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The current work presents a new approach to achieve
high quality dispersion of surfactant-free nanoclay tactoid
particles in sub-micron thin films despite the absence of
organic modifier. Natural Montmorillonite particles, Na1

Cloisite, were dispersed in thin films of polycaprolactone
(PCL) through a flow coating technique assisted by ultra-
sonication. Wide-angle X-ray scattering (WAXS), grazing-
incidence wide-angle X-ray scattering (GI-WAXS), and
transmission electron microscopy (TEM) were used to
confirm the level of natural clay dispersion down to the
level of tactoids (sub-micron scale stacks of clay sheets).
These characterization techniques were carried out in
conjunction with an analysis of nanomechanical proper-
ties via strain-induced buckling instability for modulus
measurements (SIEBIMM), a high-throughput technique to
characterize thin film mechanical properties. The buckling
patterns indicate that the natural clay tactoids separate
buckling-enhancing (high-modulus) crystalline regions
and interconnect buckling-suppressing amorphous (low-
modulus) regions. Due to the tactoid length scale, the
glass transition behavior of the composites as character-
ized by broadband dielectric relaxation spectroscopy was
unmodified by the clay. Likewise, the glass transition tem-
perature, Tg, and fragility (slope of relaxation time behav-
ior approaching Tg), remain unaffected, indicating that
these dispersed tactoids do not induce pronounced con-
finement effects on dynamics. POLYM. ENG. SCI., 00:000–000,
2018. VC 2018 Society of Plastics Engineers

INTRODUCTION

Polymer/clay nanocomposites (PCN) have been widely inves-

tigated in recent decades towards preparation methods and deter-

mining the associated improvements in a broad range of

applications [1]. Common strategies to obtain nanocomposite

morphologies involve but are not limited to one or a combina-

tion of the following routes: adding polar functional groups

through reactive melt processing [2–5], using quaternary ammo-

nium salts as coupling agents [6–8], in-situ polymerization,

[9–12], latex coagulation [13–15], and layer-by-layer (LBL)

assembly of polyelectrolytes [16–19]. The majority of the rele-

vant literature nowadays tends to exhibit a ubiquitous under-

standing that a promising level of intercalation and exfoliation

can be achieved with attractive polymer-clay interactions,

whereas microcomposite-like aggregation is broadly observed

with weak associations between clay galleries and molecular

chains. All of these attractive polymer-clay interaction-based

strategies involve incorporating surfactants within the clay gal-

leries. This well-accepted phenomenon, while bringing meaning-

ful insights to various processing techniques, needs to be further

explored to develop better correlations between dispersion mor-

phologies and surface interactions. Understanding the peculiarity

of well-dispersed systems with weak polymer-nanoparticle inter-

actions seems thus beneficial for the development of novel addi-

tives for polymeric materials. From a more practical standpoint,

it is more economical and desirable from a “green” perspective

to develop a surfactant-free approach for a new class of nano-

composites with intermediate properties. From a more practical

standpoint, it is more economical and desirable from a “green”

perspective to develop a surfactant free approach for a new class

of nanocomposites with intermediate properties. Our study

briefly illustrates the surfactant-free approach to nanocomposites

formulation, but significant development of this approach is

required for substantial property enhancements. We hope our

work inspires future studies in this direction.

Mackay et al. have previously demonstrated that nanoparticle

dispersion can be achieved with the absence of strong surface

interactions and structural similarities through rapid precipitation

from the solution with enlarged difference between the particle

size and radius of gyration [20]. Guinier analysis of Small Angle

Neutron Scattering (SANS) and microscopy studies have proven

that branched dendritic polyethylene nanoparticles can exist in

polystyrene matrix in a highly dispersed state and effectively mod-

ify the host matrix radius of gyration despite the evident incom-

patibility between the two systems [21, 22]. Similarly, ligand-free

quantum dots and fullerene nanoparticles have been dispersed in

polystyrene with particle sizes smaller than the Edward’s tube

radius, leading to a deviation from the Stokes-Einstein relation

and an unusual decrease in polymer melt viscosity [23, 24].

Therefore, the application of a comparable approach can be

extended to polymer–clay systems. To our knowledge, virtually

no detailed experimental efforts have focused on the effect of

well-dispersed nanoclay on the performance of the host matrix
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without strong surface interactions. In this work, we present a new

methodology to achieve high quality dispersion of surfactant-free

nanoclay particles in polycaprolactone (PCL) matrix regardless of

their dissimilar chemical structures and the absence of organic

modifier. Polycaprolactone (PCL), as a type-A polymer having a

molecular dipole perpendicular to the chain axis and relatively

flexible backbone, is suitable for this type of study. Inherently, the

moderate backbone flexibility enables molecular chains to easily

diffuse and allows polar carbonyl groups to engage in weak

hydrogen bonding interactions with the hydroxyl groups intrinsi-

cally embedded inside the layered silicates. A variety of studies

suggest that colloidal suspension of clay minerals in water can

invoke the swelling of the galleries as water molecules inside the

inter-gallery spacing are able to weaken the electrostatic tractions

among the charged layers [25]. Hence, intense stirring and ultra-

sonication can effectively lower the particle size or even exfoliate

the silicate layers. As such, pre-dispersing natural clay particles

in an aqueous media, known as water-assisted compounding, is

effective in many water soluble systems [26–29]. However, it

remains uncertain how specific dispersion morphologies, such as

geometry and particle size distribution, are related to the overall

properties with the absence of organic surfactant.

Building upon previous studies of polymer–clay nanocompo-

sites and nanoparticle dispersion tactics, the current research com-

bines the advantages of water-assisted compounding and

Mackay’s proposed method [20], as described previously. In

essence, a small amount of ultrasound treated water clay mixture

is introduced to the PCL solution while undergoing intense probe

sonication. The resultant liquid mixture in the form of colloidal

suspension is immediately cast into submicron thin films through

flow coating, a well-known technique to fabricate substrate sup-

ported ultrathin films with desired thickness gradient [30]. Due to

the hydrophilic nature of natural clay particles, Mackay’s method

by itself poses a risk of losing clay particles into alcohol-based

solvents during the precipitation step. Alternatively, the same out-

come of rapid coagulation can be achieved through flow coating

without precipitation of polymer with clay-dissolving non-solvents,

and as a result, an accurate amount of clay loading can be safely

maintained. In the current work, this combined technique turns

out to be effective to prepare highly dispersed PCL/natural clay

nanocomposite thin films. Despite a slower solvent evaporation

rate, freestanding bulk films produced through drop casting also

exhibit the characteristics of nanocomposites. The well-dispersed

tactoid-like morphologies of the resultant composites were exam-

ined and confirmed by transmission electron microscopy (TEM),

wide angle X-ray scattering (WAXS), and grazing-incidence wide

angle X-ray scattering (GIWAXS).

The foremost aspect of nanoparticle effects on the polymer

matrix lies in mechanical property changes, commonly delin-

eated by strengthened or weakened elastic modulus. In nano-

composite systems, a small fraction of fillers can cause evident

increases in elastic modulus. Contrary to nanocomposites,

micro-composites often exhibit decreased elastic modulus when

the filler concentration is low. Composite samples in the form

of substrate-supported ultrathin film with uniform thickness

allow us to link dispersion morphologies with mechanical prop-

erties. Indeed, the high quality of thickness uniformity achieved

through flow coating allows a promising resolution to conduct

microscopy analysis, especially for well-dispersed nanocompo-

site systems [31]. At the same time, the associated variation in

mechanical performance is assessable through strain-induced

elastic buckling instability for mechanical measurements (SIE-

BIMM), a high throughput metrology to manifest thin film

mechanical properties. In this technique, the film is transferred

to an elastomeric substrate, which, subsequently, undergoes uni-

axial elongation to produce a periodical buckling pattern of the

thin film [32, 33]. SIEBIMM has been broadly applied to many

polymer systems due to the growing interests in submicron thin

film mechanical properties [34–38]. An example comes from a

relevant study on polymer-clay systems, specifically organoclay-

filled PCL and PLA biopolymers, which showed that intercalated

layered silicates in the presence of organic modifiers are effective

to increase the elastic modulus of the polymer matrix [39].

Here, we attempt to investigate the influence of well-dis-

persed natural clay in the same matrix and relate the relevant

property changes to the nanoscale morphologies. Furthermore,

for a periodic buckling pattern to occur, the thin film of interest

needs to be significantly stiffer than the soft substrate. There-

fore, it is preferable to perform the experiment below its Tg.

PCL is a semi-crystalline polymer consisting of a rigid crystal-

line domain and a soft amorphous domain with a around 213K.

Because room temperature is significantly higher than PCL’s Tg,

buckling is enhanced in the crystalline domain and suppressed

in the amorphous domain, resulting in buckling-rich regimes

and buckling-deficient regimes on the obtained images. In this

study, we have analyzed both regimes in detail and found that

natural clay tactoids prefer to remain in the buckling-deficient

(amorphous) regions. Understandably, in the absence of organo-

philic surfactants, natural clay tactoids are more likely to engage

in weak hydrogen bonding with the more flexible amorphous

phase rather than with the stiff crystalline phase.

In nanoparticle systems, the interfacial confinement effect can

result in property changes. Indeed, it has been suggested that

nanocomposites are analogous to ultrathin films confined by the

interfaces near the substrate and atmosphere [40, 41]. Shifts in Tg

due to “interfacial confinement” in these systems have been

shown to result from a gradient in dynamics in the direction per-

pendicular to the interface [42–44]. In essence, segmental dynam-

ics near the interface are altered while segments far away from

the interface are less affected [45–49]. Moreover, these effects

depend on the strength of interfacial interactions. Strong attractive

interactions favor an increase in Tg and slower segmental

dynamics near the matrix-particle interface, whereas non-attractive

interactions favor a reduced Tg and faster dynamics [42, 50]. Inter-

mediate interaction strengths can yield a “compensation effect”

wherein bulk-like dynamics are recovered [50, 51].

We investigate the glass transition behavior of the bulk nano-

composite films in a thickness range around 50 lm. Two types

of interfacial confinement effect can be anticipated. First, it has

long been known that interfacial interactions between amor-

phous and crystalline domains in semicrystalline polymers can

induce the formation of a “rigid amorphous fraction” of amor-

phous material with suppressed dynamics [52]. Simulation

results indicate that this effect is likely physically equivalent to

alterations in dynamics near nanoparticles and in thin films [53].

Second, as discussed above the nanofillers can also induce spa-

tially varying alterations in dynamics. Previous studies on PCL-

organoclay systems using dielectric spectroscopy have not iden-

tified major changes in chain dynamics during in this particular

polymer/nanoparticle pair in typical loading ranges [54]. Here,
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we conduct a comparative study on the effect of natural clay

tactoids.

In this paper, TEM images and related digital analysis summa-

rize the overall uniformity of natural clay dispersion and specific

geometric aspects, such as particle size distribution and aspect

ratio. These dispersion morphologies are further corroborated by

wide angle X-ray scattering (WAXS) and grazing-incidence wide

angle X-ray scattering (GIWAXS) results. In addition, regional

mechanical properties were characterized using SIEBIMM. The

buckling patterns associated with dispersion morphologies and

crystallinity have been discussed. Aspect ratio, an important

parameter obtained in Halpin-Tsai (HT) fitting, is compared with

the results of TEM image analysis. Finally, we investigate

dynamic properties, such as fragility, and -relaxation activation

energy using dielectric spectroscopy. Results have been compared

with earlier studies on PCL-organoclay systems.

EXPERIMENTAL PROCEDURE

Materials

Poly (E-caprolactone) with a number-average relative molar

mass of � 80,000 g/mol, was obtained from Sigma-Aldrich

[48]. Laboratory grade toluene, purchased from BDH chemicals,

was used for preparing 2% mass fraction polymer solutions for

flow coating and drop casting. All the materials were directly

used without further purification. Sodium Cloisite (Na MMT),

known as the highly refined Montmorillonite, has a cation-

exchange capacity (CEC) of 92 mequiv/100 g. According to the

product information, the average inter-gallery spacing is 11.7 Å,

which is consistent with our WAXS results. Silicon wafers, pur-

chased from Silicon Quest International, were used as substrates

for flow coating and were treated with UV Ozone, generated by

a Novascan UV chamber. Sylgard 182 Dow Corning Polydime-

thylsiloxane (PDMS) served as the elastomer substrate for the

buckling measurements (SIEBIMM) and was prepared with a

20:1 elastomer base-crosslinker ratio. The mixture of base and

curing agent was intensively stirred prior to the solidification by

oven annealing at 1208C for 2 h.

Fabrication of Nanocomposites

1% mass fraction natural clay/water mixture was stirred with

Fisher Scientific vortex for an hour and intensively treated with

CAMLAB Transsonic probe ultra-sonication to ensure that the

layered silicates were in a well-dispersed state before coming

into contact with polymer solution. The resultant water–clay

suspension liquid is introduced drop-wise into the polymer solu-

tion undergoing the same type of intense ultra-sonication. A cal-

culated amount of water/clay mixture was introduced to each

polymer solution to produce the desired polymer/clay weight

fraction. Following the standard flow coating procedures

reported in the literature [30], around 20 lL of the subsequent

mixture is immediately deposited into the gap between the glass

blade and silicon wafer. The flow coating velocity is controlled

at 15 mm/s to produce thin films around 120 nm. Film thick-

nesses were measured from a F20-UV Interferometer supplied

by Filmetrics. The prepared substrate-supported thin films were

placed into a vacuum desiccator to remove the residual solvents.

Similarly, the free standing thick films were drop-cast from the

same liquid suspension system onto ultraviolet (UV)-Ozone

treated glass petri dishes and dried under room temperature for

1 h. The produced films were peeled off from the petri dishes

and vacuum dried overnight.

Characterization

Flow coated thin films were carefully floated on water by

emerging the silicon substrate into deionized water. The floated

thin films were picked up by copper grids for microscopy analy-

sis. JEM-1200XII transmission electron microscope (TEM) was

used to visually characterize the dispersion morphology. Wide-

angle X-ray diffraction (WAXD) measurements were carried out

using a Bruker Discovery X-ray diffractometer with Cu-Ka radi-

ation and a wavelength of �1.54 Å for the natural clay powder

and freestanding thick films. GIWAXS was conducted at the

Synchrotron Light Source at the Argonne National Lab with an

incident X-ray beam with a wavelength of 1.6 Å for flow coated

thin film samples. Differential Scanning Calorimetry (DSC)

measurements were performed using a TA Q200 calorimeter.

Each sample is heated up to 1008C and held isothermal for 2

min to erase thermal history, followed by cooling to 21008C

with a constant cooling rate of 108C/min. Melting peak integra-

tion was performed using TA Universal Analysis software to

obtain crystallinity.

Mechanical Measurements

Strain-induced elastic buckling instability for mechanical

measurements (SIEBIMM) was the key technique to character-

ize the elastic modulus changes of the composite thin film sam-

ples. Following the same steps from a previous study of PCL/

Cloisite 30B systems [39], the flow-coated thin films supported

by silicon substrate were transferred onto the PDMS substrate

through the water immersion technique. During this procedure,

the thin films were already fabricated and dried before transfer-

ring. Therefore, even though natural clay particles are hydro-

philic by nature, we assume that the water immersion should

not affect the dispersion morphologies of the composite films.

The modulus of the PDMS substrate was measured using a TA

XT Plus texture analyzer equipped with miniature tensile grips.

To produce a periodical buckling pattern of the transferred thin

films, �3% of deformation was applied using a Newport Uni-

versal Motion Controller, an automated device to keep the

deformation rate constant. Grayscale buckling images were

taken using an Olympus Scientific optical microscope with a

magnification level corresponding to 110.63 nm/pixel. The

obtained images were further analyzed using a Matlab program

to perform a fast Fourier transform for the statistical analysis of

the buckling wavelength. The thin film elastic modulus was cal-

culated using the same expression proposed by Stafford et al.,

shown as follows [32]:

Ef

12v2
f

� �5
3Es

12v2
s

� � d

2ph

� �3

(1)

Here, Ef is the modulus of the thin film, Es is the elastic modu-

lus of the substrate, while vf and vs are the Poisson ratio of the

thin film and the substrate, respectively. The term d is the buck-

ling wavelength; h is the film thickness.
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Broadband Dielectric Spectroscopy

The bulk film obtained from drop-casting was put between

cylindrical brass electrodes for a parallel plate geometry with

�40 lm diameter silica spacers to control the thickness. The

area of the sample was set by the smaller top brass electrode

with diameter of 10 mm. The electrodes with the sample in

between were put into the vacuum oven for 3 h before they

were slowly cooled down to room temperature from 708C. Con-

cept 40 Novocontrol Alpha analyzer was used to performed the

dielectric measurement with frequency range of 107 to 2.68 3
1022 Hz. The temperature range of the test was (150 to

2140)8C with a 258C/step equilibrating at each temperature

prior to dielectric measurements, and the sample temperature

was controlled with a cooled or heated nitrogen purge.

RESULTS AND DISCUSSION

Thin films with highly uniform thicknesses were obtained

using flow coating method, allowing a homogeneous electron

density during the transmission electron microscopy (TEM)

analysis. TEM images of samples with different clay contents

(from 1% to 5% mass fraction) are shown in Fig. 1.

The thickness uniformity is verified by the identical color

of the gray background representing the polymer matrix

throughout the entire analyzed area, suggesting no electron

density instabilities occurred due to the fluctuation in film

thickness. Dark lines and dots represent the dispersed natural

clay particles in the form of tactoids. The effectiveness of the

proposed strategy is supported by the absence of huge clusters

of dark areas. TEM micrographs are taken at two different

locations for each clay concentration to confirm the stabilized

dispersed nanostructure (Fig. 1). These tactoids, albeit some-

what connected in a tail-to-tail tadpole-like fashion, are gener-

ally well spread out, allowing digital analysis of detailed

geometries. This tail-to-tail type of particle connection is

observed for the polymer–clay system under TEM for the first

time, indicating regional percolation of natural clay tactoids.

TEM images of each composite sample were analyzed with

FIG. 1. TEM Images of PCL/Clay nanocomposites with 1% mass fraction Cloisite Na1 (a,b), 3% mass fraction

Cloisite Na1 (c,d), and 5% mass fraction Cloisite Na1 (e,f). High quality dispersion can be confirmed by TEM

images. Structured sheets of individual tactoids, represented by the dark lines and dots, are widely and homoge-

neously spread out. The high quality of dispersion is confirmed by the absence of huge clusters of dark areas.
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ImageJ. Particle size distribution was obtained by creating a

color threshold of the analyzed image. The resulting mask

images are shown in Fig. 3, with the remaining results tabu-

lated in Table 1. The average size of the particles ranges from

40 to 80 nm2, which is slightly aberrant from the particle size

distribution curve (Fig. 2), displaying that the majority of the

frequency peaks appear near 40 nm2. This slight deviation is

attributed by the very broad distribution of particle size, which

can be visually perceived from the mask images shown in Fig.

3. Moreover, dimensions of the dispersed tactoids were

obtained by extracting the line profiles of the mask images

(Fig. 3). The lengths (or widths) are believed to be the width

of the peak, obtained from the “findpeak” function in Matlab.

For estimation convenience, each individual tactoid is

assumed to have a rectangular shape, and the average size of

each composite sample is assumed to be the multiple of width

W and length L. Hence, the aspect ratio AR, where AR5L=W,

ranges from 2 to 3. This is in agreement with the visual esti-

mation in the magnified mask image (Fig. 3d) and Halpin-

Tsai (HT) model fitting based on the strengthening effect of

clay on thin film mechanical properties.

Figure 4 depicts the level of dispersion further analyzed

with Grazing Incidence Wide Angle X-ray Scattering

(GIWAXS) (4a and 4b) and wide angle X-ray scattering

(WAXS) (4c). The former is a proven technique for thin film

analysis, whereas the latter is used to characterize natural clay

in the powder form and free standing films. Figure 4c shows

the scattering pattern of the Na1 Montmorillonite and free

standing films. The d001 characteristic peak suggests a gallery

spacing �1.18 nm according to Bragg’s diffraction law

d001 5 2p/q, consistent with the product information sheet,

where q 5 4p(sinh)/k is the scattering vector with 2h the scat-

tering angle and k the wavelength. With the absence of organic

coupling agent, the inter-gallery spacing is smaller than com-

mercialized organoclay, with interlayer distance �1.8 to

1.9 nm. The peak corresponding to the original basal spacing

of 1.18 nm, based on WAXS, also occurs in the z profile of

grazing incidence wide angle X-ray scattering for all the thin

film composite samples, indicating a small amount of aggrega-

tion in the direction parallel to the silicon substrate. The small

difference in q value between WAXS and GIWAXS is due to

minor variation in X-ray wavelength, but they all correspond

to the same d001 spacing. The presence of an additional peak

at a smaller scattering angle (q 5 0.24 Å21) in the out-of-plane

direction (Fig. 4b) manifests the occurrence of intercalated

nanostructure with an enlarged interlayer distance of 2.62 nm.

The characterization peaks shown in the z profile are pointed

by arrows in Fig. 4b. Furthermore, the scattering peaks reveal-

ing the dispersion morphology are much weaker and broader

in the qy profile (Fig. 4a) compared to qz profile (Fig. 4b),

meaning the forces during the flow coating (shear) and film

drying process (surface tension) is inclined to align the clay

sheets parallel to the substrate direction. This phenomenon has

been observed previously in the same polymer filled with Cloi-

site 30B organoclay [39]. The absence of characteristic peaks

in the qy plane indicates that the clay tactoids are not vertically

oriented within the film plane. Rather, they are horizontally

oriented as confirmed by the peaks when the film is probed in

the qz direction. This is clearly a consequence of initial state

of ordering/orientation of the large tactoids from the flow coat-

ing process. We anticipate in-plane enhancements of the film

modulus because of the horizontal orientation of the tactoids

as confirmed by GIWAXS measurements. To this, we per-

formed SIEBIMM measurements as addressed in later sections.

Figure 4c shows the WAXS pattern of free standing thick film

samples. Peaks reflecting the intercalated tactoids in these

free-standing thick films are more intensive than the thin film

samples, which is likely inherent to the slow solvent evapora-

tion process, which in turn, produces less homogeneous disper-

sion and larger intercalated clusters. This effect becomes more

prominent at higher clay contents, as evidenced by more inten-

sive and narrower d001 peaks with increasing clay loading.

Peaks reflecting the original basal spacing of the natural clay

are not observed in the free standing thick films during the

drop cast and drying process by natural convection due to the

absence of shear force applied in a preferential direction.

Figure 5 compiles the temperature-heat flow curve of nano-

composite samples. The presence of natural clay suppresses ther-

mal stress relaxation, causing the neat PCL sample to have a

broader but shorter melting peak compared to the clay-filled sam-

ples. Nevertheless, the area under the curve calculated through

TABLE 1. Summary of TEM particle analysis.

Clay content mass fraction Average size (nm2) Aspect ratio

1% 44.05 6 44.34 2.38 6 0.90

3% 41.34 6 60.52 2.10 6 1.18

5% 87.28 6 99.79 2.06 6 1.74

FIG. 2. Typical particle size distribution of PCL/Natural clay samples

through digital analysis of TEM images. Results are obtained through count-

ing frequency analysis with a bin size of 10, giving an average size of 40–

80 nm2, as summarized in Table 1. [Color figure can be viewed at wileyon-

linelibrary.com].
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TA Universal Analysis software suggests that samples have a

consistent mass fraction crystallinity of �50% with different clay

loadings, based on a 100% crystalline enthalpy reference of 17.9

kJ/mol [52]. This result is consistent with previously studied

PCL/Cloisite 30B systems, showing that the well-dispersed orga-

noclay in the matrix does not change the degree of crystallinity,

and mechanical enhancement is due to the intercalated nanostruc-

tures [39]. The consistency in crystallinity demonstrated in the

current work allows further studies of segmental relaxation

affected by the addition of nano-fillers rather than complications

due to varying crystallinity.

Mechanical properties were investigated using the SIEBIMM

technique, in which a submicron thin film is transferred onto a

pre or post-stretched elastomer substrate (PDMS) and released,

resulting in buckling due to a mismatch of Poisson’s ratio

between the film and elastomer substrate. Figures 6a–d compile

the buckling images of the nanocomposite samples. In these

images, the periodic buckling pattern is produced by deforming

(post-stretched) the elastomer substrate. In this method, the

Young’s modulus of the film needs to be at least an order of

magnitude higher than that of the elastomer substrate for good

results [32]. Polycaprolactone is a semicrystalline polymer with

a glass transition temperature, Tg � 213K and a crystallinity of

around 50%. The crystalline domains exhibit rigid, solid-like

mechanical properties, and the amorphous domain behave as an

elastomer due to its low. Therefore, the semi-crystalline domains

serves as the main driving force for buckling, while the amor-

phous domains suppress buckling, resulting in a bimodal inho-

mogeneity in buckling pattern, useful to interpret film

morphology. This phenomenon is indicated in the neat-PCL film

(Figure 6a), wherein buckling occurs mostly inside the black

regions (Region A), while the white regions exhibit significantly

fewer buckling patterns (Region B). Hence, Region A is inter-

preted as incorporating crystalline-PCL rich regions and is buck-

ling enhancing, whereas Region B incorporates amorphous-PCL

regions and is buckling suppressing. As we increase the filler

content, the size of each individual buckling-deficient region

also increases, as shown in Figures 6b–d. Apparently, the

natural clay tactoids, having weak hydrogen bonding with the

polymer backbone, are well-dispersed in the more flexible amor-

phous domains rather than in the rigid crystalline domains. The

tail-to-tail-like clusters in the matrix likely interconnect different

parts of amorphous regions, while simultaneously breaking apart

the crystalline PCL regions across the film and, therefore, reduc-

ing the average size of the black regions. Figure 7 summarizes

the relationship between clay loading and the average size of

crystalline Region A, obtained by digitizing several different

buckling images at each clay concentration. The error bar dis-

plays the standard deviation of buckling-region size among dif-

ferent images. The neat PCL has the largest error bar, because

Region A forms a network across the entire film, causing large

variation in its size as determined via this approach. In contrast,

from 1% to 5% mass fractions, Region B regimes start to break

apart Region A regimes, making the size of each buckling-rich

site more uniform, manifested in a significantly smaller standard

deviation. Furthermore, it also shows that the average size of

the crystalline Region A decreases as we increase the filler load-

ing from 0% to 5% mass fraction. Further, although the average

crystallite size has a decreasing trend shown in Figure 7, the

area fraction stays around 45%–60%. Hence, although Region A

covers crystalline-rich regimes as per our prediction, these

regions are not entirely crystalline domain because its area frac-

tion is not exactly 50% on every buckling image. The overall

trend fluctuates around 50%, consistent with DSC results show-

ing 50% crystallinity, as discussed previously. Therefore, we

assume the dispersed natural clay tactoids only change the

arrangement of the crystalline regions across the film, but not

the overall crystallinity. Such a rearrangement is not evident in

previous studies on PCL-organoclay composites, because the

strong interaction between the backbone and the surfactant ena-

bles particles to be well-dispersed in both crystalline and amor-

phous domains [39, 54]. In such cases, the organoclay systems

exhibit uniform buckling patterns of organoclay-filled compo-

sites across the entire film, allowing Fast Fourier Transform

(FFT) analysis on the wavelength. Unlike such organoclay sys-

tems, the rearrangement of the buckling and non-buckling

FIG. 3. Color threshold treated TEM images for (a) PCL 1 1% mass fraction clay, (b) PCL 1 3% mass fraction

clay, (c) PCL1 5% mass fraction, and (d) the magnified version of 5% mass fraction sample showing that the aspect

ratio observed visually is in agreement with digital analysis. The area fraction is shown to increase with increasing

clay content. [Color figure can be viewed at wileyonlinelibrary.com].
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regions in this study makes it difficult to perform FFT analysis.

Hence, the wavelength was calculated by taking the average

wavelength of different regions (both Region A and Region B),

resulting in uncertainties of around 40 Mpa. The average

Young’s modulus goes from 182 Mpa to 211 Mpa. TEM analy-

sis suggests clay tactoids have aspect ratios around 2-2.4. Based

on the Halpin-Tsai (HT) Model’s prediction [53], these aspect

ratio values can give rise to a nominal 1.08% increase in

Young’s modulus. Our results are in rough agreement with this

prediction. The absence of noticeable modulus increase is

mainly attributable to two factors. First, the aspect ratio of clay

tactoids is low. The continuum-filler effect predicted by the HT

model is within the error range. Second, the natural clay tactoids

prefer to remain in the amorphous phase, while buckling is

FIG. 4. a) Line Profiles of grazing incidence wide angle scattering of ultrathin films in the (a) in-plane(y profile)

and (b) out-of-plane (z-profile) directions. All the measurements were performed above the critical scattering angle.

(c) Wide angle X-ray scattering patterns of free-standing thick films. Low intensity peaks corresponding to d001 is at

q 5 0.37 Å
21

, meaning the majority of the clay sheets are spread out in the polymer matrix with a small amount of

intercalated nanostructures. With higher clay concentrations, intercalated peaks have slightly higher intensities, indi-

cating the existence of more intensive intercalated clusters. [Color figure can be viewed at wileyonlinelibrary.com].
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mainly reinforced in the crystalline phase. In other words, this

system is already self-reinforced by the crystalline domains;

introducing reinforcing particles to the amorphous rubbery

domains does not have a large effect on mean modulus. We

note that this outcome could very well be different if the test

temperature were below the Tg of the amorphous regions.

Figure 8 depicts the overall dielectric relaxation patterns of

free standing thick samples with the addition of different

amount of clay particles at 10 Hz, where all three types of

relaxation regimes, namely a relaxation in the super-cooled

temperature regime, b relaxation in glassy state, and normal

mode relaxation at higher temperatures, have been observed.

The peak occurring at low temperature region (from 21508C
to 2758C) is the sign of b relaxation, whereas the a relaxation

is manifested by the peak around 2508C. (As observed here

and shown elsewhere [54], whereas PCL has a rigid amorphous

phase [54], it does not display a separate process related to

confined amorphous material, such as has been observed in

polyisoprene [59].) Above 2258C, the system starts to undergo

normal mode relaxation, where the point of discontinuity

around 508C is a manifestation of crystallization temperature,

consistent with the temperature at which DSC heat flow exhib-

its a crystalline peak. The majority of the relaxation behaviors

described above are in agreement of relevant studies of PCL/

Cloisite 30B nanocomposites [49]. The only exception is that

Cloisite 30B surfactant allows more molecular chains to dif-

fuse into the galleries to cause an increased melt viscosity and

thus changes in terminal relaxation time during normal mode

relaxation. On the other hand, natural clay, having much

FIG. 5. Typical heat flow-temperature curves of PCL/natural clay samples

on cooling, with endotherm direction being down. [Color figure can be

viewed at wileyonlinelibrary.com].

FIG. 6. Buckling patterns of composite films with filler loadings of a) 0wt% mass fraction, b) 1wt% mass fraction,

c) 3wt% mass fraction, and d) 5wt% mass fraction. [Color figure can be viewed at wileyonlinelibrary.com].
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weaker interaction with the polymer matrix, does not tailor the

behaviors of normal mode relaxation at this particular fre-

quency. A secondary relaxation behavior, the b relaxation, was

observed in both neat PCL and nanocomposites, and a

Havriliak-Negami function was applied to fit the isothermal

dielectric loss data (E00) at low temperature range [60].

E�5E02iE005Es1
DE

11 ixsHNð Þn½ �m (2)

Here, DE is the dielectric strength, which is the difference

between the static Es and instantaneous Ei dielectric constants.

sHN is the Havriliak-Negami relaxation time, n and m are shape

parameters. The experimental relaxation time s (different from

the fit parameter sHN) was determined from the fitting parame-

ters, following Eqs. 3 and 4

s5
1

2pfmax

(3)

fmax5
1

2psHN

sin pm
212m

� �
sin pnm

212m

� �
" #1=n

(4)

where fmax corresponds to the frequency of the experimental

dielectric loss peak maximum.

The temperature dependence of the beta relaxation time is

shown in Fig. 9. Both neat PCL and the nanocomposite display

an Arrhenius temperature dependence and the data sets appear to

overlap each other. That is to say, the weak interaction between

PCL host matrix and natural clay does not affect the slow b pro-

cess. The unchanged activation energy was also observed in

PCL/Cloisite 30B systems, having stronger interactions.

s5s0 exp
B

T2T0

� �
(5)

Segmental relaxation times (a relaxation) and their reciprocal

temperature data were obtained through locating the temperature

corresponding to a peak for a series of frequencies and fitted

with Vogel-Fulcher-Tammann model, following the expression

of Eq. 5, where s (a relaxation time) and T (temperature) are

variables for the curve fit, while s0; B and T0 are VFT constants

to be solved. Through model fitting, the extrapolated values of

temperature corresponding to the relaxation time at s 5 100 s

define the glass transition temperature (Tg). Fragility is obtained

through Tg and fitted VFT parameters according to definition

and the algebraically equivalent form based on the VFT model

(Eq. 5) [54, 55], where m is the fragility index, B and T0 are

the same VFT parameters in Eq. 5.

m5
@ log sað Þ
@ Tg=T

� �
T5Tg

5
BTg

Tg2T0

� �2
ln 10ð Þ½ �

(6)

In the case of PCL/natural clay systems, VFT parameter B and

T0 are �850 K and �189 K, respectively, which are consistent

with the earlier study for the PCL/organoclay systems.

Composite samples with all the filler concentration exhibit a

uniform Tg � 213 K based on VFT extrapolation. The kinetic

fragility index remains unaffected around 142. Possible expla-

nation for the intact Tg and fragility might be the low volume

fraction for the clay content due to the low density of

FIG. 7. The relationship between clay loading and the average size of the

buckling regions.

FIG. 9. Segmental relaxation behaviors of free standing films as interpreted

by the temperature dependence of the slow b relaxation time bs. [Color fig-

ure can be viewed at wileyonlinelibrary.com].

FIG. 8. Dielectric loss (E00) versus temperature curve of free standing films.

The curve depicts the overall dielectric relaxation behaviors of samples with

different natural clay loadings at 10 Hz. [Color figure can be viewed at

wileyonlinelibrary.com].
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Montmorillonite in addition to fact that the tactoid-like clay

clusters are not accessible to the polymer matrix in a molecular

level. This is consistent with the previous results showing that

the intercalated organoclay does not tailor segmental dynamics

based on the unchanged VFT parameters [54]. In our study,

the dielectric properties are not affected for two reasons. First,

because of the lack of strong intercalation-induced confinement

of polymer chains, the chains are not likely to be strongly con-

fined by the particles. Even though there are indications that

natural clay tactoids prefer to remain in the amorphous phase,

the existing confinement effect of the crystalline phase also

may render negligible any additional confinement imposed by

the nanoparticles the effect of nanoparticles negligible. Finally,

the interactions between polymer matrix and clay particles are

fairly weak (a consequence of the surfactant-free approach),

such that this system may be in the vicinity of the compensa-

tion point in interfacial energy discussed above, at which bulk-

like dynamics are recovered [51].

CONCLUSIONS

A novel approach combining water-assisted compounding

and Mackay’s strategy of nanoparticle dispersion is shown to

be an effective method to disperse surfactant-free clay in PCL

host matrix, despite the absence of strong polymer-clay

interactions. Ultrathin films and freestanding thick films were

prepared through flow coating and drop casting. Detailed dis-

persion morphologies have been investigated through the digi-

tization of TEM images and corroborated by WAXS and

GIWAXS. Mechanical properties, characterized by SIEBIMM,

suggest that natural clay-filled tactoids prefer to remain in the

more flexible amorphous phase and tend to break down the

crystalline-rich regimes across the film. The low aspect ratio

values and lack of intercalation in the buckling-rich regimes

result in insignificant changes in Young’s modulus. Our sam-

ples exhibit similar dynamic behaviors during glass transition

to those observed in PCL-organoclay systems, suggesting

the presence of the crystalline phase has a more significant

impact and dynamics and mechanics than does nanoparticle

confinement.
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