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ABSTRACT: This research was accomplished to investi-
gate the kinetics of isothermal crystallization of polyethyl-
ene oxide (PEO)/silver nanoplate composites. It was
obtained that the spherulites increased in size and numbers
with time for the composites with various particle loadings.
Additionally, the spherulite growth rate of composites
decreased with an increase in the crystallization tempera-
ture and increased with the addition of nanoplates. The
spherulite growth rate was further analyzed by the theory
developed by Lauritzen and Hoffman. The product of the
lateral surface free energy (r) and the end surface free
energy (re) decreased with an increase in the content of

nanoplates. We proposed the possible crystallization mech-
anisms of these PEO/nanoplate composites according to
the change of r and re with the presence of nanoplates. A
controlled experiment showed a minor change in PEO crys-
tallization with the presence of a surfactant C16TAB. This
implied that the unique size and shape of nanoplates plays
a key role on hindering the primary nucleation of PEO and
increasing the spherulite growth rate. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 122: 1236–1244, 2011
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INTRODUCTION

Much research has been done to understand the iso-
thermal crystallization of polymer nanocomposites.
These polymer composites consist of a new class of
fillers and they are categorized in three main groups
depending on the fillers’ geometry, including poly-
mer/nanoclays, polymer nanofibers, and polymer/
nanoparticles.1 The study of these composites is to
elucidate the effect of these fillers on the crystalliza-
tion behavior of these composites as compared with
neat polymer.

The study of crystallization in polymer/clay nano-
composites was complicated due to the interplay
between the dispersion of clay reinforcement within
a polymer matrix and the extent of intercalation ver-
sus exfoliation of the reinforcement phase. Differen-
ces in polymer/filler miscibility and filler dispersion
can have significant effects on the nucleation rate,
overall crystallization kinetics, and crystal morphol-
ogy. Fornes et al. showed that the kinetics of poly-
mer crystallization increase significantly at very low

clay content whereas the overall crystallization is re-
tarded at high clay loading.2 In addition, the higher
crystallization rate could be achieved for nylon-6
with higher molecular weight due to its greater
extent of exfoliation. The crystallization behavior of
polyethylene oxide (PEO)/clay nanocomposites was
reported by Strawhecker.3 It was noted that the pres-
ence of clay hinders PEO crystallization as observed
by the decrease in the crystallization temperature.
However, the overall crystallization rate becomes
faster in the composites as compared with the neat
polymer. This observation was attributed to the
large number of crystallites created in the presence
of clay. However, this result contradicts to other
work on polymer/clay nanocomposites and was
attributed to the presence of specific interactions
between PEO and clay, resulting in the formation of
amorphous PEO in the vicinity of clay layers.
In the study of polypropylene/single-walled car-

bon nanotube (PP/SWCNT) composites, Bhatta-
charya et al. showed higher isothermal crystalliza-
tion rate, narrower crystallization and melting peaks,
and smaller spherulite size with the addition of
nanotubes.4 The changes in the crystallization behav-
ior and the spherulitic morphology were caused by
the enhanced nucleation of PP in the presence of
SWCNT. Valentini et al. reported that the presence
of SWCNTs enhanced the nucleation process and
showed saturation at low nanotube concentration.5

The kinetics of crystallization was strongly affected
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by the distance between nanotube bundles. The
presence of nanotubes also decreased the size of the
spherulites in PP/SWCNT composites. In melt-
mixed PP/SWCNT composites, Manchado et al.
showed that the crystallization rate of PP increased,
but no substantial change was observed in the crys-
talline form of PP.6

In three dimensional fillers, Kennedy et al. studied
the crystallization of poly(propylene oxide) and iso-
tactic polystyrene with the addition of silica par-
ticles.7 At low particle loadings, the fillers acted as a
nucleation agent, thus greatly enhancing the overall
crystallization rate but also significantly reducing
the spherulite growth rate. This trend was attributed
to the adsorption of polymer chains on filler surfa-
ces, which increased the viscosity and consequently
decreased the transport of crystallizable segments to
the crystal growth front. In contrast, Burke et al.
observed an increase in the crystallization rate of
TiO2-filled PP, but they did not find any change in
the spherulite growth rate.8 Similar results were
obtained by Raimo et al. in which the addition of
TiO2 particles to ethylene-propylene copolymer pro-
moted the nucleation.9 At a high crystallization tem-
perature, the spherulite growth rate was unchanged
whereas at a low crystallization temperature the
spherulite growth rate was higher than that of neat
copolymer. Wang et al. showed that the manipula-
tion of the interfacial properties of BaSO4 micropar-
ticles using different chemical modifiers could alter
the interfacial interaction between PP and BaSO4

and hence the PP spherulite growth rate.10 The addi-
tion of weakly interacting fillers decreased the
spherulite growth rate. In contrast, the strongly
interacting PP/BaSO4 system resulted in an even
slower rate due to the confinement effect of polymer
chains introduced by the attractive interaction at the
polymer/filler interface. Yang et al. investigated the
isothermal crystallization of Nylon 6/SiO2 nanocom-
posites prepared by in situ polymerization.11 The
presence of unmodified silica particles increased the
crystallization rate. In contrast, the crystallization
rate slightly decreases with the content of modified
silica particles. This observation was attributed to
the acceleration of crystallization owing to the
enhanced nucleation in the case of unmodified silica.
On the other hand, good adhesion between silica
and polymer impedes the motion of polymer chains
and therefore prevents the crystallization.

Large amount of research focuses on the isother-
mal crystallization of polymer/micron-sized particle
and polymer/nanosphere composites with respect to
the spherulite diameter, spherulite growth rate, and
the morphological development of polymer crystals.
In contrast, less research focuses on the crystalliza-
tion kinetics of polymer/nanoplate composites. In
this work, we prepared silver nanoplates in PEO to

study the crystallization of PEO/nanoplate compos-
ite. This is the newly developed nanocomposites
with nanometer-sized particles in a plate form. Our
goal is to understand the effect of silver nanoplates
on the isothermal crystallization of PEO. The isother-
mal crystallization was investigated by using optical
microscopy (OM) and was analyzed by Lauritzen-
Hoffman’s theory.

Lauritzen-Hoffman’s theory

The Lauritzen-Hoffman’s theory describes the
kinetics of crystallization in molecular terms for lin-
ear flexible polymers that are crystallized from the
melt into the chain folded lamellae.12 This theory
and its various modifications constitute widely used
methodology to interpret and simulate the crystalli-
zation of a large number of polymers.13–17 Although
this theory is suited the best to describe the chain
folded crystallization of flexible polymers, it has also
been applied to model the crystallization of other
more rigid chain systems, such as PEEK.18

The Lauritzen-Hoffman’s theory leads to a calcula-
tion involving the lateral substrate completion rate,
ST, given by eq. (1)19

ST ¼ 1

lu

Z1

2re=DG

SðlÞdl (1)

where lu is the monomer length, DG is the total free
energy, re is the end surface free energy, l is the la-
mellar thickness, and S(l) is the subsequent flux of
stem length for deposition. This allows for calculat-
ing the rate of stem deposition (i), i.e., the surface
nucleation rate in terms of stems (s�1 cm�1) by the
following relation19

i ¼ ST
L

¼ ST
n1a0

(2)

where n1 is the number of stems with a width of a0
that makes up the substrate of length L. The second
important parameter leading to the crystal growth
rate (G) is given by the substrate completion rate (g)19

g ¼ a0 A� Bð Þ (3)

where A and B are rate determining steps. Both the
substrate nucleation rate and substrate completion
rate decide the crystal growth rate and the exact na-
ture of this relation is given by the relative rate of i
versus g.19–21

Three regimes are considered in polymer crystalli-
zation. In Regime I,20,21 the growing nucleus sweeps
completely across the crystalline interface before any
new nuclei appear. In Regime II,20,21 the relative rate
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of i and g is similar. This allows the new nuclei to
form even before the previous layer is completely
filled. In Regime III,22,23 a large number of nuclei
occurs and hence little or no substrate completion
takes place. These three regimes were experimen-
tally observed in a variety of polymer systems and
the supercooling dependency of the growth rate in
accordance with the above analysis was confirmed.

The substrate nucleation rate and completion rate
are given by19

i ¼ N0b
nla0lu

kT

2b0r
� kT

2b0rþ DG

� �
exp

�4b0rer
DGkT

� �
(4)

g ¼ a0b 1� expða0b0dDG
kT

Þ
� �

exp
�2a0b0re

kT

� �
(5)

where N0 is the number of initial stems, b0 is the
layer thickness, r is the lateral surface energy, d is
the increment above the minimum lamellar thick-
ness, k is the Boltzmann constant, and T is the crys-
tallization temperature. b can be obtained by the
Vogel-Fulcher or Arrhenius expressions. For crystal-
lization from dilution solution, this factor is
described in the Arrhenius expression19

b ¼ G0 exp
�DE
RT

� �
(6)

Here, G0 is the pre-exponential factor, DE is the
Arrhenius activation energy, and R is the gas constant.
These equations give the crystal growth rate as19

G ¼ G0 exp
�DE
RT

� �
exp � Kg

TDTcf

� �
(7)

where

Kg ¼ nb0rreTm

kDHf
(8)

Here, Kg is the nucleation constant in which n is 4
for Regimes I and III and 2 for Regime II. G0 is the
pre-exponential factor, DTc is the degree of unercool-
ing (DTc ¼ Tm � T), Tm is the equilibrium melting
temperature of polymer, f ¼ 2T/(Tm þ T) is the cor-
rection factor, and DHf is the heat of fusion of a per-
fect crystal. In addition, the work of chain folding
can be derived from the end surface free energy by19

q ¼ 2reA0 (9)

where A0 is the cross-sectional area of the chain.
The nucleation constants, Kg, and G0 can be

obtained by a L-H plot from eq. (7) in the form of
[ln(G) þ DE/RT] versus [1/TDTcf]. The first exponen-
tial term in eq. (7), exp(�DE/RT), indicates the chain

transport effect on the interface. The second term,
exp(�Kg/TDTcf), represents the secondary nucleation
effect. The L-H plot was also applied to obtain rre if
both DHf and b0 of the polymer are known.24,25

EXPERIMENTAL

Materials

The polymer used in this work is PEO with the mo-
lecular weight of 100,000 g/mol, purchased from
Sigma-Aldrich Co.

Synthesis of silver nanoplates

The approach of synthesizing Ag triangular nano-
plates was modified from the seed growth method.26

Initially, a 50 lL of 0.05M silver nitrate (AgNO3)
aqueous solution was added into a 10 mL of 2.5 �
10�4 M sodium citrate aqueous solution. A 25 lL of
ice-cold 0.1M NaBH4 solution was gradually added
into the stirred solution of sodium citrate and
AgNO3 and the Ag seed solution was obtained. A
0.6 mL of 0.05M AgNO3 was mixed with a 120 mL
of 0.1M hexadecyltrimethy ammonium bromide
(C16TAB) aqueous solution. A 6 mL of 0.1M ascorbic
acid and 1 mL of the prepared Ag seed solution
were slowly dropped into the C16TAB aqueous solu-
tion. The triangular Ag nanoplates were then devel-
oped after a 0.48 mL of 2M NaOH aqueous solution
was introduced. As-prepared nanoplates were cen-
trifuged several times to remove the residual chemi-
cals. The nanoplates were redispersed in deionized
water for the preparation of nanocomposites.

Preparation of PEO/silver nanoplate composites

To prepare PEO/silver nanoplate composites, differ-
ent amounts of PEO were dissolved in the Ag nano-
plate solution and the composite solution was stored
at room temperature for three days to allow for the
self-assembly of nanoplates in the PEO matrix.

Transmission electron microscopy

Transmission electron microscopy (TEM) with a Jeol
JEM-1200 CXII transmission electron microscope
operated on an acceleration voltage of 80 keV was
used to characterize the dispersion of Ag nanoplates
in PEO.

Optical microscopy

Optical microscopy was carried out with a Nikon
H550L Eclipse 50i LV-UEPI microscope in conjunc-
tion with a Mettler hot stage (FP-82). Composites
were prepared by dropping composite solution on a
glass slide to form a specimen with a thickness of
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�20 lm. The composite was heated to 100�C and
kept for 20 min to remove crystals. Then the temper-
ature was quenched to a crystallization temperature
to allow for PEO crystallization. The growth of
spherulites was recorded using a Sony color video
camera SSC-DC80 Super Exwave, and the spherulite
growth rate was measured from time-lapsed frames
of spherulitic front.

RESULTS AND DISCUSSION

Silver nanoplates

Figure 1 shows the TEM images of Ag nanoplates.
These nanoplates exhibit triangular shape with a
mean length of �84 nm [Fig. 1(a)]. The silver nano-
plates in PEO shown in Figure 1(b) reveals good dis-
persion due to the nature of hydrophilic PEO and
the hydrophilic surfactant (C16TAB) tethered on
these nanoplates.

Isothermal crystallization of PEO/nanoplate
composites

Figure 2 shows the spherulites of neat PEO [Fig. 2(a)]
and its nanocomposites [Figs. 2(b–f)] after the

impingement of these spherulites. It was obtained
that the spherulites of neat PEO have much smaller
size whereas those of PEO/nanoplate composites ex-
hibit considerable size. This suggested that the incor-
poration of silver nanoplates in the PEO enhances the
energy barrier for the nucleation of PEO crystals and
thus the nucleation rate of nanocomposites decreases,
leading to the larger spherulites in composites after
the occurrence of spherulite impingement.

Spherulite growth rate

The spherulite growth rate of neat PEO and PEO/
silver nanoplate composites were measured by OM.
Figure 3 shows the growth of PEO spherulites with
3.6 wt % nanoplates at 48�C with time. The spheru-
lite size of composites was analyzed and is shown in
Figure 4. Figure 4 also shows the change in the ra-
dius of spherulites with time at various particle
loadings. In neat PEO and its composites, the radius
of the spherulites increased linearly with time before
the occurrence of spherulite impingement. It was
proposed that the exclusion of noncrystallizable spe-
cies from growing spherulites would accumulate at
the crystallization growth front and impede the
transport of crystallizable species from the melt to
the growing edge.27 This phenomenon causes a devi-
ation of linear spherulite growth after the spherulites
reach a certain size. Since no such behavior was
observed in both neat PEO and its composites, it
could be concluded that the nanoplates were not
excluded during the growth of spherulites.
The spherulite growth rate, G ¼ dR/dt where R is

the radius of spherulite, was calculated via the slope
of the regression line fitted to the experimental data
at a given crystallization temperature. Figure 5
shows the averaged spherulite growth rate at differ-
ent crystallization temperatures and various particle
loadings. The spherulite growth rate decreased with
an increase in the crystallization temperature. At
high temperatures, the degree of undercooling is
small. As a result, the nucleation rate reduced, caus-
ing the reduction of the overall crystal growth rate.
In comparison of the spherulite growth rates of the
composites at different particle loadings, the incor-
poration of nanoplates promoted the growth of
spherulites. Thus, the spherulite growth rate of PEO
increased with the addition of nanoplates. This
result is in good agreement with an increase in the
spherulite growth rate of poly(ethylene 2,6-naphtha-
late) with the incorporation of nanoparticles (the size
of particles �7 nm).28

Lauritzen and Hoffman parameters

The parameters in Table I were used to analyze
the spherulite growth rate of neat PEO and its

Figure 1 TEM images of (a) silver nanoplates and (b) 4.8
wt % silver nanoplates dispersed in the PEO matrix.
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composites based on the Lauritzen-Hoffman’s
theory as shown in eq. (7). Figure 6 was obtained on
the basis of the data points in Figure 5. Kg and G0

values were obtained with respect to the slope
and intercept of the fitted linear regression lines (Ta-
ble II).

Figure 2 Crystallization of (a) neat PEO; (b) composite with 1.2 wt % nanoplates; (c) composite with 2.4 wt % nano-
plates; (d) composite with 3.6 wt % nanoplates; (e) composite with 4.8 wt % nanoplates; and (f) composite with 9.1 wt %
nanoplates. Composites were crystallized at 48�C.
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Because the determination of the surface free
energy product (rre) in Figure 6 is complicated by
an uncertainty of the crystallization regime, we uti-
lized the Lauritzen Z-test in eq. (10) to distinguish
between Regimes I and II, but Regime III is not con-
sidered in this approach.19

Z � 103
L

2a0

� �2

exp �X= TDTcð Þð Þ½ � (10)

Here, X ¼ Kg and Z � 0.01 for Regime I, whereas
X ¼ 2Kg and Z � 1 for Regime II. As pointed out by
Hoffman and Lauritzen19 and Wang and Nishi,33 it
is more convenient to use the known value of Kg

and the inequalities of Z to obtain the values of L in
the two regimes and to estimate the realistic of such
values. Application of the Z test to the neat PEO
and its composites in the entire range of T leads to
the following results. If crystallization is in Regime I,

Figure 3 Spherulite growth of PEO with 3.6 wt % of nanoplates at T ¼ 48�C with time (a) 5 s; (b) 10 s; (c) 30 s; and
(d) 90 s.

Figure 4 The radius of the spherulites of neat PEO and
its composites as a function of time. The crystallization
temperature is 43�C.

Figure 5 The spherulite growth rate of neat PEO and its
composites as a function of crystallization temperature.
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L is between 0.2 and 2.0 Å at the temperatures of in-
terest for both neat PEO and its composites. This
seems to be unrealistic small. In contrast, if crystalli-
zation is assumed to be in regime II, L � 22 Å for
both neat PEO and its composites. On the basis of
this simple calculation, the crystallization of both
neat PEO and its composites follows the Regime II.
Within the temperature range that the experiments
were performed, the Regime II crystallization of
PEO is in good agreement with that proposed by
Buckley and Kovacs.34 They found that the crystalli-
zation of low molecular weight PEO is in Regime II
in the whole temperature range (ca. 30–60�C).

It has to point out that our analysis of the isother-
mal crystallization of PEO/nanoplate composites is
simply based on the universal activation energy for
transport (DE) for both neat PEO and its composites.
This assumption is generally applied to a variety of
blend and composite systems.35–37 However, Abra-
ham et al.38 characterized dynamic rheological
behaviors of PEO/organo clay nanocomposites and
reported a change in the activation energy of 5.5%
and �40.2% with 2 and 4% volume fraction load-
ings. In the absence of rheological measurements, a
simple calculation was performed to visualize how
the varied values of the activation energy would
impact on the values of Kg and hence the values of
rre. If the addition of nanoplates caused the 5.5%
and �40.2% change in the activation energy of PEO,
a change of less than 1% (e.g., from 396 ergs2/cm4

for neat PEO to 399 ergs2/cm4 for PEO/9.1% nano-
plate composite) and �5.5% (e.g., from 396 ergs2/
cm4 for neat PEO to 374 ergs2/cm4 for PEO/9.1%
nanoplate composite) in rre for all composites was
obtained, indicating that the small content of nano-
plates would not have significant effect on the diffu-
sion of crystallizable segments. Therefore, the
assumption of a universal value of DE seems to be
reasonable in the PEO/nanoplate composites.
Kg relates directly to the surface nucleation rate

that can be represented by the surface free energy
product. It was obtained that Kg decreased with the
addition of nanoplates. The incorporation of silver
nanoplates reduced the nucleation of PEO and hence
caused the creation of the corresponding free poly-
mer crystal surface more dominant than the creation
of interface between polymer crystals and substrate.
In Table II, rre ¼ 523 ergs2/cm4 in neat PEO. This
is within 15% of the value reported by Kovacs et al.
(450 ergs2/cm4 in the assumption of regime II).39

The slight difference is presumably due to the differ-
ent molecular weight of PEO (Mw ¼ 150 k) and dif-
ferent expression of b in eq. (6) (Vogel-Fulcher
expression) in Kovacs’s work.
From the magnitude of rre, a known value of ei-

ther r or re can be employed to calculate the other.
However, the lack of r and re of composite with dif-
ferent nanoplate contents makes it difficult to extract
r and re from rre. The general approach to analyze
r and re is to input a constant r and calculate re.
Because r relates to the segmental nature of polymer
chains as reflected by the characteristic ratio (C1), a
constant r regardless of the filler content indicates
that the presence of nanoplates does not cause any
chain extension during crystallization. This assump-
tion is generally used in various blend and compos-
ite systems.35,36,40-42 Following this assumption and
taking r ¼ 10 ergs/cm2,30 re reduced from 52.3,
49.7, 45.7, 43.7, 42.0, to 39.6 ergs/cm2 for 0 wt %, 1.2
wt %, 2.4 wt %, 3.6 wt %, 4.8 wt %, 9.1 wt % nano-
plate loadings. The work of chain folding was then
related to re by using eq. (9). For Ao ¼ 0.214 nm2,30

q of the composites varied from 3.22, 3.06, 2.81, 2.69,
2.59, to 2.44 kcal/mol for 0 wt %, 1.2 wt %, 2.4 wt

Figure 6 Plots of [lnG þ DE/RT] versus [1/T(DTc)f] for
neat PEO and its composites.

TABLE II
Lauritzen and Hoffman Parameters Extracted from eqs.

(7) and (8)

Sample
lnG0

(lm/min)
Kg � 10�4

(K2)
rre

(ergs2/cm4)

neat PEO 21.5 5.23 523
PEO/1.2 wt % nanoplates 21.3 4.97 497
PEO/2.4 wt % nanoplates 20.9 4.57 457
PEO/3.6 wt % nanoplates 20.8 4.37 437
PEO/4.8 wt % nanoplates 20.8 4.20 420
PEO/9.1 wt % nanoplates 20.7 3.96 396

TABLE I
Lauritzen and Hoffman Parameters

Parameter Value Reference

DE 5736 cal/mol 14
Tm 69�C 29, 30
DHf 203 J/g 31
b0 0.465 nm 32
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%, 3.6 wt %, 4.8 wt %, 9.1 wt % nanoplate loadings.
The depression in q implied that the silver nano-
plates reduced the work required in folding the PEO
chains in the nanocomposites. This result is in good
agreement with the work reported by Kim et al.43

that the presence of silica nanoparticles as a filler in
the poly(ethylene 2,6-naphthalate) decreased the
work required for creating a new polymer crystal
surface, leading to the faster growth rate.

Instead of a constant r for the neat polymer and
its composite, Krikorian and Pochan assumed a con-
stant re for organoclay reinforced poly(L-lactic acid)
nanocomposites to obtain the relationship between r
and the filler content.44 This assumption suggested
that the free energy of chain folding of the lamellar
crystals is independent of the addition of fillers and
the presence of nanoplates does not cause any
impact on the degree of perfection of the crystals. By
taking re ¼ 40 ergs/cm2,42 re reduced from 13.1,
12.4, 11.4, 10.9, 10.5, to 9.9 ergs/cm2 for 0 wt %, 1.2
wt %, 2.4 wt %, 3.6 wt %, 4.8 wt %, 9.1 wt % nano-
plate loadings. Because r is inversely proportional
to C1,16 the depression of r with increasing weight
fraction of nanoplates suggested that the nanoplates
facilitated the PEO chain extension. It has to point
out that re depends on the competition between the
nucleating effect and confined segmental motions.
Although the assumption of constant re draws a fair
explanation on the change in the chain structure
with the addition of nanoplates, the identical contri-
butions of the nucleating effect and confined seg-
mental motions on re regardless of the addition of
the nanoplates seems to be unreasonable.

The other possible variation of rre is the change
in both r and re with the presence of nanoplates.
Qiao reported a reduction of both r and re in silk fi-
broin fiber-reinforced poly(e-caprolactone) biocom-
posites with increasing filler fraction.45 They found
that r was nearly unchanged, but re showed a
remarkably depression with an increase in the filler
content. From our current experimental data, it is
difficult to justify the actual molecular mechanism
occurred during crystallization of PEO/nanoplate
composites. Further studies, such as the extraction of
re from Gibbs-Thomson model,46 can facilitate to
understand the crystallization mechanism of these
composites.

A few researches were performed to understand
the effect of fillers on the isothermal crystallization
of polymer. In some composite systems, the presence
of fillers acts as a nucleation agent to promote the
nucleation of polymer crystallization. On the con-
trary, some reports proposed an antinucleation effect
of fillers on polymer crystallization. This suggests
that the crystallization behavior of polymer compo-
sites containing particles with different shapes and
sizes cannot easily be predicted. It is worth noting

that some work suggested the importance of molec-
ular interaction between the matrix and fillers on
polymer crystallization. In our work, the ionic sur-
factant (C16TAB) acts as a surfactant to aid the uni-
form dispersion of nanoplates in PEO. To have more
insight into the crystallization of our composite sys-
tem, isothermal crystallization was performed on
PEO with the presence of C16TAB only. Our results
revealed that the spherulite growth rate of PEO at
43�C slightly reduced from 5.38 lm/s in neat PEO
to 5.10 lm/s with 1.2 wt % C16TAB, 4.98 lm/s with
4.8 wt % C16TAB, and 3.69 lm/s with 9.1 wt %
C16TAB. This indicated that the presence of C16TAB
dilutes the crystallites at the crystal growth front,
causing the depression in the spherulite growth rate.
However, we have to point out that because the vol-
ume of silver nanoplates is much smaller than that
of C16TAB, the addition of silver nanoplates less
than 10 wt % would not cause big dilution effect on
PEO crystallization. Additionally, the amount of
C16TAB adsorbed on nanoplates characterized from
TGA is �30%. Thus, the presence of C16TAB in
PEO/9.1 wt % nanoplate composites is only 2.7 wt
%. This small amount of C16TAB seems not to cause
a significant change in the crystallization character
of PEO. Similar results were proposed in the PEO
crystallization with the addition of other surfactants,
including sodium dodecyl sulfate (SDS) and didecyl-
dimethylammonium bromide (DDAB).47 Therefore,
this suggested that the unique size and shape of
nanoplates plays a key role on hindering the pri-
mary nucleation of PEO and increasing the spheru-
lite growth rate.

CONCLUSIONS

The effect of two dimensional nanoplates on the iso-
thermal crystallization of PEO was investigated. It
was obtained that the incorporation of silver nano-
plates into PEO caused an increase in the spherulite
growth rate. However, the silver nanoplates also dis-
rupted the nucleation of PEO. This result suggested
that silver nanoplates act as an antinucleation agent
in the crystallization of composites. By analyzing the
radius growth rate of PEO crystallization using the
Lauritzen-Hoffman’s theory, we found that both Kg

and rre decreased with the addition of nanoplates.
With the lack of the actual changes in r and re, we
proposed the possible crystallization mechanisms in
these PEO/nanoplate composites. A controlled
experiment showed a minor change in PEO crystalli-
zation with the presence of a surfactant C16TAB.
This implied that the unique size and shape of nano-
plates plays a key role on hindering the primary
nucleation of PEO and increasing the spherulite
growth rate.
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