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graphene nanosheets on
morphology evolution and conductive behavior of
poly(methyl methacrylate)/poly(styrene-co-
acrylonitrile) blends during isothermal annealing

Jifei Zhang, Min Zuo, * Xiong Lv, Haimo Zhang and Qiang Zheng

A facile method was developed for directly grafting poly(methyl methacrylate) (PMMA) to graphene oxide

(GO) without surface modification, with the resultant insulating PMMA-g-GO nanosheets further

reduced in situ to give conductive grafted reduced graphene oxide (RGO) nanosheets. The effect of

PMMA-g-RGO nanosheets on the morphological evolution and conductive behavior of partially miscible

blends of poly(methyl methacrylate)/poly (styrene-co-acrylonitrile) (PMMA/SAN) upon annealing above

their phase-separation temperature was investigated using phase-contrast microscopy (PCM) with

a real-time online digital picoammeter. With phase separation of the blend matrix, the well-dispersed

PMMA-g-RGO nanosheets in the homogeneous matrix preferentially migrated to the SAN-rich phase

and showed remarkably little aggregation. Surface grafting of PMMA-g-RGO might inhibit the

aggregation of nanosheets in the blend matrix and weaken the retardation effect of nanosheets on the

morphology evolution of the blend matrix. Furthermore, the percolation behavior of dynamic resistivity

for ternary nanocomposites was attributed to the formation of a PMMA-g-RGO conductive network in

the SAN-rich phase. The activation energy of conductive pathway formation was closer to the activation

energy of flow for PMMA than that of SAN.
1. Introduction

Graphene, a two-dimensional sheet of atomic thickness
composed of sp2 carbon atoms arranged in honeycomb struc-
ture, has received much attention owing to its outstanding
properties, which have led to recent breakthroughs in elec-
tronics, mechanics, photonics, and spintronics.1 Many oxygen-
containing groups are known to be spread over the graphene
surface and edges, such as carboxyl, hydroxyl, and epoxide
groups.2 Reduced graphene oxide (RGO) should be modied to
enhance the processing solubility in solvents and control its
selective distribution and uniform dispersion in polymer blend
matrix. The standard approach to modifying graphene usually
involves its surface functional groups or graing with other
more active functional groups. The modied graphene oxide
(GO) can then be converted into RGO using various reducing
treatments to improve the conductive properties.3 Various
methods for graing polymers onto particle surfaces have been
reported previously,4–7 which are mainly as categorized into
“graing from” and “graing to”methods.8 The “graing from”

method relies on the surface functionalization of a substrate by
thesis and Functionalization, Ministry of

e and Engineering, Zhejiang University,

@zju.edu.cn

hemistry 2018
an initiator moiety, with the polymer chains starting at surface-
attached initiators.9 In the “graing to” technique, the end-
group-transformed polymer chains react with the substrate
functional groups.10

In these methods, functional groups on the substrate surface
are used to gra the polymer chains, while intrinsic p-conju-
gated carbon double bonds in the graphene plane are oen
ignored. Many studies have reported that graing polymer
chains onto the GO surface should occur through surface
functionalization of GO.10–12 Yang et al.13 reported the existence
of a large number of p-conjugated carbon radicals in the p-
network plane of GO, which could directly initiate the long-
lasting visible chemiluminescence of luminol. Therefore,
double bonds in the plane of GO can be directly initiated to gra
polymer chains onto the GO surface.14

Surface graing modication of GO and RGO could improve
their dispersion in a polymer matrix. However, the selective
distribution of modied nanosheets in polymer blends con-
taining PMMA should be further explored, and its effect on the
morphological evolution and phase behavior of such blends
determined. Many studies have reported that the introduction
of nanoparticles can change the compatibility of immiscible
polymer blends and stabilize their morphology, especially when
the nanoparticles are located at the interface of different pha-
ses.15 Furthermore, extensive research into the effect of
RSC Adv., 2018, 8, 14579–14588 | 14579
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nanoparticles on the miscibility and phase separation behavior
of blend matrixes have been conducted for various partially
miscible polymer blends. These studies found that the kinetics
and thermodynamics of phase separation could be altered by
the nanoparticles,16 because both the enthalpy and entropy of
the polymer blend would be affected by the nanoparticles
depending on their interaction within the nanoparticle/polymer
or topological structure of the nanoparticles.17 Surface graing
modication of GO and RGO might also change the interaction
within nanoparticle/blend matrixes and their agglomeration
states in the blend matrix during annealing to further alter the
conductivity of RGO-lled nanocomposites. Therefore, the
distribution/dispersion of graing modied nanoparticles, and
their effect on the phase separation of a blend matrix, should be
further explored to obtain a better understanding of the rela-
tionship between nanocomposite morphology and conductivity.

In this work, we attempt to utilize the double bonds of
carbon in the GO plane to achieve surface graing of poly(-
methyl methacrylate) (PMMA) onto GO, with the resultant
PMMA-g-GO then chemically reduced to PMMA-g-RGO. A
partially miscible PMMA/poly(styrene-co-acrylonitrile) (PMMA/
SAN) blend is then chosen as the blend matrix. The evolution
of morphology and conductivity of PMMA-g-RGO-lled PMMA/
SAN ternary nanocomposites subjected to annealing above the
phase separation temperature and the migration/aggregation of
PMMA-g-RGO in the phase-separated blend matrix will be
investigated. Furthermore, we also attempt to clarify the effect
of PMMA-g-RGO on the phase separation behavior of the
PMMA/SAN blend matrix.
2. Experimental
2.1. Materials

Poly(methyl methacrylate) (PMMA) (IF850, Mw ¼ 7.5 � 104, Mw/
Mn ¼ 1.5) was purchased from LG Chemical, Ltd., Korea.
Poly(styrene-co-acrylonitrile) (SAN) (PN-127H, AN ¼ 32 wt%, Mw

¼ 1.5 � 105, Mw/Mn ¼ 1.7) was obtained from Chi Mei Corpo-
ration, Taiwan. Methyl methacrylate (MMA) was purchased
from Sinopharm Chemical Reagent Co. Ltd and puried by
vacuum distillation before use. GO was synthesized from
natural graphite powder using a modied Hummers' method17
Fig. 1 Proposed mechanism of formation for p-conjugated carbon rad

14580 | RSC Adv., 2018, 8, 14579–14588
and freeze-dried before use. Benzoyl peroxide (BPO), analytical
grade tetrahydrofuran (THF), hydrazine hydrate (85%), methyl
ethyl ketone (MEK), and N,N-dimethyl formamide (DMF) were
purchased from Sinopharm Chemical Reagent Co. Ltd and used
as received.
2.2. Sample preparation

2.2.1. Preparation of PMMA-g-RGO. GO powder (300 mg)
was dispersed in DMF (175mL) and ultrasonicated for 30min to
yield a completely exfoliated GO nanosheet suspension. MMA
(37.5 g) was then added to the as-prepared GO suspension and
the reaction mixture was heated to 80 �C under stirring with
nitrogen bubbling for 0.5 h. Next, BPO (0.413 g) was added to
the solution and the reaction was conducted under stirring with
nitrogen bubbling for 6 h. The proposed mechanism for the
formation of p-conjugated carbon radicals by benzoyl peroxide
addition is shown in Fig. 1. The thermally induced homolysis
decomposition of BPO generated two free benzoate radicals,
some of which immediately added to C]C double bonds in the
graphene oxide planes, leading to the formation of p-conju-
gated carbon radicals as initiators for MMA polymerization. The
mixture was centrifuged at 14 000 rpm for 30 min and the
supernatant containing free PMMA was removed. The product
was subjected to ten cycles of THF-washing and separation via
centrifugation to remove all free PMMA from PMMA-g-GO. The
product and hydrazine hydrate (85%) in a 1 mg : 2 mL ratio were
dispersed into DMF. The mixture was heated to 95 �C under
stirring and reuxed for 4 h. The product was ltered, washed
with distilled water and MEK three times, and then dispersed
into MEK (50 mL) to afford a suspension of PMMA-g-RGO for
subsequent use.

2.2.2. Preparation of conductive test and PCM samples.
PMMA and SAN were dried for 6 h at 80 �C in a vacuum oven.
The PMMA-g-RGO suspension, as prepared above, was diluted
with MEK and ultrasonicated for 0.5 h at 15% power. PMMA
and SAN at different weight ratios were then dissolved in the
PMMA-g-RGO/MEK suspension and stirred for 12 h at room
temperature to form 15 wt% and 5 wt% solution mixtures for
conductive tests and phase contrast microscopy (PCM) obser-
vation, respectively. The mixtures were sonicated for another
1 h to achieve uniform dispersion of PMMA-g-RGO in the
icals through addition of benzoyl peroxide.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) FTIR spectra of GO, PMMA, PMMA-g-GO, PMMA/GO, and
GO-compared (GO dissolved with PMMA in DMF and treated with ten
cycles of THF-washing and centrifugation). TEM images of (b) GO and
(c) PMMA-g-RGO.
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PMMA/SAN blend solution. Next, the 15 wt% solution was cast
onto a glass plate and the 5 wt% solution was dropped onto
cover glasses at 30 �C in an oven. Aer the solvent had evapo-
rated in an ambient environment of 30 �C with a moisture of
less than 40% for 1 day, the samples were further dried at 60, 90,
and 120 �C in a vacuum oven on three consecutive days,
respectively, to remove residual solvent. The thin lms were
then compressed into plates with a diameter of 25 mm and
This journal is © The Royal Society of Chemistry 2018
thickness of 2 mm at 125 �C. The central thickness of the PCM
sample lm was about 20 mm.
2.3. Characterization

Fourier transform infrared (FTIR) spectroscopy was used to
evaluate GO and RGO graed with PMMA. Infrared spectra were
recorded in the range of 400–4000 cm�1 on a FTIR spectrometer
(Vector 22, Bruker, Germany). Thermogravimetric analysis
(TGA) (Q50, TA Instruments, USA) was used to analyze the
amount of PMMA graed on RGO. The samples were heated
from 100 �C to 800 �C at a rate of 10 �C min�1 under a nitrogen
atmosphere. X-ray diffraction (XRD) patterns of the samples
were measured using a diffractometer (D/max 2550, Rigaku,
Japan) with Cu Ka radiation (l ¼ 0.1542 nm) at a voltage of 40
kV and current of 30 mA. The molecular weight of graed
PMMA was estimated from the molecular weight of free PMMA
in the supernatant, as obtained by gel permeation chromatog-
raphy (GPC, Waters 1515, Waters, USA) with DMF as the eluent.
The dispersion of PMMA-g-RGO and the morphological evolu-
tion of the nanocomposites were observed by transmission
electron microscopy (TEM; JEM 1200EX, JEOL, Japan). Latex
samples were prepared by casting one drop of dilute suspension
onto a copper grid, with the resultant composite samples
microtomed into sections 100 nm thick using a diamond knife
at room temperature. None of the samples exhibited any yel-
lowing throughout the measurement procedures, indicating
that no obvious degradation occurred. The online morpholog-
ical evolution of the PMMA/SAN blends and PMMA/SAN/PMMA-
g-RGO nanocomposites was detected by PCM (BX51, Olympus,
Japan) with a temperature-control hot stage (THMS600,
Linkam, UK) in combination with a digital camera. All
morphological images were recorded in real-time online.

The setup for electrical behavior measurement was the same
as reported elsewhere.18–20 Volume resistance was measured
using a digital picoammeter (Keithley 6487, Keithley Instru-
ments Inc., USA) with an applied direct voltage of less than 10 V
(DC). The isothermal annealing temperatures ranged from 180
to 200 �C with a step of 10 �C. Dynamic rheological tests were
performed on an advanced rheometric expansion system (ARES-
G2, TA Instruments Corporation, USA) with a 25 mm diameter
parallel plate geometry. Isothermal frequency sweeps ranging
from 100 rad s�1 to 0.01 rad s�1 for PMMA and SAN were per-
formed at various temperatures. The strain in the tests was set
to 1%, ensuring that all measurements were in the linear
viscoelastic region.
3. Results and discussion
3.1. Characterization of PMMA-g-GO and PMMA-g-RGO

FTIR spectra of GO, PMMA-g-GO, PMMA, and PMMA-g-RGO are
shown in Fig. 2(a). The characteristic peaks at 1728 and
1619 cm�1 were assigned to the C]O stretching vibration of
carboxyl groups at GO edges and the C]C stretching mode of
GO basal plane sp2 network, respectively.21,22 Compared with
GO, the spectrum of PMMA-g-GO exhibited additional doublets
at 2949 and 2992 cm�1 (asymmetric C–H stretching of methyl
RSC Adv., 2018, 8, 14579–14588 | 14581
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Fig. 4 XRD curves of GO, RGO, PMMA-g-RGO, and PMMA-g-GO
nanosheets.
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group), enhanced absorbance at 1726 cm�1 (C]O stretching
vibration) and additional doublets at obvious C–H stretching
vibrations of 1385 cm�1 and 1364 cm�1 (–CH3 stretching)
attributed to PMMA,23 which strongly indicated the presence of
PMMA on the GO nanosheets. Furthermore, the polymerization
products were subjected to ten cycles of washing with THF and
separation via centrifugation to remove free and physically
adsorbed PMMA. The supernatant showing no GPC signal
indicated that no free or physically adsorbed PMMA molecules
remained in the products, with all remaining PMMA chains
were chemically bonded to the GO nanosheets. For comparison,
a GO-compared sample was prepared by solution mixing and
subjecting to ten cycles of washing with THF and separation via
centrifugation (the same post-processing procedure as PMMA-g-
GO), is also shown in Fig. 2(a). The resultant FTIR spectrum
exhibited almost no characteristic PMMA peaks, indicating that
the physically adsorbed PMMAmolecules had been washed out.
In contrast, the spectrum of the PMMA/GO sample without
post-treatment mainly showed characteristic peaks of PMMA,
with GO perhaps embedded in the PMMA matrix. Fig. 2(b) and
(c) show TEM images of GO and PMMA-g-RGO, respectively. GO
nanosheets exhibited smooth surfaces with neat edges, while
PMMA-g-RGO nanosheets were wrinkled with misty edges and
surrounded by low contrast fragments, indicating encapsula-
tion of the graed PMMA chains. To quantitatively determine
the graing ratio of PMMA-g-RGO, TGA measurements of
PMMA-g-RGO were performed, as shown in Fig. 3. Compared
with RGO, the TGA curve of PMMA-g-RGO showed a large mass
loss at about 280–430 �C, corresponding to the pyrolysis of
graed PMMA on the surface of modied RGO. Accounting for
the residues of RGO and PMMA-g-RGO at 800 �C, the graing
ratio of PMMA-g-RGO was estimated to be 33.2%. Graing using
the carbon double bonds on GO to afford PMMA-g-GO in one-
step process was efficient and the graing ratio was compa-
rable to those graed through surface functional groups of
GO.24 Furthermore, the weight-averaged molecular weight (Mw)
and polydispersity index (Mw/Mn) of graed PMMA were esti-
mated from free PMMA in the supernatant as 5.1 � 104 and
1.56, respectively. The specic surface area of GO chemically
reduced by hydrazine hydrate was 716.3 m2 g�1,25 with the
Fig. 3 TGA curves of PMMA-g-RGO and RGO nanosheets.

14582 | RSC Adv., 2018, 8, 14579–14588
graing density of PMMA-g-RGO calculated as about 0.008
chains/nm2 based on the TGA results. Yang13 also calculated
that the density of carbon radicals on GO is 2.18 mmol g�1,
while the graing ratio was 1.83 chains pernm2. Therefore,
approximately 0.44% of carbon radicals on the GO surface were
used to initiate polymerization.

XRD has been used extensively to characterize graphene
nanosheet dispersion in polymer matrixes. Fig. 4 shows the
XRD patterns of GO, RGO, neat PMMA, PMMA-g-GO, and
PMMA-g-RGO. Bragg's equation was used to evaluate the
distance between sample layers, denoted as d.11 RGO and GO
showed diffraction peaks at 2q¼ 23.6� and 10.6�, corresponding
to d-spacings of 0.37 nm and 0.83 nm, respectively. The d-
spacing of GO was typical of monolayer GO nanosheets, indi-
cating good exfoliation of GO,26,27 while the d-spacing of RGO
was nearly equal to that of graphite,28 because the consumption
of hydroxyl groups on GO nanosheets can weaken the repulsion
between GO nanosheets generated by oxygen-containing
groups. Compared with RGO, PMMA-g-GO and PMMA-g-RGO
showed much broader and weaker peaks at 2q ¼ 22� and 23.4�,
respectively, indicating that the graing of PMMA on GO also
consumed hydroxyl groups and that the nanosheets were
scarcely covered with a low graing density of PMMA chains. No
characteristic low-angle peaks corresponding to the interlayer
spacing of GO were present, which can be ascribed to exfolia-
tion into a monolayer or a few layers accompanied by a high
graing ratio of PMMA onto GO or RGO nanosheets. In other
words, GO and RGO planes of PMMA-g-GO and PMMA-g-RGO
nanosheets might be surrounded by PMMA chains, preventing
the nanosheets from contacting each other.

3.2. Inuence of PMMA-g-RGO on the morphology evolution
and conductive behavior of ternary nanocomposites

TEM micrographs of 0.3 and 0.7 wt% PMMA-g-RGO-lled
PMMA/SAN (60/40) and PMMA/SAN/RGO (60/40/0.9) nano-
composites without annealing are shown in Fig. 5. PMMA-g-
RGO nanosheets were dispersed uniformly in a homogeneous
PMMA/SAN blend matrix. PMMA-g-RGO nanosheets stretched
more extensively than unmodied RGO nanosheets, indicating
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 TEM images of (a) PMMA/SAN/PMMA-g-RGO (60/40/0.3), (b)
PMMA/SAN/PMMA-g-RGO (60/40/0.7), and (c) PMMA/SAN/RGO (60/
40/0.9)18 nanocomposites without annealing.

Fig. 6 (a–e) TEM images of PMMA/SAN/PMMA-g-RGO (60/40/0.3)
nanocomposites subjected to annealing at 180 �C for different times,
and (f) TEM image of PMMA/SAN/RGO (60/40/0.9) nanocomposite
subjected to annealing at 180 �C for 10 h.18
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their greater affinity with the polymer matrix.18,29 The distribu-
tion of PMMA-g-RGO and unmodied RGO in the PMMA/SAN
(60/40) blend matrix, and the morphological evolution of the
blend matrix subjected to annealing for different times at
180 �C are shown in Fig. 6. In the bright-eld TEMmicrographs,
the bright region represents the PMMA-rich phase, while the
dark region represents the SAN-rich phase. For PMMA/SAN/
PMMA-g-RGO (60/40/0.3) nanocomposites, a co-continuous
morphology can be observed in the PMMA/SAN blend matrix
aer annealing for 500 s, 30 min, 60 min, 2 h, and 3 h, indi-
cating the emergence of phase separation according to the
spinodal decomposition (SD) mechanism. Furthermore,
PMMA-g-RGO nanosheets were mainly dispersed in the SAN-
rich domain (dark region) at the early stage of SD for the
PMMA/SAN blend matrix and spanned a number of domains
due to their large lateral size (Fig. 6(a) and (b)). With the
evolution of phase separation of the blend matrix, PMMA-g-
RGO nanosheets remained located in the gradually coarsening
SAN-rich domains. The nal distribution of PMMA-g-RGO
This journal is © The Royal Society of Chemistry 2018
nanosheets in the phase-separated PMMA/SAN blend matrix
was similar to that of unmodied RGO nanosheets, as shown in
Fig. 6(f), induced by p–p conjugation between the CRGO
honeycomb and SAN benzene ring. The surface graing of
PMMA-g-RGO barely resulted in different selective distributions
of PMMA-g-RGO in the blend matrix. However, no obvious
aggregates in the sample subjected to annealing for 3 h (as
shown in Fig. 6(e)) indicated that the surface modication of
PMMA-g-RGO nanosheets retarded their aggregation in the
blend matrix.30

A promising strategy for controlling the dispersion of
nanoparticles involves modication by graing with the same
chains as those found the matrix.31 Here, the selective distri-
bution of PMMA-g-RGO in the phase-separated PMMA/SAN
blend is in the SAN-rich phase, rather than the PMMA-rich
phase. This distribution is not only induced by the aforemen-
tioned p–p conjugation between the CRGO honeycomb and
SAN benzene ring, but also the variation in miscibility that
mediated competing interactions between the cores, graed
chains, and host chains to engender different isotropic and
anisotropic morphological phases.32 Increasing the graing
density (s) or graed chain length (N) can both lead to better
RSC Adv., 2018, 8, 14579–14588 | 14583
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Fig. 7 Morphology evolution for PMMA/SAN/PMMA-g-RGO nanocomposites with weight ratios of (a) 60/40, (b) 60/40/0.3, and (c) 60/40/0.7
subjected to annealing at 190 �C for different times.
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dispersion owing to the larger excluded volume. However,
increasing the length of matrix chains (P) leads to nanoparticle
aggregation, attributed to the entropy-driven progressive loss of
the brush–matrix interface and overlap between brushes of
different cores.33 In our work, the graing density was 0.008
chains per nm2 and the molecular weight of graed chains was
lower than that of the PMMA matrix chains, indicating that
14584 | RSC Adv., 2018, 8, 14579–14588
PMMA matrix chains caused little wetting of the graed chains
on the PMMA-g-RGO nanosheets. Therefore, the poor interfacial
interaction between PMMA-g-RGO and the PMMA matrix might
also result in the selective distribution of PMMA-g-RGO in the
SAN-rich phase.

Fig. 7 shows the morphology evolution of PMMA/SAN (60/40)
blends and PMMA/SAN/PMMA-g-RGO nanocomposites with
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Time evolution of volume resistivity r for (a) PMMA/SAN/PMMA-g-RGO (60/40/0.3), (b) PMMA/SAN/PMMA-g-RGO (60/40/0.7), (c)
PMMA/SAN/RGO (60/40/0.36),18 and (d) SAN/PMMA-g-RGO (100/1.75) nanocomposites at different annealing temperatures.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 2
:3

5:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
weight ratios of 60/40/0.3 and 60/40/0.7 subjected to annealing
at 190 �C for different times, as observed using PCM. The
unlled and lled systems all exhibited typical co-continuous
morphologies at the early stage of phase separation when sub-
jected to annealing for 30 and 60 min. As shown in Fig. 7(a3)
and (a4), further extending the annealing time led to the
morphological pattern of unlled systems changing from co-
continuous to a droplet structure due to the effect of interfa-
cial tension between the two polymer components,34 which
indicated that the co-continuous morphology was not a stable
steady-state structure.35 For PMMA/SAN/PMMA-g-RGO (60/40/
0.3) nanocomposites, the morphological pattern aer anneal-
ing for 150 min exhibited the coexistence of percolation and
droplet structures. However, only the co-continuous structure
existed in PMMA/SAN/PMMA-g-RGO (60/40/0.7) nano-
composites aer annealing for 150 min. Therefore, the intro-
duction of PMMA-g-RGO stabilized the co-continuous
morphology and inhibited the transformation from percolation
to droplet structures. The stabilizing effect of PMMA-g-RGO on
the morphological pattern of the blend matrix increased with
increasing PMMA-g-RGO content, which was similar to the
results of other lled systems.36,37 However, it should be noted
that the effect of PMMA-g-RGO on the domain size of the blend
matrix throughout phase separation was not obvious. Here, the
surface graing of PMMA-g-RGO can block the contact and
This journal is © The Royal Society of Chemistry 2018
interaction between PMMA-g-RGO and blend matrix compo-
nents. Therefore, the small effect of PMMA-g-RGO on the
molecular dynamics of SAN chains might result in the weak-
ened retardation of phase separation, in a similar fashion to the
effect of weak retardation of hydrophobic silica R974 on the
phase separation behavior of polystyrene/poly(vinyl ethyl ether)
(PS/PVME) blends.38,39

Generally, the dispersion of nanoparticles in the molten
polymer matrix is low in the thermodynamic equilibrium state,
owing to a tendency to aggregate together to reduce excess
interfacial energy. The driving force for the aggregation of llers
might be the strong dispersive interaction between the ller and
polymer matrix, and the depletion interaction between the
adjacent nanoparticles.40 Herein, the conductive properties
were measured to track the time evolution of volume resistivity
r for the lled systems during isothermal annealing. Fig. 8(a)
and (b) show the time evolution of r for PMMA-g-RGO-lled
nanocomposites annealed at different temperatures. For
comparison, the plots of r vs. t for unmodied RGO-lled
PMMA/SAN nanocomposites from our previous work are also
shown in Fig. 8(c). The initial r values of PMMA/SAN/PMMA-g-
RGO nanocomposites with different ller loadings changed
slightly at the same magnitude before a critical time and then
their r values drop rapidly. The remarkable decay of r is related
to dynamic conduction (DC) percolation, with the critical time
RSC Adv., 2018, 8, 14579–14588 | 14585
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Fig. 9 TEM images of PMMA/SAN/PMMA-g-RGO nanocomposites
with weight ratios of (a–d) 60/40/0.3 and (a0–d0) 60/40/0.7 subjected
to annealing at 180 �C for different times.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 2
:3

5:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at which the rst conductive pathway generates known as the
dynamic percolation time (tpR). With increasing annealing
temperature or PMMA-g-RGO content, tpR decreased sharply,
indicating that higher annealing temperatures or ller contents
could accelerate DC percolation. The weight ratios of PMMA-g-
RGO were 0.3 and 0.7, with corresponding volume ratios of
about 0.15 and 0.35, respectively. Compared with the unmodi-
ed RGO-lled nanocomposites in our previous work,18 the
PMMA-g-RGO-lled nanocomposites showed a relatively weak
DC percolation with delayed tpR and decreased r drop, indi-
cating that the conductive pathways of unmodied RGO nano-
sheets generated in the blend matrix were greater than those of
14586 | RSC Adv., 2018, 8, 14579–14588
PMMA-g-RGO. Namely, the surface graing of RGO may retard
its aggregation in the blend matrix during isothermal anneal-
ing. Furthermore, the aggregation of PMMA-g-RGO in the neat
SAN matrix for SAN/PMMA-g-RGO (100/1.75) was consistent
with that of the phase-separated blend matrix in the PMMA/
SAN/PMMA-g-RGO (60/40/0.7) nanocomposite during
isothermal annealing, as shown in Fig. 8(d). The retardation of
modied nanosheet aggregation in SAN matrix is also observed
due to the surface graing of RGO.

The effect of PMMA-g-RGO on the onset of phase separation
for the PMMA/SAN blend matrix was weaker than that of RGO,
while the rst conductive pathway in PMMA-g-RGO-lled
nanocomposites was generated later than that in RGO-lled
nanocomposites. However, the order of phase separation of
the blend matrix and aggregation of PMMA-g-RGO into
a conductive network should be further explored by TEM of
samples annealed prior to tpR. Fig. 9 shows the TEM micro-
graphs for PMMA/SAN/PMMA-g-RGO nanocomposites sub-
jected to annealing at 180 �C for different times. For two
nanocomposites, the blend matrices both clearly showed co-
continuous morphology, with macromolecular chains of SAN
enriched around PMMA-g-RGO nanosheets before the tpR,
indicating that phase separation of the matrix occurred prior to
DC percolation. Such a result was similar to that found for
multiwalled carbon nanotube (MWNT)-lled PMMA/SAN
systems41 and consistent with the opinion proposed by Kraso-
vitski that particles with high aspect ratios easily penetrate
completely into the better wetting liquid.42 When the volume
resistivities of the two nanocomposites approached the same
values, the time required for the PMMA/SAN/PMMA-g-RGO (60/
40/0.3) system was much longer than that required for the
PMMA/SAN/PMMA-g-RGO (60/40/0.7) system. Therefore, the
domain size of the former was much larger than that of the
latter. With phase separation of the blend matrix, PMMA-g-RGO
nanosheets rapidly migrated into the SAN-rich phase, with
PMMA-g-RGO nanosheet aggregation in the SAN-rich phase
playing a predominant role in conductivity evolution.

The tpR values for PMMA/SAN/PMMA-g-RGO (60/40/0.3),
PMMA/SAN/PMMA-g-RGO (60/40/0.7), and SAN/PMMA-g-RGO
(100/1.75) nanocomposites at different annealing temperatures
were obtained from Fig. 8(a), (b), and (d). Fig. 10(a) shows tpR as
a function of reciprocal temperature (1/T) for PMMA/SAN/
PMMA-g-RGO and SAN/PMMA-g-RGO nanocomposites. Their
ln(tpR) values were both clearly linearly dependent on 1/T. The
activation energy of DC percolation (DER) was determined from
the slope of tpR against 1/T. The DER values for PMMA/SAN/
PMMA-g-RGO (60/40/0.3), PMMA/SAN/PMMA-g-RGO (60/40/
0.7), and SAN/PMMA-g-RGO (100/1.75) nanocomposites were
155.2, 152.4, and 159.0 kJ mol�1, respectively. The DER values
for neat SAN matrix and PMMA/SAN blend matrix were similar,
indicating that phase separation of the blend matrix hardly
affected PMMA-g-RGO aggregation. In contrast, although
different PMMA-g-RGO loadings had different effects on the
morphology and phase separation of the blend matrix, the DER
values were almost independent of the ller content. This
phenomenon was consistent with previous results reported by
other researchers for composites with unitary polymer
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 (a) ln(tpR) as a function of 1/T for PMMA/SAN/PMMA-g-RGO
and SAN/PMMA-g-RGO nanocomposites. h* as a function of u for (b)
PMMA and (c) SAN at different temperatures. Inset plots show the
temperature dependences of ln h0 on PMMA and SAN, respectively.
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matrix.43,44 The aggregation of CB in unitary polymer melts is
reported to be related with polymer dynamics.43,44 In our
previous work, we also found that the DER of a PMMA/SAN/
MWNTs system for DC percolation was close to the activation
This journal is © The Royal Society of Chemistry 2018
energy of ow for SAN. Herein, phase separation of the PMMA/
SAN blend matrix occurred prior to DC percolation followed by
PMMA-g-RGO nanosheets migrating rapidly and aggregating in
the SAN-rich phase. To compare the activation energies of DC
percolation and viscoelasticity of PMMA or SAN, we measured
the complex viscosity (h*) for PMMA and SAN as a function of
frequency (u) in the temperature range 150–200 �C, as shown in
Fig. 10(b) and (c). The inset plots show that the temperature
dependence of zero shear viscosity (h0) for PMMA and SAN tted
the Arrhenius function with activation energies of ow (DEh) of
152.5 and 181.9 kJ mol�1, respectively. Although PMMA-g-RGO
nanosheets aggregated in the SAN-rich phase, RGO nanosheets
were surrounded by the graed PMMA chains. The DER values
for DC percolation are close to DEh for the viscous ow of
PMMA, indicating that DC percolation might mainly be related
to the mobility of the graed PMMA chains. This result is
consistent with the aforementioned weakened retardation of
PMMA-g-RGO upon phase separation of the blend matrix due to
the weak interaction between PMMA-g-RGO and SAN. There-
fore, the surface graing of PMMA-g-RGO can affect the
mobility of nanosheets in the phase-separated blend matrix,
which is not only related to the mobility of SAN-rich phase.

4. Conclusions

We have utilized a convenient and efficient method to directly
gra PMMA on the surface of GO nanosheets through their
double carbon bonds with a graing ratio of 33.2%. Aer in situ
reduction, insulating PMMA-g-GO nanosheets were converted
into conductive PMMA-g-RGO nanosheets, which were then
introduced into a partially miscible PMMA/SAN blend matrix to
prepare ternary nanocomposites. The morphology evolution
and conductive behaviors of PMMA/SAN/PMMA-g-RGO nano-
composites during annealing were monitored using a picoam-
meter, PCM, and TEM. With the occurrence of phase separation
of the PMMA/SAN blend matrix upon annealing, most PMMA-g-
RGO nanosheets well-dispersed in the homogeneous blend
matrix were selectively located in the SAN-rich domains owing
to the affinity of PMMA-g-RGO for SAN, with no large nanosheet
aggregates observed in the SAN-rich phase subjected to
annealing for a longer time. This indicated that the surface
graing of PMMA-g-RGO inhibited nanosheet aggregation in
the blend matrix. Furthermore, surface graing of PMMA-g-
RGO might weaken interactions between the nanosheets and
SAN, resulting in a small effect of PMMA-g-RGO on morphology
evolution of the blend matrix. DC percolation also occurred in
PMMA/SAN/PMMA-g-RGO nanocomposites during isothermal
annealing, reecting formation of a PMMA-g-RGO conductive
network in the SAN-rich phase. The temperature dependence of
tpR for ternary nanocomposites tted the Arrhenius equation,
with DER values close to the DEh of viscous ow for PMMA,
indicating that DC percolation might be mainly related to the
mobility of the graed PMMA chains.
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