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Thermoresponsive electrospun membrane with
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This study investigated the switchable wettability behavior of poly-N-(isopropyl acrylamide) (PNIPAM) and
poly-(vinylidene fluoride) (PVDF) blend membranes that were fabricated using electrospinning. The
wettability of the membranes was determined by water contact angle measurements. The wettability of
the membranes was controlled by varying the concentration of PNIPAM in the blend. The results

demonstrated that the addition of PVDF to the PNIPAM did not change the thermoresponsive behavior
of PNIPAM. All PNIPAM/PVDF blend samples switched from hydrophilic to hydrophobic state when the
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temperature was increased from room temperature to 40 °C. However, blend samples with 25 wt%

PNIPAM were demonstrated to be more hydrophilic and hydrophobic compared to other samples at
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1 Introduction

Stimuli-responsive  materials such as  poly(N-isopropy-
lacrylamide) (PNIPAM) have been extensively investigated in
recent years as wettability of these materials can be controlled
with the help of external stimuli such as temperature and/or pH.
The change in wettability of PNIPAM due to reversible hydrogen
bonding with water molecules makes them attractive for appli-
cations such as drug delivery systems," cell attachment,”
controlling bio-fouling sensors,® and actuators,*® etc. The
swelling and de-swelling kinetics of PNIPAM is known to depend
on the sample's surface area as well as the chemical composition.
Below the lower critical solution temperature (LCST), the amide
groups of PNIPAM interact with water molecules via hydrogen
bonding. However, above the LCST, the chain conformation
changes from the linear expanded chain conformation to
compact, dehydrated conformation. Below the LCST, the linear
PNIPAM is unstable and soluble in aqueous solutions.**’
Considerable efforts have been made so far to improve PNIPAM's
stability in aqueous solutions and to improve its mechanical
properties. Common technique on improving the stability relies
on chemically cross-linking PNIPAM.*** The degree of cross-
linking and the size of the PNIPAM structures play a crucial role
in the swelling and de-swelling of the PNIPAM.

Crosslinking of PNIPAM is more often carried out by
thermal®>** or UV-based'*'® cross-linkers. Typically, polymers that
have hydroxyl, carboxylic acid or amino functional groups tend to
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room temperature and elevated temperature respectively. This was attributed to the phase separation of
the polymers that resulted in domains with drastically different surface energies on the surface of the fibers.

chemically react with the PNIPAM via condensation reaction
initiated by thermo-curing. Similarly, polymers such as poly-
butadiene that have C=C double bonds, polymerize by UV
curing.* Alternatively, chemical stability to the PNIPAM chains is
provided by grafting PNIPAM on the surfaces of polyvinylidene
fluoride (PVDF).” A straightforward approach is to blend PNI-
PAM with PVDF to obtain temperature sensitive PVDF composites.
It is known that PNIPAM chains tend to phase separate and form
PNIPAM domains on the surface of the PVDF. The responsive
behavior of PNIPAM due to chain conformational change also
ensures that the blend displays similar temperature-sensitive
behavior.**

In this study, we use electrospinning to fabricate®*** PNIPAM/
poly(vinylidene fluoride) (PVDF) fibrous blends and investigate
the wettability of the samples as a function of PNIPAM concen-
tration within the blends. A cross-linker, octaglycidyl polyhedral
oligomeric silsesquioxane (OG-POSS) and an initiator, 2-ethyl-4-
methylimidazole (EMI) is also added to PNIPAM.* All the
samples demonstrated switchable wettability when the temper-
ature is increased from ambient temperature to 40 °C. Interest-
ingly, samples containing 25 wt% PNIPAM exhibited enhanced
wettability when compared with other samples. Our results also
show that the hydrophilicity of the membranes can be controlled
by varying the PNIPAM content in the blend proportion.

2 Experimental details
2.1 Materials

Poly(N-isopropylacrylamide) (PNIPAM, M, = 300 000) was
purchased from Scientific Polymer Products Inc. Octaglycidyl
polyhedral oligomeric silsesquioxane (OG-POSS,

This journal is © The Royal Society of Chemistry 2017
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((C6eH110,)4(Si01.5), n = 8, 10, 12)) was obtained from Hybrid
Plastics Inc. Poly(vinylidene fluoride) (PVDF, M,, = 534 000), 2-
ethyl-4-methylimidazole (EMI) and N,N-dimethylformamide
(DMF, 99.5%) were obtained from Sigma-Aldrich while tetrahy-
drofuran (THF, 99%) was obtained from Tedia company, Inc.

2.2 Membrane fabrication

Solutions with 20 wt% polymer concentration were prepared by
dissolving known concentration of PNIPAM and PVDF in DMF/
THF (1 : 1) solvent mixture at 60 °C. The concentration of PNI-
PAM in the blend was 100, 75, 50, 25 and 0 wt%. OG-POSS was
used as a crosslinker for PNIPAM (15 wt% of PNIPAM concen-
tration) with EMI (0.3 wt% of PNIPAM concentration) as sug-
gested by Wang et al, in their article.® The solutions were
mechanically stirred for about 8 h until the polymer was
completely dissolved. For comparison purpose, all the polymeric
solutions, including pristine PVDF contained OG-POSS. This
enabled us to isolate the effect of OG-POSS and investigate the
influence of PVDF on the thermoresponsive behavior of PNIPAM/
PVDF composites. However, it should be noted that, PVDF-OG-
POSS is referred to as PVDF alone in the text. Thereafter, the
solution was loaded into a 5 ml syringe and electrospun using
a standard electrospinning machine (Nanospinner 24 - Ino-
venso). Electrospinning was conducted at 17 kV with the feed rate
of 0.8 ml h™". The distance between the needle and the collector
was adjusted to 10 cm. The residual solvent from the obtained
fibers was removed by drying the fibers at 60 °C for 8 h in an oven.
Following this, the temperature was increased to 150 °C and
maintained for 8 h to promote crosslinking.

2.3 Characterization

The fibrous membranes were sputter coated with gold (30 mA,
90 seconds) and then examined using a scanning electron
microscope ((SEM) JEOL, JSM-6700F) at an accelerating voltage
of 5 kv.

A state of the art 3-in-1 integrated microscope, OLS4500
(atomic force microscopy (AFM), phase mode) from Shimadzu
was used to obtain phase images of the fiber surface.

Fourier transformation infrared spectroscopy (FTIR) spectra
of the samples were collected using a Bruker Alpha spectrom-
eter. FTIR spectra (ATR mode) were recorded at a resolution of 4
cm ! with an average of 64 scans at room temperature.

Thermal degradation behavior of the blend samples were
characterized using a thermogravimetric analyzer (TGA, (TAQ90,
TA Instruments)). The samples were heated at the rate of 5 °C
min~" at nitrogen atmosphere to prevent oxidation. The samples
were further characterized for their melting behavior and degree
of crystallinity by using a differential scanning calorimeter (DSC).
The samples were heated at the rate of 5 °C min~". Melting
enthalpy, AH; of PVDF and blends is measured from DSC profile
and for pure crystalline PVDF, 4H; = 104.7 ] g ' from litera-
ture.”” The degree of crystallinity is calculated as below

AH;

X, = 2705 100 1
am < 100% (1)
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Fig. 1 Schematic of the setup used for hygroscopic measurement.
Ratio of dry and humid air is varied to control the humidity of the
supplied air to TGA, where the sample's weight is measured as
a function of relative humidity (% RH).

The static contact angle was determined using the bubble
drop method with a KINO-optical contact angle and interface
tension meter. The temperature response of the samples was
investigated by taking the contact angle measurements at room
temperature and above the LCST temperature of PNIPAM. To
measure the contact angle above the LCST temperature of
PNIPAM, the sample was heated at 40 °C in a temperature
controlled chamber associated with the goniometer. In order to
maintain the temperature, the chamber is enclosed by all sides
with a small opening at the top for the dozing unit. The trans-
parent glass on the sides walls of the chamber enables the light
to pass through to take pictures of the water drop for CA
measurements. The reported surface contact angle value aver-
ages at least five measurements taken from different regions of
the fibrous membrane.

Hygroscopic studies on the sample were performed using the
setup as explained in our previous work.** The schematic of the
setup is as illustrated in Fig. 1. The TGA in the setup is used to
measure the dynamic change in the weight of the sample as
a function of humidity. The sample was allowed to equilibrate
for 90 minutes at every humidity step. The experimental trials
were carried on PNIPAM samples for 300 minutes. 90 minutes
for each RH step was chosen as the weight of sample reasonably
stabilized after 90 minutes. Humidity was varied by controlling
the proportion of dry and wet air supplied to the TGA. The RH of
the supplied air was measured using a separate humidity sensor
(Sensirion (SHT2x)).

3 Results and discussion

The stability of PNIPAM based membranes in aqueous media is
important for their applications. In this study, the stability of
PNIPAM is achieved by cross-linking PNIPAM with OG-POSS.
For example, Wang et.al. crosslinked PNIPAM with octagly-
cidyl polyhedral oligomeric silsesquioxane.®® Similarly,
Slemming-Adamsen et.al. crosslinked PNIPAM/gelatin nano-
fibers by electrospinning PNIPAM-NHS (ester terminated) and
gelatin with 1-ethyl-3-(3-dimethyl-aminopropyl)-1-carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS).* In this
study, OG-POSS is used as a cross-linker to improve the stability
of PNIPAM in aqueous media. PNIPAM along with OG-POSS and
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Fig. 2 Representative SEM micrographs of the membranes (a) neat
PNIPAM fibers. (b) 75/25 (wt/wt)% PNIPAM/PVDF fibers (c) 50/50 (wt/
wt)% PNIPAM/PVDF fibers (d) 25/75 (wt/wt)% PNIPAM/PVDF fibers, and
(e) neat PVDF-OG-POSS fibers. SEM image in (a) shows fusing of fibers
seen after the heat treatment. Figures (b) to (d) shows that fiber have
smooth surface morphology and image in (e) shows fibers with rough
surface morphology.

EMI are electrospun and then thermally treated to obtain highly
cross-linked PNIPAM membrane. To demonstrate the stability
of these membranes, the fibers are immersed in turbulent water
stirred at 600 rpm using a hotplate. SEM images (not shown
here) of rigorously washed membranes demonstrated that the
fibers maintained their geometry and morphology, and thus
their stability in aqueous media. Although this membrane is
stable in aqueous media, crosslinking process makes the
membrane stiff and brittle. Increase in stiffness is attributed to
the formation of random network of cross-links within and
across the fiber (at crossover points). To reduce its brittleness
and improve its flexibility, a polymer with a low glass transition
temperature (T,) such as, PVDF is added to the electrospinning
solution. PVDF has been chosen as it exhibits high hydropho-
bicity due to the presence of two fluorine atoms in the polymer
repeat unit.”®*

Representative SEM images of the fabricated PNIPAM/PVDF
blend samples are shown in Fig. 2. The average fiber diameter of
the blends with 100, 75, 50, 25 and 0 wt% PNIPAM samples are
determined to be 1.44 + 0.41, 1.54 £ 0.05, 1.65 + 0.18, 1.13 +
0.24 and 1.46 + 0.96 pm respectively. As evident from Fig. 2,
neat PNIPAM fibers and fibers of PNIPAM/PVDF blend have
a smooth morphology consistent with other published work.*®
On the contrary, neat PVDF fibers are found to have a rough
surface morphology. The presence of micro/nanoscale wrinkles
on the surface of PVDF fibers is attributed to low surface tension
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and electrical repulsion of solution jet containing OG-POSS
during fast phase separation.*® We used atomic force micros-
copy (AFM) to confirm this and further examine the micro-
structure of PVDF fibers.** Fig. 3a shows the AFM image of PVDF
fibers. It is clear from the AFM image that the surface of the
fiber is rough and consists of two distinct phases with aggre-
gates of OG-POSS (darker regions). Thus, the AFM image also
confirms the phase separation between OG-POSS and PVDF.
This phase separation is caused by a rapid migration of OG-
POSS to the surface (see Fig. 3a). The migration is due to the
low surface tension of OG-POSS and the reduced cohesive
energy between OG-POSS and polymer chain compared to the
cohesive energy between polymer chains.***

Following this, the thermoresponsive behavior of the
membrane is investigated by measuring the wettability at room
temperature and above the LCST of PNIPAM. For this purpose,
the samples are placed in a temperature controlled chamber,
that is mounted on the sample stage in front of the high speed
camera. A 5 pl water droplet is placed on the surface of the
membrane. The image of this droplet is captured at a speed of 2
frames per second (FPS) at room temperature and 0.5 FPS at an
elevated temperature (40 °C). The contact angle (CA) is
measured using an open source software, FIJI Image] (dropcast
plugin) and is plotted as a function of time as shown in Fig. 4.
Fig. 4a shows the CA measurements at ambient temperature,
while Fig. 4b shows the CA measurements at an elevated
temperature (40 °C). Fig. 4a and b show that neat PNIPAM
membranes are hydrophilic at room temperature and relatively
hydrophobic at elevated temperature, as expected of a ther-
moresponsive membrane.”* For example, contact angle
measured on neat PNIPAM after 30 seconds time interval at

& 16676
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S

Fig. 3 AFM phase images of (a) PVDF fiber; (b) 50 wt% of PNIPAM in
PNIPAM/PVDF blend and (c) 25 wt% of PNIPAM in PNIPAM/PVDF
blend. Black colored arrow shows the orientation of the fiber length,
red arrow points to the dark domains, which in figure (a) is OG-POSS
agglomeration; in figures (b) and (c) is PVDF as this domain increases
with increasing PVDF content. Green arrow points to the lighter
domains, which in figure (a) is PVDF; in figures (b) and (c) is PNIPAM.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Water contact angle (WCA) trend of membranes at (a) room
temperature; and (b) elevated temperature (40 °C). The plots show
that water spreads faster with increase in PVDF content during first
10 seconds. At elevated temperature, PNIPAM is hydrophobic and
hence there is an increase in WCA. Membrane consisting of 25 wt%
PNIPAM shows improved thermoresponsive wettability.

room temperature and elevated temperature is ~30° and ~81°
respectively. This CA is lower than what we reported in our
earlier work on PNIPAM membranes that are obtained without
the addition of cross-linking agent. In our previous work, high
CA of 132 °C is attributed to the large surface area of the fibrous
membrane.”**® In the present work, measurements are per-
formed on crosslinked PNIPAM. The reason for reduced CA is
attributed to the decrease in surface roughness resulting from
the fusing of fibers at the cross-over points in a membrane
(Fig. 2a). The fiber fusing occurred due to crosslinking process.
This is because the crosslinking temperature (150 °C) is higher
than the glass transition temperature of PNIPAM (141.45 °C).*”

The CA measurements at ambient temperature (Fig. 4a)
suggest that all the membranes with PNIPAM are hydrophilic
(CA < 90°). 1t is evident from Fig. 4a that 50 wt% and 25 wt%
PNIPAM are more hydrophilic compared to other samples.
Firstly, 25 wt% PNIPAM sample is super hydrophilic takes only
10 seconds to absorb a water drop. The contact angle on 50 wt%
and 75 wt% PNIPAM samples is measured to be 52.16° and
56.9° respectively. The contact angle PNIPAM after 10 seconds is
measured to be 68.76°. The CA measurements at elevated

This journal is © The Royal Society of Chemistry 2017
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temperature (Fig. 4b) also show the same trend for 75 wt% and
50 wt% PNIPAM, albeit at a slower rate. After a period of 10
seconds, both 75 wt% and 50 wt% PNIPAM samples exhibit a CA
of 100°. On the contrary, 25 wt% PNIPAM is stable around 136°.

The CA measurements reveal that PNIPAM/PVDF composite
fibrous membranes show thermoresponsive behavior. This is
attributed to the surface segregation of PNIPAM. Similar
segregation effect of PNIPAM is reported in the literature. For
example, Chen et.al. used electrospinning to fabricate PNIPAM/
polycaprolactone blends and demonstrated that the thermor-
esponsive property is due to migration of the PNIPAM towards
the surface of the fibers.*® The kinetic factor governs the
mobility of polymeric chains in order to attain the state of
minimum energy. Herein, the lower density polymer (PNIPAM)
migrates towards the region of high shear, ie. towards the
surface of the fibers.**** Our AFM images also confirm this and
demonstrate that presence of different phases on the surface of
the fibers (Fig. 3).

TGA and DSC are used to investigate the phase separation of
PVDF and PNIPAM in the samples. TGA and DSC scans of the
samples are shown in Fig. 5 and 6 respectively. It is evident from
Fig. 5a that the onset degradation temperature of neat PNIPAM
and neat PVDF membrane is 349.4 °C and 438.6 °C respectively.

However, the temperature at which maximum rate of
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Fig.5 (a) TGA plot of weight% vs. temperature. Inset shows a two step

degradation and is indicated by a blue arrow; and (b) TGA plot of
derivative of weight (%/°C) vs. temperature. The plot shows two step
degradation for samples consisting of 25 wt% PNIPAM indicating phase
separation.
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Fig. 6 (a) DSC heating scans recorded for samples as a function of
PNIPAM content (run 1); and (b) plot of crystallinity’% vs. PNIPAM
content in the samples.

degradation occurs is obtained from the derivative of the weight
with temperature (Fig. 5b). It shows that maximum rate of
degradation for neat PNIPAM and neat PVDF occurs at 398.7 °C
and 449.04 °C respectively. 25 wt% PNIPAM shows two-step
degradation, and the samples with 50 wt% and 75 wt% PNI-
PAM shows single step. The first degradation peak matches with
the degradation peak of neat PNIPAM sample, while the other
degradation peak in case of 25 wt% PNIPAM is closer to the
degradation peak of neat PVDF. This indicates phase separation
at the molecular level for 25 wt% PNIPAM.* To confirm this
behavior, samples with lower PNIPAM content, such as 20 and
10 wt% were tested for thermal degradation (not shown here).
These samples also showed a two-step degradation. Thus, TGA
profile of PNIPAM/PVDF polymeric blend suggests that above 25
wt% of PNIPAM, the PVDF and PNIPAM are miscible at the
molecular level. DSC is also used to investigate the effect of
PNIPAM on the melting temperature of PVDF. The melting peak
of PVDF is determined to be 161.6 °C. The degree of crystallinity
of PVDF as calculated from eqn (1) reduces with increasing
PNIPAM content in the composite membrane (Fig. 6b). There-
fore, atactic nature of PNIPAM interferes with close packing and
semi crystalline nature of PVDF.* This interference with crys-
tallization of PVDF also explains that the degradation of blends
occurring at a relatively lower temperature than pristine PVDF.
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View Article Online

Paper

Thus, the evidence from DSC and TGA suggests that, PNIPAM
and PVDF are miscible when the PNIPAM concentration is 50 or
75 wt%. Whereas PVDF and PNIPAM are partially miscible when
PNIPAM concentration is 25 wt% or less. Yet another factor that
changes with increasing PNIPAM is the amount of moisture
a membrane can absorb. This is depicted by the first broad peak
less than 100 °C and is attributed to the moisture loss (non-
liquid form) from the sample. Moisture loss is confirmed by
the absence of first broad peak during the second run on DSC
(curve not shown here), while maintaining the melting peak
around 160 °C. The moisture sorption property of the composite
membranes is analyzed in detail and are discussed during the
later sections of this paper.

Exceptional wettability of 25 wt% PNIPAM sample can be
explained using the results from DSC and TGA. Molecular
interaction between the PVDF and PNIPAM phases is under-
stood using DSC and TGA results. The presence of two peaks in
the plot of weight derivation vs. temperature for 25 wt% PNI-
PAM samples indicates phase separation between PVDF and
PNIPAM (see Fig. 5b). This results in the presence of distinct
large domains of PNIPAM and PVDF. The AFM phase image
further confirms the presence of these domains (Fig. 3b and c).
The phase image of 25 wt% sample shows larger domain of dark
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Fig. 7 (a) IR spectra obtained for samples as a function of PNIPAM

content in the samples; and (b) IR spectra for PNIPAM before and after
crosslinking.
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regions when compared with the 50 wt% PNIPAM sample. The
push pull effect by PVDF and PNIPAM domains cause the water
drop to spread faster at room temperature. However, at elevated
temperature the PNIPAM domains resist wettability due to LCST
behavior and is simultaneously supported by hydrophobicity of
PVDF.

Fig. 7a shows the FTIR spectra recorded for the samples.
FTIR spectrum of pure PVDF nanofiber membranes shows the
stretching in beta phase at 510 and 840 cm ™. The band at 1166
em ' is associated with symmetrical stretching of CF, group.
The band at 1236 cm ™' is attributed to the gamma phase, while
the band at 1400 cm ™" is assigned to in-plane bending or scis-
soring of the CH, group. Incorporation of PNIPAM with the
composites results in the merging of the FTIR peaks of both the
polymers.** FTIR spectrum of pure PNIPAM and PNIPAM/PVDF
blend membranes show the characteristic peaks associated
with PNIPAM. The peak at 3285 cm ™' is attributed to the
secondary amide N-H stretching, while the peak at 2974 cm ™" is
associated with -CH; asymmetric stretching. The peaks at 1635
em ™! and 1540 cm™' are associated with secondary amide
carbonyl stretching amide I and amide II respectively. The iso-
propyl stretching absorption is associated with the peak seen
around 1380 cm™ . Furthermore, the absorption intensities of
C=0 stretching and N-H stretching decreases as the amount of
PVDF in the mixture increases, confirming that the PNIPAM

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

increases with increasing ratio of PNIPAM/PVDF in the mixture.
Fig. 7b shows the effect of crosslinking in PNIPAM. The disap-
pearance of the peak at 910 cm™ ', which is attributed to the
opening of the carbonyl ring in OG-POSS during crosslinking.*®

In the next step, we investigated the ability of the
membranes to absorb moisture from humid atmosphere. For
this purpose, the samples are subjected to air with controlled
humidity using the setup as shown in Fig. 1. The relative
humidity (RH) is controlled by varying the ratio of dry and
humid air while maintaining constant air flow of 60 sccm. We
observed that the weight of the membranes changes with
humidity due to moisture absorption. The supplied RH and
corresponding relative weight of the PNIPAM membrane are
illustrated in Fig. 8a and b, respectively. The membranes with
50 and 25 wt% of PNIPAM were studied under the same
conditions. Fig. 9a and b respectively compares the desorption
and absorption behavior of the blend and pristine membranes.
We found that the water absorption ability of the membrane
increases with PNIPAM content, reaching a maximum value of
10% for the pristine PNIPAM. This can be explained by the
hydrophilicity of PNIPAM which governs the overall moisture
absorption ability of the polymeric blend. At the same time, we
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Fig. 9 (a) Plot of relative weight% vs. relative humidity%. The plot
demonstrates water desorption behavior of the membranes with the
reduction in RH%; (b) plot of relative weight% vs. relative humidity%.
The plot demonstrates water absorption behavior of the membranes
with the increase in RH%. The water absorbed in the samples in seen to
be higher for samples containing higher PNIPAM concentration.
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see that the pristine PVDF absorbs less than one percent of
moisture as expected of a hydrophobic polymer.*®*** Further-
more, the close packing of semi-crystalline regions of PVDF
prevents diffusion of the water vapor molecules in the fiber.**
Therefore, PVDF provides a stable framework to support PNI-
PAM to exhibit its sorption properties. This also suggests that by
controlling the PNIPAM/PVDF ratio in the blend, the moisture
absorption of a blend membrane can be tuned for the targeted
applications.

4 Conclusion

We investigated the switchable wettability behavior of poly-N-
(isopropyl acrylamide) (PNIPAM) and poly-(vinylidene fluoride)
(PVDF) blend membranes that were fabricated using electro-
spinning. The fibrous membranes were fabricated by varying
the concentration of PNIPAM in the blend. The wettability
results demonstrated that all the PVDF/PNIPAM blend samples
switched from hydrophilic to hydrophobic state when the
temperature was increased from room temperature to 40 °C. In
particular, blend samples with 25 wt% PNIPAM is 25 seconds
faster in absorbing water at ambient temperature than PNIPAM
and 40% more hydrophobic at elevated temperatures. The
exceptional behavior of the membranes with 25 wt% PNIPAM is
attributed to the phase separation of the polymers. At the room
temperature, the hydrophilic PNIPAM results in regions with
high surface energy and PVDF regions possess low surface
energy. This kind of polymer distribution prevents a water
droplet from attaining stability and forces it to spread. However,
at an elevated temperature, relative hydrophobicity of PNIPAM
along with PVDF reduces the membrane surface energy and
increases the water contact angle.

The chemical analysis of the membranes using FTIR results
confirms that the polymers do not react with each other.
Furthermore, it is supported by hygroscopic tests which depend
on the hydrophilic properties of material. The hygroscopic
property of the membranes increases in proportion with PNIPAM
content. Thus the blend membrane with 25 wt% of PNIPAM
absorbs 2.5 wt% of moisture at 85% relative humidity and 25 °C
as against 10 wt% of moisture by pristine PNIPAM. In conclusion,
the blending of PNIPAM and PVDF in a ratio of 25/75 enhances
the surface wettability, while maintaining the number of
hydrophilic/hydrophobic sites in the bulk of the membrane.
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