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ABSTRACT: The properties of mixtures of poly(lactic acid) (PLA) and poly(ethylene oxide) (PEO) were studied in polymer solutions

by dilute solution viscometry, and in-solution blow-spun nanofibers were studied by microscopy (scanning electron and transmission

electron microscopy) and thermal and spectral analysis. Three mixtures of PLA and PEO (3:1, 1:1, and 1:3) were solution-blended in

chloroform. Dilute solvent viscometry indicated that the 3:1 mixture of PLA and PEO had a higher miscibility coefficient value than

the other mixtures. The neat polymers and mixtures were solution-blow-spun into nanofibers. The fiber diameters were smallest in

the neat polymers. Transmission electron micrographs revealed a core/sheath structure for the sample mixtures. X-ray analysis indi-

cated that the crystallinity was positively correlated with the PEO content. Fibers from the mixtures had contact angle measurements

similar to those of the neat PEO. Fourier transform infrared and Raman spectroscopy of the mixtures indicated interactions between

ester and ether groups, which were attributed to dipole–dipole interactions between the ester groups of PLA and the ether groups of

PEO. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 3672–3681, 2013
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INTRODUCTION

Polymers such as poly(lactic acid) (PLA) and poly(ethylene oxide)

(PEO) have been explored in medical applications in many differ-

ent forms, including films,1,2 rods, microparticles and nanoparticles,

and fiber mats.3 Biodegradable nanoparticles have been widely stud-

ied because they can be used in injectable formulations,4 oral prod-

ucts,5 implants, and films.1,2 Fiber mats using drug-loaded electro-

spun nanofibers have recently drawn a great deal of interest for

applications in topical treatments, such as for malignant wounds

and ulcers.3 In comparison with other drug carriers, nanofibers

have superior drug-encapsulation efficiency and structural stabil-

ity.3,6,7 Nanofiber mats are versatile in that they can be cut or fabri-

cated to almost any size. Moreover, their porosity can be tailored

through the control of the fiber diameter and mat thickness.

The properties of polymers used in controlled release devices

may be engineered to improve drug-delivery profiles because

the release rate may not necessarily coincide with the degrada-

tion rate of the polymer.8,9 Several researchers have investigated

the properties of stereocomplex crystallization between poly(L-

lactide) (PLLA) and poly(D-lactide) (PDLA).8,10,11 A higher

crystallization increased the melting point, reduced the rate of

hydrolysis, and provided longer sustained drug release compared

to amorphous forms of PLA.9,12–14 Modulated drug release has

also been achieved with biodegradable amphiphilic block

copolymers. Properties such as swelling, permeability, and deg-

radation rate can be tailored by the segments selected for mak-

ing block copolymers.15 The hydrophobic segment is typically

PLA or another biodegradable polyester, such as poly(glycolic

acid).15 The hydrophilic segment may be poly(ethylene glycol)
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(PEG) because of its biocompatibility and solubility in both

water and organic solvents.15 PEO, which is simply a high-mo-

lecular-weight PEG (>20,000 g/mol), is also used extensively as

the hydrophilic component of amphiphilic copolymers.16

The blending of polymers is another method of modifying the

polymer properties. The advantage of blending polymers is the

low cost, ease of preparation, and control of properties by the

simple variation of the polymer ratios.17,18 Blends of miscible

polymers often are characterized by specific interactions, such

as dipole–dipole, ion–dipole, and hydrogen-bonding interac-

tions.17,19 Information about these interactions can be measured

to some extent by techniques in viscometry,19–21 thermal and

spectral analysis, and microscopy.17,22

The blending of hydrophilic and hydrophobic polymers is more

challenging, but it has been used as yet another means of produc-

ing polymer devices for controlled release.18 Such blends can pro-

vide a means of varying the hydration, degradation rate, and me-

chanical strength of controlled release devices. The dispersed-

phase domains can serve as microreservoirs for drug loading in

hydrophilic/hydrophobic polymer blends.18,23,24 Microparticle

blends of PLA and PEG were shown to be effective in the stabili-

zation and controlled release of proteins.24 PLA and PEG blends

have provided controlled release of intranasal nanoparticle drug

medication and in film coatings.25,26 Nanofibers from emulsions

containing PEO and an amphiphilic PEG–PLA diblock copolymer

were produced by electrospinning. A core/sheath fiber morphol-

ogy was formed, with the PEO component forming the core

structure.27 In yet another approach, blend polymer solutions of

PLA and PEO were electrospun to produce fibers with enhanced

hydrophilicity.23 The fibers were highly porous with enhanced

hydrophilicity, as measured by the contact angle.23

Recently, an alternative method, referred to as solution blow

spinning (SBS), has been used to produce nanofibers in a way

similar to that of electrospinning.28 The SBS method uses a spe-

cialized nozzle and compressed gas, such as nitrogen, air, or ar-

gon, to form a structure similar to the Taylor’s cone associated

with the electrospinning process. In this technique, the fiber

morphology can be controlled by both the solution variables

(polymer concentration and viscosity, surface tension, evapora-

tion rate, and polymer–solvent interaction parameters) and the

process variables (working distance, spinning temperature,

atmosphere used, spinning gas, and pressure).28–31 SBS provides

several advantages over the electrospinning process; these

include safety, scalability, and versatility in solvent choice.28 The

objective of this study was to investigate the properties of PLA

and PEO solvent mixtures and nanofibers with viscometry, mi-

croscopy, and thermal and spectral analyses.

EXPERIMENTAL

Materials

PLA (number-average molecular weight ¼ 75,000 g/mol) was

obtained from Biomater (São Carlos, Brazil). PEO (number-av-

erage molecular weight ¼ 100,000 g/mol) was obtained from

Sigma-Aldrich. Chloroform (CHCl3; CAS 67-66-3) and acetone

[(CH3)2CO; CAS 67-64-1] were purchased from Synth Chemical

(São Paulo, Brazil).

Methods

Five samples were tested; these included neat PLA, neat PEO,

and three mixtures containing ratios of PLA to PEO of 3:1, 1:1,

and 1:3 (Table I). For convenience, the five samples are also

expressed on the basis of the PLA content (i.e., 100, 75, 50, 25,

and 0 wt %; Table I). The samples were weighed and solvent-

blended by dissolution in chloroform, as described later in

greater detail.

Viscometry

Stock solutions of PLA and PEO (5 wt %) were prepared in

chloroform. The viscosity measurements of each sample were

performed in a suspended-level Ubbelohde capillary viscometer

(Cannon, 50/F576) at 298 K. The efflux times of each sample

were measured by serial dilution. A minimum of five dilutions

were made for each sample. The specific viscosity (gsp) was cal-

culated at different concentrations from the efflux time meas-

urements. A plot of gsp/C against the solution concentration

(C) for each blend composition was used to obtain the intrinsic

viscosity ([g]) according to the following equation:

gsp½n�C þ KH ½g�2C2 (1)

where KH is the Huggins constant.19,22 Finally, the miscibility

coefficient (a) was calculated according to eq. (2) as per Sun

et al.21

KH ¼ KPLA½gPLA�2w2
PLA þ KPEO½gPEO�2w2

PEO þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KPLAKPEO

p
½gPLA�½gPEO�wPLAwPEO

ð½gPLA�wPLA þ ½gPEO�wPEOÞ2
þ a (2)

where KH is the Huggins constant for a mixture and KPLA and

KPEO are the Huggins constants for the pure polymer solutions of

PLA and PEO, respectively. These values were 0.2, 1.6, 0.3, 0.5,

and 0.8 for pure PLA, pure PEO, and blends 1, 2, and 3,

Table I. Compositions of the Samples Studied

Sample
PLA/PEO polymer
ratio

Mass fraction of
PLA (wt %)

Neat PLA 1 : 0 100

Blend 1 3 : 1 75

Blend 2 1 : 1 50

Blend 3 1 : 3 25

Neat PEO 0 : 1 0
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respectively (Table I). The ratios of PLA (wPLA) and PEO (wPEO)

and the viscosities for the pure polymer solutions of PLA (gPLA)

and PEO (gPEO) were used to determine KH. The a parameter

provided a measure of polymer–polymer interaction in the

blends.22,32

Fiber Spinning by SBS

Five different samples, including neat PLA and PEO and the

three mixtures (Table I), were prepared for SBS by carefully

weighing of the appropriate amounts of dry polymer into test

tubes. Chloroform was added to each test tube to bring the final

polymer concentration to 6 wt %. The test tubes were rigor-

ously stirred for several hours at room temperature to ensure

complete dissolution. The polymer solutions were spun into

nanofibers by SBS according to a method discussed by Medeiros

et al.28. Briefly, the SBS apparatus consisted of a source of com-

pressed air equipped with a pressure regulator, a glass syringe,

and a syringe pump to control the injection rate of the polymer

solutions. The spinning device consisted of a setup with concen-

tric nozzles and a collector with a controllable rotation speed. A

syringe pump (KD Scientific, model 781100, Holliston, USA)

was used to feed the polymer solution (120 lL/min) through a

central nozzle. Pressurized air was delivered through the con-

centric outer nozzle at a constant pressure (0.4 MPa). The inner

nozzle was positioned so it protruded 2 mm beyond the con-

centric outer nozzle. The distance between the concentric noz-

zles was 0.5 mm, and the working distance was 12 cm. The SBS

parameters were kept constant for all of the experiments. Nano-

fibers produced by SBS were collected on a rotating drum to

produce nonwoven fiber mats. Fiber mats were collected for

each of the five samples (Table I) and stored in a desiccator

until they were needed for further analysis.

Microscopy

The morphology of the SBS fibers was analyzed with scanning

electron microscopy (SEM; Zeiss, model DSM960, Jena, Ger-

many). Samples were prepared by the cutting of fiber mats with

a razor blade and their mounting on aluminum stubs with dou-

ble-sided adhesive tape. The samples were then sputter-coated

with gold (Balzers model SCD 050, Balzer Union AG, Balzers,

Lichtenstein). The fiber diameters were measured with the aid

of imaging software (Image J, National Institutes of Health).

The average fiber diameter and size distribution were deter-

mined from approximately 100 random measurements with rep-

resentative micrographs. Micrographs were also obtained with

transmission electron microscopy (TEM; Tecnai G2 F20). Sam-

ples were prepared by the placement of a droplet of diluted

aqueous fiber suspension on a carbon microgrid (400 mesh),

and they were allowed to dry at room temperature. The images

were acquired in TEM mode with a bright-field detector.

Contact Angle Measurements

The surface wettability was investigated by the measurement of

the contact angle of a water droplet on the surface of the SBS

fibers (nonwoven mats) with a contact angle meter (CAM 101

model, KSV Instruments, Ltd., Helsinki, Finland) equipped with

a charge-coupled device camera (KGV-5000). In each measure-

ment, a 5-lL droplet was pipetted onto the surface, and images

of the droplet were automatically taken as a function of time.

From these images, the contact angle values were calculated

with dedicated software (KSV CAM2008). The measurements

were carried out at 25�C and about 53% humidity.

Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed

with a Nicolet spectrometer (Nexus 470, Madison, WI). The

FTIR spectrometer was purged continuously with nitrogen. A

total of 64 scans were collected, with a resolution of 2 cm�1.

The IR spectra were recorded in transmission mode with thick

films of solution-blow-spun polymer nanofibers, which were de-

posited on a silicon wafer.

Raman spectroscopy was used for comparison with X-ray dif-

fraction (XRD) analyses. Data were recorded on a Fourier trans-

form Raman spectrometer (RFS 100/S, Bruker, Inc., Karlsruhe,

Germany) excited by an Nd:YAG laser at 1064 nm with a spec-

tral resolution of 4 cm�1.

XRD

Nonwoven fibrous mats produced by SBS were collected on alu-

minum foil and deposited on circular glass slides for analyses.

XRD patterns were recorded with a Shimadzu (XRD-6000,

Tokio, Japan) X-ray diffractometer. Scans were carried out from

10 to 30� [scattering angle (2h)] at a scan rate of 2�/min with

Ni-filtered Cu Ka radiation (wavelength ¼ 0.154 nm at 50 kV

and 20 mA). The full-width at half-maximum height (fwhm) of

the diffraction peaks was calculated by the fitting of the XRD

patterns with a Gaussian–Lorentzian function (Origin 7.5 soft-

ware, Origin Lab, Northampton, USA). The d-spacing for a

given 2h was calculated by the application of the Bragg equa-

tion:

d ¼ k
2 sin h

(3)

where k is the wavelength of the Cu Ka radiation, h is the Bragg angle.

The fwhm height (b; rad) of the diffraction peaks was calculated

by the fitting of the XRD data with a Lorentzian function. The

crystallite size (D) was estimated by calculation of the broaden-

ing of the diffraction peaks according to the Scherrer equation:

D ¼ kk
b sin h

(4)

where k is the Scherrer constant and is dependent on the lattice

direction and crystallite morphology. A k value of 0.9 was used

in this study; this was based on values for these polymers found

in the literature.33,34 The fwhm of the diffraction peaks was cal-

culated by the fitting of the XRD data with a Gaussian–Lorent-

zian function as per established methods.35,36

Thermal Analysis

Differential scanning calorimetry (DSC; TA Instruments calori-

metric analyzer, model Q100, New Castle, USA) was performed

under a nitrogen atmosphere at a flow rate of 20 mL/min and

with a heating rate of 10�C/min. Samples were sealed in alumi-

num pans and heated from 0 to 180�C for PLA, �10 to 120�C

for PEO, and �10 to 180�C for the blends of PLA and PEO.
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RESULTS AND DISCUSSION

Viscometry

Dilute solution viscometry is one of the least expensive and

most simple ways to determine the polymer miscibility.17 Dilute

solution viscometry makes the reasonable assumption that if

molecules are attractive in dilute solution, they most likely

interact in bulk and have some degree of miscibility.17,21 Sun

et al.21 derived a miscibility coefficient (a) from the classical

Huggins constant; it is also known as the a parameter and is a

measure of the degree of interaction between two polymers in a

blend.

According to Sun et al.,21 the Huggins constant arise from

hydrodynamic and thermodynamic interactions between two

polymers. Intramolecular and intermolecular effects associated

with the excluded volume are also considered. The Huggins pa-

rameter, however, takes into account only interactions between

chain segments under the action of shear forces, whereas the a
parameter considers that if specific interactions occur between

chains in dilute solutions, a similar behavior will occur in the

solid state.

Sun et al.21 also found that polymers were miscible when their

a values were greater than or equal to zero and immiscible

when their a values were negative.21 This was directly correlated

with the repulsive (a < 0) and attractive (a � 0) forces, respec-

tively, between the molecules in dilute solutions.

From viscometry measurements of dilute solvent blends plotted

against the mass fraction of PLA (Figure 1) and eqs. (1) and

(2), a values were obtained for the polymers and blends (Figure

2). The a parameter was near zero as expected for the neat

polymer solutions of PLA and PEO. Blends of 1:1 and 1:3 PLA/

PEO gave negative a values; this indicated immiscibility (Figure

2). Surprisingly, the a value for the 3:1 PLA/PEO blend was

also greater than zero; this indicated miscibility.

The immiscibility of the PLA/PEO blends was studied previ-

ously by Gaikwad et al.,37 who observed that the presence of

two separate glass transitions was not necessarily indicative of

polymer immiscibility. They studied a full range of PLA/PEO

blends and observed a broadening of the glass transition width

compared to the neat polymer and changes in the crystallinity

of PEO, all of which were indicative of polymer–polymer inter-

actions. Bognitzki et al.38 studied the morphology of immiscible

blends of PLA and poly(vinyl pyrrolidone). Their objective was

to preserve the cocontinuous or interpenetrating phase mor-

phologies initially present in a blend by instantaneously freezing

the structure using the electrospinning process for forming

fibers. In a manner similar to electrospinning, the SBS process

exhibited very fast solvent evaporation and polymer solidifica-

tion; this may have reduced the phase separation and improved

the polymer compatibility. The mechanisms of phase separation

during the solvent evaporation of immiscible polymer blends

(in the solid state) prepared from miscible solutions have al-

ready been reported in the literature for several blends.39,40

SEM

The SBS process was effective in producing nonwoven mats of

nanofibers from polymer solutions of the blends and the neat

polymers (Figure 3). In contrast to the porous fiber morphology

reported earlier for PLA/PEO blends,23 the fibers from this

study were generally smooth and nonporous (Figure 3). This

was most likely due to the lower vapor pressure of chloroform

used in this study.23 The fibers from polymer solutions of PLA

and PEO [Figure 3(a,e)] were smooth and had smaller average

diameters than the fibers made from polymer mixtures (Figure

4). The variability of the fiber diameter was lower for neat PEO

than for neat PLA (Figure 4). Even though some PEO fiber

samples exhibited some variability in the fiber diameter [Figure

3(e)], the overall variability was lower; this was most likely due

to the differences in the rheological properties of the two

polymers.

The fibers from the 3:1 PLA/PEO blend [Figure 3(b)] were also

smooth. In contrast, fibers made from the 1:1 and 1:3 PLA/PEO

mixtures had particles deposited on the fiber surface (Figure 3).

Many of the particles were in the submicrometer range [Figure

3(c,d)]. The formation of the particles could have been related

to the increased concentration of each polymer as the solvent

evaporated. The least soluble polymer may have begun to salt

out and increase the viscosity of the blend; this could explain

the thicker fibers.

Figure 1. gsp versus concentration plot for the neat polymers and blends.

Figure 2. Viscometric parameter (a) calculated for five samples, including

the neat polymers of PLA and PEO and three polymer mixtures.
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As mentioned previously, the diameter of fibers made from the

neat polymer was smaller than the fiber diameter made from

the polymer mixtures; this was consistent with polymer mix-

tures having poor compatibility (Figure 4). However, the 3:1

PLA/PEO mixture (Figure 4, 75 wt %) had a more consistent

fiber diameter (lower standard deviation) than the other mix-

tures and did not form particles on the fiber surface [Figure

3(b)]. Blend 1 exhibited a more homogeneous morphology

than other mixtures because of its rheological properties.

Contact Angle Measurements

The contact angle data provided evidence that some fraction of

the PEO was exposed on the fiber surface in all of the blends

tested (Figure 5). The fibers of neat PLA and PEO had contact

angles of 120 and 38�, respectively. The contact angle for all of

the fiber blends was within the range of the neat PEO sample

Figure 3. Scanning electron micrographs of the solution-blow spun nanofibers of (a) neat PLA, (b) a 3:1 mixture of PLA and PEO, (c) a 1:1 mixture of

PLA and PEO, (d) a 1:3 mixture of PLA and PEO, and (e) neat PEO.

Figure 4. Fiber diameters (in nanometers) of the neat PLA (100%), neat

PEO (0%), and three blends of PLA and PEO. The error bars indicate the

standard deviation.

Figure 5. Contact angle measurements made on the nonwoven fiber mats

of the neat PLA (100%), neat PEO (0%), and three blends of PLA and

PEO. The error bars indicate the standard deviation.
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(Figure 5). There was no significant difference in the contact

angle values between the blends and the PEO samples. Even the

3:1 blend of PLA and PEO had a low contact angle. These

results indicate that some fraction of PEO was exposed on the

fiber surface in each of the blends, including the 3:1 blend.

With the knowledge that one-third of the bulk material was

PEO, we determined that there was about the same amount of

PEO on the surface of the fibers. Therefore, when a water drop-

let was in contact with the fiber surface, the PEO fraction may

have also absorbed water from the droplet, with an overall effect

of changing the contact angle values.

TEM

The TEM micrographs provided evidence that fibers made from

the polymer mixtures were comprised of core/sheath structures

with PLA in the core and PEO in the sheath. Neat PLA fibers

showed a bamboolike structure [Figure 6(a)]; this was similar

to previous reports, in which PLA was comprised of a striated

structure with crystalline regions of about 20 nm in length and

amorphous phases of about 6 nm.41 In contrast to the neat PLA

fibers, the neat PEO fibers appeared homogeneous with no dis-

tinctive microstructure [Figure 6(c)].

The fibers made from a 1:1 mixture of PLA and PEO formed a

core/sheath matrix; this indicated that the core was comprised

of one polymer and the sheath was comprised of the other [Fig-

ure 6(b)]. The sheath structure of the fibers was most likely

comprised of PEO because it did not have the striated appear-

ance that is common to PLA fibers [Figure 6(a)]. The contact

angle data was consistent, with the sheath being comprised of

PEO (Figure 5). A sheath comprised of PEO would, by default,

indicate that the core structure was comprised of PLA. Evidence

for a PLA core was found in some fibers, where the core exhib-

ited a striated pattern similar to that of the neat PLA fibers

[Figure 6(a)]. It was not clear why the striated pattern in the

fiber core was not visible in all of the fibers [Figure 6(b)].

Nevertheless, all fibers made from the 1:1 mixture of PLA and

PEO should have had the same core/sheath structure, and the

contact angle data supported the evidence that the sheath was

comprised of PEO.

Core/sheath structures, which were formed due to a combina-

tion of several factors, such as differences in the surface tension,

polymer–solvent, and polymer–polymer interactions, have been

reported previously for blends of PEO and an amphiphilic co-

polymer (PEG–PLA) blended in an oil/water emulsion.27 The

emulsion was electrospun to form nanofibers with a PEO core

and a PEG–PLA copolymer sheath. Evidence of the core/sheath

structure was not observed in the 3:1 PLA/PEO fiber samples

(data not shown). However, because the contact angle measure-

ments for the 3:1 mixture was similar to that of the neat PEO

sample, it was reasonable to conclude that a significant fraction

of the PEO was exposed on the fiber surface, even when a clear

core/sheath structure was not formed.

Figure 6. TEM images of nanofibers from the (a) neat PLA, (b) 1 : 1 blend of PLA and PEO, and (c) neat PEO and (d) schematic depiction of the

structural development in the fibers.
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Spectroscopy

Immiscible blends may become single-phase blends if low levels

of hydrogen bonding can be introduced.42 Among spectroscopic

techniques, including NMR and fluorescence, IR spectroscopy is

particularly useful in analyzing chemical interaction. The spec-

tral band width and intensity may be correlated with the

strength and extent of hydrogen bonding.42 Two completely in-

compatible polymers show no spectral interaction, whereas

compatible polymers that have chemical interactions will reflect

such changes in the IR spectrum in the form of band shifts,

band widening, and changes in the band intensity.42–46 The IR

spectra (600–3200-cm�1 region) of the PLA/PEO mixtures were

consistent with chemical interactions between PLA and PEO

(Figure 7).

The relative intensity of the carbonyl band (COC) in PLA

decreased, and this was observed in the spectra of all of the

blends (Table II). This decrease reflected the new distribution of

the 31 helix of PLA, which resulted from the competition

between ester and ether groups in the polymer blends. The

structure of the a crystal of PLA was pseudo-orthorhombic with

the chains in �10/3 helical and �3/1 helical conformations for

the b crystals.47 A triclinic unit cell for the PLA stereocomplex

consisting of PLLA and PDLA chains in a 31 helical conforma-

tion (three monomers per turn) was reported in the literature.45

The relative intensity of the ether band (CO) in PEO increased,

and it was also observed in the spectra of all of the blends (Ta-

ble II). This increase also explained the new distribution of a

helical conformation of PEO, which resulted from competition

between the ester and ether groups in the polymer blends (Table

II). The relative intensity between the ester band (C¼¼O) and

ether band (CO) was highest for blend 1, equal for blend 2,

and lowest for blend 3 (Table II); this indicated that there were

more interactions between the ester and ether groups of blend 1

and that these interactions gradually decreased with decreasing

PLA content (Table II).

The band at 873 cm�1 could be assigned to the stretching mode

of mCACOO in PLA (Figure 8) in accordance with previous

work.45,48 The bands at 843 and 803 cm�1 could, therefore, be

assigned to the CAC stretching and CH2 rocking in skeleton

vibrations in PEO (Figure 8).49

The relative intensities of the mCACOO (PLA)/skeleton vibra-

tions (PEO) was 5.0 for blend 1 and 1.0 for blends 2 and 3,

and this was observed in the Raman spectrum (Figure 8). This

result was consistent with the FTIR data and indicated there

were more interactions between the ester and ether groups in

blend 1 than in blends 2 and 3. The strong interactions between

the ester and ether groups could have accounted for the appa-

rent miscibility in blend 1.

XRD

XRD was carried out to determine the crystal structure in the so-

lution-blow-spun polymeric fibers. The diffraction patterns (Fig-

ure 9) showed that the blends had some peaks in common with

the neat polymers. A comparison in terms of crystallinity, d-spac-

ing, and D was also carried out and is summarized in Table III.

The samples clearly exhibited two reflection peaks (near 13 and

16�), ascribed to a crystals, and a small peak (near 24.8�) associ-

ated with the b phase.7,47 The formation of b crystals was caused

by the different extents of deformation of the polymer molecules

during fiber formation by SBS.7 PLA fibers had a crystallinity of

71% according to the Lorentzian fit (Table III).

The XRD patterns of the PEO fibers indicated that PEO was a

semicrystalline polymer with diffraction peaks at 2h ¼ 19 and

23�50. Distinct peaks characteristic of PEO crystallites (2h ¼ 14,

17, and 25.4�) were observed (Table III); these indicated that

solvent-induced polymer crystallization occurred. The increase

in the percentage of PEO in the mixtures led to an increase in

crystallinity. The size of the PLA crystallite (24.8�) increased

with higher amounts of PEO (Table III). The results provided

evidence that the nucleation and growth step of crystallization

in PLA was controlled by the interaction of polymers in the

Figure 7. FTIR spectra of fibers from the neat PLA, blend 1 (1 : 3 PLA/

PEO), blend 2 (1 : 1 PLA/PEO), blend 3 (1 : 3 PLA/PEO), and neat PEO.

Table II. FTIR Band Ratio

Assignment
Wave
numbers PLA

Blend
1

Blend
2

Blend
3 PEO

COC/CH3 1092/1456 0.5 0.3 0.2 0.4 —

CO/CH2 1110/2886 — 0.9 0.8 0.7 0.6

C¼¼O/CO 1755/1110 — 2.5 1.1 0.8 —

Figure 8. Raman spectra of fibers from the neat PLA, blend 1 (1 : 3 PLA/

PEO), blend 2 (1 : 1 PLA/PEO), blend 3 (1 : 3 PLA/PEO), and neat PEO.
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mixtures during fiber formation by SBS. These results could

have relevance for controlled drug delivery because D was used

to control drug release in the fibers.51 Moreover, the crystallinity

impacted not only the mechanical strength of the mats but also

the rate of polymer degradation and absorption in biological

environments. This might have been due to the simultaneous

crystallization of the PLA and PEO chains. Because the two

neat polymers formed crystals whose unit cells had different pa-

rameters (a, b, and c axis), during the simultaneous crystalliza-

tion of the PLA/PEO chains, one polymer, say PLA, could

become entangled with PEO chains and vice versa, and this

would give rise to more imperfect unit cells (larger crystals).

Moreover, the degree of immiscibility (phase separation) might

have significantly contributed to the alteration of the cell pa-

rameters (perfection) and, thus, the crystallinity.

Thermal Analysis

DSC is generally one of the most convenient methods for ana-

lyzing first-order transitions such as melting and crystallization.

DSC curves were obtained for each of the fiber samples (Figure

10).

The DSC data was used to determine the heat of fusion (DHf)

and melting temperature (Tm) for both PEO and PLA [Figure

11(a,b)]. The presence of two intense melting peaks indicated

the semicrystalline nature of the PEO (62.4�C) and PLA

[147.7�C; Figure 11(a,b)] and, therefore, corroborated the XRD

data. Values of DHf were calculated by the integration of the

area under the endothermic curves for fibers of PEO without

and with PLA. We found that the PEO melting point and DHf

(percentage crystallinity) decreased linearly as the PLA content

increased in the fiber blends. The decrease in PEO DHf [Figure

Figure 9. XRD patterns for the neat polymers and blends.

Table III. Crystallization Parameters of the Fibers

System
Crystallinity
of the mats (%)

PLA crystallite
(24.8�)

PEO crystallite
(25.4�)

d-spacing
(Å)

D
(Å)

d-spacing
(Å)

D
(Å)

Neat PLA 71 3.6 0.9 — —

Blend 1 51 3.6 7.4 3.5 1.7

Blend 2 79 3.6 10.3 3.5 1.9

Blend 3 87 3.6 4.6 3.5 1.6

Neat PEO 93 — — 3.5 1.6

Figure 10. Thermograms from DSC scans of the neat PLA, neat PEO,

and blends. The blends consisted of ratios of 3 : 1 (blend 1), 1 : 1 (blend

2), and 1 : 3 (blend 3) of PLA and PEO.

Figure 11. (a) DHf and (b) Tm of PEO, PLA, and the PLA/PEO blends.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39061 3679



11(a)] with the addition of PLA could be explained either by a

decrease in the rate of crystallization or by blockage of the crys-

talline growth front caused by the PLA crystallites dispersed in

an irregular array in the fiber blend, as evident from spectros-

copy and microscopy studies. The increase in the PLA DHf and

Tm values [Figure 11(b)] in the blend fibers was attributed to

the fact that the PLA crystallites in the blends were larger than

in neat PLA. This explanation was consistent with XRD results.

CONCLUSIONS

The interaction of PLA and PEO are of broad interest, partly

because of the wide use of these polymers in medical applica-

tions. The modification of the properties of these polymers

through solution blending has the potential to create new appli-

cations. Although PLA and PEO are generally regarded as im-

miscible, the results of this study indicate that the polymers do

interact differently when they are solution blended, depending

on the ratios of the blends. The degree of polymer interaction

was highest in the 3:1 PLA:PEO blend. Polymer interaction was

confirmed by viscometry and various thermal and spectroscopic

methods. The nature of the interaction was most likely a result

of dipole–dipole interactions between the ester groups of PLA

and the ether groups of the PEO.
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