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Enhancement of mechanical properties of
polymeric nanofibers by controlling crystallization
behavior using a simple freezing/thawing process¥

Hoik Lee,® Kyohei Yamaguchi,® Tomoki Nagaishi,® Masaaki Murai,®
Myungwoong Kim,? Kai Wei,© Ke-Qin Zhang {2 *< and Ick Soo Kim

We demonstrate the modulation of physical and mechanical properties by controlling crystallinity in cross-
linked poly(vinyl alcohol) (PVA) nanofibers using a simple and straightforward freezing/thawing process. PVA
chains in the cross-linked network are swollen and rearrange through the freezing/thawing process,
resulting in the formation of more hydrogen bonding and hence, a higher degree of crystallization in the
nanofibers compared to pristine electrospun nanofibers. Quantitative analyses with X-ray diffraction and
FT-IR studies confirm increases of the crystallite diameter from 24.2 A to 28.3 A and the degree of
crystallinity from 23.5% to 43.6%, respectively. Also, we found that the increase of crystallinity led to
a dramatic enhancement of the mechanical properties: the tensile strength was increased up to ~165%
compared to pristine nanofibers, while the elongation at break was decreased. This straightforward and
facile process will enable us to precisely control crystallinity, and also to fine-tune the physical properties
of polymeric nanofibers; consequently, the method will broaden the application of polymeric nanofibers.

Introduction

Crystallinity of polymers has been of interest and has been
investigated extensively due to its high impact on intrinsic
properties in polymers such as mechanical properties, water-
resistance, and gas permeability.*” Crystallization of polymers
is a process associated with chain folding behavior leading to
a partial alignment of chains, the so-called semi-crystalline
state, which is one of the significant factors affecting physical,
thermal and optical properties of polymers.*~ Polymeric nano-
fibers fabricated by electrospinning have been widely utilized in
academia and industry for the past decades due to its high
specific surface area, high porosity with excellent pore inter-
connectivity, and flexibility.*®* Though polymeric nanofibers
have attracted significant attention in polymer science and
technology, controlling their crystalline structures has not been
fully investigated because they typically exhibit amorphous
features with a very low degree of crystallinity.”** The nature of
electrospinning process, e.g. fast solvent evaporation rate,
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highly limits to gain opportunities for polymer chains to rear-
range and align to crystallize.">** Therefore, it is important to
understand the formation of crystalline structure in nanofibers
to further tailor a variety of their properties to achieve target
applications.

There have been endeavours to find a route to induce crys-
tallinity in polymer samples. For example, the crystallization of
poly(vinyl alcohol) (PVA) has been investigated quite well.**
Hassan et al. showed that freezing/thawing PVA hydrogel
samples was effective to increase crystallinity of the hydrogel.*®
Plus, they showed that several parameters, e.g. the number of
freezing and thawing cycles, molecular weight of PVA, and the
concentration of the solution significantly affected further
increasing crystallinity in the polymer matrix. They claimed that
an increase in mobility of polymer chain in cross-linked
network induced an additional crystallization as the material
shrunk and swollen. This concept was further extended to
healing process of materials; Zhang et al. reported that physi-
cally cross-linked PVA hydrogel treated with freezing/thawing
cycles can autonomously be self-healed at room temperature
without any needs of stimuli or healing agents.® The treatment
of polymer samples with freezing/thawing cycles makes crys-
talline region in PVA hydrogel larger via rearrangement of PVA
chains, allowing more interchain hydrogen bonding between
hydroxyl groups in chains."”*® In a practical perspective of the
material, PVA is invaluable in a number of applications such as
fiber industries due to its excellent chemical resistance,
biocompatibility and water-solubility,"” therefore, fibrous
materials consisting of PVA have been investigated with
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a variety of fabrication methods including an electrospinning
technique.*®** It will be beneficial to effectively control its
crystallinity in a fibrous structure and hence physical proper-
ties, with the process described above for broadening the
applicability of PVA fibers.

Herein, we report an effective route to induce the crystalli-
zation in PVA nanofibers through post-spinning process, i.e.
freezing/thawing method. We fabricated well-defined PVA
nanofibers chemically cross-linked with glutaraldehyde via
electrospinning and chemical treatment. The crystallinity was
largely modulated through freezing/thawing process. Hydro-
philic PVA chains was swollen and rearranged to form hydrogen
bonding, leading to secondary crystallization in nanofiber
structure. In addition, we found that additional freezing/
thawing processes improved mechanical properties, ie.
making nanofiber harder and stiffer. Quantitative parameters,
the diameter of crystallite and degree of crystallinity, were
extracted from two different experiments: X-ray diffraction (XRD)
and Fourier transform infrared spectra (FT-IR), respectively.?>**
Careful analyses of the experimental results confirmed increased
crystalline size and degree of crystallinity by increasing the
number of freezing/thawing cycles. Those two structural
parameters were further correlated with physical properties of
the nanofibers. The tensile strength was ~165% increased upon
5 freezing/thawing cycles compared to samples before the
process, while elongation at break decreased to lower strain
regime. The values of stress and Young's modulus was linearly
scaled to both crystallite size and the degree of crystallinity,
strongly suggesting that additional crystallization processes led
to enhancement of mechanical properties in nanofibers.

Experimental

Materials

PVA (M,, ~ 104 500 g mol ', >89% hydrolysis) was purchased
from Kuraray Co. Ltd. (Japan). Glutaraldehyde (GA, 50% in
aqueous solution) was obtained from Sigma-Aldrich (USA).
Hydrochloric acid (HCl, 37% in aqueous solution) was
purchased from Wako Pure Chemical Industries, Ltd. (Japan).
All reagents were used without further purification. Deionized
water (DI water) was obtained using Milli-Q system.

Nanofiber preparation

PVA aqueous solution (7 wt%) was prepared by vigorously stir-
ring the solution at 80 °C for 1 h. Upon cooling to room
temperature, desired amount of GA (molar ratio of GA to PVA
was varied from 30 to 120 moles per PVA mole) was added to
find a suitable concentration for freezing/thawing. The
prepared solutions were supplied to an electrospinning appa-
ratus through a 5 ml plastic syringe to a capillary tip with an
inner diameter of 0.6 mm. A high-voltage power supply (Har-
100*12, Matsusada Co., Tokyo, Japan), capable of generating
voltages up to 100 kV, was used as the source of the electric field.
A copper wire connected to a positive electrode was attached to
an ejection needle, and a negative electrode was linked to
a metallic collector. The tip-to-collector distance was 15 cm, and
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a supplied voltage was 12 kV at 20 & 3 °C with the humidity of
30 £ 5% for all electrospinning process. The resultant nanofiber
mat was dried under ambient condition to remove residual
solvent. To make PVA nanofibers stable and insoluble in water,
the resultant electrospun nanofiber mat was exposed to HCI
vapor in a desiccator for 60 s.>* In this reaction, GA and HCI
acted as a chemical cross-linking agent and a catalyst, respec-
tively. Cross-linked PVA nanofiber mat was immersed in an
aqueous solution and kept at —20 °C for 3 h, followed by
thawing at 15 °C for 3 h. This freezing and thawing cycle was
repeated up to 5 times to study the effect of freezing/thawing
process to crystallinity of nanofiber. Final nanofiber samples
were dried at room temperature for 24 h, and then further
characterized with a variety of methods.

Characterizations

The morphologies of prepared nanofibers were studied with
scanning electron microscope (SEM, JSM-6010LA, JEOL, Japan).
All nanofiber samples were coated with Pt under a fine coater
(JEC-1600, JEOL, Japan) before imaging. The average diameter
of nanofibers was extracted from SEM images using image
analysis software (Image], version 1.49). At least 100 points in
each SEM image of the corresponding sample were randomly
selected and used to evaluate the average value. To study the
crystallinity of prepared nanofiber, wide-angle X-ray diffraction
(XRD) experiments were conducted using Mini Flex 300 X-ray
diffractometer (Rigaku, Japan). The Cu Ko radiation was used
as X-ray source operating at 50 kV and 200 mA, and diffracted
X-ray was detected with an angular range of 5 to 40° and speed
of 5° min~ . Integrated X-ray powder diffraction software (PDXL
ver 2.5, Rigaku Co.) was used for analysis crystallite diameter.
Each XRD measurement for crystallite diameter was repeated
seven times, and the obtained values were calculated for
statistical analysis with excluding maximum and minimum
values. Fourier transform infrared (FT-IR) spectroscopic anal-
yses of prepared nanofibers were achieved through a IR
Prestige-21, Shimadzu Co. with a resolution of 2 cm™" by aver-
aging 64 scans in the range 4000-400 cm™ ', For a quantitative
analysis, baselines were first set to pass through minima in the
spectra. Then, the spectra were all normalized with the peak at
1240 cm ™. The degree of crystallinity was calculated using the
intensity values at 1095 and 1142 cm ™. The mechanical prop-
erties of prepared nanofibers were characterized using universal
testing machine (UTM, RTC1250A, A&D Co., Japan) with a 10 kN
load cell at an extension rate of 5 mm min~ " and gauge length
of 25 mm. The nanofiber sheets were prepared as dog-bone
shape with 3 mm (width) x 50 mm (length). All tests were
conducted for seven times to obtain average values of physical
parameters with excluding maximum and minimum values for
statistical analysis.

Results and discussion
Morphology and structure of nanofibers

To optimize electrospinning conditions to fabricate well-
defined nanofibers, the concentration of PVA was varied from
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6 to 10 wt%. The morphologies of electrospun nanofibers are
presented in Fig. S1.t The average diameter of nanofibers was
increased from 200 + 28 nm at 7 wt% to 310 &+ 40 nm at 10 wt%.
In lower concentration than 7 wt%, the electrospun nanofibers
showed bead morphology with relatively nonuniform diameter.
Therefore, we fixed the concentration of 7 wt% for further
studies, where nanofibers were well-defined with relatively
uniform and smaller diameter compared to other nanofibers
fabricated from PVA solution with the concentration of 6 wt%,
8 wt%, 9 wt%, and 10 wt%. Since PVA is soluble in water, its
applicability to a range of fields has typically been limited. To
address this limit, glutaraldehyde (GA) has been used as
a chemical cross-linking agent which can react with the
hydroxyl groups of the PVA in the presence of a strong acid.”® A
crosslinked structure can be achieved by reactions between
hydroxyl groups in PVA and aldehyde groups in GA in the
presence of a strong acid. The reaction mechanism of cross-
linking of PVA with GA is presented in Fig. S2.1 In the cross-
linking reaction, its kinetics is governed by chemical structures
and concentrations of polymer and crosslinker, and a concen-
tration of catalyst. We controlled the concentration of cross-
linker with fixed polymer concentration and exposure time to
acid catalyst. We also varied a molar ratio of GA to PVA from
30:1 to 120 : 1 to control a cross-linking density and hence,
swelling behavior of crosslinked nanofibers, as presented in
Fig. 1. Comparing original nanofibers before swelling to after
swelling, it is clearly observed that the morphologies of swollen
nanofibers are largely affected by cross-linking density. All
cross-linked nanofibers before swelling showed smooth and
uniform surface and structure without any beads along the fiber
(Fig. S37). After swelling for 3 days, PVA/GA nanofibers with
1: 30 molar ratio showed the increase of diameter from 230 +
27 nm to 302 + 31 nm with significant morphological change,
while the nanofiber sample with 120 : 1 molar ratio exhibited
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Table 1 The changes in the average diameter of the PVA/GA nano-
fibers as a function of the molar ratio of PVA to GA

Before swelling After swelling

PVA/GA ratio (nm) (nm)

1:30 230 + 27 302 + 31
1:60 221 + 18 279 £ 28
1:90 211 + 16 248 + 21
1:120 198 + 12 210 £ 17

much smaller difference in diameter (from 198 + 12 nm to
210 + 17 nm) (Table 1). For our purpose, it is desirable for
nanofibers to preserve their structure during repeated freezing/
thawing processes; therefore, we fixed the molar ratio of PVA to
GAto1:120.

For further proof of crosslinking reactions of PVA and GA, we
carried out FT-IR spectroscopy experiments. The FT-IR spectra
of unreacted PVA/GA and cross-linked PVA/GA nanofiber
samples (120 : 1 molar ratio) are presented in Fig. S4.T The both
spectra were similar with a broad band at 3000-3600 cm ™",
which is assigned to the O-H stretching vibrational mode.
However, the peak intensity of O-H stretching was largely
decreased after cross-linking reaction, indicating the loss of
hydroxyl group due to the effective reaction of aldehyde group in
the crosslinker and hydroxyl group in PVA. Moreover, new
absorption peak at 1016 cm™ ' has emerged, which is assigned
to a characteristic band of the C-O-C in cross-linked PVA,
indicating successful crosslinking reactions between hydroxyl
groups in PVA and aldehyde groups in GA.

Analysis of crystallite diameter

X-ray diffraction is one of the most efficient, direct and reliable
methods for determining the crystallinity of materials. In order

Fig.1 SEM images showing morphologies of PVA nanofibers prepared with different GA/PVA molar ratio from (a) 30 : 1, (b) 60 : 1, (c) 90 : 1, and

(d) 120 : 1 after swelling for 3 days.
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to study the effect of freezing/thawing process to the crystalline
structure of nanofibers, we conducted X-ray diffraction experi-
ments for a pure PVA sample, a cross-linked PVA/GA sample,
and the PVA/GA samples after treatment with freezing/thawing
1 cycle, 3 cycles, and 5 cycles (PVA/GA/FT1, PVA/GA/FT3, PVA/
GA/FT5) as presented in Fig. 2a. PVA typically forms a semi-
crystalline structure where the crystalline phases consist of
single crystals that are bound to each other by disordered
polymer chains. The freezing/thawing process resulted in the
increase of crystallinity that can serve as physical cross-linkers
to make it insoluble in water. It has been widely accepted that
the crystallite is formed due to the folding of PVA chains via
dissolution and rearrangement of PVA chains."”*® All prepared
PVA nanofibers exhibited the same reflections with an evident
peak at 26 ~ 19.5°, corresponding to the (101) reflections of
polymer crystalline phases.” This result indicates that all
prepared PVA nanofibers show similar crystalline microstruc-
tures. It is worth noting that the number of freezing/thawing
cycles resulted in different peak intensities, i.e., more cycles
led to the increases of the intensity and the full width at half
maximum of the peak; therefore, the crystallinity is controlled
by the freezing/thawing process. We further analyzed the
diffraction profiles to extract one of significant structural
parameters for crystalline, the diameter of crystallite, to reveal
the effect of the process. Since the (101) diffraction is attributed
to the periodic crystal structure of PVA chains induced by the
interference between the PVA chains in the direction of the
intermolecular hydrogen bonding, the increase in the intensity
of the (101) diffraction can be correlated to the increase in the
number of well-packed regular PVA chains. The average crys-
tallite size can be calculated from the width of the XRD peaks by
Scherrer's equation given below:

D = KB cos 6

where D is a diameter of crystallite (A), K is a constant (0.89)
taken from the literature,*®* 1 is a wavelength of incident X-ray,
6 and 6 are a full width at half maximum and a diffraction angle
of the specific peak, respectively. Estimated crystallite size of
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pure PVA nanofiber was 23 + 1 A; then the size gradually
increased as the number of freezing/thawing process is
increased (28 =+ 2 A upon five times freezing/thawing cycles in
PVA/GA/FT5) (Fig. 2b). With these results, the increase in the
(101) diffraction intensity with the increasing number of
freezing/thawing cycles strongly suggests that the size of the
crystalline phases in PVA nanofibers can be effectively
controlled by the simple process.

Degree of crystallinity from FT-IR spectra

FT-IR spectroscopy is useful to probe the crystallinity of poly-
mers,**** specifically the crystallinity of PVA can be easily esti-
mated from FT-IR spectra.®**® Yang et al. showed that the
intensity ratio of the absorption band at 1142 cm ™' to the
absorption band at 1095 cm ™" is strongly correlated to the
crystallinity of the PVA, though the reason for the correlation is
not clearly known yet; however, the bands are assigned to
¥(C-0) stretching vibration and »(C-C) stretching vibration in
crystalline phase.*** It was found that the degree of crystal-
linity, x. (%), scales linearly to intensity ratio (A1142/A1095) With
the given empirical equation below:

Xe = —13.1 + 89.5(4 1142/ A1095)

where A;14, and 4,45 are normalized intensities at 1142 cm™*

and 1095 cm ™, respectively. Using this equation, we estimated
X from obtained FT-IR spectra of various PVA nanofiber
samples. Fig. 3a displays FT-IR spectra of various PVA nanofiber
samples, clearly showing that freezing/thawing process
enhances the intensity ratio of the peak at 1142 and 1095 cm ™.
The intensity ratio value (41142/A41005) extracted by further anal-
ysis varied from 0.40 (pure PVA nanofiber sample) to 0.63 (PVA/
GA/FT5), indicating the increase of the ratio by increasing the
number of freezing/thawing cycles. Estimated x. values of in
pure PVA and PVA/GA nanofiber samples without freezing/
thawing process were found to be 23.5%. However, x. consid-
erably increased up to ~43.6% upon five freezing/thawing
cycles. The increase of crystallinity also can be observed from
the decrease of the peak at 3000-3600 cm ', which typically
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(a) X-ray diffraction patterns of prepared PVA nanofibers, and (b) the calculated crystallite diameter from the pattens.
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assigned to the stretching vibrations of free hydroxyl groups in
PVA. A number of intrachain or interchain hydrogen bondings
are formed after freezing/thawing cycles, resulting in the
increase of crystallinity. By the noncovalent interaction, the
amount of free hydroxyl group decreases, leading to less intense
peak at 3000-3600 cm ™. In Fig. 3b, it is clear that the freezing/
thawing cycles made the intensity of the band at 3300 cm™*
considerably reduced compared to pure PVA nanofiber. There-
fore, these results strongly suggest that crystallinity of PVA
nanofibers can be enhanced by freezing/thawing process,*®
which is also in good agreement with X-ray diffraction studies
showing an effective control of crystallite size by the process.

Effect of crystallinity on physical properties of nanofibers

Crystallinity is one of important aspects that can govern phys-
ical properties such as a mechanical strength in a given mate-
rial. To elucidate the effect of enhanced crystallinity to the
physical properties of PVA nanofiber samples, we characterized

(aand b) FT-IR spectra of nanofibers with different freezing/thawing cycles, and (c) the extracted degree of crystallinity from ratio of Aj14»/

mechanical properties of prepared nanofiber samples by
measuring stress-strain curves. Fig. 4a shows representative
stress—strain curves of pure PVA and cross-linked PVA nanofiber
samples with varied number of freezing/thawing cycles. The
PVA/GA nanofiber sample showed higher tensile strength and
elongation at break (8.2 + 2.2 MPa and 84.6 + 10.0%, respec-
tively) than the pure PVA nanofiber sample (4.8 £ 2.2 MPa and
7.2 + 3.0%, respectively), which is expected as crosslinked
network typically exhibit enhanced mechanical properties. This
cross-linked structure formed by the reaction between hydroxyl
group in PVA and aldehyde in GA improves the extensibility of
resultant nanofiber than pure PVA nanofiber which only have
semi-crystallinity, therefore the PVA/GA nanofiber sample
became quite ductile. However, after freezing/thawing
processes, the sample became brittle. As the sample was
treated with more number of freezing/thawing cycles, the
tensile strength and Young's modulus were increased and
decreased from 12.6 = 1.3 MPa and 34.3 £ 10.5% (1 cycle) to
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Young's modulus to (b) crystallite size, and (c) degree of crystallinity.
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(a) Stress—strain curves obtained from the samples treated with different freezing/thawing cycles, and the correlation of stress and
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Table 2 Parameters extracted from quantitative analyses of experimental data

Crystallite size (A) Degree of crystallinity (%) Omax (MPa) Elongation at break 6 (%)
PVA 23.2 £ 0.6 23.5 +1.7 4.8 £2.2 7.2+ 3.0
PVA/GA 242 £1.7 29.8 £ 1.9 8.2 +2.2 84.6 + 10.0
PVA/GA/FT1 26.8 £ 1.8 33.4+ 1.8 12.6 £ 1.3 34.3 +10.5
PVA/GA/FT3 27.9 +£1.9 389 +1.9 157 £ 1.1 14.1 +5.9
PVA/GA/FT5 28.3 £ 2.0 43.6 £ 2.1 18.3 £1.5 9.8 £5.7

18.3 + 1.5 MPa and 9.8 £ 5.7% (5 cycles), respectively. The
changes in tensile strength was dramatic and impactful: 5
freezing/thawing cycles made the values ~165% increase
compared to before the process. Fig. 4b and c display the plots
of tensile strength and Young's modulus as a function of crys-
tallite diameter and degree of crystallinity, respectively, which
were extracted from X-ray diffraction and FT-IR results in
previous sections. Both parameters representing physical
properties of the samples scale linearly to crystallite diameter
(D) and degree of crystallinity (x.). The tensile strength and
Young's modulus at D of 24.2 A and x. of 23.5% were 6.9 and
59.6 MPa, respectively; they increased to 18.3 and 414.2 MPa at
D of 28.3 A and of y. of 43.6%, respectively. Therefore, the
correlation suggests that the additional crystallization induced
by freezing/thawing process dramatically enhances the physical
strength and mechanical properties in fabricated nanofibers.
Also, the linear relationship between physical properties to
crystallite diameter and degree of crystallinity is worth noting.
By linear regression analyses, we found four simple empirical
equations: (i) modulus (MPa) = (80.9 + 8.5) x D (A) + (—=1900.5
+ 229.1); (ii) omax (MPa) = (2.7 & 0.3) x D (A) + (—58.2 + 7.4);
(iii) modulus (MPa) = (25.4 &+ 3.6) x X + (—671.9 £ 135.8); (iv)
Omax (MPa) = (0.8 £ 0.1) X x +(—17.7 & 4.0). These correlations
strongly suggest that mechanical properties can be precisely
predicted and controlled as a function of degree of crystalliza-
tion or crystallite size. Therefore, these results further empha-
size that this simple process can be a useful handle to achieve
desirable properties in nanofibers all parameters from X-ray
diffraction, FT-IR, and physical characterization in this study
are summarized in Table 2.

Conclusions

We demonstrated the enhancement of physical properties in
PVA nanofibers by introducing a secondary crystallization
through freezing/thawing process. The structure, morphology,
crystallinity (crystallite size and degree of crystallinity) and
mechanical properties of PVA nanofibers upon freezing/
thawing cycles have been investigated thoroughly; the effect of
the simple, facile and straightforward freezing/thawing process
was impactful. First, the crystallite size of pure PVA nanofiber
calculated from X-ray diffraction profile was 23.2 A, which
gradually increased up to 28.3 A after 5 cycles of freezing/
thawing. It was clearly observed that the intensity of (101)
diffraction peak of the PVA crystal increased by the cycles.
Second, the degree of crystallinity also was simultaneously
increased, confirmed by close examinations of characteristic

This journal is © The Royal Society of Chemistry 2017

peaks in FT-IR spectra. By the quantitative analysis of the bands
at 1142 em ™" and at 1095 cm ™" and their correlation to the
degree of crystallinity with the equation of x. = —13.1 + 89.5
(A1142/A1095), it was found that x. was largely increased from 23.5
to 43.6% after freezing/thawing process. The crystallinity
induced by freezing/thawing process dramatically enhanced the
mechanical properties of resultant PVA nanofibers compared to
pristine PVA nanofibers. In addition, tensile strength and
Young's modulus showed a linear relationship with degree of
crystallinity and crystalline size, which will be an invaluable
information for understanding and controlling PVA nanofiber
property. Indeed, this simple freezing/thawing process should
be beneficial for tailoring the microstructure of fibrous mate-
rials and hence, their physical and mechanical properties.
Furthermore, careful characterizations with multiple tools
revealed the important correlation of crystalline structure and
physical properties. Our findings will open a practical route and
stimulate further researches on the fibrous materials with
enhanced physical properties by precisely controlling the crys-
tallinity in the materials.
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