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ABSTRACT: Design strategies from nature provide vital
clues for the development of synthetic materials with tunable
mechanical properties. Employing the concept of hierarchy
and controlled percolation, a new class of polymer nano-
composites containing a montmorillonite (MMT)-reinforced
electrospun poly(vinyl alcohol) (PVA) filler embedded within
a polymeric matrix of either poly(vinyl acetate) (PVAc) or
ethylene oxide−epichlorohydrin copolymer (EO−EPI) were
developed to achieve a tunable mechanical response upon
exposure to specific stimuli. Mechanical response and
switching times upon hydration were shown to be dependent on the weight-fraction of MMT in the PVA electrospun fibers
and type of composite matrix. PVA/MMT.PVAc composite films retained excellent two-way switchability for all MMT fractions;
however, the switching time upon hydration was decreased dramatically as the MMT content was increased due to the highly
hydrophilic nature of MMT. Additionally, for the first time, significant two-way switchability of PVA/MMT.EO-EPI composites
was achieved for higher weight fractions (12 wt %) of MMT. An extensive investigation into the effects of fiber diameter,
crystallinity, and MMT content revealed that inherent rigidity of MMT platelets plays an important role in controlling the
mechanical response of these hierarchical electrospun composites.
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1. INTRODUCTION

Nature utilizes an array of design strategies for engineering
materials with multiple and tunable functionalities. These
strategies include precise control of hierarchical structure,
selective reinforcement of certain domains, and structural and
mechanical heterogeneity as a result of spatial distributions in
the shape, size, and chemical composition of constituent
building blocks.1 For example, bone consists of a complex
hierarchical structure with mineralized collagen platelets
reinforcing the collagen fibrils embedded within the extra-
cellular matrix.2 One strategy inspired by nature for designing
mechanically adaptable materials is the utilization of composites
in which responsive fibrous and/or particulate fillers are
embedded in a matrix material. Critical to the responsive
mechanics and the deformation behavior of these composites
are the tailored interfacial adhesion and controlled dispersion
via percolated networks or self-assembly of filler components.
These bioderived strategies, outlined in a recent perspective
article,3 have attracted much attention in the design of stimuli-
responsive polymer nanocomposites as highlighted.4 A
relatively unexplored area of research related to bioinspired
composites is the incorporation of composite fibers into
polymeric matrices as an additional strategy for mechanical
tunability.
Several material choices exist for nanofillers in the design and

fabrication of polymer nanocomposites. Synthetic layered
silicates have been pursued as reinforcing elements in polymer

matrices due to their ability to disperse into individual clay
layers and their tunable surface chemistry.5,6 Montmorillonite
(MMT) and Laponite are the most widely used layered silicates
due to their high aspect ratios and high surface area per mass.7

The polymer/silicate nanocomposites exhibited notable
improvements in material properties, such as stiffness, strength,
flammability, and reduced gas permeability.7−9 Nylon-6/silicate
nanocomposites prepared by in situ polymerization of ε-
caprolactam exhibited enhanced tensile strength and modulus
due to exfoliated silica layers and the formation of hydrogen
bonds between silicate layers and the polymer matrix.10 In
other studies,11,12 hierarchically designed polyurethane compo-
sites were fabricated through preferential reinforcement of
specific domains of segmented copolymers with an inorganic,
unmodified nanoclay filler (Laponite). It was observed that the
Laponite layers were favorably attracted to the hydrophilic,
continuous soft domain in polyurethanes with hydrophobic
hard blocks, and these materials exhibited a microphase-
separated morphology but exhibited limited extensibility due to
inhibition of strain-induced soft segment alignment.11 In
contrast, the silicate platelets in segmented polyurethanes
having both hydrophobic hard and soft domains were
preferentially associated within the hard domain, enhancing
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the toughness and elastic modulus while preserving the
extensibility of the materials.12 Along with films of clay−
polymer composites, fiber clay−polymer composites have also
been achieved via electrospinning. Nepalli et al. manufactured
hybrid electrospun poly(vinylidene fluoride) fibers with varying
weight fractions of MMT, which resulted in improvements of
electrospinning mat quality and allowed for the design of
structure and morphology that could ultimately control
functionality.13 These studies highlight the ability to tune
material properties in hybrid composites via rational control of
specific interactions and filler assembly.
Although electrospun nanofibers have been widely used in

applications ranging from tissue engineering to filtration,
limited studiesmainly in the area of dental resinshave
focused on their use as nanofillers in a polymer matrix.14−17

With a focus on advancements in polymer nanocomposite
fabrication, Causin et al. utilized nanofillers of electrospun
Nylon-6 to reinforce a poly(ε-caprolactone) matrix, high-
lighting the simplicity of composite fabrication, the ability to
enhance modulus and extensibility synergistically, and the
influence on matrix crystallization.18 Recently, we developed a
series of responsive composite systems with electrospun fibers
as the filler, exhibiting tunable matrix−filler interactions and
responsive mechanics upon hydration.19,20 In this investigation,
by expanding the influence of scale, we have added an
additional level of complexity via the incorporation of inorganic
MMT into PVA electrospun nanofibers, which were embedded
within a rubbery ethylene oxide-co-epichlorohydrin (EO-EPI)
or poly(vinyl acetate) (PVAc) matrix. PVAc was introduced as
a matrix polymer to enhance the stiffness contrast between hard
and soft states and for its biocompatibility. EO-EPI was used as
the matrix due to its low storage modulus and hydrogen bond
accepting nature of the ether functionality of the copolymer.
Therefore, a strong interaction between the −OH groups of the
PVA filler and the EO-EPI is expected.4 The dispersion of
MMT platelets within the fibers contributes to the first level of
hierarchy, and the randomly oriented PVA fibers embedded
within the polymeric matrix create the second level. These
nanoclay-reinforced hierarchical electrospun composites were
investigated with a focus on mechanical switchability and
tunability via multicomponent interactions. We have explored
the effect of selective reinforcement of a nanofiber filler in a
polymer matrix and the role of MMT in mediating matrix−filler
interactions on responsive mechanics and filler crystallinity in
these hierarchical electrospun composites.

2. EXPERIMENTAL SECTION
2.1. Materials. EO-EPI, trade name Epichlomer C, was purchased

from Daiso as a 1:1 comonomer ratio with a density of 1.39 g/mL.
Sodium-exchanged montmorillonite (MMT) with a cation exchange
capacity (CEC) of 145 mequiv/100 g was purchased from Nanocor
Corporation. All other chemicals were purchased from Sigma-Aldrich.
Polymer composite matrices were created from either 1:1 EO-EPI
(molecular weight, MW ≈ 1000 kg/mol, density = 1.39 g/cm3) or
PVAc (MW ≈ 113 kg/mol, density = 1.19 g/cm3) and electrospun
PVA (MW ≈ 85 kg/mol)/MMT mat filler.
2.2. Methods. To fabricate the electrospun PVA/MMT filler, we

created an aqueous solution of PVA (99% hydrolysis)/MMT with
varying concentrations of clay (2.5, 7.0, and 12 wt %) as follows. PVA
in water was stirred at 80 °C until fully dissolved, and separately,
MMT was dissolved in water at room temperature. Once the PVA
solution was cooled to room temperature, the two mixtures were
added and stirred overnight to produce a homogeneously mixed PVA/
MMT solution. The total concentration of PVA in the final solution

was 10 (w/v) %, and the MMT concentration (2.5, 7, and 12 wt %)
was calculated relative to the PVA weight in the solution. The PVA/
MMT solutions were electrospun using a homemade setup described
in previous work.15 Prior to electrospinning, surfactant Triton-X100
was added (1 drop/2.5 mL) to reduce the surface tension of this PVA/
MMT solution while stirring for a minimum of 5 min. The PVA/
MMT solution with surfactant was then drawn into a syringe using an
18.5 gauge blunt needle, which was loaded onto a pump in the
electrospinning apparatus and electrospun under the following
conditions: flow rate of 0.8 mL/h, 20 kV, 18 cm tip to rotating
collector distance. Larger diameter fibers were spun by decreasing the
needle tip-to-collector distance to 10 cm. Once an electrospun mat
was formed, it was removed from the collector and immersed in
methanol for 24 h. Soaking the mat in methanol prevents dissolution
of the fibers in water as a result of increased crystallinity, which also
leads to an increase in the storage modulus of the mat.20 The
crystallinity enhancement was attributed to the removal of residual
water, which facilitates the replacement of PVA-water hydrogen
bonding with intermolecular PVA−PVA hydrogen bonding that act as
physical cross-links. Mats were dried under a vacuum for 4 h after the
methanol wash and stored in a desiccator.

To fabricate the hierarchical composite, we first solvent cast a
polymer matrix, EO-EPI or PVAc, using either toluene or acetone,
respectively, into a polytetrafluoroethylene (PTFE) mold and allowed
it to dry for 24 h. The PVA/MMT electrospun mat was then placed on
top of the matrix film within the PTFE mold, and additional polymer
matrix was poured on top of the mat until fully covered. Thus, uniform
polymer composites (∼4.0 wt % PVA/MMT filler) were created.
Composites using a PVAc matrix were dried for 1 week under ambient
conditions followed by 2 weeks at 40 °C under vacuum; this extensive
drying process did not impact the PVA crystallinity. PVA/MMT.EO-
EPI composites were first dried for 2 days under ambient conditions
and then dried further under vacuum for 3 days at room temperature.
These thorough drying procedures were carried out to ensure
complete removal of casting solvents. In all cases, the electrospun
composites were found to be substantially more transparent than the
corresponding electrospun mats. Similar transparency levels were
observed in electrospun composites fabricated in previous
work.14−17,20−22 This transparency suggests good matrix−filler
interactions, which are critical for mechanical reinforcement. For the
mechanical and thermal responses of the composites, three stages were
examined: dry, initial fabrication state; wet, dry composites exposed to
water; and dry-wet-dry, exposed wet composites dried. The wet
composites were obtained by soaking in deionized water for 24 h. To
obtain the dry-wet-dry composites, wet composites were dried for 24 h
under ambient conditions and then further dried under a vacuum at
room temperature for 24 h. This intensive drying process was utilized
to ensure complete removal of water from the samples and to avoid
any effects of plasticization in the dry-wet-dry state. The degree of
swelling was determined gravimetrically using eq 1.

=
−

×

degree of swelling
mass of wet sample mass of dry sample

mass of dry sample

100% (1)

Morphological, mechanical, and thermal characterization were
performed on neat electrospun mats and the composites. The porosity
of the electrospun PVA nanofibers was determined using a
Quantachrome Porometer Macro 3G series instrument on a test
sample of 1″ diameter. Topographical and cross-sectional morpho-
logical characterization was performed using a scanning electron
microscope (SEM, JEOL JSM-6510LV), with a chosen voltage of
either 25 or 30 kV to obtain optimal SEM images. Prior to performing
SEM, the samples were sputter coated with gold (∼9 nm thickness)
using a Hummer 6.2 sputtering system with a current of 10 mA.
Dispersion of silicate layers within the mats was determined via wide-
angle X-ray scattering (WAXS). WAXS data was acquired using an in-
house Micromax Rigaku instrument using Cu Kα radiation at a
wavelength of 0.1542 nm and collimated using three pinholes. The
data were reduced from 2D (intensity vs 2θ, χ) to 1D (intensity vs
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2θ), where 2θ is the scattering angle and χ is the azimuthal angle. The
sample-to-collector distance was calibrated using a silver behenate
(AgBe) standard with a 100 scattering vector (q) at a position of 1.076
nm−1 to yield a final sample-to-collector distance of 114 mm.
Dynamic and static mechanical characterization were performed

utilizing a dynamic mechanical analyzer (DMA) and a tensile tester,
respectively. DMA was conducted using a TA Instruments Q800
operating in tensile mode. Testing of the PVA/MMT composites was
done at least three times at a frequency of 1 Hz at a constant
displacement of 10 μm. The typical samples were rectangular with
dimensions of 25 × 3 mm. Hydration-induced storage modulus
changes were measured by utilizing a DMA equipped with a
submersion chamber (DMA Q800-176). Uniaxial tensile deformation
was performed on a Zwick/Roell mechanical testing instrument
equipped with a 500 N load cell. Samples were cut according to ASTM
D638 with a minimum of three samples for each of the mats and
composites. All samples were elongated to failure at a constant strain
rate of 100% initial gauge length per minute. Thermal characterization
of the PVA/MMT filler-based composites was conducted via
thermogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC). The degradation temperature and the MMT content of
the composite films were obtained using TGA (TA Instruments
Q500) at a heating rate of 10 °C/min under a nitrogen atmosphere.
To examine the thermal behavior (e.g., plasticization and crystal-
lization), we also used a TA Instrument Q100 DSC instrument at a
heating rate of 10 °C/min over the temperature range of −90 to 340
°C under a nitrogen atmosphere. The degree of crystallinity was
calculated by dividing the melting enthalpy (ΔH) by the enthalpy of
melting required for a 100% crystalline PVA sample (ΔHf = 138.6 J/
g).21

3. RESULTS AND DISCUSSION
Expanding upon our previous work,20 an array of hierarchical
electrospun composite films was fabricated by varying the
matrix polymer (EO-EPI or PVAc) and the MMT content (2.5,
7, and 12 wt %) within the PVA fibers. Unmodified, sodium-
exchanged MMT was utilized in this work with strong
hydrogen bonding interactions expected between the hydro-
philic MMT and PVA. The MMT weight fractions were
determined relative to the PVA weight and were chosen to
evaluate the role of filler content below and above the
percolation threshold of MMT (4 wt %) in PVA.23 The
composite fabrication process produced uniform sandwich
structures of films (Figure S1) with an overall PVA/MMT
content of 4 wt %. Prior to embedding the mat within the
polymeric matrix, the mat was treated with methanol to
increase the crystallinity and hydrolytic stability of the PVA/

MMT filler. Soaking the PVA fibers in methanol has been
shown to enhance the crystallinity.21 As shown in Figure 1,
after the methanol treatment, the PVA mat with 2.5 wt %
MMT content exhibited 45% crystallinity, which is similar to
that of the neat PVA electrospun mat (46%);20 however, above
the percolation threshold, the 7 and 12 wt % PVA/MMT mats
exhibited lower crystallinity values of ∼33.5%. To explore this
unexpected phenomenon, we evaluated the initial crystallinity
of the as-spun PVA/MMT mats. Interestingly, all the mats
exhibited the same degree of crystallinity (∼30%) prior to the
methanol soak. There exist several possible scenarios for this
observed reduction in crystallinity of PVA/MMT electrospun
fibers, particularly above the percolation threshold. One
explanation for the lower crystallinity values of methanol-
treated PVA/MMT fibers is that, above 4 wt %, the MMT
platelets may inhibit the permeation of methanol into the fibers.
It has been shown that incorporation of inorganic and/or
organic fillers, such as SiO2

24 and polyrotaxane,25 into PVA
films resulted in a decrease of methanol permeability, which
was attributed to the layered structure and high aspect ratios of
platelets creating a torturous path for methanol diffusion.26,27

This reduction in crystallinity of PVA/MMT fibers may be
illustrated by examining mathematical models that predict the
barrier properties of polymer nanocomposites, which provide
insight into the permeability of methanol in PVA. These
models propose that the permeability of small molecules, such
as methanol, into a polymer matrix is governed by the
diffusivity of the small molecule and the total travel path length
and sample thickness.28 In general, the addition of inorganic
fillers, such as MMT, could affect the diffusivity in the vicinity
of the filler, hindering methanol-directed crystallization of PVA.
Another explanation of the reduced crystallinity of PVA/MMT
fibers could be rationalized by examining the mechanism
driving the enhancement of crystallinity of PVA fibers (without
MMT) upon methanol treatment. When the neat PVA fibers
are soaked in methanol, any residual water within the fibers is
forced out, and the PVA−water hydrogen bonds are replaced
by intermolecular PVA−PVA hydrogen bonds, thus increasing
the crystallinity. Likewise, the loss of absorbed free water is also
exhibited in the DSC curves with the peak at 50 °C
disappearing after methanol treatment.29,30 However, when
MMT platelets are incorporated into the fiber, PVA−MMT
hydrogen bonds are formed at multiple binding points on the
surfaces of MMT platelets;31 therefore, the formation of new

Figure 1. DSC thermograms of PVA electrospun mats as a function of MMT weight fraction (a) before and (b) after methanol treatment.
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PVA−PVA bonds may not be thermodynamically favorable
upon methanol treatment, resulting in lower crystallinity values.
Annealing (<40 °C) or extending the soaking time in methanol
may have been possible solutions to these potential barriers to
crystallization of the PVA/MMT fiber fillers. However, we
followed the same protocol for methanol treatment of fibers to
be consistent with our previously published methodology.20

To further probe observed differences in crystallinity with
MMT content, we also investigated the influence of the fiber
diameter. Two electrospun PVA scaffolds were fabricated with
different average fiber diameters of 150 ± 30 nm and 265 ± 40
nm, and DSC analysis was performed to assess the impact on
crystallinity. Similar crystallinity values of 34 and 31% for 150
and 265 nm mats, respectively, were obtained. These results
suggest that the effect of fiber diameter on crystallinity was
minimal and that the impact of MMT filler fraction may be
quite influential.
As shown in Figure 2a, the architecture of these composites

was designed to exhibit two levels of hierarchy: the dispersion
of MMT platelets within the fibers contribute to the first level,
and the randomly oriented PVA fibers embedded within the

polymeric matrix create the second level of hierarchy while
maintaining an electrospun filler fraction of 4 wt % PVA/MMT
fibers. Scanning electron microscopy (SEM) of fiber scaffolds
revealed uniform, smooth fiber morphology (Figure 2b−d)
with MMT embedded within the PVA fibers during the
electrospinning process. The histograms of fiber diameter
distribution indicated average fiber diameters of 275 ± 75 nm
(2.5 wt %), 250 ± 100 nm (7 wt %), and 150 ± 50 nm (12 wt
%). When compared to these fiber diameters, the average lateral
dimensions of MMT crystallites are much smaller, in the range
of 14 to 25 nm, and thus can be fully incorporated into the
fibers.32 The MMT-loaded fibers exhibited lower fiber
diameters than our previously reported electrospun PVA fibers
without any MMT (1052 ± 179 nm)20 most likely due to
MMT increasing solution conductivity without significantly
increasing viscosity, although other mechanisms, such as
decreased throughput of the spinning solution due to increased
viscosity, may be in operation.18,33 It is acknowledged that the
larger fiber diameters for the previously fabricated PVA/MMT
fibers may also be due to the highly variable processing
conditions.31 Wide-angle X-ray scattering of the PVA/MMT

Figure 2. (a) A schematic of the hierarchical structure of the MMT-loaded electrospun composites. SEM images of electrospun mats with varying
MMT weight fractions; (b) PVA/MMT 2.5, (c) PVA/MMT 7, (d) PVA/MMT 12, (e) wide-angle X-ray pattern of neat MMT and electrospun
mats. Fiber diameter histograms are provided in Figure S2.
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fiber scaffolds reveals the absence of sharp MMT peaks, which
hints at regions of MMT tactoids of reduced sizes.35,36 (Figure
2e). Larger MMT tactoids would have been indicated by a
reappearance of the clay spacing peak at ∼1.4 nm.37−39 The
exfoliation of MMT within the fibers is most likely the
preferred dispersion to achieve the desired tunable mechanical
properties in the composites. It is acknowledged that
transmission electron microscopy (TEM) would have been
useful to further support the MMT dispersion. However,
previous studies32 on PVA/MMT films have shown that X-ray
data agreed well with the TEM results. Although these
observations suggest that electrospinning allows for tuning of
nanofiller dispersion in PVA/MMT fiber composites, the focus
of this study was to assess the role of MMT and its interactions
within the PVA fibers in modulating the water-induced
mechanical response and switchability in electrospun compo-
sites.
Our recent efforts19,20 illustrated that electrospun composite

films consisting of neat PVA filler and a polymeric matrix
(either EO-EPI or PVAc) exhibited the ability to alter stiffness
upon hydration. The responsive mechanics upon water uptake
was shown to be a function of the matrix−filler interactions and
the filler crystallinity. Here, hydration was utilized to investigate
the role of MMT platelets as an additional handle to tune the
mechanical response. First, the swelling ratios of each of the
electrospun composites were determined to assess the role of
swelling on mechanical behavior. The neat PVAc film exhibited
a relatively low degree of swelling of 4.1 ± 0.6% w/w.20 The
degree of swelling of PVA/MMT.PVAc composite films
remained relatively constant within the error as the MMT
content was increased, and composites with 2.5, 7, and 12 wt %
MMT filler swelled by 18.1 ± 1.6, 19.4 ± 2.3, and 20.2 ± 2.5%
w/w, respectively. These swelling ratios were relatively similar
when compared to PVA.PVAc composites with no MMT (16.4
± 3.1% w/w).20 The similar swelling ratios may be explained by
aggregation of MMT layers into smaller tactoids. In addition,
the swelling data do not support clay exfoliation as exfoliated
layers may provide more binding points to water.40 The neat
EO-EPI film swelled to 19.3 ± 1.9% w/w,20 whereas PVA/
MMT.EO-EPI films with 2.5, 7, and 12 wt % of MMT content
swelled to 31.2 ± 1.8, 36.2 ± 3.2, and 38.1 ± 2.1% w/w,
respectively. These results are statistically similar to the
PVA.EO-EPI composite with no MMT content (28.3 ± 3.6%
w/w),20 suggesting that swelling behavior is relatively
independent of MMT content. It is likely that the hydrophilic

nature of PVA itself dominates the swelling response along with
contributions from the dispersed state of the MMT.
To probe the stimuli-responsive mechanical behavior of

these hierarchically designed composites upon hydration, we
utilized submersion DMA to monitor the change in storage
modulus of the PVA/MMT-based electrospun composites with
hydration (Figure 3). The storage moduli of the MMT-
containing electrospun composite films were recorded at room
temperature, and deionized water was added to completely
submerge the film. The EO-EPI polymer matrix exhibits a glass
transition temperature (−35 °C) well below room temperature,
and therefore, no complications with thermal effects of water
plasticization were expected. However, PVAc is known to
undergo changes in glass transition upon water plasticization of
the neat PVAc matrix as indicated by the reduction of glass
transition temperature to 20 °C.33 Therefore, the experiments
to investigate the hydration-induced mechanical response were
specifically conducted at room temperature to avoid any
contribution from the glass transition temperature range of
PVAc (Figure S3). Thus, we were able to decouple the changes
in stiffness due to water plasticization and temperature-induced
glass transition. Adsorption and mobility of water on an MMT
platelet may play roles in the switching times of the composites
upon hydration. Although prior literature in this area is limited,
one investigation reported high but different affinity of polymer
and water molecules on the inorganic surface.34 Their findings
reveal that the density of water beads near the MMT surface is
higher than that of the polymer (PEO) chains, suggesting that
water molecules preferably reside on the surface of the clay,
leading to higher mobility when compared to water residing
between clay layers. From the DMA data for PVA/MMT.PVAc
composites (Figure 3a), a general trend was observed where
increasing the weight fraction of MMT resulted in a decrease in
switching time. The switching time is defined as the time
required for the storage modulus to decrease to a stable lower
plateau modulus from a higher plateau modulus upon
hydration. Thus, the composite film with the highest MMT
content (12 wt %) exhibited the shortest switching time of ∼20
min, whereas switching occurred in ∼40 min for the 2.5 wt %
composite, which is comparable to that of PVA.PVAc
composites without any MMT content. These observations of
switching time can be attributed to the highly hydrophilic
nature of MMT and the interconnected MMT platelets
facilitating efficient water transport. When examining the
magnitude of storage modulus reduction of PVA/MMT.PVAc
films upon hydration, the composite with the highest MMT

Figure 3. Hydration-induced softening of electrospun composites with varying MMT content for (a) PVAc composite and (b) EO-EPI composite.
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content (12 wt %) showed a significant 36-fold reduction of
modulus from 2.2 GPa (dry) to 60 MPa (wet), and the film
with the lowest MMT content (PVA/MMT.PVAc 2.5 wt %)
showed a 16-fold storage modulus reduction from 1.9 GPa
(dry) to 116 MPa (wet).
In contrast, the PVA/MMT.EO-EPI composite films

typically displayed increasing switching times with an increase
in weight fraction of MMT (Figure 3b). The neat EO-EPI
exhibited almost instantaneous switching,20 and the time
gradually increased with an MMT weight fraction of 0 (∼15
min), 2.5 (∼20 min), and 7 and 12 wt % (∼25 min). These
slower response times of PVA/MMT.EO-EPI films were
expected given that, even in the absence of MMT, strong
interactions between the PVA and EO-EPI mediate a delayed,
hydration-induced mechanical response of PVA.EO-EPI
composites. The wet moduli (∼5.5 MPa) of all EO-EPI-
based films containing MMT were higher when compared to
the wet modulus (2.3 MPa) of the PVA.EO-EPI film. These
higher moduli in the wet state can be attributed to the inherent
rigidity of MMT, which will be discussed in the section on
tensile behavior. Unlike PVAc-based films, the PVA/MMT.EO-
EPI films at all MMT weight fractions exhibited reductions in
modulus of similar magnitude upon hydration. The storage
modulus of 2.5 wt % films decreased from 122 MPa (dry) to
5.2 MPa (wet), and the modulus of 7 wt % films decreased

from 126 MPa (dry) to 6.1 MPa (wet). These results related to
switching times and modulus changes of PVA/MMT.EO-EPI
films were quite different than those of the PVA/MMT.PVAc
composites and could be attributed to competitive intermo-
lecular interactions with water and MMT cross-bridges41

formed between the PVA filler and EO-EPI reinforcing the
MMT interface. The MMT bridges were facilitated by the
strong hydrogen bonding interactions between PVA and MMT
as well as ion−dipole and dipole−dipole interactions between
EO-EPI and MMT. In summary, when considering the
mechanical response of the PVA/MMT composites upon
hydration, it can be highlighted that, in PVA/MMT.EO-EPI
films, complex matrix (EO-EPI)−filler (PVA/MMT) and filler
(PVA)−filler (MMT) interactions governed the water-induced
switching response, whereas in PVA/MMT.PVAc films, it was
the highly hydrophilic nature of MMT that dominated the
reduction of modulus upon hydration.
The mechanical switchability of these water-responsive

composites in the dry and dry-wet-dry states was also
investigated (Figure 4). Each electrospun composite was
subjected to dry-wet-dry processing, which involves soaking
the films in water for 24 h and subsequent room temperature
vacuum drying. Examining the mechanical behavior of PVA/
MMT.PVAc composites in the dry state, only minimal modulus
enhancement (e.g., no statistical difference) was observed upon

Figure 4. Storage moduli of dry and dry-wet-dry (DWD) composites at room temperature (left) PVA/MMT.PVAc (dry and DWD modulus for
each weight fraction is not statistically significantly different at *p < 0.05), (right) PVA/MMT.EO-EPI (modulus of dry and DWD films are
statistically significantly different with *p < 0.05, **p < 0.01, and for 12 wt %, dry modulus is not statistically significantly different from DWD
modulus with ***p < 0.05).

Figure 5. DSC thermograms of electrospun (a) PVA/MMT.PVAc and (b) PVA/MMT.EO-EPI composites. DWD = dry-wet-dry.
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incorporation of 2.5, 7, and 12 wt % MMT-reinforced PVA
fibers, similar to the observations reported20 previously for
PVA.PVAc films without MMT. This minimal modulus
enhancement was due to the relatively similar storage moduli
of the filler and matrix components. Upon hydration and
subsequent drying, all of the PVA/MMT.PVAc composites
with 2.5, 7, and 12 wt % of MMT in PVA filler exhibited
significantly restored moduli by 97, 96, and 91% to 1.8, 1.9, and
2.0 GPa, respectively (Figure 4a), similar to the two-way
switchable behavior observed19 for PVA.PVAc films without
MMT. In contrast, the mechanical behavior of PVA/MMT.EO-
EPI composites was quite different (Figure 4b). Examination of
the PVA/MMT.EO-EPI composites in the dry state revealed
that the incorporation of MMT into the PVA fibrous filler
resulted in enhanced moduli of 122 ± 9 MPa (2.5 wt %), 127 ±
19 MPa (7 wt %), and 91 ± 16 MPa (12 wt %). The relatively
low modulus observed for 12 wt % composites could be
attributed to the reduction in PVA filler crystallinity as shown
by the DSC thermograms (Figure 5). Another important
observation related to PVA/MMT.EO-EPI composites was the
significant restoration of storage modulus in the dry-wet-dry
films, especially with higher MMT content. In contrast to the
one-way switchability of EO-EPI-based dry-wet-dry composites
without MMT,20 PVA/MMT.EO-EPI dry-wet-dry composites
with 7 and 12 wt % of MMT in PVA filler exhibited restored
moduli of 34% to 42.7 MPa and 80% to 73.1 MPa, respectively.
The composite organization remained unchanged, and
delamination was not evident during the dry-wet-dry processing
(Figure S1). There could be two possible reasons driving this
mechanical response: (1) recrystallization of the PVA filler
mediated by multicomponent interactions, and/or (2) the
inherent rigidity of the percolating network of MMT platelets.
These two factors were the subject of further investigation. In
addition, the switchability of the composites was examined as a
function of swelling ratio (Figure S4), and the results revealed
significant changes in the storage moduli of EO-EPI-based
composites with an increase of water uptake between dry and
dry-wet-dry composites. This behavior can most likely be
related to the increased hydrogen bonding capability between
the hydrophilic segment of the EO-EPI and PVA/MMT after
initial hydration and subsequent drying. The hydrogen bonds
can be formed between the ethylene oxide segments and
hydroxyl units of PVA. In contrast, the storage modulus profile
of the PVAc-based system remained relatively unchanged with
hydration (function of swelling ratio) and was similar to the
dry-wet-dry profile, suggesting that water uptake is only a
function of MMT content as supported by the swelling results.
These data correlate well with the previously discussed results
on water-induced modulus changes of composites, and it is
evident that competitive hydrogen bonding within EO-EPI-
based composites yields a delayed and less sensitive response to
hydration.
To elucidate the role of filler crystallinity on responsive

mechanics, we utilized DSC to probe the crystallinity of the
PVA filler in the electrospun composites. The crystallinity was
reproportioned by the weight of the PVA filler fraction in the
composite. For PVA/MMT.PVAc films below the MMT
percolation threshold, the PVA/MMT.PVAc composite film
containing 2.5 wt % of MMT in PVA exhibited the highest
crystallinity (40%) in the dry state (Figure 5a) and
recrystallization after dry-wet-dry processing, resulting in full
restoration of storage moduli. When the MMT loading was
increased beyond the percolation threshold, the crystallinity of

PVA within the PVA/MMT composites decreased to 24 and
22% for 7 and 12 wt % systems, respectively. However, these
composite films exhibited significant recrystallization after dry-
wet-dry processing, contributing to the restored storage moduli.
In contrast, the PVA/MMT.EO-EPI composite films exhibited
unusual recrystallization behavior of PVA upon dry-wet-dry
processing compared to that of PVA.EO-EPI composites. The
incorporation of 2.5 wt % of MMT into PVA resulted in only
9% recrystallization of the PVA filler in the composite films
after dry-wet-dry processing, and the percent recrystallization
continued to decrease above the MMT percolation threshold
(Figure 5b). As has been suggested in the polymer/clay
literature,42 this recrystallization of PVA is mainly attributed to
the surface-induced crystallization near the PVA/MMT
interfaces instead of the PVA-rich zones away from the MMT
platelets. The DSC results suggest that crystallinity may have
played only a minimal role in the observed restored moduli in
these hierarchical PVA/MMT.EO-EPI composites; however, it
does not fully explain why the lowest recrystallization value of
12 wt % dry-wet-dry EO-EPI-based composites results in the
highest restored storage modulus. Therefore, we chose to
explore the effects of inherent rigidity and stiffness of the MMT
platelets on the restored modulus of the PVA/MMT.EO-EPI
composites after dry-wet-dry processing.
To investigate the relationship between the observed

switchability and the rigidity or stiffness of MMT, we fabricated
PVA/MMT electrospun mats, and tensile testing was
performed prior to the methanol treatment (Figure 6).

As shown previously in Figure 1, the similar crystallinity
values of PVA mats prior to methanol-soak provided an
opportunity to examine the effects of rigidity of MMT. The
stress−strain tests were performed on as-spun PVA/MMT
mats to determine the Young’s modulus (1% secant modulus),
tensile strength, and strain-at-break. The Young’s modulus
(corrected for 86% porosity) increased with increasing MMT
fraction, and a significant 3-fold increase from 11.9 to 30.4 MPa
was observed for mats of 2.5 and 7 wt %, respectively (Table 1).
For 12 wt % films, the Young’s modulus continued to increase
to ∼34.3 MPa, whereas the strain-at-break decreased to
∼72.4%. This increase in modulus for 7 and 12 wt % PVA/
MMT mats may be attributed to the MMT fraction exceeding
the percolation threshold, suggesting a key hierarchical

Figure 6. Typical stress−strain diagrams of electrospun PVA/MMT
mats. Figure inset shows a magnified image of the initial region of the
curves.
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connection between MMT content, percolation, and mechan-
ical behavior. The enhancement effect of the PVA/MMT
electrospun nanofibers is further examined utilizing a
percolation model.37 This model considers a percolated
network of nanofillers reinforcing the polymer matrix, in this
case PVA, and includes consideration of orientation and
porosity. Details of the calculations are provided in the
Supporting Information. The theoretical elastic moduli
obtained by the percolation model were 18.2 and 44.7 MPa
for 7 and 12 wt % PVA/MMT mats, respectively. These values
agree closely with the experimental moduli when porosity was
considered, which supports the idea of a percolated network of
MMT within the fibers. However, these theoretical calculations
do not provide definitive evidence necessary to exclude the
impact of tactoids formed within the percolated network
structure. Overall, these results strongly suggest that inherent
rigidity coupled with the MMT dispersion significantly impact
the mechanical behavior of the electrospun PVA mats. This
behavior is quite apparent in the enhanced storage modulus of
PVA/MMT.EO-EPI 12 wt % films in the absence of significant
recrystallization; at these higher weight fractions, this
mechanical response suggests that rigidity and non-uniform
MMT dispersion play an important role in increasing the dry-
wet-dry modulus. Overall, these results suggest that it is the
synergistic interplay between PVA crystallinity, hydration
pathways, MMT reinforcement, and organization within the
PVA/MMT filler that influences the responsive behavior of
these hierarchical electrospun composites.

4. CONCLUSIONS
We have explored the effects of nanoclay reinforcement as it
relates to tuning of the mechanical properties of hierarchical
electrospun composites. Hydration was utilized to investigate
the role of clay as an additional handle to tune the mechanical
response. An electrospun mat of PVA containing different
weight fractions of MMT was incorporated into either a
rubbery or glassy polymeric matrix of EO-EPI or PVAc,
respectively. MMT dispersion within the fibers may have a
significant impact on the switchable mechanics. WAXS spectra
revealed an absence of characteristic MMT peaks, suggesting
either exfoliation or smaller tactoid formation. Swelling
experiments and theoretical calculations of percolation of
MMT within the PVA fibers suggest percolation with the
possibility of smaller tactoid formation. The incorporation of
MMT into the PVA fibrous filler resulted in enhanced moduli
for PVA/MMT.EO-EPI composites in the dry state due to the
reinforcing effect of the higher modulus electrospun mat.
However, MMT-loaded PVA fibers did not significantly
enhance the storage moduli of PVA/MMT.PVAc films at
room temperature, which was attributed to the relatively similar

storage moduli of the PVAc matrix and PVA/MMT electro-
spun mat.
The mechanical response upon hydration was highly

dependent on the weight-fraction of MMT in the PVA fibers.
A general trend was observed in PVA/MMT.PVAc composites
where increasing the weight fraction of MMT resulted in a
decrease in switching time due to the highly hydrophilic nature
of the MMT platelets and their interconnected structure
facilitating efficient water transport. In contrast, PVA/
MMT.EO-EPI composite films exhibited a general trend of
increasing switching times with an increase in weight fraction of
MMT compared to almost instantaneous switching in neat EO-
EPI. This dynamic mechanical response upon water uptake
could be attributed to competitive intermolecular interactions
with water and MMT cross-bridges26 formed between the PVA
filler and EO-EPI reinforcing the MMT interface. PVA/
MMT.PVAc films exhibited substantial recrystallization of
PVA after dry-wet-dry processing, contributing to the restored
storage moduli and two-way switchability. The influence of
MMT may be an interesting parameter for future investigations
because the inherent rigidity and dispersion of MMT will play a
major role in restoring the mechanical properties. The lower
percolation threshold obtained for higher aspect ratios will
certainly reduce the impact on crystallinity. Although PVA/
MMT.EO-EPI composites with 2.5 and 7 wt % MMT exhibited
only partial restoration of modulus after dry-wet-dry processing,
the 12 wt % PVA/MMT.EO-EPI dry-wet-dry film did exhibit
significant restoration of storage modulus upon hydration and
subsequent drying. It was revealed that the observed
mechanical behavior observed in these PVA/MMT.EO-EPI
electrospun composites is a complex function of MMT rigidity,
PVA crystallinity, and hydration-induced interfacial interactions
between MMT, PVA, and the EO-EPI matrix.
In this work, we have designed functional and adaptable

composites utilizing the concepts of hierarchy and percolation
and determined that the unique interplay between crystallinity,
MMT content, and matrix−filler interactions can be engineered
to control the mechanical response. Coupled with an easy and
straightforward fabrication method, this composite technology
is highly attractive in applications ranging from sensor
platforms to transdermal drug delivery vehicles.
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Table 1. Mechanical Properties of PVA/MMT Matsa

MMT % elastic modulus (MPa) strain-at-break (%)

0 9.9 ± 1.7 150 ± 29.2
2.5 11.9 ± 2.1 106.9 ± 14.9
7 30.4 ± 3.2* 82.6 ± 25.4**
12 34.3 ± 5.8* 72.4 ± 17.2***

aStatistically significantly different from 2.5 wt % at *p < 0.05 and
***p < 0.1; statistically not significantly different from 2.5 wt % with
**p < 0.05. A porosity of 86% was considered in calculating modulus
values.
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