPa forNG-0.1 fiber. Undoubtedly, the
excellent reinforcement of graphene could be attributed to
the good dispersion of graphene sheets in composites and the
strong interaction between the PA6-grafted graphene and
PA6 matrix.

Besides condensation polymerization to prepare nylon-6
composites, anionic polymerization promises the prepara-
tion of graphene-based nanocomposites more swiftly, which
was proven effective in the fabrication of nylon-6 composites
of carbon nanotubes,48 clay,49 and other polymermatrices,50

being our works in process. Notably, as a kind of nanofiller
with asymmetric shapes, graphene with oriented arrange-
ment in composites could promises greater enhancements to
the mechanical properties, companying with improvements
by chemical engineering of graphene-PA6 interface and
uniformalization of the sizes of graphene sheets. Further
investigations on mechanical improvement of NG compo-
sites and preparation to other graphene-based condensa-
tion polymer composites by in situ protocol are in progress.

Conclusions

We prepared graphene-PA6 composites by in situ ring-open-
ing polymerization of caprolactam in the presence of graphene

oxide (GO). By a condensation reaction between the carboxylic
acid groups on GO and terminal amino ends of PA6 chains, the
macromolecular chains of PA6 were effectively grafted onto GO
sheets, accompanying with the reduction from GO to graphene.
The grafted graphene sheets showed good solubility in the good
solvents of PA6 andperformedgood compatibility toPA6matrix
in composite.With enhanced interfacial interaction to thematrix,
the modified graphene impacted great reinforcements to PA6
fibers as made by melt spinning. The Young’s modulus and
tensile strength of NG composite fibers were greatly improved
even though at very low containing of graphene, offering great
promises for wider application of PA6 materials. The in situ
condensation polymerization we brought opens a new avenue to
fabricate graphene-based nanocomposites of condensation poly-
mers scalably and effectively for more extensive applications.
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