
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


obtained by adding PEG and GO, separately. They concluded
that the suggested approach led to a remarkable acceleration in
the crystal growth rate at a much lower concentration of GO-g-
PEG, compared to incorporating PEG and GO, separately.
They attributed this to the fact that PEG grafted to GO (1)
improved the dispersion of GO within PLLA, enhancing the
nucleation rate, and (2) enhanced the PLLA chain mobility,
resulting in the acceleration of the lamellae growth rate.
More recently, Karimi et al.27 investigated the kinetics of

PLLA crystallization in the presence of two types of
nanoparticles: GO and GO-g-PEG with various concentra-
tions. Their kinetic analyses and morphological observations
indicated that GO-g-PEG enhanced the crystallization rate as
well as the nucleation rate of PLLA. The improved dispersion
of GO-g-PEG in the PLLA stemming from the higher
compatibility of PEG chains with PLLA ones was accounted
as the main cause of this behavior. The crystallization behavior
of PLLA in the presence of polymer-grafted nanoparticles is,
however, still an interesting and challenging area of research as
the underlying phenomena that govern the role of the
polymer-grafted nanoparticles are still far from being under-
stood.
This study was undertaken to examine the effect of the PEG

chain length of GO-g-PEG on the crystallization behavior of
PLLA/GO-g-PEG nanocomposites. Three different molecular
weights of PEG were used to show how the chain length of
GO-g-PEG affects the chain mobility of PLLA and the
performance of GO-g-PEG as a nucleating agent.

2. EXPERIMENTAL SECTION
2.1. Materials. Commercial grade PLLA (4032D), with a

D-isomer content of 2 wt % and a molar mass of 2.23 × 105 g/
mol, was obtained from NatureWorks. PEG with a molar mass
of 400, 2000, or 10 000 g/mol was purchased from Merck.
Graphene nanoplatelets (GNPs) were purchased from
Advanced Chemicals Supplier (ACS) Material. The GNP
particles included aggregates of submicron platelets with a
diameter of about 65 �m and a typical thickness of 2−10 nm,
as can be seen in Figure 1. For graphene oxidation, sulfuric
acid (H2SO4), hydrochloric acid (HCl), sodium nitrate
(NaNO3), and potassium permanganate (KMnO4) were
used. For the PEG-grafting reaction, dimethyl sulfoxide
(DMSO) was used. For preparing PLLA nanocomposites,
dimethyl formamide (DMF) was used. All of the above-
mentioned solvents and powders were obtained from Merck.

1,1′-Carbonyldiimidazole (CDI) used as an activation agent in
the PEG-grafting reaction was obtained from Sigma-Aldrich.

2.2. Sample Preparation. The complete details of sample
preparation including the oxidation of GNPs to obtain
oxidized graphene (GO) and the grafting of PEG on GO
along with purification steps can be found elsewhere.27 The
PLLA/GO and PLLA/PEG-g-GO nanocomposites were
prepared by solution casting.27

The code for the PLLA nanocomposites prepared in this
paper is �−�, where � is the molecular weight of the PEG
grafted on graphene oxide and � is the weight percent of
nanoparticles. For example, 400-0.5 corresponds to the PLLA
nanocomposites containing 0.5 wt % of GO grafted with
PEG400. All sample compositions along with designations are
presented in Table 1.

2.3. Characterization. The modification of GO was
evaluated using FTIR-ATR, XRD, and TGA. FTIR-ATR
spectra were obtained by a Perkin−Elmer FTIR spectrometer
over a wave number in the range of 400−4000 cm−1, with a
resolution of 4 cm−1 and a number scan of 10. X-ray diffraction
measurements were carried out by means of an XRD X’Pert3
Panalytical with Cu K� radiation (� = 1.542 Å) operated at 45
kV and 40 mA. Data were recorded in the 2� range of 5−40° at
a scan rate of 1.2°/min. TGA has been performed using a
TGA/DSC1 Mettler-Toledo (Switzerland). The experiment
was carried out in an atmosphere of nitrogen at a heating rate
of 10 °C/min, and the mass loss was recorded.
The dispersion of nanoparticles within the PLLA matrix was

assessed by field emission scanning electron microscopy (FE-
SEM). For that, the samples were cryofractured in liquid
nitrogen, and the fracture surface was then coated with gold
and analyzed with a MIRA 3 (7 kV), TESCAN system.
The viscoelastic properties of nanocomposites were

examined to achieve a better understanding of the dispersion
of nanoparticles within the PLLA matrix. For that, the samples
were subjected to small-amplitude oscillatory shear using an
MCR 501 rheometer from Anton Paar under N2 atmosphere at
a temperature of 190 °C, with parallel-plate geometry. The
diameter and plate gap were selected as 25 and 1 mm,
respectively.
The crystallization of nanocomposites was studied by

microscopy and differential scanning calorimetry. The
spherulite growth and its morphology were studied using a
polarized optical microscope (POM) (Carl Zeiss Jena
JENAPOL Instrument), equipped with a hot stage. The
samples were heated up to 190 °C at a heating rate of 5°C/min
and kept at this temperature for 5 min to eliminate any
thermomechanical history. They were then cooled to aFigure 1. SEM image of graphene.

Table 1. Abbreviation of Different Samples and Their
Compositions

sample code GO-g-PEG400 GO-g-PEG2000 GO-g-PEG10000

400-0.5 0.5 0 0
400-1 1 0 0
400-1.5 1.5 0 0
2000-0.5 0 0.5 0
2000-1 0 1 0
2000-1.5 0 1.5 0
10 000-0.5 0 0 0.5
10 000-1 0 0 1
10 000-1.5 0 0 1.5
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crystallization temperature of 130 °C at a cooling rate of 30
°C/min and held for 30 min for isothermal crystallization. The
micrographs were used together with ImageJ software to
measure the size of the spherulite as a function of time, which
was then used to infer the crystal growth rate. The nucleation
density was inferred from the number of spherulites within a
certain area.
A Mettler-Toledo (Switzerland) differential scanning calo-

rimeter was used to investigate the isothermal crystallization of
the nanocomposites under a nitrogen atmosphere. To erase
their thermal history, the samples were first annealed at 190 °C
for 5 min, then quenched to a crystallization temperature of
130 °C at a rate of 30 °C/min, and finally kept at this
temperature for 30 min to complete the crystallization. From
the curves of heat flow as a function of time, it was possible to
infer the relative crystallinity as a function of time, from which
the onset of crystallization and the half-time of crystallization
were determined. The half-time of crystallization is referred to
as overall crystallization.

3. RESULTS
3.1. Characterization of GO-g-PEG with Different

Lengths of PEG. To verify that the oxidation and grafting
reactions had been performed properly, various techniques
including XRD, FTIR, and TGA were used. Figure 2 presents

the XRD pattern of graphene, GO, GO-g-PEG400, and GO-g-
PEG10000. As can be observed, the characteristic peaks of
graphene, GO, GO-g-PEG400, and GO-g-PEG10000 appear at
2� = 26.6, 2� = 11.08, 2� = 10.6, and 2� = 11.02, respectively.
The decrement in the characteristic peaks of GO, GO-g-

PEG400, and GO-g-PEG10000 is a sign of increasing D-
spacing between graphene sheets related to oxidation and the
presence of oxygen-containing groups and PEG chains on the
surface of different nanoparticles.27−30 The results of GO-g-
PEG2000 have been shown in our previous work.27

Chemical changes in graphene, during oxidation and
grafting, were studied using ATR-FTIR. Figure 3 displays the
FTIR spectra of GO, GO-g-PEG400, and GO-g-PEG10000. In
the GO spectrum, the characteristic peak at 1718 cm−1 is
related to the stretching of carbonyl groups, C�O bonds, in
the structure of GO. Moreover, the presence of the
characteristic peaks at 1050 cm−1, corresponding to C-O
bonds, and the broad peak at 3200 cm−1, responsible for OH
bonds, is further evidence of GO oxidation.3,31,32

In the spectra of GO-g-PEG400 and GO-g-PEG10000, the
characteristic peaks in GO are shifted, which is a sign of

grafting of PEG chains on the surface of GO.3,31 For example,
the characteristic peak of C�O bonds at 1718 cm−1 was
shifted to 1730 cm−1. This shift is a sign of ester group
formation due to the reaction between carboxylic groups of
GO with hydroxyl end groups of PEG chains.15,27 Moreover,
the appearance of new peaks at 2917 and 2849 cm−1, arising
from the alkyl groups in PEG chains, and the peak at 960 cm−1,
due to C−O−C stretching in PEG chains, confirms the
reaction between GO and PEG chains.3,31

In the present study, TGA was used to evaluate the graft
densities of PEGs of different chain lengths on the surface of
GO. Figure 4 displays the TGA of GO, GO-g-PEG400, GO-g-
PEG2000, and GO-g-PEG10000 nanoparticles.

Using the data presented in Figure 4, one can extract the
mass fraction of PEG grafted on the nanoparticles, � P, which is
the weight loss occurring between 250 and 400 °C.33 From the
value of � � and the total mass of the nanoparticles (� � + � � )
using eq 1, we calculated the mass of PEG, � P

m X mtP P otal= × (1)

Subsequently, the graphene mass, � G, is obtained by
subtraction of � P from the total mass:

m m mG total P= (2)

From the measured PEG-bonded mass on the nanoparticles
and the graphene mass using eqs 1 and 2, the graft density (the
number of PEG chains per graphene surface area), �, can be
calculated using eq 333

N
M
A

m

m M
1P

G W,P

=
(3)

Figure 2. XRD pattern of graphene, GO, GO-g-PEG400, and GO-g-
PEG10000.

Figure 3. FTIR spectra of GO, GO-g-PEG400, and GO-g-PEG10000.

Figure 4. TGA curves of GO, GO-g-PEG400, GO-g-PEG2000, and
GO-g-PEG10000.
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where M
A
is the mass per unit surface area of a GO sheet and

� w,P is the molecular weight of PEG in kg/molecule.
The mass per unit surface area of a GO sheet, M

A
, was

calculated based on the mass per surface area of a graphene
sheet, which is 7.7 × 10−7 kg/m2.33 In the graphene structure,
the length of the C−C bond is 0.142 nm. By considering a
hexagon cell as the repeating structure in graphene, the area of
each hexagon is 0.0523 nm2, which corresponds to two full
atoms of carbon (1/3 × 6). In the case of GO, the mass per
unit surface area was calculated by taking the oxidation
percentage into account.
As shown in Figure 4, the second mass loss in the

thermogram of GO, around 200 °C, indicates the pyrolysis
of oxygen-containing groups,32,34 which in this case is around
26%. Therefore, the mass per unit surface area of GO was
calculated assuming 74% carbon and 26% oxygen in each
hexagonal cell using the following formula:

M
A

2 ((0.74 1.994 10 ) (0.26 2.6 10 ))Kg

0.0523 10 m

8.225 10 kg/ m

26 26

18 2

7 2

=
× × × + × ×

×

= × (4)

The calculated value of M
A
was used in eq 3 to obtain the graft

density per unit surface area presented in Table 2.

The table indicates that the graft density decreases sharply
with increasing PEG molecular weight. This can be easily
understood if we remember that as the molecular weight

increases, the radius of gyration of PEG chains increases,
resulting in more steric hindrance for PEG end groups to reach
out to the functional groups of GO, resulting, therefore, in a
smaller graft density.35

3.2. Dispersion of Nanoparticles. It is well known that in
nanocomposites containing graphene, due to a strong �−�
interaction between the platelets of GNP, it is difficult to reach
an appropriate dispersion of nanoparticles in the polymer
matrix. Concomitantly, the dispersion of nanoparticles directly
affects the nucleation and final crystallinity of the polymer
matrix. Therefore, it is expected that the dispersion of
graphene may affect the crystallinity of the PLLA nano-
composites.
To achieve a better insight into both microdispersion and

nanodispersion states of PEG-grafted nanoparticles inside
PLLA, both optical microscopy (OM) and FE-SEM were used
to observe the samples obtained in this work. Figure 5 presents
OM and FE-SEM images of PLLA containing 1.5 wt % of GO-
g-PEG2000 and GO-g-PEG10000.
A quick comparison between Figure 5a and e seems to

indicate that GO-g-PEG10000 is better dispersed with PLLA
than Go-g-PEG2000. In the sample containing 1.5 wt % of
GO-g-PEG10000, as shown in Figure 5e, nanoparticles
disperse in the whole area, while in 2000-1.5, as shown in
Figure 5a, nanoparticles form big agglomeration.
From Figure 5b,c,f,g, it can be seen that the number of

detected particles in the sample containing GO-g-PEG10000 is
larger than for nanocomposites filled with GO-g-PEG2000,
indicating a better dispersion of GO in the presence of long
chains of PEG10000. Additionally, the size of detected
particles is smaller in the sample containing GO-g-
PEG10000, which is another evidence of better dispersion of
particles in this sample, as shown in Figure 5c,d,g,h.
Moreover, the fracture surface of PLLA containing GO-g-

PEG10000 is entirely different from the other nanocomposites.
This may be related to more interaction between PLLA and
PEG10000 chains in the corresponding sample, inducing a

Table 2. Graft Density of Different PEG Chain Lengths on
the Surface of Graphene

sample � P (%)
m

m
P

G
graft density (chain per nm2)

PEG400 8 0.07 0.17
PEG2000 17 0.2 0.050
PEG10000 26 0.33 0.016

Figure 5. (a) OM image and (b−d) FE-SEM images of the 2000-1.5 sample. (e) OM image and (f−h) FE-SEM images of the 10000-1.5 sample.
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ductile fracture behavior in the PLLA matrix. A similar
behavior was reported at the interface between the epoxy and
GO grafted with different chain lengths of polyetheramine.36

For further investigation on the morphology and dispersion
of nanoparticles, rheological measurements were used. Figure 6
presents typical results of the rheological behavior of samples
studied in this work. Figure 6a shows the effect of the PEG
chain length on the complex viscosity as a function of the
frequency for the samples containing 1.5 wt % of GO-g-PEGs,
and Figure 6b presents the effect of the concentration on the
complex viscosity as a function of the frequency for the
samples containing GO-g-PEG10000.
All of the composites presented a typical Newtonian

behavior over a wide range of frequency and a slight shear-
thinning behavior at high frequencies except when GO-g-
PEG10000 in concentrations of 1 and 1.5 wt % was added to
PLLA. In this case, a yield stress was observed at low
frequencies, indicating that GO-g-PEG10000 nanoparticles
start to form a network37 at these concentrations, which are in
good agreement with the results of OM images, as shown in
Figure 5e.
Moreover, upon the increase of the PEG chain length,

complex viscosity increases corresponding to a better
dispersion.
Based on the results obtained from rheology and

microscopy, it can be concluded that increasing the length of
grafted PEG leads to a better dispersion of nanoparticles,
which is a result of more interaction between PLLA and PEG
chains with increasing PEG chain length. Also, the long chains
in PEG10000 could make a bridge between nanoparticles and
form a connected structure through the PLLA matrix, as we
can see in the form of viscosity upturn in the rheological results
and OM image, as shown in Figure 5e.

3.3. Isothermal Crystallization Behavior of PLLA
Nanocomposites. Figure 7 presents typical POM images of
PLLA nanocomposites during isothermal crystallization at a
temperature of 130 °C. In this case, the effect of the PEG chain
length on the nucleation density of the PLLA samples

containing 1 wt % GO-g-PEG400, GO-g-PEG2000, and GO-
g-PEG10000, after 500s from the beginning of the experiment,
is shown.
The POM images clearly illustrate the effect of the PEG

chain length on nucleation. By comparing different nano-
composites, it can be seen that PLLA containing GO-g-
PEG2000 shows the highest nucleation density.
Table 3 shows the nucleation density and crystal growth rate

for all the samples studied in this work at a crystallization
temperature (	) of 130 °C.

Figure 8a,b shows typical heat flow curves and relative
crystallinity as a function of time during isothermal
crystallization obtained in this work. In this case, the behavior
for the PLLA to which GO-g-PEG400 was added at a
temperature of 130 °C, is shown. These curves were used to
infer the crystallization induction time, called the onset time,
for all the samples studied in this work.
Table 4 presents the crystallization induction time, called the

onset time, for all the samples studied in this work at a
temperature of 130° C. This value is taken from the heat flow
curves as the time value at which the heat flow starts to

Figure 6. (a) Comparison between the complex viscosity of PLLA nanocomposites containing 1.5 wt % of GO-g-PEG400, GO-g-PEG2000, and
GO-g-PEG10000. (b) Complex viscosity of PLLA containing 0.5, 1, and 1.5 wt % of GO-g-PEG10000.

Figure 7. POM images of (a) 400-1, (b) 2000-1, and (c) 10000-1.

Table 3. Nucleation Density and Crystal Growth Rate for
Samples Studied in This Work at 130 �C

sample
nucleation density
(×10−2 �m −2)

crystal growth rate
(×10+2 �m/s)

neat PLLA 1.9 ± 0.2 3.8 ± 0.2
400-0.5 3.3 ± 0.5 3.0 ± 0.2
400-1 6.04 ± 0.9 3.1 ± 0.2
400-1.5 8.5 ± 0.4 2.9 ± 0.09
2000-0.5 13.5 ± 1 5.5 ± 0.2
2000-1 17.1 ± 1.2 4.8 ± 0.2
2000-1.5 4.7 ± 0.4 5.1 ± 0.1
10 000-0.5 3.8 ± 0.6 3.5 ± 0.08
10 000-1 6.2 ± 0.8 3.0 ± 0.2
10 000-1.5 4.3 ± 0.6 3.2 ± 0.3
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increase, indicating the onset of crystallization at a certain
temperature. Table 4 also presents the inverse of the half-time
of crystallization, referred to in the present paper as the overall
crystallization rate, which is inferred from Figure 8b for all the
samples presented in this work. It was observed that for each
specific concentration and chain length, the onset time
decreased and the crystallization rate increased as expected.
The results presented in Tables 3 and 4 clearly indicate the

successful role of GO-g-PEG as a nucleating agent as it
increases the nucleation density and crystallization rate. The
increase in the concentration of nanoparticles for a constant
chain length results in a monotonic increase of the nucleation
density for GO-g-PEG400, whereas it results in a maximum at
a concentration of 1 wt % for both GO-g-PEG2000 and GO-g-
PEG10000. Also, upon the increase of the concentration of
nanoparticles, the spherulite growth rate and crystallization
rates are constant within an experimental error. The only
exception is for GO-g-PEG10000, for which the crystallization
rate decreases with the increase of the nanoparticle
concentration. Upon the increase of the PEG chain length
for a constant nanoparticle concentration, the nucleation
density, spherulite growth rate, and crystallization rate manifest
a maximum and the induction time a minimum for a PEG
chain length of 2000. All of these results can be explained in
light of the particle dispersion and PLLA chain mobility as
discussed below.

4. DISCUSSION
Upon the increase of the nanoparticle concentration, more
sites of nucleation are expected, as is observed experimentally
for GO-g-PEG400. However, as the concentration of the
nanoparticles increases above 1 wt % for GO-g-PEG2000 and
GO-g-PEG10000, the nucleation density decreases most likely
due to the steric hindrance between the hairy particles which

are coming closer. This steric hindrance could also explain the
reason for the decrease of the crystallization rate observed for
GO-g-PEG10000 at concentrations of 1 and 1.5 wt %.
The crystallization process consists of two steps: nucleation

and crystal growth. The PEG chain length affects both the
steps in the following ways.
The PEG chain length affects the nucleation in two ways:

dispersion and steric accessibility to the PLLA chains. In terms
of dispersion, our results showed that the longer the PEG chain
length (the closer it is to the PLLA chain length), the better
the dispersion, and consequently the nucleation. On the other
hand, the longer PEG chain, grafted to GO, lessens its effect as
a nucleating agent, due to the steric hindrance effect.
Furthermore, the PEG chains impact the local mobility of

the adjacent PLLA chains needed to organize in the crystal
lamella. A certain mobility range is required for the optimal
crystal growth, above and below which the crystal growth is
impeded. The effect of the chain length on the crystal growth is
analogous to that of temperature.
For GO-g-PEG400, short PEG400 leads to a worse

dispersion of the nanoparticles, lessening their role as
nucleating agents compared to that of GO-g-PEG2000 for a
similar concentration. PEG400 provides more free volume and
very high mobility for the PLLA chains. In this case, the PLLA
chain mobility is higher than the optimal range preventing the
PLLA chains from organizing into a lamellar structure and
consequently resulting in a lower crystal growth rate.
Conversely, for GO-g-PEG10000, long PEG10000 chains

induce a steric hindrance effect that reduces the accessibility of
the nanoparticles to the PLLA chains decreasing the
nucleation. This steric hindrance, also, increases the induction
time.
The long chains in GO-g-PEG10000 reduce the mobility of

the PLLA chains below the optimal range, as demonstrated by
the upturn in the viscosity, as shown in Figure 6, leading again
to a lower crystal growth rate.
These results strongly confirm that there is an optimal PEG

chain length for the best mobility, and hence the crystal growth
rate, balancing steric hindrance, and dispersion, resulting in the
best nucleation. Therefore, among the investigated chain
lengths, PEG2000 yielded the highest crystal growth and
nucleation for PLLA.

5. CONCLUSIONS
In this work, the effect of the addition of graphene oxide
grafted with different chain lengths of PEG on the crystallinity
of PLLA was investigated. The experimental results led us to
conclude that it is possible to control the dispersion of GO
within PLLA by tailoring the length of the PEG chain that is

Figure 8. (a) Heat flow curves and (b) relative crystallinity of PLLA containing 0.5, 1, and 1.5 wt % of G-g-PEG400.

Table 4. Thermal Properties of PLLA Nanocomposites at �
= 130 �C

sample 
0 (s) 
0.5
−1 (×103 s−1)

neat PLLA 252 0.6
400-0.5 213 1.0
400-1 216 1.2
400-1.5 222 1.4
2000-0.5 147 1.8
2000-1 132 1.5
2000-1.5 135 1.9
10 000-0.5 189 1.2
10 000-1 177 0.8
10 000-1.5 237 0.9
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grafted on GO: a PEG chain length of 10000 resulted in a
better dispersion than a PEG chain length of 400 or 2000. It is
also possible to control the PLLA crystal nucleation and
growth rate, to which modified GO has been added, by
changing the chain length of PEG. Indeed, the PLLA crystal
nucleation and growth rate are controlled by the steric
hindrance induced by the PEG chain around graphene oxide
and PLLA chain mobility. A PEG molecular weight of 2000 g/
mol resulted in the highest nucleation density and crystal
growth rate in PLLA due to a good balance between the steric
hindrance, chain mobility, and dispersion induced in the
presence of this chain length.
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