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Introduction

Ultraporous, ultralight, three-dimensional (3D) materials are
very attractive due to their high porosity and elasticity that
makes them suitable for various fields, including energy appli-
cations, absorber materials, insulating materials, and tissue
engineering."* Among these materials, 3D ultralight polymer
scaffolds assembled from electrospun fibres recently experi-
enced a fast development in applications for tissue
engineering,””” microbial fuel cells,® oil adsorption,” and oil/
water separation.’® Recently, our group developed novel ultra-
light 3D sponges from the dispersion of short electrospun
fibres, which possessed ultralow density (2.7-9.1 mg cm ™)
and high porosity (99.6%)."* These sponges are highly breath-
able open cell solids. The sponges showed applications in cell
culture and high uptake of hydrophobic liquids.'* In another
recent report, Xu et al. adopted a similar strategy and prepared
a 3D nanofibrous polycaprolactone (PCL) scaffold for bone
tissue engineering.'®> However, due to the highly porous struc-
tures, these 3D fibrous sponges/scaffolds showed poor mech-
anical properties, which would greatly limit their practical
applications. A solution for the disadvantage of such sponges
could be additional coatings on the surface of the fibres, in
particular at the junction points. Poly(p-xylylene) (PPX) pre-
pared by chemical vapour deposition (CVD) could be an ideal
coating material due to its homogeneous and conformal sur-
faces, good adhesion to other materials, chemical resistance,
excellent biocompatibility, and thermal stability."*® It can be
used for hydrophobic coating for moisture barriers,'®"”
reinforcement of microstructures,'® and protection materials
for plastic, rubber, and metals from a harsh environment."**°
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Ultralight polyacrylate sponges were prepared from dispersions of short electrospun polymer fibres by
freeze drying and coated with poly(p-xylylene) (PPX) by chemical vapour deposition (CVD). The PPX
coating of the sponges increased the compression strength, the water contact angle, and the solvent
resistance significantly without significant alteration of the sponge morphology.

In this work, PPX was coated onto the ultralight polymer
fibre sponges. By varying the coating thickness, PPX reinforced
composite sponges exhibited tuneable properties including
densities, mechanical properties, water contact angle, and
solvent resistance.

Experimental

Materials

Methyl acrylate (MA, Aldrich, 99%) and methyl methacrylate
(MMA, Aldrich, 99%) were purified by passing through a
neutral aluminium oxide column. 2,2-Azobis (isobutyronitrile)
(AIBN, Fluka, 98%) was recrystallised from methanol (Aldrich,
99.8%). Parylene N (Specialty Coating Systems), polyacrylo-
nitrile (M,, = 150000, polyscience Inc.), dimethyl sulfoxide
(DMSO, Fisher Chemical, 99.99%), dimethyl formamide (DMF,
Fisher Chemical, 99.99%), dioxane (technical grade), and
acetone (technical grade) were used as received. 4-Methacryloyl-
oxybenzophenone (MABP) was synthesised according to a pre-
vious report.*!

Preparation of sponges

The polymer fibre sponges were prepared according to our pre-
vious report."’ In brief, copolymer poly(MA-co-MMA-MABP)
was prepared by radical copolymerisation of MMA (13.5 ml),
MA (17.3 ml), and MABP (4.681 g) using AIBN (0.293 g) as
initiator in DMSO at 70 °C for 5 hours. The copolymer was pre-
cipitated in methanol and dried in a vacuum oven at 40 °C for
2 days. The obtained poly(MA-co-MMA-MABP) had a molar
mass (M,) of 2.43 x 10° as determined by gel permeation
chromatography using THF as the eluting solvent against poly
(methyl methacrylate) standards.

6.17 g of poly(MA-co-MMA-MABP) were dissolved in DMSO
with a concentration of 20 wt%. A 13.2 wt% PAN solution was
prepared by dissolving PAN in DMF.
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Table 1 Detailed information about short electrospun fibre dispersions
and densities of the sponges

Volume of short Volume of Density
Sponge fibre dispersion (ml) dioxane (ml) (mg em™)
1 65 0 8.42
2 60 5 7.43
3 50 15 6.61
4 40 25 5.16
5 30 35 4.34

The solution (17.8 wt%) for electrospinning was prepared
by mixing 26.2 g of poly(MA-co-MMA-MABP) solution in DMSO
(20 wt%), 2 g of PAN solution in DMF (13.2 wt%) and 2.68 g of
acetone. Electrospinning was performed by applying a voltage
of 9 kV and a flow rate of 1.5 ml h™" in 55% humidity. The
electrospun fibres were collected on aluminium foil and dried
in a vacuum oven at 40 °C for 24 h.

1.17 g of the above electrospun fibres were cross-linked
using UV light (UV lamp 250GS) with a distance of 15 cm for
5 h. Then the cross-linked nanofibres were cut into short
fibres with a length of 150 + 30 pm in 350 ml of dioxane with a
razor blade at a rotation of 5000 rpm for 45 s. Different short
fibre dispersions were prepared by controlling the volume of
the above short fibre dispersion and dioxane (Table 1).
Sponges with different densities of 8.42, 7.43, 6.61, 5.16, and
4.34 mg cm ™~ were prepared by freeze-drying the above short
fibre dispersions in cylindrical glass tubes at 0.03 mbar for
48 h.

PPX coating on sponge fibres

The above sponges were put in the deposition chamber of a
CVD coater. For CVD coating, 170 mg of [2.2]paracyclophane
were sublimed at 150 °C followed by pyrolysis at 650 °C in a
pyrolysis oven of the coater under reduced pressure. The pyro-
lysed monomer gas was deposited on the fibres of the sponges
at 20 °C under 52 mtorr in the deposition chamber and
formed a PPX film with 100 nm thickness. Different samples
with varied coating thickness of PPX (100, 280, 360, and
1000 nm) were made by changing the amount of the
precursor.

Characterisation

The morphology of sponges was characterised by scanning
electron microscopy (SEM, Zeiss Leo 1530) and all the samples
were sputtered with 3 nm thick platinum before measure-
ments. A compression test was done using a Z 2.5 machine
with a 20 N sensor at a speed of 10 mm min~". The samples
for the compression test were cut into cylindrical shape with a
diameter of 20 mm and a height of 8 mm. Each of these
samples was compressed once, released, and compressed
again for measurement. The water contact angle was measured
by using a G10 contact angle analysis system (Kriiss,
Hamburg, Germany) using an 8 pl water droplet. The PPX
coating thickness was measured using a Veeco Dektak 150 pro-
filometer. An indirect method was used for thickness determi-
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nation. A glass side was coated simultaneously to the sponge.
The PPX coated layer on the glass slide was cut at three
different positions and the thickness of the layer was deter-
mined by analysing the step height with the profilometer. The
average height at the three positions was used as the coating
thickness.

Results and discussion

Electrospun nanofibres were fabricated from a blended solu-
tion of poly(MA-co-MMA-MABP) and PAN. The fibres have a
smooth surface without any beads and the diameter of the
fibre was 1000 + 100 nm (Fig. 1). The polymer sponge prepared
from short electrospun nanofibre dispersion was free-standing
with a 3D cylindrical-shape with a diameter of 20 + 2 mm
(Fig. 1, inset).

The pore size could be tuned by controlling the density
of the sponge. As shown in Fig. 2, the pore size of the
sponge became larger as the density decreased from 8.42 to
5.16 mg cm ™.

The average fibre diameter of the sponge was about 1000 *
100 nm (Fig. 2D), which is similar to the starting nanofibres
before cutting and freeze-drying. The fibre diameter increased
after PPX coating depending upon the coating thickness
(Fig. 2E). The increasing PPX thickness led to the film
formation around the entanglement position of the fibres
(Fig. 2E), which could contribute to the increase in com-
pression strength observed for the coated sponges (see below).
Fig. 2F shows the cross-sectional morphology of the PPX
coated fibres, where a core (original sponge fibre)-shell (PPX)
morphology was clearly obvious. CVD (gas phase polymeri-
sation) of PPX has the advantage that it provides uniform
coating without film deposition on the surface. PPX coating
also provides an additional way of tuning the density of
sponges. The sponge density increased with an increase in
PPX thickness (Table 2). For uncoated sponges, the density is
controlled by the amount of short fibres in the dispersion for

Fig.1 SEM image of an electrospun nanofibre mat and the digital
photo of sponge made after cutting and drying (inset).

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 SEM images of original sponge 1 (A, 8.42 mg cm™), sponge 2 (B, 7.43 mg cm™>), sponge 4 (C, 5.16 mg cm™>), higher magnification of sponge
4 (D), sponge 4 coated with 1000 nm PPX (E, sponge 4-1000), and the corresponding cross section of sponge 4-1000.

Table 2 Densities of sponges before and after PPX coating

Density (mg cm™?)

PPX thickness (nm)  Sponge1l Sponge2 Sponge4  Sponge 5
0 8.42 7.43 5.16 4.34
100 9.41 8.55 6.40 4.83
280 12.45 10.99 7.30 6.41
360 14.48 13.05 8.66 7.42
1000 22.59 20.06 13.93 12.15

freeze-drying. The original electrospun fibre sponges exhibited
densities in the range of 4.34-8.42 mg cm™. Upon coating
with different thicknesses of PPX, the composite sponges
showed a considerable density variation from 4.83 to 22.59 mg
em ™ without a major change in the pore structure of the
sponges. This diversity in density would greatly promote the
sponges in different applications.

The compression properties of sponges with different
densities and PPX coating thicknesses were investigated. The
compression stress—-strain curves are shown in Fig. 3 and the
corresponding data are summarized in Table 3. As expected, a
higher sponge density led to higher compression strength.
When compressed at 50% strain, sponge 5 (density =
4.34 mg cm ), sponge 4 (density = 5.16 mg cm ), sponge 2
(density = 7.43 mg cm™®), and sponge 1 (density = 8.43
mg cm ) possessed a compression strength of 0.26, 0.47,
0.76, and 0.92 kPa, respectively. After coating with PPX, the
composite sponges showed significant enhancement in com-
pression stress. The composite sponges with a coating of
100 nm thick PPX exhibited compression strength more than

This journal is © The Royal Society of Chemistry 2016

two times compared to that of the bare sponges. When
1000 nm of PPX were coated on the sponges, the compression
strength increased more than 10 times the original sponges.
One cyclic compression test was also performed to assess the
mechanical performance of the sponges before and after PPX
coating. As shown in Fig. 3, it is obvious that the second com-
pression curves (c) are always under the first compression
curves (a) and there are blank areas in between curves a and c.
These areas could be used to access the energy loss during
the cyclic compression test. The sponges with higher density
showed higher compression strength, but they also showed
much more energy loss during the cyclic test. Although there
was energy loss, the ultimate compression strength of the
second compression could return to the same values as the
first test showed. Fig. 4 shows the relationship between the
compression strength and the densities of the sponges. It was
obvious that the thicker PPX coating led to a higher density
and the sponges with higher densities possessed higher com-
pression strength. Furthermore, a coated sponge (density was
5.0 + 0.1 mg cm™>, before coating) with 100 nm PPX can
support a piece of dry ice on the top without compression
deformation, whereas an uncoated sponge is not able to bear
such a force. These sponges have low thermal conductivity of
about 0.05 W (K m)™". A sponge could protect human skin
from dry ice (CO,, —78 °C) as shown in a real time video in the
ESL¥

Previous research by Boduroglu et al. reported that the
structured PPX films showed superhydrophobicity with a water
contact angle (WCA) of about 152°."® A PPX coating on sponge
fibres could also lead to a significant increase of the hydro-
phobicity of the sponges, which was indeed the case but not as

Polym. Chem., 2016, 7, 2759-2764 | 2761
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Fig. 3 Cyclic compression test of sponges with 0, 100, 280, 360, and 1000 nm thick PPX coating. The upper curve (a): first compression cycle; the
middle curve (b): release; the bottom curve (c): the second compression cycle.

Table 3 Compression stress of sponges before and after PPX coating

Compression stress (kPa)

PPX thickness (nm)

Sponge1  Sponge 2  Sponge4  Sponge 5
0 0.92 0.76 0.47 0.26
100 2.31 1.93 0.97 0.81
280 4.13 2.74 1.40 1.20
360 6.21 5.19 2.89 1.72
1000 12.13 8.67 6.52 3.08

S
(kPa)

expected. Fig. 5A presents the typical WCA of sponge 2 with
varying PPX coating thickness. The as-prepared sponge 2 had
a WCA of 119°. When the PPX thickness increased to 280 nm,
the composite sponge (sponge 2-280) became superhydro-
phobic with a WCA of 156°. A further increase of the PPX
coating thickness led to a decrease of WCA, but the WCA (144
and 131°) was still much higher than that of the as-prepared
sponge (119°). Fig. 5B reveals the relationship between the
WCA and the PPX thickness. Generally, the WCA on PPX
coated sponges showed a trend of an increase in contact angle
with thickness up to a certain value and then decreased on a

2762 | Polym. Chem., 2016, 7, 2759-2764
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Fig. 4 Compression stress of sponges before and after PPX coating as
a function of density.
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Fig. 5 Typical water contact angle of sponge 2 with different PPX
coating thicknesses (A) and water contact angles as a function of the
PPX coating thickness of sponges 1, 2, 4, and 5 (B).

further increase in PPX coating thickness. The optimum PPX
thickness providing the highest contact angles was about
280 nm. An analogous trend of the hydrophobicity as a func-
tion of PPX thickness was found for electrospun mats (see the
ESI Fig. S17%).

Surface structures play an important role on the WCA. In
this study, the surfaces of the sponge fibres were observed by
SEM. The as-prepared sponge fibre showed many nanopores
(Fig. 6A), which could be attributed to the phase separation
during the preparation of the sponge. These pores led to a
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rough surface and this may be the reason for the hydrophobi-
city of the as-prepared electrospun polymer sponge. The
coating of PPX greatly changed the surface morphology of the
composite sponge fibres. When coated with 100 nm PPX, the
fibre surface became smooth but some salient features were
observed (Fig. 2B), which could be due to the occupation of
the nanopores of the as-prepared fibres. The composite
sponge fibres exhibited bigger salient features and much
smoother surface when the sponges were coated with 280 and
1000 nm PPX, respectively (Fig. 6C and D). This explains the
lower WCA at higher PPX coating thicknesses. Quite obviously,
the hydrophobicity of fibrous materials as a function of PPX
coating thickness is a combined effect of inherent hydrophobi-
city and surface roughness which becomes smaller when
thicker PPX layers flatten fibrous substrates.

PPX has excellent solvent resistance. Therefore, we expected
improved solvent resistance of the sponges by PPX coating,
which would open up many new chances for advanced appli-
cations. The solvent resistance of the sponges with and
without PPX coating was investigated in water, ethanol,
acetone, and chloroform. As shown in Fig. 7, the sponges with
the size of 3 mm x 5 mm x 7 mm were put in a 1.5 mL vial
with 0.8 mL solvents. Both uncoated and coated sponge
floated on the surface of water but they were totally soaked by
organic solvents (Fig. 7A and B). Interestingly, the sponges
sank to the bottom of the vial in ethanol and acetone, but
floated in chloroform due to the density difference between
the sponge polymer and solvents: the polymer density of the
sponges was larger than those of ethanol and acetone, but
smaller than the density of chloroform. It is necessary to point
out that the stability of non-coated sponges in organic solvents
depends upon the type of the solvent used. The sponges kept
their original shapes in ethanol even for a very long time but
swelled a little in acetone and chloroform. Coated sponges had
higher shape stability even after intense shaking (Fig. 7D).

Fig. 6 SEM images of sponge (sponge 2) fibres with the PPX thick-
nesses of 0 (A), 100 (B), 280 (C), and 1000 nm (D).

This journal is © The Royal Society of Chemistry 2016

Fig. 7 Sponges in different solvents (from left to right: water, ethanol,
acetone, chloroform). (A) before coating, (B) PPX coating thickness of
280 nm, (C) and (D) after intense shaking of (A) and (B) respectively.

Polym. Chem., 2016, 7, 2759-2764 | 2763
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However, uncoated sponges lost their structure in acetone and
chloroform during shaking by hand (Fig. 7C), which forces the
formation of short fibres and these short fibres can be reused
for the preparation of new sponges in dioxane.

Conclusions

Ultralight composite sponges were achieved by CVD coating
with different coating thicknesses of PPX on the as-prepared
short electrospun polymer sponges under ambient conditions.
The density, compression strength, and the water contact
angle of the composite sponges could be well tuned by adjust-
ing the thickness of the PPX coating layer. However, with
higher PPX layer thickness the hydrophobicity of the sponges
decreased, which could be explained by planarization of the
fractal structure on the fibre surfaces. In addition, the PPX
coating could significantly improve the solvent resistance of
the sponges and retain their shape in various solvents. The
PPX coating removes the inherent disadvantage of lower
chemical and mechanical stability of polymeric sponges made
from short electrospun fibres without destroying their porous
structure. This is a big step forward in the direction of future
use of 3D porous fibrous scaffolds under harsh conditions.
With this the PPX coated sponges have become of particular
interest for separation applications. Due to the low thermal
conductivity and the improvement of the mechanical pro-
perties of sponges after PPX coating, these coated sponges can
be applied in the heat insulation field as a new kind of light
weight material.
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