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ABSTRACT
Polymers confined in nanoscale exhibit unusual physico-chemical properties
which are not shown in bulk polymers. In this study, chain mobility of
electrospun polymer nanofibers is investigated, and how the molecular
mobility affects the molecular diffusion and crystallization of electrospun
polymer nanofibers is discussed.
Crystal structure and molecular mobility of nylon 6 nanofibers (NFs) with
different diameter and shape are investigated in chapter II. NFs with a large
diameter (~370 nm) consist of metastable γ-phase. It is revealed that that
crystalline phase of nylon 6 nanofibers changes into highly packed, stable aphase when the diameter is smaller than 120 nm. In accordance with the
changes in crystal structure, the melting temperature of NFs increases with
decreasing diameter of NFs. In addition, the activation energy (Ea) for the
molecular motion of the amorphous chains increases noticeably from 6.6 to
12.6 eV with a decrease in the diameter from 370 to 70 nm. This indicates that
the molecular motion of the amorphous chains is severely suppressed with
decrease in nanofiber diameter, suggesting that the amorphous chains are also
closely packed, forming a rigid structure. Indeed, the change in chain
morphology by confinement suppressed the release of rhodamine B from the
ultrathin nanofibers. These findings provide new insights for the design and
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development of advanced 1D polymer nanomaterials. Subsequently, the effect
of the molecular

mobility on drug release kinetics

of cellulose

acetate/Sulindac nanofibers (CNs) is studied. The Sulindac molecules are
incorporated in cellulose acetate molecules without forming aggregated
structure during electrospinning process. The CNs show amorphous chain
structure. It is observed that the activation energy, Ea, for molecular motion of
both the main chain and side chain tend to increase as the diameter of the CNs
decreased from 850 to 350 nm. The increased Ea indicates that the chains
confined in ultrathin CNs are closely packed, resulting in a low molecular
mobility. With increasing Ea of the side chain motion of CNs, the drug release
rate per specific surface area of CNs significantly decreased from 0.30 to 0.08
g*min-0.5/m2. In addition, the diffusion coefficient of drug is significantly
decreased from 85.3 to 20.4 nm2/min with decreasing diameter from 620 to
350 nm. These results indicate that the confinement-induced suppression of
the molecular motion could significantly affect the drug release properties of
polymer nanofibers.
The effect of chain mobility on crystallization of polymer nanofibers is
discussed. Meta-aramid exhibits excellent chemical stability and mechanical
strength owing to its rigid crystal structure. However, the crystal structure is
destroyed when meta-aramid nanofibers (mANFs) are fabricated by
electrospinning, which results in nanofibers with poor performance
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characteristics. In chapter IV, effect of chain mobility on the solvent-assisted
crystallization of mANFs is studied. The optimal volume ratio of the cosolvent solution is determined to be 6:5:100 (DMAc:ethylene glycol:water),
and the optimal crystallization temperature is 120 °C. The crystallinity of the
mANFs obtained under these optimized conditions (mANF-6-120) is higher
than the crystallinity of mANFs heat-treated at 300 °C (mANF-HT). As a
result, mANF-6-120 exhibits superior chemical stability and mechanical
strength compared to mANF-HT. After immersion in DMAc for 48 hours, the
weight of mANF-6-120 is reduced to 28% of its original weight, whereas the
relative remaining weight of mANF-HT is less than 8%. The XRD peak
intensity of mANFs crystallized at optimum condition decreases as diameter
of mANFs decreases, indicating that the suppression of the molecular motion
of the amorphous chains results in low degree of crystallization. The
crystallization process developed in this study requires less energy and is less
expensive than the conventional high-temperature heat treatment process.
Subsequently, effect of chain mobility on the vapor-induced crystallization of
mANFs is discussed. The optimum vapor-induced crystallization process is
investigated by adjusting the composition of co-solvent (aniline/DMAc) and
crystallization temperature. The optimal volume ratio of the co-solvent
solution is determined to be 1:2.6 (aniline:DMAc), and the optimal
crystallization temperature is 120 °C. The degree of crystallization of mANFs
crystallized at optimum condition decreases with decrease in diameters. As a
iii

result, chemical stability for DMAc of mANFs crystallized at optimum
condition decreases with decreasing their diameter. The relative weight of
mANFs having average diameter of 160, 110 and 90 nm after immersing in
DMAc for 48 h is 79, 62 and 32%, respectively. The results shown in this
study indicate that changes in chain mobility could be closely related to the
practical application of electrospun polymer nanofibers for various industrial
fields.

Keywords: Cellulose acetate, chain packing, chain mobility, crystallization,
crystal structure, drug release, meta-Aramid, molecular diffusion, nanofibers,
nylon 6, size effect
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CHAPTER I
INTRODUCTION

I-1. Molecular mobility of polymer nanomaterials
I-1-1. Thinfilm
Polymer nanomaterials have attracted a great deal of attention over the past
decades because of their excellent functionality and unusual physicochemical
properties, which are not observed in their bulk counterparts.1-7 Polymer
nanomaterials, owing to their unique properties, have led to significant
advances in various fields and devices, such as biomedical technology,
flexible electronic devices, optical sensors, and methods for treating
environmental pollution.8-9 It has been highlighted that the physical and
thermal properties of polymer nanomaterials change significantly with a
decrease in their dimensions. This size-dependent behavior could limit further
advances in polymer nanotechnology if the phenomenon is not fully
investigated. As a result, significant efforts are being made to investigate the
size effect of polymer nanomaterials.

１

The effect of the size of nanoscopically confined polymers on their properties
is typically called the “confinement effect”. The confinement effect has
primarily been investigated in the case of thin films, because the thickness of
such films is readily controllable and the interfacial interactions between the
film surface and the substrate are tunable.10-11 Freestanding thin films exhibit a
significantly reduced glass transition temperature, Tg, as compared to that of
the bulk when their thickness is decreased to less than ~ 100 nm.12-14
Torkelson et al. investigated the Tg values of the surface and internal layers of
polymer thin films using fluorescence spectroscopy.15-17 They reported that
the free surface layer of thin films had a lower Tg than that of the
corresponding bulk polymer, while the internal layer of the films at a
sufficient distance away from the interfaces showed a Tg similar to that of the
bulk. Furthermore, studies on the molecular dynamics of thin films have
revealed that the polymer chains in the free surface layer have relatively high
molecular mobility, in contrast to those in the bulk counterparts.18-19 Hence, it
has been postulated that the reduction in T g of polymer thin films is due to the
relative increase in the fraction of thin film which is part of the surface layer
having high chain mobility.20-24 Meanwhile, it has been observed that Tg
increases with a decrease in the thickness in the cases where strong polymer
substrate interactions persist.25-26 This result indicates that the interactions
between thin films and substrates is another factor determining the Tg of thin
films.
２

Figure I-1. Mechanism for size-dependent change in Tg of free-standing
polymer thinfilm and nanoparticles

３

I-1-2. Nanoparticle
The discussion on the deviations in the T g value of thin films was
subsequently extended to polymer nanoparticles, which have a geometry
different from that of thin films. Zhang et al. reported that polymer
nanoparticles show size-dependent behavior similar to that of thin films.1, 27-28
That is to say, the Tg of polymer nanoparticles decreased with a decrease in
their diameter, owing to an increase in the fraction of a free surface layer
composed of highly mobile chains. However, when the polymer nanoparticles
were coated with silica, the Tg of the polymer nanoparticles did not decrease,
because the free surface of the nanoparticles was removed.
There are several difficulties in analyzing the molecular mobility of polymer
nanoparticles. In contrast with the thinfilm, nanoparticles easily lose their
particle morphology and are agglomerated when they are exposed to heat or
vapors. Theirfore, thermal analysis could not be conducted without dispersing
the nanoparticles in their non-solvent. The accurate signal for nanoparticles
could not be easily obtained because of the signals of the non-solvent and
stabilizer used for the particle dispersion. Furthermore, the nanoparticles are
not connected, thus the electrical properties such as conductivity could not be
measured correctly.

４

I-1-3. Nanofiber
In addition to being of interest in the case of thin films and nanoparticles, the
confinement effect is also attracting significant interest with respect to
nanofibers because of their inherent anisotropies and potential for use in
wearable devices, flexible displays, and information technology devices,
among other areas.2, 29-30 Electrospinning is a facile technique for fabricating
nanofibers (NFs) with diameters ranging from several tens of nanometers to
several hundreds of nanometers.31-33 Thus, electrospun polymer NFs are
frequently used as model materials for elucidating the confinement effect.
Interestingly, several researchers have reported that electrospun NFs show a
sharp increase in their mechanical strength with a decrease in their
diameter.34-37 This phenomenon is contradictory to the confinement effect
observed in freestanding thin films, wherein Tg decreases with a decrease in
size; a decrease in T g implies enhanced molecular mobility or, in other words,
lower mechanical strength. Several studies have postulated that a rigid
structure is formed owing to the alignment of the chains confined with narrow
NFs and that this is the reason for the distinctive confinement effect seen in
electrospun NFs.35,

38

However, Arinstein et al. reported that the X-ray

diffraction (XRD) patterns of electrospun NFs did not show a noticeable sizedependent change in their crystallinity and degree of orientation, even though
their modulus increased sharply with a decrease in their diameter.2, 39 To

５

explain such result, they suggested that the chains confined in ultrathin fibers
could form highly packed structures. The formation of supramolecular
structures randomly directed in ultrathin fibers may not increase the degree of
chain orientation. In addition, the results of small-angle neutron scattering
analysis of electrospun polystyrene NFs did not indicate a change in the
orientation parameter <P2> with a change in the NF size. 40 Meanwhile, Lim
et al. reported that atomic force microscopy images of polymer NFs showed
that the NFs with a smaller diameter exhibited higher degrees of molecular
orientation and crystallinity.41-43 Nevertheless, the phenomenon of the degree
of chain alignment of polymer NFs increasing with a decrease in their
diameter is poorly understood. Hence, given that polymer NFs are of great
practical use in various industrial fields, it has become necessary to
investigate the moelcular mobility of NFs.

６

Figure I-2. Hypothesis for the size-dependent behaviors of polymer
nanofibers

７

I-2. Electrospun polymer nanofibers
I-2-1. Electrospinning process
Among the various methods to fabricate the polymer nanofibers,
electrospinning is the most popular and veratile process for creating
continuous and uniform fibers having diameters ranging from a few
micrometers to a few nanometers by using electrostatic repulsion of a charged
droplet

of

polymer

solution.44-46

Electrospinning

process

possesses

chracteristics of both conventional solution-dry spinning and electrospraying
process.47 In a typical electrospinning process in a laboratory, a polymer melt
or solution is located in a syringe and pumped through a nozzle while being
applied high voltage. Generally, high electric field of 100-500 kVm-1 is
applied and tip-to-collector distance is 10-25 cm in laboratory systems. When
high voltage is applied to a liquid droplet, electrostatic repulsion counteracts
the surface tension and the droplet is stretched. At a critical voltage, polymer
solution erupts from the surface, resulting in a formation of Taylor cone.
Then, a charged polymer solution jet is formed. The jet is dried during flying
from nozzle to collector, elongated by a whipping proccess, and deposited on
the collector. The two types of collector (flat electrode and rotating drum) are
frequently used for lab-scale electrospinning process. Drum-type collector
was used in this study.

８

There are three kinds of parameter groups for electrospinning: 1) materials
variables, 2) processing variables, and 3) ambient variables. Materials
variables such as concentration, viscosity and surface tension affect the
physical properties of polymer solution. The solution viscosity dominantly
affects to diameter of the polymer nanofibers while surface tension plays an
important role in formation of defects such as beads and bead-like fibers.
Processing variables affect the formation of Taylor cone and jet. One of the
crucial parameters is applied voltage to the solution. Beads or bead-like fibers
are formed when applied voltage is lower or higher than the appropriate
voltage range. In addition, a higher voltage is needed to be applied as solution
flow rate incrreases so that the Taylor cone is stable. Variables affecting
electrospinning process is listed in table I-1.

９

Table I-1. Main variables affecting electrospinning process

Materials variables
Polymer molar mass

Chemical composition

Polymer molar mass

Solution viscosity

Surface tension

Solvent quality

Solution concentration

Charge density

Solution conductivity

distribution

Processing variables
Electrode shape

Electrode materials

Electrode-ground

Solution evaporation

distance

rate

１０

Electric field strength
Solution flow rate

Figure I-3. A general laboratory setup for an electrospinning experiment
using drum-type collector

１１

I-2-2. Application of electrospun polymer nanofibers
Electrospun polymer nanofibers have been applied to diverse industrial fields
such as life science, nano-sensoring, filtration, tissue engineering due to their
high specific surface area, high porosity, biocompatibility, and unique
nanometer scale architecture. Among the various applications fields for
polymer nanofibers, filtration market is expected to occupy the highest market
share (approximately, 40%) in the global market for polymer nanofibers,
followed by medicine and biotechnology. Filters based on polymer nanofibers
have exhibited excellent performance in treatment of polluted water and
removal of airborne particles. Polymer nanofibers made by biocompatible
polymers have been used as drug delivery carrier, haemostatic devices, wound
dressing

and

scaffolds

for

bone

and

cartilage

regeneration.

Metal/semiconductor nanoparticles embedded on the polymer nanofibers have
been used as high-performance sensors. Polymer nanofibers containing nanocatalysts for removal of chemical warfare agent and hazardous gas have been
developed. Applications of polymer nanofibers are shown in Fig. I-4.

１２

Figure I-4. Applications of electrospun polymer nanofibers in various fields
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I-3. Spin-lattice relaxation time measurement
Molecular mobility is one of the key factors determining the thermal,
mechanical and physical properties of bulk polymers. Therefore, numerous
studies on the polymer dynamic behaviors have been reported to achieve
desired material performance (such as strength, dimensional stability,
permeability to gases and water, and so on).47−50 However, most of the
common methods which are applied to analysis the chain dynamics of bulk
polymer or polymer solution system could not be applied to study on sizedependent behaviors of polymer nanofibers. For instance, techniques that
applying periodic mechanical force to materials such as dynamic mechanical
analysis or rheological measurement are not appropriate to observe chain
dynimics of polymer nanofibers because mechanical force cannot be
uniformly delivered to nanofibrous mat. In the same manner, dielectric
relaxation spectroscopy is not suitable because the dielectrical signals cannot
be uniformly applied to polymer nanofibers. In contrast, spin-lattice relaxation
time measurement enables to analysis the chain dynamics of polymer
nanofibers because magnetic field could be uniformly applied to polymer
nanofibers. In this study, spin-lattice relaxation time was measured by using
1

H solid-state nuclear magnetic resonance (NMR) spectroscopy to identify the

chain dynamics of polymer nanofibers.
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Nuclear spin state of hydrogen atom is devided into two states when magnetic
field is applied. The energy difference of the two states is proportional to the
intensity of magnetic field applied to samples. When pulse corresponding to
the energy difference is applied, the nuclears at the lower energy level state
are excited to the higher energy level state. When the pulse is removed after
the spin excitation, the excited spins go through spin-lattice relaxation.
Definition for lattice is that rest of the assembly of smaples from spin (other
types of nuclei, atoms, molecules, etc). In the case of polymer materials, the
molecular motion of chains is responsible for the spin-lattice relaxation.
Therefore, measurement of the time required for the spin-lattice relaxation
enables to analysis the chain dynamics of the polymer materials. The types of
the molecular motions and activation energy for the motions are described in
Fig. I-5 and table I-2.
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Figure I-5. Types of the molecular motions of polymer materials
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Motion
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Table I-2. Activation energy for typical motions observed in polymer
materials
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relaxation at low
temperature

I-4. Research Objectives
In this study, effect of chain mobility on the various properties of the
electrospun polymer nanofibers was investigated. First, crystal structure and
chain mobility of polymer nanofibers was discussed. Based on the results for
the above discussion, effect of the changes in molecular mobility on drug
release and crystallization properties of polymer nanofibers was studied.
Chapter II: Crystal structure and chain mobility of nylon 6 nanofibers (NFs)
with different shape and diameter were studied. 51 NFs were successfully
fabricated by electrospinning. Topology of crystalline chains was observed by
observing crystal structure and melting behaviors. It was revealed that
crystalline chains became highly packed as diameter of NFs decreases. In
addition, melting temperature of NFs increased with decreasing diameter,
suggesting that crystalline chains are highly packed with decreasing diameter
of NFs. To investigate the chain topology of amorphous region, molecular
mobility was observed by spin-lattice relaxation time in laboratory frame (T1)
measurement. It was shown that activation energy for reptation-like
displacement of amorphous chains increased with a decrease in diameter.
Therefore, it was concluded that both crystalline chains and amorphous chains
are highly packed in ultrathin polymer nanofibers.
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Chapter III: The effect of change in chain mobility on drug release property of
polymer nanofibers was investigated. 52 Cellulose acetate/Sulindac nanofibers
(CNs) with different diameters were fabricated. Analysis on crystal structure,
chemical structure and thermal properties of CNs were conducted. It was
observed that cellulose acetate and Sulindac were well mixed and formed
homogeneous structure, without forming aggregation or their own crystal
structure. The topology of amorphous chains was studied by T1 measurement.
The molecular mobility of CNs decreased with decreasing diameter,
indicating that chains are highly packed as diameter decreases. Drug release
property of CNs was investigated under conditions simulating the
physiological conditions of the transdermal drug delivery system. test was
conducted. Drug release kinetics of CNs were analyzed based on Fick’s laws
of diffusion. It was concluded that drug release from CNs gets slower when
diameter of CNs gets smaller.
Chapter IV: Effect of chain mobility solvent-assisted crystallization process
for meta-Aramid nanofibers (mANFs) was studied. 53 First, the optimum
solvent composition (ethylene glycol (EG):DMAc ratio) was investigated.
The optimum volume ratio of the solvent was found to be 5:6 (EG:DMAc). In
addition, the degree of crystallization of mANFs at 120 oC was high compared
to that of mANFs treated at 90 and 150 oC. mANFs crystallized at optimum
condition exhibited superior chemical stability and mechanical strength
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compared to the as-synthesized mANF. The crystallinity of mANFs with an
average diameter of 120, 170 and 270 nm treated at the optimum
crystallization condition was observed. It was concluded that crystallinity was
decreased as diameter of mANFs decreased, suggesting that highly packed
chains in thin nanofibers are less likely to be crystallized.
Chapter V: Vapor-induced crystallization process for mANFs was developed
and effect of size on the crystallization of mANFs was investigated. The
optimum solvent composition for the crystallization process was determined
to be 1:2.6 (aniline:DMAc, volume ratio). The crystallization efficiency of
mANFs was most high at 120 oC. The degree of crystallization decreased with
decreasing diameter when mANFs were treated in the optimum crystallization
condition. The results suggested in chapter IV and V indicated that nanofibers
having larger diameter could be prefered when highly crystallized nanofibers
is needed.
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Figure I-6. Research objectives: Investigation of size-dependent behaviors of
electrospun polymer nanofibers.
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CHAPTER II
Investigation on crystal structure and molecular
mobility of nylon 6 nanofibers

II-1. Introduction
To investigate the chain structure of polymer nanofibers, polyamides have
been frequently selected as model polymer because polyamide nanofibers
with uniform morphology could be easily fabricated by electrospinning.1-3
Arkadii et al. revealed that nylon 6,6 nanofibers with diameter less than 500
nm show an increased Young’s modulus.3 The nylon 6,6 nanofibers lost their
enhanced physical strength at high temperature above Tg. In addition, nylon 6
nanofibers could also be an appropriate candidate to discuss about size effect
because nylon 6 nanofibers are well-electrospun without adding extra salts.
The absence of salt molecules means that the size effect could be studied
without considering the effect of salts molecules. Furthermore, nylon 6 is
beneficial to analyze the molecular conformation of both crystalline region
and amorphous region. Nylon 6 has two common crystalline phases, α- and γphases.4-8 The α-phase possesses highly extended chain conformation while γ-
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phase consists of pleated chains. The higher molecular rigidity of α-phase
leads to the higher mechanical strength and thermal stability of α-phase than
those of γ-phase. Hence, observation of phase structure and thermal properties
of nylon 6 crystals enables the analysis on topology of crystalline chains.
Moreover, molecular mobility of nylon 6 amorphous chains has been
successfully investigated by solid-state NMR spectroscopy.9-12 This signifies
that the solid-state NMR spectroscopy is an attractive approach to reveal the
size effect on the molecular conformation of amorphous chains in nylon 6
nanofibers.
In this study, the confinement effect of electrospun NFs was investigated by
observing the changes in the crystalline and amorphous chain morphologies of
nylon 6 NFs with variations in their thickness and shape. It was found that the
chains in the crystalline region were more rigidly packed when the diameter
of the cylindrical NFs was smaller than 120 nm. In addition, the molecular
motion of the amorphous chains was suppressed with a decrease in the NF
diameter, indicating that the amorphous chains were also closely packed,
forming a rigid structure. These results suggest that as the size of NF
decreases, the chain topology of NF is mainly affected by the confinement
effect rather than the increase of the free surface ratio, whereas chain topology
of polymer nanoparticles and thin films are largely affected by free surface. It
is likely that the confinement effect of NF such as the formation of densely
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packed chain topology is induced by their stretching during the spinning
process. To the best of our knowledge, this is the first report to show the
correlation between chain confinement and chain packing in nanofibers. The
elucidation of this relationship will help in understanding the fundamental
properties of NFs when used in various fields.
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II-2. Experimental Section
II-2-1. Materials
Formic acid (CH2O2), rhodamine B (rhB), and polycaprolactam (nylon 6)
were purchased from Sigma-Aldrich and were used as received without
further purification. The viscosity-averaged molecular weight (Mv) of nylon 6
was determined using the Mark-Houwink equation (K = 22.6 ´ 10-5 dL/g and
a =0.82)13; the value of Mv was calculated to be 236 kDa.

II-2-2. Fabrication of cylindrical and ribbon-like nylon 6 nanofibers
The electrospinning solution was prepared by dissolving granules of nylon 6
in formic acid at 50°C for 6 h. The concentration of the nylon 6 solution was
varied from 13 to 34 wt%. The solutions with the higher nylon 6
concentration above 34 wt% could not be electrospun properly because of
their high viscosity. The nylon 6 NFs were fabricated using an electrospinning
system (NanoNC, Korea) composed of a high-DC-voltage supply, and a
rotating drum collector and a syringe pump. The nylon 6 solution was placed
in a 10-mL syringe attached to a steel needle with an internal diameter of 0.33
mm. The collector was covered with aluminum foil and placed 10 cm from
the tip of the needle. A positive voltage of 20–25 kV was applied to the
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syringe needle tip while a negative voltage of -5 kV was applied to the
collector. The relative humidity and temperature were maintained at 40–50%
and 20–25°C, respectively, during the electrospinning process. The rotating
speed of the roller was 100 rpm with 62.8 cm/s of tangential velocity, and the
flow rate was kept at 0.2 mL/h. The fabricated nylon 6 NFs with a cylindrical
morphology are hereafter denoted as c-NF-x (where x indicates the diameter)
while the fabricated ribbon-like nylon 6 NFs are denoted as r-NF-x-y (where x
and y indicate the width and thickness, respectively). Thermal treatment was
conducted at 370 K for 24 h.

II-2-3. Fabrication of rhB-loaded nylon 6 nanofibers
To prepare the rhB-loaded NFs, an rhB/nylon 6 solution was prepared by
dissolving rhB and nylon 6 in formic acid at 50°C for 6 h. The rhB/nylon 6
mass ratio in the solution was fixed at 1/100. The rhB-loaded nylon 6 NFs
were electrospun under the same conditions as those used to fabricate the
nylon 6 NFs mentioned above. The fabricated rhB-loaded nylon 6 NFs are
hereafter denoted as Rh-NF-x (where x indicates the diameter).
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II-2-4. Characterization
The viscosity of solution was measured by observing the solution rheology
(DHR-2). The morphologies and sizes of the nylon 6 NFs were determined
using field-emission scanning electron microscopy (FE-SEM, JSM-6700F),
which was performed at an accelerating voltage of 10 kV. The diameter, width,
and height of the NFs were measured from the FE-SEM images using an
image analysis software (EyeViewAnalyzer, Digiplus Inc.). The average fiber
diameter, width, and height were determined by evaluating 100 fibers at
random from the FE-SEM images. The crystal structures of the fibers were
evaluated using XRD analysis (New D8 Advance), which was performed for
2θ values of 10–40° using Cu Kα radiation (λ = 0.154 nm). The thermal
behaviors of the NFs were investigated by differential scanning calorimetry
(DSC, DSC-Q1000), which was performed under a nitrogen atmosphere over
the temperature range of 25–250°C at a heating rate of 10°C/min. The
chemical states of the NFs were studied by X-ray photoelectron spectroscopy
(XPS, AXIS-His) using monochromatic Mg Kα radiation. All the binding
energies were calibrated with respect to the C1s peak at 284.5 eV.
The 1H spin-lattice relaxation time in the laboratory frame (T1) was measured
through solid-state nuclear magnetic resonance (NMR) analysis (solid-state
NMR, Minispec mq20), which was performed at 0.47 Tesla using a
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permanent magnet. The applied proton resonance frequency was 19.95 MHz.
The samples were placed in 10-mm-diameter NMR tubes. The T1
measurements were conducted at temperatures of 200–370 K using a Bruker
BVT-3000 temperature control unit. During the measurements, the
temperature was maintained within ± 0.1 K of the target temperature. To
prevent the deformation of the chain conformations, the measurements were
performed by increasing the temperature from 200 K at intervals of 10 K.
Further, the temperature was held at each level for 20 min prior to data
collection. At each temperature, the 1H NMR free induction decay was
determined using a 90° pulse with a length of 2.04 μs, a 180° pulse with a
length of 4.26 μs, a recycle delay, T, greater than 5 T1, and a receiver gain of
61–107 dB. The T1 measurements were performed by analyzing the
magnetization decay after the inversion-recovery pulse sequence (180°-τ-90°).
Finally, T1 was determined by exponentially plotting the magnetization
intensity versus τ.
A solvent mixture of formic acid and deionized water was used to measure the
actual amount of rhB in the Rh-NFs. The Rh-NFs were dissolved in formic
acid, and the solution was diluted with distilled water. The formic acid/water
ratio was 1:9 by mass. The absorbance of this solution was measured using an
ultraviolet-visible (UV-Vis) spectrometer (Lambda 25) at a wavelength of 558
nm. The amount of rhB in the NFs was calculated by comparing the

３６

absorbance of the diluted solution and that of the calibration solution. The
release test was performed by immersing 25–35 mg of the Rh-NFs in 40 mL
of deionized water at room temperature. Samples of the solution were
collected at specified periods, which ranged from 0 to 24 h after immersion.
The rhB concentration of the solution was measured with a UV-Vis
spectrometer.
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II-3. Results and Discussion
II-3-1. Crystal structure of Nylon 6 nanofibers
The shape and sizes of the nylon 6 NFs were determined by FE-SEM. The
FE-SEM images showed that the fabricated NFs had a uniform and bead-free
shape (see Fig. II-1 and Fig. II-2). NFs with a cylindrical shape (i.e., c-NFs)
were obtained when the polymer concentration in the electrospinning solution
was 13–29 wt%, with the diameter of the c-NFs increasing from 70 to 370 nm
with an increase in the polymer concentration. Ribbon-shaped nanofibers (i.e.,
r-NFs) were obtained for a polymer concentration of 30–33 wt%, with the
width of the r-NFs increasing and their thickness decreasing with an increase
in the polymer concentration. The viscosity of the solution and other variables
for electrospinning process were listed in Table II-1. It is well known that
nylon 6 exhibits two typical crystalline phases, namely, the α-phase and the γphase. The α-phase consists of highly extended planar zigzag chains. These
chains are antiparallel to the adjacent ones and highly densely packed,
resulting in high thermal stability and good mechanical strength. On the other
hand, the chains in the γ-phase crystals are less densely packed than those in
the α-phase crystals2, 14. As a result, the γ-phase crystals exhibit relatively
lower thermal stability and mechanical strength as compared to those of the αphase crystals.
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Figure II-1. FE-SEM images of (a) c-NF-70, (b) c-NF-120, (c) c-NF-220, (d)
c-NF-370, (e) r-NF-800-350, and (f) r-NF-1140-270. Scale bars are 100 nm in
(a), (b), (c), and (d), and 1 um in (e) and (f).
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Figure II-2. FE-SEM images of (a) c-NF-70, (b) c-NF-80, (c) c-NF-100, (d)
c-NF-120, (e) c-NF-200, (f) c-NF-220, (g) c-NF-270, (h) c-NF-290, (i) c-NF370, (j) r-NF-800-350, (k) r-NF-1140-270 at low magnification and crosssection of (l) r-NF-800-350 and (m) r-NF-1140-270 at high magnification.
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Table II-1. Concentration and viscosity of nylon 6/formic acid solution at 298
K and electrostatic field applied to the nozzle tip for each samples

Sample

c-NF-70

c-NF80

c-NF100

c-NF120

c-NF200

c-NF220

Concentration
(wt%)

13

16

18

20

22

24

Viscosity (Pa·s)

0.60

1.04

2.29

4.59

5.22

5.34

Voltage (kV)

20

20

20

20

20

20

Sample

c-NF270

c-NF290

c-NF370

r-NF-800350

r-NF-1140-270

Concentration
(wt%)

26

28

30

32

34

Viscosity (Pa·s)

7.24

9.19

12.77

18.01

30.26

Voltage (kV)

20

25

25

25

25
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Figure II-3. WXRD patterns of (a) nylon 6 nanofibers with different diameter
from 70 to 370 nm and (b) nylon 6 nanofibers with different width and
thickness, (c) O 1s XPS spectra of c-NF-70, c-NF-120, c-NF-370 and r-NF1140-350, and (d) schematic illustration of crystal structure in nylon 6
nanofibers
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Figure II-4. (a) Viscosity of nylon 6 solution corresponding to
the resulting diameter of nylon 6 nanofibers and (b) description
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of the effect of solution viscosity on chain topology of nylon 6
nanofibers.
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As shown in Fig. II-3 (a) and (b), all the NFs exhibit three diffraction peaks.
These include peaks at 2θ = 20.3° and 23.3°, which correspond to the α-phase,
and peak at 2θ = 21.3°, which corresponds to the γ-phase. In the case of c-NF370, the NFs with the largest thickness, the diffraction peak at 21.3° is
dominant, indicating that the γ-phase was the primary crystal phase. On the
other hand, the diffraction peaks at 20.3° and 23.3° increased in intensity with
a decrease in the diameter from 370 to 120 nm while that at 21.3° decreased.
In particular, as the diameter was decreased further from 120 to 70 nm, the
fraction of the α-phase increased sharply. These results clearly indicate that
the chains in the crystalline region of the NFs became more densely packed as
the diameter of the c-NFs was decreased. Meanwhile, despite the thickness of
the r-NFs being similar to that of the c-NFs, the r-NFs with a larger width than
that of the c-NFs exhibited a more prominent α-phase (Fig. II-3 (b)). These
results suggest that the chains in the crystalline region of the r-NFs were more
densely packed as compared to those in the c-NFs.
Typically, the α-phase is formed when the nylon 6 chains are slowly
crystallized. Therefore, the slow evaporation of the nylon 6 solution or the
slow cooling of molten nylon 6 results in the formation of the α-phase. In
contrast, the γ-phase is formed by the rapid evaporation of the solvent or the
fast cooling of the melt during the fiber-spinning process. Because the nylon 6
solution evaporates rapidly during the electrospinning process, γ-phased nylon
４５

6 NFs are as common4,

8, 15

. On the other hand, a highly concentrated

electrospinning solution readily reaches the solidification line, resulting in the
formation of a solid skin layer during the initial step of the electrospinning
process. Because this solid skin layer prevents the evaporation of the solvent,
the chains in the inside of the jet solution have enough time to form stable
crystals, that is, the α-phase. Thus, the ribbon-shaped NFs or r-NFs primarily
consisted of α-phase crystals, owing to the slow evaporation of the solvent
because of the high concentration of the spinning solution used, as shown in
Fig. II-3 (b)16-17. However, the increase in the α-phase portion of the
cylindrical NFs with a decrease in the NF diameter cannot be explained by
this solvent evaporation process, because, contrary to expectations, the lower
the concentration of the electrospinning solution was, the higher was the
amount of α-phase crystals formed in c-NFs. Hence, the surface structure of
the NFs was analyzed using XPS in order to observe the changes in their
crystal phase with a decrease in their diameter.
As shown in Fig. II-3 (c), c-NF-370 exhibits a typical O 1s peak at 530.8 eV
corresponding to the γ-phase6. When considering that XRD results indicated
that c-NF-370 had the γ-phase as the primary crystal phase, the XPS spectrum
revealed that both the surface layer and the inner layer of c-NF-370 primarily
consisted of γ-phase crystals, owing to the high evaporation rate during the
electrospinning of c-NF-370. The XPS spectrum of c-NF-120 also contained
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an O 1s peak at 530.8 eV attributable to the γ-phase. However, it can be seen
from the XRD results that the α-phase fraction gradually increased with a
decrease in the diameter from 370 to 120 nm. Thus, it can be surmised that the
portion of the α-phase in the inner layer of the c-NFs increased with the
decrease in the diameter from 370 to 120 nm, while the surfaces of the c-NFs
continued to consist of the γ-phase. In contrast to the XPS spectra of c-NF370 and c-NF-120, that of c-NF-70 exhibited a broad O 1s peak at
approximately 532.5 eV corresponding to a relatively compact α-phase,
indicating that surface layer of c-NF-70 consisted of α-phase crystals. This
observation was interesting because the surface layer of these NFs should
have consisted of γ-phase crystals, given the rapid evaporation of the solvent
at the surface of the NFs during the electrospinning process. This
phenomenon can probably be attributed to an increase in the degree of chain
stretching and packing by a decrease in the extent of chain entanglement with
a decrease in the concentration of the nylon 6 electrospinning solution. As
listed in Fig. II-4 (a) and Table II-2, the viscosity of the solution for NF-370
was 20 times higher than that of solution for NF-70. The severely entangled
chains could not be easily stretched and might form an unstable crystalline
phase. On the contrary to this, relatively less entangled chains could easily be
unfolded to create a rigid crystal structure. Thus, the results of the XPS and
XRD measurements confirmed that the electrospun NFs had a highly packed
crystalline morphology as the primary crystal phase, when the polymeric
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chain in NFs was confined with diameters smaller than a certain threshold,
regardless of the characteristics of their surface and inner layers. The
description of the correlation between solution viscosity and chain topology of
nanofibers is shown in Fig. II-4. As a consequence, it was presumable that
such confinement effect on crystal structure of ultra thin polymer fibers would
lead to the physical hardening of the NFs. The crystalline morphology of NFs
with various size and shape is described in Fig. II-3 (d).
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Figure II-5. DSC curves of (a) nylon 6 nanofibers with different diameter
from 70 to 370 nm and (b) nylon 6 nanofibers with different width and
thickness.
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The confinement effect in the NFs was further verified by observing the
melting behaviors of the NFs by DSC analysis. As shown in Fig. II-5 (a), the
DSC curve of c-NF-370 exhibits a broad melting peak at 216.0°C, which
corresponds to the γ-phase18. However, with a decrease in the NF diameter
from 370 to 120 nm, two melting peaks corresponding to the α-phase (high Tm)
and γ-phase (low Tm) were observed, with the intensity of the α-phase peak
being significantly higher. In addition, the peak corresponding to the γ-phase
at the surface of the NFs shifted to a lower temperature and the peak related to
the α-phase crystals in the inner layer of the c-NFs shifted to a higher
temperature with a decrease in the NF diameter. In particular, a single melting
peak related to the α-phase was observed when the diameter was decreased
from 120 to 70 nm. These results clearly indicate that the proportion of the
highly packed α-phase crystals in the NFs was significantly higher than that of
the γ-phase crystals; this was in good agreement with the XRD and XPS
results, which had suggested that the extent of chain packing in the NFs
increases owing to the nanoconfinement effect.
Meanwhile, the Tm of the α-phase of all the r-NFs was abnormally higher than
the Tm of the α-phase of the c-NFs while the Tm of the γ-phase of the r-NFs
was similar to that of the γ-phase of the c-NFs (see Fig. II-5 (b)). In addition,
the Tm of the α-phase of r-NF-1140-270 was higher than that of the α-phase of
r-NF-800-350. These results indicated that the r-NFs had a structure
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consisting of more densely packed chains than did the c-NFs and that the
degree of chain packing of the r-NFs increased with an increase in their width,
owing to the high concentration of the spinning solution used. Thus, it can be
concluded that the formation of crystals in r-NFs is strongly dependent on the
conventional evaporation process.
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Figure II-6. 1H T1 vs the inverse temperature (1000/T) of nylon 6 nanofibers
with different size and shape
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Figure II-7. (a) 1H T1 vs the inverse temperature (1000/T) and (b) logarithmic
plot of the correlation time, τc vs the inverse temperature (1000/T) of NF-70
and NF-370, the activation energy of nylon 6 nanofibers obtained at the
temperature (c) lower than Tmin and (d) higher than Tmin, and (e) schematic
illustration of chain topology in nylon 6 nanofibers
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Table II-2. Tmin of the nylon 6 nanofibers
Sample

c-NF-70

c-NF-80

c-NF100

c-NF120

c-NF200

c-NF220

Tmin (K)

300

300

300

300

300

280

Sample

c-NF270

c-NF290

c-NF370

r-NF-800-350

r-NF-1140270

Tmin (K)

290

270

270

280

270
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II-3-2. Molecular mobility of nylon 6 nanofibers
In order to investigate the nanoconfinement effect in the amorphous region of
the NFs, the molecular mobility of the NFs was evaluated through
measurements of the spin-lattice relaxation time in the laboratory frame, T1,
using 1H solid-state NMR. The spin-lattice relaxation is induced by the
reptation-like displacement of the nylon 6 amorphous chains, thus the
amorphous structure can be analyzed through T1 measurements9, 19. The spinlattice relaxation behaviors of the NFs were fitted using a double-exponential
decay model, and the T1 value for the double-exponential decay process was
obtained using the following equation:

=

,

[1 − 2 exp

,

]+

,

[1 − 2 exp

,

]

(1)

where Me is the intensity of the excited spin at equilibrium (τ ≥ 5 T1) and Mτ is
the intensity of the excited spin at the delay time (τ). Component A, which
exhibited rapid decay initially, was related to spin diffusion, while component
B originated from the spin-lattice relaxation induced by the molecular motion
of the chains20-21. Therefore, the T1,B value was suitable for evaluating the
molecular mobility of the amorphous chains in the NFs.

５５

The T1 values of c-NF-70 and c-NF-370 are compared in Fig. II-7 (a). It can
be seen that the T1 values of c-NF-70 and c-NF-370 decreased with an
increase in the temperature from 200 K onwards, eventually reaching a
minimum at Tmin. In most cases, the molecular motion of the amorphous
chains is too slow to induce spin-lattice relaxation at low temperatures,
leading to a relatively long T1 value. With an increase in the temperature,
however, the frequency of the molecular motion of the NFs increases
progressively, eventually becoming equal to the resonance frequency at Tmin,
such that spin-lattice relaxation is induced. Hence, the T1 values of the c-NF70 and c-NF-370 decreased with an increase in the temperature when the
temperature was lower than Tmin (T<Tmin), as shown in Fig. II-7 (a). On the
other hand, at temperatures greater than Tmin (T>Tmin), the T1 values of c-NF70 and c-NF-370 increased with the increase in the temperature because the
molecular motion at the higher temperatures was too rapid to induce spinlattice relaxation. As a result, the T1 values of the NFs exhibited U-shaped
curves, with the minimum T1 value at Tmin. As can be seen from Fig. II-7 (a),
the Tmin value for c-NF-70 (300 K) was almost 30°C higher than that for cNF-370 (270 K). This result indicated that a greater amount of thermal energy
was required to induce resonance with respect to the reptation motion of cNF-70 as compared to that for c-NF-370. In other words, the molecular
motion of the amorphous chains in c-NF-70 was suppressed to a greater
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degree by the adjacent chains than was the case in c-NF-370. As listed in
Table II-2, the Tmin value of the c-NFs increased with a decrease in the
diameter from 370 to 200 nm. This suggested that the smaller the diameter of
the NFs, the higher the degree of constraint, owing to which the amorphous
chains of the NFs became closely packed in the nanoconfining surroundings.
The Tmin did not increase with decreasing diameter of c-NFs from 200 to 70
nm, implying that the closely-packed chain structure might not significantly
affect the local segmental motion at a relatively high temperature, 300 K.
Meanwhile, the r-NFs showed Tmin values similar to that of c-NF-370,
indicating that the amorphous chains in the r-NFs were not highly constrained.
The activation energy for the reptation-like displacements, Ea, was determined,
in order to quantitatively evaluate the molecular mobility of the NFs. For this,
the T1 values of the NFs were analyzed based on the Bloembergen-PurcellPound (BPP) theory. As per this theory, the spin-lattice relaxation behavior
can be described using the following equation:

1

=

3
ℏ
( )
10 4
< >

1+

５７

+

4
1+4

(2)

where g is the magnetogyric ratio of the observed species, ħ is the reduced
Planck’s constant or Dirac constant (ħ= h/2p), <r> is the average
intramolecular interdipole distance, and w0 is the angular frequency. τc is the
correlation time, which can be considered the average time required for the
motional events. Thus, the τc value obtained from the T1 value of NFs
represents the time required for a single amorphous chain to sense topological
constraints at the tube surface. The Ea value was determined from the
Arrhenius equation and the correlation time as determined by the BPP
equation:

=

(3)

where τ0 is the correlation time at infinite temperature. As shown in Fig. II-6
(b), the activation energy for c-NF-70 in the high-temperature region, that is,
for temperatures higher than Tmin, Ea, high, (12.6 eV) was considerably higher
than that in the low-temperature region, that is, for temperatures lower than
Tmin, Ea, low, (5.60 eV) while the Ea, low of c-NF-370 was similar its Ea, high. In
the low-temperature region, T1 is mainly determined by the molecular motion
on the small scale rather than by large-scale molecular motion because the
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latter is too slow to induce spin-lattice relaxation. However, the T1 value is
suitable for evaluating large-scale molecular motion at high temperatures
because such motion become fast enough in this case to induce spin-lattice
relaxation. That is to say, the scale of the molecular motion changes with an
increase in the temperature 22. Typically, the activation energy as determined
from T1 for high temperatures is higher than that obtained from T 1 at low
temperatures, because large-scale molecular motion is restricted by chain
entanglement and intermolecular interactions, in contrast to local motion,
which occurs freely. Accordingly, considering that c-NF-70 exhibited an Ea,
high

value twice as large as its Ea, low value, large-scale reptation motion in c-

NF-70 was severely constrained by the strong enthalpic structure. On the
other hand, in the case of c-NF-370, which exhibited similar Ea, high and Ea, low
values, the amorphous chains exhibited similar temperature dependence both
at the small scale and the large scale, indicating that the suppression of the
large scale molecular motions by the enthalpic restriction was less formed
than c-NF-70. Therefore, the amorphous chains of c-NF-70 were probably
more packed than those of c-NF-370, resulting in a highly enhanced enthalpic
structure. Indeed, as shown in Fig. II-7 (c), the Ea,low values of all the c-NFs
were 5–7 kJ/mol, with there being no noticeable dependence on size. In
contrast, the Ea, high value of the c-NFs increased dramatically with a decrease
in the diameter from 370 to 70 nm (Fig. II-7 (d)). As above mentioned, this
increase in Ea, high indicated that the amorphous chains of the c-NFs became
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more closely packed with a decrease in the NF diameter, probably owing to
the nanoconfinement of ultra thin polymer fibers via the spinning-induced
stretching of the chains at the nanoscale. Meanwhile, the r-NFs also exhibited
Ea, high values similar to their Ea, low values, suggesting that the amorphous
chains in the r-NFs were not highly packed.
It was suggested that polymer NFs lose their enhanced mechanical strength at
temperatures higher than Tg due to the structural relaxation of amorphous
chains. To investigate the changes in the amorphous chain structure of the NFs
at high temperatures, the T1 values of c-NF-70 and c-NF-370 during the first
and second heating processes were compared. It was shown in Fig. II-7 that
microstructure of c-NF-70 and c-NF-370 was not disrupted by the heating
process. The T1 values of c-NF-370 as measured during the second heating
process were similar to the T1 values measured during the first heating process
(Table II-3). This suggests that the amorphous chains of c-NF-370 did not
undergo structural relaxation during the heating process. On the other hand,
the T1 value of c-NF-70 as measured during the second heating process was
different from that measured in the first heating process. In the second heating
process, the Tmin of c-NF-70 shifted from 300 to 280 K. In addition, as shown
in Table II-3, the Ea, high for c-NF-70 during the second heating process was
much lower than that during the first heating process. These decrease in the
Tmin and the Ea, high values of c-NF-70 suggested that the hard confinement of
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the chains was relieved because of the thermal energy, resulting in the breakup
of the highly packed structure. This result is in keeping with that of a previous
study, which reported that NFs lose their enhanced physical strength at
temperatures higher than Tg. When the thermal treatment was applied to c-NF70 at 370 K for 24 h, the Ea, high value of c-NF-70 decreased to 6.55 eV. This
implies that the highly-packed chain structure could be completely relieved by
the thermal treatment for sufficient time. Based on the results of the analyses
of the crystal phase and molecular mobility of the amorphous chains of the
NFs, the size-dependent nanoconfinement effect observed in the NFs is
illustrated in Fig. II-7 (e).

６１

Table II-3. Activation energy of c-NF-70 and c-NF-370 obtained from
correlation time, τc of the first, second heating process and first heating
process after the annealing process.
Sample

Ea, high (eV)

Ea, high (eV)

c-NF-70 (1st)

5.58

12.64

c-NF-70 (2nd)

6.42

7.99

c-NF-70 (after annealing)

5.81

6.55

c-NF-370 (1st)

6.61

6.55

c-NF-370 (2nd)

6.70

6.94

c-NF-370 (after annealing)

6.11

6.57
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Figure II-8. FE-SEM images of (a) c-NF-70 and (b) c-NF-370 after the
measurement of T1 at a temperature range from 200 to 370 K.

６３

Figure II-9. (a) 1H T1 vs the inverse temperature (1000/T) and (b) logarithmic
plot of the correlation time, τc vs the inverse temperature (1000/T) of c-NF-70
and c-NF-370 during the two heating cycles
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II-3-3. Molecular diffusion in nylon 6 nanofibers
The confinement effect on the chain topoology of ultra thin polymer fibers
was investigated further by observing the release of rhB from rhB-loaded
nylon 6 NFs (Rh-NFs). As shown in Fig. II-10 (a), Rh-NFs with average
diameters of 60, 140, and 250 nm were well fabricated. The XRD pattern of
Rh-NF-250 contained a clear diffraction peak related to the γ-phase (Fig. II-10
(b)). However, with a decrease in the NF diameter, the proportion of the αphase increased. In addition, the DSC melting peak of the Rh-NFs shifted to a
higher temperature with a decrease in the diameter of the Rh-NFs (Fig. II-10
(c)). These results were in good agreement with those in the case of the c-NFs
and suggested that the chain packing topology with decreasing the diameter
also occurred in the organic-dye-loaded NFs. As shown in Fig. II-10 (d), the
rhB in the NFs was released rapidly in a short period, with the amount of the
dye released plateauing at less than 100%. It was suggested that organic dyes
embedded within the inner layer of NFs are not released readily whereas those
on the outer layer are easily released.23 Typically, the surface-to-volume
ratio of the NFs increases with a decrease in the diameter, and thereby the
increase in the amount of rhB should be released with a decrease in the
diameter. As expected, the cumulative amount of dye released slightly
increased from 50.8 to 56.9% due to the increase in the surface-to-volume
ratio when the diameter was decreased from 250 to 140 nm. However, the
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cumulative amount of dye released decreased sharply to 42.0% when the
diameter of the Rh-NF was 60 nm, indicating that the polymer chains in RhNF-60 had a highly rigid topology, thus preventing the release of rhB. These
results clearly show that the confinement significantly affects the physical
properties of polymer fibers as well as their chain topology. Therefore, when
designing and developing systems based on polymer NFs, the confinement
effect in these NFs should be considered carefully.

６６

Figure II-10. (a) FE-SEM images, (b) XRD patterns and (c) DSC curves and
(d) average release profiles of rhodamine B-loaded nylon6 nanofibers.
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II-4. Conclusion
In this study, the effect of chain morphologies of nylon 6 NFs was
investigated by observing the changes in crystalline phase and amorphous
chain mobilities of the NFs with decreasing diameter. In the case of c-NF370—the NFs with the largest diameter—it was confirmed that the crystalline
chains in both surface and inner layers of NFs primarily had loosely packed gphase. However, with decrease in NF diameter from 370 to 120 nm, the
crystalline chains started to become highly packed from the inner layer of the
NFs. With further decrease in diameter from 120 to 70 nm, a-phase crystals
with densely packed chains were observed even on the surfaces of the NFs.
DSC results also showed that the proportion of the highly packed α-phase
crystals increased with decreasing NF diameter. In addition, 1H NMR spinlattice relaxation time measurements revealed that the molecular mobility of
the amorphous chains in the NFs became considerably slow with decrease in
diameter, indicating that the amorphous chains were also closely packed.
These features clearly revealed that study on the the molecular mobility of
NFs could enable to observe the confinement-induced changes in chain
structure which has not been observed by the conventional analysis of chain
orientation and crystallinity. These features clearly revealed that the
confinement endows the ultrathin polymeric fiber with a rigid chain structure.
Indeed, such confined structures of ultrathin NFs significantly influenced the
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release properties of the NFs; it was observed that the release of rhodamine B
dye was severely retarded for the NFs with 60-nm diameter due to chain
packing by confinement. In addition to release property, the mechanical and
thermal properties, chemical stability, conductivity, and piezoelectricity of the
NFs would also be affected by the changes in chain mobility. Thus, the
confinement effect in ultrathin polymeric fibers should be necessarily taken
into account for the design and development of advanced 1D polymer
nanomaterials.
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CHAPTER III
Effect of Molecular Mobility on Drug Release Properties
of Cellulose Acetate/Sulindac Nanofibers

III-1. Introduction
Oral delivery of drugs is commonly considered the most preferable and
convenient drug delivery route because it allows easy administration and it is
painless.1-4 However, conventional oral drug delivery systems have shown
limited bioavailability because of issues such as fast gastric emptying time
and first-pass metabolism.5-8 To overcome such limitations of oral
administration, various drug delivery systems (DDS) have been proposed.
Among the various DDS, textile-based DDS through transdermal and in-vivo
routes have been extensively studied because they are relatively free from
gastrointestinal

absorption,

liver

metabolism,

and

degradation

of

pharmaceutical compounds.9-14 Such advantages make textile-based DDS a
promising alternative to oral delivery of drugs, and thus, the global medical
textile market has grown to US $14 billion.15
As a novel medical textile for drug delivery, electrospun polymer nanofiber
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mats have attracted considerable interest owing to their high surface area, high
porosity, biocompatibility, high loading capacity, and ease of operation.16-24
For the successful application of polymer nanofibers to drug delivery system,
the drug release mechanisms and kinetics of polymer nanofibers have been
widely investigated.25-27 For instance, drug-related parameters such as
molecular weight, drug loading procedure, drug–polymer interaction, and
physical state of drug are known to affect the drug release from nanofibers.2829

In addition, polymer parameters affecting drug release from nanofibers have

been discussed. As a result, it has been revealed that the drug release
properties of polymer nanofibers are considerably affected by polymer
parameters including molecular weight, crystallinity, molecular structure, and
composition of polymer nanofibers.30-31
To investigate the size-dependent changes of polymer nanofibers, the
correlation between molecular mobility and diameter of nylon 6 nanofibers
was discussed in chapter II.32 It was observed that molecular motion of chains
was significantly suppressed when the diameter of nylon 6 nanofibers
decreased, implying that chains confined in a thin polymer nanofiber tend to
form a rigid structure. In addition, the release of rhodamine B molecules from
nylon 6 nanofibers was severely retarded when the diameter of the nanofibers
decreased. These results imply that changes in the molecular mobility of
chains could largely affect the drug release property of polymer nanofibers.
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Hence, given that polymer nanofibers have great potential in the field of drug
delivery, it has become important to investigate the effect of confinement on
the drug release properties of polymer nanofibers.
Herein, the effect of nanoscale confinement on the drug release properties of
polymer nanofibers was investigated by analyzing the molecular mobility and
drug release kinetics of cellulose acetate/Sulindac nanofibers (CNs). The
cellulose acetate chains in CNs had an amorphous structure. It was found that
the activation energy (Ea) for both the main chain motion and the side chain
motion of CNs tended to increase with decreasing diameter of CNs. These
results indicated that the chains confined in ultrathin CNs formed a closely
packed structure. In addition, drug release from CNs was significantly
retarded with increasing Ea for both the main chain motion and the side chain
motion of CNs, suggesting that the confinement-induced chain packing could
lead to a slowing of drug release. To the best of our knowledge, this is the first
report elucidating the correlation between the molecular mobility and drug
release kinetics of polymer nanofibers. This elucidation will help in the proper
designation and application of polymer nanofiber-based DDS.

７６

III-2. Experimental Section
III-2-1. Materials
N, N-dimethylacetamide (DMAc, 99.8 %), cellulose acetate (CA, Mn =
30,000 Da; acetyl content = 39.8 wt%), Sulindac (C20H17FO3S), and dimethyl
sulfoxide (DMSO, ≥99.9%), were purchased from Sigma-Aldrich. Dimethyl
ketone (Acetone, 99.5%) was purchased from SAMCHUN Chemical. All
reagents were used as received without further purification. Highly deionized
water with a resistivity of 18.0 MΩ cm was used throughout the experiments.

III-2-2. Preparation of CA/Sulindac nanofibers and bulk CA/Sulindac
film
CA/Sulindac solution was prepared by dissolving CA and Sulindac powders
in 2:1 v/v acetone/DMAc. The concentration of CA ranged from 17 to 21
w/v%, and the ratio between CA and Sulindac was fixed at 20 wt%. CA
nanofibers (CNs) were fabricated by using electrospinning apparatus
(NanoNC, Korea). The equipment was composed of a high DC-voltage supply,
a rotating drum-type collector, and a syringe pump. The CA solution was
placed in a 10 mL syringe, and a steel needle with an internal diameter of 0.33
mm was attached to the syringe tip. A collector was covered with aluminum
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foil and placed 10 cm from the tip of the needle. 10 kV of positive voltage
was applied to the syringe needle tip, and -5 kV of negative voltage was
applied to the collector. The relative humidity and temperature were
maintained in a range from 40% to 50% and 20 to 25 °C, respectively, during
the electrospinning process. The rotating speed of the roller was 100 rpm and
the flow rate was kept at 1 mL/h. The CA nanofibers were named as CN-x
(where x indicates the diameter). The bulk CA/Sulindac film (BF) was
prepared by drying CA/Sulindac in 2:1 v/v acetone/DMAc solution, which
contains 20 w/v% of CA and 4 w/v% of Sulindac powders in air at room
temperature for 48 h. The BF was then dried in a vacuum oven at 50 °C for 24
h.

III-2-3. Characterization
The morphology and size of the CNs and BF were observed using a field
emission scanning electron microscope (FE-SEM, JSM-6700F) at an
accelerating voltage of 10 kV. The diameters of the CNs were obtained from
the FE-SEM images using image analysis software (EyeViewAnalyzer,
Digiplus Inc.). The average fiber diameter was determined by observing 100
fibers from the FE-SEM images at random. The chemical integrity of
Sulindac molecules in CNs and BFs was analyzed by attenuated total
reflection Fourier-transform infrared (ATR FT-IR, Thermo Scientific Nicolet
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iS5) spectroscopy with a spectral resolution of 0.5 cm-1 in the range 600–3000
cm-1. The thermal properties of the CNs and BF were investigated by
differential scanning calorimetry (DSC, DSC-Q1000) measurements and a
thermogravimetric analyzer (TGA, Q-5000 IR). DSC analysis was conducted
under a nitrogen atmosphere over the temperature range of 25 to 250 °C at a
heating rate of 10 °C min-1. TGA was carried out in the temperature range of
40 to 700 °C at a heating rate of 10 °C min-1 under a nitrogen atmosphere. The
crystal structure of CNs and BF was defined by X-ray diffraction methods
(XRD, New D8 Advance) over the 2θ range of 10–50° using Cu Kα radiation
as the X-ray source (λ = 0.154 nm). The surface area was obtained from
nitrogen adsorption–desorption isotherms collected at 77 K on a
micromeritics apparatus (ASAP 2010).
The 1H spin-lattice relaxation time in the rotating frame (T1ρ) was measured
using solid-state nuclear magnetic resonance analysis (solid-state NMR,
Minispec mq20) at 0.47 Tesla using a permanent magnet. The frequency of
the applied pulse for proton resonance was 19.95 MHz, and the spin-locking
pulse frequency was 51 KHz. The samples were placed into 10-mm-diameter
NMR tubes. The T1ρ measurements were conducted at temperatures ranging
from 180 to 360 K using a Bruker BVT-3000 temperature control unit. The
temperature was maintained within ± 0.1 K of the target temperature during
the T1ρ measurements. To avoid the deformation of chain conformation, the
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T1ρ values were measured with increasing temperature from 180 K with an
interval of 10 K. The temperature was held for 20 min prior to collecting data.
The T1ρ measurements were performed by analyzing the magnetization decay
after the spin-lock delay τ (i.e., 90o-τ) pulse sequence. Finally, the T1ρ values
were obtained by exponentially plotting the magnetization intensity versus τ.

III-2-4. Release of Sulindac from CA/Sulindac nanofibers and bulk
CA/Sulindac film
Drug release experiments were carried out under conditions simulating the
physiological conditions of the transdermal drug delivery system. Acetate
buffer aqueous solution with a pH of 5.5 was prepared by dissolving acetic
acid and sodium acetate in deionized water. The actual drug content in CNs
was measured by dissolving CNs in DMSO. Then, 0.5 mL of the CN/DMSO
solution was mixed with 8 mL of the buffer solution. The absorbance of the
diluted solution was measured using a UV-Vis spectrometer (Lambda 25) at a
wavelength of 327 nm. Calibration solutions were prepared by dissolving
Sulindac in mixture of 0.5 mL of DMSO and 8 mL of buffer solution. The
absorbance at 327 nm of the calibration solution was measured using a UVVis spectrometer. The drug content in CNs was calculated by considering the
mass of the dissolved sample and the observed absorbance.
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The drug-release assay was performed by the total immersion method. To
obtain the amount of Sulindac released from CNs, calibration solutions were
prepared by dissolving Sulindac in buffer solution. The absorbance at 327 nm
of the calibration solution was measured by UV-Vis spectrometer. The diskshaped CNs with a diameter of 2.8 cm were immersed in 40 mL of the buffer
solution and placed in a rotating bath at 37 °C. The weight and thickness of
the disk-shaped CNs were 55‒85 mg and 20‒28 µm, respectively. The
rotation rate of the bath was 150 rpm. 0.5 mL of the buffer solution was
collected at a specified immersion period ranging from 0 to 20 h. The amount
of released drug was measured by using a UV-Vis spectrometer. It was
confirmed by the calibration experiment that the amount of Sulindac in the
disk-shaped CNs is small enough to be dissolved in the buffer solution.
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III-3. Results and Discussion
III-3-1.

Characteristics

of

CA/Sulindac

nanofibers

and

bulk

CA/Sulindac Film
The morphology and size of CA/Sulindac nanofibers (CNs) and bulk
CA/Sulindac film (BF) were observed by FE-SEM. In Fig. III-1, the FE-SEM
images showed that CNs had a fibrous structure with a smooth surface. The
BF exhibited a uniform surface without showing large holes or scratches. The
diameter of CNs increased as the concentration of CA solution increased. The
measured diameters of CNs were 350, 530, 620, and 850 nm. It was observed
that CN-350, CN-530, CN-620, and CN-850 had a bead-free fiber shape. As a
result, in the case of CNs with a bead-free fiber shape, the surface area
increased with decreasing diameter from 850 to 350 nm (Table III-1). Because
a high electrical potential is applied to the polymer solution to fabricate the
nanofibers, it could be questionable whether the Sulindac molecules preserve
their chemical integrity after the electrospinning process. To verify the
chemical integrity of Sulindac, the actual amount of Sulindac incorporated in
the CNs and BF was measured using UV-Vis spectroscopy. It was confirmed
from Table III-1 that the relative drug contents of the samples were in a range
from 19 to 20 wt% (Sulindac/CA), which was similar to the drug content of
the initial polymer solution (20 wt%). This result indicates that most of the
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Sulindac molecules could be incorporated in the nanofibers while retaining
their characteristics in the electrospinning process.33-34 It was presumable that
Sulindac exhibited high stability when a high voltage was applied to the
polymer solution. In addition, it was observed that the thicknesses of the CN
and BF mats were between 24 and 35 µm (Table III-1).
The thermal properties of the CNs and BF were observed using DSC and
TGA analyses. In Fig. III-2 (a), the DSC curve for Sulindac exhibited a sharp
endothermic peak at 185 °C, which corresponded to the melt transition.
Meanwhile, the DSC curve of CA powder exhibited a broad melting peak at
240 °C. However, the DSC curves of CNs and BF exhibited a broad and a
small endothermal peak below 210 °C, without showing melting peaks for
both Sulindac and CA (Fig. III-2 (b)). Since the chemical integrity of the
Sulindac in the CNs and BF was intact, the absence of the melting peak for
Sulindac implies that Sulindac is dispersed in the CA matrix without forming
aggregates or crystals. In addition, the absence of the melting peak for CA
suggested that CNs and BF had an amorphous structure. The TGA
thermograms for the Sulindac, CA CNs, and BF are shown in Fig. III-2 (c).
Sulindac exhibited two major weight losses over the temperature ranges of
220–290 °C and 320–400 °C. The relative remaining weight of Sulindac at
700 °C was approximately 39% of its original weight, indicating that Sulindac
had carbonized and formed char during heating.34 CA had a major weight loss
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at 270–380 °C corresponding to the thermal decomposition of chains.
Meanwhile, the TGA curves for CNs and BF showed a continuous weight loss
from 220 to 400 °C because the weight loss of Sulindac and CA occurred
simultaneously. After the weight loss from 220 to 400 °C, the CNs and BF
exhibited a higher relative weight above 400 °C than pure CA due to the high
relative remaining weight of Sulindac in the CNs and BF at high temperature.
To investigate the crystal structure of the CNs and BF, XRD analysis was
performed. As shown in Fig. III-2 (d), bulk Sulindac exhibited sharp XRD
peaks, including the main peaks at 15.1° and 21.3°. In addition, the CA
powder exhibited XRD peaks at 10.6°, 13.4°, 17.5°, 18.7°, 21.3°, 23.0°, 25.7°,
and 27.2° corresponding to the CA crystals. In contrary, the CNs and BF did
not exhibit any specific XRD peaks for Sulindac and CA crystals, suggesting
that CNs and BF mainly had an amorphous structure. The XRD spectra of the
CNs and BF agrees with the DSC results.
The interaction of CA with Sulindac was investigated by ATR FT-IR analysis.
In Fig. III-3 (a), bulk Sulindac powder exhibited peaks such as COOH
stretching at 1703 cm-1, C-F stretching at 1157 cm-1, and S=O stretching at
1007 cm-1. CA powder showed characteristic peaks at 1750, 1380, and 1236
cm-1 corresponding to C=O, C-CH3, and C-O-C stretching, respectively.
Meanwhile, ATR FT-IR spectra for CNs and BF exhibited the same peaks
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shown in the spectra of Sulindac and CA powder. However, as shown in Fig.
III-3 (b), the adsorption frequency of the C=O stretching peak for CNs and BF
was lower than that for CA powder. The lower adsorption frequency indicates
strong interactions between –COOH groups of Sulindac and C=O groups of
CA by hydrogen bonding.35-36 Considering the XRD and DSC results showing
that Sulindac was well dispersed in the CA matrix, it is likely that a large
number of hydrogen bonds were formed between CA and Sulindac.
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Table III-1. Surface area, drug content, and thickness of cellulose
acetate/Sulindac nanofibers and bulk films.

Sample

Surface area
(m2/g)

Drug content
(Sulindac/CA, wt%)

Thickness
(µm)

CN-350

6.96

19.53

33.6 ± 3.1

CN-530

4.78

19.89

31.0 ± 2.2

CN-620

3.01

19.42

31.0 ± 4.5

CN-850

1.45

19.21

35.0 ± 5.2

BF

0.02

19.98

24.8 ± 8.9
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Figure III-1. FE-SEM images of (a) CN-350, (b) CN-530, (c) CN-620, (d)
CN-850, and (e) BF.
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Figure III-2. DSC curves of (a) CA and Sulindac and (b) CA/Sulindac
nanofibers and bulk CA/Sulindac film, (c) TGA curves of CA, Sulindac,
CA/Sulindac nanofibers and bulk CA/Sulindac film, and (d) XRD.
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Figure III-3. (a) FT-IR spectra of CA, Sulindac, CA/Sulindac nanofibers and
bulk CA/Sulindac film and (b) the enlarge IR spectra, collected over the range
from 1800 to 1700 cm-1, corresponding to the COOH stretch.
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III-3-2. Molecular mobility of CA/Sulindac nanofibers
In order to investigate the nano-confinement effect on the molecular mobility
of CNs, the spin-lattice relaxation time in the rotating frame, T1ρ, of CNs was
measured using 1H solid-state NMR. The mechanism for the spin-lattice
relaxation of CA is described in Fig. 4. When the magnetic field is applied to
1

H proton, a spin state of the proton is divided into two spin states. The

protons in the lower energy state are excited to the upper energy state by
applying a pulse corresponding to the energy difference between two spin
states. After that, the excited protons are gradually relaxed to the low energy
state while transferring the energy from the excited spins to the lattice, which
is a rest of assembly of samples from spin. In polymer materials, the
molecular motion of chains provides the link for the energy transfer. In was
reported that spin-lattice relaxation of cellulose derivatives is induced by the
reorientation of the methyl groups at low temperature (approximately below
250 K) and by reptation-like displacement of main chains at high
temperatures above 250 K.37-38 Therefore, the measurement of T1ρ enables
analysis of the molecular mobility of CNs.
The spin-lattice relaxation behaviors of the CNs were fitted to a singleexponential decay model, and the T1ρ value for the single-exponential decay
process was obtained using the following equation:
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=

exp

(1)

where Mτ is the magnetization intensity at the delay time (τ). The Mτ decayed
exponentially from the initial intensity (M0) with a time constant of T1ρ. As
shown in Fig. III-5 (a), the T1ρ values of the CNs exhibited U-shaped curves.
To quantitatively evaluate the molecular mobility of CNs, the activation
energy for the molecular motion, Ea, was determined. For this, the T1ρ values
of the CNs were analyzed based on the Bloembergen–Purcell–Pound (BPP)
theory. As per this theory, the spin-lattice relaxation behaviors of CNs can be
explained by using the following equation:

1

=
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+
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+
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(2)

where γ is the magnetogyric ratio of the observed species, ℏ is the reduced
Planck’s constant, <r> is the average intramolecular interdipole distance, w0
is the angular frequency, and w1 is the spin-lock field frequency. τc is the
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correlation time, which can be considered the average time required for the
motional events. Ea was determined from τc by the following equation:

=

(3)

where τ0 is the correlation time at infinite temperature. Rachocki et al.
reported that the spin-lattice relaxation of cellulose derivatives was influenced
by two kinds of molecular motions, which are reorientation of small side
groups and reptation-like displacement of main chains, respectively.37-38 The
motions for small side groups are generally much faster than the main chain
motions. At low temperatures below 250 K, the molecular motion of main
chains is too slow to induce the spin-lattice relaxation. Thus, the reorientation
of small side groups predominantly affects the spin-lattice relaxation,
exhibiting Ea of about 3 to 6 eV. When the temperature is higher than 250 K,
the molecular motions of side group becomes too fast to induce spin-lattice
relaxation. As a result, reptation-like displacement of the main chains could
mainly induce the spin-lattice relaxation at above 250 K, exhibiting higher Ea
than the side group motion.
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Figure III-4. Schematic description of 1H spin-lattice relaxation procedure of
cellulose derivatives.
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Figure III-5. (a) 1H T1ρ vs the inverse temperature (1000/T) of cellulose

acetate/Sulindac nanofibers and logarithmic plot of the correlation time, τc,
vs the inverse temperature (1000/T) of (b) CN-350, (c) CN-530, (d) CN-620
and (e) CN-850.
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Table III-2. Activation energy of CNs obtained from correlation time, τc.

Sample

Ea, side (kJ/mol)

Ea, main (kJ/mol)

CN-350

7.16

-

CN-530

5.44

11.09

CN-620

4.85

10.21

CN-850

3.83

8.64
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Figure III-5 shows the logarithmic plots of τc of the CNs as a function of the
inverse temperature (1/T). CN-350 exhibited a linear plot with no slope
change. The Ea of CN-350 was 7.16 eV, corresponding to the Ea for the side
chain motion (Ea,

side ).

In contrast, the plot for τc of CN-530 showed a

noticeable change in its slope. The Ea for CN-530 at low temperature (180‒
230 K) and high temperature (240‒320 K) was 5.44 and 11.09 eV,
respectively (shown in Fig. III-5 (c) and Table 2). Given that cellulose
derivatives commonly exhibit Ea values for side chain motion at low
temperature and main chain motion at high temperature, it was presumable
that the Ea of 5.44 eV stood for Ea, side and the Ea of 11.09 eV indicated the Ea
for main chain motion (Ea, main). In addition, the slope of the plots for τc of CN620 and CN-850 also changed, exhibiting both Ea, side and Ea, main. Interestingly,
the minimum temperature at which main chain motion was observed, Tmin,
increased from 210 to 240 K with decreasing diameter of CNs from 850 to
530 nm. The increased Tmin implied that the molecular motion of the main
chain required more energy to induce spin-lattice relaxation. In order words,
the topological constraint between the main chains increased with decreasing
diameter of CNs from 850 to 530 nm. In addition, the results that main chain
motion was not observed in CN-350 proposed that the main chain motions in
CN-350 were more severely confined to each other than the main chains in
CN-530, CN-620, and CN-850.
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As can be seen from Table III-2, Ea, main increased from 8.64 to 11.09 eV with
decreasing diameter of CNs from 850 to 530 nm. The increased Ea,

main

implied that the molecular mobility for the reptation-like displacement of
main chains decreased with a decrease in the diameter of CNs from 850 to
530 nm. Furthermore, the Ea,

side

increased from 3.83 to 7.16 eV with

decreasing diameter of CNs from 850 to 350 nm, suggesting that the motion
of the side chains was suppressed with decreasing diameter. The decrease in
molecular mobility with decreasing diameter of CNs suggests that the chains
confined in thinner nanofibers tend to form a more closely packed structure.
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III-3-3. Drug release properties of CA/Sulindac nanofibers and bulk
CA/Sulindac film
To investigate the drug release characteristics of CNs and BF, the amount of
cumulative release of drug from CNs and BF was measured by the total
immersion method. The measurements were carried out in the acetate buffer
solution with a pH of 5.5 at 37 °C, simulating the physiological conditions for
transdermal drug delivery system. In Fig. III-6 (a), most of the Sulindac in
CNs was released within 20 h. In contrast, the Sulindac in BF was slowly
released and the cumulative release of Sulindac was 7.5% for 20 h. The much
slower release rate of BF might be because the specific surface area of BF is
much lower than CNs. It is shown in Fig. III-6 (b) that Sulindac was gradually
released from CNs for 4 h. Sulindac was selected as a model drug molecule
because release of Sulindac from cellulose acetate could be analyzed based on
the simple diffusion model.39 The release kinetics of Sulindac was analyzed
using the following equation39-41

=

for

< 0.6

(4)

where Mt is the cumulative amount of drugs released at a specific release time
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and M∞ is the cumulative amount of drugs released at an infinite time, k is the
drug release rate, and n is a release exponent. The n characterizes the drug
release mechanism for cylindrical shaped matrices. When n = 0.5, the drug
release mechanism corresponds to a Fickian diffusion mechanism. As shown
in Fig. III-6 (c), the amount of cumulative release of Sulindac from CNs
increased linearly with t0.5, suggesting that the Sulindac release mechanism is
fitted to the Fickian diffusion. In the Fickian diffusion model, the total mass
flux is proportional to the specific surface area.42 However, it is shown in Fig.
III-6 (d) that the drug release rate constant, k, of the CNs and the specific area
of CNs were not directly correlated with each other. For instance, the CN-350
having the highest specific surface area among the CNs exhibited the smaller
k than that of CN-530 and CN-620. These results implied that in addition to
the specific surface area, other factors could affect the drug release kinetics.
As can be seen in Fig. III-2 and Fig. III-3, the Sulindac molecules were well
dispersed in the amorphous CA matrix while retaining their chemical integrity.
In addition, the 1H solid-state NMR analysis proved that the amorphous
chains formed a highly packed structure when the diameter of CNs decreased
(see Fig. III-5). These results suggested that the differences in the amorphous
chain topology of CNs could cause mismatches between the specific surface
area and release rate constant of the CNs. Therefore, the effects of changes in
the chain topology on the drug release properties of CNs were analyzed. To
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separate the effect of specific surface area on drug release, the drug release
rate per unit specific surface area and the Ea for the molecular motions of
chains of CNs were compared. In Fig. III-7, the k per specific surface area
(K/S) noticeably decreased with an increase in Ea of both the side chain
motion and the main chain motion. These results indicate that the depression
of the molecular motion of the chains in CNs results in the suppression of
drug release.
In addition to the conventional analysis on drug release kinetics based on
Fick’s second law of diffusion, there have been several attempts to specify the
formula on drug release kinetics of polymer nanofibers. Therefore, the drug
release kinetics of the CNs was studied by using the specified formula on
polymer nanofibers and shown in Fig. III-8. The diffusion coefficient of the
drug homogeneously distributed in the fibers is obtained using the following
equation43-44

=4

π

t

−

t

for

≤ 0.4

(5)

where Mt is the cumulative amount of drugs released at a specific release time
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and M∞ is the cumulative amount of drugs released at an infinite time, D is the
diffusion coefficient of the drug, and R is an diameter of the nanofibers. The D
values for CN-850 and CN-620 were 80.0 and 85.3 nm2/min, respectively.
The similar D values indicated that the rate of drug release in CA matrix was
similar. However, with decreasing diameter from 620 to 350, the D was
noticeably decreased. The D values for CN-530 and CN-350 were 47.5, and
20.4

nm2/min, respectively. These results suggested that drug tended to be

slowly diffused with decreasing diameter of CNs from 620 to 350 nm. As can
be seen in Figure III-2 and Figure III-3, the Sulindac molecules were well
dispersed in the amorphous CA matrix while retaining their chemical integrity.
In addition, the 1H solid-state NMR analysis proved that the amorphous
chains formed a highly packed structure when the diameter of CNs decreased
(see Figure III-5). Therefore, it could be inferred from the Solid-state NMR
results and diffusion coefficients for CNs that the depression of the molecular
motion of the chains in CNs results in the slowing of drug release.
The effect of nanoscale confinement on the drug release properties of polymer
nanofibers is shown in Fig. III-9. The molecular mobility of amorphous
chains decreases with a decrease in the diameter of polymer nanofibers,
indicating that the amorphous chains were closely packed. With decreasing
molecular mobility of the amorphous chains, the release of drug was severely
retarded. These results clearly show that the drug release rate could be
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changed significantly with changes in the molecular mobility. Therefore,
when designing and developing drug delivery systems based on polymer
nanofibers, the confinement effect on the drug release properties should be
considered carefully.
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Figure III-6. Cumulative release profiles of Sulindac from CA/Sulindac
nanofibers and bulk CA/Sulindac film by total immersion technique during (a)
0‒1200 min and (b) 0‒240 min, (c) 0‒150 min (root time scale) and (d) drug
release rate constant of CA/Sulindac nanofibers and bulk CA/Sulindac film.
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Figure III-7. Activation energy, Ea for side chain motion and main chain
motion vs drug release rate constant per specific surface area of CA/Sulindac
nanofibers.
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Figure III-8. Diffusion coefficient of CA/Sulindac nanofibers
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Figure III-9. Proposed effect of confinement on molecular mobility and drug
release properties of CA/Sulindac nanofibers.

１０６

III-4. Conclusion
In this study, the confinement effect on the drug release properties of cellulose
acetate (CA)/Sulindac nanofibers (CNs) was investigated by observing the
molecular mobility and the drug release rate of CNs. It was confirmed that
CNs had an amorphous structure. Sulindac molecules were successfully
incorporated in the amorphous CA matrix while forming hydrogen bonds with
the CA chains. 1H NMR spin-lattice relaxation time measurements revealed
that the CN-850‒the CNs with the largest diameter‒ had Ea of 8.64 eV for
main chain motion and Ea of 3.83 eV for side chain motion. However, the Ea
for both the main chains and side chains increased with decreasing diameter
of CNs from 850 to 530 nm, indicating a decrease in the molecular mobility.
Furthermore, CN-350 only showed Ea for the side chain motion and that for
main chain motion was not observed. The absence of Ea for main chain
motion suggested that main chain motions were severely suppressed because
the chains became closely packed when the diameter of CNs is smaller than
350 nm. These features clearly show that the CA chains confined in a thinner
fiber tended to be packed more closely. Drug release experiments showed that
such confinement-induced chain packing of ultrathin CNs noticeably
influenced the drug release properties of CNs; the drug release rate per
specific surface area significantly decreased with increasing Ea for both main
chain motion and side chain motion. In addition, the diffusion coefficient of
１０７

drug was significatly decreased with decreasing diameter of CNs from 620 to
350 nm. Therefore, the correlation between the confinement effect and the
drug release properties of polymer nanofibers should be necessarily taken into
account for the prevention of the side effect connected to dosing and
improvement of drug effectiveness.
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CHAPTER IV

Solvent-Assisted Crystallization of Meta-Aramid
Nanofibers

IV-1. Introduction
Poly(m-phenyleneterephthalamide), meta-aramid, is an aromatic polyamide
possessing superior chemical stability, mechanical strength, and thermal
resistance because of its rigid backbone structure and a large number of
hydrogen bonds.1-3 Therefore, meta-aramid fibers are used in various
applications such as flame-resistant barriers, protective apparel, electrical
insulation, and high-temperature filter materials.4-6 In addition to the bulk
meta-aramid fibers, the commercial nanofibrous meta-aramid is currently
used for protective clothing to improve its smoke shielding properties.7 The
nanofibrous meta-aramid has also received much attention recently in relation
to environmental issues such as water and air purification due to its high
hydrophilicity and excellent adsorption performance. Among the various
types of nanofibrous polymer, electrospun polymer nanofibers are well suited
for the protective clothing and environmental applications because of their
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high porosity, large specific surface area, small pore size, and ease of
manufacture.8-13
Several studies have demonstrated that electrospun meta-aramid nanofiber
(mANF) mats are useful as a membrane for water purification, air filtration
and flame retardants, etc.14-21 However, as-spun mANF mats typically have
low crystallinity, because the rigid chains are difficult to align and form a
crystalline structure during electrospinning. Therefore, the as-spun mANF
mats have shown a low elastic modulus and a poor chemical resistance to
polar solvents such as DMF, DMAc and DMSO. Although the low
crystallinity of mANF is a major constraint to its practical usage, only few
studies have discussed methods for the regeneration of the crystal structure of
mANF. Yao et al. reported that crystallization did not occur even after
annealing mANFs at 150, 200, and 250 °C for 2 days.22 Oh et al. exposed an
mANF mat to microwaves at approximately 80 °C after wetting the mat in
water.23 The mat was successfully crystallized by the microwave treatment,
due to which the tensile strength of the mat was 2.8 times higher than that of
the original. However, the chemical stability of the mANF mat was not
confirmed. Furthermore, a large amount of energy was required to apply
microwaves continuously over a large area of a nanofiber mat under wellcontrolled temperatures. It was reported that mANF crystallized under heat
treatment at 300 °C for 10 min after removing salts in mANF by washing with
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water.24 The regeneration of the crystal structure resulted in enhanced
chemical stability and mechanical strength. However, heat treatment at high
temperature is unsuitable for practical applications. High-temperature heat
treatment requires high energy consumption, and causes undesirable changes
such as decomposition and carbonization of the nanofibers. Furthermore, on
the surface of nanofiber mat directly exposed to the heat, the nanofibers
deform very rapidly, and this deformation is very difficult to control.
Therefore, it is necessary to develop a more efficient and practical method for
the crystallization of mANF.
As a facile method for crystallizing the rigid chains in nanofibers, solventbased treatment has been frequently employed. For instance, electrospun silk
and syndiotactic polystyrene nanofibers were successfully crystallized in
chambers filled with saturated solvent vapor.25-27 Plasticization of the local
chains occurs when the solvent vapor molecules permeate into the nanofiber
matrix, inducing the crystallization of nanofibers. In addition to vapor
treatment, crystallization of nanofibers has also been conducted in a wet
condition. Ahn et al. reported that glucose polymer chains were crystallized
when ionic liquid was extracted from cellulose nanofibers to the coagulant.28
The crystallinity of cellulose nanofibers increased as the extraction of ionic
liquid became slower, because the slower extraction, the more time for
crystallization.

Kim

et

al.

also
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suggested

that

poly(3,4-

ethylenedioxythiophene) (PEDOT) chains could be stabilized in highly
concentrated H2SO4 solution, and a crystalline PEDOT nanofibril structure
could be formed by rinsing the H2SO4 solution in water.29 Although these
studies have proved that solvent-based treatment is useful for the
crystallization of nanofibers, there have been no studies yet on the
crystallization of mANF via solvent-based treatment.
In this study, solvent-assisted heat treatment was used for the crystallization of
mANF. N,N-dimethylacetamide was used as a solvent for the as-spun mANF,
whereas ethylene glycol and water were used as non-solvents. After wetting
the as-spun mANF in the co-solvent, the solvent molecules were extracted by
low-temperature heat treatment. To control the solvent extraction rate, the heat
treatment temperature was adjusted (90, 120, and 150 °C). It was found that
mANF mat treated in the optimized solvent-assisted heat treatment condition
exhibits high crystallinity. The high crystallinity resulted in excellent chemical
stability. To the best of our knowledge, this is the first report which elucidates
the mechanisms for the crystallization of mANF via solvent-assisted heat
treatment. The facile and cost-effective crystallization process could
significantly contribute to the application of mANF to various industrial fields
ranging from water purification technology to high-temperature air filtration
systems. After developing the crystallization process, the effect of size on
crystallization process was discussed. It was revealed that degree of
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crystallization of mANFs gets lower when diameter of mANFs gets smaller.

IV-2. Experimental Section
IV-2-1. Materials
Poly(meta-phenylene isophthalamide) (meta-aramid, Nomex®) fiber was
purchased from DuPont Plant. Ethylene glycol (EG, anhydrous, 99.8%) and
lithium chloride (LiCl, ACS reagent, ≥99%) were purchased from SigmaAldrich. N,N-Dimethylacetamide (DMAc, ≥99.5%) was purchased from
Daejung Chemical & Metals Co. All materials were used as received without
further purification. The LiCl and meta-aramid were dried at 80 °C for 24 h in
a vacuum oven to remove the moisture. Highly deionized water (18 MΩ cm-1)
was used throughout the experiments.

IV-2-2. Fabrication of meta-aramid nanofibers
The electrospinning solution was prepared by dissolving meta-aramid fibers
and LiCl in DMAc at 50 °C for 24 h in an oven shaker. The concentration of
meta-aramid was 12, 14, and 16 w/v%. The meta-aramid/LiCl ratio was 5:2
by mass. Meta-aramid nanofibers were prepared using an electrospinning
apparatus (NanoNC, Korea). The device was composed of syringe pumps, a
high DC-voltage supply, and a rotating drum-type collector. The meta-aramid
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solution was placed in a 10-mL syringe equipped with a steel needle with an
internal diameter of 0.33 mm. The collector was covered by aluminum foil
and placed 15 cm away from the needle tip. A positive voltage of +15 to 20
kV was applied to the tip of the syringe needle and a negative voltage of -10
kV was applied to the collector. The rotating speed of the collector was 100
RPM and the flow rate of the solution was 0.2 mL/h. The temperature and
relative humidity in the electrospinning apparatus were maintained in the
ranges 20 to 25 °C and 40 to 50%, respectively. Electrospinning was
conducted using four syringes for 12 h. The as-spun meta-aramid nanofibers
were denoted as mANF-As.

IV-2-3. Crystallization of meta-aramid nanofibers
A co-solvent was prepared by mixing DMAc and EG in deionized water. The
volume ratio of water to EG and DMAc was 100:5:x with x varying from 0 to
12. The mANF mats were fixed to a square-shaped stainless steel frame and
immersed in the co-solvent for 30 min. After the immersion, the mANF mats
were heat-treated in air for 30 min at 90, 120, and 150 °C, respectively. The
mANF mats were washed with deionized water and dried in a vacuum oven at
50 °C for 24 h. The mANF mats obtained via solvent-assisted heat treatment
were denoted as mANF-x-y where x indicates the volume percentage of
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DMAc versus water and y refers to the heat treatment temperature. A control
group was prepared for comparison purposes by applying the hightemperature process reported in the previous study to the mANF-As24. The
mANF-As were washed with deionized water for 30 min and heat-treated at
300 °C in air for 10 min. The mANF subjected to high-temperature treatment
is denoted as mANF-HT.

IV-2-4. Characterization of meta-aramid nanofibers
The microstructure of the mANFs was observed by field emission scanning
electron microscopy (FE-SEM, JSM-6700F) at an accelerating voltage of 10
kV. The diameter of mANFs was measured using image analysis software
(EyeViewAnalyzer, Digiplus Inc.). The average diameter was determined by
measuring the diameter of 100 nanofibers from the FE-SEM images at
random. The crystal structure was analyzed using X-ray diffraction methods
(XRD, New D8 Advance) over the 2θ range of 1040° using Cu Kα radiation
as the X-ray source (λ = 0.154 nm). Crystallinity of mANFs was obtained
using software package (Diffraction.Suite EVA, Bruker). The chemical
structure was observed using attenuated total reflection Fourier transform
infrared spectroscopy (ATR FT-IR, Nicolet iS5) at room temperature over the
range of 4000-650 cm-1. The thermal properties were studied by thermal
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gravimetric analysis (TGA, Discovery TGA) and differential scanning
calorimetry (DSC, Discovery DSC). The TGA analysis was conducted under a
nitrogen condition, and the temperature range for the TGA analysis was 25700 °C and the heating rate was 10 °C/min. DSC analysis was conducted
under a nitrogen condition in the temperature range 25-350 °C. The DSC
analysis was carried out in the order of first heating-first cooling-second
heating. The heating rate and cooling rate were 10 °C/min. The chemical
stability of mANFs was evaluated by soaking the mANF mat in DMAc. The
relative weight of the mANF mat was measured by weighing the mat after a
specified immersion period (12, 24, 36, and 48 h).
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IV-3. Results and Discussion
IV-3-1. Morphology and crystal structure of meta-aramid nanofibers
The morphology and diameter of mANF-As were observed by FE-SEM. As
shown in Fig. IV-1 and table IV-1, three nanofiber mats with fibers of three
different average diameters (120, 170, and 270 nm) were successfully
fabricated. The nanofibers tended to be aligned in the rotation direction of the
collector. In addition, the nanofibers were gathered into larger bundles. The
alignment of the nanofibers and formation of bundles might be due to the high
LiCl concentration of the polymer solution. The high conductivity of the
solution, which is a result of its high salt concentration, causes the spinning
solution to move directly to the collector and form bundles, rather than being
scattered and forming randomly spread nanofibers. The optimal crystallization
conditions were determined by first using mANF-As fibers with an average
diameter of 170 nm. After optimizing the crystallization conditions, the
nanofiber mats with three different diameters were subjected to the optimized
conditions.
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Figure IV-1. FE-SEM images of the as-spun meta-aramid nanofibers with
different diameters.
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Table IV-1. Physical properties of the meta-aramid nanofiber solutions and
average fiber diameter of the as-spun meta-aramid nanofibers.
Meta-aramid
concentration
(w/v%)

12

14

16

LiCl concentration
(w/v%)

4.8

5.6

6.4

Average fiber
diameter (µm)

0.12 ± 0.04

0.17 ± 0.03

0.27 ± 0.06
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The crystal structure of the mANFs was determined by performing XRD
analysis. In general, the XRD pattern of meta-aramid exhibits three peaks for
the (100), (200), and (211) planes of the crystalline phase, respectively.30-32 As
shown in Fig. IV-2, the XRD pattern of mANF-As exhibited a broad peak at
24° representing the disordered amorphous structure, without showing the
diffraction peaks for the meta-aramid crystals. This result indicates that metaaramid chains dissolved in DMAc/LiCl solution were not able to form a
crystalline phase during the formation of nanofibers. In contrast, weak
diffraction peaks were observed on the XRD pattern for mANF-HT,
suggesting the partial formation of a crystal structure as a result of heat
treatment at 300 °C. In the case of the mANFs subjected to solvent-assisted
heat treatment, the diffraction peaks were not observed when the
concentration of DMAc in the co-solvent (DMAc/water, v/v%) was lower
than 4%. However, clear XRD peaks attributed to the crystalline phase of
meta-aramid appeared when the DMAc concentration was 6 and 8%.
Particularly, the intensity of the diffraction peaks noticeably increased as the
DMAc concentration increased from 4 to 8%. The application of heat
treatment ranging from 90 to 150 °C after treatment with the co-solvent
caused most of the water molecules in the co-solvent to immediately
evaporate; thus, crystallization of the mANFs would mainly be determined by
DMAc and EG. The amorphous meta-aramid nanofiber mat can be dissolved
in DMAc solvent, in other words, DMAc molecules would enable the meta１２８

aramid chains to become mobile, allowing them to easily rearrange. In
contrast, the amorphous meta-aramid chains are not soluble in EG. Therefore,
the presence of EG molecules could prevent the crystallization of the chains
when the concentration of DMAc is relatively low. An increasing DMAc
concentration leads to an increase in the proportion of DMAc penetrating the
meta-aramid, which might enhance the crystallinity of the nanofibers.
Meanwhile, the mANF mats were torn during the heat treatment when the cosolvents with a high DMAc concentration (10 and 12%) were used (figure not
shown). This result suggests that amorphous meta-aramid nanofibers are
dissociated when a co-solvent with an excessive amount of DMAc is used.
In addition to the DMAc concentration, the heat treatment temperature
noticeably affected the crystallization of mANF. As shown in Fig. IV-2, the
nanofibers crystallized most efficiently at a temperature of 120 °C, rather than
at 90 or 150 °C. Generally, amorphous chains dissolved in a solvent could be
rearranged and form crystals during the vaporization of the solvent. Given that
the boiling point of DMAc is approximately 165 °C, the DMAc molecules
immersed in the nanofiber matrix might have very slowly evaporated during
the heat treatment at 90 °C. Therefore, crystallization only partially occurred
in those parts of the nanofiber mat from which DMAc evaporated during the
heat treatment. In contrast, during heat treatment at 150 °C, most of the
DMAc molecules would vaporize in a short time. Although most of the
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DMAc molecules had vaporized, the rigid meta-aramid chains might not have
had sufficient time to crystallize at the fast solvent extraction rate.28 Therefore,
it could be inferred from the XRD results that efficient crystallization of the
mANFs would occur when most DMAc molecules are allowed to slowly
evaporate in a limited heat treatment time. Thus, because the evaporation rate
of DMAc was relatively slow and the evaporation of DMAc sufficiently
occurred within 30 minutes at 120 °C, the crystallization of mANFs was
effective at this temperature. The mechanism underlying the crystallization of
mANFs is presented in Fig. IV-3.
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Figure IV-2. WXRD patterns of meta-aramid nanofibers.
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Figure IV-3. Schematic illustration of the crystallization mechanism of metaAramid nanofibers during the optimized heat-assisted heat treatment.
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Figure IV-4. ATR FT-IR spectra of mANF-As, mANF-HT, mANF-0-120,
mANF-2-120, mANF-4-120, mANF-6-120 and mANF-8-120. The numbers at
(b) are the peak intensity ratio of the C=O···H stretching band (amide I, ~
1647 cm-1) and the vibration of the aromatic C-C or C=C bonding (~ 1604 cm-
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1

).

The crystallization of mANFs was further observed by recording their ATR
FT-IR spectra. As shown in Fig. IV-4 (a), all the mANFs exhibited the peaks
commonly observed for meta-aramid, which are N-H stretching at 3307 cm-1,
aromatic C-H stretching at 3068 cm-1, C=O···H stretching at 1647 cm-1,
aromatic C-C or C=C vibration at 1604 cm-1, N-H bending at 1528 cm-1, and
C-N vibration at 1243 cm-1.33 Since hydrogen bonds are more densely formed
in the crystalline region than in the amorphous region of the meta-aramid, the
peak intensity at 1647 cm-1 for C=O···H stretching tends to increase with an
increasing degree of crystallinity. On the other hand, the peak intensity of the
aromatic C-C or C=C vibration at 1604 cm-1 is almost constant because the
aromatic rings are stable and are rarely decomposed during electrospinning
and during the application of post-treatment. The peak intensity ratios of the
peaks at 1604 and 1647 cm-1 of mANFs is shown in Fig. IV-4 (b). The peak
intensity ratio of mANF-HT (0.936) is higher than that of mANF-As (0.858),
indicating that hydrogen bonding was more pronounced in mANF-HT than in
mANF-As, due to the regeneration of the crystal structure during heat
treatment at 300 °C. In addition, the peak intensity ratio of mANFs with
solvent-assisted heat treatment increased with increasing DMAc concentration.
The peak intensity ratio slightly increased with increasing DMAc
concentration from 0 to 4%. A further increase in the DMAc concentration
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increased the peak intensity ratios of mANF-6-120 and mANF-8-120 relative
to those of of mANF-HT even further, suggesting that solvent-assisted heat
treatment is an effective method for the crystallization of meta-aramid chains.
The ATR FT-IR results are in good agreement with the XRD results shown in
Fig. IV-2.
The changes in the microstructure of the mANFs after the solvent-assisted
heat treatment were investigated by observing the FE-SEM images. As shown
in Fig. IV-5, the shapes of the nanofibers were preserved after the solventassisted heat treatment when the DMAc concentration ranged from 0 to 6%.
The surface of mANF-8-120 was observed to have a rough texture. The chains
started loosening when the mANF mat was immersed in the co-solvent with
high DMAc concentration. mANFs composed of loose chains would be
difficult to retain their fiber-shaped structure during crystallization.
Although the crystallinity of mANF-8-120 was higher than that of mANF-6120, mANF-8-120 was too brittle to be handled because of its high
crystallinity. From a practical point of view, usefulness of nanofiber mats with
excessive brittleness would be limited. Contrary to this, the flexibility of
mANF-6-120 was sufficient to permit easy handling. In addition, mANF-6120 exhibited high crystallinity comparing to that of mANF-HT (see Fig. IV-2
and Fig. IV-4). Therefore, mANF-6-120 was selected as the sample with
optimal properties.
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Figure IV-5. FE-SEM images of (a) mANF-2-120, (b) mANF-4-120, (c)
mANF-6-120 and (d) mANF-8-120.
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Figure IV-6. (a) FE-SEM image, (b) XRD patterns and (c) FT-IR spectra of
mANF-6-120 with average diameters of 120, 170 and 270 nm.
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IV-3-2. Effect of size on degree of crystallization of meta-aramid nanofibers
Three types of mANF-As with different average fiber diameters (120, 170,
and 270 nm) were crystallized using the optimized solvent-assisted heat
treatment procedure. The mANF mats maintained their nanofiber structure
after the treatment (Fig. IV-6 (a)). The crystal structures of the mANF mats
were analyzed using XRD and ATR FT-IR spectra. Considering that the freesurface-to-volume ratio increases with decreasing diameter of the nanofibers,
it is presumed that crystallization of the amorphous chains more readily
occurs as the diameter of the nanofibers decreases. However, as shown in Fig.
IV-6 (b), the XRD peak intensity decreased as the nanofiber diameter
decreased. The crystallinities of mANFs with 120, 170 and 270 nm of
diameter were 30, 40 and 45%, respectively. Furthermore, the intensity ratio
of the peaks at 1604 and 1647 cm-1 decreased with decreasing diameter of the
nanofibers, indicating that crystallization of thin nanofibers was suppressed.
The lower crystallinity of the thinner nanofibers might be due to the
suppression of the molecular mobility of the amorphous chains. The rigidly
confined amorphous chains in these thin nanofibers could not easily rearrange
and crystallize during the solvent-assisted heat treatment. Therefore, in
addition to the solvent composition and heat treatment temperature, it is
necessary to consider the size effect of nanofibers minutely when applying
solvent-assisted treatment to crystallize these nanofibers.
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Figure IV-7. (a) DSC curves for the first and second (insert) heating of
mANF-As, mANF-HT and mANF-6-120 and (b) TGA curves of mANF-As,
mANF-HT and mANF-6-120.
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Figure IV-8. Observation of the chemical stability. (a) Macroscopic image of
mANF-As, mANF-HT and mANF-6-120 soaked in DMAc, and (b) relative
weight of mANF-As, mANF-HT and mANF-6-120 at a specific immersion
time.
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IV-3-3. Thermal properties and chemical stability of meta-aramid
nanofibers

mANF-As, mANF-HT and mANF-6-120 with average diameter of 170 nm
were used to further characterize the various properties of mANFs. The
thermal properties of mANFs were evaluated using DSC and TGA analysis
and the results are shown in Fig. 6. The DSC curve of mANF-As (Fig. 7 (a))
exhibited a large endothermic peak at approximately 115 °C in the first
heating cycle. In contrast, the DSC curves for mANF-HT and mANF-6-120
exhibited relatively small endothermic peaks at 71 and 80 °C, respectively, in
the first heating cycle. The endothermic peak was considered to be caused by
the evaporation of moisture adsorbed in the mANF mats. In this regard,

mANF-As might exhibit a large endothermic peak during the first heating
cycle because mANF-As contains a considerable amount of Cl ions which
could strongly interact with water molecules. Because the Cl ions were
removed during washing with distilled water or co-solvent, mANF-HT and

mANF-6-120 might exhibit a relatively small endothermic peak compared to
that of mANF-As. These endothermic peaks were not observed during the
second heating cycle of mANF-As, mANF-HT, and mANF-6-120 because
the moisture was completely removed during the first heating cycle. The TGA
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curves for mANF-As, mANF-HT, and mANF-6-120, shown in Fig. 7 (b),
experienced weight loss in two steps at approximately 40‒120 °C and 400‒
600 °C, which is commonly observed in the heating of bulk meta-aramid.34-35
The weight loss of mANF-As in the low-temperature region (below 120 °C)
was noticeably high compared to that of mANF-HT and mANF-6-120 due to
the large amount of moisture in mANF-As. In addition, the weight loss of

mANF-As, mANF-HT, and mANF-6-120 at high temperature caused by the
chain decomposition occurred at similar temperatures. This result suggests
that thermal stability was not deteriorated by the heat treatment at 300 °C or
the solvent-assisted heat treatment.
The chemical stability of mANFs was investigated by evaluating their ability
to survive in DMAc. As shown in Fig. 8 (a), mANF-As dissolved immediately
upon immersion in DMAc, indicating that the amorphous meta-aramid chains
are easily dissolved in DMAc. In contrast, mANF-HT and mANF-6-120, both
of which possess a crystalline phase, retained their shape immediately after
immersion in DMAc. This suggests that crystalline meta-aramid chains are
highly resistant to DMAc. Directly after being immersed in DMAc, the
mANF-HT mat appeared opaque and yellowish, after which it gradually
became translucent while soaking in DMAc for 48 hours, implying that a
considerable number of amorphous chains in mANF-HT might be dissolved in
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DMAc. Meanwhile, the white-colored mANF-6-120 mat retained its original
shape immediately after immersion in DMAc and remained consistently white
and opaque after being soaked in DMAc for 48 hours. Additionally, the
relative remaining weight of mANF-6-120 after immersion for 48 h in DMAc
was 0.28, whereas that of mANF-HT was 0.07 (Fig. 8 (b)). These results
indicate that the mANF-6-120 contains a larger amount of crystalline phase
than mANF-HT, resulting in enhanced chemical resistance to DMAc
compared to mANF-HT.

These results indicate that the chemical of the

meta-aramid nanofiber mat could be efficiently enhanced by low-temperature
solvent-assisted heat treatment.
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IV-4. Conclusion
This study investigated the use of solvent-assisted heat treatment to regenerate
the crystal structure of meta-aramid nanofibers (mANFs). The mANFs were
fabricated using electrospinning, and the as-spun mANF possessed an
amorphous chain structure. The mANFs were subjected to solvent-assisted
heat treatment by varying the composition of the co-solvent and the heat
treatment temperature. It was found that DMAc molecules in the co-solvent
facilitate the disentanglement of the amorphous chains to enable them to
easily rearrange to form a crystal structure. The use of a solution with an
excessive DMAc concentration above 6 v/v% (DMAc:water) resulted in the
mANF mats becoming excessively brittle, which made them difficult to
handle; thus, the optimal volume composition of the solution containing the
co-solvent was selected as 6:5:100 (DMAc:EG:water). In addition, efficient
crystallization required conditions under which the evaporation rate of DMAc
was relatively slow, which was achieved by subjecting the mANF mat to heat
treatment at the optimal heat treatment temperature of 120 °C. The mANF mat
treated under the optimized conditions exhibited superior chemical stability
compared to those of the as-spun mANF and mANF mats heat-treated at high
temperature (300 °C). The crystallinity of mANFs decreased from 45 to 30%
with decreasing diameter from 270 to 120 nm when mANFs-As was
crystallized. This low-temperature solvent-assisted heat treatment neither
１４４

involves excessive energy consumption nor undesirable damage to the
nanofibers. Therefore, this method would be practically useful for the
application of meta-aramid nanofibers in various industrial fields ranging
from wastewater treatment to the removal of hazardous chemical components
in air.
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CHAPTER V
Vapor-Assisted Crystallization of meta-Aramid
Nanofibers

V-1. Introduction
The crystallization of polymers is commonly conducted by cooling from melt,
mechanical stretching or solvent evaporation. However, when nanofibrous
polymer materials is needed to be crystallized, most of the conventional
crystallization methods could not be applied because the nanostructure is
vulnerable to the crystallization process. Therefore, persistent efforts have
been made to crystallize the polymer nanofibers without disrupting their
nanostructure.
As a facile process for the crystallization of nanofibers, solvent-assisted
crystallization have been extensively investigated. When the nanofibrous mat
is immersed to the solvent, the solvent impeded into the nanofibers plasticizes
the chains, facilitating the amorphous chains to be aligned at lower
temperature than the glass transition temperature.1-2 Additionary, meta-aramid
nanofiber (mANFs) mats were successfully crystallized by solvent-assisted
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crystallization in chapter IV. Although the solvent-assisted crystallization is a
simple way to crystallize the nanofibers, the use of an excessive amount of
solvent could result in environmental pollution. In addition, the crystallization
during the vaporization of solvent could not be controlled easily, thus it’s hard
to uniformly crystallize the nanofibrous mat during heat treatment.3 In
contrast, solvent vapor-assisted crystallization requires only a small amount of
solvent and the solvent vapor could be more uniformly invaded into the
nanofibrous mat. For instance, electrospun nanofibers based on the various
polymers such as silk, polylactic acid and syndiotactic polystyrene have been
successfully crystallized in the chambers filled with solvent vapor.3-12
However, there was no study on vapor-assisted crystallization of mANFs.
In this study, vapor-assisted crystallization process for mANFs was developed
and the effect of size on the degree of crystallization of mANFs was observed.
It was shown that the DMAc and aniline mixture could effectively crystallize
the mANFs. The effect of composition of DMAc and aniline was investigated.
It was found that the crystallization of mANFs was most effectively
conducted when the DMAc:aniline volume ratio was 2.6:1. In addition, the
degree of crystallization of mANFs was highest at 120 oC. mANFs having
different

diameter

was

treated

under

the

optimum

vapor-assisted

crystallization process. The degree of crystallization decreased with
decreasing diameter of mANFs. This indicate that the decreased molecular
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mobility could be closely related to the suppression of crystallization. The
lower crystallinity resulted in the lower chemical stability of mANFs.
Therefore, the changes in chain mobility with decreasing the diameter of
polymer nanofibers should be thoroughly considered to crystallize the
polymer nanofibers.
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V-2. Experimental Section
V-2-1. Materials
Poly(meta-phenylene isophthalamide) (meta-aramid, Nomex®) fiber was
purchased from DuPont Plant. Lithium chloride (LiCl, ACS reagent, ≥99%)
was purchased from Sigma-Aldrich. N,N-Dimethylacetamide (DMAc,
≥99.5%) and aniline (≥99.0%) were purchased from Daejung Chemical &
Metals Co. All materials were used as received without further purification.
The LiCl and meta-aramid were dried at 80 °C for 12 h in a vacuum oven to
remove the moisture. Highly deionized water (18 MΩ cm) was used
throughout the experiments.

V-2-2. Fabrication of meta-aramid nanofibers
The electrospinning of meta-aramid was conducted under similar condition
described in chapter IV.13 The electrospinning solution was prepared by
dissolving meta-aramid fibers and LiCl in DMAc at 60 °C for 24 h in an oven
shaker. The concentration of meta-aramid was 12, 13, and 14 w/v%. The
meta-aramid/LiCl ratio was 5:2 by mass. Meta-aramid nanofibers were
fabricated using an electrospinning apparatus (NanoNC, Korea). The device
was composed of a high DC-voltage supply, syringe pumps, and a rotating
drum-type collector. The meta-aramid solution was placed in a 10-mL syringe
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equipped with a steel needle with an internal diameter of 0.33 mm. The
collector was covered by aluminum foil and placed 15 cm away from the
needle tip. A positive voltage of 20 kV was applied to the tip of the syringe
needle and a negative voltage of -5 kV was applied to the collector. The
rotating speed of the collector was 200 RPM and the flow rate of the solution
was 0.35 mL/h. The temperature and relative humidity in the electrospinning
apparatus were maintained in the ranges 20 to 25 °C and 40 to 50%,
respectively. Electrospinning was conducted using a syringe for 20 h.

V-2-3. Crystallization of meta-aramid nanofibers
The as-spun mANFs were washed in deionized water for 30 mins and dried in
a vacuum oven at room temperature for 24 h. solvent/non-solvent mixture was
prepared by mixing 2.0 mL of aniline and a different amount of DMAc (2, 2.8,
3.6, 4.4, 5.2 mL) in a vial. The vial containing solvent/non-solvent mixture
and the washed samples fixed to stainless steel frame were placed in a 170 mL
Teflon-lined stainless steel autoclave. Heat treatment was conducted in an
oven at various temperature (80, 100, 120, 140, 160 and 180 oC) for 1 h. After
the heat treatment, mANF mat was washed in water and dried in a vacuum
oven at room temperature for 24 h.
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V-2-4. Characterization of meta-aramid nanofibers
The microstructure of the mANFs was observed by field emission scanning
electron microscopy (FE-SEM, JSM-6700F) at an accelerating voltage of 10
kV. The average diameter of mANFs was determined by measuring the
diameter of 100 nanofibers from the FE-SEM images at random. The diameter
of mANFs was measured using image analysis software (EyeViewAnalyzer,
Digiplus Inc.). The crystal structure was analyzed using X-ray diffraction
method (XRD, New D8 Advance) over the 2θ range of 1040° using Cu Kα
radiation as the X-ray source (λ = 0.154 nm). Crystallinity of mANFs was
obtained using software package (Diffraction.Suite EVA, Bruker). The
thermal properties were studied by thermal gravimetric analysis (TGA,
Discovery TGA). The TGA analysis was conducted under a nitrogen
condition, and the temperature range for the TGA analysis was 25-700 °C
and the heating rate was 10 °C/min. The chemical stability of mANFs was
measured by soaking the mANF mat in DMAc. The relative weight of the
mANF mat was measured by weighing the mat after a specified immersion
period (12, 24, 36, and 48 h).
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V-3. Results and Discussion
V-3-1. Morphology of as-spun meta-aramid nanofibers
The microstructure of mANFs were observed by FE-SEM. As shown Fig. V-1,
mANFs with uniform and bead-free morphology were successfully fabricated.
The diameter of mANFs increased with increasing polymer concentration.
The average diameters of mANFs made by polymer solution with
concentration of 12, 13 and 14 w/v% were 90, 110 and 160 nm, respectively.
In chapter IV, several tens of nanofibers were bundled (See Fig. IV-1). The
high conductivity of the solution, which was caused by its high salt
concentration, resulted the spinning solution to move directly to the collector.
The solution jet was extended continuously and formed bundles, rather than
being scattered and forming randomly spread nanofibers. However, The
formation of bundles might not be appropriate for the further application of
nanofibers. To avoid the bundle formation, rotation speed of the drum
collector was increased. In addition, the angle at which the nozzle was
pointing was adjusted to the bottom of the drum collector. These changes
effectively hindered the continuous extension of the jet. As a result, the
individual nanofibers or smaller bundles than the bundle shown in chapter IV
were observed.
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Figure V-1. FE-SEM images of the as-spun meta-aramid nanofibers
with different diameters.
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Table V-1. Physical properties of the meta-aramid nanofiber solutions and
average fiber diameter of the as-spun meta-aramid nanofibers.
Meta-aramid
concentration
(w/v%)

12

13

14

LiCl concentration
(w/v%)

4.8

5.2

5.6

Average fiber
diameter (µm)

0.09 ± 0.03

0.11 ± 0.03

0.16 ± 0.04
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Figure V-2. XRD patterns of mANFs treated with DMAc/aniline mixture at
160 oC. The composition of the mixture is 1.0, 1.4, 1.8, 2.2 and 2.6 of
DMAc/aniline volume ratio.
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Figure V-3. FE-SEM images of the as-spun meta-aramid nanofibers

with different diameters.
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V-3-2. Effect of solvent composition on crystallization of mANFs
It is commonly believed that the solvent- or solvent vapor-assisted
crystallization of polymer chains is promoted by the plasticization of the
polymer chain by solvent molecule.14-15 The activated chain motion results in
crystallization, thus the crystallization process is largely affected by the type
of solvent. The main factor for the solvent- or solvent vapor-assisted
crystallization of chains is solubility of the solvent to chains. With increasing
solubility, molecular mobility of chains becomes higher, promoting the
crystallization. When the solubility is higher than a certain value, however,
chains are gelated and hardly cross-linked. Therefore, crystallization of chains
could be rather hindered when the chains are exposed to the solvent vapor
with solubility higher than a certain value.
To investigate the effect of solvent property, solvent/non-solvent mixture with
various composition was exposed to mANFs. In chapter IV, DMAc and
ethylene glycol (EG) were selected as solvent and non-solvent, respectively.
However, mANF mats were easily melted when they were exposed to the
vaporized DMAc/EG composed of various DMAc/EG composition. Boiling
points of DMAc and EG are approximately 165.0 and 197.3 oC, vapor
pressure of the DMAc is much higher than that of EG. For instance, the vapor
pressure of DMAc at room temperature is almost 30 times higher than that of
EG. Therefore, there might be much more DMAc molecules in gas phase than
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EG molecules when DMAc/EG solvent was vaporized. Exposure of mANFs
to vapor composed mostly of DMAc molecules would melted the mANFs.
Aniline acts as non-solvent to meta-aramid, and the boiling temperature of
aniline is 184.1 oC, which is lower than that of EG. In addition, aniline is a
miscible solvent to DMAc. Therefore, the solvent and non-solvent were
selected as DMAc and aniline, respectively.
The XRD patterns for mANFs exposed to vapors for various composition of
DMAc/aniline mixture were displayed in Fig. V-2. The temperature during the
vapor exposure was 160 oC which is sufficiently high to evaporate DMAc and
aniline in a short time. The as-spun mANFs did not show the diffraction peaks
and showed wide peak for amorphous disordered peak at 24o. The mANF
mats treated with solvent mixture having 1.0 and 1.4 of DMAc/aniline volume
ratio only showed broad diffraction peak for (200) plane. When mANF mats
were treated with the solvent mixture with 1.8, 2.2 and 2.6 volume ratio, main
diffraction peak for (200) plane at 23.5 o and sholder peaks for (110) at 18.5 o
and (211) at 28.0o were observed.16-17 The intensity of diffraction peaks for
(110), (200) and (211) plane of meta-aramid tended to increase with
increasing DMAc/aniline ratio. As solvent to non-solvent ratio increases, the
molecular mobility of the polymer chains could be enhanced. Therefore, the
increase in DMAc ratio might result in an increased degree of crystallization.
The mANFs mat was melted and translucent film was obtained when mANFs
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mat was treated with solvent/non-solvent mixture with higher than 2.6 volume
ratio (DMAc/aniline). This suggested that the chains were melted and fibrous
structure was disrupted. Therefore, the appropriate solvent composition for
the crystallization of mANF mats was selected as 2.6 of DMAc/aniline
volume ratio.
The morphology of mANFs mats treated with various solvent composition at
160 was shown in Fig. V-3. It was observed that there was no noticeable
changes in microstructure of mANFs when DMAc/aniline ratio was less than
1.4. The FE-SEM images of mANF treated with the solvent mixture with 1.8,
2.2 and 2.6 volume ratio exhibited a partially melted morphology. This
indicated that mANFs were partially melted but maintained their porous
structure during crystallization.
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Figure V-4. XRD patterns of mANFs treated with DMAc/aniline mixture at
160 oC. The composition of the mixture is 1.0, 1.4, 1.8, 2.2 and 2.6 of
DMAc/aniline volume ratio.
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Figure V-5. FE-SEM images of the as-spun meta-aramid nanofibers with
different diameters.
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Figure V-6. Schematic illustration of the effect of temperature on vaporassisted crystallization of mANFs.
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V-3-3. Effect of temperature on crystallization of meta-aramid nanofibers
The as-spun mANF mats were heat-treated with solvent/non-solvent mixture
(DMAc/Anline = 2.6 v/v) at various temperature. As shown in Fig. V-4, the
diffraction peak intensity for (110), (200) and (211) planes noticeably
increased with increasing temperature from 80 to 120 oC. This result indicated
that mANFs mat was successfully crystallized at 120 oC. However, the
diffraction peak intensity for mANFs heat-treated at 140, 160 and 180 oC was
lower than the mANFs heat-treated at 120 oC. It is likely that increase in
temperature causes the increase of molecular mobility and vapor pressure of
DMAc. In general, the increased molecular mobility results in the increase of
degree of crystallization. However, the increase in the interaction of polymer
chains and solvent molecules does not always cause the increase in the degree
of crystallization.14 As the solvent vapor interacts with chains, crystallization
and gelation could be competitively happen. Although the chains have
sufficient active energy to generate the crystalline nuclei, interaction with
chains and solvent molecules could be prefered compared to the formation of
chain-chain alignment at high temperature. When the chains prefer to interact
with solvent molecules rather than crosslink with other chains, chains could
be highly crystallized. Therefore, the increase in the crystallinity of mANFs
with increasing temperature from 80 to 120 oC might originate from the result
from the increased molecular mobility and increased vapor pressure of DMAc.
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On the other hand, the decreased crystallinity with increasing temperature
from 120 to 180 oC might be a result from the increased tendency for the
increase of formation of chain-solvent interaction.
The microstructure of the mANFs treated at various temperature was observed
by FE-SEM and shown in Fig. V-5. It was observed that the mANFs treated at
80 oC did not show a noticeable change in nanofiber morphology, indicating
that morphology of mANFs were not affected by the solvent vapor due to the
low molecular mobility and low vapor pressure. In contrast, the mANFs
treated at 100 to 180 oC exhibited a partially melted surfaces. This indicated
that the mANFs went through the partial melting and crystallization of chains
simultaneously. The crystallization of meta-aramid chains might be most
preferred at 120 oC while the partial melting of the chains by the formation of
chain-solvent complex might be more preferred than the crystallization of
chains at 100 oC and at 140 to 180 oC. The effect of temperature of
crystallization of mANFs is described in Fig. V-6. mANFs treated at 100 to
180 oC still have a porous structure, thus it is likely to consider that mANFs
treated by the vapor-assisted crystallization methods could be applied to
various applications such as filtration technology and protective clothes.
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V-3-4. Effect of size on degree of crystallization of meta-aramid
nanofibers
mANF-As with different average fiber diameters (90, 110, and 160 nm) were
crystallized by the optimized vapor-assisted heat treatment procedure. The
XRD patterns of the mANF mats were shown in Fig. V-7. Interestingly, the
XRD peak intensity for mANFs noticeably decreased with decreasing the
diameter, suggesting that crystallinity of mANFs decreased with decreasing
diameter. The crystallinities of mANFs with 90, 110 and 160 nm of diameter
were 24, 32 and 45%, respectively. These results corresponded to the results
obtained at chapter IV. However, the decrease in crystallinity with decreasing
diameter of mANFs were somewhat severe in vapor-assisted crystallization
compared to the results in chapter IV. These results suggested that the sizedependent changes in molecular mobility and chain topology could strongly
affect the vapor-induced crystallization.
The FE-SEM images of mANFs treated under optimum condition was shown
in Fig. V-8. It was observed that the surface of mANFs was partially melted
while maintain their porous structure. In general, electrospun polymer
nanofibers with the smaller average diameter could possess higher porosity
and surface area. Therefore, there could be trade-off relationship between
porosity and degree of crystallization of mANFs. The results for the degree of
the crystallization of mANF suggested that appropriate target diameter of the
１７１

nanofibers should be considered when crystallization process for nanofibers is
investigated.
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Figure V-7. XRD patterns of mANFs with different diameters (90, 100 and
160 nm). mANFs were treated with DMAc/aniline (2.6:1 volume ratio) at 120
o

C.
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Figure V-8. FE-SEM images of mANFs having different diameters (90, 110
and 160 nm) after the optimized vapor-assisted crystallization process.
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The thermal stability of the mANFs was studied by TGA analysis and shown
in Fig. V-9. The TGA curves for mANFs experienced weight loss in two steps
at low temperature region (40-120 oC) and high temperature region (400-600).
The weight loss at low temperature region attributed to the vaporization of
water molecules. Therefore, the TGA results indicated that mANFs were
thermally stable at above 350 oC, suggesting that they have high thermal
stability. These results corresponded to the results shown in chapter IV.
The chemical stability of mANFs was evaluated by observing their ability to
survive in DMAc. The as-spun mANF mat was directly dissolved in DMAc
just after the immersion, indicating that the amorphous meta-aramid chains
are easily dissolved in DMAc (figure not shown). In contrast, as shown in Fig.
V-10, mANFs treated under optimized condition retained their shape
immediately after immersion in DMAc. This indicated that crystalline metaaramid chains are highly resistant to DMAc, as mentioned in chapter IV. The
relative weight of mANF mats decreased to a certain values at 24 h of the
immersion time, and then maintained their weight. The relative weight of the
mANF mat with 160 nm of average diameter was approximately 0.8, which is
much higher value than that of mANFs developed in chapter IV. The higher
relative weight might be due to the higher crystallinity. In addition, the
relative weights of mANFs with average diameter of 110 and 90 nm were
approximately 0.6 and 0.3, respectively. Although the same process was
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applied to the mANFs based on the same polymer, a quite differences in the
crystallinity and chemical stability of the mANF mats were observed.
Therefore, the size-dependent behaviors of the polymer nanofibers should be
thoroughly considered when design and apply the polymer nanofibers to
various industrial fields.
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Figure V-9. TGA curves of as-spun mANFs with 160 nm of average diameter
and mANFs with 90, 110 and 160 nm of average diameter treated under
optimized vapor-assisted crystallization process.
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Figure V-10. Observation of the chemical stability: relative weight at a
specific immersion time of mANFs with 90, 110 and 160 nm of
average diameter treated under optimized vapor-assisted
crystallization process.
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V-4. Conclusion
The vapor-assisted crystallization of meta-aramid nanofibers (mANFs) was
developed and the effect of size on the crystallization of mANFs was
investigated. The mANFs with 90, 110 and 160 nm of average diameter were
successfully fabricated. The as-spun mANFs exhibited an amorphous chain
structure. The as-spun mANFs having 160 nm of average diameter were
subjected to vapor-assisted heat treatment under various solvent composition
and the heat treatment temperature. The increase in DMAc ratio resulted in
the increase of degree of crystallization of mANFs. This indicated that DMAc
molecules enabled the chains to crystallize by facilitating the rearrangement
of chains. In addition, the degree of crystallization of mANFs increased with
increasing heat treatment temperature from 80 to 120 oC. However, the
crystallization degree of mANFs decreased with a further increase in heat
treatment temperature from 120 to 180 oC. These results indicated that
mANFs competitively went through the crystallization of chains and
formation of chain-solvent. Therefore, the optimum solvent volume
composition of DMAc and aniline was determined to be 1:2.6 and the
optimum temperature was selected as 120 oC. The mANFs with different
diameters were treated under optimized crystallization condition. In was
shown that the mANFs having smaller diameter exhibited lower crystallinity.
The lower crystallinity of mANFs with smaller diameter indicated that the
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suppression of the molecular motion by the nanoscale confinement could be
closely related to the crystallization process of polymer nanofibers. The
results for the degree of the crystallization of mANF suggested that
appropriate target diameter of the nanofibers should be considered when
crystallization process for nanofibers is investigated.
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KOREAN ABSTRACT
고분자 나노소재는 일반적인 고분자 소재에서는 관찰되지 않는
특유의 물리·화학적 특성들을 보여왔다. 본 연구에서는 고분자
나노섬유의

사슬

분자운동성에

대해

연구하고,

더

나아가

분자운동성이 고분자 나노섬유의 분자 확산 특성 및 결정화 거동에
어떤 영향을 주는지에 대해 논의한다.

우선 서로 다른 직경을 갖는 나일론 6 나노섬유의 결정구조와
분자운동성에
나노섬유의

대해

분석한다.

사슬들은

370

상대적으로

나노미터의
덜

밀집된

크기를
형태인

갖는
감마상

결정구조를 보인다. 그러나 나노섬유의 직경이 120 나노미터 이하인
경우

사슬들은

매우

밀집된

구조인

알파상을

형성하고

있다.

나노섬유의 직경이 감소함에 따라 결정구조의 밀집화가 심화되면서
결정상의

녹는점이

점차

증가한다.

비정질

사슬의

분자운동을

유발하기 위해 필요한 활성화에너지는 직경이 370 나노미터에서 70
나노미터로 감소함에 따라 6.6 eV에서 12.6 eV까지 점차 증가하는
경향을 보인다. 이 결과는 직경 감소에 따라 비정질 사슬들이
밀집되어있는 구조를 형성해 움직임이 제한된다는 것을 의미한다.
비정질 사슬들이 밀집된 구조를 형성함에 따라서 rhodamine B의
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방출이 억제되는 현상이 관찰된다. 이어서, cellulose acetate/sulindac
나노섬유(CNs)의 분자운동성 변화에 따른 약물방출특성의 변화를
관찰한다. 분석결과, sulindac은 따로 결정상을 형성하거나 군집체를
형성하지 않고 cellulose acetate 내에 잘 분산되어 있다. CNs는 비정질
사슬 구조를 가진다. CNs의 직경 감소에 따라 cellulose acetate 사슬의
주쇄 및 측쇄의 움직임에 필요한 활성화에너지가 증가하는 경향을
보인다. 이러한 활성화에너지의 증가는 CNs의 직경이 감소함에
따라 고분자 사슬들의 밀집도가 증가하여 분자운동성이 저하된다는
것을 의미한다. 이러한 활성화에너지의 증가에 따라, 단위면적당
약물의 방출 속도가 0.30에서 0.08 g*min-0.5/m2로 줄어든다. 그리고
CNs의 직경이 620 nm에서 350 nm로 감소에 따라 약물의 확산
계수가 85.3에서 20.4 nm2/min으로 크게 줄어든다. 이러한 관찰을
통해 나노섬유의 분자운동성의 저하가 약물방출 특성에 큰 영향을
준다는 것을 알 수 있다.

나노섬유의

분자운동성

변화가

사슬의

결정화

과정에

미치는

영향에 대해 고찰한다. 메타-아라미드는 매우 우수한 내화학성 및
물리적

강도를

가지고

있으나,

나노섬유로

제조시

결정구조가

파괴되어 물성 및 내화학성이 저하된다는 단점을 가지고 있다.
따라서

메타-아라미드

나노섬유(mANFs)를
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결정화시키는

공정을

개발하고, mANFs의 분자운동성 변화가 이 공정에 미치는 영향에
대해 논의한다. 공정 최적화를 위해 연구를 수행한 결과, mANFs를
결정화

시키기에

최적화된

용매의

조성

6:5:100

부피비는

(DMAc:ethylene glycol:water)이며 120도의 온도에서 가장 효과적으로
결정화가

이루어진다.

최적화된

공정에서

결정화가

이루어진

샘플(mANF-6-120)은 300도에서 단순 열처리를 통해 부분적으로
결정화시킨 샘플(mANF-HT)에 비해 높은 결정화도를 보인다. 따라서
mANF-6-120은

mANF-HT에

비해

우수한

내화학성을

보인다.

DMAc에 48시간동안 함침을 시킨 경우 mANF-6-120은 원래 질량의
28%의

질량을

유지한

반면

mANF-HT는

원래

질량의

8%로

줄어든다. mANF-6-120의 탄성계수는 mANF-HT에 비해 약 1.7배 더
높다. 최적화된 조건에서 각기 다른 직경을 가진 mANFs에 대한
결정화를 진행한 결과, 직경이 감소함에 따라 결정화도가 감소하는
현상을 보인다. 이를 통해 직경 감소에 따라 분자 운동성이 감소될
경우 결정화 현상이 억제될 수 있다는 것을 알 수 있다. 다음으로,
기체를 이용해 mANFs를 결정화하는 공정을 개발하고 섬유 직경
변화에 따른 결정화도의 변화에 대해 연구한다. 용매의 조성 및
결정화 온도의 최적화를 진행한 결과, 최적의 aniline과 DMAc의
부피비는 1:2.6이었으며, 결정화는 120도에서 가장 잘 일어난다.
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앞선

용매

기반

결정화공정과

마찬가지로,

나노섬유의

직경이

작을수록 mANFs에 대한 기체를 이용한 결정화 공정의 효과는
급격히 감소한다. 이로 인해, 평균직경이 160, 110, 90 nm인 mANFs를
최적의 조건에서 결정화시킨 후 DMAc의 48시간동안 함침시키면
기존

대비 각각 79, 62, 32%의 질량을 가지게

된다. 이러한

연구결과들을 통해 나노섬유의 분자운동성에 따라 다양한 특성들이
변화될 수 있으며, 나노섬유를 첨단 산업에 적용하기 위해서는
이러한 특성 변화에 대한 규명 및 고찰이 필수적으로 선행되어야
한다는 것을 알 수 있다.

주요어: 결정화,

결정구조,

나노섬유,

나일론

6,

메타-아라미드,

분자운동성, 분자 확산, 사슬 밀집, 셀룰로오스 아세테이트, 약물
방출, 크기 효과

학번: 2012-30219
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