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ABSTRACT: For the first time the strain-induced metastable
β-form crystal structure, with the extended chains adopting a
planar zigzag conformation, was discovered in the macro-
scopically aligned electrospun nanofibers of poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHx) col-
lected across the air gap on aluminum foil and on the tapered
edge of a high-speed rotary disk. The presence of the β-form
crystal structure in the fiber mats was confirmed by wide-angle
X-ray diffraction (WAXD) and Fourier transform infrared spectroscopy (FTIR). In addition, selected area electron diffraction
(SAED) and AFM-IR were utilized to investigate the morphological and structural details of individual electrospun nanofibers.
The SAED results confirmed a significant influence of the collection method on the crystal structure as well as the orientation
level of the molecular chains in the crystals. The AFM-IR spectra of the single nanofibers matched well with the traditional FTIR
spectra, but the finer features in the AFM-IR spectra were more distinct and better resolved. Based on the experimental results,
new mechanisms for the generation of the β-form crystalline structure in electrospun PHBHx nanofibers are proposed.

■ INTRODUCTION

Polyhydroxyalkanoates (PHAs) are a class of biodegradable and
biocompatible aliphatic polyesters synthesized by a variety of
bacteria as intracellular carbon and energy storage materials.
They have attracted scientific attention for their promising
environmental, electrical, pharmaceutical, and biomedical
applications.1 Among PHAs, poly(3-hydroxybutyrate) (PHB)
homopolymer is the most common type and has been
extensively studied over the past 30 years. However, due to
the near perfect stereoregularity, bacterially produced PHB has
very high crystallinity (>60%) and a melt temperature range
(ca. 180 °C) near its thermal decomposition temperature.2 The
constraint of the difficult-to-process thermal properties and
rigid and brittle nature of the material are major obstacles to
most standard applications. Copolymerization with other small
monomer units, such as 3-hydroxyvalerate (3HV), was
attempted with relatively little success in improving the
properties. This surprising result arises from the fact that
3HB and 3HV units are isodimorphous, with 3HV units being
incorporated into the PHB crystalline lattice.3 Recently, in
order to substantially enhance the properties of PHB, a small
amount of hydroxyalkanoic acid monomers with longer side
chains, such as 3-hydroxyhexanoate (3HHx), was copolymer-
ized with 3HB units to avoid the isodimorphism and reduce the
rigidity and brittleness of the resultant copolymer. These
medium chain length (mcl) branches act as molecular defects,
disrupting the excessive regularity of the polymer chain and
consequently lowering the crystallinity and melting point

(Tm).
4 The resultant random copolymer, poly[(R)-3-hydrox-

ybutyrate-co-(R)-3-hydroxyhexanoate] (PHBHx), becomes soft
and flexible as the 3HHx content increases and results in
properties similar to linear low-density polyethylene (LLDPE).4

Many properties of PHBHx, including chemical, thermal, and
mechanical properties, can be adjusted by changing the
comonomer content.
It has been established that PHB and poly[(R)-3-

hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV, a PHB-
based random copolymer) can exhibit two different crystalline
polymorphs, the α-form and β-form, depending on processing
conditions. The α-form is the most common crystal structure of
the PHB or PHBV polymers obtained from typical
crystallization processes, such as melt or solution crystallization.
In this crystal polymorph, the molecular chains adopt a left-
handed 21 helical conformation. The unit cell is orthorhombic
with a space group of P212121-D2

4 and lattice parameters of a =
0.576 nm, b = 1.320 nm, and c (fiber period) = 0.596 nm.5 The
other crystal polymorph, the β-form crystal, is recognized as a
strain-induced paracrystalline structure with highly extended
chains.6 In the β-form, the chains adopt a twisted planar zigzag
conformation, which is a nearly fully extended chain
conformation. The unit cell is also orthorhombic with lattice
parameters of a = 0.528 nm, b = 0.920 nm, and c (fiber period)
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= 0.470 nm.7 This metastable crystal structure, which can be
annealed back to the α-form at 130 °C,8 was first observed in
hot-drawn PHB thin films5 and later was found in cold-drawn
PHBV thin films.9 In particular, this β-form was found in a
cold-drawn amorphous film,9 indicating that the generation of
the β-form does not require prior alignment of the α-form
crystals. Over the following 10 years, the metastable β-form has
been successfully generated in thin films8,10−12 or melt-spun
fibers13−20 of PHB and PHBV under different postprocessing
conditions, where the films or fibers were highly stretched,
although the draw ratios may vary. It is reported that the β-
form remained relatively unchanged for months at room
temperature,10,15 suggesting that this crystal structure does not
undergo secondary crystallization.
The β-structure has long been accepted to originate from the

orientation of the free chains in the amorphous phase between
the α-form lamellar crystals.12,15,16,21 When experiencing high
stretching forces, the tie molecules between the lamellar crystals
will be strongly extended and orient along the stretching
direction. As long as the free chains adopt a planar zigzag
conformation, they would pack and form the β-structure. The
generation of the β-form crystal structure has a large effect on
various properties of the material, including the mechanical
properties,10,11,13−15,17 biodegradability,16,22 and piezoelectric
response.23 It would be interesting to explore the possibility of
generating this strain-induced metastable structure also in
PHBHx in order to further broaden the range of applications.
Electrospinning is an effective and versatile technique,

utilizing electrostatic forces to draw the solutions or melts of
many different macromolecular systems to produce nanofibers
(10 nm to 5 μm). Such fibers find applications in areas
including composites, tissue engineering, energy storage and
conversion, sensors, and filtration systems.24−29 Efforts have
been made to elucidate the strong electrically driven stretching
forces during the electrospinning process. The total draw ratio
is estimated to be as high as 25 000.30 In addition, one can
introduce additional stretching forces on the fibers during fiber
deposition by using modified collectors, such as rotating
collectors (rotary drum, rotary disk, etc.)31−37 and gapped
collectors (two charged metallic rods or plates separated by an
insulated gap),38−42 eventually obtaining macroscopically
aligned fibers along the roll-up direction or across the gap.
These strong stretching forces, together with extremely rapid
solvent evaporation, have been observed to induce formation of
metastable phases or crystalline polymorphs.32,33,43 Therefore,
electrospinning would be an interesting choice of processing
technique that might induce the metastable β-structure in PHA
nanofibers. In fact, the β-structure was found in PHB
nanofibers electrospun from dilute polymer solutions via
conventional electrospinning techniques.22 Later, this meta-
stable crystal structure was observed in the electrospun PHBV
fibers collected on a rotary drum.31 However, the existence of
the β-form in electrospun PHBHx has not yet been reported.
Actually, there has been no report, until now, of the
introduction of the β-polymorph in any form of PHBHx.
In this study using two modified collectors, i.e., an aluminum

foil with a rectangular air gap and a rotary disk with a tapered
edge, we have succeeded in obtaining the β crystalline
polymorph in macroscopically aligned electrospun PHBHx
nanofibers. For fiber mats, the fiber morphology, crystal
structure, and chain conformation were characterized by
scanning electron microscopy (SEM), wide-angle X-ray
diffraction (WAXD), and transmission Fourier transform

infrared spectroscopy (FTIR). In addition, with the aid of
selected area electron diffraction (SAED) and AFM-IR, we
were able to investigate the structure and orientation within
PHBHx nanofibers at the single fiber scale.

■ EXPERIMENTAL SECTION
Materials. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

(PHBHx) with 3.9 mol % Hx content (Mw = 843 000 g/mol, PDI =
2.2) was supplied by the Procter & Gamble Company. The polymer
was purified by dissolving in chloroform followed by filtration and
subsequent precipitation in hexane. The solvent, 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP), was purchased from Sigma-Aldrich and
used as received.

Electrospinning. A 1 wt % electrospinning solution was prepared
by dissolving the purified PHBHx into HFIP and stirring at 60 °C
overnight to ensure complete dissolution. As part of our experimental
protocol for electrospinning nanofibers, the polymer solution was
loaded into a 3 mL BD plastic syringe with a 21 gauge stainless steel
needle, which was connected to the positive terminal of a high-voltage
supply held at 10 kV. Two different negatively charged collectors, a
parallel-electrode collector and a rotary disk collector, were used to
collect electrospun nanofibers with desired morphologies. For the
parallel-electrode collector, a rectangular slot was cut in a piece of
aluminum foil, leaving the slot as a 35 mm × 10 mm air gap. For the
rotary disk collector, the disk was designed to have a tapered edge with
half angle of 30° in order to create a converging electric field. The
angular velocity of the rotary disk was set to 3500 rpm, corresponding
to a linear velocity of 1117 m/min at the edge of the disk. The applied
voltage between the needle and the collectors was 25 kV. The working
distance and solution supply rate were 25 cm and 0.5 mL/h,
respectively. All the electrospun mats were dried in vacuum for 24 h to
remove any residual solvent prior to further investigation.

Characterization. Fiber Mats. The morphology of the electrospun
PHBHx nanofibers was observed using a field-emission scanning
electron microscope (SEM, JEOL JSM 7400F) at an accelerating
voltage of 3.0 kV. Fiber diameters were measured using ImageJ
software. Wide-angle X-ray diffraction (WAXD) measurements were
carried out under ambient conditions using a Rigaku Ultima (IV)
instrument operating at 44 kV and 40 mA with Cu Kα (λ = 1.5418 Å)
as the X-ray source. Scans were performed in a 2θ range of 10°−40° at
a speed of 1°/min and a sample step of 0.1°. The Fourier transform
infrared (FTIR) spectra were collected using a Thermo Nicolet
NEXUS 670 at room temperature in transmission mode. For each
sample, 128 scans were signal-averaged at 4 cm−1 spectral resolution.

Single Fibers. Selected area electron diffraction (SAED) patterns
and bright-field images were recorded by a transmission electron
microscope (TEM, Tecnai G2 12) with a low-dose CCD camera at an
accelerating voltage of 120 kV. The nanofibers were deposited on 300
mesh copper grids coated with lacey carbon film to reduce specimen
damage. When performing the SAED experiment, the diffraction
patterns were obtained at a fixed camera length of 2.1 m, and the TEM
images were taken at a constant magnification of 97 000. A thin layer
of gold polycrystals was sputtered on each of the copper grid before
the deposition of the fibers, which was used to calibrate the camera
constant and correct any system distortion.

The high-resolution AFM images and IR spectra of single
electrospun fibers were acquired with a NanoIR2 AFM-IR (Anasys
Instruments). In order to maintain a good contact between the sample
and substrate, PHBHx nanofibers were electrospun directly on silicon
wafer substrates that are transparent in the mid-IR region from 900 to
3600 cm−1. The NanoIR spectra were collected with a spectral
resolution of 2 cm−1, coaveraging 256 cantilever ringdowns for each
data point.

■ RESULTS AND DISCUSSION

Studies on Fiber Mats. In recent years, many studies have
illustrated the huge impact of the collectors on fiber
morphologies, macroscopic alignment, and molecular orienta-
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tion.31−33,35,40 The morphologies of electrospun PHBHx
nanofibers collected using different collectors, while keeping
the other electrospinning parameters the same, were examined
with SEM, and the images are shown in Figure 1. The SEM
images clearly show how the collectors affect the fiber
morphology. Because of the bending instability in the whipping
region, the fibers collected on the aluminum foil off the gap are
randomized (Al foil random fibers, Figure 1a), while the fibers
collected across the air gap (air gap aligned fibers, Figure 1b)
and on the tapered edge of the rotary disk (rotary disk aligned
fibers, Figure 1c) are well-aligned. Furthermore, the average
diameter of the aligned fibers (270 ± 20 nm) was much smaller
than that of the Al foil random fibers (500 ± 30 nm), indicating
additional stretching and drawing during formation. It has long
been accepted that under rotating collection the electrospun
fibers were further stretched and aligned toward the rollup
direction. However, in the case of the air gap aligned fibers, the
stretching is caused by the electrostatic attractive forces
between the positive residual charges on the fibers and the
negative charges accumulated on the gap edge. These attractive
forces, in concert with the repulsive forces between the residual
charges on the undischarged fibers in the air gap, result in
macroscopic alignment of the fibers.44

In this study, the molecular orientation in the fiber mats was
characterized by polarized Fourier transform infrared spectros-
copy (p-FTIR). P-FTIR has been widely used to study the
molecular orientation and conformational changes of polymer
chains during electrospinning.31,40 For FTIR spectra with the
incident infrared beam polarized in certain directions, a high
absorbance intensity will be measured if the change in dipole
moment of the vibration has a component along the electric
vector of the incident beam. Figure 2 shows the parallel and
perpendicular p-FTIR spectra of the Al foil random fibers
(Figure 2a), air gap aligned fibers (Figure 2b), and rotary disk
aligned fibers (Figure 2c). As shown in the figure, the p-FTIR
spectra for the aligned fibers in two mutually perpendicular
directions exhibited a clear difference in absorbance intensity,
which indicated the presence of molecular orientation of the
PHBHx polymeric chains. In order to quantify this microscopic
orientation, the normalized dichroic difference (NDD) of some
characteristic peaks was calculated using the equation
(assuming uniaxial symmetry)

=
−
+

⊥

⊥

A A

A A
NDD

2

where A∥ is the parallel-polarized infrared absorbance intensity
and A⊥ is the perpendicular-polarized infrared absorbance
intensity relative to the macroscopic fiber axis. As seen from

this equation, the NDD ranged from −1/2 to 1 with NDD = 0
when the sample is isotropic. As listed in Table 1, the NDD for
the carbonyl stretch was calculated as 0.001, −0.134, and
−0.100 for the Al foil random fibers, air gap aligned fibers, and
rotary disk aligned fibers, respectively. NDD < 0 indicates that
the absorbance intensity of CO is lower when the electric
vector of the incident infrared beam is parallel to the fiber axis
compared to that when the vector is perpendicular to the fiber
axis (A∥ < A⊥). This result suggested that the carbonyl bond
exhibited a perpendicular orientation to the fiber axis, and
polymer chains were oriented along the fiber axis because the
carbonyl bond is approximately perpendicular to the molecular
backbone as anticipated by its chemical structure. As the NDD
of carbonyl bond approaches −1/2, the chains are more
oriented along the fiber axis. On the other hand, NDD > 0 for
the C−O−C bond along the molecular backbone suggests that
the C−O−C bonds were oriented approximately parallel to the
fiber axis. As the NDD of C−O−C bond approaches unity
(1.0), the chains are more oriented along the fiber axis. From
Table 1 we see that the air gap aligned fibers had the lowest
NDD (highest absolute value) for CO stretching and the
highest NDD for C−O−C stretching, which suggests that the
air gap aligned fibers had the highest level of chain orientation
along the fiber axis. Particularly, it is noted that the NDDs of
the three bands were always around 0 for the Al foil random
fibers. This result is due to the lack of macroscopic alignment of
the fibers. Under these conditions, nothing can be said about
the degree of chain alignment within the individual fibers.
The crystal morphology of electrospun PHBHx nanofibers

was examined by WAXD and FTIR. Figure 3 shows the WAXD
profiles of the Al foil random fibers, air gap aligned fibers, and
rotary disk aligned fibers. In all profiles, diffraction peaks
assigned to the α-form with a 21 helical conformation were
observed.22,45,46 Furthermore, in the WAXD profiles of the air
gap aligned fibers and rotary disk aligned fibers, a diffraction
peak assigned to the β-form with a planar zigzag chain
conformation was observed at 2θ = 19.6°.9,13,16,22 As is
apparent, the rotary disk aligned fibers had significantly more
β-form than the air gap aligned fibers. For display purposes, the
intensity of α(020) at 2θ = 13.7° in all the profiles was
normalized to unity. Considering that no β-form was found in
the Al foil random fibers, this extended chain conformation
must be induced by the two modified collection methods where
macroscopically aligned fibers were obtained since the different
collection strategies (on an air gap vs on a rotary disk rotating
at 3500 rpm) involve substantially different stretching forces on
the fiber and a corresponding increase in the amount of β-form
produced in the latter.

Figure 1. SEM images of electrospun PHBHx fibers collected (a) on the aluminum foil off the air gap, (b) across the air gap, and (c) on the rotary
disk.
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The introduction of the planar zigzag chain conformation in
the fibers collected across a gap or on a rotating disk was
further confirmed by transmission FT-IR spectra (Figure 4).
The CO stretching in PHAs is strongly correlated with the
polymer backbone conformation.31 As seen in Figure 4a, the
CO stretching band of the off-gap random fibers can be

Figure 2. Polarized FTIR spectra of the Al foil random fibers (a), air
gap aligned fibers (b), and rotary disk aligned fibers (c). The incident
IR beam is polarized in two mutually perpendicular directions which
are perpendicular (red) and parallel (black) to the aligned fiber axis.

Table 1. Normalized Dichroic Difference (NDD) of
Different Vibrational Bands

normalized dichroic difference

vibration band (cm−1) Al foil air gap rotary disk

1725 (CO stretching) 0.006 −0.134 −0.100
1128 (symmetric C−O−C stretching) −0.009 0.758 0.453
1099 (asymmetric C−O−C stretching) 0.009 0.348 0.151

Figure 3. WAXD profiles of electrospun PHBHx fibers obtained using
different collectors.

Figure 4. FT-IR spectra of off-gap random fibers, in-gap aligned fibers,
and rotary disk aligned fibers in (a) CO stretching region and (b)
C−O−C stretching region.
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resolved into an intense peak at 1725 cm−1 corresponding to
the crystalline phase and a weak shoulder at 1746 cm−1

corresponding to the amorphous phase. As the amount of the
β-form increased, going from random fibers to aligned fibers
(normalized WAXD result), the peak at 1725 cm−1 became
broader and shifted to higher frequency, while the shoulder at
1746 cm−1 showed an increase in its relative intensity and
shifted to lower frequency. In other words, the peak and the
shoulder gradually approached each other and became more
similar in shape as the concentration of the β crystalline form
increased. In addition, some spectral changes also occurred in
the fingerprint region. In Figure 4b, peaks at 1304, 1080, and
969 cm−1 developed along with the increase of β-form while
peaks at 1277, 1047, and 950 cm−1 receded into shoulders.
Similar observations have been made in other studies.8 These
observations are important because they demonstrate a
correlation between the presence of the metastable β-structure
(confirmed by WAXD) and the changes, especially the
appearance of new bands, in the vibrational spectra. As a
result, those peaks mentioned above could be regarded as
indicators of the presence of the planar zigzag backbone
characteristic of the β crystalline polymorph.
Studies on Single Fibers. Selected area electron diffraction

(SAED) via low dose TEM was used to examine the crystal
structure and orientation at the single fiber scale. Figure 5

shows the bright-field images and SAED patterns of individual
electrospun PHBHx fibers collected on aluminum foil (a, a′),
across the air gap (b, b′), and on the tapered edge of the rotary
disk (c, c′). The fibers from the air gap (b) and the rotary disk
(c) were comparable in size with diameters of 195 and 221 nm,
respectively, while the fiber from the aluminum foil (a) was 2
times bigger with a diameter of 495 nm. The corresponding
SAED patterns of these three fibers showed clear differences
from each other, although all three SAED patterns had
crystalline reflections characteristic of the orthorhombic α-
form crystals, the orientation of the crystals changed
significantly when using different collectors. In this study, the
crystalline orientation is quantified by the tangential spread of
electron diffraction or the degree of the central angles (ψ) of
the equatorial α(020) and α(110), meridional α(002), and
layer α(111) arc-shaped reflections, which are summarized in
Table 2. The central angle of the arcs corresponds to the
angular distribution of the indexed crystallographic planes,47,48

so smaller ψ indicates higher degree of uniaxial orientation of
the crystals. From Table 2, it is noted that the fiber from the
rotary disk always exhibited the smallest ψ for all arcs,
suggesting that in this single fiber the α-form crystals had the
highest degree of orientation among the three samples, and the
polymeric chains in the crystals were highly oriented along the
fiber axis. The crystalline reflection of the β-form crystals
appeared in fibers from the two modified collectors where a
pair of new equatorial arcs were observed in both 4b′ and 4c′,
which are assigned to the β-form crystal plane. Since the β-form
crystal structure is a strain-induced paracrystalline structure, this
observation indicates that the two modified collectors indeed
introduced extra stretching forces on the fibers which are strong
enough to stretch the polymer chains to an essentially fully
extended form. It is also noted that the β-form arcs always had
a small central angle of 8° (Table 2), suggesting a high
orientation of the molecular chains in the β-crystals along the
fiber axis under different collection conditions.
For each of the three SAED patterns, the intensity profile

along the equatorial line was plotted against the scattering
vector (1/d, reciprocal of space distance), and the profiles
obtained are shown in Table 2. In order to eliminate the
influence of nonstructure-related factors, such as electron beam
conditions and photorecording conditions, the background gray
values for all three SAED patterns were equalized before
analysis. The baseline was corrected by fitting the background
for each of the profiles. The following observations were made
from these intensity profiles, first, from left to right, the
intensities of the α(020) and α(110) peaks both decreased
while the intensity of the β peak increased, indicating a decrease
in the α-crystal structure content and a correlated increase in
the β-crystal structure content. These observations indicate that
the stretching forces from the insulated gap, which are caused
by the electrostatic attraction between the positively charged
fibers and the negatively charged gap edges and the electrostatic
repulsion between the residual positive charges on each fiber,
are significantly weaker than those from the rotary disk. In
addition, the correlated increase of the β-crystal content along
with the decrease of the α-crystal content suggests that the
formation of the β-form crystal structure is initiated by the
stretching forces from the two modified collectors, and the α-
and β-form crystal structures were formed simultaneously from
amorphous and mobile polymer chains by two competing
crystallization processes during collection. It is noted that this
formation mechanism of the β-form crystal structure is different

Figure 5. Bright-field TEM images of single electrospun PHBHx
nanofibers from different collectors (a−c) and their corresponding
SAED patterns (a′−c′).
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from those proposed by Iwata12 and Ishii22 in which the β-
crystals are formed after the α-crystals. Second, the full width at
half-maximum (fwhm) of the two α-peaks increased, indicating
a decrease in the effective crystal size according to the Scherrer
equation.49 However, the fwhm of the β-peak in the last two
profiles were similar, suggesting that the effective size of β-
crystals remains the same when experiencing different
stretching forces. The decrease of the effective sizes of the α-
crystals may be due to faster solvent evaporation and thus more
rapid solidification when using the modified collectors. As a
result, the polymer chains were locked up at the initial state of
crystallization. In short, the extra stretching forces provided by
the modified collectors during the collection process would
initiate the formation of the β-crystalline structure by extending
the mobile amorphous chains to a planar zigzag conformation,
which competes with the formation of the α-crystalline
structure. In addition, these stretching forces would enhance
the orientation of the α-crystals along the fiber axis and
decrease their effective sizes. However, the influence of the
stretching forces on the orientation degree and sizes of the β-
crystals is limited.
When the SAED patterns in 5b′ and 5c′ were carefully

examined, we found that for each indexed α-crystal plane listed
in Table 2 there was always a superposition of two arcs with
different widths in the azimuthal direction, especially in 5b′ (see
schematics in Table 2). One arc had a larger central angle but
was narrower, and the other one had a smaller central angle but
was broader, indicating that there were two sets of α-crystals
differing in orientation degree and crystal size. It was also
observed that the narrower arc became much smaller as the
stretching forces increased from 5a′ to 5c′ while the broader arc
was only slightly smaller, indicating that the stretching had
different influences on the orientation of the two sets of α-
crystals. Another interesting observation was the appearance of
a large α(001) layer line across the meridian in 5b′ while two

pairs of distinct α(011) arc reflections were observed in 5c′.
These results indicate a change in the packing states of the
molecular chains in the α-form crystal structure along the fiber
axis.
To summarize, the results from the SAED experiments on

single fibers confirm a significant influence of the collection
methods on the crystal structure and orientation level of the
crystals, which is consistent with the conclusions drawn from
the investigations on fiber bundles. Furthermore, the SAED
results also demonstrated that substantial polymer chain
orientation does occur even in randomly collected fibers on
aluminum foil, something that could not be previously
determined in fiber bundle studies.50 These results further
indicate that stretching forces during the electrospinning
process are large enough to partially orient the chains but are
not large enough to extend the chains to a planar zigzag
conformation, which requires extra stretching forces during
collection. In addition, in the SAED experiments, the rotary
disk aligned fibers were observed to have the highest level of
chain orientation. This is in contrast to the results obtained
from polarized FT-IR experiments where the bundle of air gap
aligned fibers apparently shows the highest level of chain
orientation among all three samples. This discrepancy may be
due to the misalignment and size/morphology nonuniformity
(beads) of the rotary disk aligned fibers in the bundle which
would cause averaging of the polarized FT-IR signals over fiber
bundles. As a result, investigation of individual polymer
nanofibers becomes increasingly more important.
As stated above, SAED is a powerful technique for the

investigation of single electrospun nanofibers. However, SAED
experiments are sometimes difficult and time-consuming.50 To
complement these results, we have used a novel technique,
AFM-IR, which allows direct investigation of both the
crystalline and amorphous phases of ultrafine electrospun
fibers at the single fiber scale. AFM-IR is a technique combining

Table 2. Schematic of the SAED Patterns of Single Fibers Collected with Different Methods and Central Angles of the Arc
Reflections of the Indexed Crystalline Planes

aThe intensities of the reflections are represented by the gray scale.
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atomic force microscopy (AFM) and infrared spectroscopy
(IR) for nanoscale characterization. It provides IR spectra and
AFM images simultaneously of sub-100 nm features. The
source is a tunable IR laser whose wavelength can be swept
through the infrared “fingerprint” region in less than 1 min. If
one of the wavelengths is absorbed by the sample, then thermal
expansion of the sample occurs on the nanosecond time scale,
which causes a modulation of the oscillating AFM cantilever.
This creates a “ringdown” at that particular frequency which
decays as the heat dissipates. The positive amplitude of the
oscillation represents the IR band intensity, and hence as the
frequency is tuned through the IR region (900−3600 cm−1), an
IR spectrum is obtained at a spatial resolution of 50−100 nm.
More details of this instrumentation are reported elsewhere.51

In order to test the feasibility of this technique, the IR spectra
of a single Al foil fiber and a single rotary disk fiber were
collected and compared with the transmission FT-IR spectra of
their corresponding fiber mats (Figure 3, spectra in black and
blue). Figures 6a and 6b are the AFM images of the two fibers
with diameters of 473 and 324 nm, respectively. The IR spectra
of these two single fibers are displayed in Figure 6c. As shown
in the figure, the spectrum of the fiber collected on Al foil could
be resolved into two features, an intense peak at 1725 cm−1 and
a weak shoulder at 1746 cm−1, corresponding to the α
crystalline phase and the amorphous phase, respectively.
However, in the spectrum of the fiber collected on a rotary
disk, two distinct peaks at 1728 and 1740 cm−1 were observed,
which were assigned respectively to the more ordered α
crystalline phase and the β crystalline phase. These nano-IR
spectra are in good agreement with the traditional FT-IR
spectra in terms of peak/shoulder position and relative
intensity. However, it is noted that the peaks in the nano-IR

spectra are more highly resolved compared to the correspond-
ing FT-IR spectra which are broadened and smeared due to
averaging over a distribution of slightly misaligned fibers.

Generation Mechanism of the β-Form Crystal
Structure. The generation of the β-form crystal structure
could have a significant influence on various properties of the
material. So far, this strain-induced metastable crystalline
structure has been reported in highly crystallized materials of
PHB and PHBV processed in different ways, including hot/cold
drawn films, two-step-drawn fibers, and one-step-drawn fibers
after isothermal crystallization.22 In these highly stretched PHB
or PHBV thin films and fibers, the β-form was believed to
originate from the free chains in the amorphous phase between
well-developed α lamellar crystals. In other words, the β-form
crystal structure is generated after the formation of the α-
crystals. However, by using similar processing methods, one
cannot obtain the β-form crystal structure in PHBHx52 because
of the large amount of amorphous chains in the material that
could not be highly extended during processing.
In our present work, we successfully generated the β-form

crystalline structure in PHBHx by collecting the nanofibers on a
high-speed-rotating disk, although the crystallinity of the
resultant fibers is as low as 44 ± 1% as suggested by a
preliminary DSC measurement (if the crystallinity is calculated
with the equation Xc = ΔHm/ΔHm0 × 100%, where ΔHm0 is the
melting enthalpy of 100% crystalline PHB homopolymer (146
J/g53)). On the basis of the experimental observations that the
α- and β-form crystals coexist simultaneously in the resultant
fibers and that the increase of the β-crystal content is correlated
with the decrease of the α-crystal content with increasing
stretching forces during collection (see SAED), we conclude
that both the α and β crystalline forms are formed during

Figure 6. AFM images of single electrospun PHBHx fibers collected on (a) aluminum foil (473 nm) and (b) the tapered edge of a rotary disk (324
nm). (c) IR spectra of fibers shown in (a) and (b). The red dots on the two individual fibers indicate the position of the AFM tip.
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collection. Both appear to be formed from amorphous and
mobile chains by two distinct, competing crystallization
processes. The possible generation mechanisms of the β-
crystalline structure are illustrated in Figure 7. Unlike the
generation mechanism reported previously (β-crystals are
formed after the α-crystals), the β-form in the electrospun
PHBHx nanofibers is actually formed at the same time as
(route 1) or even before the formation of the α-form (route 2).
The dissolved polymer chains in their random coil state are
highly stretched during electrospinning and thus extended and
oriented along the stretching direction. As a result, the
amorphous fibers arriving at the air gap or rotary disk consist
of oriented polymer chains along the fiber axis and are
plasticized by remaining solvent. During collection, the
amorphous fibers are further stretched by the additional
elongational forces provided by stretching across a gap or by
winding up on a high-speed rotating wheel. At the highest
elongation, some oriented chains in the amorphous fiber would
be fully extended and adopt a planar zigzag conformation. At
high solvent evaporation rates, this metastable β-conformation
would be locked in the solidified fiber, and thus β-crystals
would be formed simultaneously with the α-crystals, as
illustrated in route 1. An additional possibility is that under
strong tensile forces during collection most of the polymer
chains in the amorphous fiber are fully extended and adopt a
planar zigzag conformation. At slower evaporation rates due to
the trapping of residual solvent in the core of the as-spun fiber,
a portion of the chains, especially in the core, would relax and
convert to the more stable helical conformation (α-form).
Therefore, the final solidified fibers would contain both the α-
and β-crystalline structure, as illustrated in route 2. Realistically,
the actual generation mechanism might be a combination of
both, and ongoing studies will hopefully provide more insight
into the formation process of the β-form in PHBHx.

■ CONCLUSION

A microstructural investigation of electrospun PHBHx nano-
fibers was conducted on fiber mats and on single nanofibers.
The molecular chain conformation, the crystal structure, and
the orientation of the crystals/chains were investigated by
polarized-FT-IR, WAXD, SAED, and AFM-IR and were found
to be highly dependent on the collection methods. More
importantly, for the first time, the strain-induced β-form crystal
structure was obtained in electrospun PHBHx nanofibers by
using two modified collectors. The β-form was identified based
on the appearance of a new crystalline reflection in WAXD and
SAED and the spectral changes observed in the IR spectra. In
addition, the results from the SAED experiments on individual
fibers provided insights about the correlations between
stretching forces and the degree of orientation and size of the
α- and β-crystals. Finally, the AFM-IR technique was
demonstrated to be a powerful and efficient tool for the
microstructural investigation of individual electrospun nano-
fibers. In addition, according to the experimental results, we
proposed a new generation mechanism of the β-form crystal
structure which is significantly different from those previously
reported. The β-crystals, originating from the oriented free
chains in the fiber, were formed at the same time as or even
before the formation of the α-crystals during collection. Our
present study has led to an additional investigation of the
relationship between the β-structure and the mechanical
properties and processing protocols of PHBHx. The corre-
sponding changes in the macroscopic performance of the
material, together with its excellent biodegradability and
biocompatibility, make PHBHx a promising material in many
application areas.
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Figure 7. Two possible generation mechanisms for the formation of the α- and β-form crystal structure during electrospinning and collection. Route
1 indicates the simultaneous formation of the α- and β-crystalline forms during nanofiber collection. Route 2 indicates that the α-crystalline form is
generated after the formation of the β-form. The α-crystalline form is originated from the relaxed planar zigzag chains (β-form) due to the existence
of residual solvent in the core. In this figure, wavy lines in the fiber illustrate the 21 helical backbones of the chains in the α-phase, straight lines
illustrate the planar zigzag backbones of the chains in the β-phase, and random curvy lines illustrate the free chains in the amorphous phase. Cyan
color in the figure represents solvent.
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