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ABSTRACT Acrylic acid monomer in a viscous supporting nylon solution was polymerized and fabricated simultaneously via an
electrospinning process. This novel polymerization method defines the fiber morphology as a network of interconnected mats. This
network consists of smaller poly(acrylic acid) (PAA) fibers, approximately 19 nm in diameter, and larger nylon 6 fibers, approximately
75 nm in diameter. These two different fibers are separated by extraction of PAA from the fibrous mat in water and differentiation
of field-emission scanning electron microscopy (FESEM) images of the same mat using before and after extraction of PAA. The structure
of the extracted PAA was confirmed by 'H NMR and Fourier transform infrared (FT-IR) analysis. The observed modification to
conventional electrospun mats is due to the presence of an extra phase-separated PAA produced by the electrospinning polymerization
process. Finally, fiber morphologies and hybrid property were characterized via FT-IR, FESEM, thermogravimetric analysis, and X-ray
diffraction. Similarly extracted samples and synthesis PAA were characterized in FT-IR and 'H NMR spectroscopy.
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INTRODUCTION
N anoimaging technology has led to an investigation

of the morphological, physical, and chemical char-
acteristics of materials on the nanoscale. As an
example, this technology allows for the capture of magnified
images of electrospun fibers, giving a good representation
of the morphology, texture, and geometry. This imaging
technology also allows researchers to develop high-quality,
durable fibers and has been extensively studied for use in
nanocomposites (1, 2), biomedical applications (3—5), super
hydrophobic membranes (6, 7), and sensors (8, 9). Nowa-
days, the 3D structure of a electrospinning fibrous mat is
very important in both academic and research fields. Kim
et al. worked on cellulose nanofibers (10), and Ding et al.
demonstrated PAA and nylon 6 2D and 3D structures, in
which they explain engineering about their great work (11).
Similarly, our research concerned making an interconnected
mat using nylon 6 and acrylic acid monomer and polymer-
izing it to form smaller netlike fibers of poly(acrylic acid)
(PAA) inside the big nylon 6 fiber.
Nylon 6, also known as polycaprolactam and polyamide
6, which is a biodegradable (1 1) and biocompatible material,
possesses excellent physical and mechanical properties and
is one of the most widely used synthetic polymers for fibers.
It was used in this study with an additional polymer to form
hybrid fibers containing carboxylic acid groups. Carboxylic
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acid groups are useful for many applications including
adhesion and various biotechnological applications. Car-
boxylic acid groups present in PAA chains allow for many
types of bond formation, such as hydrogen, ionic, covalent,
and coordination, and these bonding types have been used
to make hydrogels (12, 13), chelating agents, esters, and
complex nanoparticles (14, 15). PAA is driven from acrylic
acid, which is especially useful because of its conjugated
double bond and carbonyl group. These groups are impor-
tant for nucleophilic and free-radical reactions for organic
synthesis and polymerization processes. The chemical prop-
erties of acrylic acid allow for different polymerization
processes, such as radical polymerization for commercial
PAA, electropolymerization for thin-film formation (16, 17),
and plasma polymerization for surface modification (18—20).
This study focuses on the polymerization of acrylic acid for
producing interconnected fibrous mats via electrospinning.
These mats have potential applications in tissue engineering,
aerospace, semipermeable membranes, and filters.

The electrospinning technique has been predominantly
used for fiber production driven by electrostatic forces. By
electrospinning of a selective monomer and catalyst in a
viscous supporting solution, polymerization and mat fabrica-
tion can be performed simultaneously. Generally, the viscous
solution containing the polymer includes functional groups
onits branches and terminal ends, which can react with the
substrate or monomer to initiate polymerization. Chemical
reaction is only possible if one or more of the reacting
substrates can be activated within the electric field. When
this reaction is carried out, covalent cross-links can form
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between parallel fibers and nanorods, which can be advan-
tageous for various applications.

In electrospinning processes, a high voltage is applied
across the viscous polymer solution. When this solution is
sprayed through the syringe spinneret, a chemical reaction
occurs and a Taylor cone (21) is formed at the tip of the
pendant droplets because of electrostatic forces between the
tip and the grounded collector. Above the critical voltage,
electrostatic forces overcome the surface tension of the
solution and an electrified polymer jet is formed (22). If these
polymer jets contain a phase-separated polymer layer,
the phases can still potentially interconnect into nanorods.
The jet is then elongated and whipped continuously by
electrostatic repulsion until it is deposited on the grounded
collector in the form of a randomly interwoven cylindrical
fibrous mat.

In this study, acrylic acid polymerization is achieved via
formic acid reduction during the electrospinning process.
Typically, formic acid loses a proton in the acrylic acid
solution because of the high acidity. Deprotonated formic
acid splits into CO, and a hydride ion, which works as a
reducing agent (23—26). If the hydride ion attacks a § carbon
of an a,f unsaturated carbonyl monomer (acrylic acid),
group-transfer polymerization can be initiated (27—29). In
the performance of polymerization via electrospinning, it is
difficult to control all parameters, such as the pressure,
temperature, and concentration; however, there is sufficient
control to allow for the investigation of structural, chemical,
and physical modifications of electrospun mats.

MATERIALS AND METHODS

Preparation of an Interconnected Fibrous Mat (Electro-
spinning Polymerized PAA/Nylon 6 or EPPN). A nylon solution
was first prepared by nylon 6 (22 wt %) pellets, which were
purchased from Kolon Co., Kwachon, South Korea, by adding
in a mixture of 8 parts formic acid (99 %, purchased from Showa
Co., Tokyo, Japan) and 2 parts acetic acid (99 %, purchaged from
Showa Co., Tokyo, Japan). This solution was stirred for 24 h at
room temperature. A total of 3 mL of the nylon 6 solution was
transferred into a 50 mL glass vial containing 3 mL of fresh
liquid acrylic acid monomer (98 % , Junsei Chemical Co., Tokyo,
Japan), and the resulting mixture was stirred for 5 min at room
temperature. Approximately 2 mL of the nylon 6 and acrylic
acid solution was isolated for electrospinning polymerization
in a syringe pump fitted with a pointed nozzle, which was
clamped at about a 20° angle relative to the horizontal axis.
The positive pole electrode was secured inside the solution. An
electric voltage was applied at 24 kV, and the electrospun fibers
were deposited on a grounded, metal, rotating collector, which
was positioned 12 cm from the tip of the syringe. Once the
fibrous EPPN mat became thick enough, it was separated from
the collector for analysis.

Extraction and Polymerization of Samples. Our aim was
extraction of PAA from the EPPN mat, which was made up of
nylon 6 and acrylic acid monomer, during the electrospinning
process. Two pieces of mat cut from a single mat were used to
extract samples A and B, respectively. One simple different
process was applied before the extraction process; these two
samples exhibit remarkable identification separately, which was
more significant for our research. Similarly, sample C was
polymerized via solution chemistry to demonstrate the effect
of formic acid behind the formation of PAA.
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Table 1. 'H NMR Chemical Shifts of the Reference
Compound and Samples

chemical shift
['"H NMR (D,0) 0]*

name of the
SN compound

1 acrylic acid 6.16 (1H, ] = 18.6 Hz, d), 5.91
(1H, /= 19.8 and 13.4 Hz, dd),
5.74 (1H,J = 10.3 Hz, d), 4.14
(0.3H, ] =16.3 and 5.9 Hz, dv),
2.54 (0.3H, J=5.9 Hz, 1)

6.41 (1H,J=18.1 Hz, d), 6.18
(1H,/=17.3 and 11.0 Hz, dd),
5.96 (1H, J= 8.8 Hz, 1), 4.37
(IH,J=6.1 Hz, 1), 291 (31H,J
=7.8Hz,1),2.56 (1H,J=6.1
Hz, 1), 1.76 31H, J=11.0 and
4.2 Hz, t), 0.63 (31H, J = 8.5
Hz, t)

291 (1H,J=7.8Hz, 1), 1.77 (1H,
J=927.7Hz, 1), 1.76 (IH, ] =
11.2 and 4.2 Hz, t), 0.63 (1H, J
=8.5Hz, 1)

291 (1H,J= 7.8 Hz, 1), 1.76 (1H,
J=11.0and 4.2 Hz, tt), 0.63
(IH,J=8.5Hz, t)

2 sample A

3 sample B

4 sample C

“ Spectra of this table are shown in Figure 4.
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FIGURE 1. Net TGA and DTG graphs of the EPPN mat: (A) TGA; (B)
DTG. Derivative: the peak temperatures are at 127, 200, 243, 382,
and 459 °C.

Sample A. This sample was extracted from 80 mg of the
EPPN mat, which was submersed into 100 mL of water in a 250
mL beaker. This sunken mat was shaken for 36 h at room
temperature on an electric shaker. After collection of the sample
in solution, the solution and mat were separated by filtration.
A filtrate solution was taken, and about 85 % of the solvent was
evaporated by direct heating and then drying in an oven at 80
°C for 4 h. The weight of the resulting solute was obtained as
18 mg of slightly pale-yellow solid sample A. The 'H NMR
spectrum of this sample is described in Table 1.

Sample B. This sample was also extracted from about 80 mg
of the EPPN mat. This mat was dried in an oven at 80 °C for
48 h and was then dried under vacuum for 24 h at 60 °C. After
drying, the mat was submersed into 100 mL of water in a 250
mL beaker. This sunken mat was shaken for 36 h at room
temperature on an electric shaker. After collection of the sample
in solution, the solution and mat were separated by filtration.
A solution was taken, and about 85 % of the water was evapo-
rated by direct heating and then drying in an oven at 80 °C for
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sinsssnans Nylon6 4 h. The weight of the resulting pale-yellow solute sample B
14004 EPPN obtained was 17 mg. The 'H NMR spectrum of this sample is
described in Table 1.

Sample C. Sample C was prepared by a typical PAA polym-
erization. A total of 5 mL of acrylic acid was transferred into a
three-necked 250 mL round-bottomed flask, which was equipped
with a reflux condenser and a mechanical stirrer. Formic acid
(1 mL) was added to the flask, and the solution was refluxed.
The reaction was stirred under reflux at 130 °C for 1.8 h. Upon
completion, the solid product was wetted by submersion in
water and shaking on a mechanical shaker for 48 h. The
resulting viscous PAA liquid was washed with acetone and
methylene chloride and then dried in a fume hood at room
temperature. After becoming partially solidified, the sample was
dried in an oven at 80 °C for 48 h and then dried further under
vacuum for 24 h. The 'H NMR spectrum of this sample is

Intensity

10 20 30 40 50 60

2 o (degree) described in Table 1.
FIGURE 2. XRD patterns of nylon 6 and EPPN mats.
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FIGURE 3. FT-IR spectra of (1) EPPN mat, (2) acrylic acid monomer, (3) PAA extracted from the EPPN mat without drying before the start of
the extraction process, (4) PAA extracted from the dried EPPN mat at 80 °C in an oven before the start of the extraction process, and (5)
polymerized PAA.
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FIGURE 4. 'H NMR spectra of (1) acrylic acid monomer, (2) extracted PAA from the EPPN mat without drying before the extraction process,
(3) PAA extracted from the EPPN mat with drying at 80 °C before the start of the extraction process, and (4) polymerized PAA.
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P1 H-NMR (D;0) P2
Acrylic Acid Monomer &: Acylic Acid PAA
H a
1)6.41 (AH,J=18.1Hz, d) 23 i 45 be 1
2)6.18 (1H, 1= 173, 11.0 Hz, dd) H2C=?‘C‘0H CHT?}n
3)5.96 (1H,T=8.8 Hz, 1) H1 COOH
4)4.37 (1H,T=6.1 Hz, 1) oo a b c
5)2.56 (1H,T=6.1 Hz, 1)
Poly(acrylic Acid){ PAA) &:
a)2.91 (31H,J=7.8 Hz, t) 4 5
123
1) 176 (1H, 7= 11.0,4.2 Hz, t) Vea I
) 0.63 (31H,J=85Hz, t) 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 PPM
P3 Calculation molecular weight from degree of polymerization (DP)
DP= Molecular weight of polymer
Molecular weight of monomer
- _ MWPAA
P MW Acrylic acid
DP = Integration of assign single of proton in NMR signal of PAA -3
Integration of assign single of proton in NMR sighal of acrylic acid 1
Maean™=  Mn@eryicacig XDP = 7206 X 31 =  2233.86 Dalton

FIGURE 5. Calculation of the molecular weight by reference to '"H NMR peaks: (P1) NMR chemical shifts are separated from Table 1, input 2;
(P2) NMR spectrum of sample A, which contains two molecular picks, i.e., acrylic acid and PAA; (P3) calculated molecular weight of PAA by

integration of the acrylic acid proton.
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RESULT AND DISCUSSION
In the electrospinning process, an electrified polymeric

solution and acrylic acid monomer were extruded through
a spinneret by the electrostatic force between two opposite
poles. This electric force increases the energy in the reacting
substrate to induce a chemical reaction. In this study, these
changes were observed via thermogravimetric analysis
(TGA) measurement; the EPPN mat was conducted with an
Elmer TGA 6 thermogravimetric analyzer (Perkin-Elmer Inc.,
Waltham, MA) under a nitrogen atmosphere. Approximately
3 mg of sample was heated in a platinum pan from 30 to
800 °C at a rate of 10 °C/min on a differential thermo-
gravimetry (DTG) graph of the fibrous mat as shown in
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H;-?H—COOH

Figure 1B, in which various peaks represent the thermal
behavior of material at particular temperatures. The tem-
perature correlation with the maximum thermal degradation
rates for nylon 6 and PAA observed in this study is consistent
with those reported in the literature. Min et al. reported a
maximum thermal degradation rate for nylon 6 at 475 °C,
and Lu et al. reported peak maximum thermal degradation
rates for PAA250K at 210 and 405 °C (30, 31). Figure 1B
reports similar temperatures of maximum thermal degrada-
tion rates. The TGA curve shown in Figure 1 A indicates that
different conjugative mechanisms represent the different
components present within the fibrous material.
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Furthermore, the hybrid property of the EPPN mat at
stable conditions was confirmed by the decrease of the
crystalline structure of the nylon 6 mat to the EPPN hybrid
mat via an X-ray diffractometer [Rigaku X-ray diffractometer
(Rigaku, Japan) with Cu KR (4) = 1.540 A radiation over a
Bragg angle ranging from 5 to 65°]. X-ray diffraction (XRD)
patterns are shown in Figure 2, in which the spectrum of
pure nylon 6 is shown as a dotted line. A peak appears at
20 = 20.62°, and this 26 position is shifted to 19.92° on
the XRD pattern; this 0.7 unit decrease defined the nylon 6
along with other components, which must be PAA in EPPN.

The EPPN mat, extracted samples, and polymerization
sample were examined with FT-IR spectroscopy separately,
and these were performed with KBr pellets using an ABB
Bomen MB100 spectrometer (Bomen Inc., St. Laurent,
Quebec, Canada). To explain the FT-IR spectrum of the EPPN
mat, it is shown in Figure 3(1). The peak at 1645 cm™!
corresponds to the stretching mode of the carbonyl moiety
of both the amide and keto groups. The peak at 2937 cm™!
is attributed to the stretching mode of the CH, group, which
is important for stability of the polymer chain. The peaks
corresponding to the hydrogen-bonding stretching mode of
both —OH and —NH, groups appear between 3137 and
3703 cm™'. The sharply pointed stretching peak at 3309
cm™!is related to the stretching mode of the free N—H bond.
Finally, many mixed stretching peaks are observed for
different functional groups found in the single hybrid fiber.

EPPN hybrid mats are used to extract samples like
samples A and B and characterized separately. Likewise, the
chemical functionality of sample A was characterized by FT-
IR spectroscopy, shown in Figure 3(3). The peak at 1722
cm™! corresponds to the carbonyl group stretching peak,
which shifted from 1713 cm™" in the acrylic acid spectrum
shown in Figure 3(2). The wide peaks from 3008 to 3849
cm™! and the peak at 1410 cm™! correspond to hydrogen-
bonding and C—OH stretching, respectively. Similarly, stretch-
ing peaks corresponding to carbonyl, hydrogen-bonding,
and C—OH groups are observed in the spectrum of sample
B, shown in Figure 3(4). The two FT-IR spectra in parts (3)
and (4) of Figure 2 confirm that samples A and B contain
—COOH groups on their backbone. When the FT-IR spectra
among the EPPN mat [Figure 3(1)], the extracted solute, and
the polymerized sample [Figure 2(3)—(5)] are compared, a
free amine stretching peak at 3290 cm™' is observed for
nylon 6 of the EPPN mat and is absent in the spectra of
samples A—C. This result suggests that the extracted solutes
contain carbonyl and hydroxyl groups and hydrogen-bond-
ing —OH bonds on their backbone but do not have free
amine bonds. Similarly, the FT-IR spectra of samples B and
C indicate that both samples exhibit similar chemical func-
tionality; however, some signals were slightly shifted toward
lower frequencies. Further 'H NMR experiments confirmed
the equivalence between the extracted and polymerized
samples.

'"H NMR spectra of the samples and reference compounds
were recorded with a JNM-Ex 400 FT-NMR spectrometer
(JEOL Ltd., Tokyo, Japan), operating at 400 MHz with a 6 %
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FIGURE 6. Structures of PAA (sample B). Small boxes represent
maghnifications of the recorded spectrum at its equivalent chemical
shift. Numbers are indicated as the equivalent proton of PAA.

("H) (w/v) sample solution in D,O using tetramethylsilane as
an internal reference; these are shown in Figure 4. '"H NMR
signals at 5.8, 5.9, and 6.2 ppm, present in Figure 4(2),
correspond to residual acrylic acid protons in sample A.
These signals are similar to those present in the acrylic acid
"H NMR spectrum shown in Figure 4(1), and the remaining
peaks are present in the NMR spectrum of sample C. The
NMR spectrum of sample B, shown in Figure 4(3), is absent
of residual acrylic acid, and the remaining peaks are also
equivalent to the NMR spectrum of sample C. The main
difference between samples A and B is that sample B was
heated at 80 °C for 48 h, which likely caused the volatile
acrylic acid monomer to evaporate before polymerization.
This result suggests that the electrospun fibrous mat still
contains some acrylic acid residue, while the remaining
chemical functionality represents the polymerization prod-
uct. If we compare the NMR spectrum of sample C with
those of samples A and B, similar proton singlets are
observed at 2.91, 1.76, and 0.63 ppm. It is clear that the
arrangements of the NMR peaks for the extracted sample
and synthesized polymer are equivalent.

Integration of the sample A NMR peaks reveals peaks of
different magnitudes, shown in Figure 5. Smaller peaks are
assigned to acrylic acid shifts. When the magnitude of the
proton is correlated to a bigger one, which is supposed as
PAA, we get 31 times less. On the basis of the difference
ratio of a polymer like PAA and monomer acrylic acid, the
molecular weight of PAA was calculated to be about 2243
Da. If the acrylic acid NMR chemical shift is eliminated in
Figure 4(1), the remaining peaks resemble the NMR spec-
trum of sample B, shown in Figure 4(3). Thus, the NMR
spectrum of pure PAA is the same as that of sample B, which
is shown in Figure 6.

The FT-IR and 'H NMR spectra show more clearly that
the pure extracted PAA has a chemical structure similar to
that of sample B. These results also demonstrate that the
fibers polymerized via electrospinning contained PAA. It is
difficult to fully explain the influence of electricity on the
substrate reactivity, a final goal of our attempt chemically
to prepare sample C (polymerization product) promising the
cause of polymerization via the formic acid hydride ion
transfer. This polymerization scheme is illustrated in Scheme
1. Polymerization of acrylic acid occurs through the hydrogen-
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FIGURE 7. FESEM images of the EPPN mat at (A) 130K, (B) 100K,
and (C) 50K magnification. Wide areas were covered by intercon-
nected mats in order to show decreasing magnification.

FIGURE 8. FESEM image of the EPPN mat showing a lateral side view
of the spider netlike fiber.

atom-transfer polymerization process. In this process, for-
mic acid acts as a reducing agent, which is activated by the

applied voltage. This voltage removes the hydride ion to
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FIGURE 9. Frequency distribution of EPPN fibers in two different
ways: (A) a smaller PAA fiber with approximately 15 nm diameter;
(B) a bigger nylon 6 fiber having 75 nm diameter.

.

FIGURE 10. FESEM image of the EPPN mat showing (A) intercon-
nected smaller fibers appearing before washing with water and (B)
interconnected smaller fiber disappearing after washing with water.

electrically excite acrylic acid and induce a nucleophilic chain
reaction polymerization. This polymerization leads to the
formation of a phase-separated polymer layer responsible
for a morphological change of the conventional electrospun
mat.

During the electrospinning process, when a viscous
polymer solution is extruded through the spinneret, a poly-
mer jet is formed because of electrostatic forces (22). The
residual charges in this jet begin to repel each other when
they become separated from the electrode, causing the fiber
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FIGURE 11. FESEM images of EPPN mats with a fixed ratio of a 22 wt % nylon solution, selected as 3 mL, and different ratios of acrylic acid

monometr, i.e., (A) 1 mL, (B) 2 mL, (C) 3 mL, and (D) 4 mL.
diameter to grow. Each additional polymer layer becomes
cross-linked to form an interconnected fibrous mat. The
morphologies of the electrospun mats were examined via
field-emission scanning electron microscopy (FESEM; Hita-
chi Co., Tokyo, Japan) after sputter coating with osmium
tetraoxide (OsOy4). These networks appear inside the large
fibers shown in Figures 7 and 8. Parts A—C of Figure 7
demonstrate the broad area covered by the fiber network
according to a decrease of resolution. Furthermore, a verti-
cal-sectional image of the mat is shown in Figure 8, indicat-
ing the lateral side of a similar network surrounding the large
fibers with smaller interconnecting fibers. The average fiber
diameter is shown in Figure 9, which was recorded based
on several FESEM images of fibrous mats. The small fibers
had an average diameter of 15 nm, and the large fibers had
an average diameter of 75 nm.

Similarly, FESEM images of electrospun mats before and
after the extraction process and simply washed or non-
washed electrospun fibrous mats are shown in Figure 10,
which demonstrates that the interconnected fibrous mats
underwent a change in morphology upon exposure to water,
with the large fibers remaining intact. Thus, we can confirm
that these large fibers were composed of nylon 6. Hence,
the smaller interconnecting fibers must have been com-
posed of PAA, which was destroyed upon exposure to water,
as shown in Figure 10B.

Final observations of promoting experiments were taken
several times, and different feed ratios of acrylic acid
monomer with a fixed viscous nylon solution remarkably
enhanced mechanical properties along with the thermal
behavior of a nylon 6 and PAA hybrid mat. Research and
observation are underway. Here we demonstrated smaller
changes exhibited with an increase the volume ratio of
acrylic acid, which are shown as Figure 11.
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CONCLUSION

Characterization of extracted samples from electrospun
mats via FT-IR and NMR spectroscopy revealed carboxylic
functional groups and three protons present on each poly-
mer chain. Similarly, investigation of the fiber morphology
via FESEM revealed that the PAA fibers (18 nm average
diameters) formed a spider netlike arrangement. These
smaller nets were water-soluble, suggesting that PAA had
been polymerized from acrylic acid monomer in the pres-
ence of formic acid in an electrospinning process with the
help of a viscous solution. The electric field plays an impor-
tant role not only in fabrication but also in hydride ion
formation from formic acid, which initiated polymerization
during the electrospinning process.
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