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Abstract

Chain entanglements are one of many parameters that can significantly influence fiber formation during polymer electrospinning. While
the importance of chain entanglements has been acknowledged, there is no clear understanding of how many entanglements are required to
affect/stabilize fiber formation. In this paper, polymer solution rheology arguments have been extrapolated to formulate a semi-empirical
analysis to explain the transition from electrospraying to electrospinning in the good solvent, non-specific polymer—polymer interaction limit.
Utilizing entanglement and weight average molecular weights (M., M,,), the requisite polymer concentration for fiber formation may be
determined a priori, eliminating the laborious trial-and-error methodology typically employed to produce electrospun fibers. Incipient,
incomplete fiber formation is correctly predicted for a variety of polymer/solvent systems at one entanglement per chain. Complete, stable

fiber formation occurs at > 2.5 entanglements per chain.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrostatic spinning (electrospinning) has received a
great deal of attention in the literature, especially after
Reneker and co-workers [1-3] renewed interest in this
phenomenon. Since then, numerous polymers have been
electrospun to make fibers [4], and a comprehensive list of
these spun fibers has been compiled in a recent review [5].
The ability to make ultrafine electrospun fibers makes it
attractive for applications such as wound dressings [6],
filtration [7,8], drug delivery [9], protective clothing for the
military [10,11] and tissue scaffolds [12—-14].

During the electrospinning process, under the application
of an electric field a drop of polymer solution is presented at
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the spinneret tip. As the intensity of the electric field is
increased, mutual charge repulsion on the drop surface
increases, dramatically altering the droplet shape to form a
Taylor cone [15]. Eventually, charge repulsion exceeds
surface tension and a jet of solution is ejected from the
Taylor cone towards the grounded target substrate. During
jet acceleration towards the substrate, substantial solvent
evaporation leaves behind polymer fibers in the form of
non-woven mats. Frequently, the jet undergoes a whipping
process during acceleration, which stretches the fiber and
significantly reduces fiber diameter [16,17]. This allows
fabrication of nanofibers even though needle diameters may
be on the order of 0.5 mm.

Though the electrospinning set-up is fairly straightfor-
ward, for widespread commercial viability many important
questions need to be resolved including: (a) what parameters
control the fabrication of fibers as opposed to beads (as in
the case of electrospraying)? (b) can fibers of uniform
diameter be consistently obtained? (c) can the process be
readily scaled up? (d) what are the mechanical properties of
these fibers or fiber mats in comparison to bulk polymer? (e)
how does the orientation of the fibers compare to
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conventional fibers? and (f) what parameters influence fiber
surface morphology? Based on empirical evidence, the
many parameters which affect and/or control the process of
electrospinning and subsequent fiber morphology are
known to be: (1) solution concentration, (2) polymer
molecular weight, (3) solution viscosity, (4) solution
conductivity, (5) solution surface tension, (6) applied
voltage, (7) distance of source electrode from the target
substrate, (8) electric field, (9) solution flow rate, (10)
temperature, (11) humidity and (12) solvent volatility (see
for example Ref. [18]). However, not all the variables
mentioned above are fundamental control parameters nor
are they independent of each other. For example, solution
viscosity is a function of both concentration and polymer
molecular weight (among other factors) [19]. In addition,
applied voltage, target distance and electric field are all
interrelated, as are target distance and solvent volatility.

Several groups have attempted to model the electrospin-
ning process with varying amounts of success [16,17,20-
29]. In these models, the electrospinning process is
described as an electrohydrodynamics problem, and
attempts are focused on modeling the fiber diameter as a
function of the distance from the spinneret tip (or more
precisely the tip of the Taylor cone). In general, these
studies assume a spinnable fluid and are attempting to
predict the jet diameter and bending instability process,
which is responsible for generating nanoscale fibers. From a
fundamental perspective, electrospun fiber diameters and
morphologies are a function of solution properties (polymer
concentration and molecular weight) and dynamic par-
ameters (solvent volatility, elongational viscosity, jet
velocity and flow rate) [29,30]. Utilizing the dynamic
approaches above has resulted in accurate modeling of the
jet instability and diameter (in particular, see Refs. [17,26,
27]). However, predicting the onset of fiber formation has
not been examined to our knowledge. Frequently, the
necessary conditions or a ‘how-to’ recipe for electrospin-
ning a particular system is presented in an empirical fashion.
We believe that concepts developed for conventional fiber
spinning represent valuable background for a discussion of
electrospinning, and briefly turn our attention to conven-
tional spinning.

Among the various fiber spinning processes, electrospin-
ning is comparable to conventional dry spinning since both
processes involve polymer solutions and the removal of
solvent in a gaseous environment. Arguments can be made
for flash spinning to be even more relevant [31,32];
unfortunately, there is insufficient background/theoretical
work on this process to make a full comparison at this time.
In general, for conventional fiber spinning, ‘spinnability’ of
the polymer solution (or melt) refers to the regime in which
continuous uniform filaments are obtained [33]. In particu-
lar, instability of the extrudate during traditional fiber
spinning arises from two effects: (i) capillary wave breakup
(Rayleigh instability) and (ii) breakage of the fiber due to
the stresses overcoming some limiting tensile strength

(cohesive, brittle fracture). The spinnable regime would
then occur when there are sufficient forces holding the jet
together to overcome the capillary instability (lower
spinnability limit). On the other hand, sufficient relaxation
time (or low enough strain rates) is necessary for the
material to behave in a viscoelastic manner and avoid
fracture (upper spinnability limit). Note that fiber breakage
due to fracture is less problematic in solution spinning in
comparison to melt spinning. Nevertheless, there is an
optimum range of the stabilizing forces, between which the
jet is prevented from breaking into droplets (Rayleigh
instability) while avoiding fracture. Although electrospin-
ning does differ from dry-spinning in some significant ways
(e.g. higher strain rates, ‘whipping’ draws fibers not tension,
ambient temperatures, no die-swell and much thinner
fibers), the fundamental instabilities that lead to formation
of beaded fibers and/or fiber breakage are the same. From
this perspective, electrospinning is a special case of dry
spinning.

Assuming the above comparison to be valid, examining
the work done on dry spinning models is then a useful
exercise. Recently, Gou and McHugh [34,35] performed
modeling studies on dry spun cellulose acetate (CA) from
acetone. A fundamental assumption for modeling was the
presence of an elastically deformable entanglement network
above a critical polymer concentration or molecular weight.
Their results clearly demonstrated the importance of
viscoelasticity for fiber formation. The primary events in
the formation of fibers by this process appear to be rapid
mass transfer of the solvent and the formation of a ‘skin’ on
the fiber. Although the electrospinning process differs from
dry-spinning, these fundamental events, namely a deform-
able elastic model, rapid mass transfer and skin formation
on the fiber surface, are expected to be similar.

Experimental observations in electrospinning confirm
that for fiber formation to occur, a minimum polymer
concentration is required. Below this critical value,
application of voltage results in electrospraying or bead
formation primarily due to a Rayleigh instability. At these
low concentrations, an insufficiently deformable entangled
network of polymer chains exists as discussed for
conventional solution spinning above. As the polymer
concentration is increased, a mixture of beads and fibers is
obtained. Further increase in concentration results in
formation of continuous fibers, and although it is not
typically reported, at even higher polymer concentrations
uniform fibers are no longer produced due to the high
solution viscosity. Recently, Gupta et al. [36] and Jun et al.
[37] have investigated the effect of molecular weight on
continuous fiber formation at a given polymer concen-
tration. Increased chain entanglements and longer relaxation
times, a consequence of increased polymer concentration,
were thought to be responsible for fiber formation. Previous
publications from our laboratory have also stressed the
importance of chain entanglements in electrospinning [38].
While the relevance of entanglements is generally accepted,
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an analysis of their effect on the resulting morphology has
not been reported.

In this regard, the results of Stephens et al. [39] are
extremely valuable when discussing the utility of extra-
polating solution properties to the onset of fibers. The
authors employed real time Raman spectroscopy on an
ejected jet to determine the polymer/solvent ratio as a
function of distance from the nozzle. They concluded that at
approximately 1cm from the nozzle tip, the polymer/
solvent ratio of the ejected jet remains essentially unaltered
from the initial ratio in the syringe (note: their system
employed tetrahydrofuran, THF, a volatile solvent). Con-
sequently, the polymer concentration that is stabilizing the
jet from capillary break-up is not changed much from the
solution in the syringe barrel. Presumably, further away
from the tip as the solvent evaporates, a considerable
increase in polymer concentration, entanglements and
elongational viscosity occurs, thereby affecting the viscoe-
lastic properties. These results suggest that solution proper-
ties such as polymer concentration and molecular weight
significantly affect fiber/bead formation in comparison to
other governing parameters (i.e. surface tension and
conductivity); however, for modeling the jet and resulting
fiber diameter, the other governing parameters have been
shown to be significant contributors (for example, see Refs.
[20,21,27-29]).

In this paper, a semi-empirical approach is employed to
demonstrate that chain entanglements due to increased
polymer concentration or polymer molecular weight can
play a vital role in fiber formation during electrospinning.
Recently, McKee et al. demonstrated the importance of the
entanglement concentration on electrospinning process for
linear and branched polyesters [40]. Our approach, while
similar, allows a priori prediction of fiber/bead formation as
a function of concentration and molecular weight for a
variety of polymer/solvent systems. In addition, this
approach might be applicable to conventional dry spinning
process.

2. Background

Our goal is to explore the importance and establish a
correlation between chain entanglements and fiber for-
mation in electrospinning from polymer/solvent systems in
the good solvent limit. It well known that for a given
molecular weight (M), the entanglement density increases
with concentration (¢, volume fraction of polymer) [41].
Alternatively, the same result is achieved at a fixed polymer
concentration by increasing M. Both approaches result in a
corresponding increase in solution viscosity (7). As a result,
identifying 7 (solution or zero shear viscosity) as the
governing parameter in electrospinning is reasonable;
however, it is the effect of ¢, and M (through chain
entanglements) that are the underlying, fundamental vari-
ables (in the good solvent, non-specific polymer—polymer

interaction limit). For hydrogen-bonded polymers such as
polyamides, even in good solvents, the effect of polymer—
polymer interactions on solution viscosity may not be
neglected. Similarly, as the solvent quality decreases,
effects of polymer—polymer interactions on solution vis-
cosity become increasingly important and must be taken
into account [41,42].

Before proceeding with the analysis, a comment with
regard to viscosity is instructive. The elongational viscosity
(not shear viscosity) is most frequently used to describe the
rheological properties of the polymer solution/melt as it is
more akin to the deformations being applied during fiber
spinning. Since electrospinning is analogous to convention-
al fiber spinning, the use of elongational viscosity is more
appropriate than zero shear viscosity, and in fact, has been
recently done by Feng [29]. However, both zero shear and
elongational viscosities are a function of the number of
chain entanglements (among other factors). Thus a semi-
empirical analysis to correlate fiber formation in electro-
spinning with the number of entanglements will provide a
starting point for future research. Subsequent sections
provide a brief review of the entanglement effect in melts
and solutions and then apply these concepts to the
electroprocessing of polymer solutions.

2.1. Entanglements in polymer melts and solutions

Chain entanglements in a melt are essentially the
physical interlocking of polymer chains, which is a direct
consequence of chain overlap. In a polymer melt, chain
overlap, and hence the number of entanglements (or
alternatively entanglement density), increases with polymer
chain length or molecular weight, M. This is reflected by the
dependence of zero shear melt viscosity, 79, on the
molecular weight. At low molecular weights, in the absence
of chain entanglements, 7, is directly proportional to M.
Above the critical molecular weight, M, corresponding to
one entanglement per chain, a distinct upturn in the 7,
versus molecular weight plot is observed [19,41]. The
molecular weight dependence of 7, changes from M' to
M>*. Without going into details, it suffices to reiterate that
M. refers to the molecular weight corresponding to the onset
of entanglement behavior in ny while M., the entanglement
molecular weight, corresponds to the average molecular
weight between entanglement junctions (or couples). It is
worth noting that physical chain entanglements behave in a
similar manner as chemical cross-links, although the chains
can slide past one another affecting viscoelastic behavior.
Typically, entanglement molecular weights are obtained by
viscosity, plateau modulus and/or steady state compliance
measurements [19,41]. From a theoretical perspective,
Bueche concluded that the ratio of M/M., corresponding
to the number of entanglements, 7., is ~2 [43]. In general,
for most polymers, experimental observations suggest this
ratio, M /M., is between 1.7 and 3 [41].

In a polymer solution, both concentration or volume
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fraction ¢ and molecular weight M affect the number of
chain entanglements. In a dilute solution, below the critical
value c*, chain overlapping is absent. As a result, there are
no chain entanglements. At c=c*, chain overlap is initiated
and the number of chain entanglements is proportional to c.
In general, a relationship between the entanglement
molecular weight in solution, (M.)s,, and the melt, M.,
can be made by utilizing the polymer volume fraction (¢,,)
such that (M.)som=M./¢p, Which has been validated by
numerous experimental observations [19,41]. The critical
molecular weight corresponding to the zero shear viscosity
follows a similar relationship. The primary effect of solvent
is one of dilution. Since the solution concentrations are well
above the dilute solution regime (c¢>>>c*), the effect of
solvent quality as expressed using the Mark—Houwink
parameter has been neglected in this analysis [41]. Finally,
analogous to polymer melts, the solution viscosity exhibits a
sharp upturn at a critical molecular weight (M. )., Where
(Mc)soln/(Me)soln ~2.

The solution entanglement number (7.)s01, 1S defined as
the ratio of the polymer molecular weight to its solution
entanglement molecular weight, i.e. (n¢)soin =M/(M¢)soln-
For polydisperse systems, the weight-average molecular
weight, M,,, is typically used as the molecular weight. Note
that for systems with large polydispersity values, arguments
for employing the third-moment average molecular weight,
M,, have been made [44]. Accordingly for moderately
concentrated or concentrated solutions (i.e. ¢~c* and
c>>c*, respectively), the entanglement number in solution
(nc)so1n can be determined from Eq. (1), below.

My _ ($M,)
(Me)soln Me

(ne)soln = (1)

The arguments dealing with zero shear viscosity and
molecular weight dependence are expected to remain the
same; therefore, the upturn in 7¢ ML to M%) occurs for
(ne)soin~2. However, the number of entanglements per
chain is given by (n.)son— 1, since an entanglement
necessarily involves two chains. Consequently, at (r¢)soln
=2, there are two entanglements, but only one entangle-
ment per chain.

2.2. Role of entanglements in electroprocessing of polymer—
solvent mixtures

During the electroprocessing of polymer solutions, it has
been established that an increase in polymer concentration
results in the following progression of observed fiber
morphology: (1) beads only, (2) beads with incipient fibers,
(3) beaded fibers, (4) fibers only and (5) globular fibers/
macrobeads. The formation of chain entanglements has
been acknowledged as the primary effect in this progression.
Fundamentally, electrostatic spraying and spinning of
polymer solutions are identical processes with an obvious
difference—electrospraying generates droplets/microbeads

whereas electrospinning results in fibers. Why is there such
a difference in the resulting polymer morphology? Examin-
ing the conditions employed for both processes provides a
simple explanation: polymer chain overlap is minimal for
electrospraying solutions (c << c*). From the perspective of
the electrospraying community, limiting chain entangle-
ments will help generate smaller droplets and more uniform
microbeads. For example, Festag et al. examined the
mechanism of inhibiting drop subdivision for dilute
polystyrene (PS) solutions [45,46]. Chain entanglements
within the drop eventually limit the subdivision of these
drops. The mechanism for this process is straightforward.
As the solvent evaporates, two competing effects occur: (i)
polymer concentration increases and entanglements com-
mence, which stabilizes the droplet from further subdivision
and (ii) surface charge increases, which overcomes the
droplet surface tension providing a driving force for droplet
subdivision. A third factor not to be overlooked is heat
transfer due to the rapid evaporation of solvent. This effect
will also tend to limit the droplet size: as the droplet is
cooled, solvent evaporation slows, skin formation stabilizes
the droplets, and surface charge no longer increases.

As the polymer concentration is increased (c~c*), a
mixture of fibers and beads are observed. In this regime,
insufficient chain entanglements are present to fully
stabilize the jet. In theory, at even higher polymer
concentrations (¢ > c*), increased chain entanglements can
temporarily serve to stabilize the electrospinning jet by
inhibiting jet breakup. For dry spinning it has been
suggested that above a critical dope (polymer) concen-
tration, the dynamic ‘short range’ network in the spinning
solution is converted to a more stable elastically deformable
‘long range’ network as the solvent evaporates [34,35,47].
In other words, ‘spinnable’ solutions exhibit elastic proper-
ties [33]. In electrospinning, the existence of a similar
mechanism may be invoked. An additional consequence of
solvent evaporation is cooling of the jet, which facilitates
skin formation and ultimately fiber stabilization. From a
fundamental perspective, it is important to understand and
be able to predict both the minimum number of entangle-
ments (‘short range’ entanglement network) in the spinning
solution for both fiber initiation (fibers+beads) and
complete fiber formation (only fibers). However, since
chain disentanglement in the strong elongational flow field
is occurring at the same time, exactly how many entangle-
ments are required (so as to form the ‘long range’
entanglement network as solvent evaporates) is uncertain
and is the subject of this paper.

It is here that our previous discussion on the polymer
solution viscoelastic behavior is helpful. To recap, as
polymer concentration decreases, (M, )so1n increases due to a
dilution effect. The solution entanglement number, (7)soin,
can be readily calculated from Eq. (1). The zero shear
viscosity exhibits an upturn (M1 to M3'4) for (ne)soin~2,
which implies that at least one entanglement per chain is
necessary for the viscosity increase. In many instances, the



3376 S.L. Shenoy et al. / Polymer 46 (2005) 3372-3384

actual viscosity upturn is a gradual process and begins at
(ne)soin =<2 and is not finished until (7)o, > 2. Still, if the
fiber initiation can be correlated with a value of (7)1, for a
variety of polymer/solvent systems and complete fiber
formation is also correlated with (n.)sm, then spinnable
solutions may be prepared on the basis of a simple
calculation.

In subsequent sections, we have used experimental data
to show a correspondence between (7.)so1, and fiber
formation. The systems chosen for this study are (a)
polystyrene (PS)/THF [48], (b) poly(ethylene oxide)
(PEO)/H,0O [22,49], (c) poly(p,L-lactic acid) (PDLA)/
dimethylformamide (DMF) [50], poly(L-lactic acid)
(PLLA)/dichloromethane (DCM) [37], PLLA/chloroform
(CHCl), PLLA/1,1,2,2-tetrachloroethane (C,H,Cl,), and
(d) poly(vinyl pyrrolidone) (PVP)/ethanol (EtOH). The
broad choice of systems allows us to validate our assertion
that fiber formation is controlled by (n.)s01, regardless of
polymer polarity (non-polar PS versus polar PEO, PVP or
PLLA) and even in the presence of strong polymer—solvent
interactions (e.g. PEO/water hydrogen bonding). Table 1
lists the entanglement molecular weights for the relevant
polymers.

3. Results
3.1. PS/THF

Polystyrene is an amorphous polymer with a glass
transition temperature (7T,) around 100 °C. Megelski et al.
obtained PS fibers by electrospinning from a variety of
solvents including THF [48]. Here, the portion of their
results relevant to this study is used. The weight-average
molecular weight of PS was 190k (190 X 10° gm/mol). The
paper provides detailed optical micrographs of bead/fiber
formation at 18, 20, 25, 30 and 35 wt% PS, respectively. At
18 wt%, the resulting electroprocessed mats consists of
beads only. At 20 wt% PS, structure consisted predomi-
nantly of beads with a few incipient fibers. Higher polymer
concentrations (25 and 30 wt%) resulted in larger fiber/bead
ratios. And finally, at 35 wt%, only fibers were obtained.
Therefore, the transition from electrospraying to electro-
spinning is initiated between 18-20 wt% and completed by
35 wt%.

Employing Eq. (1), the relationship between the
calculated (n.)s01, and the transition from electrospraying

Table 1
Entanglement molecular weights of the polymers considered in this study

Polymer Entanglement molecular weight
(M. X 10* g/mol)

Polystyrene (PS) 16.6

Poly(ethylene oxide) (PEO) 2.1

Poly(L-lactic acid) (PLLA) 8.0

Poly(vinylpyrrolidone) (PVP) 16.8 (estimated)

to electrospinning is evaluated. The entanglement molecular
weight of PS is given in Table 1 and obtained from Fetters
et al. [51]. Prior to using the values given by Fetters, a
correction (M.X5/4) is applied to account for the
differences in definition of entanglement spacing (Ferry
versus Fetters), as suggested by Larson et al. [30]. Thus, M,
of PS is 16.6k, which is in good agreement with the values
reported in the literature [19,41]. Fig. 1 plots the calculated
(e)soln as a function of PS concentration (converted from ¢,
to wt%) for different molecular weights (50-300k).
Focusing on the 190k plot, three distinct morphology
regimes are indicated in Fig. 1: (i) beads only, (ii) fibers +
beads and (iii) fibers only. Below 20 wt%, (71¢)somn <2, only
beaded morphology is predicted (and observed). It is
important to reiterate that experimental observations exhibit
a gradual upturn in the viscosity versus My, (M to M>*), not
an abrupt transition. Accordingly, though the transition in
Fig. 1 at (nc)so;n=2 is shown as a dotted line, the actual
change in morphology from beads to fibers + beads is not as
sharp as indicated. In fact, one observes a gradual
transformation from beads to elongated beads to a mixture
of fibers+beads. Likewise, the transition from fibers-
beads to fibers only is a gradual process as less and less
beads are observed. At 20 wt% PS, the calculated (n1¢)so1n 1S
two, which corresponds to an upturn in zero shear viscosity
(onset of entanglements). This correlates with the exper-
imental observation of fiber initiation. Even though fiber
formation is initiated around 20 wt% PS (corresponding to
one entanglement/chain), this is not enough for complete jet
stabilization, especially under the influence of the strong
elongational flow field. In fact, the observation of fibers and
beads for concentrations up to 30 wt% PS supports the

T
; 300K
61
o 5%
e
E -
3 44
L fibers only
0 b A
S
231
2 fibers + beads
€

0 5 10 15 20 25 30 35 40
wt% PS

Fig. 1. Plot of the calculated entanglement number (n.)so1n (Eq. (1)) as a
function of concentration for PS/THF system. The dashed line indicates the
transition for complete fiber formation, i.e. (n.)so1n =3.5, while the dotted
line indicates the boundary between beads and a mixture of fibers and beads
(shown in fill). Each line represents a different weight-average molecular
weight (M,,): 50, 100, 190 and 300k. Arrows indicate the onset of fiber
formation (20 wt%) and complete fiber formation (34 wt%) for 190k
sample, in agreement with observations (Table 2).
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hypothesis of insufficient entanglements for jet stabilization.
Continuing further, when the PS concentration is increased
to 35 wt%, only fibers are obtained, which corresponds to
(Me)som=3.5 or 2.5 entanglements/chain. The arrow at
34 wt% in Fig. 1, indicates this last transition.

The effect of molecular weight on calculated fiber onset
and fiber only transitions is clearly indicated by comparing
the 50, 100, 190 and 300k calculations, which show much
lower concentration thresholds as the M,, is increased.
Moreover, by simply using the entanglement molecular
weight (M.) of the undiluted PS, the electrospinning
concentration regime of a known molecular weight PS
sample may be predicted and correlated with the onset of
entanglements. The more significant question is whether
this analysis (based exclusively on chain entanglements)
can be applied to other polymer solutions. Moreover, since
PS is a non-polar polymer, will this analysis be applicable to
polar polymers as well? In an attempt to answer these
questions, the semi-empirical entanglement analysis was
applied to other systems. The results of the analyses
including that of PS/THF are tabulated in Table 2. Also
provided in Table 2 are the experimental data for fiber
initiation and complete fiber formation obtained from the
literature for these systems.

3.2. PLA/DMF or PLA/DCM

Poly(lactic acid), PLA, is a biocompatible/biodegradable
linear aliphatic polyester. PLA can be completely amor-
phous as in the case of poly(p,L-lactide) (PDLA) or semi-
crystalline in the case of poly(L-lactide) (PLLA). Zong et al.
[50] investigated the effect of processing parameters to
make electrospun, bioabsorbable non-woven PDLA mem-
branes for biomedical applications. The weight-average
molecular weight of PDLA was 109k and DMF was
employed as the solvent. The authors observed that at
concentrations <20 wt%, a mixture of large beads and
fibers was generated, whereas only fibers were generated on
electrospinning solutions between 30 and 35 wt%. Recently,
Jun et al. have explored the various parameters important for

Table 2
Summary of results for various polymer/solvent systems

3377

electrospinning of semi-crystalline PLLA fibers [37].
Dichloromethane (DCM) was the solvent and the polymer
molecular weight was 670k (M,,). In contrast to the results
of Zong, a mixture of fibers and beads were obtained at
concentrations <1 wt%, and for concentrations >3 wt%,
only fibers were observed. The authors speculated that the
large difference in the polymer concentrations required for
fiber initiation and complete fiber formation was probably a
consequence of the different solvents employed (and by
inference, related to solvent volatility effects, (Tgp)pmr=
153 °C versus (Tgp)pem =40 °C).

While the M. of PLLA is readily available in the
literature, no reports on (M.)ppra could be found. As a first
approximation, the entanglement molecular weights were
assumed to be equivalent, (M.)ppra = (Me)pLra = 8.0k [52].
Note, by definition, M, (average molecular weight between
entanglements) is primarily a function of chain geometry
(architecture) [19,41]. Consequently, despite the large
difference in M,, between PDLA and PLLA (109 versus
670k), our assumption that (M.)ppra~ (Mc)pL1a 1S reason-
able; however, the number of entanglements per chain (or
solution entanglement number as defined by Eq. (1)) for
PLLA will be significantly higher [53,54]. Using the
reported value, the polymer concentrations corresponding
to fiber initiation, (71.)so1n =2, and complete fiber formation,
(ne)son=3.5, were determined for both PDLA/DMF and
PLLA/DCM. As shown in Fig. 2 (tabulated in Table 2), our
calculations show that for fiber initiation should occur at
~20 wt% for PDLA (109k) and 2.3 wt% for PLLA (670k)
while complete fiber formation is expected at 32 wt% for
PDLA and 4 wt% for PLLA. The calculated results are in
excellent agreement with the experimentally observed
values for both PDLA and PLLA. To ascertain whether
the large difference in PLLA and PDLA concentrations is
truly a molecular weight phenomenon or a solvent effect as
suggested by the authors [37], attempts were made to
electrospin high molecular weight PLLA (M, =670k) from
DMF. The original intent was to validate the entanglement
analysis by electrospinning PLLA/DMF solutions; however,
PLLA is insoluble in DMF even at elevated temperatures.

System polymer/sol- M,, (X10?) g/mol

Polymer concentration (wt%) estimated by

Polymer concentration (wt%) observed

vent entanglement analysis experimentally

Fiber initiation Fibers only Fiber initiation Fibers only

(fibers +beads) (e)soin~3.5 (fibers +beads)

(Me)soin~2
PS/THF [48] 190 20 34 18 30-35
PDLA/DMF [50] 109 18.5 32 <20 30-35
PLLA/DCM [37] 670 2.3 4 <1 3
PLLA/CHCl; 670 2.0 35 - < 4.1
PLLA/C,H,Cl, 670 1.9 34 <3 > 4
PEO/H,0 [56] 400 L5 2.5 NR 4
PEO/H,0 [20] 2000 0.3 0.8 NR <2
PVP/EtOH 1300 4 75 3 7-9
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670k

109k

fibers only

L Rl S - Ly

fibers + beads

(Ne)sain Calculated
T

23 Wi% beads

20 wt%

wt% PLA

Fig. 2. Plot of the calculated entanglement number (n.)so1n (Eq. (1)) as a
function of concentration for PLA/(DMF/DCM) systems. The dashed line
indicates the transition for complete fiber formation, i.e. (1¢)so1n = 3.5, while
the dotted line indicates the boundary between beads and a mixture of fibers
and beads (shown in fill). The lines represent the samples with M, =670
and 109k, and arrows indicate the onset of fiber formation (2.3 and
18.5 wt%) and complete fiber formation (4 and 31 wt%) for the 670 and
190k samples, respectively.

Nevertheless, based on preliminary electrospinning exper-
iments performed in other chlorinated solvents of differing
volatility [55], it appears that the variation in the critical
concentration between the studies of Jun and Zong may be
attributed to the large M,, differences (670 versus 109k) of
the samples more than differences in solvent volatility. Still,
the extreme volatility of DCM may make a minor
contribution to the observation of fiber onset at lower
concentrations.

3.3. PEO/H,0

Polyethylene oxide is a semi-crystalline linear aliphatic
polyether with a low Ty, (65 °C). Dietzel et al. [56] have
examined the effect of processing variables including
concentration on electrospinning of PEO in H,0O. The
authors observed that for 4-10 wt% PEO (M,,=400k) only
fibers were produced. Below this critical concentration
(4 wt%), a mixture of fibers and beads were obtained. In
another study by Shin et al. [22], 2 wt% PEO (M, =2000k)
was deliberately chosen to ensure that only fibers were
produced, which implies the critical concentration corre-
sponding to complete fiber formation is <2 wt%. The PEO/
H,O system gives us an opportunity to apply the entangle-
ment analysis, where strong polymer/solvent interactions
(hydrogen bonding between PEO ether groups and hydroxyl
groups in H,O) are known to exist.

Table 1 gives (M.)pgo obtained from literature [51] by
applying the proper correction (M, X 5/4). The comparison
between experimental data and predicted values are given in
Table 2. Entanglement analysis predicts that for M, =400k,
and concentrations >2.5 wt% only fibers should be

obtained, while for a 2000k sample the corresponding
concentration is 0.8 wt%. Experimentally, Deitzel et al.
observed a critical concentration of 4 wt%—whether the
presence of strong specific interactions between PEO and
H,O0 is the cause of this discrepancy between calculated and
observed fibers is unclear at this time. In addition, fiber
initiation is expected to be at ~ 1.5 wt%, which cannot be
confirmed since the authors did not report the PEO wt% for
fiber initiation. For the 2000k sample, at 2 wt%, the
concentration employed by Shin, one is well above
minimum concentration for complete fiber formation. The
concentration for fiber initiation is predicted to be
~0.3 wt%. Hence, a mixture of fibers and beads should
be obtained for concentrations between 0.3 and 0.8 wt%
PEO. Lacking experimental data to confirm this prediction,
validation of predicted fiber onset was attempted by
electrospinning a 0.4 wt% PEO solution (M, =2000k) in
H,0 [57]. Electrospinning predominantly resulted in bead
formation; however, close inspection of the glass slide
showed some incipient fibers, which consisted of beads
attached to one another (Fig. 3). At this low concentration,
PEO beads cover most of the slide. Evidently, 0.4 wt%
PEO/H,0 solutions are near the threshold for fiber onset in
agreement with the entanglement analysis.

The simple entanglement analysis clearly demonstrates
that the viscosity transition, i.e. (1¢)soin ~ 2, corresponds to
fiber initiation while (7)o~ 3.5 corresponds to complete
fiber formation. In addition, this analysis is valid not just for
non-polar polymer/solvent systems but also where poly-
mer—solvent hydrogen bonds are involved. The good
agreement between the experimental observations and the
predictions clearly illustrate the role played by entangle-
ments in the electrospinning process for the good solvent
case. So far, this approach has been validated using
experimental observations published in the literature on
polymers with reported M, values. In the next section (and
as a further test of this approach), a system for which no
prior detailed experimental data are available is examined
(including no reported M, values).

g 9

« 0
s . ® 4
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beaded fibers -
g beads/drops
g e . 8 .
9

| |
| |

Fig. 3. Optical micrograph of the structures obtained by electrospinning
0.4 wt% PEO (M,,=2000k) in deionized H,O. Note the presence of beads
and beaded fiber morphology.
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3.4. PVP/EtOH

Poly(vinyl pyrrolidone) is an amorphous polymer that
may form hydrogen bonds to protic solvents such as
alcohols. Recently, Yang et al. [58] and Li et al. [59]
obtained fibers by electrospinning PVP in EtOH, DMF and
an EtOH/DMF mixture. However, in both instances, no
information on the concentration dependence of fiber
initiation and/or fiber formation was presented. Conse-
quently, the PVP/EtOH system was chosen to provide
further substantiation of the entanglement analysis. In the
absence of any report on the entanglement molecular weight
for PVP, (M.)pyp, an estimated value of (M.)pyp was
determined using the entanglement constraint model [51].
According to Fetters, the M, of a polymers is a function of
the characteristic ratio (C ), the average molecular weight
per backbone bond (m,), bond length (/,) and density (p).
The precise dependence is given in Eq. (2), below:

M,x C2mll; %p~2 (2)

Using the above relationship, the value of the (M.)pyp
can be estimated by comparing to a reference polymer
possessing similar topological structure. In this case, PS is
chosen as the reference thereby eliminating /, as a variable
(since (I,)ps~ (Io)pvp). The characteristic ratios of PVP
reported in the literature have generally been obtained in
solution and vary significantly [60,61]. For example,
COO(PVP/HZO)Z 14 while COO(PVP/EIOHfHZO)Z 123, in this
case, the calculated value of Copyvpy~11 is selected [61].
Other parameters employed for the calculation (Eq. (2))
include Cops)=10.8; pps=1.06 g/cm’; ppyp=1.13 g/cm’
[62]. Employing (M.)ps=16.6k as given in Table 1,
(M.)pyp was estimated using Eq. (2) to be 16.8k. The
similarity of the M, values for PS and PVP is not surprising
since chain entanglements are predominantly a function of
topology. Using M,,=1300k, Eq. (1) is employed to
calculate the polymer concentration required for fiber
initiation and complete fiber formation and is reported in
Table 2. Accordingly, fiber initiation is predicted to
commence at 4 wt% while only fibers should be obtained
for PVP concentrations >7.5 wt%. Between these two
concentration limits, a mixture of fibers and beads is
predicted.

Based on these calculations, PVP/EtOH solutions with 1,
3, 7 and 9 wt% polymer, respectively, were prepared and
electrospun while keeping the other control parameters such
as applied voltage, flow-rate and source-to-target distance
constant [57]. Optical micrographs in Fig. 4 clearly show at
1 wt% polymer (Fig. 4(A)), the structure is predominantly
one of elongated beads. As PVP concentration is increased
to 3 wt% (Fig. 4(B)), the presence of a few electrospun
fibers becomes apparent though the dominant morphology is
beads. Thus fiber initiation occurs around 3 wt% that is in
reasonable agreement with the predicted value (4 wt%). At
7 wt% (Fig. 4(C)), the morphology is essentially fibers, with

some fibers having a beaded morphology. The critical
concentration for complete fiber formation is slightly higher
than 7 wt%, which does not corroborate the results of Yang
wherein smooth nanofibers of PVP in EtOH were obtained
at 4 wt% [58]. To eliminate electric field as a possible
reason for this discrepancy, the effect of electric field on
fiber morphology for a concentration of 7 wt% was
examined (not shown in figure). Beaded fiber morphology
was obtained for voltages from 12 to 20 kV keeping the
source-to-target distance constant at 12 cm. A probable
cause for the disagreement could be the mode of collection
of the fibers/beads [63]. An alternative explanation might be
the presence of titanium tetraisopropoxide in the solutions
used by Yang, which could alter the critical concentration
for complete fiber formation. However, at the present time,
this is purely speculative and the precise reason(s) for the
discrepancy is still not fully resolved. In our case, as the
PVP concentration is increased to 9 wt%, a completely
fibrous network is obtained as shown in Fig. 4(D). This is in
excellent agreement with calculations. Summarizing, fiber
initiation occurs around 3 wt%, from 3 to 7 wt% a mixture
of fibers +beads are observed, and at 9 wt%, only fibers are
obtained. This example clearly illustrates the importance of
the entanglement analysis even in the absence of reliable M,
values.

4. Discussion
4.1. Universality of the model

By predicting fiber/bead formation for various systems,
the validity of an entanglement analysis is clearly demon-
strated. The present analysis requires calculation of (7¢)so1n,
which varies with the molecular weight, M,,. Alternatively,
one can employ the Simha—Frisch parameter=c[n] (also
referred to as the Berry number) to describe the degree of
chain overlap in a solution [64]. Recently, Koski et al. [65]
employed this type of analysis to predict complete fiber
formation. The approach that we have outlined, valid for the
good solvent case in the absence of strong interactions
permits the prediction of bead/fiber formation apriori
without the necessity of any experiments. Furthermore,
the dependence of viscosity (chain entanglements in this
case) on c[n] is believed to be a result of the equivalent
sphere hydrodynamics; consequently, it is valid for low
polymer concentrations. At higher concentrations, a funda-
mentally different type of intermolecular interaction depen-
dent on (¢pM,,) rather than c[n], is more relevant [41]. In
electrospinning, the required polymer concentrations are
generally in the semi-dilute (¢>>c*) regime; hence the
product, ¢,M,,, is more appropriate in this instance. Fig. 5
shows a plot of this type for the PEO/H,0 system. Based on
the previously discussed value of (n¢)somm~2, the graph
predicts that a mixture of fibers +beads is obtained as long
as ¢,M,,>4.2k. On the other hand, for ¢,M,,>7.4k, the
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Fig. 4. Optical microscopy of structures obtained by electrospinning PVP/EtOH solutions at different concentrations of PVP (M,,=1300k). (A) 1 wt%,
elongated beads; (B) 3 wt%, incipient fiber formation; (C) 7 wt%, beaded fibers and fibers; and (D) 9 wt%, fibers only.

graph predicts only fibers should be obtained, which is
confirmed by experiment. Therefore for PEO/H,O electro-
spinning, the value of ¢,M,, (7.4k) at which the electro-
spraying to electrospinning transition occurs implies that the
critical PEO concentrations can be prepared with just the
knowledge of the weight-average molecular weight of PEO.
These critical ¢pM,, values are valid for PEO only (since the
slope of the line in Fig. 5 is 1/M.), but similar plots can be
developed for other polymers.

One way to standardize the above treatment for other
polymers may be by using the definition of (7¢)so,. For
initiation of fibers, i.e. (71¢)son =2, and ¢p,M,,=2M.. On the

(Ng)soins Calculated

0 5 10 15
¢pr, k (PEO)
Fig. 5. Calculated (ne)so1n for PEO/H,O as a function of (¢,M,,). The slope

of the plot is 1/M., and the arrows indicate fiber onset and fiber only
morphologies at ¢,M,,=4.2 and 7.4k, respectively.

other hand, for complete fiber formation, (n.)so1n=>3.5, or
¢pM,>3.5 M. Thus with the knowledge of the entangle-
ment molecular weight (M.) and the weight-average
molecular weight (M,,) for a given polymer, one may
predict a priori the polymer concentrations (¢,) required to
move through the electrospraying/electrospinning
transition.

4.2. Comments on relationship between (n,).;,, and fiber/
bead formation

From a fundamental perspective, as discussed previously
in this paper, the volume fraction ¢, or molecular weight
M, at which fiber initiation occurs corresponds to the sharp
upturn (Mév to MEVA) in the n—M,, plot, i.e. (Me)son~2
(number of entanglements/chain=1). Experimental evi-
dence demonstrates that increasing ¢, or M,, results in a
mixture of fibers and beads. Eventually above a certain
critical ¢, or M, value, only fibers are obtained. Our
analysis based on experimental data suggests that the (71¢)soin
value corresponding to this transition is ~3.5, which is
equivalent to about 2.5 entanglements/chain. Interestingly,
in early work, Schreiber et al. [66] and Hayahara et al. [67]
suggested that in polymer melts or concentrated solutions,
there exists a critical M,, or ¢,,, above which an elastically
deformable entanglement network is obtained. For concen-
trated acrylonitrile-methyl acrylate copolymer solutions, it
was concluded that the minimum number of entanglements
required to form this elastic network is ~3 [67], which
corresponds to (7.)s01n~4. In the electrospinning process,
our analysis suggests that chain entanglements appear to
stabilize the ejected liquid jet long enough for solvent
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evaporation to occur and form an elastically deformable
‘long range’ network, which ultimately yield fibers. Note
that it is well known that for a much more extensive elastic
network (n¢)so1m =>6-8, the steady state compliance, Jg,
becomes independent of My, [19,41]. Summarizing, in good
solvents, fiber initiation corresponds to the onset of
entanglements whereas there is a direct correlation between
complete fiber formation and the onset of a deformable
elastic network due to chain entanglements.

In principle, this could imply the existence of a critical
M., below which fiber formation in good solvents may not
be possible by electrospinning despite the presence of three
of more entanglements per chain. For example, one can
envision low molecular weight polymer solutions with
(ne)som~4 at high polymer ¢, where establishing a
deformable elastic network may be difficult due to lower
relaxation or disentanglement time (7p). It is well known
that a long chain (higher M) needs more time to
disentangle than a shorter chain (low M,). According to
the reptation model, 7, ~My,;*. This can result in significant
entanglement loss for low molecular weight polymers in fast
flowing systems or under elongational flow such as
occurring in electrospinning [68—70]. A critical parameter,
which affects the disentanglement of chains, is the applied
strain rate (¢). The presence of the physical junctions per se
does not ensure formation of a mechanical or elastic
network due to chain disentanglement. Only under the
influence of a shear stress or elongational flow, as is the case
for electrospinning, does there exist a critical strain rate
(greater than the disentanglement or reptation time), above
which the entanglements or physical junctions act as
mechanical effective junctions on short time scales (> 7p)
[71]. An appropriate parameter to include these effects (7p, €)
is the Deborah number (De) as done by Feng [29]. Finally
another factor to consider is the extensibility of the chain
between the entanglement junctions [72]. For an equal
number of entanglements/chain (e.g. three or more for fiber
formation in electrospinning), the extensibility would be
lower as M, decreases, which together with a faster
disentanglement time would result in significantly reduced
elastic forces. In this situation, beads or beaded fibers may
be obtained. Work is currently underway in our laboratory
to test this hypothesis.

4.3. Fiber formation: effect of other factors

The entanglement analysis clearly shows that in good
solvents chain entanglements can act as a stabilizing
influence on the ejected jet promoting fiber formation.
However, there are other factors that can influence the fiber
formation. Among them, the applied voltage and surface
tension are two very important parameters, which affect
both the Taylor cone and fiber/bead formation. As a starting
point, a dimensionless electrospinning number Vq/yRZ,
defined as the ratio of the electrical energy (Vq) to the
surface free energy (yR?), is introduced. This ratio was

specifically chosen since the electrical energy is the driving
force for ejection of the jet from the Taylor cone while the
surface free energy is the force opposing the jet ejection.
Note that Vq/yR* is quite similar to the electric Bond
number [73,74]. Thus, during the electrospinning process, a
jet of liquid is ejected from the Taylor cone if Vq/yR*> 1,
i.e. as the electrical energy (Vq) overcomes the surface free
energy (yR?). In addition to the critical voltage needed for
the ejection of liquid from the Taylor cone, it is well known
that as the voltage (and hence Vq) is increased, the
morphology changes from beads to beaded fibers to only
fibers. However, further voltage increase can affect cone
stability, which can result in the formation of defective
(beaded) fibers [56]. An alternate way to obtain fibers is to
lower surface tension (and hence yR?) by adding a
surfactant [75]. Thus, qualitatively, the dimensionless
number Vq/yR* may be used to explain the morphologies
obtained by electrostatic processing. However, one needs to
be extremely careful in using the electrospinning number
since Vq/yR? may be a function of other parameters such as
chain entanglements, solvent volatility, flow rate, humidity,
and temperature. An in-depth dimensional analysis is being
performed to obtain the precise relationships of the various
parameters to the electrospinning number and will be the
subject of a future paper. Here we simply present some
conceptual arguments on the usefulness of the electrospin-
ning number and importance of other factors for determin-
ing fiber formation.

4.3.1. Solution conductivity

Jun et al. have shown that increasing solution conduc-
tivity by addition of a salt can significantly aid fiber
formation [37]. As discussed earlier, a mixture of fibers and
beads was obtained by electrospinning a 2 wt% PLLA
(M,,=670k) solution from DCM. However, addition of a
salt, such as pyridinium formate (PF), enables fiber
formation at lower concentrations. For example, by addition
of 0.8 wt% PF (with respect to DCM) to a 2 wt% polymer
solution, only fibers were obtained. From the entanglement
analysis perspective, at 2 wt%, (n¢)son <2 and hence we
expect only beads. While addition of the salt should not
change the entanglement number, it has a positive effect on
the electrospinning number. Specifically, the electrical
energy (Vq) increases. On the other hand, the change in
surface free energy (YR?) due to change in surface tension is
not expected to be significant [37]. Thus fiber formation is
promoted at lower concentrations, the stabilizing factor
being the increased electrical energy [20,21] and not chain
entanglements.

One can also disrupt fiber formation by lowering the
electrical energy as done by Fong et al. for PEO/water [76].
The authors investigated the effect of neutralizing ions
generated by a corona discharge on the morphology of the
PEO fibers. In the absence of the discharge, only fibers were
obtained. However in the presence of the discharge, beaded
fibers were formed. The amount of beads was proportional
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to the corona discharge voltage. In this case as the authors
suggest the electrical forces (and hence the electrospinning
number Vq/yR?) stabilizing the ejected jet is reduced by the
neutralizing ions thereby destabilizing the jet. Note that in
both the cases discussed above, though the number of
entanglements is unchanged, the electrospinning number is
altered due to changes in the electrical energy term.

4.3.2. Solvent quality

While the examples considered in this paper clearly show
that chain entanglements are important, it should be
reiterated that this is valid for good solvents under normal
operating conditions. As mentioned earlier, it was assumed
that polymer—polymer interactions are not significant
enough to affect solution viscosity. Consequently, solvent
quality is not an issue and electrospinning PLLA or PDLA
from DMF or DCM does not alter model predictions or
experimental observations. However, it has been shown that
addition of another solvent can dramatically alter the
concentration needed for fiber formation. For example,
work in our laboratory by Bates et al. suggests that addition
of acetone to a PVDF solution (M, =180k) in DMF
significantly lowers the critical concentration necessary
for fiber formation [77]. In this case, acetone is a marginal
solvent for PVDF as indicated by the polymer—solvent
interaction parameters (Xpvpr/acetone=0-0.1 versus xpvpg
pme= —0.4) [78]. In fact, in pure acetone, fibers can be
obtained at concentrations as low as 7.5 wt%. Employing
our analysis, a concentration of 30 wt% PVDF is calculated
to obtain electrospun fibers (for 180k PVDF in DMF—a
good solvent). The issue of solvent quality can be quite
complex and is outside the scope of this work. However,
here we lay the groundwork for future experiments by
summarizing our ideas using the example of a polymer/
solvent system previously reported by our laboratory.

Kenawy et al. [38] obtained fibers by electrospinning
ethylene vinyl alcohol copolymers containing 56-71 wt%
vinyl alcohol in rubbing alcohol (v/v, 70/30 2-propanol/
water). Since the copolymer is partially crystalline,
application of heat (80 °C) was a prerequisite to completely
dissolve the copolymer and obtain a homogenous solution.
After cooling to room temperature, electrospinning results
in EVOH fibers. The EVOH/rubbing alcohol solution phase
behavior is quite complex since it has been clearly
demonstrated that both solid/liquid (crystallization) and
liquid/liquid phase separation (upper critical solution
temperature, UCST) occurs in this system, albeit quite
slowly [79]. In fact, the polymer eventually precipitates if
left for any prolonged period at room temperature
suggesting complete phase separation. Thus the presence
of micro- and/or nanoscopic crystallite junctions or
‘embryonic nucleation sites’, together with the proximity
of the UCST, may in fact promote the electrospinning
process and subsequent fiber formation. We have prelimi-
nary evidence to suggest that a similar process may occur in
the case of PVDF in acetone (except for the absence of

UCST) and will report on this work in a forthcoming
contribution [80].

Another factor that can promote fiber formation is the
enhancement of polymer—polymer interactions due to
presence of inter-chain hydrogen bonding [81,82]. This is
clearly demonstrated by the fiber formation of low
molecular weight Nylons (M, <25k) at low concentrations
(2.5 wt%) in contrast to polymers where no hydrogen
bonding is present [81].

4.3.3. Fiber diameter

Another area of interest is the prediction of fiber diameter
and more importantly the dependence of this diameter on
the concentration/molecular weight space. For a given
molecular weight, it is well known that fiber diameter
increases with polymer concentration. Similar results are
observed for fixed concentrations with increasing molecular
weights. From our perspective, we are interested in the
ability to a priori predict the concentration/molecular weight
space for the spinning of nanometer size fibers as opposed to
micron size fibers. Using the entanglement analysis we can
now formulate a qualitative picture. For lower molecular
weight polymers, to satisfy the entanglement consideration
[entanglement number = (1.)so;, =3.5] in order to obtain
only fibers, a higher polymer chain concentration per unit
volume would be required which leads to lower extensi-
bility. On the other hand, for high molecular weight
polymers, due to the length of each chain, a lower chain
concentration per unit volume would be needed to satisfy
the entanglement consideration. The lower number of
chains per unit volume should directly translate to lower
fiber diameters due to large chain extensibility. This
argument is currently under investigation and results will
be reported in the near future. This is conceptually in
agreement with the suggestion by McKee et al. [40] who
demonstrated that the fiber diameter could be universally
scaled with the normalized concentration (to the entangle-
ment concentration) to the 2.6 power.

5. Conclusions

In the present paper, we believe that we have demon-
strated the importance of entanglements for fiber formation
in polymer/good solvent systems. In addition, we have
proposed a straightforward methodology to apriori predict
fiber formation in good solvents. The only required
parameter is the entanglement molecular weight of the
undiluted polymer (M.). In general, M. is readily available
for a large number of polymers (~70 or more). Alterna-
tively, in the absence of experimental values, M, can also be
theoretically estimated (as we have done for PVP) by
employing the entanglement constraint model. Then, based
on the structure requirements (fibers/beads/mixture), our
predictions facilitate the proper choice of polymer concen-
tration/molecular weight space.
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