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Abstract
We report an electrospun & thermally stable micro-fibers of poly(1,6-heptadiyne) (PHD), modified with ABS. Developed micro-
fibers demonstrated hydrophobicity (WCA~145o ± 2o), and exhibited hierarchical surface morphology (confirmed by FESEM
analysis). Simulation study showed Chi parameter i.e. χc = 7.88, & free energy of mixing i.e. 4.67 kcal/mol, thereby demon-
strating its feasibility for electrospinning. PHD/ABS microfibers demonstrated low ice-adhesion ability, where, it effectively
removed frozen water droplets in 8 s from hydrophobic surface, under an air-stream rate of 78 kPa/s. High thermal stability
(200 °C), hydrophobicity and low ice-adhesion ability, demonstrate that PHD/ABS microfibers can be effectively used for
multifunctional engineering/industrial applications.
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Introduction

The rising need of materials exhibiting intrinsic controlled sur-
face wettability [1] & high temperature service durability under
severe environmental conditions has inspired & accelerated the
development of hydrophobic & superhydrophobic materials
[2–4] for multifunctional engineering & industrial applications
such as wearable electronics, self-cleaning textiles & coatings
[5, 6], thermo-switchable wetting surfaces [7, 8], anti-
biofouling surfaces [9], icephobic materials [7], cleaning of
contaminated water [10–13], and oil-water separation

[14–17], etc. For rendering a controlled wettability in materials
by means of hydrophobic-hydrophilic/oleophobic-oleophilic
surface attributes, it is necessary to engineer and enhance sur-
face roughness (at micro−/nano scale), along with reduced
surface energy [14, 15]. Various methodologies and techniques
have been employed for the fabrication of materials exhibiting
engineered surface architectures such as wax solidification
[18], lithography [19], chemical vapor deposition [20],
templatingmethod [21], sol-gel method [22], electrodeposition
[23], Layer-by-Layer [24], One-pot reaction [25], controlled-
combustion method [26, 27], polymer modification/
conformation [28], electrospinning [14, 15] etc. Among these
methods, electrospinning is an efficient processing technique
which facilitates high surface area to volume ratio, material
combination andmass production compatibility, processability
and low cost, thus making it attractive for various industrial
applications e.g. hydrophobic and wearable electronics, etc.

Considering various reported polymers exhibiting func-
tionality, few researchers have explored thermoset polymers
for hydrophobic surface applications [29–33]. Shang et al.,
have described a fabrication of a thermoset based nanofibrous
membrane composed of cellulose acetate (CA) nanofibers
(300~500 nm) and fluorine functionalized polybenzoxazine
(F-PBZ) (in-situ polymerized) functional layer engineered
with silica nanoparticles (SiO2) (30~70 nm). This F-PBZ/
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SiO2 and cellulose acetate based nanofibrous membrane ex-
hibi ted a superhydrophobici ty (WCA~161o) and
superoleophilicity (OCA~3o) along with surface roughness
of 4.10 μm [34]. PHD, which is a thermoset based polymer,
is least explored for hydrophobic applications [35, 36], being
thermally stable up to 400 °C with a high glass transition
temperature (Tg) of more than 300 °C coupled with excellent
optical transparency, low moisture absorption, low birefrin-
gence [32], and a low dielectric constant [37–39]. PHD and
its various derivatives [40–44] find their use & applications,
ranging from optical polymers, in flat panel displays and
waveguides [45, 46] drug delivery system, dielectric
encapsulants for electronic packaging, oil spill management
and sacrificial materials for microelectromechanical systems
(MEMS) [47, 48]. Although, PHD and its derivatives are uti-
lized in various engineering applications [40–45, 48–50], me-
chanical brittleness, and low adhesiveness, inhibit the appli-
cations of PHD to some extent. Yet researchers have not ex-
plored the viability of PHD engineered nano−/micro-fibers for
hydrophobic applications involving thermal stability [14, 15].

In this context, we report 1–6-heptadiynes engineered with
ABS micro-fibers, by employing solution blending and fabri-
cated via facile electrospinning technique. The developed
PHD/ABS micro-fibers possess a porous nonwoven structure
and hierarchical textured morphology as confirmed by the FE-
SEM analysis. The PHD derivatives and ABS exhibit a high
thermal stability i.e. Tm~400 °C & Tg~300 °C for PHD deriv-
atives, and Tm~230 °C & Tg~112 °C for ABS thermoplastic
[24]. The miscibility study of the PHD derivatives & ABS
polymer i.e. Chi parameter (χc) & free energy mixing, were
computed by employing molecular dynamics simulation anal-
ysis via Accelrys Materials Studio software (Supporting
Information). The hydrophobicity of the developed porous
nonwoven micro-fibers is evaluated using static contact angle
method and has been explained using the Wenzel & Cassie-
Baxter regimes. The PHD/ABS engineered porous nonwoven
micro-fibers also demonstrated a low ice adhesion ability,
where it effectively detached frozen water droplets in 8 s under
an air pressure of 78 kPa. Considering the successive enhanced
results and higher intrinsic properties, we propose to use the
developed PHD/ABS blended fibrous structures for engineer-
ing and industrial applications, where hydrophobic surfaces
exhibiting high temperature stability are essentially required.

Materials and methods

Materials

ABS terpolymer (Absolac 920) was procured from
Styrolution ABS India Ltd., which exhibited melt flow rate
of 27 g/10 min at 220 °C, and density ~ 1.04 g/cc. PHD
polymer (Mw~2500 g/mol) powder in its purified form was

kindly supplied by Indian Institutes of Science Education and
Research, Kolkata, India and further studies were done at
Defence Institute of Advanced Technology, India. Ethyl ace-
tate & Dichloromethane (DCM) were procured from Sigma-
Aldrich, India.

Methods

Synthesis of monomer Diacetylene (DA)

Propargyl functionalized malonic ester, monomer diacetylene
(DA) was synthesized by our previously reported literature.52

For the formation of DA, malonic ester was treated with so-
dium hydride in presence of dry THF under inert condition at
0 °C. Then propargyl bromide was added dropwise and kept
to stir for 36 h at room temperature. Then reactionmixture was
washed with ethyl acetate and water. Organic layer collected
and dried to get crude product. Compound was purified using
column chromatography method with 5% of eluent of ethyl
acetate and hexane. After column chromatography light yel-
low compound was collected, this was further recrystallizing
to get pure solid compound with 90% yield. Formation of
compound was further confirms by different spectroscopies
techniques. In 1H NMR spectroscopy, peaks at δ ppm 2.05
and 2.90 corresponds to acetylene moiety and peaks at δ ppm
4.2 and 1.2 corresponds to ester group confirms the formation
DA. (Fig. 1a) Formation of DAwas confirmed by 13C and FT-
IR spectroscopies. (Figure S3)

Synthesis of poly(1,6-heptadiynes), PHD

DA was taken under inert condition and dissolve in dry THF.
Then catalytic amount of Hoveyda Grubbs’ second generation
catalyst was added and kept to stir for 2 h at room temperature
45, 52, 53]. Reaction was quenched by ethyl vinyl ether and
then solvent was dried. Then obtained product was precipitated
with diethyl ether. Then the precipitated product was dried under
vacuum. Formation of PHD was confirmed by 1H NMR spec-
troscopies andAPC analysis. In 1HNMR spectroscopy, absence
of peaks at δ 2.05 corresponds to acetylene group and new peaks
at δ ppm 4.80 and 5.75 confirms the formation of PHD polymer.
(Figure S4) Then APC analysis was done using THF as eluent
and polymethylmethacrylate as standards to check themolecular
weight of polymer PHD,whichwas found asMn = 2500 g /mol
with polydispersity index, = 1.30 (Fig. 1b).

Synthesized PHD polymer exhibits conjugation in struc-
ture, which brings it a red-orange colour. Therefore, UV-vis
study was done and absorbance study was done with different
concentrations in chloroform (Fig. 2a). Then, 1 mg of PHD
was dissolved in 10 ml of HPLC-THF and morphological
analysis was done using FESEM. The morphological analysis
showed rod-like structure (diameter~55 nm) for PHD polymer
(Fig. 2b).
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Fiber processing methods

Considering the functional advantages, electrospinning meth-
od was chosen for the fabrication of PHD/ABS nanofibers
(Table 1). The comparison and advantages electrospinning
method are provided below.

Large surface area to volume ratio: The nano-scale of
electrospun fibers facilitate it a large surface area.
Wide range of materials: Considering the targeted ap-
plications e.g. biomedical or electronics, of nanofibers,
various compatible materials based on polymers and ce-
ramics can be employed for electrospinning.
Nanofiber functionalization: Functionalization of nano-
fibers be accomplished through simple solution blending
before and after spinning, and/−or co-electrospinning
setup.

Deposition of nanofibers on substrates:Nanofibers can
be deposited on various polymeric, metallic, and ceramic
substrates.
Bulk production ability: The nanofibers can be pro-
duced on large scale by using number of needles, or by
employing needleless electrospinning method. [49, 51].

Methodology of electrospinning

Separate homogeneously dispersed solutions of ABS 30%
(wt /v) & ABS-PHD blend were prepared us ing
Dichloromethane (DCM) as solvent, under magnetic stirring
(300 rpm) for 60 mins at room temperature, as per the method
reported in our recent literature [49]. Weight percent loading
of PHD in ABS solution was kept at 0.1, 0.2, 0.3, and

a b

Fig. 1 a 1H-NMR of compound Diacetylene in CDCl3, b GPC of compound PHD

 

ba

Fig. 2 a UV-vis study of PHD polymer, b FE-SEM analysis of PHD polymer
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0.4 wt%. DCM is a volatile & polar solvent, thus, it helps in
rendering the required electrical conductivity to the solution,
and faster drying of generated microfibers, during
electrospinning operation [49]. These, homogeneously dis-
persed solutions were utilized for electrospinning operation
for the generating the microfibers, as illustrated in Fig. 3.
During electrospinning operation, needle tip to collector plate
distance was maintained at 12 cm, voltage was maintained at
15 kV, along with a solution feed rate of 3 μL/min, at room
temperature.

Pre-measurement of solution viscosity helps in adjusting
the electrospinning parameters during generation of
microfibers. During electrospinning operation, needle tip to
collector plate distance was maintained at 12 cm, voltage
was maintained in the range of 15 kV, along with a solution
feed rate of 3 μL/min.

Characterization techniques

Molecular weight and its distribution (dispersity index (Ð)) of
synthesized polymeric product were analyzed using GPC
method (Make: Waters Acquity). 1H NMR spectroscopy was
per fo rmed Bruker (Mode l : 500 MHz) and Jeo l
(Model:400 MHz) spectrometers by using CDCl3 as solvent.

UV-visible absorption was carried out with the aid of UV-Vis
spectroscopy PerkinElmer Lambda 35. Wettability of gener-
ated PHD/ABSmicro-fibers was characterized using the static
water contact angle goniometer (DSA 25, Kruss GmbH,
Germany), using deionized water with 8 μl volume of the
droplet at room temperature. Solution viscosity was measured
using Brookfield viscometer (DVII Pro, Brookfield
Engineering Laboratories Inc., USA) using a spindle no. 21,
and a rotational speed of 10 rpm, shear rate of 0.166/s, at room
temperature.Molecular dynamics simulations were performed
using Accelrys Materials Studio software via Blends module
and polymer consistent force-field (Supporting Information).

Results & discussion

Morphological analysis

Morphological study was performed for exploring the hierar-
chical nano−/micro surface texture of engineered PHD/ABS
micro-fibers as shown in Fig. 4. FE-SEMmicro-graphs reveal
surface micro-texture of the developed PHD-ABS micro-fi-
bers. In Fig. 4a and e, progressive surface texture of the
microfibers is observed. At Fig. 4a and b of Pristine ABS &

Table 1 Fiber production methods

Fabrication Techniques Advantages Disadvantages Ref.

Temperature-induced phase
separation Method

Modest equipment Restricted to specific polymers, Non scalable,
Poor control on fiber morphology.

[49, 51]

Drawing Modest equipment Non scalable, Intermittent process,
Poor control on fiber morphology.

Molecular self-assembly Restricted to fabrication of nanofibers of few nanometer in
diameter and few micrometer in length

Intricate process, Non scalable,
Poor control on fiber morphology

Template synthesis Continuous process, Fiber morphology can be varied using
various techniques

Not scalable

Electrospinning Modest instrument, Cost effective, Continuous method,
scalable, fiber dimensions can be controlled

Instability of jet, hazard of noxious solvents,
handling

Fig. 3 Pictorial representation of electrospinning of PHD/ABS micro-fibers
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0.1 PHD/ABSmicro-fibers respectively, it is observed that the
micro-fiber diameter is non-uniform and irregularly patterned.
Figure 4c-e, show the uniform micro-fiber diameter with im-
proved surface-microtexture, which is attributed to the respec-
tive increased concentration of PHD polymer in PHD/ABS
micro-fibers. PHD polymer & PHD/ABS blend doesn’t pos-
sess a polar or functional group in the backbone or side chains
(except acrylonitrile group in the ABS side chain), which in
turn might be reducing the Van der Wall forces leads to reduc-
ing adhesion between two phases & improving the hydropho-
bic nature of the developed micro-fibers [37, 49, 50, 52].

FESEM micrographs as shown in Fig. 5a–e, reveal nano-
scaled surface texture & morphology of the pristine ABS and
PHD/ABSmicro-fibers. Figure 5b–e, reveal a phase separated
morphology of the PHD/ABS micro-fibers, which could be
attributed to immiscible nature of PHD & ABS homopoly-
mers in the blend system (also confirmed by the molecular
dynamics simulations analysis) [53, 54], which separate out
during the electrospinning process, where a high voltage
charge causes the blend solution to be melt stretched along
the length of the micro-fibers, thereby exhibiting a phase sep-
arated morphology in the erstwhile immiscible homopoly-
mers. The average fiber diameters for pristine ABS & PHD/
ABS micro-fibers were found to be 2.87 ± 1.11 μm & 3.2 ±
1.15 μm, respectively (measured using SPIP 6.7.7 Image
Metrology software). The difference in the diameters of the
electrospun pristine ABS & PHD/ABS micro-fibers is also
attributed to the phase separated morphology of PHD &
ABS homopolymers, which causes the increment in micro-

fibers diameter. Micro-fibers clearly show a porous structure
with an average pore diameter of 152 ± 78 nm (measured
using SPIP 6.7.7 Image Metrology software), along the length
of microfibers, as shown in Fig. 5d. The generation of pores in
the micro-fibers is attributed to the evaporation of DCM sol-
vent during the drying process, where the entrapped solvent
molecules under the action of drying temperature try to escape
from the microfibers, thereby making the hollow pores in the
micro-fibers [52].

The histograms were plotted for the distribution of the
pores i.e. voids, in the developed nanofibers, which is shown
in Fig. 6. The study of histograms revealed that the Pristine
ABSmicrofibers exhibited pores having an average size of 51
± 37.76 μm2, 0.1 wt% PHD-ABS microfibers showed pores
having an average size of 122.85 ± 79 μm2, 0.2 wt% PHD-
ABS microfibers exhibited pores having an average size of
74.92 ± 40.61 μm2, 0.1 wt% PHD-ABS microfibers showed
pores having an average size of 60 ± 37.36 μm2, and 0.4 wt%
PHD-ABSmicrofibers exhibited pores having an average size
of 98.26 ± 70.47 μm2.

Wettability analysis

The wettability behavior of the PHD/ABS micro-fibers was
evaluated using the static contact angle method. The pristine
ABS micro-fibers possessed hydrophobicity (WCA~137° ±
2°) (Fig. 7), whereas static water contact angles for the 0.2,
0.3, and 0.4 wt% PHD/ABS micro-fibers were found to be
139° ± 2°, 142° ± 1.6° and 145° ± 2°, respectively [54]. Water

Fig. 4 FESEM micrographs of micro-fibers captured at 500X magnification of PHD/ABS (a) Neat ABS, (b) 0.1 wt% PHD, (c) 0.2 wt% PHD, (d)
0.3 wt% PHD, (e) 0.4 wt% PHD
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contact angle analysis reveals that the hydrophobicity of PHD/
ABS micro-fibers enhances with an increasing concentration
of the PHD polymer.

For scrutinizing the wettability behavior of the materials
owing to its hierarchical surface roughness, several wetting
regimes have been established including the Wenzel and
Cassie-Baxter [55, 56]. Considering the Wenzel’s wetting re-
gime, roughness on the homogeneous surface acts as the driv-
ing force for imparting the hydrophobicity to the material,
thereby facilitating the transport of liquid e.g. water, over its
surface, as explained in Fig. 8a. The Wenzel wetting regime
can be explained using the following equation [55]:

cosθa ¼ r:cosθ ð1Þ
Where, θa = homogenious rough surface contact angle , r = the
surface roughness factor , which is a ratio of the authentic and
the projected surface area and, θ = Young ’ s contact angle
[55].

The surface of nonwoven PHD/ABS micro-fibers can
be considered as a heterogeneous hierarchical roughness,
owing to its porous nature and rough micro-fiber surface,
as the micro-fibers collected on the Aluminum sheets
were randomly oriented. The wettability behavior of the
hydrophobic materials exhibiting heterogeneous rough
surface can be explained via Cassie-Baxter’s wetting re-
gime, wherein the hydrophobic feature probably attributes
to the surface roughness/nanoneedles exerted capillary
forces (Fig. 8b), and is given by the following equation
[14, 15, 52, 56]:

cosθx ¼ F1cosθa−F2 ð2Þ

Where,

θx apparent contact angle,
θa contact angle of phase 1 and.
F1and
F2

surface fractions for phase 1 and 2, respectively
[14, 56].

Droplets of water rests onto the surface of the PHD/ABS
micro-fibers owing to its porous nature and hierarchical tex-
tured surface morphology, while the low moisture absorption
property of the PHD further enhances the hydrophobic char-
acteristics of the developed micro-fibers.

Considering the important parameter of surface roughness,
as described in Wenzel, and Cassie-Baxter theories, which
help in improving the non-wetting behaviour of the surface,
the FE-SEM micrographs of the Pure PHD, and PHD-ABS
microfibers were analyzed using ImageJ software
(version~1.52p) (Fig. 9).

The manifesting surface roughness has been clearly ob-
served in the micrographs shown in Fig. 8, thereby,
confirming the theoretical assumptions predicted in the
Wenzel, and Cassie-Baxter theories [55, 56].

In order to evaluate the physical wetting properties of the
developed microfibers, its work of adhesion, spreading coef-
ficient, and wetting behaviour with respect to wt% loading of
PHD were calculated [57]. The literature study states that if
the calculated spreading coefficient is positive, then the sur-
face exhibits spreadability towards liquid e.g. hydrophilicity

Fig. 5 FESEM micrographs of single micro-fibers PHD/ABS (a) Pristine ABS, (b) 0.1 wt% PHD, (c) 0.2 wt% PHD, (d) 0.3 wt% PHD, (e) 0.4 wt%
PHD
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Fig. 6 Histograms of pore sizes in developedmicrofibers for (a) Pure PHD, (b) 0.1 wt%PHD-ABS, (c) 0.2 wt%PHD-ABS, (d) 0.3 wt%PHD-ABS, and
(e) 0.4 wt% PHD-ABS

J Polym Res (2020) 27: 14 Page 7 of 15 14



towards water, and if the calculated value is negative, then the
surface displays non-spreadability e.g. non-wetting hydropho-
bic nature towards water [57].

The work of adhesion, and spreading coefficients for the
developed microfibers, were calculated using following equa-
tions [57–59]:

W12 ¼ σl 1þ cosθð Þ ð3Þ

Where,

W12 work of adhesion for surface at liquid-solid interface,
σl surface tension of the liquid,

θ contact of the liquid with solid surface.

W11 ¼ 2σl ð4Þ

Where,

W11 work of cohesion,
σl surface tension of the liquid.

S ¼ W12−W11 ð5Þ

Fig. 7 Static water contact angles
of micro-fibers (a) Pristine ABS
(b) 0.2 w/w% PHD (c) 0.3 w/w%
PHD (d) 0.4 w/w% PHD

Fig. 8 (a) Wenzel Regime, (b)
Cassie-Baxter Regime
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Where,

S spreading coefficient,
W12 work of adhesion,
W11 work of cohesion.

The work of adhesion for developed microfibers of Pure
ABS, 0.2 wt% PHD-ABS, 0.3 wt% PHD-ABS, and 0.4 wt%
PHD-ABS was found to be 0.0584 J/m2, 0.12506 J/m2,
0.0139 J/m2, and 0.13714 J/m2, respectively. The work of
cohesion fore water (surface tension~72.8 mN/m) was found
to be 0.1456 J/m2.

The spreading coefficients for microfibers of Pure
ABS, 0.2 wt% PHD-ABS, 0.3 wt% PHD-ABS, and
0.4 wt% PHD-ABS were found to be −0.08719 J/m2,
−0.02053 J/m2, −0.13169 J/m2, and − 0.00845 J/m2, re-
spectively. In present study, it is clearly observed that,
the work of cohesion is larger than the work of adhe-
sion, thereby, leading all spreading coefficients to be
negative, which implies that the developed microfibers
exhibit non-spreading i.e. hydrophobicity, towards water
[57–59]. The plotted graphs representing the work of
adhesion, spreading coefficients, and wetting behaviour

Fig. 9 Micrographs representing surface roughness on surface of the microfibers of (a) Pure ABS, (b) 0.1 wt% PHD-ABS, (c) 0.2 wt% PHD-ABS, (c)
0.3 wt% PHD-ABS, and (d) 0.4 wt% PHD-ABS
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have been shown in Figure S5, in attached Supporting
Information file.

Work of adhesion refers to the free energy difference be-
tween two defined states, the first of two phases which contact
in equilibrium and the second phase being separate in equilib-
rium. The second state reveals the separation induced hydro-
phobic characteristic, which was observed in present study
(Figure S5). This is described by analyzing the free energy
difference, estimated by calculating the ‘spreading coeffi-
cient’. Simon et al., have reported that the parameters of work
adhesion and work cohesion and spreading coefficient, a neg-
ative value of these energies implies lack of spontaneous wet-
ting, which indicates the hydrophobic nature exhibited by the
surface [58]. This confirmed by the observed higher work
adhesion value, which suggests that the large amount of ener-
gy is required to separate the water drops from the surface of
the developed material [58, 59].

Jose et al. have reported the effect of free surface energy on
the wetting behaviour of the surface, which states that, when
the interfacial energy of the solid–vapour phase is lower, then
its propensity for spreading to remove the interface is lower. In
such circumstance, the material surface shows hydrophobic
characteristic. Surface energy is linked with the interface of
two phases, therefore, on reducing the free energy of the sur-
face, the manifesting polymeric chains must interact with the
additive surface i.e. in present study PHD in ABS, for achiev-
ing the hydrophobicity in the material [59]. This assumption is
also supported by the increasing water contact angles on pro-
gressive wt% loading of PHD, and the negative spreading
coefficients of the PHD-ABS microfibers.

In present study, the utilized PHD polymer exhibits maxi-
mum content of polar ‘-C-O-’, and ‘-C=O’ groups, whereas
the ABS polymer exhibits functional ‘-CH-CN’, and ‘-
HC=CH-’ groups. It is most likely that the functional groups
present in ABS most possibly interact with ‘-C-O-’, and ‘-
C=O’ groups present in PHD polymer. Further, these polar
groups of PHD polymer help in repelling the water molecules
(Fig. 10) [14, 52, 60].

Ice adhesion study

The Ice adhesion i.e. anti-icing, study of the developed PHD/
ABS micro-fibers was accomplished by placing de-ionised
water droplets of 8 μl volume (supercooled at -5 °C) on the
pre-cooled surface of the micro-fibers. Further, the PHD/ABS
micro-fibers with resting DI water droplets were subsequently
placed in deep freezer system at a controlled temperature of -
80 °C, for a period of 15 min.

Afterwards, the PHD/ABS micro-fibers with frozen water
droplets were kept on the table, where immediately a pressur-
ized airstream with a progressively increasing air-flow rate of
10 kPa per sec was supplied. The air-gun to PHD/ABS micro-
fiber surface distance was maintained at length of 15 cm, and
the air-gun to surface angle was kept at 45o. Immediately, after
starting the pressurized air-stream, the frozen water droplets
started to roll-off, and were completely removed from the
PHD/ABS micro-fibers after few seconds as shown in
Movie S1 (Supporting Information). Results of Ice adhesion
study have been shown in Table 2.

Fig. 10 Possible molecular interactions between PHD and ABS polymer

Table 2 Ice adhesion study results

Microfiber Samples Air Pressure Frozen water droplet removal time

Pristine ABS micro--fibers 78 kPa 7 s

0.1 PHD/ABS micro-fibers 78 kPa 8 s

0.2 PHD/ABS micro-fibers 98 kPa 9.5 s

0.3 PHD/ABS micro-fibers 98 kPa 10 s

0.4 PHD/ABS micro-fibers 117 kPa 14 s
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As shown in Table 1, the results reveal that, the pristine
ABS & 0.1 wt% PHD/ABS micro-fibers require same air
pressure (78 kPa), and has a water droplets removal time
difference of 1 s, whereas 0.2 wt% PHD/ABS & 0.3 wt%
PHD/ABS micro-fibers also require same air pressure
(98 kPa) and water droplets removal time lag of 1.5 s. The
0.4 wt% PHD/ABS micro-fibers exhibit an air pressure of
117 kPa to remove the water droplets in 14 s. Pristine ABS
micro-fibers required less air pressure (78 kPa) with a water
droplet removal time (8 s) compared to other PHD/ABS
micro-fiber samples. As the concentration of PHD increased
in PHD/ABSmicro-fibers, the respective required air pressure
and water removal time also increased slightly. This enhance-
ment in air pressure and water droplet removal time could be
ascribed to Petal effect i.e. a superhydrophobic state with act-
ing adhesive forces between nano−/micro-fiber surface &
resting water droplets, and it is attributed to the impregnating
Cassie wetting regime, where a roughness on the homoge-
neous surface acts as the driving force for conferring the hy-
drophobicity to the micro-fibers [7, 14]. Further, differences
observed for the ice adhesion studies could also be attributed
to Joule-Thomson cooling effect [61, 62]. This effect states
that the change in temperature of a real gas/liquid (as com-
pared to ideal gas) occurs, when the gas/liquid (when

insulated for restricting the heat exchange with an environ-
ment) passes through a die/orifice/porous-plug [61–63]. Thus,
considering the Joule-Thomson effect (due to utilization of
compressed air in the current Ice adhesion study), it is possible
that when air at low pressure comes in contact with environ-
ment it immediately gets warmer, and the air at high pressure
takes time to get warmer, when it enters in the environment
[61, 62]. Thus, the air stream generated by lower pressure
drop will be warmer than that at the higher pressure, which
could be attributed to slightly shorter removal time observed
for frozen droplets [61, 62]. Increased droplet removal time
could also be associated to different surface morphologies
exhibited by PHD-ABS micro-fibers (Fig. 5). As the concen-
tration of PHD increases in PHD-ABS blend microfibers, the
respective heterogeneity occur on the blend surface. This sur-
face heterogeneity due to increasing PHD concentration,
probably causes the water droplets to permeate and fit into
the generated nano/micro cavities (which occurs in Wenzel
state). Thus, on supercooling, these frozen water droplets get
mechanically interlocked in nano/micro cavities (also known
as ‘water droplet nucleation’ due to heterogeneity on rough
hydrophobic surfaces), thereby enhancing the adhesion be-
tween heterogenous micro-fiber surface and frozen water
droplets [64, 65].

Fig. 11 FTIR study of Pure PHD, Pure ABS, and PHD-ABS microfibers

J Polym Res (2020) 27: 14 Page 11 of 15 14



FTIR analysis

Fourier Transform Infrared Spectroscopy (FTIR) analysis was
performed on Pure PHD, Pure ABS, and PHD-ABS
microfibers, for determining the manifesting functional
groups (Fig. 11). Study was performed using ATR-FTIR in-
strument (Bruker Inc., USA). FTIR plots of Pure ABS and
PHD-ABS (0.4 wt/wt%) microfibers show characteristic
peaks of ABS polymer, which is attributed to the well disper-
sion of PHD polymer during in-situ solution blending.

Pure ABS, and PHD-ABS microfibers show peaks at
1450 cm−1, 760 cm−1, and 699 cm−1, which are attributed to
‘C=C’ stretch in mono substituted benzene ring i.e. styrene,
‘C-H’ bend in styrene, and ‘=C-H’ bend in butadiene phase of
ABS [66]. Further, typical characteristics peaks for Pure PHD
were observed at 2986 cm−1, 1733 cm−1, 1590 cm−1,
1302 cm−1, 1195 cm−1, and 674 cm−1. Pure PHD peak at
2986 cm−1 corresponds to ‘-CH2-’ group, 1733 cm−1 corre-
sponds to ‘-COO-’ group, 1590 cm−1 corresponds to ‘-
HC=CH-’ group, whereas, peak at 1195 cm−1 corresponds to
‘-OCH2-’ group, thereby confirming its functional groups [42,
43, 49, 50].

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed for
analyzing the thermal stability of PHD-ABS microfibers.
During TGA experiments, the heating rate was main-
tained at 20 °C/min, under inert atmosphere where
Nitrogen gas was utilized at a flow rate of 20 ml/min.
The results of TGA study have been represented in
Fig. 12. TGA plots show that Pure ABS & PHD-ABS
microfibers have thermal stability up to 350 °C, whereas
the Pure un-crosslinked PHD polymer in gel form has
showed low thermal stability, which thermally degraded
within 200 °C [52, 67, 68]. The earlier thermal degra-
dation of the Pure PHD polymer is attributed to the
cross-linking, which occurs between 70 °C to 100 °C.
The cross-linking in PHD is attributed to the manifest-
ing ‘-O-C=O’ group, and triple bonds [42, 44, 67–69].
During in-situ solution blending, PHD has well dis-
persed in ABS solution, thereby, giving the thermal sta-
bility i.e. around 350 °C, between Pure PHD, and Pure
ABS, which is also evident from the TGA plots shown
in Fig. 12.

Fig. 12 TGA thermograms of Pure PHD, Pure ABS, and PHD-ABS blend
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Future Scope & Conclusion

Considering the hydrophobic nature, and thermal stability,
PHD-ABS blend microfibers could be utilized for multifunc-
tional applications like self-cleaning textiles & coatings,
anti-biofouling & anti-corrosive surfaces, ice-phobic coat-
ings, and oil-water separation. Mahalingam et al. have dem-
onstrated a new pressure gyration based technique which can
be utilized for the generation of nanofibers [70]. It is pro-
posed that by utilizing pressure gyration technique, PHD/
ABS micro-fibers can be produced in the form of sheath over
core fibers, for producing the robust core-sheath nanofibers
for above-targeted applications, further, the pristine PHD
based core-sheath nanofibers can be utilized for potential
bi-phasic drug delivery application [40, 70]. Pressurized gy-
ration is an effective, simple and multipurpose technique, for
producing nanofibers exhibiting controlled size and distribu-
tion, on mass scale at room temperature [70–72]. This tech-
nique involves a vessel which contains polymeric solution,
which undergoes centrifugally acting force, where it facili-
tates formation of tailored nanofibers from dynamically
flowing liquid via extrusion through orifices manifesting in
the vessel [70–72]. Nanofibers generated by this technique,
exhibit different morphologies based on speed of rotation of
vessel, polymer solution concentration, applied pressure, and
further, polymer exhibiting high molecular weight and ori-
entation can yield mechanically strong nanofibers with high-
ly active surface areas [70–72]. Thus, we have successfully
fabricated a porous nonwoven hierarchically textured ther-
mally stable PHD/ABS micro-fibers via in-situ solution
blending by utilizing electrospinning technique. The devel-
oped PHD/ABS microfibers demonstrate hydrophobicity
(WCA~145o ± 5o), and possesses inherent hierarchical sur-
face morphology as confirmed by the FESEM analysis. The
PHD/ABS micro-fibers intrinsically possess a high thermal
stability i.e. up to 300 °C. The miscibility of the PHD&ABS
i.e. Chi parameter (χc = 7.88) & free energy of mixing
(4.67 kcal/mol), were evaluated using the molecular dynam-
ics simulation analysis via Accelrys Materials Studio soft-
ware, revealing the immiscible nature of the PHD and ABS
homopolymers. The PHD/ABS engineered porous nonwo-
ven micro-fibers also demonstrate a low ice adhesion ability,
where it effectively removes the frozen water droplets in 8 s
under an air pressure of 78 kPa. Considering the high thermal
stability, the enhanced hydrophobicity, and the low ice adhe-
sion ability, the developed PHD/ABS porous nonwoven
micro-fibers can be efficiently used for the various multi-
functional engineering applications involving hydrophobic-
ity and high temperature applications.
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