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N
anofibers with well-defined micro-
structure, such as core�shell or
multilayer coaxial structures, have

been the subject of great interest for a num-
ber of potential applications because of their
diverse properties and functionalities.1�13

Generally, the core�shell nanofibers can be
prepared by coaxial electrospinning.14�20

Although coaxial electrospinning is attractive
as result of simultaneously electrospinning
two different polymer solutions into core�
shell structured nanofibers, the coaxial elec-
trospinning system has a complicated design
requiring two coaxial capillary spinnerets.14

Single spinneret electrospinning processes,
such as emulsion electrospinning,21,22 blend
electrospining23�33 and template growth34�38

were also developed for preparing core�shell

nanofibers. For the emulsion electrospinning,
the immiscibility of core and sheath materials
and the stable homogeneous emulsion are
crucial to achieve core�shell structures. Blend
electrospining is another relatively facilemeth-
od for preparing core�sheath nanofibers,
which is dependent on incompatibility of the
polymers, molecular weight of the composi-
tions, and solvent selection. Meanwhile, in
many cases, some post-treatment steps are
necessary for forming clear phase separation
structure.20,22,27,30,39 Therefore, it still remains a
challenge to construct core�shell nanofiber
with fine structures by facile and low-cost
solution-phase protocols.
Anisotropic nanostructures using crystal-

lization of crystalline-coil copolymer as a
main inducing force are especially attractive
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ABSTRACT A novel and facile strategy, combining anisotropic micellization of

amphiphilic crystalline-coil copolymer in water and reassembly during single

spinneret electrospinning, was developed for preparing nanofibers with very fine

core�shell structure. Polyvinyl alcohol (PVA) and polyethylene glycol-block-

poly(p-dioxanone) (PEG-b-PPDO) were used as the shell and the crystallizable

core layer, respectively. The core�shell structure could be controllably produced

by altering concentration of PEG-b-PPDO, and the chain length of the PPDO block. The morphology of the nanofibers was investigated by Transmission

Electron Microscope (TEM) and Scanning Electron Microscope (SEM). X-ray rocking curve measurements were performed to investigate the degree of

ordered alignment of the PPDO crystalline lamellae in the nanofiber. The results suggested that the morphology of nanoparticles in spinning solution plays

very important role in determining the phase separation of nanofibers. The amphiphilic PEG-b-PPDO copolymer self-assembled into star anise

nanoaggregates in water solution induced by the crystallization of PPDO blocks. When incorporated with PVA, the interaction between PVA and PEG-b-

PPDO caused a morphological transition of the nanoaggregates from star anise to small flake. For flake-like particles, their flat surface is in favor of compact

stacking of PPDO crystalline lamellae and interfusion of amorphous PPDO in the core of nanofibers, leading to a relatively ordered alignment of PPDO

crystalline lamellae and well-defined core�shell phase separation. However, for star anise-like nanoaggregates, their multibranched morphology may

inevitably prohibit the compact interfusion of PPDO phase, resulting in a random microphase separation.

KEYWORDS: single spinneret electrospinning . core�shell nanofiber . crystalline-coil copolymer . anisotropic micelle
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because they can possess complex interparticle inter-
actions useful for the bottom-up design of hierarchical
assemblies.40,41 In our previous works, the TEM images
suggested that the amphiphilic crystalline-coil block
copolymer based on PPDO, including branched alternat-
ing PEG-PPDO multiblock copolymer,42 mutli-branched
PEG-PPDO block copolymer,43 and PVA-g-PPDO graft
copolymer,44 can self-assemble into anisotropic nanoag-
gregates with star anise-like morphology in water dis-
persion. The time-dependent self-assembly process of
PVA-g-PPDO copolymer suggested that the formation of
the anisotropic nanoaggregates is a hierarchical assem-
bly process from flake-like particles.44 At the initial stage,
the copolymer formed flake-like particles because the
crystallizatioin of PPDO segments may kinetically “trap”
this kind of morphology with high interface curvature.
With the increase of degree of crystallinity, the flake-like
particles tended to interfuse and evolve to the thermo-
dynamically preferred morphology over time. In this
work, we developed a novel and facile strategy to
produce nanofibers with fine core�shell structure based
on the anisotropic nanoparticles of polyethylene glycol-
block-poly(p-dioxanone) (PEG-b-PPDO) and single spin-
neret electrospinning. The PEG-b-PPDO diblock copoly-
mers and polyvinyl alcohol (PVA) were used as the core
and shell of the nanofiber, respectively.

RESULTS AND DISCUSSION

The PEG-b-PPDO diblock copolymer was prepared by
using monomethoxy PEG as initiator for ring-opening

polymerization of p-dioxanone (PDO) (see also in
Supporting Information). Two PEG-b-PPDO copolymers
were used in this work and recorded as PEGx-b-PPDOy,
where x and y represent the degree of polymerization of
PEG and PPDO blocks, respectively. The amphiphilic
PEG-b-PPDO could assemble into anisotropic nano-
aggregates with special star anise-like morphology in
water (Figure 1A,D). Our previous researches proved
that this morphology was induced by the crystallization
of PPDO blocks.42�44

It was not possible to directly electrospin nanofibers
from water dispersion of pure copolymer because the
micellization decreased viscosity of the solution ob-
viously. When incorporated with PVA, the spinnability
of the PEG-b-PPDO solution was improved. The Trans-
mission Electron Microscope (TEM) images of nano-
aggregates formed in PVA/PEG45.5-b-PPDO18 spinning
solutions with PVA concentration maintaining at
8 w/v% were shown in Figure 1B,C. When copolymer
concentration of the spinning solution was 4.8 w/v%
(corresponding to the copolymer content of 38 wt % in
nanofiber), the nanoparticles formed in spinning solu-
tion maintained “star anise”-like morphology. How-
ever, when copolymer concentration of the spinning
solution was 1.6 w/v% (corresponding to the copoly-
mer content of 17wt% in nanofiber), the star anise-like
aggregates were dissociated into many small pieces
with a flake-like morphology. From the TEM image,
it can be seen clearly that the flake-like particle was
composed of several lamellae (Figure 1b). Meanwhile,

Figure 1. TEM images of PEG45.5-b-PPDO18 (A�C, a�c) and PEG45.5-b-PPDO7 (D�F, d�f) nanoaggregates in water dispersion
(A, a, D, d); with copolymer concentration of 1.6 w/v% (B, b, E, e); in spinning solution, in spinning solution with copolymer
concentration of 1.6 w/v% (B, b, E, e); in spinning solution with copolymer concentration of 4.8 w/v% (C, c, F, f). The
concentration of PVA in spinning solution is 8 w/v%.
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for PVA/PEG45.5-b-PPDO7 spinning solutions with copoly-
mer concentration of 1.6 and4.8wt/v%, the nanoparticles
also showed flake-like morphology in Figure 1E(e) and
F(f). Comparing to PVA/PEG45.5-b-PPDO18 (17 wt %),
however, the flake-like particles formed by PEG45.5-b-
PPDO7 in spinning solution did not show clear inner
structure because of their relatively short PPDO blocks
and low crystallinity.
During the formation of star anise-like nanoaggre-

gates, the flake-like particle is a metastable or kineti-
cally “quenched” morphology which evolves to the
thermodynamically preferred star anise morphology
over time. However, when PVA were added, the
hydrophobic�hydrophilic equilibrium of the nano-
aggregates was broken. The interaction between hy-
drophilic PVA and PEG blocks can thermodynamically
rather than only kinetically “trap” the flake morphol-
ogy. This morphological change depends on the mol
ratio between PVA and PPDO segments. For example,
PVA/PEG45.5-b-PPDO18 (38 wt %) has the highest PPDO
content among all samples. The interaction between
PVA and PEG blocks of this sample is not strong
enough for dissociating the star anise-like nanoparti-
cles (Figure 1C). However, both the outline and inner
structure of the nanoparticles became fuzziness owing
to the interaction between PVA and PEG. Meanwhile,

for those samples with less copolymer content or
shorter PPDO blocks than PVA/PEG45.5-b-PPDO18

(38 wt %), the interaction between PVA and PEG blocks
overwhelms the cohesion from the hydrophobic semi-
crystalline PPDO blocks, resulting in a morphological
evolution from star anise to flake (Figure 1B,E,F).
The size distributions of the nanoparticles were also

recorded by dynamic light scattering (DLS). Figure 2A,B
exhibited the size distribution curves of the nanopar-
ticles. DLS results were qualitatively consistent with
the assigned change in nanoparticle morphology. The
obviously decreased particle size also indicated
the dissociation of the star anise like aggregates into
flake-like particles.
The angular dependence of the apparent diffusion

coefficient (Dapp) vs scattering vector (q) is an effective
method to determine the anisotropy of the nano-
particles with different morphologies. For spherical
particles, Dapp should be independent of the scatter-
ing vector because of the undetectable rotational
motion.45,46 As shown in Figure 2C,D, all samples
showed angular dependence of the Dapp vs q2 except
PVA/PEG45.5-b-PPDO18 (38 wt %). As mentioned above,
the nanoparticles of PVA/PEG45.5-b-PPDO18 (38 wt %)
maintained star anise-like morphology (Figure 1C).
However, owing to the interaction between PVA and

Figure 2. The size distributions of the DLS data and angular dependence (q is the scattering vector) of the apparent diffusion
coefficient, Dapp, for nanoparticles of PVA/PEG45.5-b-PPDO18 (A and C), PVA/PEG45.5-b-PPDO7 (B and D), and the correspond-
ing PEG-b-PPDO copolymer.
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PEG shell of the star anise-like particles, this sample
showed a scattering property similar to those of the
spherical particles. For PEG-b-PPDO dispersion, Dapp
decreased with q2, which could be ascribed to the star
anise-like particle morphology. While for those PVA/
PEG-b-PPDO spinning solutions with flake-like particle
morphology, Dapp increased with q2 related to the
formation of nonspherical aggregates with an elon-
gated shape. Although both star anise-like and flake-
like particles are anisotropic, they exhibited different
angular dependence of the Dapp vs. scattering vector
because of their much different anisotropy. The differ-
ence in angular dependence also confirmed the evolu-
tion in particle morphology after PVAwas added in the
spinning solution.
The viscosities of samples were recorded by a rota-

tional viscometer. According to the scaling theory of
Tawari,47 the higher concentration of polymer solution
possessed, the larger viscosity would be exhibited. As
listed in Table 1, however, the viscosity of PVA/PEG-
b-PPDO spinning solutions with copolymer content of
17 wt % was obviously lower than neat PVA solutions
with same PVA concentration. The viscosity gradually
increased when more copolymers were added. For
PEG45.5-b-PPDO18 (30 wt %) and PEG45.5-b-PPDO18

(38 wt %), they showed even higher viscosity than
that of neat PVA. This phenomenon suggested that
the morphology of nanoparticle have very important
influence on the chain entanglement of PVA in the
spinning solution.
The rheological behavior of the PVA/PEG-b-PPDO

and neat PVA spinning solutions was also investigated
by a dynamic rheometer on the concentration range in
order to identify the different concentration regimes in
which polymer chain entanglements dominate the
flow behavior.48�50 As shown in Figure 3, the spinning
solutions of PVA/PEG45.5-b-PPDO18 (17 wt %) exhibited
obvious shear thinning behavior, comparing to neat
PVA and PVA/PEG45.5-b-PPDO18 with high copolymer
content.Meanwhile, The PVA/PEG45.5-b-PPDO18 (30wt%)
and PVA/PEG45.5-b-PPDO18 (38 wt %) showed higher
viscosities than neat PVA and PVA/PEG45.5-b-PPDO18

(17wt%). The flake-like nanoparticles in PVA/PEG45.5-b-
PPDO18 (17 wt %) solution have much better orienta-
tion property than that of star anise-like aggregates
during shearing, leading to low internal friction andhigh
orientation of the chains.50�52 While for star anise-like
aggregates, their multibranchedmorphology is in favor
of chain entanglements of PVA. Therefore, the spinning
solutions of PVA/PEG45.5-b-PPDO18with high copolymer
content show higher viscosities than neat PVA.
The interaction between PVA and PEG could also

enhance the stability of the copolymer nanoaggre-
gates. For example, the dispersion of PEG45.5-b-PPDO18

nanoaggregates without PVA could only maintain
stable when the copolymer concentration was 1.6
wt/v% or lower. However, the spinning solution of

PVA/PEG45.5-b-PPDO18 showed very good stability
even at high copolymer concentration.
All samples can be electrospun into uniform nano-

fibers with smooth surface and diameter range of
100�200 nm. Figure 4A�C present the TEM images
of electrospun of PVA/PEG45.5-b-PPDO18 with different
copolymer weight content (17, 30, and 38 wt %,
respectively). It is notable that only the PVA/PEG45.5-
b-PPDO18 (17 wt %) can form clear core�shell mor-
phology. Since no stain was used in TEM test for
nanofiber, while the copolymer have relatively much
higher crystallinity than PVA, the dark regions of the
nanofibers are identified as the semicrystallized PPDO
phase. With the increase of copolymer content, no
obvious core�shell phase-separation structures was
obtained and the boundary between PVA and PEG-b-
PPDO was less evident (Figure 4B,C).
To indentify the core�shell morphology of the

nanofibers, the electrospun membranes of PVA/
PEG45.5-b-PPDO18 were soaked in CHCl3 for selectively
removing the PEG-b-PPDO since the CHCl3 is good
solvent for PEG-b-PPDO but poor solvent for PVA. The
phase separation between PVA and PEG-b-PPDO in the
nanofiber could therefore be observed by Scanning
Electron Microscope (SEM). The SEM images of the

TABLE 1. TheViscosities of the PVA/PEG-b-PPDOSpinning

Solutions with Different Copolymer Concentrations

sample

CPEG‑b‑PPDO

(w/v%)a
PEG-b-PPDO content in

nanofiber (wt %)

viscosity

(Pa/s)

PVA 0 0 1.12
PVA/PEG45.5-b-PPDO18 (17 wt %) 1.6 17 0.87
PVA/PEG45.5-b-PPDO18 (30 wt %) 3.2 30 1.38
PVA/PEG45.5-b-PPDO18 (38 wt %) 4.8 38 1.70
PVA/PEG45.5-b-PPDO7 (17 wt %) 1.6 17 0.95
PVA/PEG45.5-b-PPDO7 (30 wt %) 3.2 30 1.02
PVA/PEG45.5-b-PPDO7 (38 wt %) 4.8 38 1.04

a CPEG‑b‑PPDO are concentrations of the PEG-b-PPDO in the spinning solution; the PVA
concentration of all samples is 8 w/v%.

Figure 3. Logarithmic plot of viscosity as a function of shear
rate of PVA and PVA/PEG45.5-b-PPDO18 with different copo-
lymer concentrations.
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nanofibers after selectively removing the PEG-b-PPDO
are presented in Figure 4D�F. It is clear to see that the
surface of the nanofiber with 17 wt% of copolymer did
not show obvious change after the extraction. How-
ever, we also found a very few sections of the nanofi-
berswere broken because of the extraction (Figure 4D).
Hollow internal structure could be observed in these
broken segments which confirmed the core�shell
phase separation of the nanofibers, and the PEG-b-
PPDO served as core while PVA served as shell of
the nanofibers, respectively. For PVA/PEG45.5-b-PPDO18

with high copolymer content (30 and 38 wt %), the
surface of the nanofibers became rough and acci-
dented (Figure 4E,F) while no hollow internal structure
was observed. These results suggested the absence of
core�shell structure and were in accordance with TEM
observation. The mass losses of the PVA/PEG45.5-b-
PPDO18 samples, calculated by weighting the samples
before and after selectively removing PEG-b-PPDO, are
16.1, 28.2, and 36.9wt%, respectively, and very close to
the theoretical values.
Fourier Transform Infrared Spectroscopy (FT-IR)

reflectance spectrum of the PVA/PEG45.5-b-PPDO18

nanofibers, neat PVA nanofiber and PEG45.5-b-PPDO18

powder were presented in Figure 5. The neat PVA
nanofibers exhibited a broad absorption peak at
3419 cm�1 and weak absorption peaks at 1639 and
1106 cm�1, which were attributed to the O�H stretch-
ing of the hydroxyl groups, H�OH bend, and C�O
stretching, respectively. Meanwhile, PEG-b-PPDO pow-
der showed characteristic peaks at 2906, 1731, 1220,
and 1134 cm�1 corresponding to the C�H stretching,

CdO stretching, C�O�C, and C�O stretching, respec-
tively. When PEG-b-PPDO content was 17 wt %, the
spectrum of the nanofiber was very similar to that
of PVA because of the fine core�shell morphology
of this sample. However, for other two samples with
higher PEG-b-PPDO content, characteristic peaks of
PPDO block could be observed at 1731 and 1220 cm�1,
suggesting that the copolymerdistributednot only in the
inner part, but also on the surface of the nanofibers
owing to the absence of core�shell structure of these
samples.
Different from PVA/PEG45.5-b-PPDO18, fine core�

shell structure was observed for all three samples
of PVA/PEG45.5-b-PPDO7 (Figure 6). Interestingly,

Figure 4. TEM (A�C) images of the electrospun nanofibers of PVA/PEG45.5-b-PPDO18 with different copolymer content and
SEM images (D�F) of corresponding nanofibers after selectively removing of the copolymer. The weight contents of
copolymer are 17 wt % (A and D), 30 wt % (B and E) and 38 wt % (C and F), respectively.

Figure 5. The FT-IR reflectance spectra of the PVA/PEG45.5-
b-PPDO18 electrospun nanofibers, neat PVA nanofibers and
PEG45.5-b-PPDO18 powder.
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PVA/PEG45.5-b-PPDO7 nanofibers with 17 wt % of
copolymer content showed a discontinuous core�
shell structure as marked by white arrows in
Figure 6A. This phenomenon could be attributed
to the molecular structure of the copolymer. Since
the PPDOblock of PEG45.5-b-PPDO7 ismuch shorter than
that of PEG45.5-b-PPDO18, the weight fraction and
crystallinity of PPDO block of this sample are not high
enough for forming continuous core. Comparatively, the
PVA/PEG45.5-b-PPDO7 nanofibers with high copolymer
content (30 and 38 wt %) showed very uniform core�
shell structure with obvious boundary (Figure 6B,C).
Moreover, the diameter of the core increased with the
copolymer content.
Similar to the PVA/PEG45.5-b-PPDO18 (17 wt %),

PEG45.5-b-PPDO7 can form flake-like particles in spin-
ning solution even at high copolymer content (38wt%,
Figure 1F) because of its relatively short PPDO blocks.
Meanwhile, the nanofibers of PVA/PEG45.5-b-PPDO7

samples also exhibited similar core�shell phase separa-
tion to PVA/PEG45.5-b-PPDO18 (17 wt %). This phenom-
enon suggested that the morphology of nanoparticles
in spinning solution plays very important role in deter-
mining the phase separation of nanofibers.
X-ray rocking curve measurements were performed

to investigate the degree of ordered alignment of the
PPDO crystalline lamellae in the nanofiber. The rocking
curve was recorded by the so-called-ω scan wherein
the detector remains fixed at the required 2θ of
the plane of interest (usually the plane with the same
hkl out-of-plane direction) and the sample is rotated
near the Bragg condition. Here the diffraction scan
is through the Bragg spot along an orientation ortho-
gonal to the nanofibers growth direction.53�55 In
the ω-rocking curve, the full width at half-maximum
(fwhm) of selected diffraction peak provides a direct
measure of the angular distribution of textures around
the normal direction to the substrate corresponding to
orientational distributionof PPDOcrystalline lamellae.54,55

Changes in scattered intensity at a locked direction of
the scattering vectors correspond to the distribution
of orientation of the diffracted lattice plane.54 Increases

of fwhm and reduction of scattered intensity indicate the
enhancement of misorientation.54�58 In the contrary,
narrow fwhm of diffraction peak and high scattered
intensity indicate strong orientation.55�59

Figure 7A,B showed the WXRD spectra of PVA/
PEG45.5-b-PPDO18 and PVA/PEG45.5-bb-PPDO7 nano-
fibers with different copolymer contents, respectively.
The diffraction peak at 2θ = 21.98� is the major diffrac-
tion peak of PPDOblocks corresponding to (210) lattice
plane reflection.60 The ω-rocking curves of the (210)
PPDO reflection of different samples were shown in
Figure 7C,D. The diffraction peaks of nanofibers with
core�shell phase separation (PVA/PEG45.5-b-PPDO18

(17 wt %) and all three PVA/PEG45.5-b-PPDO7 samples)
exhibited a obvious dependence of intensity vsω. Such
dependence was not observed for those nanofibers
with microphase separation, whose intensity of dif-
fraction peak did not show obvious change with
ω (red and blue lines, Figure 7C). The fwhm of diffrac-
tion peaks of nanofibers with core�shell morphology
were also obviously smaller (around 11�) than the latter
(around 16�). Moreover, the nanofibers with core�
shellmorphology also showed relatively high scattered
intensity of diffraction peaks. These results indicated
that the PPDO crystalline lamellae in nanofibers with
core�shell morphology have much more ordered
alignment in the radial direction than those in nano-
fibers with microphase separation. Stacking layer by
layer of the flake-like nanoparticles in the core is a
possible explanation for the ordered alignment of
PPDO crystalline lamellae, as shown in Figure 7E.
A hypothetical mechanism about the formation of

PVA/PEG-b-PPDO core�shell nanofibers is proposed as
follows (Figure 8). The amphiphilic PEG-b-PPDO copol-
ymer self-assembled into star anise nanoaggregates in
water solution induced by the crystallization of PPDO
blocks. When incorporated with PVA, the interaction
between PVA and PEG-b-PPDO may cause a morpho-
logical transition of the nanoaggregates from star anise
to small flake. Greenfeld et al. proposed a mechanism
for the formation of the internal nanostructure of
electrospun polymer nanofibers.61,62 The suggested

Figure 6. TEM imagesof thePVA/PEG45.5-b-PPDO7 electrospunnanofiberswithdifferent PEG45.5-b-PPDO7 contents, (A) 17wt%,
(B) 30 wt %, (C) 38 wt %, respectively.
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model is based on the polymer solution elongational
dynamics which describes a fast axial stretching
and orientation of the polymer network accompanied
by radial contraction toward the core. This results in
a higher polymer concentration and orientation at the
fiber center. The suggested model also predicts the
presence of an internal spatial variation of the polymer
density and molecular orientation. When amphiphilic
nanoparticles exist in the spinning solution, as in this
work, the radial contraction of the hydrophilic PVA
polymer network is accompanied by expelling of the
hydrophobic PPDO crystals to the core area of the fibers
because the solvent is water. For flake-like particles, their
flat surface is in favor of particles stacking layer by layer,
leading to a relatively orderedandanisotropic alignment
of PPDO crystalline lamellae in radial direction. With the
gradually evaporation of water, the semicrystallized

hydrophobic PPDO phase tend to merge together to
decrease the interfacial energy between hydrophobic
phase andhydrophilic phase. However, for star anise-like
nanoaggregates, their multibranched morphology may
inevitably prohibit the compact aggregation of PPDO
phase. Moreover, the multibranched star anise-like mor-
phologymay also gradually increase the entanglements
of PVA chains as the water evaporating, and impede the
phase separation.63 Therefore, most of star anise-like
nanoparticles do not have sufficientmobility and time to
reassemble into equilibrium morphology, and micro-
phase separation rather than core�shell morphology
was obtained.

CONCLUSIONS

To summarize, we have developed a novel and
facile strategy for preparing nanofiber with very fine

Figure 7. WXRD patterns of PVA/PEG45.5-b-PPDO18 nanofibers (A) and PVA/PEG45.5-b-PPDO7 nanofibers (B) with different
copolymer content, respectively; rocking curves of (210, 2θ = 21.98) PPDO reflection in PVA/PEG45.5-b-PPDO18 (C) and PVA/
PEG45.5-b-PPDO7 (D) nanofibers, respectively; schematic description of distribution of the PPDO crystalline lamellae in the
nanofiber (E).
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core�shell morphology via single spinneret electro-
spinning. Owing to the crystallization of hydrophobic
PPDO segment, the copolymer formed anisotropic
flake-like particles in spinning solution with PVA using
water as solvent. The spinning solution was then
directly electrospun into nanofibers with hydrophilic
shell and hydrophobic semicrystalline core. The core�
shell structure of the nanofiber could be controlled

by the molecular structure and the concentration
of the copolymer. The morphology of the nanopar-
ticles and their interaction with PVA in spinning
solution played important roles in determining the
phase separation of nanofibers. This novel and facile
strategy will allow access to a wide variety of multi-
functional nanofibers with well-defined core�shell
morphology.

EXPERIMENTAL METHODS

Materials. PVA (degree of polymerization 1700, degree of
hydrolysis 88%) was purchased from Alfa Aesar and was used
after dried under vacuum at 40 �C until constant weight.
PDO (99.9%) with a melt point of 25 �C was provided by the
Pilot Plant of the Center for Degradable and Flame-Retardant
Polymeric Materials (Chengdu, China), and dried over CaH2 for
48 h and then distilled under a reduced pressure of 70 Pa just
before use. Stannous octoate (SnOct2) (95%) was purchased
from Sigma, and was stored in glass ampules under argon after
diluted with anhydrous toluene. Two different compositions
of polyethylene glycol-block-poly(p-dioxanone) (PEG-b-PPDO)
diblock copolymers were synthesized (Supporting Information
Scheme S1) and used for electrospinning.

Spinning Solutions. A certain amount of PVA powder was
dissolved in distilled water at 70 �C for 12 h and then cooled to
30 �C to prepare PVA solution. The dispersion of copolymer was
then dropped into PVA solution under stirring for 12 h to obtain
homogeneous aqueous solutions, and theweight content of PEG-
b-PPDO was controlled at 17, 30, and 38 wt %. After diluting to
certain volume, the final concentration of PVAwas kept at 8 wt %.
The prepared solution was left to rest for 2�3 h for degassing and
kept in sealed containers at room temperature. Prior to electro-
spinning, the as-prepared solutions were measured for their
viscosity using a rotational viscometer (NDJ-1, Shanghai, China)

Electrospinning. In the electrosinning unit (SS-2534H, Ucalery,
Bei Jing, China), the PVA/PEG-b-PPDO spinning solution was
placed in a 10 mL syringe, which was mounted in a syringe
pump. The polymer solution was fed through the needle tip
using a syringe pump at 0.3 mm/min flow rate. A grounded
metal mesh screen was placed vertically under the needle tip.
A positive high-voltage supplywas used tomaintain the voltage
in the range of 12�20 kV, and the distance between the needle
tip and the grid was 22 cm.

Selective Extraction of Electrospun Membranes. Electrospunmem-
branes prepared from corresponding solutions were dried
in vacuo at 40 �C for 14 h, and cut into specific dimensions
of 3 cm � 3 cm. The samples were accurately weighed in an
electronic balance before and after immersion in CHCl3 for 6 h at
90 �C. After the samples were taken out of CHCl3 and dried, the
samples were weighted again. After the selective extraction in
CHCl3, the eletrospun membranes were evaluated by SEM. The
following equation was used to calculate the mass loss of the
electrospun membranes.

Massloss (%) ¼ (ma �mb)=ma � 100% ð1Þ
Wherema andmbwere themasses of themembrane before and
after the extraction in the CHCl3, respectively.

Morphology. Surface morphology of nanofibers was exam-
ined by Scanning ElectronMicroscopy (SEM) (JSM-5900LV, JEOL
Co. Japan) operated at 20 kV. The samples were observed at
magnifications 20000 times of their original size. The inner
morphology of the nanofiber was observed by Transmission
Electron Microscope (TEM, Tecnai G2 F20 S-TWIN electron
microscope (FEI Co.)) operated at an acceleration voltage of
200 kV. In the TEM study, nanofibers were collected on a copper
specimen grid without staining. TEM images of nanoparticles of
PVA/PEG-b-PPDO and PEG-b-PPDO assembled in aqueous solution
were also recorded after staining by 2% OsO4 solution for 10 min.

Fourier Transform Infrared Spectroscopy. FT-IR (Nicolet G200)
spectra was recorded for pure PVA nanofibers, PEG-b-PPDO
powder and PVA/PEG-b-PPDO nanofibers in attenuated total
reflection (ATR) mode using an IR spectrophotometer at wave-
lengths in the range of 500�4000 cm�1.

X-ray Diffraction Measurements. XRD measurements were re-
corded on a PANALYTITAL X0pert X-ray diffractometer. X-ray
diffraction rocking curves were carried out to identify the
crystal orientation of the PPDO in PVA/PEG-b-PPDO nanofibers.

Figure 8. Hypothetical formation mechanism of PVA/PEG-b-PPDO core�shell nanofibers.
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For rocking-curve scan, the scanning speed was 10�/min, and
the angular interval between steps was 0.1�. Rocking curves of
the (210) PPDO reflections were measured.

Dynamic Light Scattering. DLS measurements were performed
on a Brookhaven model BI-200SM spectrometer and 9000AT
correlator using a Innova304 He�Ne laser (1 W, λ = 532 nm).
Multiangles scattering experiments were performed at scatter-
ing angles θ from 30� to 130� with an interval of 10�. At each
angle, the acquisition time and temperature were set to be
1 min and 25 �C, respectively. The samples were last dissolved
in water at a concentration of 0.4 mg/mL, which is a good
solvent for PEG blocks.

Rheological Measurements. The rheological properties of the
PVA/PEG-b-PPDO solutions were determined on a AR-2000,
TA Instruments, New Castle, DE. Themeasuring system presents
cone�plate geometry with a cone angle of 4� and a diameter of
40 mm. Shear viscosities were registered over the 0.01�100 s�1

shear rate domain for surprising all possible flow regimes, at the
room temperatures.
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