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Summary: The unusual structure of poly(ethylene oxide)
(PEO) and Laponite clay in transparent nanocomposite films
was investigated using scanning electron, atomic force, and
optical microscopy, and X-ray scattering. Each method is
sensitive to different aspects of structural features and together
they measure the resulting morphology and shear-induced
orientation. On nanometer length scales, clay platelets were
found to orient in bundles while polymer crystallinity was
suppressed. Microscopy led to the observation of unexpected
and highly oriented multilayers on the micron length scale.

Scanning electron microscopy image of the freeze-fractured
surface of a poly(ethylene oxide)—Laponite film: the view on
top of the x—y plane.
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Introduction

Highly ordered polymer nanocomposites are complex mate-
rials that display a rich morphological behavior because of
variations in composition, structure, and properties on a
nanometer length scale.!"-*) When combining materials over
length scales ranging from 1-10 nm, the interface of the
components becomes substantially important to the materi-
als’ performance."” Organizing clay platelets of high-aspect
ratios at the nanometer length scale is, thus, a challenging
and rewarding research area in materials science.'

Several solution and melt fabrication techniques leading
to materials with intercalated to exfoliated structures have
been used for the preparation of poly(ethylene oxide)
(PEO)-clay nanocomposites. Since both the untreated clay
and PEO are hydrophilic, no clay surface modification is
necessary for complete exfoliation in aqueous solution.
Moreover, PEO has been found to penetrate into both Lapo-
nite and montmorillonite clay and promote the exfoliation
process in aqueous solutions. However the strong interac-

tions between the two components often lead to aggregation
that is difficult to avoid.”®' It has been observed that after air
drying of solutions, the clay particles remain trapped in a
gel-like polymer film reminiscent of the exfoliated polymer
clay gel in the “wet state”.””! The film quality can be
improved by slow solvent evaporation where the clay plate-
lets have sufficient time to assemble under gravitational and
osmotic forces before the viscosity of the system influences
particle realignment.'® An industrially promising method is
the melt intercalation of polymer into clay where the poly-
mer chains have been shown to be more effectively inter-
calated than in solution.”! New methods are being
developed for the fabrication of molecularly ordered
composite films by self-assembly that may replace the
Langmuir—Blodgett techniques.””' Multilayered films
have been prepared by sequential adsorption of polymer
and clay.""” Atomic force microscopy (AFM) on some of
these multilayered films revealed that polymer—Laponite
clay films exhibit significantly higher surface coverage than
montmorillonite clays.®!
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We are interested in the fabrication of highly oriented
PEO-Laponite nanocomposite films from the correspond-
ing aqueous gels. Previous work relevant to this contribu-
tion described rheological’"! and small-angle neutron
scattering (SANS)!'?! studies on PEO—clay network-like
solutions and gels. In solution, the polymer and clay interact
in a dynamic adsorption/desorption equilibrium to form a
three-dimensional network.""?! The network mesh size and
the orientation of the clay platelets in solution are important
to the structures of the dried films. We also examined the
orientation of platelets in multilayered polymer—Laponite
and polymer—montmorillonite films''* by small- and
wide-angle scattering.!'”!

The objectives of the present contribution are to prepare
nanocomposite films with a defined orientation of the Lapo-
nite clay platelets from network-like polymer—clay gels.
We will examine the film structural features on multiple
length scales using various scattering and microscopy
techniques. Only completely dried films were investigated.
On a nanometer length scale, small-angle (SAXS) and
wide-angle X-ray scattering (WAXS), and AFM was used
to study the structure and shear-induced orientation of
polymer and platelets in a complementary fashion. Scan-
ning electron microscopy (SEM) and optical microscopy
investigate the morphology of the films on a micron length
scale. We also compare our results to previously reported
PEO/montmorillonite multilayered films."'*!

Experimental Part

Laponite (LRD) is a synthetic Hectorite-type clay consisting of
relatively monodisperse and well-defined platelets with a dia-
meter of 25-30 nm and a thickness of approximately 1 nm
(Southern Clay Products). Poly(ethylene oxide) (PEO) with an
M, =10° g-mol™' and a molecular mass distribution of
approximately 1.5 was purchased from Polysciences Inc.
Multilayered films were prepared by gel/solution exfoliation,
while optimal solutions were obtained for a particular polymer
clay ratio. pH and ionic strength are as previously described by
Schmidt et al.'"'~'*! and Malwitz et al."*! Here, multilayered
films will be discussed that have been prepared from an
aqueous gel containing mass fractions of 3% LRD clay and 2%
PEO at ambient temperature. The solution pH and ionic
strength were controlled by the addition of NaOH (pH = 10)
and NaCl (1 x 107> m), respectively. Gels were spread onto
glass slides layer-by-layer and dried at 25 °C in desiccators and
under vacuum. Multilayered films containing approximately
60% of Laponite clay and 40% of PEO polymer (by mass
fraction) were obtained. A more detailed film preparation is
described elsewhere.!"”! Time-resolved small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering or diffrac-
tion (WAXS) measurements were performed at the Advanced
Polymers Beamline at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. Optical micro-
scopy was performed using an Olympus BX51TF microscope
with crossed polarizers. SEM experiments were performed
using a Cambridge 260 Stereoscan Electron Microscope. Frac-

tures in all three planes were investigated and only representa-
tive images are presented. Sample preparation for the AFM
measurements included cryo-ultramicrotom slicing (Leica
ultracut with FC4 from Reichert—Jung). Samples were cut
at —120°C, below the PEO glass transition temperature
(Ty=—55°C). The images were recorded with a Nanoscope
Ila (Veeco Instruments).!'! Duplicate measurements on all
instruments show excellent reproducibility with a relative
uncertainty of less than 5%.

Results and Discussion

The structure and properties of the PEO-Laponite nano-
composite films strongly depend on their morphology,
polymer—clay interactions, and shear orientation. Our
previous work on PEO-Laponite solutions and gels de-
monstrated that in the wet state, the polymer chains are
entangled with the clay particles forming a transient net-
work.!"'=31 Similar results were observed for PEO—
montmorillonite gels.!'” The solution structure and proces-
sing conditions strongly influence the morphology of the
dried film. Rheological experiments on PEO—Laponite gels
for those used in the films’ preparation have shown that the
Laponite clay platelets align at low shear rates, and after
cessation of shear, rapidly relax from alignment.!'”! The
collapse of network structure as the solution dries likely
leads to highly oriented layers in the dried film.

X-ray Scattering and AFM

The physical picture of the clay platelet orientation as
concluded by the WAXS is illustrated in Figure la. The
isotropic patterns in the x—z plane and the anisotropy ob-
served in the x—y plane suggest that the predominant
orientation of platelets is with the surface normal perpen-
dicular to the film plane (x—z plane) (Figure 1). From the
two-dimensional (2D) SAXS and WAXS patterns, the
intensity as a function of g can be calculated in x, y, and z
directions. The SAXS intensity in the x and y direction of
the 2D SAXS pattern (Figure 1) is shown in Figure 2a. A
maximum at ¢pax ~ 0.01 At corresponds to a d spacing,
dsaxs = 2T/qmax in the order of approximately 63 nm. This
value is approximately two times the clay diameter (30 nm)
and may be related to a distance between polymer-covered
clay-rich domains containing several platelets. Comparable
SANS experiments on these films also show dsans ~ 63 nm
but with less resolution, because of smearing from the form
factor.'>! It is interesting to note that a PEO—montmor-
illonite film containing 40% of clay (different clay type and
clay size) will show a very similar d spacing and layer size,
but the layer nanostructure is very different when observed
with AFM.!'*

Figure 2b displays the relative intensity versus 20, as
obtained from WAXS shown in Figure 1. Intensities were
calculated in the x, y, and z directions. The scattering profile
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Figure 1.

FA Y

a) With the clay platelets aligned in the spread direction of the film (x—z plane)

we observe an anisotropic WAXS pattern with the X-ray beam oriented in a z configuration,
and an isotropic WAXS pattern with the beam oriented in a y configuration; b) SAXS and
WAXS measured parallel and perpendicular to the spread direction of the films. Top row:
SAXS in the x—z plane (left) and x—y plane (right). Bottom row: WAXS in the x—z plane (left)

and x—y plane (right).

obtained in the y direction is significantly different from
those obtained in the x and z directions, indicating that this
sample is highly oriented. The typical crystalline structure
of pure PEO is a well-known monoclinic lattice, with the
WAXS normally showing several orders of diffraction.
However, here we do not observe any peaks originating
from PEO crystals. The peaks observed in the WAXS y
direction mainly correspond to distances between the clay
platelets within the clay-rich domains or clay stacks. The
PEO adsorbed to the clay is thus mostly amorphous.

The d spacing obtained from present SAXS and previous
SANS'! (d~ 63 nm) experiments can be correlated with
the spacing of the striped texture as measured from AFM
dapm ~ 66 nm (average over many measured spacings,
Figure 3). The domain distance is marked by arrows on
the micrograph (Figure 3). These domains consist of
intercalated stacks of platelets; however, it is not possible
to determine from AFM alone how many clay platelets are
inside one domain. Planned transmission electron micro-
scopy may visualize the content of one single domain. The
anisotropic SAXS pattern (Figure 1) can be correlated with
the fast Fourier-transform AFM data, which shows a broad
anisotropic streak perpendicular to the striped texture
(Figure 3, top right). AFM data show two kinds of layers:
nanometer size layers and micron thick layers. Micron thick
layers may be compared with SEM data shown in Figure 4a.

On similar length scales, AFM and SAXS are comple-
mentary methods. SAXS yields reciprocal space informa-
tion and an average degree of orientation, while AFM
visualizes real space structures within discrete sections of
the sample. This explains the slight differences in dagy and
dsaxs spacings. However, the existence of the ordered and
layered structure observed with AFM is unusual. The
orientation of clay platelets with a diameter of approxi-
mately 30 nm and a thickness of 1 nm does not explain the

presence of ordered layers with an average thickness of
63 nm (Figure 3). We presume that the 63 nm layers corres-
pond to clay domains or the clay stack layers mentioned
above. The x direction correlation length observed in the
AFM image (Figure 3) is approximately 25-30 nm and
corresponds to the clay diameter. The clay particles can
only adsorb a maximum amount of polymer until all the
clay surfaces are covered. Any excess polymer in solution
as well as in the bulk leads to formation of network-like
polymer—clay phases and polymer-rich phases.!”'® During
the drying and spreading process, these two phases lead to
the layered structure observed with AFM and SAXS. This
interpretation is consistent with similar behavior of bulk
nanocomposites observed in the literature.'”-'*'#! It should
be noted that the films need to be kept in a desiccator, since
both the clay and polymer are hygroscopic and reversible
absorption/desorption of water may lead to swelling or
shrinking of the polymer, thereby increasing or decreasing
the layer spacing. This is a property that makes the material
applicable as a potential humidity sensor."'”!

Crystallinity, as determined by differential scanning
calorimetry (DSC), changed from near O to 3% within one
year. The WAXS data shown in Figure 2b and described
earlier confirm that the adsorbed PEO is mostly amorphous.
From our preliminary microscopy and scattering results,
and from the literature””! on polymer clay solutions, we
know that the PEO polymer chains strongly absorb to the
clay particles. The absorbed polymer layer was calculated
to be approximately 1.5 nm on each side, increasing the
average thickness of a wrapped clay platelet from a total of
1 nm (thickness of the clay platelet) to approximately 4 nm
(polymer wrapped clay platelet). If the domains visualized
by AFM contain only stacked and wrapped platelets, one
approximately 63 nm thick domain would contain a maxi-
mum of approximately 15 platelets (4 nm x 15 =60 nm).
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Figure 2. a) SAXS intensity in the x and y directions. A
maximum in SAXS gives a characteristic dimension of
dsaxs = 2T/qmax = 63 nm; b) WAXD pattern measured in the x,
y, and z directions.

The minimum distance between these wrapped platelets
would be approximately 3 nm (adsorbed polymer layer on
each side=1.5 nm x 2). However, defects and excess
polymer that is not absorbed to the clay particles may
reduce the number of platelets inside one domain. WAXS
data in the y direction do not show a “perfect” lamellar
order of 1:2:3:4 in ¢ (momentum transfer), thus complicat-
ing the structural information. Further experiments and data
evaluation is necessary to quantify these results.

Scanning Electron Microscopy

SEM was used to determine the film morphology on the
micron length scale (Figure 4a,b). As mentioned previously,
the aqueous PEO—Laponite gels can be described as inter-

connected networks. When the solvent was evaporated, the
network collapsed and films were obtained with layered
structures that can be observed on several length scales. In
the x—y plane of the films (Figure 4a), SEM was used to
examine whether an interface exists between spread layers.
Similar to PEO—montmorillonite films that we have studied
previously,"* no boundaries between spreading layers
(each 5-7 pm) could be detected, indicating substantial
intermixing of spread layers. Nevertheless a highly ordered
and layered structure of the films was observed in the x—y
plane, while smooth and flat surfaces were observed in the
x—z plane (Figure 4b). The few broad layers visible come
from an imperfect fracture along the x—z plane. The layered
texture of the x—y SEM image is not uniform and was cal-
culated to have an average dimension of dggy~0.3 £
0.17 um per layer. Even though the exact shear rate during
the spreading process cannot be controlled, SEM shows
high reproducibility in data. According to AFM and SAXS
measurements, each of the approximately 0.3 um thick
layers consists of smaller layers that are on average 60 nm
thick (Figure 3 and 4). As a result of processing conditions,
that is, drying and layer-by-layer spreading, we also
observe clusters of smaller domains and some larger aggre-
gates. Several AFM images in the horizontal and vertical
distances must be probed to observe these structures. The
layer structures observed by SEM are considerably smaller
than the calculated width of a single layer spread to form
the nanocomposite film. Defects and fracture of the film
(Figure 4) show smooth surfaces between layers as well as
some folding of layers. This suggests that strong inter-
connectivity between the polymer and clay produces large
flat surfaces. Although we observe structures on the micron
length scales, all these films were completely transparent in
the dry state. Optical transparency of samples with micron
size texture is usually possible when refractive index
matching of the large scale structures is present.

From the smooth fracture visible in Figure 4 (and from
other SEM images not shown here), we conclude that the
polymer—clay interactions parallel to the micron size layers
are not as strong as those perpendicular to the layers.
Inspection of several SEM images also suggests that a
fractured sample preferentially breaks parallel to the layer-
ed structure. This is influenced by the formation of two-
phase nanocomposites and suggests that there may be
excess polymer between layers. The network-like polymer—
clay intercalates and the polymer-rich phases in be-
tween layers may not need to have strong interconnections
since the clay can adsorb only a maximum amount of
polymer until all the clay surfaces are covered. Any excess
polymer in solution and in the bulk is not directly cross-
linked to the clay particles but covers the polymer—clay
aggregates.

We conclude that the strength of the polymer—clay
network in solution strongly influences the alignment of
polymer and clay during the spreading process. The
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Left: AFM images from the x—y plane sections of multilayered film. Top) (2 pm x 2 pm)

AFM “height” image. Bottom) (2 pm x 2 um) AFM ““Phase” image. The vertical grey scale is 50°.
Right: Top) (700 nm x 500 nm) AFM “Phase” image of the details of multilayered structure. The
vertical grey scale is 25°. Arrows indicate the width of the individual layers. Bottom) Cross section of the
corresponding “‘height” image of the above AFM image. The direction of the cross section is indicated
in the above AFM image by the dotted white line. The two arrows show thick layers. The dotted black
circle shows three individual layers lying perpendicular to the film surface. FFT shows the regularity of
the multilayer structure that can be compared with the SAXS data shown in Figure 2 top right.

collapse of the network during the spreading and drying
process of the films reduces the pore sizes and the shear
leads to orientation and anisotropy as well as structural
changes. While in solution, the clay is completely exfo-
liated; the dried film shows significant change in structure.
One example is the presence of domains containing several
clay platelets in a stacked order (Figure 3). Although the
relaxation in solution is very fast, we assume that it is the
shear combined with the slow drying of thin layers within a
concentration gradient that leads to the orientation. An
ongoing study will try to determine the rate of drying for
locking in the orientation versus the relaxation. Preliminary
results show that a thick polymer clay film that has not been
sheared but only dried is brittle, porous, and cloudy. The
spreading and drying procedure influences both the micro-
and macrostructure and transparency. Evaporation of the
solvent at ambient temperature combined with shear
orientation strongly improved the film quality and the
mechanical properties (as compared with a non-sheared and
non-layered thick film) and increased the orientation of clay
platelets that are layered between the polymer.

Optical Microscopy

The macrostructure of the transparent films was also
characterized by polarized microscopy, which showed dif-
ferences in birefringence in each plane (Figure 4c,d). A
small section of a one-layer film was removed (by scrat-
ching or cutting) to expose the x—y plane. The x—z plane did
not show birefringence, which indicates there is little
polymer crystallinity in the x—z plane. Any existing PEO
crystallites that are not detectable by WAXS and DSC are
also not large enough to be detected by optical microscopy.
With increasing temperatures ranging from 25 to 200 °C,
the birefringence of the x—y plane gradually fades because
of melting of oriented polymer chains. Observation of the
exposed edge of the film, the x—y plane, shows some biref-
ringent pattern even after annealing for one hour at 200 °C.
The total birefringence of the film is dominated by the
orientation of the clay platelets and possibly stretched
polymer chains within the sample. Stretched polymer
chains in confinement do not necessarily need to be crys-
talline. Since the polymer is almost amorphous (according
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Figure 4. SEM images of freeze-fractured surfaces: a) SEM view on top of the x—y plane, b) SEM view on top of the x—z plane.
Planes are described in Figure 1. c,d) Optical micrograph of a transparent nanocomposite film with a scratched surface. A small
section of a one-layer film was removed to expose the x—y plane. Crossed polarizers and a magnification of 20 were used.

e) Transparent nanocomposite film of 1 mm thickness.

to WAXS and DSC), birefringence may be somewhat
influenced by shear effects during the scratching or cutting
of the film. We believe that at high temperatures biref-
ringence comes from the clay alone, while at low temper-
atures both polymer and clay contribute to total
birefringence in the x—y plane.

Conclusion

Previous work on bulk PEO—nanocomposites has shown
that it is difficult to increase the clay intergallery spacing
beyond a certain distance by adding more polymer to the
system, and that excess polymer will phase separate upon
the removal of water.'*' Our recent work on PEO—
montmorillonite multilayered films (clay content: 40%) has
shown excess polymer to phase separate within highly
ordered nanometer-sized layers."'*! The present study on
PEO-Laponite films (clay content: 60%) shows additional
periodicity within nanometer-sized layers (Figure 3). As the
water evaporates during the film preparation, the electrolyte
concentration increases, causing phase separation of PEO
at higher concentrations. The presence of salt is in part
responsible for the development of the unusual layered

structures. Differential scanning calorimetry suggests that
the high concentration of Laponite clay (60%) is sufficient
to suppress the PEO crystallization. Films with high clay
contents may be used as precursors for ceramic materials or
microelectronics. The crystallinity of various bulk PEO
nanocomposites at much lower clay concentrations has
been extensively studied in the past.'*!! The suppression or
induction of crystallinity in confinement is very important
in controlling the structure in our multilayered films, issues
that the authors will address in future research.

Disclaimer

Certain commercial materials and equipment are identified
in this paper in order to adequately specify the experimental
procedure. In no case does such identification imply recom-
mendation by the National Institute of Standards and
Technology nor does it imply that the material or equipment
identified is necessarily the best available for this purpose.

According to ISO 31-8, the term molecular mass has been
replaced by relative molecular mass (#,). Hence, if this
nomenclature and notation were to be followed, one would
write M., instead of the historically conventional M, for
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the mass-average average relative molecular mass. The
conventional notation rather than the ISO notation has been
employed for this publication.
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