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ABSTRACT: High strain rate extensional flow of a semidilute poly-
mer solution can result in fragmentation caused by polymer
entanglement loss, evidenced by appearance of short nanofibers
during electrospinning. The typically desired outcome of electro-
spinning is long continuous fibers or beads, but, under certain
material and process conditions, short nanofibers can be
obtained, a morphology that has scarcely been studied. Here we
study the conditions that lead to the creation of short nanofibers,
and find a distinct parametric space in which they are likely to
appear, requiring a combination of low entanglement of the
polymer chains and high strain rate of the electrospinning jet.
Measurements of the length and diameter of short nanofibers,
electrospun from PMMA dissolved in a blend of CHCI3; and DMF,
confirm the theoretical prediction that the fragmentation of the

INTRODUCTION The high strain rate of an extensional flow,
such as the flow of an electrospinning semidilute polymer
solution jet, can result in fragmentation as a consequence of
loss of the polymer network entanglement, leading to
appearance of short nanofibers varying from a few tens of
nanometers to a few microns in diameter. Short nanofibers
are a unique morphology of electrospun polymeric nanofib-
ers, in addition to the continuous nanofibers and nanobeads
morphologies. Typically, long continuous nanofibers or beads
are the preferred outcome in electrospinning applications,
while short nanofibers are an undesirable defect. However,
electrospun short polymeric nanofibers are expected to find
important applications in engineering and life sciences.!
Although short nanofibers can be produced by methods such
as solution precipitation® or ultrasonication of continuous
fibers, their creation by electrospinning without any post-
processing offers unique structures and enhanced mechani-
cal properties.

Discontinuous beaded fibers and elongated beads are known
to appear in low-concentration solutions, when the concen-
tration is sufficiently high to avoid excessive dilution and
creation of beads from droplets.*”® By gradually increasing
the concentration, continuous fibers begin to appear. Bead-

© 2013 Wiley Periodicals, Inc.

M&hu"li”> WWW.MATERIALSVIEWS.COM
|

jet into short fibers is brought about by elastic stretching and
loss of entanglement of the polymer network. The ability to tune
nanofiber length, diameter and nanostructure, by modifying var-
iables such as the molar mass, concentration, solvent quality,
electric field intensity, and flow rate, can be exploited for
improving their mechanical and thermodynamic properties,
leading to novel applications in engineering and life sciences.
© 2013 Wiley Periodicals, Inc. J. Polym. Sci., Part B: Polym. Phys.
2013, 57, 1377-1391
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free short fibers with aspect ratios of 10-200 were obtained
by varying the polymer-solvent system and molecular
weight.! Polymer entanglement was identified as the key fac-
tor affecting the transition from the bead morphology,
through that of elongated beads or short fibers, to that of
continuous fibers.>*®

Short nanofibers have been scarcely explored, and further
study is needed to measure the dominant factors that influ-
ence their creation and properties. Furthermore, the nanoscale
mechanism that leads to short nanofiber formation requires
clarification, particularly with regards to how disentanglement
initiates the fragmentation of the electrospinning jet.

Short nanofibers can be created in a semi-dilute entangled
solution, depending on the polymer architecture (linear or
branched), molar mass, solution concentration and solvent
quality. Generally, at given electric field intensities and flow
rates, lower concentrations and poorer solvents decrease
chain entanglement, and consequently increase the likelihood
that short nanofibers will appear during electrospinning (Fig.
1). Also, short nanofibers are frequently accompanied by
beads-on-string and free beads [Fig. 1(b,d)], a phenomena
associated with low viscosity and high surface tension.
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FIGURE 1 SEM micrographs of electrospun short nanofibers, with (right) and without (left) beads-on-string. Electrospinning condi-
tions: molar mass 15 kDa PMMA, electric field 0.75 kV/cm, and flow rate 1 mL/h. Polymer concentration (vol %)/CHCI;:DMF solvent
composition (vol %) were: (a) 31.3/70:30, (b) 32.2/50:50, (c) 29.3/50:50, and (d) 27.5/30:70.

When the polymer network is not highly entangled, the high
strain rate caused by the electrostatic field can stretch and
disentangle chains from the network, and break the jet into
short segments. Entanglement loss is governed by two
opposing variables, both dependent on the degree of poly-
merization N of the polymer chain. The entanglement num-
ber, the number of topological constraints along the chain,
scales with N, while the chain relaxation time in an
entangled network scales with N°. When the jet strain rate is
low, rapid relaxation of the network prevents entanglement
loss and viscosity is dominant. However, at high strain rates,
relaxation is not sufficiently fast and elasticity is dominant,
making chain extension and disentanglement possible.
Hence, lower N (shorter chain) reduces entanglement, but at
the same time reduces relaxation time; thus, the net effect
on entanglement loss relies upon the strain rate.

At the same time, the rapid solvent evaporation characteris-
tic of electrospinning partially solidifies the jet, sometimes
creating a solid skin,’™® and retards entanglement loss and
jet breaking, but also prevents the jet segments from con-
tracting back into droplets by relaxation and surface tension.
Electrospinning involves many material, process and ambient
variables that impact the final outcome; for the purpose of
this study, we chose to focus on those affecting entanglement
and strain rate.

We electrospun PMMA, a linear thermoplastic polymer, dis-
solved in a solvent blend of CHCl; and DMF, at semi-dilute
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concentrations slightly above the entanglement concentra-
tion. By tuning the process and material parameters, a dis-
tinct, albeit small, parametric space where short nanofibers
appeared was clearly identified, and its boundaries with the
other electrospun morphologies (continuous fibers, beads-
on-string, and beads) were defined. The proposed disentan-
glement mechanism that leads to jet fragmentation was sub-
stantiated by examining SEM images of fiber fractures and
by measuring the parametric dependence of the length and
diameter of short nanofibers. Further substantiation was
obtained by theoretical predictions that describe the entan-
glement loss process, assuming known jet rheology and
affine extension of the polymer network. The experimental
and theoretical investigations focused on the control of the
molar mass, concentration, solvent quality, electric field, and
flow rate variables, and correlated well over a wide paramet-
ric space.

EXPERIMENTAL

Materials and Methods

Electrospinning was carried out by pumping a polymer solu-
tion into a syringe, and drawing it by a strong electric field
toward a collector. The polymer solution was injected into a
capillary needle using a syringe pump, at flow rates ranging
from 0.1 to 2 mL/h. The solutions were drawn by an electric
potential of 4.5 to 50 KV, across a needle-collector (upper-
lower electrodes) gap that was adjusted between 4 and 30
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TABLE 1 Properties of Tested Polymer and Solvents?®

Polymer p[g/cm®] M, [Dal® M, [Dal® M, [Dal®° D

PMMA 1.20 15,000 12,700 10,100 1.26
PMMA 1.20 101,000 82,300 43,600 1.89
PMMA 1.20 350,000 288,400 162,500 1.77

Solvent plg/cm® M, [Da] s [mPa s] y [MN/m]¢ ¢[mS/m]

1.16f
0.44 ©

DMF  0.95 73 0.92 37
CHCI; 1.48 119 0.54 27

0.25
0.002 °©

@ Density p, weight-average molar mass M,, number-average molar
mass M, dispersity D=M,,/M,, zero-shear solvent viscosity s, surface
tension 7, electrical conductivity ¢, and Flory’s interaction parameter
(with PMMA).

b Manufacturer’s data.

¢ GPC results.

d Ref. 10. Surface tension measurements (Wilhelmy method) of PMMA
15 kDa dissolved in CHCI5:DMF 50:50 vol % resulted in 32.7 = 0.5 mN/m
over a wide range of concentrations.

¢ Ref. 11

fMark."?

9 Selvakumar et al.’®

cm, yielding an average electric field of 0.6-6.2 kV/cm. The
collector was a wheel of 20-cm diameter, rotating at tangen-
tial speeds of up to 26 m/s. Samples were collected on alu-
minum foils placed on the wheel edge and on glass slides
close to the wheel, and were imaged by scanning electron
microscopes (resolution down to 3 nm/pixel) and an optical
microscope (resolution down to 0.4 pm/pixel), respectively.
Under certain material and process conditions, the jet frag-
mented and short nanofibers were collected. The experi-
ments were conducted at a temperature of 25 * 1.2 °C, and
at a relative humidity of 50 = 10%.

The polymer, PMMA (poly(methyl methacrylate)) purchased
from Sigma-Aldrich, came in three different molar masses
(15, 101, and 350 kDa). PMMA is a transparent thermoplas-
tic polymer (Ty=105°C), with a tensile strength of 70 N/
mm?, and is brittle in its pure composition at room tempera-
ture. The solvents were a blend of CHCI; (chloroform) and
DMF (dimethyl formamide), at volume ratios between 0:100
and 70:30 vol %. The polymer was dissolved in the solvent
blend, at concentrations varying between 3 and 40 wt %.
The relevant properties of the polymer and solvents are pre-
sented in Table 1.

To avoid over-parameterization, the electric field intensity
and polymer concentration were used as free parameters,
while the other parameters were assigned the following
nominal conditions: solvent composition CHCl3:DMF 50:50
vol %, flow rate 1 mL/h, collector velocity 2.8 m/s, and gap
distance between the electrodes 10 cm. These nominal con-
ditions were modulated within a limited range to assess
their influence as well. The polymer concentration ¢ was
selected so that the solution would be within the semi-dilute
entangled regime, generally with a relative concentration
c/ce (ce is the entanglement concentration) between 1 and 2,
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TABLE 2 Measured Overlap and Entanglement Concentrations
for PMMA Dissolved in CHCI3:DMF 50:50 vol %?

M,, [kDa] c* [g/mL] ¢* [vol %] Ce [g/mL] ¢e [VOI%]
15 0.086 7.2 0.254 21.2

101 0.039 3.2 0.118 9.8

350 0.019 1.6 0.058 4.8

2 Molar mass M,,, overlap concentration c*, overlap volume fraction ¢,
entanglement concentration c,, and entanglement volume fraction ¢e.
Calculated from the measured viscosity by intersecting the power fit
curves of adjacent concentration regimes (Appendix A), and using
¢@=c/p. Estimated accuracy is =10%.

a range in which chain entanglement is fairly low but still
spinnable. This range is known as a transition zone between
beads and continuous fibers, producing a mixture of nano-
beads, nanofibers, and elongated beads.* The current work
shows that, under certain conditions, solutions in this rela-
tive concentration range yield short nanofibers as well. The
overlap concentration c* and the entanglement concentration
ce for each molar mass were obtained by measuring the
solution specific viscosity as a function of the polymer con-
centration (Appendix A), and are presented in Table 2.

The ratio between the entanglement concentration and the
overlap concentration is similar for the three molar masses,
¢/ = 3 (expressing the concentration in terms of the vol-
ume fraction ¢=c/p). The dependence of ¢, on the degree
of polymerization N (in terms of Kuhn monomers,
N=M,,/598 for PMMA) was obtained by power fitting the
results from Table 2:

pe N7, 1)

compared to theoretical predictions of N~%7° for 6-solvent
and N~ °7 for a good solvent.'*

Jet and Fiber Fragmentation

Short nanofibers form when the jet breaks into fragments
before complete solvent evaporation and fiber solidification
(Fig. 2). The fragmentation of the jet can be viewed on both
the macroscopic and microscopic scales. Macroscopically, the
tensile stress continuously grows along the jet, and is larger
when the electric field intensity is higher. The stress in an
electrically driven fluid jet is generated by the electrostatic
force applied on charged ionic species, which are induced
into the electrically conductive fluid by the electric field. The
stress in the jet is proportional to sE, where E is the electro-
static field intensity, and s is the surface density of the elec-
tric charge. At the free end of the jet the stress is zero, but
at a distance x from the free end it is proportional to E2x215
giving rise to a viscoelastic stress that scales with EZ.

Eventually, if the stress exceeds the jet tensile strength, the
jet will break at weak points [Fig. 2(a)]. At the break point,
the stress is fully relieved, but is gradually restored
upstream to the breakpoint until, sufficiently far from the
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FIGURE 2 SEM micrographs of short nanofibers formation: (a) Diameter fluctuations. (b) Fragmentation. (c) Necking. (d) Break. (e)
Separated fragments. (f) Round tip. (g) Fractured tip. (h) Fracture surface.

break, the effect of the break on the stress in the jet is no
longer significant. As a result, the next break occurs at a dis-
tance from the previous break point, creating a fragment—a
short nanofiber—and, when repeated, a sequence of frag-
ments [Fig. 2(b)]. This mechanism is analogous to the frag-
mentation of a rigid fiber embedded in a soft matrix under
tension (Cox and Kelly-Tyson models),’®!” in which the fiber
stress is proportional to the interfacial stress between the
matrix and the fiber, and rises linearly with the distance
from the break. In the Cox model, the fragment length is pro-
portional to the fiber strength and inversely proportional to
the interfacial stress. The analogy to jet fragmentation is
attained by replacing the fiber strength by a power of the
entanglement number, and the interfacial stress by E2.

Typical breaking starts with necking [Fig. 2(c)] that gradu-
ally increases [Fig. 2(d)] until full break [Fig. 2(e)]. Since
pure PMMA is brittle in its solid state, the presence of neck-
ing confirms that fragmentation occurs while the jet has not
yet fully solidified, and material flow is still possible. The
fragment tip is typically round [Fig. 2(f)], but sometimes,
when solidification is more advanced, the fiber ultimately
breaks in a cohesive facture [Fig. 2(gh)].

Fragmentation of the liquid jet can be explained by a
microscopic-scale mechanism. An extensional flow of a poly-
mer solution induces hydrodynamic forces on the polymer
network, resulting in stretching of the network.'® Chains dis-
entangle from the polymer network in fast extensional flows
such as electrospinning, by a dynamic process involving
stretching, reptation along an effective confining tube, and
relaxation.*'°"*? The entanglement loss is faster when the
flow’s strain rate is high, the chains are short, and the poly-
mer concentration is low. Eventually, chains can detach from
the network, leading to the network’s complete separation.
Upon separation, the tension in chains close to the break is
relieved, and their relaxation leads to regaining some of the
lost entanglement. As the stress, and consequently the disen-
tanglement, is gradually restored far from the break, the
next break point occurs at a distance from the previous

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2013, 57, 1377-1391

break point. In addition, network entanglement heterogene-
ities, due to local variations in the polymer degree of poly-
merization and solution concentration, may cause jet failure.

The evolution of the axial stress and the entanglement num-
ber (number of entanglements along the chain) is schemati-
cally illustrated in Figure 3. The mechanism is repetitive, and
therefore the length and diameter of the created short nano-
fibers should be consistent for given conditions. The cyclic
nature of the entanglement number lies at the base of the
diameter fluctuations seen in Figure 2(a), which are macro-
scopically explained by axisymmetric Rayleigh instability of
highly conducting, viscoelastic polymer solutions,?*72¢ lead-
ing to a wavy contour and formation of beads.

Hence, it is suggested that jet fragmentation is caused by dis-
entanglement of chains, to the extent that the network loses
its continuity and breaks up at intervals. Such breaking can
only be experimentally observed if the entanglement loss is
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FIGURE 3 lllustration of the proposed evolution of the jet's
axial stress and entanglement number (number of entangle-
ments along the chain), before (dashed line) and after (solid
line) jet break. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 4 Representative SEM micrographs of the distinct
nanofiber morphology regions: continuous fibers (CF), short
fibers (SF), beads on continuous fibers (CFB), beads on short
fibers (SFB), beads (B), and transition (mixed morphologies)
(C). The scale bars are 20 pm.

fully completed within the gap between the needle and the
collector. This mechanism, described in detail in the Theoret-
ical Section, offers a good explanation for the necking and
breaking process, as well as reasonable theoretical predic-
tions for the process and material dependence of short nano-
fiber features.

Occurrence of Short Nanofibers and Beads

Overall, 76 experiments at varying electrospinning parame-
ters were run, out of which 38 experiments produced short
nanofibers. The observed morphologies can be categorized
to continuous fibers, short fibers, beads on continuous fibers,
beads on short fibers, and stand-alone beads, as shown in
Figure 4. Under transitional conditions, mixed morphologies
were observed.

The data set of the tests run under the nominal conditions
(see Materials and Methods Section) is depicted in Figure 5,
mapping the occurrence of the different morphologies as a
function of the electric field intensity E and the polymer vol-
ume fraction ¢ normalized by a power of the degree of poly-
merization N. The exponents of N were tuned until the best
separation between the morphology regions was achieved,
enabling estimation of the boundaries by power curves. The
following trends are observed for the occurrence of short
nanofibers [Fig. 5(a)]. At a given molar mass (i.e, N), short
nanofibers occur at lower concentration and higher electric
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field. As the molar mass is increased, short nanofibers are
less frequent or do not appear at all. At molar mass of 350
kDa short nanofibers only appeared when a lower
CHCl3:DMF ratio was used. In terms of the proposed micro-
scopic mechanism, chains are more likely to disentangle
completely when they are shorter (lower molar mass), when
the polymer network is less entangled because of low con-
centration and/or poorer solvent (causing chains to con-
tract), and when the external electrostatic force is higher.

Beads-on-string occur at lower concentration and molar
mass as well [Fig. 5(b)]. However, contrary to short nanofib-
ers, beads-on-string occur at low electric field intensity,
when the surface tension is strong enough to overcome the
viscous forces driven by the electrostatic tension. Standalone
beads appear as the concentration is reduced, particularly
below the entanglement concentration ¢,. The boundary of
the beads-on-string region is expressed by two power curves
with different slopes: the upper curve relates to beads on

a)7
(a)7 1
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1 3 4
b)7
(b)7 1
5.
4 4
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§ 2]
2
0 O CF/SF
- o BS/B
1

¢ N 049

FIGURE 5 Occurrence of short fibers (a) and beads-on-string
(b) in electrospun PMMA dissolved in CHCI;:DMF 50:50 vol %.
The flow rate was 1 mL/h and the molar mass was 15,000,
101,000, and 350,000 Da. The morphology regions are mapped
over the electric field E, the polymer volume fraction ¢, and
the degree of polymerization N. The boundaries between the
regions are depicted by power curves. Estimated accuracy of
exponents: =10%. Point C in (b) marks the transition from the
electrostatic regime (upper section) and the viscoelastic regime
(lower section)—explained in the text. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 6 Generalized plot of the morphology regions, based
on the experimental data set of Figure 5, mapped over the
degree of polymerization N and the polymer volume fraction
¢, for four different values of the electric field E. The lines cor-
respond to eqs 1 and 2. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

short fibers while the lower curve relates to beads on con-
tinuous fibers. Indeed, two different mechanisms are
involved, since with continuous fibers the surface tension
stress is opposed by the viscoelastic stress in the jet, while
in short fibers the jet is fragmented and the opposing stress
is electrostatic. As the electrostatic stress is lower than the
viscoelastic stress, beading is more likely to occur in short
fibers, as observed in the test results. Further analysis of the
beading mechanism is beyond the scope of this article, as
this issue has been broadly investigated both experimentally
and theoretically.#?3-2527.28

The morphology boundaries measured in Figure 5 can be
used to formulate the electrospinning conditions for occur-
rence of short nanofibers (SF), beads on short fibers (SFB),
and beads on continuous fibers (CFB):

E7'N*0¢7* < const. SF

EN2°¢°? < const. SFB (2)

EN®7¢13% < const.  CFB,
when all the other process and material parameters that
determine the constants are kept unchanged. These equations
are depicted in Figure 6, together with eq 1 that marks the

boundary of the standalone beads region. Note that the short
fibers region is a fairly narrow strip that disappears com-

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2013, 57, 1377-1391

WWW.POLYMERPHYSICS.ORG

JournaL oF . Polymer
POLYMER sciENceE Physics

pletely at the low value of the electric field intensity (upper-
left pane). The acceptable working ranges for E, N, and ¢ nec-
essary for jetting are not shown. Obviously, the borderlines
between the regions are not as sharp as shown, but a clear
picture emerges, depicting distinct morphologies and respec-
tive process and material conditions that lead to them.

Equation 2 can be expressed in terms of the relative concen-
tration ¢/¢,, using the measured molar mass dependence of
the entanglement concentration ¢, from eq 1:

E-IN%6(¢/¢h,)"* < const. SF
EN1(¢/¢.)°? < const.  SFB 3)
EN°3(¢/¢o)® < const.  CFB.

These conditions are not entirely dependent on the number of
entanglements n. along the chain (theoretically™*
Ne R (¢/¢e)1'3), as they depend on N and E as well. In other
words, the shorter the chain and the less it is entangled, the
entanglement loss will be faster and the likelihood of short
nanofibers and beads-on-string will be higher. These equations
are depicted in Figure 7, where E/N” is plotted as a function
of the relative concentration. The plot details may vary for dif-
ferent data sets (different polymer, solvent, jet initial velocity,
etc.), but the overall layout of the plot is universal. For exam-
ple, better solvent quality (higher CHCl;:DMF ratio) increases
entanglement and will therefore pull the plot upward. The
effect of additional parameters is addressed in the next sec-
tions. Note that short fibers can only occur at normalized

10 =
€
c 13
= 1 B
=,
[+
=
W 0.1 : 1
‘A CFB ﬂ-13.9
(Yo, O S S S
1 2
P/,

CF continuous fibers, SF short fibers, CFB beads on continuous fibers,

SFB beads on short fibers, B beads, C transition point

FIGURE 7 Universal plot of the morphology regions, based on
the experimental data set of Figure 5, mapped over the electric
field E and the relative polymer concentration ¢/¢,. E is nor-
malized by N*, where N is the degree of polymerization and «
is 0.6 (solid line), —0.1 (upper dashed line), and —0.3 (lower
dashed line). The lines correspond to eq 3. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 8 Effect of solution properties and process parameters
on short nanofiber length (optical micrographs): (a) electric
field (15 kDa, CHCI3:DMF 50:50 vol %, 1 mL/h, 29.3 vol %), (b)
polymer concentration (15 kDa, 50:50 vol %, 1 mL/h, 2 kV/cm),
(c) molar mass (50:50 vol %, 0.75 kV/cm, 1 mL/h), (d) DMF frac-
tion (15 kDa, 1 mL/h, 0.75 kV/cm, 31.2 vol %), and (e) flow rate
(15 kDa, 50:50 vol %, 2 kV/cm, 31.2 vol %).

electric field intensity above point A, and short fibers without
beads can occur only above the transition point C.

Short Nanofiber Length and Diameter

When the conditions for short nanofibers are met, the frag-
ment length is the most distinctive property. The length
depends on the material and process parameters, as demon-
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FIGURE 9 SEM micrograph demonstrating the dispersity of short
nanofiber lengths and diameters. Conditions: molar mass 15 kDa,
polymer concentration 29.3 vol %, solvents composition CHCl3:
DMF 50:50 vol %, electric field 3 kV/cm, and flow rate 1 mL/h.

strated in Figure 8. Generally, the fragment length is shorter
upon increasing the electric field intensity [Fig. 8(a)], decreas-
ing the polymer concentration [Fig. 8(b)], decreasing the
molar mass [Fig. 8(c)], decreasing the CHCl3:DMF ratio [Fig.
8(d)], and decreasing the flow rate [Fig. 8(e)]. In line with the
proposed entanglement loss mechanism, all of these condi-
tions contribute to rapid chain disentanglement, and conse-
quently to shorter fiber fragments. The polymer network is
less entangled for shorter chains, lower concentrations, and
poorer solvents (e.g., lower CHCl3:DMF ratio), while higher
electric field intensities and lower feed velocities increase the
extensional strain rate, together leading to more rapid disen-
tanglement and shorter fiber fragments. When the parametric
conditions are reversed, the fragment length will increase,
until continuous fibers are restored at the boundary described
in the previous section. Note the randomly oriented scattering
of fragments on the revolving collector, seen in Figure 8, which
indicates that fragmentation occurs before reaching the collec-
tor, during the free flight of the jet.

The tested samples yielded short nanofibers of lengths ranging
from 1 to 1000 um and of diameters ranging from 50 nm to 3
pm. When observing a representative experimental sample in
the image of Figure 9, and its length and diameter measurements
in Figure 10(a), it becomes clear that even when all material and
process parameters are fixed, the dispersion of fragment lengths
and diameters is high, correlating well with lognormal distribu-
tion® [Fig. 10(b)]. Tiny fragments are by far more frequent than
large fragments, and therefore, the number-average (mean)
length L, and diameter D, are biased downward and their mea-
surement is not stable. Instead, we use the weight-average length
and diameter, Ly,=>"L?/>" L. and Dy,=3_D?/>" D, (analo-
gous to the weight-average molar mass M,,), which give a higher
weight to larger fragments. As shown further on, the experimen-
tal material and process dependencies match well with the
weight-average length and diameter. Note that the fragment
aspect ratio rises with fragment length [inset of Fig. 10(a)].

One is tempted to associate the high dispersity of fragment
sizes with the fairly high molar mass dispersity of the polymer
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FIGURE 10 Example of the dispersity of short nanofiber
lengths L, diameters D, and aspect ratios L/D. The measure-
ments were taken from the SEM micrograph of Figure 9. (a)
Measured diameter and length of the fragments. The number-
average (L, D,) and weight-average (L,,, D, ) values are indi-
cated on the axes. The dispersity is D =L,/L,=2.7 and
Dp=D,/D,=3.1. The inset shows the measured aspect ratio.
The correlation between L and D is >0.6. (b) Distribution den-
sity of diameter, length and aspect ratio, with lognormal fit.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

used in the experiment (Table 1), but the average molar mass
at different jet cross sections should not diverge significantly.
Rather, large fluctuations in the local jet diameter, due to the
jet'’s dynamic instability, splitting and branching,®® as well as
local concentration variations, due to rapid solvent evapora-
tion, are more likely to spawn such size dispersity.

The dependence of the length and diameter on the material
and process parameters was analyzed for the experimental
data sets in Table 3, all of which yielded short nanofibers.
Variations were applied to the molar mass, flow rate, sol-
vents ratio, electric field intensity, and polymer concentra-
tion. The fragments weight-average length varied over a
wide range of 10'-103 pm, whereas the diameter varied
within a much narrower range of 0.7-3 pm.

Dependence of the fragment length and diameter on the
electric field is estimated by power fitting of the data from
samples in which only the electric field intensity was modi-
fied [Fig. 11(a)]. Similarly, the concentration dependence is
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TABLE 3 Experimental Data Sets Used for Diameter and Length
Measurements?

M, [kDa] ~Q[mL/h] CHCI3:DMF [vol%] E [kV/iem] ¢ [vol%]
15 1 50:50 2 39.2
| | | | 322
| | | | 31.2
| | | | 293
I | I 3 |

I I I 1.5 I

| | | 0.75 |

| | | | 31.2
| | | | 32.2
| | | | 34.2
| | 30:70 2 275
| | | 0.75 |

| | 70:30 | 313
| | 0:100 | 29.8
I I I 2 |

| 0.2 50:50 | 31.2
I | I 3 |

| | 30:70 0.75 275
| 2 70:30 2 31.3
I I I 4 I
101 1 50:50 | 14.6
I | I 3 I

| | | 0.75 9.7
350 | 0:100 | 3.2

I I I 4 I

2 Weight-average molar mass M,, flow rate Q, solvent volume ratio
CHCI3:DMF, electric field E, and polymer volume fraction ¢.

estimated by power fitting of samples in which only the con-
centration was modified, separately for two values of electric
field intensity [Fig. 11(b)]. The dependence on the other
three parameters (molar mass, flow rate, and solvent ratio)
was estimated by multivariate power fitting of the data,
using the already estimated electric field and concentration
exponents from Figure 11.

The results of the length power fit are combined in the fol-
lowing scaling expression:

LFIT ~ V(1)'4E_1'1N3'9K2'1 ¢7.57 (4)

where vy is the jet initial velocity, E is the applied electric
field, « is the solvents blend quality, N is the degree of poly-
merization, and ¢ is the polymer volume fraction. Similarly,
the results of the diameter power fit are combined in the fol-
lowing scaling expression:

DF[T ~ Vg,lE*0A07N*0.4K*0A2¢0A19. (5)

Note that vy substitutes the flow rate Q, considering that the
experiments were carried out with a fixed needle internal
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FIGURE 11 Short nanofiber weight-average length L, and
diameter D,,, measured for molar mass 15,000 kDa, flow rate 1
mL/h, and CHCI3:DMF ratio 50:50 vol %. Power fit curves and
corresponding exponents are shown. (a) Length and diameter
versus the electric field E, for polymer concentration 29.3 vol
%. (b) Length and diameter versus the polymer volume fraction
¢, for two cases of electric field. Based on the experimental
data sets of Table 3. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

diameter. The solvents blend quality is approximated by the
dimensionless term k=(2y—1)"', where y is the
concentration-weighted interaction parameter of the two sol-
vents with the polymer, = dpypome+ (1~ Ppme) xcncis (Pour
is the DMF volume fraction in the solvents blend). The val-
ues of ypyr and ycycs are given in Table 1. Figure 12 dem-
onstrates the quality of the power fit and confirms the
scaling approach, which is further validated by the analysis
in the next section.

Higher vy and lower E result in a reduced velocity gradient
and therefore longer L, while they have a negligible effect on
D. Higher x (better solvent blend - higher CHCl3:DMF ratio)
result in longer L and smaller D. The solvent quality depend-
ence of L is apparent, as a better solvent increases chain
swelling and consequently entanglement, resulting in slower
entanglement loss and longer fragments. However, the sol-
vent quality dependence of D is opposite; when the network
is more entangled, due to a better solvent, its extension ratio
upon breaking is higher, and therefore its condensed diame-
ter is smaller.
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FIGURE 12 Measured weight-average short nanofiber length
L, (a) and diameter D, (b), versus the corresponding power-fit
curves Lgr (eq 4) and Dgr (eq 5). Based on the experimental
data sets of Table 3. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Writing eqs 4 and 5 in terms of the relative concentration
¢/ ., using eq 1 (omitting all other terms):

Lirr ~ N*3(¢p/¢bo)"®

6
Dpir ~ N7%5(¢/ )", ©

we observe that higher entanglement number n, ~ (¢/$,)">

yields larger L due to increased viscosity and reduced veloc-
ity gradient, and that L increases with the degree of poly-
merization N. The shorter the chain and the less it is
entangled, the more rapid entanglement loss will be, and
fragment lengths will be consequentially shorter. The effect
of N on the diameter is opposite, as a longer chain means
higher chain extensibility, whereas the effect of n, is minor.
In contrast, the diameter of continuous fibers is highly
dependent on ne, as will be shown in the next section.

The upper limit of the fragment length L scales with the gap
distance between the electrodes d [Fig. 13(a)], and therefore
eq 4 can be used to define the condition for the occurrence
of short nanofibers:

Kd > Vé%l-E*1A11V349KZA1¢7.57 (7)

where K is a constant prefactor. This equation compares well
with the boundary of short nanofibers occurrence of eq 2,
const. > E"'N*9¢7* which was derived in a completely dif-
ferent way. Moreover, since the occurrence boundary scales
with the position at which the jet separates, z; [Fig. 13(a)],
this observation leads to the conclusion that the short nano-
fiber length should be proportional to the breaking position,
L ~ zs, even though their orders of magnitude may be quite
disparate. This result is used in the next section for estimat-
ing the fragment length (eq 15).

THEORETICAL DESCRIPTION

Disentanglement of Polymer Chains

The highly entangled polymer network within the electro-
spinning semidilute solution ensures the continuity of the jet
and the eventual formation of continuous nanofibers. As sug-
gested, the occurrence of short nanofibers is brought about
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FIGURE 13 lllustration of electrospinning and jet fragmentation
(a), and network disentanglement (b). The blue (outer) curves in
(b) are the jet boundary, and the pink (thick) curve represents
the confining tube. Elastic extension of chains, followed by
stress relief resulting from chain reptation along a confining
tube, gradually disentangle chains from the network. The sub-
script s denotes the jet break point. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

by substantial entanglement loss during the electrospinning
process. The entanglements, topological constraints that pre-
vent intercrossing of chains, effectively divide each polymer
chain into entanglement strands, which are elastically
extended under the applied extensional forces. At equilib-
rium, chains can reptate within a confining tube, which rep-
resents the constraining potential of nearby chains on the
strand, allowing monomers to fluctuate within its confining
diameter. Under strain, chains can relieve the high elastic
tension by sliding along the tube, and be partially disen-
tangled from the network. When the jet strain rate is suffi-
ciently high and the chain relaxation time is sufficiently slow,
the chains cannot effectively relax back to their network
equilibrium state. Under such conditions, the end-to-end dis-
tance of strands will gradually increase, and the number of
entanglements along chains will be reduced, eventually
resulting in a complete separation of the network and break-
ing of the jet. The process is illustrated in Figure 13.

The analysis assumes an affine deformation of the polymer
network, namely, that the relative extension of each strand is
the same as the relative extension of the jet at the same axial
position. Thus, the entanglement nodes are supposedly mov-
ing at the same velocity as the jet, with negligible local veloc-
ity lag or lead with respect to the jet. This approach is
reminiscent of the affine tube model of rubber elasticity,
except that the contour length of strands is not fixed, but
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rather increases in consequence of chain sliding along the
confining tube. Thus, the extended length of the strand is the
result of both elastic stretching and disentanglement. Using
this concept, an extended strand having a distance / between
its two entanglements, located at a jet position z and axial
velocity v, is extended at a velocity of

dl dv ldv
—r—r-— 8
dt ~dz vdt’ ®)
or, by rearranging the terms, I /1 =V /v. Integrating and set-
ting the initial strand length ly=a (a is the tube diameter)
and the initial jet velocity vo:

l

— 9
7 T )
A similar expression was obtained by dynamic modeling of
network stretching during electrospinning,'® assuming rub-
ber elasticity with a fixed strand contour length.

Jet Breaking

At the jet start, when the solution is almost at rest, the initial
strand length (end-to-end distance) is equivalent to the
chain’s confining tube diameter, and is given by a~x
bNY{*¢~"/®=V for an athermal solvent and a ~ bN{*¢ 2/
for a 0-solvent.'* b is the Kuhn monomer length, N,; is the
number of Kuhn monomers in an entanglement strand in the
melt (a fixed value for a given polymer, of order 10°-10"),
¢ is the polymer volume fraction, and v = 0.588 is the swel-
ling exponent for a good solvent. As a result of the high
strain rate, the strand approaches full extension close to the
jet start,'® and, since the strain rate is not relieved through-
out the jet, the strand retains a high extension even after
partial disentanglement and relaxation. Under such condi-
tions, the end-to-end distance of a strand consisting of N,
monomers can be approximated by [ = bN.. At low strain
rates and fast relaxation times, the strand length may be
shorter, or I = bN}, where v < x < 1; however, for simplicity,
in the following analysis we assume full extension. Thus,
upon complete chain disentanglement at jet position z, the
strand approaches the length of the entire chain, s = bN,
and the corresponding jet velocity v from eq 9 is:

Vs ~I N ¢m
Vo $?3

A athermal solvent
W a SN o
0 N, 0-solvent.

To obtain a length scale for the network separation, the
velocity profile v(z) should be specified. Theoretical and
experimental analyses of electrically driven fluid jets have
shown that the jet velocity, sufficiently far from the jet start,
assumes an asymptotic profile that can be expressed by a
power law of the position z along the jet.3*3> For example,

(11

where k is a dimensionless parameter, of order 10 *—107,
that determines the scale of velocity increase, r is the initial
jet radius, of order 10 ' mm, and f is an exponent shown to
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vary between 0.25 and 1 (f=0.5 is used throughout the rest
of the analysis)*°

The dependence of the flow parameter k on the material and
process parameters, can be estimated by substituting the
velocity gradient from eq 11, which scales as Vv ~ (vq/ro)k?,
by the strain rate, which scales as &~ E?/p, yleldlng
k ~ ra/* 2y, “12E_ A theoretical derivation based on jet rhe-
ology vields k = &°r, 2/3 o/ 4y=5/12y 72/3E5/6 (in CGS electro-
static units), where ¢, 2 1 is the permeablllty of the medium
(air).***  Substituting the solution viscosity 1 2 n.g,
(11 >> n,, where 75 is the solvent viscosity and 7, is the solu-
tion specific viscosity), the flow parameter may be redefined
as k:kons_ps/lz. Thus, the jet breaking position, or the jet axial
position at which disentanglement is completed, z;, can be
expressed as a function of the corresponding jet velocity v:

Zs -2V 2 5/61
=~k ~ ky s
ro V() a

ko =2 s,ln/sr§/301/411;5/12v52/3E5/6.

(12)

Using the known expressions for the viscosity of a semidilute
solution,'* 1, ~ (N°/N%)$* @~V for an athermal solvent
and 1, ~ (N3/N%)¢™* for a O-solvent, and substituting
I;/a from eq 10, the breaking position is:

17(2v—1) 2+
Z_SN k_2 N7/2 126 11¢2 (3v— 1 gOOd solvent (13)
~ 7o 13/6
"o Nel/ P/ f-solvent .

Note that the expression is expanded to good solvents by
incorporating the dimensionless term rx=v/b3® (v is the
excluded volume), which expresses the solvent quality based
on the interaction between monomers in a given solvent;
this term rises as the solvent improves, up to the athermal
limit where it is equal to 1.

The analysis assumes a homogenous polymer network. Local
variations in polymer concentration and deformation, and
the dispersity of the polymer degree of polymerization, can
influence the results. Discussion on the effects of deforma-
tion, disentanglement and evaporation on the solution vis-
cosity, which are not accounted for in the current theoretical
analysis, is provided in Appendix B.

Short Nanofiber Occurrence and Length

The jet position z; where the polymer network separates
marks the location where short nanofibers are being created.
If z; > d (d is the gap distance between the electrodes), the
jet will not fragment and the nanofibers will be continuous,
whereas when z; < d short nanofibers will appear. Hence,
the condition for occurrence of short nanofibers is:

d z

—>— 14
r0>r0’ ( )

where z; is given by eq 13.
Upon breaking, the jet tensile stress at position z; is relieved,

but is gradually restored upstream. Chains will partially relax
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FIGURE 14 Comparison of experimental and theoretical short
nanofibers dimensions, based on the experimental data sets of
Table 3. The prefactors were adjusted as free parameters. (a) Meas-
ured length L, versusthe theoretical length L (eq 15). (b) Measured
diameter D,, versus the theoretical diameter D (eq 18). The dashed
line marks the deviation with respect to the molar mass (M,,)
dependence, explained in the text. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

under the reduced stress, and there will be an entanglement
gain, consequently delaying the next break point. This mech-
anism repeats itself, producing a sequence of fragments. The
short fiber length L and the jet breaking position zs scale
similarly with the material and process parameters, as
shown in the Experimental Section, inferring that L is pro-
portional to zg:

Lz
ro TIo

17(2v-1) 2v+5

N7/2 K26-1) ¢2(3\ 1

~ 61/2r3/3E5/3 Nelf/6

ng/evg/s good solvent (15)

([)41/9 0-solvent.

where z; is obtained from eq 13 and kq is explicitly written.
Since zg ~ d ~ 10> mm and L ~ 10~! mm, a constant prefac-
tor of order 103 should be added. The concentration depend-
ence of L is ¢*?, for a good solvent, and ¢*°, for a 6-solvent,
and, with the effect of deformation on the viscosity (Appendix
B), (;55‘3 and (]55'7, respectively. The solvent quality dependence
of L is k%0, These predictions compare reasonably well with
the experimental findings in eqs 2, 4, and 7, specifically
Loy =~ vi*E"VIN392147°. The two main differences
between this prediction and the experiment lie in the concen-
tration and the electric field intensity. The exponent of ¢ does
not reflect the full effects of deformation, disentanglement and
evaporation on the solution viscosity (Appendix B). The jet
rheology assumes a uniform electric field,®> while in reality,
the field magnitude and gradient increase sharply close to the
syringe and collector, in a manner similar to the electric field
generated by two point charges.® The fibers’ experimental
and theoretical lengths are compared in Figure 14(a).

The length is dependent on both the entanglement number
of the solution, ne ~ (¢/¢e)1'3, and the degree of polymeriza-
tion N, as can be seen when expressed in terms of the rela-
tive concentration, using the theoretical entanglement
concentration'* ¢, ~ N'"3, for a good solvent, and
¢o ~ N73/%, for a O-solvent:
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good solvent
(16)
0-solvent .

Lo N /90"
o 0| NOB (/)"0

In line with the analogy to Cox model for the fragmentation of a
rigid fiber embedded in a soft matrix under tension, discussed
in the Experimental Section, this equation can be reduced to
L ~ n3°/E'7 (for a 0-solvent), in which n® is replaced by the
fiber strength and E'7 by the interfacial stress.

Short and Continuous Nanofiber Diameter

Prior to stretching, the condensed polymer network diameter
scales with rg\/¢ for initial jet radius ry. The local con-
densed diameter, D., is reduced by a factor of \/I/_a, as a
result of network stretching and disentanglement, and there-
fore (using eq 9):

&%1 @z(pl/z L e
ro 1 Vo ’

An alternative expression is D, ~ r\/¢, where r is the local
jet radius.

(17)

The diameter of short nanofibers can be obtained by insert-
ing the value of I;/a from eq 10:
2v—1
D Ny* [ (¢/k)50

ro  N1/2 P16

good solvent
(18)
0-solvent.

The concentration dependence of short nanofiber diameter is
(¢>/K)0'12, for a good solvent, and ¢>0'17, for a 0-solvent.
This prediction compares reasonably well with the experi-
mental finding, Dpr ~ v]TE 0N 047024019 (eq. 5).
Unlike the length, the theoretical diameter is independent of
the jet dynamics (i.e. the initial velocity and electric field).
However, the exponents of vy and E were not zero in the
experiment, implying additional secondary influences.
Note the dominance of the degree of polymerization
N (larger N leads to smaller D), whereas the other parame-
ters have a weak or null effect. Since the size of a chain (its
end-to-end distance) in a semidilute, good-solvent solution is
R~ bNY2(xc /)" VDBV 14 o4 18 can be written as
D=~ bN:l/4(r0/R), an inverse dependence of D on R.

The fibers’ experimental and theoretical diameters are com-
pared in Figure 14(b). The predicted exponent of N deviates
from that obtained from the experiment, as reflected in the
dashed line in Figure 14(b). This deviation implies that the
entanglement strand does not reach full extension (I; ~ N)
upon network separation, as assumed in the theoretical pre-
diction, but rather corresponds to I ~ N%8, a3 substantial
extension when compared to the chain’s equilibrium end-to-
end distance.

In terms of the relative concentration, the short fiber diame-
ter is proportional to:

D [NT(g)pe)" "
o w09,

good solvent
(19)
0-solvent .

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2013, 57, 1377-1391

WWW.POLYMERPHYSICS.ORG

JournaL oF _ Polymer
POLYMER sciENceE Physics

The dependence on N has a negative exponent, as in the
experiment, since longer chains allow higher extensibility of
the network.

To obtain the diameter of continuous nanofibers, the jet
velocity upon reaching the collector is obtained from eq 11
with z=d, and is substituted into eq 17:

D _, NS/4 Klf((sszff

N P

3(2v+1)
3-1)

good solvent (20)

0-solvent.

where k,=k,+/d/ro and ko is defined in eq 12. The concen-
tration dependence of the continuous nanofiber diameter is
¢>1, for a good solvent, and ¢>*, for a H-solvent, and, with
the effect of deformation on the viscosity (Appendix B), ¢*®
and ¢3, respectively. The solvent quality dependence of D is
k%2, Note that, compared to short nanofibers, the exponent
of the degree of polymerization N is positive, (larger N leads
to larger D), and that the concentration dependence is much
higher, reflecting the dominant effect of the jet dynamics.

In terms of the relative concentration, the continuous fiber
diameter is proportional to:

D { N0/ pe)*!

1 good solvent
=~k )
N0/, )

(21)
T'o 0O-solvent .

The results are consistent with the trends in numerous pub-
lished works, which showed that the diameter of continuous
fibers is smaller for lower concentration,®”*® higher electric
field intensity,®”° lower flow rate,*® and larger gap distance
between the electrodes.*! More specifically, similar relative
concentration dependencies of continuous fiber diameters
were measured by Mckee et al.>® on linear and branched
PET-co-PEI copolymers and by Gupta et al.® on PMMA, yield-
ing (¢/¢o)*° and (¢/¢,)>", respectively. These measure-
ments compare well with our theoretical prediction.
However, in addition to the dependence on the entanglement
number, ne ~ (¢/¢,)">, the prediction includes a strong
dependence on the degree of polymerization as well, the
introduction of which can improve the fit of the data in these
references. Furthermore, note that different combinations of
material and process variables can lead to the same nano-
fiber diameter, but with different nanostructure.

The evolution of the fiber length and diameter as a function
of the relative polymer concentration is depicted in Figure
15 for a 0-solvent. If k; > 1 (e.g, low initial velocity, high
electric field intensity, and/or large gap distance), short
fibers occur and their diameter grows weakly with increas-
ing relative concentration, while their length grows sharply.
When the concentration is increased beyond the transition
point, ¢/p, > kI4*N~002 =~ 044 continuous fibers are cre-
ated and the diameter growth slope increases abruptly. If
k, <1, only continuous fibers are created. Unlike continuous
fibers, the diameter of short fibers is independent of the gap
distance between the electrodes d and the parameter ko
(whose initial velocity and electric field dependencies are
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FIGURE 15 Nanofiber length L/ry and diameter D/ry versus the
relative concentration ¢/¢,, based on eqgs 16, 19, and 21 with
approximations (0-solvent). The length is normalized by N°08
and the diameter by N~%62, where N is the degree of polymer-
ization. Prefactors are ignored. k;=ky+/d/ro, where the parame-
ter ko is defined in eq 12, d is the gap distance between the
electrodes, and rp is the jet initial radius. The slopes of the two
morphology regions—short nanofibers and continuous nano-
fibers—are marked. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

~v0_2/3E5/6). In continuous fibers, the process of disentangle-
ment is not carried out until complete separation of the net-
work, since it is terminated at the collector, and therefore
the amount of entanglement loss, and hence the diameter,
depend on the flow dynamics and the gap size. In short
fibers, once the condition for their occurrence is met, entan-
glement loss is driven to completion and the diameter is
therefore independent of these parameters.

CONCLUSIONS

High strain rate extensional flow of a semidilute polymer
solution can result in fragmentation caused by polymer
entanglement loss. We found evidence for this phenomenon
in the appearance of short nanofibers during electrospinning.
Short nanofibers, of lengths ranging from 1 to 1000 pum and
of diameters ranging from 50 nm to 3 um, were electrospun
from solutions of PMMA dissolved in a blend of CHCl; and
DMF. The short nanofibers appeared at solution concentra-
tions slightly above the entanglement concentration, when
the electric field intensity was high and the flow rate low.
When starting from material properties that yield continuous
nanofibers, short nanofibers were obtained by decreasing
the molar mass, concentration, and solvent quality, all of
which contribute to reduced polymer network entanglement.
Under such favorable low entanglement and high strain rate
conditions, the elastic stretching of the polymer network
accelerates the entanglement loss, eventually leading to sepa-
ration of the network and fragmentation of the jet. The
experimental results and theoretical predictions correlate
well, confirming the proposed disentanglement mechanism.
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The analysis identifies the conditions for short nanofiber
occurrence, with and without beads-on-string, and explains
how their length and diameter depend on the material and
process variables.

The high elastic stretching and entanglement loss required
to create short nanofibers are likely to lead to an ordered,
aligned solid nanostructure with improved mechanical prop-
erties. At the same time, since fragmentation occurs before
full solidification and collection of the fibers, the polymer
network may partially relax in solvent rich areas, and voids
may be left in the matrix after evaporation.”'®*® A nonuni-
form structure can result in both the axial and radial direc-
tions, with regions of aligned rigid structure and regions of
amorphous porous structure. Furthermore, the analysis
shows that different combinations of material and process
variables can lead to the same nanofiber diameter, but not
necessarily to the same internal nanostructure, a result that
can be exploited for controlling the mechanical properties.

The ability to tune short nanofiber dimensions can be
exploited to improve their as-spun mechanical and thermody-
namic properties, such as the elastic modulus, as already dem-
onstrated in continuous nanofibers, whose known size-
dependent properties**~*® are attributed to the molecular and
supermolecular structure of the polymer matrix'® Such size
tuning, combined with the possible biaxial nonuniform nano-
structure, may find interesting applications in tissue engineer-
ing*® drug delivery, composites reinforcement, filtration,
electrical and thermal conduction, and light amplification.

APPENDIX A: vISCOSITY MEASUREMENT

To determine the overlap concentration c¢* and the entangle-
ment concentration c, for each molar mass, the solution spe-
cific viscosity was measured as a function of the polymer
concentration (Fig. A1). The c* and c. (Table 2) were meas-
ured by intersecting the slopes of the three known concen-
tration regimes, and compared well with ¢* estimated from
the measured intrinsic viscosity, c*:[n]fl, and with the liter-
ature®. The individual curves of each molar mass were nor-
malized by their corresponding c. and collapsed into a
universal curve as a function of ¢/¢. (Fig. Al), where the
mass concentration ¢ was substituted by the dimensionless
volume fraction ¢=c/p. The measured slopes were 1.1, 2.0,
and 4.5 for the dilute, semidilute unentangled, and semidi-
lute entangled regimes, respectively, close to both theoreti-
cal'® (1, 2 and 4.7 for 0-solvent and 1, 1.3 and 3.9 for good
solvent) and experimental values.®

APPENDIX B: EFFECT OF NETWORK DEFORMATION ON
VISCOSITY

The theoretical prediction does not account for the effects of
network deformation, chain disentanglement, and solvent
evaporation on the solution viscosity. These complex effects
are not introduced in the current analysis, but are briefly
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FIGURE A1 Measured specific viscosity, ng,=1/1s—1 (1 and n,
are the solution and solvent viscosities, respectively), for
PMMA dissolved in CHCI3:DMF 50:50 vol % at 25 °C. (a) Viscos-
ity versus solution concentration c. The concentration regimes
were identified by power fit curves, the intersections of which
provided the overlap concentration c¢* and the entanglement
concentration ¢, for each molar mass. (b) Viscosity versus rela-
tive solution concentration ¢/¢, (p=c/p). The concentration
regimes and the exponents of the power fit curves are indi-
cated. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

discussed below. The confining tube varies in consequence
of the large network deformation and the rearrangement of
chains and their interactions with neighboring chains. For
example, the non-affine tube model of rubber elasticity pre-
dicts that the deformation dependence of the tube diameter
iS ager =2 a/ll/z, where a is the undeformed tube diameter,
and 4 is the deformation factor*” When an entanglement
strand, consisting of N, monomers, approaches its full elastic
extension, /. ~ bN./(bN&'*) ~ N&/* ~ a/b ~ NY*¢~?/* (6-sol-
vent), and therefore the deformed tube diameter increases
by a factor of M Nil/4(/’)_1/3. Since the dependence of the
solution viscosity on the tube diameter is 5 ~ a~*, the vis-
cosity decreases by a factor of A2 & Ny (;574/3.

Further change is expected following the elongation of
strands by disentanglement, which in turn decreases the vis-
cosity by increasing the effective tube diameter. At the same
time, the concurrent lateral network contraction, resulting
from axial stretching,'® may have an opposite effect because
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of a reduction in the deformation factor in the lateral direc-
tion. Also, while the longer chains in the population retain
the continuity of the network, disentangled shorter chains
effectively reduce viscosity. Finally, rapid evaporation, charac-
teristic of electrospinning, increases the concentration and
consequently the solution viscosity.
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