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ABSTRACT: The morphological transition, namely bead-
to-fiber transition, of electrospun polymer was examined
for polystyrene, with its molecular weight ranging from
19,300 to 1,877,000 g/mol. Tetrahydrofuran and N,N-dime-
thylformamide were used as solvents to examine the
effects of solvent properties on the morphological varia-
tions. Polymer molecular weight and solvent properties
had a significant effect on the morphology of beads as well
as fibers. Observation of fiber diameter and its distribution
suggested that the effect of molecular weight and solvent
may be independent. The critical concentrations at which
incipient and complete fibers were observed were found to
decrease significantly with molecular weight, as can be

expected. The effect of solvents on these critical concentra-
tions was minimal for moderate to high-molecular-weight
(>100,000 g/mol) solutions. For low-molecular-weight sol-
utions, the transition occurred at concentrations much
lower than those predicted by a model, based exclusively
on chain entanglements. Rapid solidification of jet which
is expected to occur with concentrated solutions may play
a vital role in establishing stable fibers during electro-
spinning. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
475–487, 2007
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INTRODUCTION

Despite the large number of articles published over
the past decade, the field of electrospinning has not
yet reached a stage as a commercially viable option
for large scale manufacture of nonwoven fibrous
structures. The reason traces back to a lack of funda-
mental understanding of the complex process mech-
anisms. Often described as an electrohydrodynamics
problem,1–4 the study of electrospinning requires an
understanding of the flow behavior of a viscoelastic
polymer solution under an applied electric potential.
During the process, a jet of solution ejected from the
well-known Taylor cone5 is subjected to electrical,
surface tension, and viscoelastic forces. A dramatic
thinning of the jet is achieved through bending,
whipping, splitting, and splaying, which are the con-
sequences of electrically induced jet instabilities.
Concurrent solidification of the jet alters its mechani-
cal properties during the transit of the solution jet
from the Taylor cone to the collector. The physical
phenomena associated with solvent evaporation,
therefore, add to the complexity in modeling efforts.3

Difficulty in modeling the flow of polymer solution
also arises from a lack of available data related to so-
lution rheology. The complexity of the process is

reflected in a number of process parameters that
affect the morphology of the final product. A large
body of research has identified process parameters
that have a significant influence on the morphology
of electrospun polymers. However, precise tailoring
of the electrospun structure for a specific application
requires an understanding of not only the influence
of each process parameter but also their cumulative
effects.

The structure of electrospun polymer ranges from
particulate (in which case the process may also be
referred to as ‘‘electrospraying’’) to fibers depending
on various conditions.6 In between these extremes, a
combination of these morphologies may result in
beaded fibers,7,8 which are often considered as struc-
tural defects. As attractive features of electrospin-
ning, these structures may also exhibit wide varia-
tions in their shapes and surface morphologies.9–12

The ultimate goal in electrospinning is to understand
how the morphologies of interest are achieved. Some
of the recent studies have focused on the transition
of these structures, namely the bead-to-fiber transi-
tion, with respect to the rheological properties of
polymer solutions. McKee et al.13 and Gupta et al.14

investigated morphological transitions based on criti-
cal hydrodynamic concentrations, i.e., the entangle-
ment concentration (Ce) and the chain overlap con-
centration (C*), respectively. Their results indicate
that stable fibers start to form for solutions in the
semidilute-entangled regime. Shenoy et al.15 emp-
loyed a semiempirical approach in establishing a
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model for bead-to-fiber transition based on chain
entanglement analysis. According to their model, the
minimum requirement for the formation of some
fibers is one entanglement per polymer chain,
whereas more than 2.5 entanglements per chain may
be required to form bead-free fibers. The relative
comprehensiveness of this model has been indicated
by examining the applicability to several polymer–
solvent systems.

While the importance of chain entanglements has
been recognized, other solution properties are also
known to play an important role in determining the
morphology of electrospun polymers.7,16,17 For
instance, it is well known that a solution with a high
charge density results in a fine fiber structure due to
the large extensional force in a jet of solution.18 Since
the solvent used determines solution properties to a
large extent, several investigators have explored the
change in morphology of polymers electrospun from
various solvents.16–23 Many reports have shown that
the use of solvents with a large dielectric constant
and electrical conductivity typically results in in-
creased uniformity and reduced number of beads in
the electrospun fibers.19,20,23 The addition of salts6,7

and surfactants24 is also known to demonstrate a sim-
ilar effect. However, a quantitative study of these pa-
rameters remains difficult as the effect of solvent
properties cannot be isolated. Recently, Larsen et al.25

were successful in isolating the effect of evaporation
rate by the use of a coaxial gas jacket. Their results
show that by controlling the evaporation of volatile
solvents, bead-to-fiber transitions can be induced. It
is implied that the formation of stabilizing junctions
within the jet of solution by solvent evaporation plays
a vital role in determining the resulting polymer
structure. In this case, bead-to-fiber transition is not
solely dependent on the entanglement number.

The morphology of electrospun polymer, there-
fore, may be controlled by various parameters. To
predict the resulting structure for a given condition,
the contribution of rheological and other effects
must be considered. While previous investigations
have examined the influence of solution rheology on
stable fiber formation for different polymer/solvent
systems, the range of molecular weights examined is
relatively small and is usually close to the stable
fiber formation regime.10,13–15 In addition, the effects
of the solvent on the extent of various regimes for
morphological transitions have not been addressed
previously. The purpose of this article is to highlight
the development of various structures such as beads,
beaded fibers, and fibers as a function of polymer
molecular weight and solvent properties. The poly-
mer molecular weight has been varied from the val-
ues close to the entanglement molecular weight to 3
orders of magnitude above this value. To gain a
comprehensive understanding of the morphological

transitions, two standard solvents, both with a
Mark–Houwink exponent of about 0.7 (i.e., good sol-
vent), but with contrasting nonrheological properties,
namely dielectric constant, boiling point, and heat of
vaporization, have been used. These data have been
utilized to study the applicability of a previously
proposed model based on chain entanglement under
extreme conditions.15

EXPERIMENTAL PROCEDURE

Linear atactic polystyrene (PS) with six different
weight average molecular weights (Mw) ranging
from 19,300 to 1,877,000 g/mol and a polydispersity
index of about 1 was obtained from Scientific Poly-
mer Products (Ontario, NY) and used without fur-
ther purification. Solutions were prepared by dis-
solving the polymer in tetrahydrofuran (THF)
(Sigma-Aldrich) and N,N-dimethylformamide (DMF)
(Sigma). Both solvents were reagent-grade.

To determine the transition concentration (i.e.,
bead-to-fiber) for each molecular weight, electrospin-
ning was conducted for several solution concentra-
tions varying in steps of � 1–4 times the dilute solu-
tion limit for PS in THF (C�

THF), which was calculated
according to eq. (1):26

C�
THF ¼ 1

½Z�THF

¼ 1

0:011M0:725
w

(1)

where [Z]THF is the intrinsic viscosity of PS in THF
in mL/g, with 0.011 and 0.725 being the correspond-
ing Mark–Houwink constants.27 The same concentra-
tions were used for the two systems to highlight the
effects of the solvent. About 0.5 mL of solution with
the desired concentration was prepared and drawn
into a 1-mL syringe equipped with an 18-gauge nee-
dle (inner diameter ¼ 0.84 mm, 51-mm long). The
syringe was placed horizontally on a syringe pump
(EW-74900-00, Cole-Parmer), which was calibrated to
deliver the solution to the needle tip at a rate of
3 and 1 mL/h for PS-THF and PS-DMF systems,
respectively. A grounded aluminum foil collector
(10 cm � 10 cm) was positioned 10 cm from the tip
of the needle. In most experiments, a potential of
10 kV was applied to the needle during electrospin-
ning. A limited number of experiments were also
conducted at a voltage of 30 kV to highlight the
effects of the applied potential on the electrospun
morphology. The whole apparatus was enclosed in a
Plexiglas box, which was constantly evacuated dur-
ing the process to control solvent evaporation. The
electrospun polymer was dried for at least a day
and sputter-coated for scanning electron microscope
(JSM-840) examination. Fiber diameter distribution
was obtained using a commercial software package,
AnalySIS1 (Soft Imaging System, CO).
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RESULTS AND DISCUSSION

The extent of chain entanglements in the solution can
be characterized by various parameters. The critical
concentrations such as C* and Ce are often employed
to describe the degree of overlap of hydrodynamic
volumes in which the polymer molecules are con-
fined. The limiting concentration for dilute solution,
C*, is determined to some extent by the solvent qual-
ity, as the approximate value of C* can be expressed
as the inverse of intrinsic viscosity.26 Therefore, the
value of C* may be smaller for a good solvent than
for a poor solvent. The expression for the entangle-
ment concentration, Ce, for a good solvent is28

Ce � rMe

Mw
(2)

where r is the polymer density and Me is the entangle-
ment molecular weight of the undiluted polymer.
Above Ce, a sharp increase in zero shear viscosity is
observed due to extensive chain entanglements. For the
PS-THF system, Jamieson and Telford29 observed this
upturn in viscosity to occur forMwCe� 3� 104. This cri-
teria yields a value of Ce larger than that obtained from
eq. (2) by a factor of about two using r ¼ 1.05 g/cm3

and Me ¼ 16,600 g/mol.15 McKee et al.13 showed that,
during electrospinning, Ce is the minimum concentra-
tion required for the formation of beaded fibers,
whereas 2–2.5 times Ce may be required for the forma-
tion of bead-free fibers. In a similar manner, Shenoy
et al.15 evaluated the bead-to-fiber transition in terms of
the solution entanglement number, (ne)soln, which is a
ratio of the polymer molecular weight to its solution
entanglement molecular weight, (Me)soln. Using the rela-
tionship, (Mw)soln ¼ Me/fp,

28 where fp is the polymer
volume fraction, the solution entanglement number is
obtained by calculation from eq. (3):

ðneÞsoln ¼ fpMw

Me
: (3)

It can be noticed that eqs. (2) and (3) are essen-
tially equivalent for (ne)soln ¼ 1. According to the
analysis of Shenoy et al.,15 the transition in the mor-
phology of electrospun polymer can be predicted by
this parameter. The onset of fiber formation, for
instance, can be estimated to occur for conditions
corresponding to (ne)soln ¼ 2. In terms of Ce, the cor-
responding concentration is 2Ce according to eq. (2),
or Ce according to MwCe � 3 � 104. Similarly, com-
plete fibers are expected to form when (ne)soln �3.5.

PS-THF system

During electrospinning, the morphological transition
from bead-only to bead-free structure takes place

gradually over a range of polymer concentrations.
Megelski et al.10 have shown the transition from
bead dominant structure to bead-free fibers for PS
with Mw ¼ 190,000 g/mol electrospun from THF. In
this case, the transition was shown to take place for
concentrations between 18 and 35 wt %. As has been
discussed by Shenoy et al.,15 these concentrations
correspond to (ne)soln ¼ 2 and 3.5, indicating the
onset of initial fiber formation and bead-free fiber
formation, respectively. Their optical micrographs of
the electrospun polymer show that during this tran-
sition, the number of beads reduces and the fiber di-
ameter increases with concentration. The general
trend of morphological variations observed in the
present study was consistent with the results
reported to date. SEM photographs of the onset of
incipient fiber formation and morphological varia-
tion of beads and fibers for Mw ¼ 393,400 g/mol
electrospun from THF are shown in Figure 1. For
concentrations well below Ce, which was estimated
to be 7.9 wt % (according to MwCe � 3 � 104),29 the
amount of chain entanglement was negligible, and
structures consisting only of beads were obtained
[Fig. 1(a)]. The types of beads shown in Figure 1 cor-
respond to the range of structures described in our
previous work,12 where a transition from micropo-
rous to dish-shaped beads was documented. When
the concentration was increased near Ce, incipient
fibers emerging from some beads were observed in
small fractions [Fig. 1(b)]. Although some isolated
beads were observed, the formation of these incipi-
ent fibers suggests some degree of chain entangle-
ment in the solution. The solution entanglement
number, (ne)soln, calculated for this condition was
1.5, which is in good agreement with the prediction
from Shenoy et al.’s model.15 The fraction of incipi-
ent fibers increased with concentration [Fig. 1(c)]. In
this regime, the structure of beads varied signifi-
cantly and the formation of cups with submicron
pores was observed. Further increase in concentra-
tion resulted in a continuous structure in which all
beads were connected by fibers [Fig. 1(d)]. Above
this concentration, the occurrence of beads dimin-
ished and their shape became more spindle-like [Fig.
1(d,e)] until complete fibers [Fig. 1(f)] were formed.
These results are in agreement with the data
reported previously.20 PS fibers electrospun from
THF typically had a noncircular cross section [Fig.
1(f)]. The formation of flat fibers was discussed by
Koombhongse et al.9 It is expected that the high
evaporation rate of THF may have contributed to
skin formation and collapse of the hollow tube, lead-
ing to flat fibers. The typical aspect ratio was meas-
ured to be 2.4. The ridges and surface undulations
observed on some fibers suggest that they may be in
the process of splitting.9 For the PS-THF system,
fused structures were typically observed for ex-
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tremely low concentrations (C < 1 wt %) as well as
for relatively high concentrations at which fibers
were produced (Fig. 2). The fiber mat shown in Fig-
ure 1(f) also contained some fused fibers at different
parts of the sample [Fig. 2(b)], indicating incomplete
evaporation of the solvent as the solution jet reached
the collector. This observation suggests that two
competing factors may contribute to the complete
evaporation of the solvent. As the fraction of solvent
in the solution is increased, the time it takes for com-
plete evaporation is extended beyond the ‘‘flight
time,’’ thereby leaving fused structures. On the other
hand, as the fraction of solvent is lowered such that
only fibers are formed, the effective surface area
available for the solvent to evaporate is reduced (as
the surface area of fibers is less than that of beads)
and complete evaporation is inhibited. It can also be
noted that the formation of a skin (often observed
for high concentration) may retard solvent evapora-
tion, as the solvent molecules diffuse much more
slowly within the skin. Based on these transitions, it
can be concluded that for Mw ¼ 393,400 g/mol, the

onset of incipient fiber formation occurs at C ¼ 7.5
wt % and bead-free fibers are stabilized for C ¼ 21.2
wt %. For convenience, these critical concentrations
are denoted by Ci and Cf, respectively. Hence, Ci cor-
responds to the onset of fibers from beads and Cf is
the lowest concentration at which a completely fi-
brous structure is stabilized. Since an increase in
concentration results in thicker fibers, Cf may be con-
sidered as the lowest concentration at which bead-
free fibers with the smallest diameter may be
obtained. Ci and Cf are functions of Mw, as can be
expected. However, it should also be noted that a
change in the electric field strength may shift these
values. To illustrate this point, a solution with a con-
centration slightly below Ci and Cf was electrospun
at a voltage of 10 and 30 kV (Fig. 3). Comparing Fig-
ures 3(a) and 3(b) (where the same concentration
was used), it is apparent that incipient fiber forma-
tion is easier at a higher voltage. The underlying
mechanism for this phenomenon is not readily evi-
dent; however, the rheological properties of the solu-
tion may have been altered by the large change in

Figure 1 SEM photographs showing different structural regimes during bead-fiber transition. As the concentration is
increased, the morphology consists of (a) beads only, (b,c) beads with incipient fibers, (d,e) bead-on-string, and (f) bead-
free fibers (Mw ¼ 393,400 g/mol). The corresponding solution concentrations are indicated.
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the electric field as previous studies have shown.30–32

An example of bead elimination from beaded fibers
when the voltage is increased is shown in Figure
3(c,d). The absence of beads in Figure 3(d) may be a
result of the increased extensional force in the jet
induced by increased electric field. Although a large
potential may decrease the critical concentrations,
too high an electric field is typically not preferred
due to defect formation and loss of morphological
uniformity.10 Further examination of the variation of
Ci and Cf were conducted at a fixed applied voltage
(10 kV).

The reduction in polymer molecular weight signif-
icantly increased the concentrations at which mor-
phological transitions took place. For Mw ¼ 19,300
g/mol, a bead-only structure was obtained for con-
centrations as high as 32.4 wt %, suggesting the lack
of chain entanglement in the solution [Fig. 4(a)].
Nevertheless, continuous structures began to form
upon increasing the concentration [Fig. 4(b)]. For
conditions corresponding to the bead-free fiber for-
mation regime, the calculated (ne)soln was less than 1
for low-molecular-weight solutions (19,300, 44,100 g/
mol). Although the applicability of Shenoy et al.’s15

model at these high concentrations may be ques-
tioned, the formation of complete fibers with Mw

¼ 19,300 g/mol, which is just above the entangle-
ment molecular weight of 16,600 g/mol,15 was unex-
pected. The formation of fibers for low-molecular-
weight solutions may be attributed to the rapid sol-
idification of the jet. For concentrated solutions (C
> 30 wt %), evaporation of a small amount of sol-
vent may lead to immediate skin formation. It may

be speculated that the solution jet ejected from the
Taylor cone undergoes solidification, before Rayleigh
instability can take effect. In fact, when concentra-
tions higher than 30 wt % were used, the solution
solidified immediately after emerging from the capil-
lary and often terminated the electrospinning pro-
cess in a few seconds. In the beaded-fiber regime,
the amount of incipient fibers increased with molec-
ular weight, suggesting enhanced contribution of
chain entanglements [Fig. 4(b,e,h)]. However, the
fact that complete fibers are observed for (ne)soln of
1.7 rather than the predicted value (�3.5) for Mw

¼ 111,400 g/mol suggests that solvent evaporation
may have played a dominant role in jet stabilization.

A bead-to-fiber transition was observed at lower
concentrations as the molecular weight is increased.
For Mw > 1,000,000 g/mol, a bead-to-fiber transition
was observed at C < 12 wt %. Further, when Mw

> 1,000,000 g/mol, the bead-only regime was not
observed even for the lowest concentration used in
this study (0.01 wt %). Some incipient fibers were
present even for C < C* as shown in Figure 5, indi-
cating the presence of chain entanglements in the so-
lution. It is possible that high-molecular-weight poly-
mers were not completely dissolved in the solvent
and domains of entangled molecules that remain in
the solution may facilitate fiber formation. The varia-
tion of bead morphology was similar to the behavior
observed with other molecular weights. At concen-
trations just above C*, the beads typically had dish-
shapes as shown in Figure 5(b). A slight increase in
concentration resulted in cup-shaped beads with a
smooth surface [Fig. 6(a,d)]. At higher concentra-

Figure 2 Fused beads and fibers at (a) low and (b) high concentration (Mw ¼ 393,400 g/mol). The corresponding solution
concentrations are indicated.
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tions, spindle-shaped, wrinkled beads were observed
[Fig. 6(b,e)]. This transition suggests the formation of
a thick and stiff skin at the bead surface induced at
high concentrations. The bead-free fibers, obtained
with high-molecular-weight polymer, were also flat
with an average aspect ratio of about 2.8, which did
not vary significantly with molecular weight.

The variation of fiber diameter is generally consist-
ent with previous reports, that is, the fiber diameter
increases with C or Mw, when the other parameter is
held constant. In this study, the fiber diameter distri-
bution at Cf for different molecular weights was
examined (Fig. 7). Note that the fiber distribution

shown in Figure 7 corresponds to the lowest concen-
tration at which a bead-free fibrous structure was
observed. The average fiber diameter significantly
decreased with increasing molecular weight at these
concentrations. Further, the distribution shifts to-
ward smaller diameters. This result may be
explained by the large difference in the values of
[Z], which is analogous to the size of the hydrody-
namic volume. A polymer with large [Z] defines a
large hydrodynamic sphere with extensive coiling.
Entanglements are readily formed at a low concen-
tration, and extensional deformation is likely to
occur by uncoiling of the chains. The amount of

Figure 3 SEM photographs showing the change in bead and fiber morphology with respect to applied voltage. Upon
increasing the voltage from 10 kV (a,c) to 30 kV (b,d), fiber formation is facilitated. The corresponding solution concentra-
tions are indicated (Mw ¼ 111,400 g/mol).
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polymer required to stabilize a unit length of fiber
may thus be minimal. As a result, if the polymer
concentration is optimized, the fiber diameter may
be smaller for high-molecular-weight polymers. The
multimodal fiber distribution reported previously by
many investigators33,34 was also observed in this
study.

PS-DMF system

DMF is a moderately good solvent for PS, with Mark–
Houwink constants K ¼ 31.8 mL/g and a ¼ 0.603.27

The use of DMF in electrospinning has been reported
by many investigators.16–21 DMF is a polyelectrolytic
solvent with relatively high dielectric constant (36.4)

Figure 4 Bead-to-fiber transition observed with low-to-moderate molecular weight PS [(a–c)Mw ¼ 19,300 g/mol, (d–f)Mw ¼
44,100 g/mol, (g–i)Mw ¼ 111,400 g/mol] electrospun from THF. The corresponding solution concentrations are indicated.
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Figure 5 Incipient fibers forming at extremely low concentrations for Mw ¼ 1,877,000 g/mol [(a) C ¼ 0.11 wt %, (b) C
¼ 0.34 wt %].

Figure 6 Change in the morphology of high-molecular-weight PS [(a–c) 1,045,000 g/mol, (d–f) 1,877,000 g/mol] electro-
spun from THF. The corresponding solution concentrations are indicated.
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compared to that of THF (7.6). The primary effect of
using DMF instead of other electrically ‘‘poor’’ sol-
vents is the reduction in fiber diameter due to
increased elongational force within the solution jet.
Lee et al.20 observed the reduction of beads at a con-
dition in the beaded fiber regime when DMF was
used in place of THF during electrospinning of PS.
One of the principal observations from this study
which showed a reduction in fiber diameter and
bead formation with a change in solvent from THF
to DMF was in general agreement with several pre-
vious reports.19–21 The bead-to-fiber transition for
Mw ¼ 393,400 g/mol is shown in Figure 8. At C
¼ 2.5 wt %, the electrospun structure consisted of
beads only [Fig. 8(a)]. The beads obtained at this
condition formed a rough surface that was unlike
any of those observed with the PS-THF system. This
type of surface was typically observed for solutions
with low concentrations (<5 wt %). Upon increasing
the concentration, an incipient fiber regime was
observed [Fig. 8(b)]. Compared to the data for the
PS-THF system, the fraction of incipient fibers is
high at this stage. A further increase in concentration

resulted in the formation of beaded and bead-free
fibers [Fig. 8(c,d)]. The critical concentrations, Ci and
Cf, for Mw ¼ 393,400 g/mol in PS-DMF system were
determined to be 4.8 and 20.2 wt %, respectively. In
comparison with the data for THF as the solvent, Ci

and Cf are very similar. Considering the fact that
DMF is not as good a solvent for PS as THF, it may
be assumed that the difference in solvent quality
exhibited between THF and DMF may not have a
significant effect on the morphological transitions for
this molecular weight. The fact that the values of Cf

obtained from two systems were similar was also
unexpected, as DMF is known to reduce the fraction
of beads20 as mentioned earlier. In fact, in most
cases, the number and the size of beads on the fibers
were reduced. However, complete removal of beads
from the fibers required concentrations comparable
to Cf in the PS-THF system.

The variations in bead and fiber morphology were
limited when DMF was used as the solvent (Fig. 9),
unlike the case with the PS-THF system. Typically,
the beads obtained with DMF for C < Ci were nearly
spherical and formed a smooth surface unlike the
wrinkles observed with THF. This may be the result
of the low evaporation rate of DMF. THF having
lower boiling point and heat of vaporization com-
pared to DMF is expected to evaporate at a much
slower rate. Immediate evaporation of the solvent
may induce skin formation and collapse, which
results in the shape variation of beads and fibers. De-
spite the large difference in evaporation rate between
the two solvents, fused structures (indicative of
incomplete solvent evaporation), which were often
observed with the PS-THF system, were rarely
observed in the PS-DMF system. This result may be
attributed to the fine structures obtained with DMF
as the solvent. By comparing Figures 4 and 9, for
example, it can be noticed that beads and fibers
obtained with DMF as the solvent are almost an order
of magnitude smaller than those produced with THF.

Figure 7 Fiber diameter distribution as a function of
polymer molecular weight (Mw) at the critical concentra-
tion, Cf, at which bead-free fibers are observed for PS-THF
system.

Figure 8 Different structural regimes during bead-fiber transition of PS electrospun from DMF. As the concentration is
increased, the morphology consists of (a) beads only, (b) beads with incipient fibers, (c) bead-on-string, and (d) bead-free
fibers. The corresponding solution concentrations are indicated.

BEAD-TO-FIBER TRANSITION IN ELECTROSPUN POLYSTYRENE 483

Journal of Applied Polymer Science DOI 10.1002/app



Therefore, the total area from which the solvent can
evaporate should be an order of magnitude larger.

The increase in Ci and Cf with decreasing molecular
weight was similar to that of the PS-THF system;
however, the transitions did not occur at the same
concentrations. For Mw ¼ 19,300 g/mol, a bead-only
structure was observed for concentrations up to 40 wt %

[Fig. 9(a)]. It may be recalled that at this concentra-
tion, some fibers may start to form for the PS-THF
system [Fig. 4(b)]. Beaded fibers for this molecular
weight were observed for C ¼ 47.3 wt %, at which
concentration bead-free fibers could be seen with
THF [Fig. 4(c)]. In other words, at this molecular
weight and concentration, the use of DMF promoted

Figure 9 Bead-to-fiber transition observed with low-to-moderate molecular weight PS [(a–c) 19,300 g/mol, (d–f) 44,100
g/mol, (g–i) 111,400 g/mol] electrospun from DMF. The corresponding solution concentrations are indicated.
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the formation of beads rather than suppressing their
presence. This behavior may again be attributed to
the difference in evaporation between the two sol-
vents. When DMF is used as the solvent, complete
solidification takes place after Rayleigh instability
develops. In this concentration regime where solidifi-
cation is rapid, the effect of high charge density in
removing beads may be minimal.

High-molecular-weight solutions (Mw ¼ 1,045,000;
1,877,000 g/mol) resulted in structures containing
some fibers for all concentrations examined (Fig. 10).
For Mw ¼ 1,045,000 g/mol, the transition from
beaded to bead-free fibers occurred at C ¼ 11.2 wt
%, which was essentially the same the value as
obtained for PS-THF system. For Mw ¼ 1,877,000 g/
mol, however, bead-free fibers were obtained for
concentration as low as 0.8 wt %, which is signifi-
cantly lower than values of Cf obtained for other
conditions. The normalized critical concentration,
Cf /C*, for Mw ¼ 1,877,000 g/mol, is about 1.5,
whereas the corresponding value is calculated to be
above 12 for all other conditions. The reason for this
sudden drop of Cf with respect to molecular weight

is not readily evident; however, the large difference
in Cf /C* suggests that the mechanisms involved in
yielding bead-free fibers may have been different in
this particular case. The fiber diameter distribution
of PS-DMF systems at Cf is shown in Figure 11.
At Cf, an increase in molecular weight significantly

Figure 10 Change in the morphology of high-molecular-weight PS [(a–c) 1,045,000 g/mol, (d–f) 1,877,000 g/mol] electro-
spun from DMF. The corresponding solution concentrations are indicated.

Figure 11 Fiber diameter distribution as a function of
polymer molecular weight (Mw) at the critical concentra-
tion, Cf, at which bead-free fibers are observed for PS-DMF
system.
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reduced the fiber diameter and shifted the overall dis-
tribution to smaller diameters, similar to the results
with the PS-THF system. The use of DMF as the sol-
vent typically resulted in unimodal fiber distribution.
This result is consistent with previous reports on the
fiber distribution in other electrospun polymers.19,21

The variation of Ci and Cf as a function of molecu-
lar weight for both solvents is shown in Figure 12.
For high molecular weights where bead-only struc-
ture was not observed, the lowest concentration
examined in this study was taken as Ci. Relevant
data from previous reports10,20 are also shown for
comparison. The predicted transition concentration
for PS-THF system based on the solution entangle-
ment number model15 is indicated. It is apparent that
the deviation from the prediction is significant for
molecular weights below 100,000 g/mol. As men-
tioned earlier, for these molecular weights, fiber for-
mation may be facilitated possibly due to the rapid
solidification of the jet owing to high polymer con-
centrations. The difference in the values of Ci and Cf

for the two systems is minimal for most cases. At
low-to-moderate values of Mw (�111,400 g/mol), Ci

and Cf are slightly larger for the PS-DMF system than
for the PS-THF system, suggesting that fiber stabiliza-
tion may have been impeded by the low evaporation
rate of DMF.

Fiber diameter

Extensive theoretical and experimental analysis has
shown that the fiber diameter depends on both mo-
lecular weight and concentration. It has been shown
that fiber diameter may be correlated with critical
concentrations, C* and Ce.

13,14 In this study, a differ-
ent approach was taken to evaluate the effect of mo-
lecular weight. The variation of fiber diameter as a
function of molecular weight for C ¼ Cf is shown in
Figure 13. The fiber distribution is plotted at the mini-
mum concentration at which bead-free fibers were
observed. At this condition, the average fiber diame-
ter decreases consistently with molecular weight for
both systems. Interestingly, for both systems, the fiber
diameter obeys a power law relationship with molec-
ular weight, with an exponent of �0.5. This result
suggests that the effect of molecular weight may be
independent of solvent properties. A similar tend-
ency is observed in the results of Gupta et al.,14 who
examined PMMA-DMF system for a range of molecu-
lar weights. Relevant results selected from their work
are plotted in Figure 13 for comparison. The data of
Megelski et al.10 (also shown in Fig. 13) diverge
slightly from the results obtained in this study, per-
haps due to different processing conditions, such as
applied electric field and working distance.

CONCLUSIONS

The morphology of electrospun PS depends signifi-
cantly on polymer molecular weight, concentration,
and solvent. The morphological transitions from

Figure 12 Variation of Ci and Cf as a function of molecu-
lar weight for PS-THF and PS-DMF systems. The regions I,
II, and III indicate the conditions at which beads only,
beaded fibers, and bead-free fibers were observed, respec-
tively. The transition concentrations predicted from the so-
lution entanglement number model15 is plotted for com-
parison. The dashed and solid lines in gray indicate condi-
tions corresponding to (ne)soln ¼ 2 and 3.5, respectively.
The data of Megelski et al. (&, n)10 and Lee et al. (^)20

are also shown. & and ^ indicate the conditions at which
bead-dominant morphologies are observed, whereas n cor-
responds to a condition at which bead-free fibers are
observed.

Figure 13 Average fiber diameter as a function of molec-
ular weight for PS-THF and PS-DMF systems at the critical
concentration, Cf, at which bead-free fibers are observed.
The data of Megelski et al.10 is indicated as a solid square
(n). Relevant data of Gupta et al.,14 who examined
PMMA-DMF system, are shown as open diamond (^) for
comparison.
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bead-dominant structure to bead-free fibers can be
characterized by two critical concentrations, Ci and
Cf. These values decrease considerably with increas-
ing molecular weight due to the chain entanglement
effect. The applied voltage may also influence the
transition. The solvent has minimal effect on the crit-
ical concentrations for Mw > 100,000 g/mol. The
transition concentrations are generally consistent
with the prediction of entanglement model proposed
by Shenoy et al.15 for Mw > 100,000 g/mol. How-
ever, for Mw < 100,000 g/mol, fibrous structures
may be obtained at concentrations appreciably lower
than those predicted by their model. For solutions
with high concentration (C > 30 wt %), fibers may
be partially stabilized through rapid jet solidification
during the initial stages. The use of a volatile solvent
may facilitate fiber formation.

The morphology of beads and fibers varies notice-
ably with the PS-THF system, perhaps owing to the
rapid evaporation of the solvent. Fibers electrospun
from THF are typically flat and have diameters an
order of magnitude larger than those obtained with
DMF. The average fiber diameter decreases signifi-
cantly with molecular weight for conditions corre-
sponding C ¼ Cf, which is the minimum concentra-
tion for bead-free fiber formation. At this condition,
the average fiber diameter may be considered as the
minimum for a given molecular weight and the
accompanying process conditions. The average fiber
diameter for C ¼ Cf was found to be proportional to
M�0:5

w regardless of the solvent.
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