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Abstract

Copolymers consisting of methyl methacrylate (MMA) and methacrylic acid (MAA) and their layered silicate nanocomposites were

electrospun to form fibers with diameters in the sub-micron range. The presence of MAA increased the Tg and thermal stability of the

copolymers through formation of anhydrides upon heating. Fibers of uniform diameters were obtained for the poly(MMA-co-MAA)

copolymers and nanocomposites containing montmorillonite (MMT), while protrusions were observed on the electrospun fibers from

nanocomposites containing fluorohectorite (FH). The electrospinnability of copolymer solutions and nanocomposite dispersions predicted

based on both rheological analyses and conductivity measurements correlates well with the experimental electrospinning observations.

Dispersion of clays within the nanocomposites improved the electrospinnability of the nanocomposite dispersions. MMT is predominantly

exfoliated and well distributed within the fiber and oriented along the fiber axis. Char formation was observed when the MMT-containing

fibers were heated above the decomposition temperature, indicating a potential for reduced flammability and increased self-extinguishing

properties, whereas the FH-containing materials disintegrated into either film or powder form.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Property enhancement of polymeric materials, including

tailoring of thermal stability, mechanical strength and

barrier properties, has been often pursued for engineering

structural applications through such methods as copolymer-

ization, melt-blending and incorporation of inorganic fillers.

Poly(methyl methacrylate), PMMA, has excellent optical

clarity, high mechanical strength and good weatherability,

and is used widely as a transparent engineering material.

However, the onset of thermal degradation of PMMA

occurs at about 250–300 8C in air, and it decomposes

completely to monomers when heated above this tempera-

ture [1]. The thermal stability of PMMA can be improved

through copolymerization of methyl methacrylate (MMA)

with methacrylic acid (MAA). Poly(methacrylic acid)
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(PMAA) has a higher glass transition temperature than

PMMA [2], and it also exhibits a higher degradation

temperature due to formation of anhydride upon heating [3].

The glass transition temperature and thermal stability of the

resulting poly(MMA-co-MAA) copolymers can be tailored

by adjusting the monomer contents. PMAA has been

reported to be miscible with PMMA [2]; however, the

degree of homogeneity was found to be much higher in

the in situ polymerized random copolymers than in the

corresponding physical blends. This was rationalized in

terms of hydrogen bonding present between the carbonyl

groups of MMA and MAA, and the extent of this

intermolecular interaction was shown to be much higher

in the copolymers than in the blends [2].

Incorporation of small levels of layered silicates (i.e.

clays) into a polymer matrix has shown great promise for

yielding nanocomposites with enhanced mechanical

strength, chemical resistance, thermal stability, and self-

extinguishing flammability characteristics compared to the

pristine polymers [4–10]. These property improvements are

attributed to the nanometric thickness and high aspect ratio

of the individual clay platelets, as well as to the
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nanocomposite morphology with the platelets being exfoli-

ated and well-dispersed. The high aspect ratio of clay

platelets allows their nanocomposites to form a percolated

mesoscale-structure at low volume fraction. However, it is

more difficult to achieve complete exfoliation for layered

silicates with high aspect ratio [10], which offsets some of

the advantages of working with these materials. The

common approaches undertaken to achieve exfoliated

nanocomposite structures include modification of the clay

surface chemistry from hydrophilic to organophilic in order

to improve compatibility with the host polymer matrix, as

well as utilization of special processing techniques, such as

in situ polymerization, high shear solution blending or melt

blending, to achieve delamination of the large stacks of

silicate nanoparticles into isolated (i.e. exfoliated) platelets

or ‘tactoids’ consisting of only a small number of platelets.

In situ free-radical polymerization to incorporate mont-

morillonite (MMT) into the PMMA was first demonstrated

by Blumstein [11]. Over the last several years, many other

research groups have utilized this synthesis route to create

PMMA nanocomposites with better exfoliation of layered

silicates [9,12–15].

Electrospinning is an effective method for the production

of polymeric fibers with diameters ranging from tens of

nanometers to microns [16,17]. This technique has attracted

great interest over the last decade due to the potential

applications of nanofibers (i.e. fibers with diameters below

100 nm, and whose material properties exhibit a distinct size

dependence) in such areas as molecular electronics [18–20],

filtration [21,22], tissue engineering [23–26], sensors [27],

protective clothing [28], and reinforcing components in

nanocomposites [29–31]. The feasibility of incorporation of

nanometer-sized particulates into fibers has made this

process even more attractive for the production of

composite fibers [32–36]. Orientation of the filler particles

within the fibers during processing creates the possibility for

manipulation of nanoparticles through appropriate handling

of the fibers in which they are embedded and oriented. The

critical material parameters for manufacturing such compo-

site fibers include the type and geometry of the fillers, and

the extent of homogeneous dispersion of filler within the

polymer solution. Electrospinning of polymer layered-

silicate nanocomposite into fibers was first demonstrated

by Fong et al. [37]. They first compounded nylon-6

nanocomposites with MMT by melt processing, and then

used hexafluoro-2-propanol (HFIP) or a mixture of HFIP

and dimethylformamide (DMF) to prepare nanocomposite

dispersions for electrospinning. The degree of dispersion

and morphology of MMT in the resulting fibers were

characterized, but no fiber properties were reported.

In electrospinning, a solidified fiber is formed from an

electrically charged polymer liquid jet in the presence of an

external electric field. The electrically charged liquid jet

accelerated by the external electric field travels in a straight

line, and then undergoes a whipping instability that leads

to stretching of the jet before it hits a grounded collector
[38–44]. ‘Electrospinnability’ of a polymer solution can

thus be defined as the ability to form a continuous jet that is

stable against breakup into droplets, in the presence of an

electric field [43]. During the electrospinning process, a

Rayleigh instability driven by the surface tension, which

tends to break the jet into droplets, can develop along the

thin liquid jet. This instability becomes more important as

the diameter of the jet becomes smaller [38,39,43]. The

external electric field accelerates the electrically charged jet

and stretches it along the field axis, while the repulsive

forces resulting from the surface charges lead to bending of

the jet and stretching in the direction normal to the electric

field. These two forces depend strongly on the total charge

density of the jet, with most of the charge believed to reside

at the jet surface. External electric field, surface charge and

solution viscoelasticity tend to suppress the Rayleigh

instability and stabilize the jet [38,39,43]. As a result, the

surface tension, the charge density and the solution visco-

elasticity are thought to play important roles in determining

the electrospinnability of polymer solutions [44–46].

The objective of this work is to develop PMMA-based

fibers with improved thermal properties by electrospinning.

Specifically, we describe the formation by electrospinning

of fibers from solutions of poly(MMA-co-MAA) copoly-

mers and from dispersions of their layered-silicate nano-

composites. For comparison, fibers were also formed from

solutions of homopolymer PMMA and homopolymer

PMAA. The nanocomposites were prepared by in situ

emulsion polymerization to enhance the dispersion and

exfoliation of clay in the polymer matrix. The as-

polymerized nanocomposites were then dispersed into

solutions of dimethylformamide (DMF), from which fibers

were electrospun. Two types of clays, pristine MMT and

pristine fluorohectorite (FH) without any organic modifiers,

were used to study the effect of lateral dimension of the clay

platelets on fiber formation. The electrospinnability of the

polymer solutions and nanocomposite dispersions can be

understood in terms of their extensional rheology and

conductivity properties. The morphology and thermal

properties of the electrospun fibers are also reported.
2. Experimental

2.1. Materials preparation

The poly(MMA-co-MAA) copolymers containing nomin-

ally 100, 75, 50, 25 and 0 wt% MMA, and layered silicate

nanocomposites with the same nominal compositions, were

prepared individually via emulsion polymerization; the

details of synthesis can be found elsewhere [47]. In brief, for

the preparation of nanocomposites, 5 weight percent (wt%)

of layered silicate per mass of monomer was premixed

vigorously in water under nitrogen to promote exfoliation

prior to the addition of monomers and initiator for

polymerization. The layered silicates used include NaC
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montmorrilonite, MMT, (Southern Clay Products, Inc.) with

cation exchange capacity (CEC) about 93 mequiv./100 gm

clay and fluorohectorite, FH, (Corning, Inc.) with CEC

about 180 mequiv./100 gm clay. MMT is a smectic

aluminosilicate with average platelet diameter 0.1–1 mm,

while FH is a synthetic, layered magnesium-silicate with a

higher aspect ratio and an average platelet diameter about

4–5 mm [10]. The resulting neat polymer and silicate–

polymer nanocomposites were then precipitated in methanol

and dried to yield samples in the form of powder. Molecular

weights of the neat PMMA and PMAA homopolymers were

measured by gel permeation chromatography.

2.2. Electrospinning

Polymer solutions of 6 and 8%byweight were prepared by

directly adding the neat polymers to dimethylformamide

(DMF). The solutions were vigorously stirred for at least 24 h

at room temperature. Nanocomposite dispersions were also

prepared by dispersing the silicate–polymer nanocomposites

at concentrations of 6 and 8 wt% in DMF. The dispersions

were vigorously stirred for at least 72 h at room temperature.A

parallel-plate electrospinning apparatuswas used in this study,

as described by Shin et al. [45] and Fridrikh et al. [48]. The

electric field, solution flow rate and distance between the two

parallel plates were adjusted to obtain a stable jet.

2.3. Fiber characterization

Images of fibers were taken using a JEOL-6060 scanning

electron microscope (SEM) (JEOL Ltd, Japan). Trans-

mission electron microscopy (TEM) of fibers was performed

in a JEOL JEM200 CX TEM microscope (JEOL Ltd,

Japan). Wide-angle X-ray diffraction (WAXD) data were

obtained using a diffractometer (Bruker) with Cu Ka

radiation at 40 kV and 20 mA. Small angle X-ray scattering

(SAXS) data were obtained using a copper microfocused

X-ray beam generator (Osmic Inc., MI) operated at 45 kV

and 0.66 mA. The sample to detector distance was 1.3 m as

calibrated using a silver behenate standard. Two-dimensional

SAXS data were collected using a multi-wire detector

(Molecular Metrology Inc., MA). Measurements of glass

transition temperatures (Tg) were carried out using a Q1000

differential scanning calorimeter (TA Instrument Inc., DE)

at a heating rate of 10 8C/min. Tg was determined based on

the second heating scan preceded by a cooling scan at the

same rate. Thermal stability of electrospun fibers was

performed using a Perkin–Elmer thermogravimetric ana-

lyzer (TGA 7) at a heating rate of 20 8C/min. Dynamic light

scattering (DLS) measurements were performed on a BI-

9000AT spectrometer (Brookhaven Instrument Corp., NY).

For DLS measurements, nanocomposite dispersions of

0.5 wt% in DMF were centrifuged using a Centrifuge

5804R (Eppendorf AG, Germany) at 5000 rpm for 15 min.

The top portion of solution was taken out by a syringe and

filtered using 0.1 mm Puradiske PTFE filter (Whatman plc,
UK) for DLS measurements. The 5050-copolymer at

0.5 wt% in DMF was also used for DLS measurement.

2.4. Solution rheology

Shear rheology was performed on an AR2000 Rheometer

(TA Instruments) at 25 8Cusing a parallel plate geometrywith

40 mm diameter plates. Steady shear measurements were

carried out at constant shear rates ranging from 1 to 1000 sK1.

Low amplitude oscillatory shear measurements were per-

formed by applying a time dependent strain of gðtÞZ
g0 sinðutÞ, where u is the frequency and t is the time. The

resulting time dependent shear stress istðtÞZg0½G
0 sinðutÞC

G00 cosðutÞ�whereG0 is the storagemodulus, andG 00 is the loss

modulus. The linear viscoelastic moduli reported here were

ensured to be independent of the strain amplitude by repeating

measurements at two different strain amplitudes of 1 and 2%.

Extensional rheological measurements were performed on a

HAAKECABER1 rheometer (ThermoElectronCorporation,

WI). In these measurements, the solution was first loaded into

a gap of 3 mmbetween two cylindrical plateswith diameter of

6 mm, and then a ‘necked’ liquid bridge configuration was

generated by rapidly separating the two cylindrical plates to

9 mm at a constant strain rate of 0.3 m/s. The evolution of

midpoint filament diameter, Dmid(t) was then recorded as a

function of time after cessation of motion of the plates. From

this data, the Hencky strain, 3, and apparent extensional

viscosity, �hð3Þ were calculated using Eqs. (1) and (2),

respectively [49–51]:

3Z 2 ln
D0

DmidðtÞ

� �
(1)

�hð3ÞZ
g

dDmidðtÞ=dt
(2)

where D0 is the initial diameter of the filament at its midpoint

andg is the surface tension of solution. Thefluid elasticitywas

assumed to be dominated by the slowest relaxation process.

The dependence of the filament diameter on time can then be

described using a balance of the surface tension and elastic

forces, as shown in Eq. (3) [49–51]:

DmidðtÞZD0

GD0

g

� �1
3

eK
t

3lc (3)

where G is the elastic modulus of the filament and lc is the

longest relaxation time of the solution. The quantity GD0/gis

called the elastocapillary number [49].
3. Results and discussion

3.1. Material characterization

3.1.1. X-ray diffraction analysis of nanocomposites

Wide-angle X-ray diffraction (WAXD) patterns obtained



Fig. 2. SAXS data for the nanocomposites containing MMT, the polymer

matrix from bottom to top: PMMA, copolymers consisting of 75/25, 50/50,

25/75 weight ratio of MMA to MAA, and PMAA.
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for the poly(MMA-co-MAA) nanocomposites containing

MMT are shown in Fig. 1(a). No peaks are discernible for

these materials except for the PMAA–MMT nanocomposite.

A diffraction peak at 2qZ5.748 is visible in this nanocom-

posite, corresponding to a d-spacing of 1.54 nm. In order to

confirm the morphology of the other MMT-containing

nanocomposites, small angle X-ray scattering (SAXS) and

TEM measurements were carried out. The lack of notable

SAXS peaks in Fig. 2 indicates that there is no long-range

order of clay structures in the MMT-containing nanocom-

posites. TEM results further confirm that MMT clays are

well dispersed in the as-polymerized MMT-nanocomposites,

and that they are predominantly exfoliated, except for some

tactoids with intercalated structure present in the PMAA–

MMT nanocomposite. Figs. 3(a) and (b) are the representa-

tive TEM micrographs for PMMA–MMT and PMAA–

MMT nanocomposites, respectively. The WAXD patterns

obtained for the corresponding FH-containing nanocompo-

sites are shown in Fig. 1(b). A diffraction peak at 2q ranging

from 7.45 to 8.508, corresponding to a Bragg spacing of

1.04–1.19 nm, is present in all diffractograms. No peaks in

SAXS are seen for these nanocomposites (not shown).

These data suggest that FH clays are intercalated in the FH-
Fig. 1. Wide angle X-ray diffraction patterns of nanocomposites, the

polymer matrix from bottom to top: PMMA, copolymers consisting of

75/25, 50/50, 25/75 weight ratio of MMA to MAA, and PMAA: (a) MMT-

containing nanocomposites, (b) FH-containing nanocomposites. The peak

positions are indicated by the arrows.
containing nanocomposites as seen in Fig. 3(c) for the

PMMA–FH nanocomposite, yet the tactoids are well

dispersed. Thus, the as-polymerized MMT nanocomposites

are better exfoliated than the corresponding FH-containing

nanocomposites. MMT is a smectic clay consisting of

layered aluminosilicate structures with lateral dimensions

typically ranging from 0.1 to 1 mm, while FH is a synthetic,

layered magnesium silicate with lateral dimensions around

4–5 mm, much larger than that of MMT [10]. These data

suggest that the particle size might have played an important

role affecting the ease of exfoliation of clay in the

nanocomposites, even in the presence of in situ emulsion

polymerization used here. For the purposes of electro-

spinning, the MMT and FH nanocomposites having a 50/50

weight ratio of MMA to MAA, denoted as 5050-copolymer

nanocomposites, were selected in this work for the studies

described below.

3.2. Rheology analysis

3.2.1. Shear rheology

The unfilled copolymers were completely dissolved in

DMF, and transparent solutions were obtained. However, it

was noticed that longer time was needed for PMAA to

dissolve in DMF than for PMMA. Fig. 4 shows the results

of steady shear viscosity vs. shear rate obtained for the

PMMA, 5050-copolymer and PMAA solutions in DMF.

The PMMA solution has the highest zero-shear-rate

viscosity, followed by the 5050-copolymer, and PMAA

the least. This is mainly due to a higher molecular weight of

the PMMA synthesized (MwZ777,700 g/mol) than that of

PMAA (MwZ258,500 g/mol).

When DMF was used as the solvent, a homogeneous

translucent, gel-like dispersion was obtained for the 5050-

MMT nanocomposite, while a white uniform dispersion was

observed for the 5050-FH nanocomposite. Rheological

measurements were carried out on these nanocomposite

dispersions in DMF. Fig. 5 shows steady shear viscosity as a



Fig. 3. Representative TEM images of nanocomposites (a) PMMA–MMT, (b) PMAA–MMT, (c) PMMA–FH.
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function of shear rate. The 5050-MMT dispersion in DMF

exhibits higher zero-shear-rate viscosity than the 5050-FH

dispersion, yet both surpass the neat 5050-copolymer

solution. We used dynamic light scattering to determine

the hydrodynamic diameter of the neat 5050-copolymer and

the 5050-copolymer matrix component extracted from the

nanocomposites. The latter were obtained by dissolving
Fig. 4. Shear viscosity vs. shear rates of different polymer solutions.
the nanocomposites in DMF and subsequently removing the

clay component through filtering. The results listed in

Table 1 show that neat 5050-copolymer has the largest

hydrodynamic diameter, followed by 5050-copolymer in
Fig. 5. Comparison of shear viscosity vs. shear rate of 5050-compolymer

and their layered silicate nanocomposites.



Fig. 6. (a) Storage modulus vs. frequency of 5050-copolymer and their

layered silicate nanocomposites (b) loss modulus vs. frequency for the

corresponding materials.
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the nanocomposite containing FH, and then by the

nanocomposite containing MMT. Since the DLS measure-

ments were conducted at the same polymer concentration in

DMF, the order of hydrodynamic diameters reflects the

order of molecular weights. Therefore, the higher shear

viscosity observed in Fig. 5 for the nanocomposites

dispersions is predominantly due to the incorporation of

clay, and not the molecular weight of the copolymers. At

low shear rates (!50 sK1, Fig. 5), pronounced non-

Newtonian shear thinning, which is characteristic of layered

silicate ordering in the flow direction [52,53], is observed in

the 5050-MMT dispersion, but not in the 5050-FH

dispersion. The latter exhibits predominantly Newtonian

behavior, as does the 5050-copolymer solution. The extent

of shear thinning at these low shear rates has been reported

to correlate directly with the concentration of platelets and

the extent of filler–filler interaction [52,54–56]. The particle

size of FH is much larger than that of MMT; however, the

effective anisotropy of the tactoids of FH may be

compensated by the larger stack size or an intercalated

silicate structure, indicated by WAXD, as compared to the

tactoids of MMT. Based on this, our results from the steady

shear rheological measurements suggest that MMT is more

exfoliated than FH in the 5050-nanocomposite dispersions.

Fig. 6(a) and (b) shows that the values of storage

modulus, G 0 and loss modulus, G 00, obtained from the

dynamic shear measurements for the 5050-MMT are sub-

stantially higher than those for the 5050-FH at all fre-

quencies. The G 0 and G 00 values for the latter in turn are

slightly higher than those for the 5050-copolymer at all

frequencies. Like shear viscosity, the dynamic moduli of

nanocomposite dispersions depend not only on the proper-

ties of the polymer solution, but also on the interaction

between clay particles and on the interaction between the

clay and polymer solution [57–59]. The drastic increase in

both moduli of the MMT nanocomposite can presumably be

attributed to the better exfoliation of MMT compared to that

of FH in the 5050-copolymer solutions [57]. This would be

consistent with the results of steady shear rheology and

WAXD analysis of as-polymerized nanocomposites.
3.2.2. Extensional rheology and conductivity measurements

The time evolution of the midpoint diameter of the fluid

filament during the extensional deformation was investi-

gated for the 8 wt% PMMA, 5050-copolymer and PMAA
Table 1

Comparison of hydrodynamic diameters of the neat 5050-copolymer and

the 5050-copolymers extracted from the 5050-MMT and 5050-FH

nanocomposites

0.5 wt% in DMF Hydrodynamic diameter

(nm)

Neat 5050-copolymer 21.24G0.38

5050-Copolymer in FH nanocomposite 19.38G0.86

5050-Copolymer in MMT nanocomposites 13.7G1.74
solutions, and for the 5050-copolymer nanocomposite

dispersions in DMF (Fig. 7(a)). The capillary thinning of

a fluid filament is a result of the competition of surface

tension forces squeezing fluid from the filament and causing

it to thin down, and polymer solution elasticity resisting

extensional deformation [49–51,60]. A slower rate of

capillary thinning is expected to correlate with better

spinnability of the polymer solution. The data presented in

Fig. 7(a) shows that the PMMA solution has a lower rate of

capillary thinning than the 5050-copolymer and PMAA

solutions. The values of apparent extensional viscosity vs.

Hencky strain, calculated from the diameter vs. time data

based on Eqs. (1) and (2), are shown in Fig. 7(b). Strain

hardening is seen in all the polymer solutions upon

extensional elongation. It is more pronounced in PMMA

than in PMAA due to the high molecular weight of PMMA.

In addition, results obtained from the conductivity measure-

ments show that the PMMA solution has the highest

conductivity compared to the 5050-copolymer and PMAA

solutions in DMF. These observations would predict better

electrospinnability for the PMMA solutions in DMF than

for the 5050-copolymer and PMAA solutions, based on the

expectation of a larger charge density from the conductivity

measurement and a slower rate of capillary thinning from

the extensional rheology analysis. Incorporation of clay

apparently decreases the rate of capillary thinning of the

nanocomposite dispersions as shown in Fig. 7(a), and strong



Fig. 7. (a) Evolution of midfilament diameter vs. time for the 5050-copolymers and their layered silicate nanocomposites (b) apparent extensional viscosity vs.

Hencky strain for the corresponding materials.
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strain hardening was observed for the 5050-MMT and 5050-

FH dispersions (Fig. 7(b)). Meanwhile, incorporation of

clay does not change significantly the conductivity of the

nanocomposite dispersions (Table 2). As a result, the

layered-silicate nanocomposite dispersions are expected to

exhibit better electrospinnability than the corresponding

polymer solutions.

An elastic model, described by Eq. (3), was used to fit

the data from extensional rheology to determine the

longest relaxation time, lc, associated with both polymer

solutions and nanocomposite dispersions [49–51]. Table 3

lists the values of the relaxation times, lc, and the filament

break up time tb, obtained for these solutions and

dispersions. Both the lc and tb values associated with

the nanocomposite dispersions are significantly higher

than those of the unfilled polymers, presumably due to

filler–filler and polymer–filler interactions [61,62]. In

addition, the 5050-MMT dispersion exhibits a longer

relaxation time and a longer experimental time to break

than does the 5050-FH dispersion. We attribute this

observation primarily to the difference in the extent of

exfoliation of these clays, in accord with the results seen

in the shear rheology analyses and WAXD patterns for as-

polymerized nanocomposites.
3.3. Electrospinning

Typical processing parameters used to electrospin the

neat polymer solutions and the 5050-copolymer nano-

composite dispersions at concentrations of 6 and 8% by

weight are listed in Table 2. Fig. 8 shows representative

SEM images of electrospun fibers. At 6 wt%, a beads-on-

string morphology was obtained when the PMAA and 5050-

copolymer solutions were spun (Fig. 8(a)), while a fiber

morphology was achieved for the PMMA solution, 5050-

MMT and 5050-FH dispersions. These results are consistent

with the prediction of electrospinnablity of polymer

solutions and nanocomposite dispersions based on the

extensional rheology and conductivity measurements. For

the 5050-MMT nanocomposite, uniform fibers were

obtained, but nonuniformities were visible on some of the

electrospun 5050-FH fibers (Fig. 8(d)). The latter is

attributed to the dimension of the FH clays (about 4–

5 mm) being significantly larger than the fiber diameter,

resulting in large protrusions. Results of the TEM analysis

indicate that the majority of intercalated FH structures are

present in these nonuniformities rather than in the uniform

sections of the fibers. At 8 wt% solutions, uniform fiber

morphology was observed for the PMAA, 5050-copolymer



Table 2

Typical processing parameters used for electrospinning

Conductivity

(ms/cm)

Voltage

(kV)

Distance

(cm)

Flow rate

(ml/min)

Current

(nA)

Fiber diameter

(nm)

PMAA (6 wt%) 24.6 19 25 0.03 80.3 Beads-on-string

5050-Copolymer (6 wt%) 68.0 19 30 0.015 64.2 Beads-on-string

PMMA (6 wt%) 94.0 17 30 0.015 103 550G60

5050-FH (6 wt%) 61.2 13 30 0.03 81.8 320G70 with protrusions

5050-MMT (6 wt%) 57.0 20 30 0.02 73.2 350G90

PMAA (8 wt%) 40.9 20 25 0.025 114.3 220G40

5050-Copolymer (8 wt%) 79.6 15.0 30 0.02 88.2 430G40

PMMA (8 wt%) 112.0 11.8 30 0.03 123 1400G120

5050-FH (8 wt%) 72.1 10.2 30 0.05 118.7 660G80 with protrusions

5050-MMT (8 wt%) 82.7 17.0 30 0.05 240.8 630G160

Conductivity refers to the static conductivity of solution; voltage refers to the applied voltage; distance refers to the separation between nozzle and collection

electrodes; current refers to that measured at the collector electrode [44].
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and PMMA solutions, and for the 5050-MMT dispersion;

however, protrusions were still observed on some of the

electrospun fibers from the 5050-FH nanocomposite

dispersions (Fig. 8(h)).
3.4. Characterization of fibers
3.4.1. Morphology analysis

The morphology and the degree of dispersion of

nanoclays within the fibers were characterized by TEM

and wide-angle X-ray diffraction (WAXD). TEM results

reveal that the majority of MMT platelets are exfoliated, and

they are well distributed within the fiber volume and

oriented along the fiber axis, as shown in Fig. 9(a). This

clearly indicates the feasibility of electrospinning of the 2-D

platelet structures and the potential to achieve proper

alignment of these nanoclays along the fiber axis, which is

critical for nanocomposite fiber fabrication [37]. Fewer FH

clay particles are observed within the as-spun fibers, and

most of these appear to be in tactoids and to reside near the

edge of the fibers, as shown in Fig. 9(b). They are

nevertheless well aligned in the fiber direction.

Wide-angle X-ray diffraction patterns of fibers were

obtained using the electrospun non-woven mats. Fig. 10

shows that a small peak is barely observable at 2qZ6.688,

with a corresponding d-spacing value of 1.31 nm, for the

5050-MMT, and at 2qZ7.628, with d-spacing of 1.16 nm,

for the 5050-FH. The position of the basal reflection

associated with the FH is about the same for both the as-

polymerized 5050-FH nanocomposite and the as-spun
Table 3

Comparison of the longest relaxation time and time to break for different

solutions or dispersions

8 wt% in DMF lc (s) tb (s)

PMAA 1.18!10K2 0.312

5050-Copolymer 2.73!10K2 0.337

PMMA 3.57!10K2 0.442

5050-FH 5.38!10K2 0.677

5050-MMT 6.96!10K2 0.824
5050-FH fibers. On the other hand, a small peak appears

for the as-spun fibers of 5050-MMT that was not seen in the

as-polymerized 5050-MMT nanocomposite. A similar

WAXD pattern with a basal reflection at 2qZ6.408 was

also noticed for a solution cast film of 5050-MMT in DMF

(not shown). Therefore, the change of MMT morphology

between the as-polymerized nanocomposites and electro-

spun fiber is probably due to the effect of DMF solvent on

the extent of exfoliation of clay in the nanocomposite

dispersions. The latter was also noted by Fong et al. when

they prepared nylon-MMT nanocomposite dispersions in a

mixture of HFIP and DMF solvents [37]. They suggested

that solvents presumably cause desorption of polymer

molecules from the silicate surface and lead to the

aggregation of layered silicates.
3.4.2. Thermal analysis of fibers

Fig. 11 displays the DSC thermographs obtained for

electrospun fibers of PMMA and PMAA homopolymers,

5050-copolymer, 5050-MMT and 5050-FH nanocompo-

sites. The glass transition temperatures, Tg’s, of these

materials determined from the second heating scan are

compared in Table 4. A single Tg is observed for all the

fibers electrospun from 5050-copolymer and their nano-

composites indicating miscibility between MMA and

MAA molecules at least on the scale of thermal

conduction length 20–30 nm. These fibers comprising

5050-copolymer based materials exhibit an increase in Tg

of about 26–28 8C over that of the PMMA fiber. These

results are consistent with the DSC results obtained for

the as-polymerized poly(MMA-co-MAA) copolymers

[47]. It is noteworthy that Tg’s of 5050-copolymer

containing fibers are much closer to the Tg of PMAA

fiber than that of PMMA fiber. PMAA aforementioned

undergoes anhydride formation upon heating [3]. This

reaction presumably occurred during the first heating scan

of PMAA-containing materials in DSC. As a result, Tg of

these materials can only be determined from the following

heating scan after the completion of anhydride formation.

Therefore, the Tg values determined from the second



Fig. 8. Representative SEM images of electrospun fibers from the following solutions in DMF: (a) 5050-copolymer (6 wt%), (b) PMMA (6%), (c) 5050-MMT

(6%), (d) 5050-FH (6%), (e) PMAA (8%), (f) 5050-copolymer (8%), (g) 5050-MMT (8%), (h) 5050-FH(8%).
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heating scan in DSC reflect the thermal characteristics of

materials presumably in the form of anhydrides of PMAA

homopolymer or 5050-copolymer, which haven’t been

reported in the literature to date.

Thermal stability of the electrospun fibers was evaluated
using TGA in nitrogen atmosphere. For comparison, a

thermally pressed homopolymer PMMA film was also

tested by TGA under the same conditions. The TGA data of

weight change and the derivative of weight change for the

homopolymer PMMA film are shown in Fig. 12. Two steps



Fig. 9. Representative TEM images of electrospun fibers from the following solutions in DMF: (a) 5050-MMT (6%), (b) 5050-FH (6%).
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of degradation process are observed, indicated by two peaks

in the derivative of weight change plot. The first thermal

degradation of PMMA film in nitrogen, indicated by a small

peak in the range 270–390 8C, is presumably due to the

thermal degradation of less stable head-to-head linkages and

unsaturated vinyl end groups in the PMMA molecular

chains, as reported for PMMA synthesized by free-radical

polymerization [1]. The second thermal degradation,

indicated by a large peak at about 470 8C, is due to the

complete decomposition of polymer main chains. The

weight change as a function of temperature for different

electrospun fibers are compared in Fig. 13. The degradation

curve for PMMA fiber shows a similar two-step degradation

process as seen for the melt-processed PMMA film, except

that the former exhibits slightly better thermal stability

indicated by a lesser extent of weight loss associated with

the first step degradation in the temperature range of

270–390 8C. This minor difference may be partly due to the

variation in processing (melt-compression vs. solvent-

assisted electrospinning), the details of which remain the

subject for further investigation. The fibers containing 5050-

copolymer reveal the onset of weight loss at much lower

temperature than the PMMA fiber. The small weight loss

between room temperature and about 100 8C is a result of
Fig. 10. Comparison of WAXD patterns of 5050-copolymer, 5050-FH and

5050-MMT electrospun fibers. The peak positions are indicated by the

arrows.
the release of adsorbed water due to the hydrophilic nature

of MAA components. The weight loss between about 100

and 270 8C is due to the release of water and CH3OH

molecules from anhydride formation between MAA units

and between the carboxyl group of MAA and the

carboxylate group of MMA in the poly(MMA-co-MAA)

copolymers, respectively [3]. The extent of the MAA–

MMA anhydride formation presumably depends upon the

proximity of reactive monomers resulting from copolymer-

ization, the tacticity of these monomer units, and the

polymer chain conformation. The weight loss between

270 8C and the onset temperature of thermal degradation of

polymer main chains, indicated by the significant weight

loss in TGA, is the result of possibly continual anhydride

formation between MAA and MMA molecules as well as

the degradation of the weak linkages of MMA components

as discussed above. The anhydrides formed during TGA

subsequently result in an increase in the thermal stability of

5050-copolymer based fibers. These materials exhibit an

onset of thermal degradation of polymer main chains almost

80 8C higher than that of the PMMA fiber. The 5050-MMT

fibers charred after being heated to 800 8C in nitrogen while
Fig. 11. DSC thermograms obtained from the second heating scan for

electrospun fibers (a) PMMA, (b) 5050-copolymer, (c) 5050-FH nano-

composite, (d) 5050-MMT nanocomposite, (e) PMAA.



Table 4

Tg of electrospun fibers

Electrospun fiber Tg (8C)

PMMA 127.1

5050-Copolymer 152.9

5050-FH 155.4

5050-MMT 153.5

PMAA 161.7

Fig. 13. Comparison of weight changes of electrospun fibers as a function of

temperature for PMMA (!), 5050-copolymer (%), 5050-MMT (B), 5050-

FH (k) nanocomposites.
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a film formation was noted in the 5050-FH fibers (Fig. 14);

the remaining wt% of char residues as shown in Fig. 12 is

about 4.8% and 4.2% for the 5050-MMT and 5050-FH

fibers, respectively. Gilman et al. [10] also noted a

difference in the char formation behavior during burning

of MMT and FH based nanocomposites. They attributed this

to the smaller size of the MMT lamellae, which could

presumably facilitate the reassembly of lamellae to form

three-dimensional char. The MMT char could act as an

excellent insulator and mass transport barrier and subse-

quently mitigate the escape of volatile products generated

during polymer decomposition. This char is desired to

reduce the flammability and increase the self-extinguishing

property of nanocomposite fibers [10].
4. Conclusions

Fibers of poly(MMA-co-MAA) copolymers and their

layered silicate nanocomposites were prepared by electro-

spinning. The copolymers containing MAA exhibit

enhanced Tg and thermal stability through formation of

anhydrides upon heating. The clays in the nanocomposite

dispersions increase the zero-shear-rate viscosity over that

of the pristine polymers. Both steady and transient shear

rheology data reveal that MMT is more exfoliated than FH
Fig. 12. Weight change (%) and derivative of weight change (%/min) as a

function of temperature for melt processed PMMA film.
in the 5050-nanocomposite dispersions, which is attributed

to the difference in the lateral size of the clays. The

electrospinnability of copolymer solutions and nanocompo-

site dispersions predicted based on data from both

extensional viscometry and conductivity measurements

correlates well with the production of uniform fibers.

Dispersion of clays within the nanocomposites improved

the electrospinnability of these materials through increased

apparent extensional viscosity and strain hardening. Uni-

form fibers with diameters in the sub-micron range were

obtained for the 5050-copolymer and 5050-MMT nano-

composite, while existence of protrusions is observed in

electrospun 5050-FH fibers, due to the large size of the FH

clay platelets. MMT is predominantly exfoliated and well

distributed within the fiber volume and along the fiber axis;

however, fewer FH platelets are observed within the fiber

and most of them appear to be intercalated. In addition, the

fibers containing well-dispersed and predominantly exfo-

liated MMT clays char upon decomposition. Thus, through

electrospinning of dispersions of copolymers of MMA and

MAA synthesized in situ with clays, a novel fiber with high

glass transition temperature and enhanced thermal stability

has been demonstrated, with potential to reduced flamm-

ability and improved self-extinguishing properties.
Fig. 14. Comparison of TGA residues of electrospun fibers: (a) 5050-MMT,

(b) 5050-FH.
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