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PMMA is used in many applications in everyday life, for
example, as plexiglass, bone cement, or tooth fillings, etc. We are
used to thinking about PMMA as an amorphous, brittle, glassy
polymer whose main advantage is the ease of polymerization.
However, their monomeric units are prochiral, and hence, the
resulting polymer chain contains a series of chiral centers, which
can be arranged in three different ways: (i) randomly arranged in
the atactic PMMA (a-PMMA), (ii) all having the same config-
uration (R or S) in an isotactic PMMA (iso-PMMA), and
(iii) regularly alternating chiral centers in a syndiotactic PMMA
(syn-PMMA). Both stereoregular forms of PMMA adopt helical
structures' > and are crystalline,4 while the most common,
a-PMMA, is amorphous. An even more exciting structure,
known as the stereocomplex,’ forms via a stereospecific interac-
tion when the two stereoregular forms of PMMAs are mixed
together. This self-assembled stereocomplex, also crystalline
with a well-defined melting point, was first observed in 1958 by
Fox,* and its structure and properties have been extensively
studied.®~' Previous reports showed that the two polymer chains
form a double helix,*” where the syndiotactic chain wraps around
the isotactic chain in a 1:2 iso:syn ratio.>’ However, Yashima’s
group'’ later suggested that the stereocomplex forms a triple helix
where an outer syn-PMMA helix wraps an inner iso-PMMA
double helix. The very formation of the multiple-stranded helix
gives rise to the increased melting temperature of the stereocom-
plex over the individual iso-PMMA or syn-PMMA.

The stereocomplex introduces a whole new array of interesting
properties to PMMA.® Atactic PMMA does not crystallize, but
stereocomplex PMMA helices can pack together and form
crystals with a well-defined melting point.* The stereocomplex
forms in the bulk after lengthy annealing, while it forms very
quickly in solution. The complexation in solution is strongly
solvent dependent.'" Concentrated stereocomplex solutions in
strongly complexing solvents form thermoreversible physical
gels. The cross-linking points in these physical gels have been
shown to be bundles of helices.'? These properties have been
recently utilized in various attempts to produce new supramole-
cular structures. For example, the stereocomplex formation has
been used to form nonionic layer-by-layer assembly to produce
hollow microparticles'® and protein scaffolds,'* while the physi-
cal gelation has been used to produce a highly porous intercon-
nected network."

When a composite consists of the same polymer as a matrix
and reinforcing fiber, it is called self-reinforced composite or
single-polymer composite. One of the main problems in self-
reinforced PMMA composites using only a-PMMA is the
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temperature stability of oriented a-PMMA fibers.'® At the
temperatures required for the composite processing, which is
far above the glass transition temperature of PMMA, most of the
chain orientation in a-PMMA fibers is lost. In order to form self-
reinforced PMMA composites, one needs to maintain the rigid
fiber characteristics even at the processing temperature.

We have spun fibers from stereocomplex solutions using wet
spinning and gel spinning and observed that the birefringence is
not lost even after treating the fibers at 160 °C. Herein we present
a method for electrospinning PMMA stereocomplex solutions
and discuss how these solutions behave differently from regular
PMMA polymer solutions. We ascribe these differences to the
properties arising from the multiple helix stereocomplex forma-
tion, namely the possibility of physical gelation.

Electrospinning is a fiber spinning technique capable of
producing submicrometer size fibers. A polymer solution is
extruded from a syringe, and high voltage is applied at the syringe
tip. The solution is expunged toward a grounded target, forming
a Ta_ylor cone. Bending instabilities result in a whipping instabil-
ity,'"”~'? which is responsible for making very thin, submicrom-
eter size fibers (see Figure 1). During the electrospinning process,
the solution undergoes rapid cooling due to the heat loss from
solvent evaporation. The speed of the fluid jet is around 5 m/s,
making the time-of-flight in our setup around 0.04 s.

Physical gelation is a phenomenon where a liquid undergoes a
reversible liquid—gel transition. The physical cross-links in such a
gel are reversible, in contrast to chemical gels where the cross-
links are irreversible strong covalent bonds. This reversibility and
the associated viscoelastic behavior during the transition from a
liquid to a solid are of great interest anywhere where a sharp,
reversible transition from liquid to solid is needed, such as
fracturing fluids in oil drilling, manufacturing of solid objects
through molding, etc. The three-dimensional network in a
physical gel can undergo changes, as the bonds keep breaking
and forming. In this paper, we show how the process of gelation
affects the electrospinning of stereocomplex PMMA solutions.

Experimental Results

We have dissolved iso-PMMA and syn-PMMA (both from
Polymer Source) in a 1:2 weight ratio in dimethylformamide
(DMF, supplied by Aldrich, 99%) and heated the solution above
the gelation temperature. DMF is classified as a “strongly
complexing” solvent.'" The stereocomplex formation and physi-
cal gelation occur rapidly and readily. We have determined the
gelation temperatures for different overall polymer concentra-
tions, as shown in Figure 2. Solutions were sealed in glass vials
and kept at a set temperature for 30 min. After that, the vials were
tipped over, and if the solution flowed liquidlike, it was deter-
mined to be liquid or sol. If the solution did not flow, it was
determined to be a gel. Upon heating, the gel—sol transition is
about 22 °C higher than the sol—gel transition upon cooling.
This hysteresis is similar in all the concentration ranges previously
studied.’

Itis not possible to electrospin any material in solid or gel form;
therefore, we first heated the stereocomplex PMMA/DMF
mixtures above their upper gel points. The solutions were
transferred into a custom-built electrospinning setup shown
above and kept there until their temperatures reached the
equilibrium at selected temperatures.

We first examined the relationship between the concentration
and the morphology of the spun fibers at 91 °C. We found that
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Figure 1. Schematic diagram of the electrospinning apparatus. The
polymer solution is loaded in a syringe equipped with a nonconductive
heating jacket. The temperature is controlled by an external thermostat
with flow-through heating oil. The charged fluid jet undergoes bending
and whipping and is collected on a grounded target.
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Figure 2. Gelation temperature at different concentration of 1:2 iso:
syn-PMMA solutions in DMF. Filled circles represent the gel-to-sol
transition temperatures upon heating, and open circles represent the
sol-to-gel transition temperatures upon cooling.

stereocomplex PMMA solutions in DMF above the gelation
temperature can be electrospun into continuous fibers at a very
low concentration, which is lower than what is necessary for
a-PMMA solutions of the same molecular weight.”! We then
examined the influence of temperature of the solution on fiber
morphology in the 96—105 °C range. In Figure 3, we display the
different morphologies produced from the stereocomplex solu-
tions in the 1.25—5 wt % concentration range at several tem-
peratures. At 1.25 wt %, beads connected with very thin fibers are
produced, at 2.5 wt %, the beads are connected with fibers, whose
diameter is on the same order of magnitude as the bead diameter,
and at 5 wt % smooth stereocomplex fibers are produced. The
presence of stereocomplex was confirmed by differential
scanning calorimetry (DSC) analysis of the fiber mats, which
showed a melting peak at 172 °C.

The morphology of the electrospun fibers did not change with
temperature, and the diameter of the spun products was also
unaffected. This behavior is in line with regular polymer solution
behavior because the surface tension and viscosity of the solution
do not change drastically with temperature in the range studied.

Discussion

The viscoelasticity and spinnability of a polymer solution are
closely related to the solvent type, temperature, and polymer
concentration. For a good solvent, where polymer—solvent inter-
action is favored over polymer—polymer interaction, the chains
behave like a single molecule below C*, the overlap concentration,
related to molecular weight as C* ~ M~ ~ M~ % from the Berry
number and Mark—Houwink—Sakurada equation.”? As the

Communication

Temperature 91°C 96°C 100°C 105°C

2.5%

all scale-bars 10pum

Figure 3. Effect of temperature and concentration of the spinning
solution on the morphology of the electrospun stereocomplex PMMA.
All the scale bars represent 10 ym.

name suggests, polymer chains start to overlap beyond the overlap
concentration, and hence the viscosity of the system increases
steeply with concentration above it. It has been shown that the
formation of stereocomplex helices increases the persistence
length and makes the polymer chain more rodlike.” In that case,
the Mark—Houwink coefficient @ becomes larger,** and the
overlap occurs at a much lower concentration C*. Thus, gelation
can occur at a lower concentration than the C* calculated for a
Gaussian or a flexible chain. While the increase in viscosity is
linear with concentration for dilute regime, it increases by C* in
the semidilute regime. This is due to presence of entanglements
that act as temporary cross-links and hence also impart gel-like
elasticity to the polymer solution. Gupta et al. have determined
that a-PMMA solutions in DMF need a concentration ratio C/C*
of at least 4 to produce smooth electrospun fibers.*!

The C/C* ratio of the 5 wt % stereocomplexing mixture that
produced smooth fibers was 2 in our case, which is much lower
than reported for linear a-PMMA polymers. We can attribute
this to the helix formation and physical gelation during the
electrospinning process. It has been shown previously that
physical gels require a lower concentration to electrospin smooth,
continuous fibers.> In our case, the comparison with a-PMMA is
all the more relevant, as the only difference between the a-PMMA
solution and the stereocomplex PMMA solution is the occur-
rence of physical gelation. Although stereocomplex-like interac-
tions in atactic PMMA solutions in strongly complexing solvents
(DMF is a strongly complexing solvent) have been detected by
spectroscopic methods (NMR, FTIR)*™?* and DSC, % the
observation of physical gelation was not reported. Most likely the
length of the isoatactic and syndiotactic sequences in atactic
PMMA polymers was not sufficient to facilitate the formation of
long helices and subsequent packing into bundles and gelation.
For illustration, the average length of isotactic sequences
reported in atactic PMMA was 1.33—1.53 monomer units,?®
while it takes 9 isotactic monomer units for one pitch of the
helix.*® During gelation, the polymer chains interact with each
other and aggregate into a 3D percolated structure, essentially
increasing the effective molecular weight of the system. The
polymer chains can do this even below the critical overlap
concentration C*. Therefore, C* is not the most important
parameter that describes the interactions of a physical gel. The
elastic modulus also increases during the gelation process.
Recently, Yu et al. have determined that the elasticity of the
fluid is more important for electrospun jet stability than the
number of entanglements.®' With solutions that will form phy-
sical gels, either argument can explain their peculiar behavior.
The polymer chains associate in the solution, forming a cross-
linked network. This structure increases the elasticity of the fluid
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and therefore stabilizes the fluid jet, resulting in smooth, con-
tinuous fibers at lower concentrations than those reported for
noncomplexing linear polymers.

Conclusions

By examining the behavior of stereocomplex PMMA solutions
during electrospinning, we have found that the heated solutions
of stereocomplex PMMA undergo a sol—gel transition during
electrospinning. The rapid evaporation of the solvent facilitates a
temperature drop, which appears sufficient to bring the tempera-
ture of the fluid jet below its gelation temperature very quickly.
The stereocomplex chains in the helical form pack to generate a
percolating network, all of this within a short time frame of
around 0.04 s. The evidence for this is the appearance of smooth
fibers at a concentration lower than that of noncomplexing
polymer (C/C* = 4 for a-PMMA) and the presence of an
endothermic melting peak at 172 °C in the DSC trace. These
results offer the possibility of forming PMMA stereocomplex
fibers that are more temperature resistant than regular a-PMMA
fibers. Therefore, electrospun stereocomplex PMMA fibers can
be used to reinforce the PMMA matrix in a variety of biomedical
applications because the resultant self-reinforced composites will
have much better interfacial strength while retaining the excellent
biocompatibility of PMMA. The occurrence of physical gelation
during the electrospinning process also opens the possibility of
other transitions or reactions occurring during electrospinning.
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