
lable at ScienceDirect

Polymer 146 (2018) 73e81
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
Exfoliation, reduction, hybridization and polymerization mechanisms
in one-step microwave-assist synthesis of nanocomposite nylon-6/
graphene

Pablo Gonz�alez-Morones a, *, Ernesto Hern�andez-Hern�andez b,
Salvador Fern�andez-Taviz�on a, Raquel Ledezma-Rodríguez a, Aide S�aenz-Galindo c,
Gregorio Cadenas-Pliego a, Carlos A. �Avila-Orta a, Ronald F. Ziolo a, **

a Centro de Investigaci�on en Química Aplicada (CIQA), Departamento de Materiales Avanzados, Blvd. Enrique Reyna Hermosillo #140, San Jos�e de los
Cerritos, C.P. 25294 Saltillo, Coahuila, Mexico
b CONACYT, Centro de Investigaci�on en Química Aplicada (CIQA). Blvd. Enrique Reyna Hermosillo #140, San Jos�e de los Cerritos, C.P. 25294 Saltillo, Coahuila,
Mexico
c Facultad de Ciencias Químicas, Universidad Aut�onoma de Coahuila, Blvd. Venustiano Carranza esq, Jos�e C�ardenas Vald�es, Saltillo, Coahuila, C.P. 25280,
Mexico
a r t i c l e i n f o

Article history:
Received 1 March 2018
Received in revised form
2 May 2018
Accepted 5 May 2018
Available online 8 May 2018

Keywords:
Microwave polymerization
Polymer hybrid nanocomposites
Nylon-6/graphene
* Corresponding author.
** Corresponding author.

E-mail addresses: pablo.gonzalez@ciqa.edu.mx (P.
cs.com (R.F. Ziolo).

https://doi.org/10.1016/j.polymer.2018.05.014
0032-3861/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Few if any reports exist that elucidate the phenomena that take place in the microwave-assist poly-
merization (MAP) of heterogeneous multi-component systems to form polymer nanohybrid composites.
We elucidate the four distinct steps that take place during the in-situ MAP of Nylon-6 from ε-caprolactam
and 6-aminocaproic in the presence of graphite oxide (GrO), which results in the formation of a reduced
graphene oxide Nylon-6 nanohybrid in a one-step synthesis; exfoliation, reduction take place in <60 s;
polymerization occurs after 60 s; hybridization during both periods. An increase in molecular weight and
conversion of non-grafted Nylon-6 during hybridization takes place unlike in conventional in-situ po-
lymerizations of Nylon-6/GrO where reduction of the MW is observed. It is also shown for the first time
that the crystallization of grafted Nylon-6 in the hybrid exists in both a and g phases. The grafted
molecules represent 50wt % of the hybrid.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In the past few years, the study of the synthesis of polymeric
hybrid nanocomposites (PHNCs) of graphene and its oxides using
microwave irradiation has demonstrated the efficiency, simplicity
and speed of the reaction processes over many traditional or con-
ventional approaches [1e5]. Moreover, the advantages specific to
the syntheses of PHNCs by microwave-assist polymerization (MAP)
include rapid melting of solid-state monomers, the inducement or
enhancement of chemical hybridization between graphene mate-
rials and polymer molecules, and the exfoliation and subsequent
ease of dispersion of the products in polymer matrices, the PHNC
Gonz�alez-Morones), rziolo@
itself or in appropriate liquid dispersion media. Due to the obvious
advantages and benefits of the MAP process, which can result in
new or known products in a single stage on a macroscopic time
scale, research interests continue to expand and evolve for these
and similar 2D based materials, such as clays and ferrites among
others [6e12].

The phenomena generally associated with MAP reactions can be
attributed to the dielectric heating of all or some of the components
of the reaction. For example, in the case of graphite oxide (GrO),
reduction and exfoliation ensue from the heat generated by mi-
crowave absorption [13e21]. Similarly, in the case of the MAP of
monomers, dielectric heating of the components results in poly-
merization [22e25]. In the case of the MAP of reactions having
multi components to produce PHNCs, few if any studies have been
reported which clearly determine, identify and elucidate the
involved mechanisms, particularly for a heterogeneous mix of solid
reactants. In such multi component systems, microwave radiation
can be absorbed by all of the components potentially leading to
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melting, reaction, exfoliation, polymerization and hybridization.
The understanding of the reaction kinetics and thermodynamics of
such complex systems is still far beyond our present state of
knowledge as are the fluid dynamics that take place in the het-
erogeneous reactions. Accordingly, a number of studies have dealt
with properties of PHNCs using GrO with the observation of
reduction, exfoliation, polymerization and hybridization in MAP as
individual phenomena. The mechanisms responsible for these
phenomena, however, remain unclear and we believe have not
been studied or considered as a part of a whole. The aim of this
study, therefore, is to contribute to the understanding of the
different phenomena that take place during MAP, their in-
terrelationships and the resulting morphology and properties of
the components.

As a first step, in order to modestly elucidate the phenomena
involved in the MAP of a typical PHNC, we studied the one-step
MAP synthesis of a nanocomposite formed between ε-capro-
lactam, 6-aminocaproic acid and graphite oxide films. During the
MAP, we monitored the time, pressure, and temperature of the
reaction and the exfoliation process in-situ in real time. Further
elucidation of the exfoliation, reduction and hybridization occur-
ring in the reaction was achieved through materials analyses and
separations during and after the synthesis and through molecular
weight studies of the ensuing polymers.

2. Experimental

2.1. Materials

GrOwas synthesized using themethodology reported by Ji Chen
et al. [26] for graphene oxide (GO) and was used as a mixture of
micron-sized films and powder (5 mme30mm), hereinafter
referred to as films or sheets accordingly. ε-Caprolactam (99%), 6-
aminocaproic acid (�99%), formic acid (88e91%), acetone and
ethanol (90%) purity were obtained from Sigma Aldrich and used as
received. The water used was distilled then deionized. The
nomenclature for graphene and its oxides as suggested by Bianco
et al. [27] was used consistently throughout the paper.

2.2. Methods

2.2.1. Microwave-assist polymerization (MAP)
400mg of GrO films (2% wt/wt) were added to a 19.6 g mixture

consisting of ε-caprolactam and 6-aminocaproic acid in a weight
ratio of 87:13 to synthesize the PHNCs. During the MAP, free Nylon-
6 co-forms with the nanohybrid, due to the large excess of mono-
mer, to form a composite consisting of the reduced graphene oxide
Nylon-6 nanohybrid, (rGO-Ny6) in free or non-grafted Nylon-6
(NG-Ny6), hereinafter designated as the NHNy6 composite. Nylon-
6 was also prepared by MAP (Ny6 MAP) under the same conditions
but without GrO for comparison. MAPs were carried out in vials
sealed under nitrogen and using a monomodal microwave reactor
model Monowave 300 from Anton Paar, thus water was not
removed during the reaction. The reaction process involves three
steps, the first consists of irradiating the microwaves in the heating
mode as fast as possible, wherein the microwave reactor radiates a
power of 1e850 Watts until reaching the reaction temperature of
230 �C; in the second step, the reaction time is programmed for a
“hold time” of 60min, and, at the end of this time, the third step
consists in cooling the reaction to 55 �C; throughout the process the
reaction is stirred at 800 rpm up to the time of full solidification of
the sample. Time, temperature and pressure were recorded during
the course of the reaction and a video camera was used to observe
and record the progress of the reaction mixture and products
during the MAP.
2.2.2. Product isolation and purification
The MAP reaction product, which consisted of the rGO-Ny6

nanohybrid in a matrix of NG-Ny6 and any residual ε-capro-
lactam and 6-aminocaproic acid intimatelymixedwith Ny6, i.e., the
NHNy6 composite, was put into formic acid and vigorously stirred.
The dispersion/dissolution was then slowly poured into water at
85 �C to dissolve the residual monomers and leave the NHNy6 and
Ny6 therein dispersed. The entire formic acid water dispersion was
then evaporated to form a paste that was dispersed again in water
at 85 �C to dissolve the residual monomers. The water dispersion
was then filtered to obtain the pure NHNy6 composite, which is
vacuum dried at 80 �C at 0.77MPa for 12 h. A dispersion of the
PHNCs. in formic acid was then heated to 40 �C for 1 h and soni-
cated in a Bronsonic ultrasonic bath (42 KHz and 100W) for 5min.
The dispersion was then filtered through a 200 nm pore size pol-
ycarbonate membrane to separate the rGO-Ny6 nanohybrid from
the NG-Ny6. The separation process was repeated five times to
assure the complete removal of polymer as determined by analysis.

2.2.3. Instrumentation
The MAP products and separated components were character-

ized by Fourier transform infrared spectroscopy (FTIR) using a
Thermo Nicolet model MAGNA 550, with 120 scans and 16 cm�1

resolution in the attenuated total reflectance (ATR) mode.
Elemental analyses were carried out by Galbraith Laboratories,
Knoxville, TN, USA. Raman spectroscopy analysis was performed on
a Micro-Raman XploRA from Horiba in a frequency range 1000 to
400 cm�1 using a 532 nm laser source. Thermal gravimetric ana-
lyses (TGA) were carried out using a TA-Q500 TGA from TA-
Instruments from 25 to 600 �C under nitrogen with a continuous
flow of 50mL/min and heating rate of 10 �C/min. X-ray diffraction
studies were performed on a Siemens D5000 with Cu radiation
(1.54Å); the sweepwidth was from 5 to 40� in 2qwith a step size of
0.06� for 3 s per step. Scanning electron microscopy (SEM) was
performed using a JEOL® FE-SEM microscope model JSM-74101 F
with an SEI detector and an acceleration voltage of 4.0 kV. Polymer
molecular weights of Ny6 MAP and NG-Ny6 were determined by
gel permeation chromatography (GPC) using an Alliance 2695 at
temperature of 30± 1 �C; the sample was diluted in trifluoroacetic
anhydride and tetrahydrofuran. Two linear columns (PLgel of 5 m
pore size) were used for the analysis; the calibration curve was
constructed with polystyrene standards with molecular weights of
2170e990500 g/mol. The measurements were repeated 3 times,
and the value of the middle was reported. Surface electrical con-
ductivities were determined with a two-point probe using a
Keithley Model 2400m for surface resistivities <200MU.

3. Results and discussion

The microwave-assist preparation of the NHNy6 from GrO and
excess monomers is illustrated in Fig. 1.

3.1. Chemical and physical transformations of GrO during MAP

The time (t), temperature (T) and pressure (P) of the reaction of
the solid state mixture of ε-caprolactam (CAP) and 6-aminocaproic
acid (ACA) in the presence of GrO films were monitored during the
microwave (MW) irradiation along with visual monitoring and
video recording of the reaction in order to correlate the possible
transformations such as exfoliation, reduction and grafting.
Sequential images of the vials during the first minute of heating are
presented in Fig. 2 along with t, T and P. The reaction mixture at
time zero is white due to the principle components, CAP and ACA.
Yellow light is used in the reactor for video recording and a dark
portion, corresponding to a cluster of GrO film can be seen in the



Fig. 1. Preparation of the NHNy6 from GrO films and excess monomers.
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circled area of Fig. 2A. After 14 s of irradiation, CAP is molten and
the dark portion becomes larger and darker (Fig. 2B). The size of the
GrO swatch increases at 20 s of irradiation (Fig. 2C), and is probably
influenced by the presence of moltenmonomer via diffusion and/or
exfoliation. After 25 and 36 s of irradiation (127 and 166 �C,
respectively), the dark portion grows significantly, and arcing is
observed as hot spots as indicated with the arrows in Fig. 2D and E.
After 50 s (191 �C) of irradiation, the vial becomes completely black
with no further arcing. At the microscopic level, the hot spots and
arcing can be considered as plasma as reported previously [28,29].
No further changes were observed through to the end of the
reaction.

The observations may be interpreted as follows. Initially, GrO
absorbs the microwave radiation (2.45 GHz), leading to an increase
in local temperature, which can range from 1500 to 2000 �C [18].
The monomer proximal to the GrO film increases its temperature
and begins to melt in about the range of its melting point 76 �C
(Fig. 2 B, C), vide infra. At that point, the GrO can begin to diffuse
though the molten monomer probably with some degree of exfo-
liation. Hot spots within the molten mass then begin to form
causing localized arcing or plasma formation (Fig. 2 D, E) as re-
ported previously [28,29].

For example, this behavior was reported for the exfoliation of
GrO powder mixed with graphene nanosheets, which were irra-
diated with a multimodal microwave reactor with a power of
1600W. After 20 s of irradiation, light sparks or electric arc dis-
charges were observed while exfoliation occurs [18]. Also,
Fig. 2. Selected video frames of the MAP of Ny6 in the presence of GrO at different
times.
exfoliation and reduction of GrO were reported to occur in an
aqueous solutionwith ionic liquids, where rGOwas obtained with a
small presence of carbonyl groups (C¼O), which facilitated their
dispersion in organic solvents [30,31]. Our hypothesis that exfoli-
ation and reduction take place during the MAP of Ny6 in the
presence of GrO is further supported by a study of the pressure
variation of the reaction over time (Fig. 3) vs that of the MAP of CAP
in the absence of GrO.

The pressure of the latter reaction begins to increase at 1171 s
(19.5min) and reaches a maximum of 4 bar in approximately
2328 s (38.8min). In the former case of the MAP of CAP in the
presence of GrO films, however, the pressure undergoes a dramatic
increase in 4 s, reaching a maximum constant value of 25.7 bar in
just 100 s (1.66min). This sudden increase in pressure is due to the
presumed release of gaseous CO2, CO and H2O from GrO due to the
MW absorption by GrO, which in turn produces microscopic local
heating, overcoming the thermal stability of functional groups and
reducing GrO to produce reduced graphene oxide (rGO). In general,
the microwave exfoliation and reduction of GrO and GO are re-
ported to have been carried out in open systems; in closed systems,
however, it has been calculated that 0.3 g of GrO would generate a
pressure of 13.17 bar [21].

Experimentally, however, the pressurewould depend on several
variables such as temperature, reactor volume, initial degree of
oxidation of graphene, the state of the oxide (i.e., GO, GrO or both)
and the efficiency of the thermal degradation itself, which is related
to the MW power. The higher pressure of 25.7 bar observed in the
present studies can be related to the reaction temperature (230 �C),
the free volume of the reaction vial (10mL), the oxygen concen-
tration of GrO groups, the MW power and the amount of water
Fig. 3. Pressure behavior during the MAP of Nylon-6 itself (Ny6 MAP) and in the
presence of GrO (NHNy6).



Fig. 5. XRD patterns for Ny6 MAP, NHNy6 composite and GrO.
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generated by the polycondensation reaction of Nylon-6. Once the
reaction vial is cooled to 50 �C, however, the final pressure of the
system drops to 8.4 bar.

The temperature variation of the reaction during the MAP of
Ny6 and that of Ny6 in presence of GrO is shown in Fig. 4. For Ny6
MAP, the temperature increases steadily up to 76.3 �C in 28.8 s,
where the solid to liquid transformation of ε-caprolactam occurs.
Then, due to the increase in dielectric constant of ε-caprolactam in
the molten state, the temperature increases sharply until it reaches
the reaction temperature of 230 �C [32]. The phase transformation
of the ε-caprolactam in the presence of GrO, however, appears to
initially take place rapidly and linearly and is likely related to a large
MW cross section of the GrO [33], which apparently accelerates
melting of the monomer (Fig. 2) via hot spots, vide supra. The re-
action temperature of 230 �C was reached faster for the
monomers þ GrO mix at 127.7 �C/min than for that of just the
monomers at 93.8 �C/min. The larger MW cross section of GrO and
subsequent graphene species allows the reaction to reach 230 �C
more efficiently, i.e., in less time. Accordingly, 50% less power was
needed to reach the reaction temperature in the MAP of the NHNy6
composite than in the case of Ny6 itself (24.0 vs 47.6 KW) under the
same conditions.
3.2. Exfoliation, reduction and hybridization of GrO

X-ray diffraction studies (Fig. 5) of Ny6 MAP and NHNy6 show
diffraction peaks at 19.9 and 23.7� in 2q, corresponding to the
crystalline planes [200] and [002, 202] of the a-phase of Nylon-6. In
the case of the NHNy6 composite, the peak associated with GrO
stacking at 10.9� for [001] is absent, suggesting exfoliation of GrO
during the MAP [34e38], unlike conventional processes that
require ultrasonic exfoliation of the GrO in an aqueous solution or
molten ε-caprolactam for 20 or 120min prior to polymerization
[36e47]. To understand the effect of microwave irradiation on the
GrO after the in-situMAP, the NHNy6 compositewas dissolved in FA
to separate the non-grafted Nylon-6 (NG-Ny6) from the composite
and was characterized by FTIR and Raman spectroscopies. The re-
sults are shown in Figs. 6 and 7, respectively.

The FTIR data show the characteristic bands of Nylon-6 for N-H
at 3290 s t, 3070 ot cm�1, 1543 and 691 cm�1, C¼O groups at
1641 cm�1 and C-N st at 1261 cm�1. GrO bands at 3400 cm�1 and
1063 cm�1 are absent. These results demonstrate that the GrO was
reduced during the MAP reaction and that Nylon-6 was grafted
presumably on defects and/or residual functional groups on the
Fig. 4. Temperature behavior of the MAP of Ny6 (Ny6 MAP) vs that for Ny6 in presence
of GrO (NHNy6).
surface of reduced and exfoliated rGO sheets.
In the Raman analysis (Fig. 7), the D band, which relates to the

sp3 hybridization associated with defects in the hexagonal lattice, is
observed at 1338.9 cm�1 while the G band, related to the tangential
vibration of carbon atoms with sp2 hybridization, occurs at
1585.7 cm�1.

The intensity of the D band of rGO-Ny6 is lower compared to
that for GrO. The ratio of the intensity of the D and G bands, ID/IG,
for GrO was 1.16, while after MAP, ID/IG for rGO-Ny6 decreased to
0.98. This behavior indicates that during MAP the GrO is reduced,
since the D band intensity decreases and is lower than that of the G
band. This behavior is typical in microwave reduction processes in
aqueous phase, where the D band intensity decreases and is less
than that of the G band with ID/IG values between 0.88 and 0.95,
while in the case of microwave treatments in the solid phase, lower
values from 0.38 to 0.46 are observed. The microwave assisted
reduction in the liquid phase appears to be less or only partial
compared with that in the solid phase reduction [18,20,21,48,49].

We note that the reduction of GrO may also be affected by other
chemical species, such as the polymer chains either grafting to and/
or grafted on the functional groups of oxide or its defects. This case
could lead to a decrease in the net MW radiation initially absorbed
by the GrO since the monomers can also adsorb MW radiation and
are in a high concentration (98%) compared that of the GrO.
Fig. 6. FTIR spectra of GrO, rGO-Ny6 and NG-Ny6.



Fig. 7. Raman spectra of GrO and the rGO-Ny6 nanohybrid.

Fig. 8. (A) TGA weight loss curves for GrO, rGO-Ny6 and Ny6 MAP; (B) corresponding
weight loss derivatives.
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Moreover, the rate of heat transfer from GrO to the monomers may
be significant as attested by the increased heating rate of the MAP
of the monomer þ GrO reaction (Fig. 4). Both effects could lead to a
lessening of effect of the radiation absorbed by GrO to reduce its
functional groups, which would allow remaining functional groups
to react with the molecules or other species of Nylon-6 produced in
the reactionmedium. That a reaction occurs between the functional
groups of the oxide and Nylon-6 is strongly suggested by the po-
sition of the G band in rGO-Ny6 as shown in Fig. 7. The band is not
shifted to lower values and has the same position as the G band of
GrO. In the case of a total reduction, the peak of the G band of GrO is
shifted to lower values as seen in graphite or pure graphene indi-
cating restoration of sp2 carbon [50,51]. Considering the Raman
data, we suggest that a partial reduction of GrO is produced by the
thermal instability of the functional groups with the resulting form
or forms reacting chemically with the molecules or species of
Nylon-6 that occur during the MAP.

The amount of Nylon-6 grafted onto the surface of the reduced
graphene oxide was determined by TGA (Fig. 8). GrO shows two
weight losses (Fig. 8A), one occurring near 100 �C at 13% attributed
water loss and the other within the range of 185e250 �C (peak at
216.3 �C, Fig. 8 B) with a weight loss of 37.5%, which can be
attributed to degradation of functional groups such as, OH, C¼O
and COOH of GrO [52e54]. In the case of Ny6 MAP, a weight loss of
99% between 350 and 475 �C results with a peak at 444.2 �C (Fig. 8
A, B), characteristic of Nylon-6 [32,35,39,55,56]. The nanohybrid,
rGO-Ny6, shows Nylon-6-like behavior with a weight loss of 49.4%
of nylon between 264 and 530 �C [57]; the remaining rGO is stable
up to at least 600 �C (Fig. 8 A). The estimated weight loss of Ny6
(49.4%) in rGO-Ny6 by TGA is in good agreement with 45 % wt Ny6
calculated from elemental analyses (Galbraith Labs, N obs: 6.34%; C
obs: 57.26%; H obs: 6.57%). The maximum degradation rate is at
406 �C (Fig. 8 B), which is lower than that for Nylon-6, indicating
that this signal could be related to the degradation of Nylon-6
oligomers as reported by other authors [58,59].

According to all of the results shown above, GrO is exfoliated
and reduced during MAP, resulting in rGO sheets grafted with
Nylon-6. The amount of Nylon-6 grafted on rGO is ca. 49.4% in the
nanohybrid rGO-Ny6. Scanning electron microscopy (SEM) and X-
ray diffraction of the components are shown in Figs. 9 and 10,
respectively. SEM micrographs of the GrO starting material and of
the rGO-Ny6 nanohybrid reflect a large difference in surface
morphology between the two as may be seen in Fig. 9.

The typical layered structure of GrO is observed at various
magnifications (Fig. 9 A, B, C). In the case of the rGO-Ny6 nano-
hybrid at 5000 X (Fig. 9 D) one observes a continuous and rough
surface. At higher magnifications (Fig. 9 E, F), an irregular surface
morphology is observed and is composed of dispersed rGO sheets
coated with a thin layer of Nylon-6.

XRD analysis performed on samples of Ny6 MAP, rGO-Ny6 and
GrO are shown in Fig. 10, wherein it can be observed that Ny6 MAP
and rGO-Ny6 samples show diffraction at 20.4 and 24.4� in 2q; both
are representative of the a-phase of Nylon-6 and belong to the
crystalline planes [200] and [002, 202]. In the case of the rGO-Ny6,
a small peak at 21.5 of 2q is also present andmay be associated with
the [001] plane corresponding to the g phase of Nylon-6. The re-
sults indicate that molecules of Nylon-6 grafted on the surface of
rGO sheets are also able to crystallize in both a and g phases of
Nylon-6. The main difference observed for rGO-Ny6 relative to Ny6
is that the intensity of the diffraction signals are significantly lower,
which indicates that the degree of crystallinity of Ny6 is lower in
the nanohybrid and is possibly explained by the physical and
chemical interactions of the Nylon-6 with the graphene sheets.

Moreover, the GrO (10.9�) and graphite (26�) peaks are absent in
the diffraction pattern of the rGO-Ny6 nanohybrid, which suggests
exfoliation of the layers which cannot restack due to the presence
of the grafted Ny6. We note that the pattern for the rGO-Ny6
nanohybrid also shows broader bands with less definition than
that for the NHNy6 composite (Fig. 5), consistent with less Ny6 and
more randomness of the grafted, possibly oligomeric, Ny6 in the
former.



Fig. 9. SEM micrographs at various magnifications of the GrO starting material before MAP processing (A, B and C) and of the rGO-Ny6 nanohybrid obtained after the MAP reaction
(D, E and F).

Fig. 10. XRD patterns for Ny6 MAP, the rGO-Ny6 nanohybrid and GrO.

Table 1
Values of the molecular weight in number, weight, and conversion (Mn, Mw and Xc)
for Ny6 MAP and NG-Ny6.

Sample Molecular Weight Xc (%)

Mn (g/mol) Mw (g/mol) Mw/Mn

Ny6 MAPa 6800 16300 2.39 74.89
NG-Ny6b 7300 18000 2.46 83.52

a GrO absent during MAP.
b GrO present during MAP.
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3.3. Nylon-6 molecular weight comparisons

In order to determine the effect of the presence of GrO on the
polymerization of Nylon-6, we analyzed the conversion (Xc) and
number average and weight average (Mn and Mw) molecular
weights of the NG-Ny6 in the NHNy6 composite and compared the
results to the values obtained for the MAP of Ny6 in the absence of
GrO. The results, as shown in Table 1, indicate that the Xc is 11.5%
higher for the NG-Ny6 in the composite than for that in the MAP of
Ny6 in the absence of GrO. Likewise, Mn and Mw are also greater for
the NG-Ny6 indicating that the presence of GrO in the Nylon-6
microwave-assist polymerization increases the conversion and
molecular weight of the polymer compared to that formed in the
MAP of Ny6 without GrO. A plot of the population distribution of
each polymer as a function of Mw (MWD) shows a clear shift in the
population of molecules of higher Mw for the NG-Ny6 polymer
(arrow, Fig. 11) compared to that for the Ny6 MAP.
In most conventional Nylon-6/GrO polymerization processes,
both the molecular weight and conversion of the NG-Ny6 decreases
as the concentration of GrO increases [37,39,40,43,44,52,60]. Dixon
et al. [40], for example, in their study of the in-situ polymerization
of graphene oxide polyamide-6 nanocomposites, observed a shift of
the MWD towards lower molecular weights. These authors pro-
posed that this behavior is due to the fact that the carboxylic acid
functional groups of GrO react with Nylon-6 molecules terminating
the reaction, thus rendering smaller molecular. At higher concen-
trations of GrO, however, the authors observed that the MWD
showed a small portion of high molecular weight Nylon-6. They
attributed this observation to the loss of mobility of the polymer
molecules in the presence of GrO during the polymerization pro-
cess, whereby the termination reactions are suppressed and mo-
lecular weight increases.

The results obtained in the present study of the synthesis of the
NHNy6 MAP composite indicate that conversion and molecular
weight, Mn and Mw, increase for the NG-Ny6. These results suggest
that the hybridization process itself to form rGO-Ny6 is significant
in that it affects the overall chemical reaction of the polymerization
process, whose origin lies in the nature of the process itself, since it
is possible to significantly accelerate the polymerization rates.

In the particular case of the hydrolytic polymerization of Nylon-
6, which occurs in the present work, we propose that the poly-
addition reaction contributes to the production of the polymer to a
greater extent than does the polycondensation reaction, as it is also
reported in conventional polymerization processes [61,62]. In the



Fig. 11. Behavior of the MWDs of NG-Ny6 prepared in the presence of GrO and Ny6
MAP prepared in the absence of GrO, where an increase in the population of NG-Ny6
molecules with higher Mn and Mw values is observed. Fig. 12. Cartoon depicting the proposed dynamics of the rGO-Ny6 nanohybrid for-

mation with <60min of MW irradiation; involved are the partial reduction of GrO to
rGO with gas and water vapor elimination, sheet exfoliation, hybridization and free
Nylon-6 formation. It is the mixture of the rGO-Ny6 nanohybrid with the free, non-
grafted Nylon-6 that constitutes the composite designated as NHNy6 in the text.
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polyaddition reaction, a molecule of the ε-caprolactam reacts
reversibly with a polymer chain. If a molecule of the polymer reacts
with GrO, the chemical equilibrium will break and move towards
the products, causing ε-caprolactam molecules to be consumed to
compensate for the polymer molecules that were grafted onto the
GrO.

We note that in the conventional non MAP processes, the effect
on the chemical equilibrium can easily go unnoticed, since the
chemical reaction of polycondensation is not so fast as to
compensate for the consumption of polymer by the GrO, even
though the reaction times are between 5, 6 and 9 h
[40,43,44,52,60]. In the case of the MAP process, it has been re-
ported previously that MW radiation accelerates considerably
different polymer reactions including ROP [63]. In particular, during
polymerization of ε-caprolactam under microwave irradiation,
Fang reported that it takes places so fast, that it may consider a
spontaneous polymerization of ε-caprolactam [64]. However, in
presence of GrO an imbalance in the polymerization equilibrium
may occur due some propagating chains graft onto GrO. This event
causes an alteration in the polymer concentration so the system
must respond consumingmoremonomer to reestablish a new state
of equilibrium. As a result, there is an increment in the conversion
and molecular weight of NG-Ny6 with respect to Ny6 MAP.
3.4. Surface electrical conductivity

A comparison of the surface electrical conductivities of Ny6
MAP, NHNy6, rGO-Ny6 and rGO are shown in Table 2. The NHNy6
hybrid has a surface conductivity of 6 orders of magnitude
compared to that of Ny6 MAP. The increase can be considered as a
low value at a concentration of 2% wt of GrO, since for other
composites of Nylon-6/GrO with greater concentrations of GrO, the
conductivities are much greater [41,57,65], since the value depends
primarily on the conductivity of the graphenic material.

In the in-situ non microwave-assist polymerizations, the
Table 2
Surface electrical conductivity of pure Nylon-6 (Ny6 MAP), the hybrid nanocomposite (N
(rGO).

Sample Ny6 MAP NHNy6

Conductivity (S/cm) 5.0� 10�15 2.0� 10�9
electrical conductivity of nanocomposites can reach values of up to
1 S/cm, where the GrO is first reduced to reestablish its more
conductive hexagonal network [41], or at least by reaching the
temperature of polymerization of about 260 �C [42]. In the micro-
wave synthesis, however, the GrO is at least partially reduced to
rGO, which is coated with Nylon-6 molecules during the synthesis
process. Accordingly, the measured electrical conductivity of rGO-
Ny6 is 1.5� 10�3 S/cm, which is of intermediate value between
the conductivities of GrO and rGO (Table 2).
3.5. Summary of reaction processes

Fig. 12 depicts the overall dynamics of what results when a
mixture (center oval) of GrO, ε-caprolactam and 6-aminocaproic
acid is irradiated with monomodal microwaves to form water va-
por, gas, the reduced graphene oxide nylon-6 nanohybrid (green)
and non-grafted nylon-6 (blue strands). Our data indicate that MW
radiation is absorbed by the GrO and monomers causing dielectric
heating, which triggers the processes of exfoliation, and reduction
of GrO in <60 s. Reduction of GrO produces gaseous species that
increase the pressure of the reaction medium during the first 20 s
whereupon exfoliation continues in the monomer, which is already
in the liquid phase during the first 60 s of irradiation. The presence
of GrO appears to continue as the temperature rises to the reaction
temperature of 230 �C, where polymerization takes place, typically
after 60 s. Hybridization appears to take place before and after the
first 60 s. The GrO to rGO transformation appears to be involved in
the hybridization and the polymerization of both grafted and non-
grafted Nylon-6 molecules in competing reactions as discussed
above.
HNy6), the nanohybrid (rGO-Ny6), graphite oxide (GrO) and reduced graphite oxide

rGO-Ny6 GrO rGO

1.5� 10�3 1.0� 10�7 2.4� 101
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4. Conclusions

The present study successfully elucidated the exfoliation,
reduction, hybridization and polymerization mechanisms in the
one-step in situ microwave-assist polymerization of Nylon-6 from
ε-caprolactam and 6-aminocaproic in the presence of graphite
oxide (GrO) to form a reduced graphene oxide Nylon-6 nanohybrid,
rGO-Ny6. The elucidation of the phenomena involved in theMAP of
a typical polymer hybrid nanocomposite was a modest attempt to
present for the first time an overview of the processes in a single
report. We observed an increase in Mn, Mw and Xc of the non-
grafted Nylon-6 (NG-Ny6) during hybridization unlike in conven-
tional in-situ polymerization of Nylon-6/GrO where reduction of
the molecular weight of NG-Ny6 is observed. We attribute the
difference to the participation of GrO/rGO species in the competing
polyaddition and polycondensation reactions. Together, the rGO-
Ny6 and NG-Ny6 form a composite wherein Nylon-6 is the ma-
trix. The overall reaction was shown to involve the rapid melting of
monomers and the reduction and exfoliation of the GrO and sub-
sequent hybridization with Nylon-6. The steps occurred concur-
rently within a time frame of <60 s in a sealed vial equipped with a
stirrer in a monomodal microwave (MW) reactor equipped with
video recorder and control of time, temperature and pressure. Data
showed that the localized and rapid dielectric heating of the
graphite oxide and subsequent reduced graphene oxide species
played a key role in the onset and perpetuation of the melting,
reduction, exfoliation, polymerization and hybridization. The
monomers melt more rapidly in the presence of GrO with half the
power needed to reach the MAP reaction temperature vs that
needed for the monomers alone (23 vs 47 KW). Thermal degrada-
tion of the GrO functional groups released gaseous species and
water vapor, which further aided in the exfoliation of the partially
reduced oxide, allowing the grafting of Nylon-6 that gives rise to
the rGO-Ny6 hybrid. The Nylon-6 grafted molecules, which crys-
tallize in a and g phases of Nylon-6, represent 50% by weight of the
rGO-Ny6 hybrid and appear to help prevent restacking of the rGO-
Ny6 nanohybrid sheets. In addition, due to the partial reduction
and hybridization of rGO-Ny6, its electrical conductivity increases
by four orders of magnitude compared to that for GrO from 1.0�
10�7 to 1.5� 10�3 S/cm.
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