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ABSTRACT: Uniform nylon-6 nanofibers with diameters around 200 nm were prepared by electrospinning.
Polymorphic phase transitions and crystal orientation of nylon-6 in unconfined (i.e., as-electrospun) and a high
Ty (340°C) polyimide confined nanofibers were studied. Similar to melt-spun nylon-6 fibers, electrospun nylon-6
nanofibers also exhibited predominant, metastghteystalline form, and the-crystal (chain) axes preferentially
oriented parallel to the fiber axis. Upon annealing above°Ty@-form crystals gradually melted and recrystallized

into thermodynamically stable-form crystals, which ultimately melted at 22C. Release of surface tension
accompanied this mettrecrystallization process, as revealed by differential scanning calorimetry. For confined
nanofibers, both the meltrecrystallization and surface tension release processes were substantially depressed;
y-form crystals did not melt and recrystallize inbeform crystals until 210°C, only 10°C below theTy, at

220°C. After complete melting of nanoconfined crystals at 2@0and recrystallization at 100C, only a-form

crystals oriented perpendicular to the nanofiber axis were obtained. In the polyimide-confined nanofibers,
the Brill transition (from the monocliniax-form to a high-temperature monoclinic form) was observed at
180-190 °C, which was at least 20C higher than that in unconfined nylon-6 atL60 °C. This, again, was
attributed to the confinement effect.

Introduction Electrospinning is a technique that utilizes electric force alone
to drive the spinning process and to produce polymer fibers
from solutions (or melts)”~2! Unlike conventional spinning

IsE'echniques (e.g., solution- and melt-spinning), which are capable

one of the most \{\/ifjely used syr)thetic polymers for fibers. of producing fibers with diameters in the micrometer range (ca.
Nylon-6 fibers exhibit both crystalline and amorphous phases, 5—15 um), electrospinning is capable of producing fibers with

with the amorphous phase consisting of isotropic and anisotropic diameters in the nanometer range (ca-500 nm). Electrospun

componen&.2 It is believed t.hat the detailed.structures and nanofibers possess many unique properties including small
morphologies of thg crystalline phases are important to the yiameters and large specific surface areas, a high degree of
nylon-6 properties-® Nylon-6 has two common crystalline g4 ral perfection, and superior mechanical properties. Unlike

forms, a- andy-forms, and these two crystalline forms coexist a0n nanotubes that are produced by synthetic, bottom-up
in nylon-6 fibers in various percentages depending on Processingmethods, electrospun nanofibers are produced through a top-

conditions>? It is generally recognized that theform crystal down nanomanufacturing process, which results in low-cost
is composed of extended nylon-6 chains andytfierm crystal  gjactrospun nanofibers that are also relatively easy to align,
is composed of pleated chains. Hydrogen bonding is primarily 5sqemple, and process into devideEherefore, electrospinning

intrasheet in theo-crystalline form and intersheet in the 5,4 the resulting nanofibers are of great scientific, military, and
y-crystalline form? Since the hydrogen-bonding direction inthe .y mercial interests and have been widely investigated in the
y-form is about 60 from the original hydrogen-bonding past decad® 0

direction in the o-form, a hexagonal or pseudohexagonal
packing is resulted in the-form. The different structures of-
andy-crystalline forms impart different physical and mechanica
properties. For example, the Young’s modulus of thérm
crystal is higher than that of the-form crystal. Although the
o-form is more thermodynamically favorable/stable and is the
preferred structure in solution-cast and annealed nylon-6
samples, the-crystalline form has been noted to predominate
in melt-spun nylon-6 fibers and nylon-6/clay nanocompo#es.

It is generally believed that rapid crystallization favergorm

and slow crystallization favors the-form.16

Nylon-6, also known as polycaprolactam and polyamide-6,
possesses excellent physical and mechanical properties and

In electrospinning, a spin dope (e.g., a polymer solution with
| @ viscosity similar to that of honey) is placed in a container
(e.g., a regular glass pipet), and a high dc voltage, usually in
the range from 5 to 40 kV, is applied to the solution through
an electrode (e.g., a copper wire). An electrically grounded
collector is placed at a distance (known as gap distance) from
the spinneret ranging from centimeters to 1 m. When the
electrostatic field reaches a critical value and the electric force
overcomes the surface tension and the viscoelastic force, a jet
is ejected and travels straightly for a certain distance (known
as the jet length). The jet then starts to bend, forming spiral
and expanding loops. This phenomenon is termed “bending
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Figure 1. Representative SEM images of electrospun nylon-6 nanofibers: (A) collected on aluminum foil covered on the roller; (B) collected with
the U-shaped metal device and then transferred onto a conducting tape.

markedly on process conditions such as the take-up speed,
with the y-form predominant when the take-up speed was 6
km/min and below and the-form predominant when the take-
up speed was greater than 9 km/min.

The objective of this study is to understand the macromo-
lecular orientation, crystalline structure, and polymorphic phase
transition of electrospun nylon-6 nanofibers under both uncon-
fined and confined conditions. Nylon-6 nanofibers with a
diameter of~200 nm were electrospun from hexafluoroisopro-
panol solutions and collected either as a loosely oriented fabric
or as a highly aligned bundle. The morphology of nylon-6
nanofibers was examined by scanning electron microscopy
0 5 10 15 20 25 30 (SEM), and macromolecular orientation and polymorphic phase

-1 transitions of nylon-6 in the nanofibers were investigated using
g (nm’) . ’ . : -
) . . i polarized Fourier transform infrared (FTIR), differential scan-
E:ignuc;? 2. One-dimensional (1D) WAXD profiles of as-electrospun ning calorimetry (DSC), and wide-angle X-ray diffraction
iber and cast film of nylon-6. . ..
(WAXD). To study polymorphic phase transitions of nylon-6
(up to 1 000 000 st). Such large draw ratio and draw rate are in nanoconfined environments, the as-electrospun (unconfined)
capable of aligning the macromolecular chains along the nanofibers were coated (confined) with an organosoluble
nanofiber axis. The solvent removal in electrospinning occurs polyimide (PI) having a high glass transition temperatUfig (
by evaporation, whereas the solvent removal in conventional ~ 340 °C). Experimental results indicated that (1) thdorm
wet-spinning uses a coagulation batiNote that although all  was predominant in the as-electrospun nylon-6 nanofibers, (2)
commercial aliphatic nylon fibers are melt-spun, wet-spinning the metastablg-form transformed into the thermodynamically
appears to be a viable comparison because solvents are used igtablea-form via a melt-recrystallization process during heating
both processing methods. In conventional wet-spinning, micro- or annealing at elevated temperatures, (3) confinement of the
voids and other structural defects often form in the as-spun fibers nanofibers with PI caused the melecrystallization to take
during the rapid solvent extraction in the coagulation bath, place at a much higher temperature, close to the actual melting
whereas they are significantly suppressed in electrospun nanofitemperatureT.), (4) nylon-6 chains were oriented parallel to
bers. The fast elongation/drawing of an electrospinning jet often the fiber direction in the unconfined (as-electrospun) nanofibers,
occurs in the solution and/or gel state, and thus highly oriented while the chains were oriented perpendicular to the fiber
macromolecular chains should exist in the jet formation stage. direction in the Pl-confined and meltecrystallized nanofibers,
However, these oriented chains could relax after the bendingand (5) the Brill transition in nanoconfined nylon-6 fibers was
instability, especially when the collected electrospun nanofibers observed to be at least 2C higher (at~180°C) than that for
still contain a small amount of solvent. Like conventional wet- unconfined nylon-6 (at 166C).
spun fibers, electrospun nanofibers may also be poststretched,
and better macromolecular orientation and mechanical propertiesExperimental Section

could be achievet? _ Sample Preparation The general electrospinning process and
Although electrospinning has been actively researched for the mechanism of electrospinning should refer to previous re-
years and many polymers have been successfully electrospurports25:3Lin this work, a solution of 8 wt % nylon-6 (Aldrich catalog
into nanofibers, only a limited number of papers have appearednumber: 181110; weight-average molecular weight= 10 000
in the literature reporting on the macromolecular orientation and g/mol) in 1,1,1,3,3,3-hexafluoro-2-propanol (Aldrich) was prepared
crystalline structures in polymer nanofib&s3® Nylon-6 at room temperature, and a specially designed spinneret was used
nanofibers with diameters ranging from tens to hundreds of for conducting electrospinning. The spinneret consisted of a high-
nanometers, for example, have been successfully electrospurfl€nsity polypropylene tube (an inner diameterdf.0 in.) and a
from hexafluoroisopropanol soluticis®and have been inves- stainless steel hemispherical head which had an orifice of 0.4 mm

. . o . diameter at the center. The electrospinning setup also consisted of
tigated as reinforcement materials in nanocompoghéi_ittle a high-voltage power supply (Gamma High Voltage Research,

is known about the crystalline structures (ecg.or y-form) of Ormond Beach, FL) and a home-built roller (with a diameter of

nylon-6 and their transitions in electrospun nanofil_:)ers. Murase ~10 in.). During electrospinning, a positive high voltage of 25 kV
and co-workers found that the macromolecular orientation and was applied through a metal rod to the solution held inside the

crystalline structure of nylon-6 in conventional fibers depended spinneret. Nylon-6 nanofibers were collected on the roller covered

Cast fim

Intensity (a.u.)
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2 with a general area detector diffraction system (GADDS). Syn-
chrotron 2D WAXD experiments were performed at X27C beamline
in the National Synchrotron Light Source (NSLS) at BNL. The
wavelength of the X-ray beam was 0.137 nm. The beam center
was calibrated using silver behenate with the first reflection peak
at the scattering vectay= (4x sin 0)/A = 1.076 nn1?, whered is
the half scattering angle arids the wavelength. Fuji imaging plates
were used as X-ray detectors, and a typical data acquisition time
was 1 min. Digital WAXD images were obtained using a Fuji BAS-
2500 scanner. Temperature-dependent X-ray experiments were
performed using an Instec HCS410 hot stage, equipped with a liquid
nitrogen cooling accessory. In both in-house and synchrotron X-ray
experiments, one-dimensional (1D) results were obtained by
—— As-electrospun nanofiber Vo integration of the corresponding 2D WAXD patterns using Polar
8| " Pl-coated nanofiber ! 2.6.9 software (Stony Brook Technology and Applied Research,
___ _ Predipitant Inc.). Azimuthal profiles were obtained from 2D WAXD patterns

— T T T T T T with the zero angle on the equator and counterclockwise scanning.
100 120 140 160 180 200 220 240

Temperature (°C) Results and Discussion

Figure 3. DSC traces of as-electrospun nylon-6 nanofibers (solid line), ~ Macroscopic Morphology of Electrospun Nylon-6 Nanofi-
nylon-6 solution precipitant (dashed line), and polyimide-coated nylon-6 bers. Figure 1 shows representative SEM images of electrospun
nanofibers (dashdot line) at a heating rate of 1T min™. nylon-6 nanofibers. The diameter of nanofibers we00 nm,
with electrically grounded aluminum foil. The rotational speed of and the nanofibers were quoth (without microscope identifiable
the roller during electrospinning was 100 rpm. In this manner P&2ds and/or beaded nanofibers) and uniform (with only small
electrospinning was extremely stable, with the electrospinning jet Variations in diameter). The nanofibers collected with the home-
running continuously without breaking for several hours. The builtroller were loosely oriented along the rolling direction (see
obtained fabric on the aluminum foil was thus hypothetically a Figure 1A), whereas the nanofibers collected with the U-shaped
single nanofiber loosely aligned along the rolling direction. A metal device were highly aligned (see Figure 1B). Note that by
heating lamp was employed to dry the collected nylon-6 nanofibers using only the roller (or similar devices), it is unlikely to achieve
during the electrospinnjng process. The collected nylon-6 nanofibers 5 high degree of nanofiber alignment since the formation of
were subsequent_ly dned in a vacuum oven at room temperatureelectrospun nanofibers results from “bending instabil?§??32
E’_rsﬁi Z‘ Jg;gﬁ'g\i:gng d?éltga%ii Eglt(jxggnntﬁgotr/lv%elreb;%%? & which makes the traveling path/trajectory of electrospinning jet/
p 9 fiber completely random. Although the unidirectional rotation

mm) was used. By manually moving the electrically grounded introd in d f fib i h
device back and forth 2 to 3 times between the spinneret and theCan Introduce a certain degree of nanotiber alignment, the

roller during electrospinning, tens to hundreds of highly aligned alignment is far from uniform. To achieve a high degree of
nylon-6 nanofibers could be collected between the metal legs. This nanofiber alignment with a small amount of sample, the
U-shaped device functioned like a traverse guide in a conventional U-shaped metal collecting device was adopted. If the required
wind-up, and a skein of aligned nanofibers could be formed on the sample amount is large, a roller could be used, but the collected
device. These nanofibers were then transferred to a slightly smallernanofibers might have to undergo a post-electrospinning stretch-
U-shaped metal device for further analysis, and the process wasjng process to be further aligned.

repeated for~50 times to collect an aligned nylon-6 nanofiber The crystalline structures of nylon-6 in the as-electrospun
bundle. nanofibers were characterized by WAXD, and the result was

An organosoluble polyimide (6FDA-PFMB) of 2,2-bis(3,4- . ; .
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2- compared with that acquired from a cast film (prepared from

trifluoromethyl-4,4-diaminobiphenyl (PFMB) was used to confine the same solution used for electrospinning). As evident in Figure
the nylon-6 nanofibers. The as-electrospun nanofibers were repeat2, the as-electrospun nylon-6 nanofibers displayed (020) and
edly dipped ind a 1 wt %6FDA-PFMB/acetone solution, followed ~ (200) diffraction peaks at 7.95 and 14.9 nh(d-spacing=
by drying in a vacuum oven at room temperature for 24 h. Because 0.790 and 0.421 nm, respectively), characteristic ofytloeys-
the T, of 6FDA-PFMB is around 340C *2 which is much higher  talline structure. The nylon-6 in the cast film, on the other hand,
than the nylon-6Tr, of ~220°C, the phase transitions of nylon-6  showed two diffraction peaks, (200) and mixed (002)/(202), at
were effectively conf_inec_i within the nanofibers. _ 14.2 and 17.0 nm (d-spacing= 0.442 and 0.369 nm,
Sample Characterization The morphology of unconfined (as-  oqpectively), which are characteristic of thecrystalline
electrospun) nylon-6 nanofibers was examined using a JEOL-840A structure. Similar to conventional spinning technigtR&/AXD

SEM. Polarized FTIR spectra of nylon-6 in electrospun nanofibers T L .
were obtained using a Bruker Tensor-27 FTIR spectrometer results indicated that electrospinning could also result in the

equipped with a liquid nitrogen-cooled merctrgadmium telluride  formation of y-crystalline structure for nylon-6. Since the
(MCT) detector. Samples were prepared by pressing the alignedformation of y-crystalline structures requires a rapid crystal-
nylon-6 nanofibers with potassium bromide, and the FTIR spectra lization rate, this suggests that nylon-6 crystallization was rapid
were acquired by scanning the samples (64 scans) from 600 to 4000during electrospinning. The crystallinity of as-electrospun
cm-! with a resolution of 4 cm!. DSC experiments were carried  nylon-6 nanofibers was less and the reflection peak was broader
out on a TA Q-100 DSC instrument. Less than 1.0 mg of sample than for the solution-cast film, suggesting that the sizes of
was used for the DSC study to avoid possible thermal lag. The py|on-6 crystallites were smaller in the electrospun nanofibers.
scanning rate was 1/min for both heating and cooling runs.  jing Scherrer analysf,the average crystallite size for the

WAXD experiments were carried out both in house and at . ) &
national synchrotron X-ray facility in Brookhaven National Labora- (200), reflection of the as-eleqtrospun nanofibers 1 nm,
tory (BNL). For the in-house WAXD experiments, a Bruker X-ray whereas the average crystallite size for the (208]lection in

tube operating at 1.6 kW with the Crokradiation (wavelengtid the sol.ution-cast_nylon-6 was13.8 nm. _
= 0.229 nm) was used. Two-dimensional (2D) WAXD data were ~ Melting Behaviors of Unconfined and Confined Nylon-6
recorded at room temperature, using a Bruker AXS area detectorNanofibers. The changes in crystallinity of both unconfined

2

Heat flow (W/g) £2°-
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Figure 4. One-dimensional (1D) WAXD profiles for (A) unconfined (as-electrospun) and (B) confined (polyimide-coated) nylon-6 nanofibers at
different temperatures. For unconfined nylon-6 nanofibers, the sample was annealed at each temperature for 24 h. For polyimide-confined nylon-6
nanofibers, the sample was held at each temperature for 15 min. The WAXD profiles in (A) were obtained using the in-house X-ray instrument,
whereas the profiles in (B) were obtained using synchrotron X-ray facility. Different peak widths in (A) and (B) originate from different X-ray
instruments.

and confined nylon-6 nanofibers upon thermal treatment were (200) and mixed (002)/(202) reflections became more pro-
investigated by DSC at a heating rate of I min~%, and the nounced. After annealing at 18U for 24 h, they-form
results are shown in Figure 3. For comparison, the solution crystallinity nearly disappeared arndform crystals became
precipitant of nylon-6 was also examined by DSC at the same predominant.

heating rate. The solution precipitant was prepared using the For n-nylons, thea-phase is more stable than tiygphase
same nylon-6 solution for electrospinning, and the precipitation for n < 5, whereas the’-phase is believed to be more stable
was conducted in diethyl ether with vigorous stirring, followed for n > 8.16 For nylon-6, however, the free energies of the

by drying in a vacuum oven to a constant weight. The precipitant andy-forms are fairly close to each other because (1) both the
showed a single melting peak at 222 with a crystallinity of o- and y-forms may not interconvert before melting under
30 wt %. The heat of fusion for perfeatform crystals is 241 common DSC heating conditions, (2) thdorm can transform

J/g#* For unconfined nylon-6 nanofibers, an exothermic peak
occurred at~180°C, while no such peak was seen for the PI-
confined nylon-6 nanofibers. The crystallinities of the uncon-
fined and confined nylon-6 nanofibers were 22 wt % (the
endothermic peak below the dotted line) and 27 wt %, when
the heat of fusion is taken as 239 J/g for perfgetorm

crystals** There may be three reasons accounting for the
exothermic peak for unconfined nylon-6 nanofibers: (1) direct
(or cold) crystallization of nylon-6 from the amorphous phase,
(2) transformation from the less thermodynamically stable
y-form to the more thermodynamically stall€form via a melt

into theo-form upon use of certain solvents, and (3) théorm

can convert into the-form using the iodination proce$More
interestingly, depending on the relative metastability ofdhe
andy-forms crystallized under different experimental conditions,
the a-form can transform into the pseudohexagonal form (which
could be considered as a high-temperature version gf-foem)

via a crystal-to-crystal transition, or theform may transform
into the o-form via melt-recrystallization during a very slow
heating process. These two transformations are illustrated using
the Gibbs free energy diagrams in Figure 5A,B. In both
diagrams, thex-form is always more stable than tireform or

recrystallization process, and (3) release of surface tensionthe pseudohexagonal form*j at low temperatures. Figure 5A

generated during the fast drying process of the nanofibers in shows the so-called reversible Brill transition, where the free
electrospinning. The disappearance of the exothermic peak forenergy curve of the- or y*-phase intercepts those for both
Pl-confined nanofibers ruled out the first possibility. Note that the a-form and the equilibrium melt. As a result, upon heating
the integrated area of this exothermic peak is 100% greater thanthe o-form transforms, through a direct crystal-to-crystal transi-
that of the melting peak at 2. This indicated that surface  tion, into the y- or y*form for most nylons or a high-
tension release was a significant contribution to the exothermic temperature monoclinic form for nylon6 The origin of the
peak, similar to the phenomenon observed for PS microf€ads. Brill transition was believed to arise from the twist in the
To better understand the melting behaviors of unconfined and methylene unit adjacent to the amide groups, as determined
confined nylon-6 nanofibers, 1D WAXD studies were performed by FTIR spectroscopy and X-ray diffraction with molecular
at various temperatures. Figure 4A shows room temperaturemodeling?®
WAXD results of nylon-6 nanofiber bundles after annealing at  When the free energy curve for theform only intercepts
150, 160, 170, and 18 for 24 h. Compared with the WAXD  the equilibrium melt but not that of the-form, a situation is
profile at room temperature, the overgH and a-crystallinity depicted in Figure 5B. During a relatively fast heating process,
slightly increased with increasing temperature up to 160 the y-form crystals directly melt without transforming into the
When the annealing temperature reached IQZ0the a-form o-form crystals. During a very slow heating, however, the
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GA

Figure 5. Gibbs free energy diagrams for (A) a Brill transition, where
the a-form transforms into the pseudohexagonal form) (at Te,

and (B) a mekt-recrystallization process, where thdorm transforms
into the a-form upon a heating process (indicated by arrows). Note
that the equilibrium crystal transforms into the melt (M) at the
equilibrium melting temperaturely®).

y-form melts and then recrystallizes into theform, followed

by melting at a higher temperature (see arrows in Figure 5B).
Obviously, results in Figure 4A clearly indicate that the above-
observedy-to-a transition upon slow heating is different from
the Brill transition and should be explained by a melt
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Figure 6. Polarized FTIR spectra of the aligned nylon-6 nanofibers.
From top to bottom, the spectra were collected at the incident angles

of 0°, 15°, 30°, 45°, 60°, and 90. The zero angle was defined as the
FTIR beam parallel to the nanofiber axes.

that the characteristic amide itd—o at 1644 cm?) and amide

Il (On—n at 1550 cnl, consistent with a trans conformation)
absorptions of nylon-6 were sensitive to the incident beam
polarization angle (the angle between the polarized infrared
beam and the axes of the aligned nanofibers). Polarized FTIR
spectra of the aligned nylon-6 nanofibers as a function of the
incident angle are shown in Figure 6. From bottom to top, six
spectra were collected at incident angles dffarallel), 15,

30°, 45°, 60°, and 90 (perpendicular), respectively. With
increasing the incident angle front @o 9C°, the intensity of

the amide | band gradually increased, while the intensity of the
amide Il absorption band decreased. A qualitative explanation
of the dependence of the amide | band intensity with respect to
the incident angle may be as follows. At an incident angle of
0°, the axes of the aligned fibers are parallel to the direction of
the electric field of the incoming IR beam. Assuming the
macromolecular chains of nylon-6 are aligned along the
nanofiber axis, one would expect the carbonyl groups to be

recrystallization process. When the sample was annealed atperpendicular to the fiber axis (9@ the fiber axis). Therefore,
180 °C or above, the nanofibers eventually fused together as absorption of the incoming IR beam by the=O bonds is

observed by optical microscopy (data not shown). This further
supports the existence of a metecrystallization process during
slow heating for unconfined nylon-6 nanofibers.

Intriguingly, the melt-recrystallization process was substan-

minimal at 0. When the fiber axis is perpendicular to the
incident beam (99, amide | absorption reaches a maximum
as a result of the resonance between the carbonyl stretching
and the electric field of the incoming IR beam. On the other

tially depressed after the nanofibers were coated by the PI, ashand, N-H bending direction is almost perpendicular to the

shown in Figure 4B. For example;form crystals started to
melt and recrystallized inta-form crystals above 21%C (only
10 °C below theT, at 220°C) because the.-form (200) and
(002)/(202) reflections appeared and théorm (020) reflection

became weaker. Additionally, because of the Pl nanoconfine-

molecular chain direction. When the molecular chains are
parallel to the fiber direction, the amide Il absorption is the
maximum at an incident angle of 0since the N-H bending
direction is almost parallel to the electrical field of the polarized
IR beam. As the incident angle is increased t§,90e N—H

ment effect, the release of surface tension (the broad exothermidbending direction becomes perpendicular to the electrical field
peak) was also suppressed, as demonstrated in the DSC tracef the polarized IR beam, and the amide Il absorption is the
in Figure 3 for Pl-confined nylon-6 nanofibers. At 240, the weakest. Taking into account both trends in the amide | and
nylon-6 crystals completely melted. After slow cooling back to amide Il absorption together, the gradual increase of the amide

100°C, only a-form crystals were observed in the Pl-confined
nanofibers.
Crystal Orientation in Nylon-6 Nanofibers. FTIR equipped

| absorption and gradual decrease of the amide Il absorption
with the incident angle changing from parallel to perpendicular
indicated that nylon-6 macromolecular chains were aligned along

with a polarizer was employed to examine the molecular the nanofiber axis. Note that both crystalline and amorphous
orientation in the electrospun nylon-6 nanofibers. The sample nylon-6 contributed to the amide | and Il absorption bands, and
used in this study was collected with the U-shaped metal device,the crystallinity of the as-electrospun nanofibers was only 22
and the nanofibers form highly aligned bundles. It was found wt %. The substantial absorption change at different incident
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Figure 7. Two-dimensional (2D) WAXD patterns for (A) as-electrospun and (B) melt-recrystallized nylon-6 nanofibers coated with polyimide.

The fiber direction is vertical.
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Figure 9. Schematic representations of the crystal orientation in (A)
as-electrospun and (B) melt-recrystallized nylon-6 nanofibers coated
with polyimide. Dashed lines represent hydrogen bonding.

a-axes ofo-crystals were parallel to the fiber direction. In other

for as-electrospun and melt-recrystallized nylon-6 nanofibers coated Words, the chain axis (the crysthtaxis) is perpendicular to

with polyimide. The profiles were offset for clarity.

the Pl-confined nanofiber direction.
On the basis of the above results, molecular models of both

angles suggested that a significant amount of amorphous nylon-6as-electrospun and melt-recrystallized nanofibers confined by
chain might also adopt more or less parallel orientation along Pl are shown in Figure 9. In the electrospinning process, nylon-6
fiber axes due to rapid solvent evaporation followed by chains experienced substantial stretch and the molecular chains

vitrification (nylon-6 Ty ~ 50 °C) in electrospinning.
The crystal (or chain) orientation in nylon-6 nanofibers was

eventually oriented along the nanofiber direction. With this chain
orientation, they-form lamellar crystals were oriented perpen-

further investigated by 2D WAXD experiments, and results are dicular to the fiber direction, and the lateral crystallite sizes could

shown in Figure 7. Figure 7A shows the 2D WAXD pattern
for the as-electrospun nanofibers. Tjréorm (200), reflection

be limited by the nanofiber diameter 6200 nm or crystal
impingement, depending upon the nucleation density. This is

was observed on the equator, and the azimuthal scan result otonsistent with the WAXD observation in Figure 2 that the

the (200) reflection is shown in Figure 8 (open circles). Two
maxima are observed at @nd 180, indicating that thex-axes

of they-form crystals were perpendicular to the fiber direction.
This confirms our previous conclusion from polarized FTIR that
the chain axis (the crystataxis) is parallel to the fiber direction.
After the complete melting of-form crystals in the Pl-coated
nanofibers by heating them to 25%C, the sample was
isothermally crystallized at 100C anda-form crystals were
obtained. The 2D WAXD pattern for the-form crystals is
depicted in Figure 7B. The azimuthal scan result of the (200)
reflection is shown in Figure 8 (solid circles). Two broad
maxima were seen around 9and 270, suggesting that the

(200), reflection is relatively broad. However, after melt
recrystallization in the Pl-confined nanofibers, crystal growth
along the fiber direction was favored. When the fast growth
direction was along tha-axes ofo-form crystals, the crystalline
lamellae would orient parallel to the fiber axis as shown in
Figure 9B.

To examine nanoconfinement effect on nylon-6 Brill transi-
tion, the Pl-confined electrospun nanofibers were subject to a
heating and cooling cycle, and the corresponding 1D WAXD
results are shown in Figure 10. Upon heating, the (@0
(002),/(202), reflections gradually shifted toward each other
above 100C. However, both reflections almost stopped shifting
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30 (002),/(202), reflections gradually shifted apart from each other.
However, the shift of the (002)202), reflections was more
substantial than that of the (2Q0)eflection.

To determine the Brill transition temperaturég), the
d-spacing changes as a function of temperature during the
heating and cooling cycle in Figure 10 is plotted in Figure 11.
Upon heating,d-spacings of the (20Q)and (002)/(202),
reflections nearly stopped moving toward each other in a
temperature range of 1890 °C. Therefore, the lower limit
of the Brill transition in 200 nm confined nylon-6 fibers can be
determined as 18TC. Thed-spacing changes during the cooling
process also confirmed this conclusion, although there was no
substantial change in thé-spacing of the (20Q) reflection.
Obviously, theTg at 180°C for nanoconfined nylon-6 fibers
is at least 20C higher than th&8g at 160°C for unconfined
nylon-6 reported in the literatufe’” On the basis of this study,
we conclude that the Birill transition of nylon-6 in the electrospun
nanofibers with the diameter of 200 nm was “pushed” to a
higher temperature of 18, possibly due to the nanoconfine-
ment effect.

Conclusions

Nylon-6 nanofibers with diameters e¥200 nm have been

g (nm™) prepared by the electrospinning method. The nanofibers were
Figure 10. One-dimensional (1D) WAXD profiles for polyimide- co!lected either as a Ioos_ely oriented fab.ric by using a home-
confined electrospun nylon-6 nanofibers during stepwise heating (red) built roller or as a highly aligned bundle using a U-shaped metal
and cooling (blue) runs. At each temperature, the sample was device. In the as-electrospun nylon-6 nanofibers theystal-
isothermally held for 10 min before X-ray detection. line form was in predominant in the crystals. 1D WAXD results
showed that annealing the unconfined nanofibers at elevated
temperature (166180°C) induced melting of-form crystals,
followed by recrystallization into.-form crystals. During a DSC
0.44 4 heating process, as-electrospun nanofibers exhibited a large

exothermic peak before eventual melting of nylon-6 crystals at

(200),, 220 °C. Because this exothermic peak had twice the heat of
transition of that of the melting peak, we conclude that both
melt—recrystallization and release of surface tension contributed
to this large exothermic peak during heating for as-electrospun
nylon-6 nanofibers. Pl-coated nylon-6 nanofibers did not show
any melt-recrystallization until 218C, which was only 10C
below theTy,. Intriguingly, no exothermic peak was observed
for the Pl-confined nanofibers before crystal melting.

Crystal orientation was studied by polarized FTIR in as-
electrospun nylon-6 nanofibers, where the chain axes (both in
the amorphous ang-form) were oriented parallel to the fiber
0.384 direction. They-crystal orientation was confirmed by a 2D

) (002)./(202),, WAXD study. After melting Pl-coated nanofibers at 240
and recrystallization at 100C, a-form crystals were obtained,
T 1 T Tt T -t T T T which had a preferred crystal orientation with the chain axes
100 120 140 160 180 200 220 perpendicular to the fiber direction. The different crystal
Temperature (°C) orientation from that in as-electrospun nanofibers suggested that
Figure 11. Changes ind-spacings of the (20@)and (002)/(202), preferred crystal grpwth a]ong theeaxes ofo-form crystals
reflections during stepwise heating (red symbols) and cooling (blue conformed to the fiber axis probably because of a nanocon-
symbols) processes. The shaded area indicates the reversible Brillfinement effect. More intriguingly, the nanoconfinement effect
transition in polyimide-confined nylon-6 fibers (ca. 200 nm diameter). causes the Brill transition to be observed at 4800 °C for
Pl-confined nylon-6 nanofibers, which was about°20higher
above 186-190 °C and did not merge into a single reflection than that in unconfined nylon-6 at160°C. We speculate that
before crystal melting at 246C. This was different from the  nanoconfinement from the highy polyimide effectively re-
case of nylon-6,6, where the pseudohexagonal phase existedtricted volume expansion during both the meéicrystallization
above 1668-170°C. This high-temperature crystal form, which and the Brill transition in nylon-6 nanofibers.
exhibited two separated reflections, was still considered as a
monoclinic phase. It was reported that the Brill transition for ~ Acknowledgment. H.F. thanks support from the National
nylon-6 actually referred to the crystal-to-crystal transition from Institutes of Health/National Institute of Dental and Craniofacial
the low-temperature-form to this high-temperature monoclinic  Research (R03 DE16042) and from the US Army Research
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