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ORIGINAL ARTICLE

Precise control of surface physicochemical properties
for electrospun fiber mats by surface-initiated

radical polymerization

Takahiro Yano!, Weng On Yah!, Hiroki Yamaguchil, Yuki Terayamal, Masamichi Nishihara?2,

Motoyasu Kobayashi®? and Atsushi Takahara!->>

Non-woven fiber mats were fabricated with the electrospinning method using poly(methyl methacrylate)-co-poly(2-
(2-bromoisobutyryloxy)ethyl methacrylate) in various solvents. The surface morphology of the electrospun fibers depended
on the solvent vapor pressure and polymer concentration. Surface-initiated atom transfer radical polymerization

(ATRP) with 3-(N-2-methacryloyloxyethyl- N, N-dimethyl) ammonatopropanesulfonate), 2-hydroxyethyl methacrylate or
2-(perfluorooctyl)ethyl acrylate generated surface-grafted polymers, as determined by X-ray photoelectron spectroscopy.
Scanning electron microscopic observation revealed that the apparent fiber morphology did not change upon modification.
The atomic force microscopic images of the grafted fiber cross-sections indicated that monomers and solvents penetrated
slightly into the fibers and polymerization occurred at both internal and external initiation sites. Physicochemical properties,
such as contact angle, hydrophobicity and hydrophilicity, and wettability, could be altered by the proper selection of substrates
(spin-coated flat films or the variously prepared non-woven fiber mats). We have successfully prepared hydrophilic and
hydrophobic fiber surfaces by a combination of the electrospinning protocol and surface-initiated ATRP.
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INTRODUCTION
Nano- and micro-fibers have potential applications in various fields
including the environmental, medical and nanoscience fields,!»2
because of certain physical characteristics, including their high surface
area to volume ratio. For this reason, fiber-processing methods have
been actively investigated. Electrospinning is a versatile method for
fiber fabrication. The method allows easy control of fiber size, from
the nano to the sub-micron scale, under mild conditions (atmospheric
pressure and temperature). Moreover, various types of solvents can be
used. Therefore, electrospinning is an attractive fiber preparation
method.>* Typically, the polymer solution or melt polymer that is
used as the starting material for electrospinning is loaded into a
syringe, and a high voltage is applied. The charged polymer solution is
jetted out to the collector surface. Through the procedure of spraying
into an electric field, the solvent evaporates and dry fibers are formed.
Electrospinning studies have become prevalent in polymer science
since the 2000s,>® and complex fibers, including aligned fibers,” core/
shell fibers® and composite fibers,” can currently be prepared after
appropriate modifications to the electrospinning apparatus.

In the last decade, surface-grafted polymers (polymer brushes) have
attracted attention as a useful chemical surface-modification process.

A polymer brush, tethered at one end to a solid surface, exhibits
several physical advantages such as mechanical, thermal and chemical
stability.!®!! Polymer brushes are fabricated via either the grafting-
to or the grafting-from approaches. In the former case, end-functio-
nalized polymers are reacted with a solid surface to prepare the
polymer brushes.!>!3 Generally, only a small number of polymer
chains are immobilized on the solid surface using this approach
because macromolecular polymer chains must diffuse onto the poly-
mer brush and attach to the solid-surface functional groups despite
a high degree of steric hindrance. Thus, the grafting-to method
produces polymer brushes that exhibit a low grafting density and a
low film thickness.

Fu et al.' reported the surface modification of electrospun fibers by
click chemistry. They synthesized poly(4-vinylbenzyl chloride)
(PVBC)-b-poly(glycidyl methacrylate) (PGMA) by reversible addi-
tion-fragmentation chain-transfer polymerization, and prepared
nanofibers of the block copolymer by the electrospinning method.
Exposure of the PVBC-b-PGMA nanofibers to a solution of sodium
azide in N,N-dimethylformamide (DMF)/water solvent (1/1, v/v)
induced the reaction at the epoxy groups of PGMA on the nanofiber
surface and led to surface crosslinking between the epoxy and benzyl
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chloride groups. Finally, alkyne-terminated poly(N-isopropylacryla-
mide), which was prepared by atom transfer radical polymerization
(ATRP), was immobilized on electrospun fiber surfaces by the reaction
of the alkyne and azide groups. A thermally sensitive non-woven fiber
mat was successfully fabricated by the grafting-to method. The
morphology of the nanofibers before and after the crosslinking was
observed by scanning electron microscopy (SEM), and the thermo-
responsive behavior of poly(N-isopropylacrylamide) on the nanofiber
surface was evaluated by contact angle measurement against water.

The grafting-from method, by which polymer brushes with high
grafting densities and film thicknesses can be prepared, has been
actively used in recent years to modify surfaces. In this approach,
initiators are immobilized on a solid surface and the controlled
polymerization proceeds from those sites to form well-defined poly-
mers that are immobilized on the surface with a high grafting density.!
This method can be applied to various substrates; for example, flat
substrates,'® nanopartides17 and several functional monomers have
been used for the surface-initiated polymerization to generate products
with varying surface physicochemical properties.!®!® Takahara and
colleagues reported the preparation of high-density poly(methyl
methacrylate) (PMMA),2° hydrophobic poly(2-(perfluorooctyl)ethyl
acrylate) (PFA-Cg)?*' and hydrophilic polyelectrolyte brushes?> on
silicon wafers by surface-initiated ATRP. Core—sheath nanofibers were
prepared by a combination of the electrospinning method and surface-
initiated ATRP.2® Polystyrene (PS) containing a terminal ATRP initiator
was synthesized by ATRP, and the nanofibers of polystyrene were
prepared by the electrospinnnig method. The radical polymerization of
acrylamide and N-(hydroxymethyl)acrylamide was induced at the
nanofiber surface initiators, in water medium as a nonsolvent for
polystyrene. X-ray photoelectron spectroscopy (XPS) and dynamic
contact angle measurements against water were performed to confirm
the successful preparation of the core-sheath nanofibers.

In this study, we prepared functional non-woven fiber mats by
combining electrospinning with surface-initiated polymerization.
Previous studies have reported the precise control of surface physico-
chemical properties by direct surface-initiated ATRP from a polymer
surface bearing halogen groups.!®!! We synthesized 2-(2-bromoiso-
butyryloxy)ethyl methacrylate (BIEM) as an ATRP initiator. BIEM
and methyl methacrylate (MMA) monomers were polymerized by
free-radical polymerization. The PMMA-co-poly(BIEM) (PMMA-co-
PBIEM) obtained contains many ATRP initiation points in its side
chains as shown in Scheme 1. Therefore, our method can afford
polymer brushes with a high grafting density on the fiber surface. The
electrospun non-woven fiber mats of the synthesized copolymer were
prepared by dissolution of the copolymer in different solvents at
varying concentrations. The formation of a porous or smooth
structure on the fiber surface is discussed. In our previous study,?*
we reported the ATRP grafting of the ionic, hydrophilic polymer
poly(3-(N-2-methacryloyloxyethyl-N,N-dimethyl) ammonatopropa-
nesulfonate) (PMAPS) onto a non-woven fiber mat, and confirmed
the changes in the physicochemical properties of polymer after the
modification. However, we could not discuss the fiber diameters, the
formation of a porous or smooth structure and the precise effect of
surface area of the PMAPS-grafted fiber mat on wettability against
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water because the contact angles of the spin-coated film and the mat
were less than 10°. 2-Hydroxyethyl methacrylate (HEMA) was chosen
as a neutral hydrophilic monomer to demonstrate the effect of the
large surface area of a non-woven fiber mat by evaluating the static
contact angle. We have characterized the detailed physical properties
and morphologies of the electrospun fibers before and after surface
modification, and the effects of the surface morphology of the non-
woven electrospun fiber mat on the static contact angle are discussed.

EXPERIMENTAL PROCEDURE

Materials

Azobisisobutyronitrile (Wako Pure Chemicals, Tokyo, Japan, 98.0%), tetrahy-
drofuran (THE, Wako Pure Chemicals, 97.0%), chloroform (Wako Pure
Chemicals, 99.0%), hexafluoroisopropanol (HFIP, Wako Pure Chemicals,
99.0%), toluene (Wako Pure Chemicals, 99.5%), 2-(dimethylamino)ethyl
methacrylate (Wako Pure Chemicals, 99.0%), 2,2"-bipyridyl (Wako Pure
Chemicals, 99.5%), DMF (Kishida Chemicals, Osaka, Japan, 99.5%), HEMA
(Tokyo Chemical Industry, Tokyo, Japan, 95.0%), 2-bromoisobutyrylbromide
(Aldrich, St Louis, MO, USA, 98.0%), 1,3-propanesultone (Aldrich, 99.0%)
and 4,4’-dinonyl-2,2’-dipyridyl (Aldrich, 99.5%) were used without further
purification. Triethylamine (Wako Pure Chemicals, 99.0%) and acetone (Tokyo
Chemical Industry, 99.0%) were distilled under normal pressure over calcium
hydride (CaH,). Methanol (Tokyo Chemical Industry, 99.0%) was refluxed
over magnesium and distilled under atmospheric pressure. Water was purified
by a Nano Pure Water System (Millipore, Billerica, MA, USA). Dichloro-
methane (DCM, Wako Pure Chemicals, 99.5%) was purified by a solvent
purification apparatus (Solvent Dispensing System, Nikko Hansen Co., Osaka,
Japan). MMA (Wako Pure Chemicals, 98.0%) was washed with sodium
hydroxide solution and water. The organic phase was dried with anhydrous
magnesium sulfate and distilled under reduced pressure over CaH,. Anisole
(Wako Pure Chemicals, 99.0%) was distilled under reduced pressure over
sodium. Copper (I) bromide (CuBr, Wako Pure Chemicals, 99.9%) was
repeatedly washed with acetic acid and ethanol, and dried under vacuum.
2-(Perfluorooctyl)ethyl acrylate (FA-Cg) containing 2-(perfluorodecyl)ethyl
acrylate was provided by Daikin Industries (Osaka, Japan) and was distilled
under reduced pressure over CaH,. BIEM?® was prepared by the reaction
of HEMA and 2-bromoisobutyrylbromide. 3-(N-2-Methacryloyloxyethyl-N,N-
dimethyl) ammonatopropanesulfonate) (MAPS)?® was synthesized by the reaction
of 2-(dimethylamino)ethyl methacrylate and 1,3-propanesultone in acetone.

Characterization

"H nuclear magnetic resonance spectra were recorded in chloroform-d at 25 °C
using a JNM-AL300 (JEOL, Tokyo, Japan, 'H 300MHz). Size exclusion
chromatography was performed at 40 °C on a Tosoh HLC-8220 GPC system
(Tokyo, Japan) equipped with a guard column (Tosoh TSK guard column
Super H-L, Tosoh, Yamaguchi, Japan), three columns (Tosoh TSK gel SuperH
6000, 4000 and 2500), and an ultraviolet—visible detector. THF was used as the
eluent at a flow rate of 0.6mlmin~!. Polystyrene standards (M,=1060-
1,090,000; M,/M,=1.02-1.08) were used for calibration to estimate the
number-average molecular weight (M,,) and molecular weight distributions
(My,/M,) of the polymers. Differential scanning calorimetry measurements
were performed with an EXSTAR6000 (Seiko Instruments Industries, Co.,
Chiba, Japan) in a temperature range of 303-523K at a heating rate of
10Kmin~!. The morphology and diameter of the electrospun fibers were
analyzed by SEM. The electrospun fibers were coated with an osmium layer
(~3nm) using a HPC-1SW Hollow Cathode Plasma CVD (Shinkuu Device
Co., Mito, Japan). A voltage of 1-10kV was applied to the target and adjusted
using by Real Surface View VE7800 (Keyence Co., Osaka, Japan) to obtain
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Scheme 1 Synthesis of poly(methyl methacrylate)-co-poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) . AIBN, azobisisobutyronitrile.
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precise SEM images. XPS measurements were performed by XPS-APEX
(Physical Electronics Co., Chanhanssen, MN, USA) with an Al-K, X-ray
source. The take-off angles of the photoelectrons were maintained at 45°.
Survey spectra were obtained in the range of 0-1000 eV at 1.0 eV energy steps;
narrow scans were operated at 0.1 eV energy steps. The static contact angles
were measured with a drop-shape analysis system DSA10 Mk2 (KRUSS,
Hamburg, Germany) equipped with a video camera. A 2-pl water droplet
was placed on various surfaces and the static contact angles were recorded. The
wettability behaviors of the non-woven fiber mat against a water droplet (6—
8 pul) were monitored with a high-speed camera (VW-6000, Keyence Co.) at a
frame rate of 2.0 or 4.0 ms. The surface-modified and non-modified fibers were
embedded in epoxy resin (LCR D-800, Toagosei Co., Tokyo, Japan) and sliced
with an ultramicrotome to obtain cross-sections for atomic force microscopy
(AFM) observation. The cross-sections of the fibers were observed by AFM
(Nano-R, Pacific Nanotechnology, Santa Clara, CA, USA) with a PPP-FMR-20
(NanoSensors, Neuchatel, Switzerland, resonance frequency 73kHz, spring
constant 23Nm™!) as a cantilever. Close contact mode operation under
normal pressure was used for this study. Spin-coated film thickness measure-
ments and observations of the surface morphology were performed with an
SPI4000 (SII, NanoTechnology) using a Si tip on a cantilever (SI-DF20 (Al
coated)) with a spring constant of 16Nm~! at ambient pressure. The
thicknesses of the spin-coated films were determined by AFM scanning on
the scratched surfaces. We defined the difference of the spin-coated thickness
pre-modification and post-modification as the grafted thickness.

Synthesis of PMMA-co-PBIEM

Azobisisobutyronitrile  (7.0mg, 0.043mmol), puriied MMA (25ml,
234 mmol), BIEM (2.5ml, 21 mmol) and anisole (10 ml) were combined in a
glass tube and degassed by the freeze-pump-thaw cycle. The solution was
stirred at 353 K for 3 h. The obtained polymer was purified by precipitation in
methanol. The polymer was dried under vacuum (yield: 6.97 g, 27%, PMMA/
PBIEM=0.94/0.06 (mol/mol, 'H nuclear magnetic resonance), M,=179,000,
M, /M=1.99, T;=391 K).

Preparation of electrospun fibers

Silicon wafers were cleaned with piranha solution (H,O,/H,SO,=30/70, v/v).
The copolymer was dissolved in THE, chloroform, DCM, DMF or HFIP at 5.0,
7.5 or 10.0wt% by stirring at a temperature of 313-333 K. High viscosity
copolymer solutions were obtained. Electrospun non-woven fiber mats
were fabricated on the cleaned silicon wafer with a NANON-01A (MECC
Co., Fukuoka, Japan) nanofiber electrospinning device under ambient condi-
tions (Figure 1). The electrospinning apparatus consisted of a syringe, needle,
Teflon tube and collector. A copolymer solution was loaded into a 5 ml syringe
connected to the Teflon tube with a needle tip (0.41 mm) attached to the
spinneret. A voltage of 15-30 kV was applied to the solution in the syringe. The
feed rate was varied from 0.25 to 3.0mlh~!, whereas the collection distance
between the syringe and the plate collector was fixed at 15.0 cm.

Surface-initiated ATRP

Figure 2 shows the schematic representation of surface-initiated ATRP from the
fiber surface. The non-woven fiber mat fabricated from the HFIP or chloroform
solution was used for surface modification. An electrospun non-woven fiber mat
consisting of PMMA-co-PBIEM and a spin-coated film (prepared from 3.0 wt%
toluene solution (3000rp.m., 30s) on a silicon wafer (general-use size=
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10x 10 mm?)) were simultaneously placed in a well-dried glass vessel equipped
with a stopcock and degassed by five cycles of vacuum pumping and flushing with
argon. CuBr (1.9 mg, 0.011 mmol) and 2,2"-bipyridyl (3.4 mg, 0.023 mmol) were
introduced to another glass tube that was degassed by the vacuum and argon
purge process. The MAPS monomer (1.40g, 5.03 mmol) diluted with methanol
(1.7 ml) and water (8.8 ml) was immediately added to the copper catalyst to give a
homogeneous solution with a characteristic red color. The resulting solution was
degassed by repeated freeze-pump-thaw cycles and then injected into the glass
vessel containing the electrospun non-woven fiber mat and the spin-coated film.
The reaction mixture was stirred at 303K for 3h under argon atmosphere. The
reaction was stopped by opening the glass vessel to air. The resultant grafted
products were rinsed in the following manner. Aqueous NaCl solution (100 mm)
or water was poured slowly into a Petri dish placed on the non-woven fiber mat
obtained and spin-coated film. After the fiber mat and spin-coated film were
immersed in NaCl solution and water for a sufficient period, they were transferred
to another Petri dish. Then, NaCl solution or water was again poured slowly into
the Petri dish. These processes were repeated numerous times to eliminate the
monomers. After this process, the washed electrospun non-woven fiber mat and
spin-coated film were dried under reduced pressure. The white fiber mat
maintained its original shape even after it was washed.

The surface-initiated ATRP of HEMA proceeded in the same manner.
The reaction mixture containing the non-woven fiber mat, the spin-coated
film, CuBr (0.020 mmol), 2,2"-bipyridyl (0.040 mmol), HEMA (1.0 mmol)
and water (5.0ml) was stirred at 303K for 3h under argon atmosphere.
The electrospun non-woven fiber mat and spin-coated film were washed with
water. The surface-initiated ATRP of FA-Cg (32.0 mmol) was performed with
CuBr (0.076 mmol) and 4,4’-dinonyl-2,2’-dipyridyl (0.15mmol), in the pre-
sence of the fiber mat and spin-coated film at 333K for 3h under argon
atmosphere. The resulting PFA-Cg-grafted non-woven fiber mat was washed
with methanol and dried under reduced pressure.

RESULTS AND DISCUSSION

Preparation of the electrospun non-woven fiber mats

The quality of fibers fabricated by the electrospinning method is strongly
influenced by the physical properties of the solvent, such as boiling

Figure 1 Photographic image of poly(methyl methacrylate)-co-poly(2-(2-
bromoisobutyryloxy)ethyl methacrylate) non-woven fiber mat fabricated on
cleaned silicon wafers (10x10mm?) from hexafluoroisopropanol solution.
A full color version of this figure is available at Polymer Journal online.
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Figure 2 Surface-initiated atom transfer radical polymerization of various monomers from electrospun fibers. A full color version of this figure is available at

Polymer Journal online.

Polymer Journal



point, volatility, viscosity and surface tension. The solvent should
dissolve the polymer to give a homogeneous solution, which discharges
from the spray nozzle. In general, the polymer solution of a volatile
solvent does not form fibers by the electrospinning method because the
solvent quickly evaporates just after it sprays from the nozzle, which
results in the dried polymer blocking the needle hole. A solvent with a
much higher boiling point, however, evaporates slowly from the polymer
solution during the electrospinning process and will not give a dried
polymer fiber deposited on the surface of a target substrate. The viscosity
of the polymer solution is strongly related to the fiber diameter.” A
polymer solution dissolved in a high-surface tension solvent like water
forms a pendant droplet at the edge of the syringe nozzle, even if a much
higher voltage is applied. The fiber structure is broken by the drop of the
pendant-like liquid from the edge of the needle.

Consequently, predicting which solvent is most suitable for the
successful fabrication of fibers by the electrospinning method is a
complex process. Therefore, we used various organic solvents in this
work to understand the effects of the physical properties of the
solvents, as shown in Table 1, on the fiber fabrication of our
bromide-containing copolymer.?82

The SEM images in Figure 3 show the morphology of the PMMA-
co-PBIEM electrospun fibers. The beaded PMMA-co-PBIEM fibers
resulted only from THF solution with a polymer concentration of
5.0 wt%. The tendency for bead formation was not observed at higher
polymer concentrations. The fiber diameters prepared from 7.5 and
10.0 wt% THEF solutions were 1.7 and 1.8 um, respectively. In the cases
of fibers prepared from chloroform and DCM solutions, ribbon-like
fibers were obtained at all polymer concentrations. Widths of 1.3, 1.7
and 2.3 um were obtained from 5.0, 7.5 and 10.0wt% chloroform
solutions, and widths of 2.2, 3.3 and 3.9 um were obtained from 5.0,
7.5 and 10.0wt% DCM solutions. The diameters or widths for the
ribbon-like fibers increased with increasing polymer concentration.
When THE, chloroform and DCM, which exhibits a low boiling point
and high vapor pressure, were used as solvents, porous fibers were
obtained. In addition, the polymer solidified at the edge of the needle
within a few minutes because of the quick evaporation of the solvent.
Fibers with average diameters of 0.74, 0.97 and 0.92 um were prepared
from 5.0, 7.5 and 10.0wt% DMEF solutions. DMF exhibits a high
boiling point and low vapor pressure; however, the resulting fiber
diameters were not uniform. The non-woven fiber mat contains fibers
with both thin and thick diameters. In a single fiber, the distribution
of the fiber diameter was wide. The fiber diameters from the HFIP
solutions increased (from 0.80 to 0.85pm) with increasing polymer
concentration. HFIP is known as a sterilizing agent and is often used
as a solvent for non-woven textiles with biomaterial applications that
are fabricated by the electrospinning method.>® In this work, fibers
with a smooth surface and uniform diameter were obtained from the
polymer/HFIP solution, even though HFIP exhibits a low boiling

Table 1 Physical properties of the solvents used for electrospinning

Boiling Vapor pressure Viscosity Surface tension
point (°C) (mm Hg) (cP) (dyncm~1)
THF 66.0 176.0 (25°C) 0.550 26.4
Chloroform 61.2 194.8 (25°C) 0.563 27.1
DCM 39.8 348.9 (20°C) 0.425 28.1
DMF 153.0 3.7 (25°C) 0.802 35.2
HFIP 59.0 120.0 (20°C) 1.650 16.1

Abbreviations: DCM, dichloromethane; DMF, N,N-dimethylformamide; HFIP,
hexafluoroisopropanol; THF, tetrahydrofuran.
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point. The unexpected fiber properties are probably a consequence of
HFIP being a unique solvent with a low boiling point and high
viscosity. The fiber diameters increased with an increase in the
polymer concentration in all solvent cases. These results suggested
that the diameter or width of the electrospun fiber was strongly
dependent on the viscosity of the polymer solution. Shivkumar et al.?’
have plotted the fiber diameters of various polymers against the Berry
number (a product of the concentration of a solution and its inherent
viscosity) and observed a similar relationship for electrospun poly(-
vinyl alcohol) fibers. Electrospinning was conducted in an aqueous
solvent for various molecular weights of poly(vinyl alcohol). In their
case, the fiber diameter increased in proportion to the 1.1th power
of the Berry number. In our study, we expected the viscosity origina-
ting from the entanglement of the polymer chains to influence the
fiber diameters.

Porous structures were observed on the fiber surfaces prepared from
the chloroform, DCM and THF polymer solutions, and smooth
structures on the fiber surfaces fabricated from the HFIP and DMF
polymer solutions were confirmed by SEM. Two possibilities can
explain the formation of the porous structure on the fiber surface.
First, the formation of the porous structure may have been induced by
phase separation during the electrospinning process. It has been
reported that the surface temperature of a sprayed polymer solution
quickly cools as a result of evaporation heat. The decrease in the
surface temperature for the polymer solution would lead to thermally
induced phase separation.1-3?

Second, the condensation of atmospheric moisture may have
induced phase separation. This moisture would condense at the
outermost surface of the sprayed polymer solution as its surface
temperature decreases. The polymer solution would absorb the
water during the electrospinning process, thereby inducing phase
separation due to the insolubility of PMMA in water. Rabolt
and colleagues, by controlling humidity around the electrospinning
instrument, confirmed vapor-induced phase separation. In our
study, the formation of the porous structure would be affected
both by thermally induced phase separation and by vapor-induced
phase separation.

The fibers fabricated from the HFIP and DMF solutions had
smooth surfaces, indicating that these solvents tend to suppress
phase separation between the polymer and the solvent. In the case
of DMEF, the low vapor pressure would contribute to phase separation
suppression of the polymer. However, the high viscosity of HFIP
might suppress the phase separation during solvent evaporation.
These facts suggested that we could prepare electrospun fibers with
different surface structures by using different solvents.

The spin-coated films of PMMA-co-PBIEM were prepared from
three different solutions (THE, chloroform or DCM) to allow a
comparison of the surface morphologies with the electrospun fiber
results. PMMA-co-PBIEM was dissolved in THE chloroform or
DCM (1.0wt%) by heating at a temperature of 313 K. Silicon wafers
(10x 10 mm?) were cleaned with piranha solution (H,0,/H,SO,=30/
70, v/v) and then exposed to vacuum ultraviolet rays (A=172 nm) for
10min under reduced pressure (30Pa). Silicon wafers were coated
with the solution by the spin-coating method (3000 r.p.m, 50s).
Figure 4 shows AFM images of the spin-coated films that were not
annealed. The roughness factors (root-mean-square) of the smooth
films obtained from THE chloroform or DCM solutions were
<0.3nm in 1.0x1.0pm? Although nanopores of ca 50nm were
sporadically observed, the number of nanopores per unit area was
clearly lower than that on the surfaces of the corresponding electro-
spun fibers. Therefore, the formation of nanopores must be unique to
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chloroform

Figure 3 Scanning electron microscopy images of electrospun poly(methyl methacrylate)-co-poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) fibers prepared
from (a) 5.0wt%, (b) 7.5wt% and (c) 10.0 wt% tetrahydrofuran (THF) solution; (d) 5.0wt%, (e) 7.5wt% and (f) 10.0 wt% chloroform solution; (g) 5.0 wt%,
(h) 7.5wt% and (i) 10.0wt% dichloromethane (DCM) solution; (j) 5.0wt%, (k) 7.5wt% and () 10.0wt% N,N-dimethylformamide (DMF) solution;

(m) 5.0wt% and (n) 7.5wt% hexafluoroisopropanol (HFIP) solution.

the electrospinning process, because small fiber diameters with rela-
tively wide surface areas enhanced the rapid solvent evaporation
immediately after discharge from the narrow nozzle.

Surface modification of the electrospun non-woven fiber mats

The atomic compositions at the surfaces of the electrospun fiber mats
were confirmed by XPS measurements before and after surface-
initiated ATRP (Figure 5). The XPS spectrum of the electrospun
non-woven fiber mat of PMMA-co-PBIEM showed characteristic Brsq,
Cis and Oy peaks that corresponded to the theoretical atomic
composition of the copolymer (Table 2). After the surface-initiated
ATRP of MAPS, the Sy, and Ny peaks of sulfonic and ammonium
groups were observed at 168.2 and 403.1 eV, respectively. The surface

Polymer Journal

atomic ratios of carbon, oxygen, nitrogen and sulfur observed by
narrow-scan XPS corresponded to the theoretical values calculated
from the atomic composition of PMAPS. The same analysis method
was applied to the grafting product of PFA-Cg; a new Fjg peak at
690.4 eV was detected in the XPS spectrum of the non-woven fiber
mat that had been modified by surface-initiated ATRP. Peaks corre-
sponding to the C-C, C-O, C=0, CF, and CF; bonds appeared at
287.4, 288.6, 290.7, 293.1 and 295.3 ¢V, respectively. In the case of
grafted poly(HEMA) (PHEMA), no new atom peaks were observed
when compared with the spectrum of PMMA-co-PBIEM. Therefore, a
typical curve fitting of the C;s peak region was performed for the
PMMA-co-PBIEM non-woven fiber mat and the PHEMA-grafted
non-woven fiber mat. The C;s peaks could be fitted to three line
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Figure 4 Atomic force microscopic images of spin-coated films prepared from (a) tetrahydrofuran (THF), (b) chloroform and (c) dichloromethane (DCM)
solution, and the cross-section profiles of spin-coated films prepared from (d) THF, (e) chloroform and (f) DCM solution. RMS, root-mean-square. A full color

version of this figure is available at Polymer Journal online.

shapes at 285.5, 287 and 289.3eV by Gaussian—Lorenz functions
(Table 3). These peaks corresponded to the binding energy peaks of
C=0, C-0 and C-C, respectively. The intensity of the peak attributed
to the C-O bond derived from hydroxyl groups after the surface
modification of PHEMA increased from 0.288 to 0.368 compared with
that of the PMMA-co-PBIEM non-woven fiber mat. Additionally,
successful polymerization could be evaluated from the intensity of the
Brsq peak that corresponded to the end point of PHEMA. The results
showed that the intensity of the Brsg peak in the XPS spectrum
decreased compared with that of the non-modified fiber mat, which
indicated that polymerization of PHEMA had occurred.

The XPS-determined atomic ratios of C/O/N/S in the PMAPS-grafted
non-woven fiber mat were estimated to be 0.669/0.235/0.046/0.048,
which are in relatively close agreement with the theoretical values
calculated from the atomic composition of PMAPS (Table 2). Similarly,
the observed atomic ratios of C/O/F (0.439/0.062/0.498) corresponded
to the theoretical values for the PFA-Cg-grafted non-woven fiber mat.
The atomic ratios of C/O (0.698/0.302) for the PHEMA-modified fiber
mat were also in accord with theoretical values. These surface atomic
ratios of the different fibers suggested that the surfaces of PMMA-co-
PBIEM fibers were completely covered with grafted layers of PMAPS,
PHEMA and PFA-Cg, which were sufficiently thick to prevent detection
of the core PMMA-co-PBIEM fiber components.

To confirm the fiber shapes and surface morphologies, we used
SEM to observe the electrospun fibers obtained after surface-initiated
ATRP (Figure 6). Because the methanol/water, water and FA-Cg
solvents in the polymerization were poor solvents or nonsolvents for
PMMA-co-PBIEM, fiber shapes and surface morphologies were
preserved after the surface-initiated polymerization. After the ATRP
reaction of MAPS, a fiber diameter of 1.2 pum was observed, in
comparison to the SEM-determined diameter of 0.85pum of the
starting material (prepared from 7.5wt% HFIP solution). The
expected grafted thickness of the fiber from the surface-initiated
ATRP was approximately 100-300 nm. Similarly, diameters of 1.1
and 1.2pum were observed in the cases of PHEMA and PFA-Cg.
Tanaka et al3* have investigated the interfaces between deuterated
PMMA (dPMMA) film and poor or nonsolvents by neutron reflec-
tivity and AFM. Although water is a typical nonsolvent for dAPMMA,
the liquid/solid interfaces were diffuse in comparison with the inter-

face between air and dPMMA. For water, the interfacial swollen
(diffuse) layer was observed in contrast to dPMMA/methanol, in
which an interfacial swollen layer could not be confirmed because of
the solvent’s deep penetration into the dPMMA film. In our study,
solvents or monomers might penetrate into the fibers, and allow
polymerization to proceed from both internal and surface initiation
sites. Surface-initiated ATRP of MAPS was performed for the porous
fiber fabricated from 7.5 wt% chloroform solution. The nanopores on
the fiber surface remained intact after the surface modification, as
shown in Figure 6, and pore sizes were unchanged. The fiber shape
and morphology were clearly maintained after the surface-initiated
ATRP of MAPS, HEMA and FA-Cg.

To examine the grafted thickness of the fiber and its distribution of
graft initiation points, we prepared cross-section samples via ultra-
microtome to analyze the inside and outside of the fibers by AFM.
The surface-modified and non-modified fibers were embedded in
epoxy resin (LCR D-800, Toagosei Co.) and the resin was crosslinked
by ultraviolet irradiation for 10 min. The resultant resin was sliced
by ultramicrotome (slice thickness=50-100 nm; slice velocity=0.2—
1.0mms ™) to produce a cross-section for AFM observation. Figure 7
shows the cross-section image of non-modified fiber observed by AFM
(tapping mode). Diagonally cut fiber was observed because of random
embedding in the epoxy resin. For the core fiber of PMMA-co-PBIEM,
no grafted layer was observed between the non-modified fiber surface
and the epoxy resin. Figure 8 shows the cross-section images of fibers
modified with PMAPS, PHEMA and PFA-Cg. Elliptic fiber cross-
sections were observed. The grafted layer of PMAPS was identifiable in
the magnified AFM image at the interface between the fiber and epoxy
resin, and was estimated to be ~ 82 nm thick. The grafted thickness of
the spin-coated film was 37 nm, as evaluated from scratched AFM
images. The surface-initiated ATRP was performed on the spin-coated
PMMA-co-PBIEM film by the same surface modification procedure
used on the fibers to measure the grafted thickness. The spin-coated
PMMA-co-PBIEM and PMAPS-grafted films were scratched with a
needle. The heights between the flat spin-coated layer and the
scratched bottom area of the silicon wafer were estimated from the
AFM images. The thickness of the PMAPS-grafted spin-coated film
was 162 nm, whereas that of the PMMA-co-PBIEM spin-coated film
was 125nm. The grafted thickness of 37 nm was calculated by the
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Figure 5 X-ray photoelectron spectra of (a) poly(methyl methacrylate)-co-poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) fiber surface survey scan spectrum;
high-resolution spectra of the (b) O1s, (€) C1s and (d) Brsg peak region; (e) poly(3-(N-2-methacryloyloxyethyl-N, N-dimethyl) ammonatopropanesulfonate)-
grafted fiber surface survey scan spectrum; high-resolution spectra of the (f) Os, (g) Nis, (h) C1s and (i) Spp peak region; (j) poly(2-(perfluorooctyl)ethyl
acrylate)-grafted fiber surface survey scan spectrum; high-resolution spectra of the (k) Fis, (I) O1s and (m) Cis peak region; (n) poly(2-hydroxyethyl
methacrylate)-grafted fiber surface survey scan spectrum; high-resolution spectra of the (0) O;5 and (p) Cis peak region. Take-off angles were kept constant

at 45°.

difference between these values. Similarly, the grafted layers of the
PHEMA- and PFA-Cg-grafted fibers were estimated from the cross-
section images of the grafted fibers obtained by AFM. The grafted
thicknesses of PHEMA- and PFA-Cg-grafted spin-coated films were
measured from the images of the scratched spin-coated films. In the
case of PHEMA and PFA-Cg, similar tendencies were confirmed.
The grafted layers measured from the AFM cross-section images
were ~40nm for grafted PHEMA and 70nm for PFA-Cg fibers.
These thicknesses are greater than those of the layers of the grafted
spin-coated film. These differences in the grafted thicknesses were
derived from the affinity between PMMA-co-PBIEM and the solvent
or monomer. The root-mean-square value of the PMMA-co-PBIEM
spin-coated film prepared from toluene solution was 0.27 nm
(1.0x 1.0 pum?), as measured by AFM, which suggested that a smooth
surface was obtained. However, the root-mean-square value of the

Polymer Journal

fiber surface was estimated to be 9.9 nm (0.5x0.5 um?). We expected
the surface area per unit volume of the fibers to be larger than that of
spin-coated film. The solvent or monomer molecules might penetrate
further into the polymer chains at a surface with a large roughness
factor than at a smooth surface; the monomers may then polymerize
from the inside.>* The fibers inside the PMMA-co-PBIEM may have
been swelled by the solvent or monomer. The fiber was swelled in a
concentric circle, whereas the swelling area of the spin-coated film
expanded in a perpendicular direction. Consequently, the large grafted
layers of the fibers were observed in comparison with the grafted
thicknesses of the spin-coated films.

Wettabilities of the non-woven fiber mats
The wettabilities of electrospun non-woven fiber mats were character-
ized by static contact angle measurements against water before and



after the surface modification (Figure 9). The PMMA-co-PBIEM spin-
coated film was modified by surface-initiated ATRP of three mono-
mers using the same procedure as for the control samples. The contact
angle of the PMMA-co-PBIEM electrospun fiber mat was 127°,
whereas that for the spin-coated film was 76°. The contact angle of
the non-woven fiber mat should increase in comparison to that of the
spin-coated film because the non-woven fiber mat, which exhibits a
large roughness and surface area, can trap large amounts of air in

Table 2 Atomic ratios (Obs.?/Theo.P) of the surface-modified and
non-modified PMMA-co-PBIEM fiber mats estimated from XPS
spectra using high-resolution mode

c o N S F Br

PMMA-co-PBIEM Obs. 729 268 0.0 0.0 0.0 03
Theo. 709 283 00 0.0 0.0 0.8
PMMA-co-PBIEM-g-PMAPS ~ Obs. 66.9 235 4.6 4.8 0.0 0.0
Theo. 61.1 278 55 55 0.0 0.0
PMMA-co-PBIEM-g-PFA-Cg Obs.  43.9 6.2 00 00 498 00
Theo. 40.6 63 00 00 531 00
PMMA-co-PBIEM-g-PHEMA  Obs. 69.8 30.2 0.0 0.0 0.0 0.0
Theo. 625 375 00 0.0 0.0 0.0

Abbreviations: Obs., observed; PBIEM, poly(2-(2-bromoisobutyryloxy)ethyl methacrylate);
PFA-Cg, poly(2-(perfluorooctyl)ethyl acrylate); PMAPS, poly(3-(N-2-methacryloyloxyethyl-N, N-
dimethyl) ammonatopropanesulfonate); PHEMA, poly(2-hydroxyethyl methacrylate); PMMA,
poly(methyl methacrylate); Theo., theoretical; XPS, X-ray photoelectron spectroscopy.
aSurface atomic ratios were determined by high-resolution spectra of XPS.

bThe fiber surface was hypothesized to be completely covered with grafted layers, and
theoretical values were calculated from the atomic compositions.

Table 3 Bond ratios of C; peaks (Obs.2/Theo.P) for surface-modified
and non-modified PMMA-co-PBIEM fiber mats estimated by XPS
spectra using high-resolution mode

C=0 C-0,C-S CC C-N CF, CF3

PMMA-co-PBIEM Obs. 19.1 21.5 59.3 0.0 0.0 0.0
Theo. 20.0 20.0 60.0 0.0 0.0 0.0
PMMA-co-PBIEM-g-PMAPS ~ Obs. 8.8 17.1 39.0 351 0.0 0.0
Theo. 9.1 18.2 36.4 364 0.0 0.0
PMMA-co-PBIEM-g-PFA-Cg  Obs. 8.7 9.4 250 0.0 7.4 495
Theo. 7.1 7.1 286 0.0 7.1 500

Obs.
Theo.

19.4
16.7

35.9
33.3

446 00 0.0 0.0
50.0 0.0 0.0 0.0

PMMA-co-PBIEM-g-PHEMA

Abbreviations: Obs., observed; PBIEM, poly(2-(2-bromoisobutyryloxy)ethyl methacrylate);
PFA-Cg, poly(2-(perfluorooctyl)ethyl acrylate); PMAPS, poly(3-(N-2-methacryloyloxyethyl-N, N-
dimethyl) ammonatopropanesulfonate); PHEMA, poly(2-hydroxyethyl methacrylate); PMMA,
poly(methyl methacrylate); Theo., theoretical; XPS, X-ray photoelectron spectroscopy.
2High-resolution spectra of XPS were curve-fitted with some peakes using the Gaussian-Lorenz
functions.

PTheoretical values were calculated from the atomic compositions.
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the fiber mat. This effect can be explained by Cassie-Baxter>> theory.
The apparent contact angle depends on the roughness of the surface
and surface-free energy of the materials that form the surfaces.®3’
The Cassie—Baxter state (Equation (1)) indicates the composite surface
of air and the solid surface. In the Cassie—Baxter state, a liquid droplet
is resting partly on the features of a solid material and bridging the air
in between these features. The apparent contact angle increases on the
rough surface compared with the flat surface because of the presence
of air. The Cassie-Baxter model is described by the following equation:

cosOcg = f(cos Op+1) — 1 (1)

Here, ¢ is the apparent contact angle on the rough surface; 0 is the
contact angle on the flat surface; and f is the fraction of solid
remaining in contact with the droplet. The factor f (0.36) was
calculated from the contact angle values. After hydrophobic PFA-Cg
was grafted onto the surfaces, the contact angles of the spin-coated
film and the non-woven fiber mat dramatically increased to 129° and
ca 150° respectively. These results suggested that the wettability of
the PFA-Cg-grafted non-woven fiber mat showed Cassie—Baxter
wetting in the same manner as PMMA-co-PBIEM. The f value, 0.32,
was obtained from Cassie-Baxter equation. These results suggested
that the decrease in f value from 0.36 (PMMA-co-PBIEM non-woven
fiber mat) to 0.32 (PFA-Cg-modified non-woven fiber mat) was
caused by the hydrophobicity of the perfluoroalkyl chains, despite
the equivalent surface areas of the fiber mats. The wettability behavior

Figure 7 The cross-sectional image of poly(methyl methacrylate)-co-poly(2-(2-
bromoisobutyryloxy)ethyl methacrylate) fiber observed by atomic force micro-
scopy. A full color version of this figure is available at Polymer Journal online.

Figure 6 Scanning electron microscopy (SEM) images of (a) poly(3-(N-2-methacryloyloxyethyl-N, N-dimethyl) ammonatopropanesulfonate) (PMAPS)-grafted
electrospun fibers, (b) poly(2-hydroxyethyl methacrylate)-grafted electrospun fibers, and (c) poly(2-(perfluorooctyl)ethyl acrylate)-grafted electrospun fibers.
These fibers were prepared from hexafluoroisopropanol solution. (d) SEM image of PMAPS-grafted porous fibers. The porous fibers were prepared from
poly(methyl methacrylate)-co-poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) chloroform solution.
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against a water droplet was confirmed by high-speed camera. The
water droplet landed on the PMMA-co-PBIEM non-woven fiber mat
(Supplementary Figure S1); however, it was quickly repelled several
times on the PFA-Cg-grafted non-woven fiber mat (Supplementary
Figure S2). A water-repellent non-woven fiber mat was therefore
successfully prepared by surface modification of PFA-Cg.

In contrast, the contact angles decreased on PMAPS-grafted and
PHEMA-grafted spin-coated surfaces and fiber mats. In the case of
grafted PHEMA, the contact angle value for the non-woven fiber mat
decreased to less than 10°, whereas a contact angle of 57° was obtained
for the spin-coated film. Contact angle values of both the spin-coated
film and the non-woven fiber mat decreased because of the increase in
the surface-free energy that was induced by the PHEMA hydroxyl
groups. The difference in the contact angles between the spin-coated
film and the non-woven fiber mat was attributed to an increase in the
surface area: water droplets penetrated without repulsion into the

large space of the hydrophilic-polymer-modified, non-woven fiber
mat. This behavior can be explained by Wenzel theory.*® This model
proposes that surface penetration occurs when a liquid droplet falls
onto a rough surface. The contact angle in Wenzel wetting is described
by the following (Equation (2)):

cos Oy = rcos Op (2)

Here, 0g is the contact angle on the flat surface; 6y is the apparent
contact angle on the rough surface of the same material; and r is the
roughness factor, which is defined as the ratio of the actual area to its
projection on the flat surface. In Wenzel theory, the apparent contact
angle decreases if the flat surface contact angle is less than 90° and
increases if the flat surface contact angle is greater than 90°. For our
PHEMA-grafted substrate, the roughness factor, r, in the Wenzel
equation was calculated from the contact angle values on the
PHEMA-grafted spin-coated film and on the non-woven fiber mat

Figure 8 Atomic force microscopic
bromoisobutyryloxy)ethyl methacrylate)

images of the grafted areas after
with (@) poly(3-(N-2-methacryloyloxyethyl-N, N-dimethyl) ammonatopropanesulfonate), (b)

the surface modification of poly(methyl methacrylate)-co-poly(2-(2-

poly(2-hydroxyethyl

methacrylate) and (c) poly(2-(perfluorooctyl)ethyl acrylate). A full color version of this figure is available at Polymer Journal online.

al 76 o b1
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Figure 9 Water static contact angle images of (
methacryloyloxyethyl- N, N-dimethyl)

ammonatopropanesulfonate) grafted film,

cl

0

c2

I ca150°

) poly(methyl methacrylate)-co-poly(2-(2-bromoisobutyryloxy)ethyl methacrylate) film, (b) poly(3

-(N-2-

(c) poly(2-hydroxyethyl methacrylate)-grafted film and (d) poly(2-

(perfluorooctyl)ethyl acrylate)-grafted film; 1 and 2 are spin-coated films and electrospun non-woven fiber mats, respectively.
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to be greater than 1.8. This result suggested that the contact area
against water of the non-woven fiber mat was dramatically increased
compared with that of the spin-coated film. Lower contact angles (less
than 10°) were obtained on PMAPS-grafted surfaces for both the
spin-coated film and the non-woven fiber mat. It has been reported
that a betaine-type polyelectrolyte used as polymer brush exhibits very
high wettability against water because of the presence of hydrated
ionic groups.® Tt was difficult to determine the roughness effect on
the PMAPS-grafted fiber mat because of the low contact angle on the
PMAPS-grafted spin-coated film. However, neutral and hydrophilic
PHEMA showed relatively larger contact angle than that of PMAPS.
Therefore, the effect of the large surface area was confirmed by a
comparison of the contact angles between the PHEMA-grafted non-
woven fiber mat and spin-coated film. Supplementary Figures S3 and
S4 show the water-droplet movies on the PMAPS- and PHEMA-
grafted non-woven fiber mats. The liquid droplet penetrated into the
fiber mat, and expanded in the horizontal direction due to the large
surface area and hydrophilicity. Water repellency and wettability were
enhanced by the roughness of the electrospun non-woven fiber mat.

CONCLUSION

We have reported the combination of electrospinning and surface-
initiated ATRP methods. PMMA-co-PBIEM electrospun fibers with
smooth surfaces were fabricated from DMF and HFIP solutions,
whereas porous structures on the fiber surface were obtained from
THE, chloroform and DCM solutions because of the phase separation
and the low vapor pressures of the solvents. The fibers with porous
surface structures exhibit larger surface areas than the fibers with
smooth surfaces. Therefore, the non-woven fiber mat prepared by the
porous fibers is expected to improve the efficiency of filtration and the
sensitivity of sensors. However, the physical properties of the porous
fiber mat would be inferior to that of the smooth fiber because of the
presence of mechanical defects. Surface-initiated ATRP of three types
of monomers (MAPS, HEMA and FA-Cg) were performed in poor
solvents or monomer (water/methanol, water, FA-Cg, respectively) at
the electrospun fiber surface to assess the surface physicochemical
properties. XPS results indicated that the surfaces of PMMA-co-
PBIEM fibers were completely covered with grafted layers of
PMAPS, PHEMA and PFA-Cg. The SEM observation revealed that
the fiber morphology was maintained even after the polymer grafting
process in the solution. The images of grafted fiber cross-sections
were observed by AFM. The grafted thicknesses of PMAPS, PHEMA,
PFA-Cg were estimated to be approximately 82, 40 and 70nm,
respectively. These values were larger than the grafted thicknesses of
the spin-coated films, which indicated that the monomers or solvents
slightly penetrated into the fiber and polymerized not only at
the outermost surface, but also from near the surface of the fibers.
The fibers inside the PMMA-co-PBIEM were possibly swelled by the
solvent or monomer. The fibers were swelled in a concentric circle to
the radial direction, whereas the swelling area of the spin-coated film
expanded only in the perpendicular direction. The wettabilities before
and after the surface modification were investigated by static contact
angle measurements against water. The repellency against water was
enhanced on the PFA-Cg-grafted non-woven fiber mat in comparison
to the PFA-Cg-grafted spin-coated film. However, the hydrophilicities
of the PMAPS- and PHEMA-grafted non-woven fiber mats increased
dramatically. In conclusion, we have successfully prepared fibers with
hydrophilic and hydrophobic surfaces by combining electrospinning
with surface-initiated ATRP. This versatile technique may allow the
preparation of many types of fiber mats with different surface proper-
ties and expand the applications of electrospun fibers.
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