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ABSTRACT: We show that incorporating ultrahigh molecular weight (UHMw)
polymer fractions into spinning dopes improves their spinnability and facilitates the
centrifugal force spinning (CFS) of polystyrene (PS) fiber mats with enhanced
mechanical and sorption properties. For matched polymer concentration, c, and solvent
type, the UHMw additive at a low weight fraction (<0.1) only weakly influences shear
viscosity. We attribute the enhanced spinnability and fiber properties to change in
extensibility (stretched to equilibrium coil size ratio), quantified using the extensibility-
averaged molecular weight, ML, that accounts for the role of stretched chain
hydrodynamics and extensional rheology response. Although many studies argue that
spinnable solutions lie above the entanglement concentration on the c−Mw plots, we
show that the UHMw additives facilitate fiber formation below the computed
entanglement concentration for extensibility-enriched (EE) polymer solutions. We
highlight the role of extensibility and dispersity by locating the minimum spinnable
concentration, cspin, and the concentration, cBC, for the transition from beaded to continuous fiber formation on a c−ML plot. We
show that extensibility-enriched solutions display cspin ∝ ML

−b with b = 1 + ν and cBC ∝ ML
−b with b = 3ν − 1 due to significant strain

hardening and large Trouton ratios that delay pinch-off. Additionally, we posit that in low-extensibility solutions, including low Mw
or lower flexibility polymers, spinnability benefits from the steep viscosity increase on the solvent loss for volatile entangled (VE)
polymer solutions, requiring cspin ∝ ce ∝ MW

−b with b = 1 + ν, explaining why entanglements promote fiber formation.

■ INTRODUCTION

Inventing and optimizing spinning techniques for high
throughput, cost-efficient production of fibers from both
commercial and novel polymers has driven extensive academic
and industrial research for over a century.1−7 Many
applications in tissue engineering and healthcare, environ-
mental safety and remediation, energy storage and production,
and separations require nonwoven fiber meshes or membranes
that simultaneously satisfy multiple design needs and
functionalities, including ultrahigh surface-to-volume ratio,
suitable permeability, mechanical and chemical stability, and
appropriate wettability.3−14 Despite significant progress in
making nonwovens with electrospinning (ES), challenges with
scalability, the need for a high voltage source, limited solvent
choices, and low production rates are driving the search for
viable alternatives.4−7,12−15 Here, we focus on addressing the
spinnability challenge using an alternative method called
centrifugal force spinning (CFS). Although similar methods
were first patented over a century back and then used to make
cotton candy and glass wool, intense activity to make
polymeric fibers using this technique began a decade back
under many names: centrifugal spinning, force spinning, rotary
spinning, or rotary jet spinning.4−8,14−27 In contrast with melt-
CFS used for making cotton candy or glass wool from viscous
fluids and/or reactive CFS that uses monomer-based spinning

dope,20,21 we focus on solution-CFS that requires the
processing of rheologically complex polymer solutions.
Furthermore, fiber formation involves evaporative loss of the
solvent leading to significant viscosity increase before solid-
ification. Therefore, CFS shares the rheology−structure
properties quests of fiber spinning methods like dry spinning
and electrospinning, including the practical and theoretical
challenges in correlating spinnability to the rheological
response as influenced by the choice of polymer concentration,
molecular weight, dispersity, and solvent properties.1−5,14,26−40

Finding universal features in terms of the influence of the
polymer (c, Mw, and physicochemical properties) and solvent
for controlling fiber properties and the morphology remain
critical technological and scientific problems.1−5,24−34,39−50

Here, we investigate the influence of a polymer concentration,
molecular weight, and dispersity on centrifugally spun fiber
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morphology, sorption, and mechanical properties for matched
solvent and processing conditions.
Describing the spinnability of polymer solutions involves

several challenging problems: a complex interplay of nonlinear
shear and extensional rheological response, free surface flows
and instabilities, and evaporative mass loss and cooling from
mobile jets.1−4,23−30,50−54 For example, Petrie28,29 provides
both historical perspectives and describes the many long-
standing challenges faced in correlating spinnability to the
shear and extensional rheology response. Many studies
attribute spinnability to the influence of entanglements or
topological constraints10,17,31−33,46,48−50 that arise in solutions
(and melts) above the entanglement concentration, ce (and
beyond entanglement molecular weight, Me), and hence the
spinnability diagrams are presented with molecular weight, Mw,
and concentration, c, as the coordinates. However, a few
reports show that adding a small fraction of ultrahigh
molecular weight (UHMw) facilitates fiber formation from
unentangled polymer solutions.39−41 For instance, Yu et al.39

demonstrated that electrospinning from unentangled PEO
solutions results in fibers on addition of a small amount of the
UHMw component. Even though spinning dopes displayed
similar values of rate-independent shear viscosity, Yu et al.
argued that spinnability correlates with an increase in elasticity
and extensional viscosity, as observed in their capillary breakup
extensional rheometer (CaBER) measurements.39

In both ES and CFS, the strong flows associated with
stretching and thinning liquid jets stretch and align polymers
assuming long enough time-of-flight, tflight, and evaporation
time, tevap. However, increasing tflight or tevap is detrimental if
either exceeds the time needed for the capillarity-driven growth
of sinusoidal perturbations that create beads-on-a-string
(BOAS) or beaded fibers and, possibly, just drops (or beads,
after drying). Processability maps based on zero-shear
viscosity, η0, and surface tension, σ, can be drawn using the
viscocapillary time, tvc = η0D0/σ, to capture the role of the
interplay of viscous stress and capillarity. Equivalent maps use
Ohnesorge number, η ρσ=Oh D/0 0 , which is the dimension-
less measure of viscous effects obtained by scaling tvc with an

inertiocapillary time, ρ σ=t R /ic 0
3 , plotted against a Capillary

number, Ca = tvc/tcent, such that tcent = R0/Ucent depends on the
centrifugal speed.25 As free surface flows associated with fiber
formation invariably involve nonlinear deformation and
streamwise velocity gradients associated with extensional
rheology response, the utility of such Oh−Ca or the c−Mw
processability maps is limited by the inadequate accounting for
the influence of elasticity and rate- or concentration-dependent
extensional rheology response that is not linearly correlated
with the corresponding shear rheology response.50,55−71

Without direct measurements of extensional rheology
response, Palangetic et al.40 argued that the minimum
spinnable concentration, cspin, must depend on enhancement
in extensional viscosity on addition of an ultrahigh molecular
weight fraction, and hence, they defined an extensibility-
averaged molecular weight, ML. The zero-shear viscosity of
dilute solutions depends on the unperturbed coil size, ⟨R2⟩1/2

∝ Mν. Here, the exponent, ν, that depends on the polymer−
solvent interactions is often called the solvent quality
parameter. In contrast, the steady, terminal extensional
viscosity, ηE

∞, in the FENE-P model is directly proportional
to the square of the extensibility, ηE

∞ ∝ LE
2. The parameter

extensibility, LE, represents the ratio of the maximally stretched

state of the polymer, Rmax, to its root mean square equilibrium
coil size, R0, and LE  NK

1−ν, with the number of Kuhn
segments determined using NK = M/M0 and using the Kuhn
monomer weight (for PS, M0 = 0.72 kg·mol−1). Palangetic et
al.40 showed that the critical spinnability concentration
computed using cspin ∼ ML

‑(v+1) ∼ ML
−1.566 matches with the

experimentally determined cspin for many electrospun poly-
mer−solvent combinations, though they directly illustrated the
dispersity effect only for poly(methyl methacrylate) fibers. We
posit that a similar criterion for minimum spinnable
concentration, cspin, should be applicable for the centrifugal
force spinning of polymer solutions and, hence, could be
influenced by the inclusion of a small amount of ultrahigh
molecular weight or UHMw component, motivating this study.
The manuscript is organized as follows. We investigate the

influence of molecular weight and dispersity on spinnability by
centrifugal force spinning polystyrene (PS) fibers from
bidisperse solutions prepared by incorporating a relatively
small weight fraction (wU < 0.1) of PS = 2000 kg·mol−1 as the
UHMw additive. We picked polystyrene (PS) to investigate the
interplay between spinnability, polymer physics, rheology, and
processing to benefit from the complementary studies,
especially involving electrospinning.35−37,42,48,72−76 Further-
more, PS fiber mats offer promising candidates for oil sorption,
significantly for tackling maritime oil pollution, while
simultaneously recycling this commodity plastic.77−82 We
show that the change in zero-shear viscosity, η0, of bidisperse
solutions follows a single universal curve on plotting against
scaled concentrations or the Berry number, c[η], that
computes the degree of overlap expressed as the product of
concentration and intrinsic viscosity. We characterize the
morphology, sorption, and mechanical properties of the
centrifugally spun fiber mats as a function of the UHMw
fraction. We show that spinnability and morphology changes
are correlated with the extensibility-averaged molecular weight,
ML. In addition to exploring if the cspin−ML relationship
outlined for minimal spinnable concentration in ES applies for
CFS, we posit that the beaded-to-continuous filament (BC)
transition should depend on the hydrodynamics of stretched
chains, extensibility, and extensional rheology response. We
seek to define and identify this transition concentration, cBC, as
the locus of points beyond which continuous fibers appear.
Here, we develop a spinnability map as influenced by the
choice of the polymer, with associated macromolecular
parameters, including extensibility, molecular weight, and
dispersity, assuming matched solvent properties and processing
conditions. We anticipate that our study will inspire the use of
extensibility and dispersity as tunable parameters to spin
fibrous materials with suitable morphology and physicochem-
ical properties.

■ MATERIALS AND METHODS
Matrix, Ultrahigh, and Bidisperse Polystyrene (PS) Sol-

utions. The solvent, tetrahydrofuran (THF), and polymers
purchased from VWR Chemicals (Oud-Heverlee, Belgium) were
used without further purification. Bidisperse blends with increasing
molecular weight and dispersity were prepared using a matrix (M)
with supplier-listed weight-averaged molecular weight, MwM = 280 kg·
mol−1, and the UHMw component with MwU = 2000 kg·mol−1 with
wU < 0.1. Additional datasets obtained for PS of Mw = 190 kg·mol−1

are included for completeness.48

The number and weight-averaged molecular weight, Mn and Mw,
and dispersity, Đ = Mw/Mn, were determined via size-exclusion
chromatography (SEC). We used a Tosoh EcoSEC HLC-8320GPC,
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comprising an autosampler, a PSS guard column SDV (50 × 7.5 mm),
followed by 2× PLgel Mixed-C columns (5 μm, 300 mm × 7.5 mm),
and a differential refractive index detector (Tosoh EcoSEC RI) that
employs high-performance liquid chromatography (HPLC)-grade
THF as the eluent at 40 °C with a flow rate of 1 mL·min−1. Toluene
was used as the flow marker. The SEC system was calibrated using
linear, low-dispersity polystyrene (PS) standards from PSS Labo-
ratories ranging from 390 to 3.69 × 106 g·mol−1 using the
corresponding Mark−Houwink−Sakurada parameters for PS: K =
14.1 × 10−5 dL·g−1 and a = 0.70. The solution was filtered over a 0.45
μm filter and injected into the SEC column.
Shear Viscosity of the Spinning Dope. The zero-shear viscosity

of all of the solutions was determined with an ARG-2 stress-controlled
rheometer (TA Instruments, New Castle, DE) using the cone-and-
plate geometry (40 mm diameter, 54 μm gap, 1° cone angle). A
Peltier element was used for a fixed temperature of 25 °C, and a
solvent trap avoided evaporative loss during the measurements.
Steady-state viscosity was measured at constant values for shear rates,
ranging from 0.1 to 1000 s−1, with a tolerance of 3%.
Centrifugal Force Spinning of PS Fibers Using a Specially

Designed Setup. We designed and built the bespoke centrifugal
force spinning (CFS) setup shown in the labeled photograph in
Figure 1a. The photographed CFS setup in Figure 1a produces dense,
centrifugally spun PS fiber mats with a high degree of filament
alignment (see Figure 1b, for example), and the scanning electron
microscopy (SEM) images show that the fibers are porous with pores
< 100 nm in size (Figure 1c). The diagram included in Figure 1d
shows the parts listed in the figure caption required for emulating the
setup. The carefully designed injector system has a syringe pump to
feed an arm-style spinneret with two nozzles symmetrically mounted
on a variable RPM (rotations per minute) motor. Likewise, the
collector assembly is equipped to shift pillars and liftable base to
adjust the collector−nozzle distance. The influence of nozzle type and

materials, rotational speeds, and solvent composition on the fiber
morphology was explored in our previous contributions.48−50 An
environmental chamber could be added in future to control
temperature, humidity, and air flow.

Characterization of Diameter, Tensile Properties, and
Sorption Behavior of Fiber Mats. The morphology of PS fibers
was visualized using a 15 kV Hitachi TM3000 tabletop scanning
electron microscope (SEM) (Hitachi, Tokyo, Japan) with a 5 mm
working distance. The analysis of at least three SEM images was
carried out using ImageJ software (Bethesda, MD) to measure the
diameter of at least 100 fibers, selected at random to obtain a
statistically representative measurement. Tensile testing experiments
of centrifugally spun fiber mats with dimensions of 60 mm × 10 mm
were carried out on a Tinius Olsen (5ST) apparatus (Redhill, U.K.),
with a tensile speed of 1 mm·min−1 and a preload of 0.5 N. The fiber
mats were collected and analyzed in an aligned orientation, without
stretching by mounting into the clamps with a length of 20 mm. The
cross-sectional area, A = V/l, of samples is determined using volume,
V, computed from density, ρ = m/V (for PS = 1.00 g·cm−3), mass, m,
and length, l. Oil sorption tests were carried out on the spun fiber
samples that were dried for at least 4 days at room temperature after
spinning experiments. Artificial oil−water baths were prepared by
adding 10 mL of the chosen oil on top of 20 mL of H2O into a 100
mL beaker. Approximately 0.1 g of as-spun fibrous sorbents were left
in the oil−water baths for 60 min. After sorption, the samples were
pulled out and drained for 60 s before weighing. After that, sorption
capacity, Q = (ms − m0)/m0, was measured for three oils in terms of
the relative mass increase (g/g) using the difference between the final
soaked mass, ms, and the initial dry mass, m0, respectively.

Figure 1. Centrifugal force spinning (CFS) apparatus used for preparing PS fiber mats. (a) Labeled photograph of the centrifugal force spinning
apparatus, including an injector, a spinneret, a DC motor, and the electronics that allow control over the rotational speed. (b) Image showing an
example of a fiber mat formed with the collected fibers. (c) SEM image showing that the highly aligned fibers have nanoscopic pores. The scale bar
is 4 μm. (d) Exploded view of the setup showing the following parts1: guide rail, 2: motor guide, 3: motor holder, 4: motor holder top, 5: bottom
plate, 6: guide raid holder bottom, 7: standoffs (4), 8: top plate, 9: guide rail holder top, 10: DC motor, 11: cup, 12: lid, 13: stepper motor, 14:
threaded rod sleeve, 15: threaded rod, 16: threaded rod holder, 17: stepper motor holder top, 18: stepper motor holder bottom, 19: lifting arm, and
20: collection posts.
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■ RESULTS
The fibers described in this study were centrifugally spun from
PS solutions in THF as a solvent using matched processing
conditions: rotational speed (4000 rpm), collector distance (12
cm), and nozzle diameter (0.6 mm) under similar laboratory
conditions. SEM images in Figure 2a show changes in the
morphology from beads only for c = 5 and 7.5 wt % to beaded
fibers or beads-on-a-string (BOAS) structures at c = 10 wt %
for matched environmental and processing conditions.
Continuous fibers form for the polymer concentration, c =
12.5 wt % PS280. Figure 2b shows that the low weight fraction,
wU < 0.1, of the ultrahigh molecular weight (UHMw) additive
facilitates fiber formation even for c = 7.5 wt %.
We characterized the molecular weight distribution (MWD)

of the as-received polymers and their mixtures using SEC, as
shown in Figure 3. We calculated the number, weight, and
viscosity-averaged molecular weights listed in Table 1 as Mn,

Mw, and Mv, respectively. Additionally, we computed the
extensibility-averaged molecular weight, ML, using the
following equation

∑=
∑

∑
=

ν ν
ν

ν+ +
+

+i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzzM

NM

NM
wMi i i

i i i i
i iL

2 1/( 1)

1
1/( 1)

(1)

Equation 1 was introduced by Palangetic et al.40 to account for
the influence of stretched chain hydrodynamics that

determines the extensional rheology response. Here, ν is the
solvent quality parameter, Mi is the molecular weight for a
species of length i, wi = NiMi/∑iNiMi is the weight fraction of
species i, and N =∑iNi is the total number of chains. The SEC
analysis of the MWD for UHMw (PS2000) and matrix
(PS280) samples, included in Figure 3a, yields values MwU =
1581 kg·mol−1 and MwM = 270.7 kg·mol−1, respectively, that
are lower than quoted by the supplier. In contrast, the
dispersity, ĐU = 1.3, agrees with the supplier’s value. The SEC
traces in Figure 3a show that PS280 has hardly any UHMw
polymer chains.
Bidisperse systems formulated using weight fractions, wU =

0.02, 0.06, and 0.1, for the sake of exploring the influence of
the UHMw additive on spinnability show a second peak due to
the UHMw fraction (PS2000). Figure 3a also includes SEC
data for an additional sample with the supplier-quoted Mw =
190 kg·mol−1. Increasing the weight fraction of the UHMw
component (PS2000) exercises a more substantial influence on
ML as the difference in contour length of PS280 and PS2000
chains is greater than the difference in their equilibrium coil
size. Hereafter, we refer to solutions containing UHMw fraction
as extensibility-enriched polymer solutions. Figure 3b shows
the plotted data for ML and Mw as a function of dispersity, Đ.
The values range between ML = 571 kg·mol−1 for the matrix
polymer (PS280) and ML =1843 kg·mol−1 for the ultrahigh
polymer (PS2000), and the difference between ML and Mw is
larger for PS280 (ĐM = 2.55) than for PS2000 (ĐU = 1.30). As
the UHMw weight fraction increases, ML shows a more
pronounced increase than Mw. Table 1 lists the average values
computed using GPC or SEC (though ML for the bidisperse
system can also be estimated) and also includes the zero-shear
viscosity values for c = 10 wt %, and even for the extensibility-
enriched (EE) polymer solutions, the enhancement in ML is
within a factor of three (for wU < 0.1).
As the calibration curve for the SEC analysis used PS

standards in Mw range from 0.390 to 3.69 × 103 kg·mol−1, the
measurements cannot resolve MWD for any PS chains of
significantly higher molecular weight (>3.69 × 103 kg·mol−1).
Although it is possible that the measurements shown in Figure

Figure 2. Influence of the ultrahigh molecular weight additive on spinnability. (a) SEM images show increasing polymer concentration from c = 5
to 12.5 wt % for PS280 leading to a transition from beads to beaded to continuous fibers. (b) Adding the UHMw component in low weight fraction
wU < 0.1 in the spinning dope improves spinnability and impacts the fiber morphology. The scale bar is 100 μm.

Table 1. Summary of GPC Results including Different
Moments of Molecular Weight [kg·mol−1]a

wU Mn Mw Mv ML Đ η0

0 106 271 243 571 2.6 0.032
.02 105 305 267 830 2.9 0.036
.06 107 365 308 1174 3.4 0.046
.10 112 433 358 1397 3.9 0.073
1 1217 1581 1543 1843 1.3

aThe viscosity values [Pa·s] are measured for PS solutions with c = 10
wt %.
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3a for PS2000 and bidisperse blends are representative of the
underlying MWD and we know that some synthesis and
separation strategies can generate such skewed distribu-
tions,83,84 the averages and distributions computed for
solutions containing the UHMw component might be
approximate. The plausible uncertainty in values obtained
from the SEC data does not alter the observations about the
significant influence of the UHMw component on viscosity,
fiber diameter, fiber properties, and spinnability, as discussed
next.
Figure 3c shows the measured, steady shear viscosity as a

function of shear rate for UHMw weight fraction, employed at
three different polymer concentrations as the spinning dope.
Figure 3d shows that increasing the UHMw fraction leads to a
proportional increase in zero-shear viscosity, η0, though
increasing the total polymer concentration leads to a more
substantial increase than obtained by changing the weight
fraction of PS2000, wU, over the limited range used in this
study (wU < 0.1). The influence of the UHMw fraction on the

processing behavior cannot be elucidated completely by the
measurements shown, as the shear rates encountered within
the nozzle are typically higher (including for this study).
Additionally, large extensional deformation fields arise both in
converging channels as fluid is pushed into the nozzle and
during the fiber spinning operations. The emergence of elastic
instabilities and secondary flows for highly elastic fluids,
including entangled polymer solutions (and melts), limits the
range of shear rates employed in torsional rheometry
measurements.85 On the other hand, the highly nonlinear
extensional rheology response is both challenging to character-
ize and cannot be estimated or predicted with the knowledge
of the shear rheology response.69,85−87 Nevertheless, the
datasets included in Figure 3c,d provide a first-order estimate
of the influence of the UHMw component on flow behavior
and help to assess the degree of coil overlap and entanglements
and their impact on spinnability, as discussed later.
Figure 4 highlights the influence of the UHMw component

on the fiber formation and morphology. Each row shows the

Figure 3. Influence of the UHMw fraction on average molecular weight and shear viscosity. (a) Molecular weight distribution was determined using
GPC for the three as-received PS samples (PS190, PS280, and PS2000) and bidisperse mixtures. (b) Weight-averaged molecular weight, Mw, and
extensibility-averaged molecular weight, ML, as a function of dispersity. (c) Steady shear viscosity as a function of shear rate for three polymer
concentrations, with each group of four showing the weight fraction of the UHMw component corresponding to symbols shown. (d) Zero-shear
viscosity for a fixed total polymer concentration shows a mild increase as a function of wU.
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SEM micrograph of centrifugally spun fibers formed for a fixed
polymer concentration, with wU and ML values increasing from
left to right. Similar enhancement of electrospinnability with
added UHMw fraction was demonstrated before4,39,40 but ML
as the critical parameter was first introduced in the study of
electrospun PMMA fibers.40 Independently, Fang et al.20,21

showed that adding <600 ppm of poly(ethylene oxide) (PEO,
UHMw with Mw = 106 g·mol−1) to a thiol-ene monomer mix
facilitates continuous fiber formation in reactive CFS that relies
on UV polymerization for sol−gel-fiber transformation. Since
the addition of dilute PEO solutions to monomer-mixed
solvents had only marginal influence on shear viscosity,
whereas CaBER measurements showed significant changes in
pinching rate and time, as revealed by the analysis of the radius
evolution data, the improved spinnability was attributed to an
enhancement in extensional viscosity.20,21

In addition to influencing spinnability and changing the fiber
morphology, the UHMw fraction improves sorption and
mechanical properties. Figure 5a shows that the average fiber
diameter for a fixed polymer concentration increases with the
ultrahigh fraction. A stronger influence is observed for spinning
dope prepared with a higher concentration. Next, we show that
the influence of changing UHMw weight fraction at fixed c or
changing c at fixed Mw can be analyzed in terms of a combined
dimensionless variable as follows. Increasing wU leads to an
increase in Mw and intrinsic viscosity, [η], or a decrease in
overlap concentration, c* ≈ 1/[η], or using Graessley’s
arguments, c* = 0.77/[η]. The change in intrinsic viscosity
can be estimated using the Mark−Houwink−Sakurada
equation, [η] = KMa. Since the reported values of both K

and a vary over some range (say a lies in the range 0.69−0.73),
we focus on pragmatic estimates made with the same values we
utilized for SEC analysis (with a = 0.7). For a fixed polymer
concentration, increasing the UHMw component enhances Mw
and increases the magnitude of scaled concentration, cKMa, or
Berry number. Thus, the matrix component, PS, with Mw =
280 kg·mol−1, has estimated c* = 0.84 wt % obtained with c* =
0.77/[η] (and a slightly higher value of c* = 1.1 wt % is
obtained for c* = 1/[η]). Using c* = 0.77/[η], we obtain c* =
1.1 wt % consistent with the value reported in our previous
report on PS190, and hence we use this formula for estimating
overlap concentration hereafter. On addition of UHMw
fraction with wU = 0.1, the estimated overlap concentrations,
c* = 0.6 wt %, shift to a lower value.
Figure 5b shows that the measured diameter appears to

increase with the Berry number, showing nearly quadratic
dependence for the bidisperse, extensibility-enriched solutions,
and a stronger power law for the fibers made from entangled
PS190 solutions (shown as filled squares). The data points for
beaded fibers are included as half-open symbols to show the
distinction between beaded and continuous fibers. We find that
the addition of the UHMw fraction to PS280 leads to a
substantial decrease in spinnable concentrations and fiber
diameter in comparison with PS190. Decrease in concentration
and viscosity of the spinning dope and smaller diameter of
spun fibers are all desirable outcomes and show the
significance of understanding the role of the UHMw fraction
and associated changes in extensibility and dispersity. Even
though the correlation between the zero-shear viscosity and
Berry number can be anticipated by considerations of linear

Figure 4. SEM images of the centrifugally spun PS fiber mats. Each row shows fibers spun from a spinning dope with matched polymer
concentrations. However, the variation in the weight fraction of the UHMw component leads to an increase in average molecular weight (left to
right). In contrast, each column compares the influence of the total polymer concentration for fixed extensibility and dispersity. The scale bar is 100
μm.
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viscoelasticity theory of the polymer solutions (as discussed in
a later section), the diameter is also influenced both by the
highly nonlinear rheological response of polymer solutions to
complex deformation fields and concentration changes due to
evaporative loss from the spiraling jet.
The addition of the UHMw fraction leads to significant

improvement in mechanical properties, characterized using
tensile testing of the centrifugally spun fiber mats. Figure 5c
shows the plot of measured tensile stress as a function of
applied strain. Analysis of the stress−strain plots was carried
out to determine Young’s modulus, tensile strength,
elongation-at-break, and toughness, and these values are listed
in Table 2. The slope of the stress−strain curve in the low
strain limit provides a measurement of the modulus, the peak
value quantifies the tensile strength, and the area under the
curve signifies toughness. Increasing the UHMw fraction leads
to a progressive enhancement in tensile strength (0.66−1.35
MPa), Young’s modulus (E = 9.67−19.23 MPa), and
toughness (12.37−34.17 kJ·m−3). Even at relatively low wU =
0.1, all three measures are double the wU = 0 polymer fiber
values. Although the mechanical properties of PS fibers

without the UHMw additive are comparable to the literature
values for electrospun73,88 and centrifugally spun fiber mats,81

we find that the extensibility enrichment leads to a significant
increase in the tensile strength of fiber mats. The bespoke CFS
setup used here allows us to obtain aligned filaments, and by
matching both the processing conditions and the mechanical
testing protocols, we sought to make these comparisons more
robust.
Figure 5d shows the oil sorption capacity, Q, measured for

the fiber mats, as a function of the indicated PS concentration
for wU = 0 or 0.1 to highlight the influence of the UHMw
component. The continuous fiber mats (c = 15 wt %) formed
using PS280 solutions (with wU = 0) show a significantly
higher oil uptake than the beaded fiber mats (c = 10 wt %). For
the fiber mats formed using bidisperse mixtures with matched
polymer concentration (c = 10 wt %), the wU = 0.1 nonwovens
show much higher Q values. Figure 4 shows that adding the
UHMw component or extensibility enrichment leads to a
change in the fiber morphology from beaded to continuous
fibers. Even though the filaments appear thinner in the
presence of beads, the overall oil uptake is lower. The Q values

Table 2. Mechanical Properties of PS Fiber Mats Obtained by Tensile Tests carried out Using Fiber Mats Obtained under
Similar Processing Conditions on the Bespoke CFS Setup, Designed to Obtain Highly Oriented Filaments

weight fraction of PS2000 tensile strength (MPa) Young’s modulus (MPa) extension-at-break (%) toughness (kJ·m−3)

0 0.66 ± 0.32 9.67 ± 5.37 11.35 ± 3.31 12.37 ± 5.91
0.02 0.94 ± 0.15 15.19 ± 4.59 8.08 ± 2.20 20.91 ± 4.62
0.06 1.19 ± 0.96 21.23 ± 5.84 9.60 ± 1.91 29.53 ± 6.68
0.10 1.35 ± 0.12 19.40 ± 3.11 13.02 ± 4.72 34.17 ± 5.07

Figure 5. Morphology, mechanical properties, and sorption behavior. (a) Influence of the UHMw fraction on fiber diameter becomes stronger at
higher polymer concentrations. (b) Diameter vs rescaled concentration is shown for weight-averaged molecular weight, assuming exponent a = 0.7
for M = Mw. (c) Stress−strain curves obtained for c = 10 wt % reveal that the UHMw fraction enhances modulus, strength, and toughness. (d)
Sorption capacity, Q, expressed in [g/g] of five centrifugally spun fiber mats, is measured and contrasted for three motor oil, vegetable oil, and
silicone oil.
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shown in Figure 5d compare well with the sorption capacity of
electrospun PS fiber mats, including those spun with THF as a
solvent and those characterized for determining pore
sizes.77−82,89 Fascinatingly, the values are significantly higher
than the values reported for oil sorption capacity by
commercial nonwovens made with polypropylene (PP)
(usual range ∼ 15−30 g·g−1) and by natural materials like
cotton that show higher sorption capacity (Q ∼ 20−40 g·g−1)
than wool and sisal (8−15 g·g−1).77−82,89−91 Although the
sorption tests emulate the protocols used in previous
studies,77−82,89,91 designing cost-effective and pragmatic
sorbents with PS nonwovens would benefit from a careful
assessment of the influence of porosity, superhydrophobicity,
and the orientation−structure properties of fibers. Previous
studies show that the size and number density of pores depend
on humidity and airflow conditions,74,92 but the mechanism for
the formation of pores is not completely understood, and the
influence of the UHMw additive on porosity requires future
investigation. Pore formation is often attributed to mechanisms
based on phase separation,74,89,92,93 even though qualitative
features are also reminiscent of the breath-figure-templated
assembly (BFTA) of pores in “holey” polymer films in volatile
polymer solutions exposed to moist air.94−97 We leave the
pursuit of a more detailed investigation of porosity, mechanism
of pore formation, and the influence of pores on fiber
properties for future studies. Here, we focus on describing how
spinnability depends on average extensibility that can be tuned
by adding the ultrahigh molecular weight polymer component.

■ DISCUSSION
Figure 6a plots zero-shear viscosity of solutions of as-received
and extensibility-enriched polymers against the Berry number,
c[η] = cKMw

a . The collapse of zero-shear viscosity data follows
the universalities and scaling theories as anticipated for
semidilute solutions of flexible polymers like poly-
strene.63,67,98−102 The plots include data for a subset of
extensibility-enriched solutions (PS280 with UHMw PS2000)
(see Figure 3c,d for viscosity vs shear rate and wU, respectively)
and also incorporate the data for PS190 that were centrifugally
spun under matched spinning conditions.48 In addition to
requiring a higher degree of chain overlap, PS190 solutions
have a much higher zero-shear viscosity. The highly entangled
spinnable PS190 solutions that correspondingly have higher
Berry numbers (>10) exhibit significant shear thinning at high
shear rates relevant for flows within the nozzle. In contrast, in
Figure 3c, except for 10 wt % solutions with wU = 0.06 (blue
stars) and wU = 0.1 (blue squares), most solutions show rate-
independent viscosity, reminiscent of constant viscosity, elastic
fluids known as Boger fluids.103−105 Typically, Boger fluids are
dilute polymer solutions formulated in oligomeric or high-
viscosity solvents.103−105 However, the viscosity values and the
estimates for overlap and entanglement concentrations as well
as additional datasets included only in Figure 6b indicate that
several of the extensibility-enriched solutions are in the
unentangled, semidilute regime, in addition to solutions in
the entangled regime.
The macromolecular contribution to shear viscosity for

unentangled solutions can be estimated using ηp ≈ Gλ, with G
≈ ϕkBT/NKbK

3 for both dilute and semidilute solutions.100 In
contrast with the linear law, ηp ∝ ϕ1, obtained for the dilute
solutions of flexible polymers, the semidilute solutions display
ηsp = (c/c*)1/(3υ−1) for unentangled and much stronger
concentration dependence with ηsp = (c/c*)3/(3υ−1) above the

entanglement concentration, ce, due to the role played by
topological interactions (or entanglements). For the flexible
polymer in a good solvent, an exponent of 3.9 is anticipated100

that compares quite well with the observed value of 3.8. For
the extensibility-enriched samples, the concentration-depend-
ent variation in shear viscosity corresponding to the entangled
regime seems to extend right down to the estimated value of
Berry number of 6.9 (estimated using an entanglement
concentration value, computed using the weight-averaged
polymer molecular weight). Viscosity vs concentration plot
reveals that many spinnable, extensibility-enriched solutions
are in the entangled regime, as anticipated from previous
studies that argue that entanglements facilitate fiber
formation.31−33,40,46

However, Figure 6b summarizes the observations for the
fiber morphology as a function of polymer concentration and
the weight-averaged molecular weight, Mw, for a much broader
range of concentrations than those characterized rheologically
in Figures 3c,d and 6a. The transition from the beaded fiber
into continuous fibers is shown by open and filled circles,
respectively. The experimentally determined locus of points in
c−Mw plots corresponding to concentrations for the beaded-
continuous fiber transition or cBC for the centrifugally spun
extensibility-enriched solutions (PS280 with UHMw PS2000
added) displays a power law relation of cBC ∼ Mw

−1.44 that, on
extrapolation, fails to capture the corresponding transition for
as-received PS190 and PS2000. Both overlap and entangle-
ment concentration display a much weaker concentration
dependence, c* ∼ Mw

−a and ce ∼ Mw
−a, than that displayed here.

Although a relatively large number of studies associate
entanglements with spinnability,31,33,38,41,46,48−50 our results
echo findings included in a couple of electrospinning
studies,39,41 showing that the cspin can lie below ce and disagree
with the cspin ∝ ce ∼ Mw

−a power law.
Even though the lower molecular weight, matrix component,

PS with Mw = 280 kg·mol−1 has a high molecular weight in
comparison with the PS entanglement molecular weight (Me =
17 kg·mol−1 with Ne = 23 and Kuhn segment size, bK = 1.8
nm), the Mark−Houwink−Sakurada expression for intrinsic
viscosity gives an estimate of c* = 0.84 wt %, whereas the
estimate for entanglement concentration using the expression
ce/c* = Ne

3ν−1 yields ce = 7.6 wt % (see blue line in Figure 5b).
On addition of UHMw fraction with wU = 0.1, the estimated
overlap and entanglement concentrations, c* = 0.6 wt % and ce
= 5.6 wt %, shift to a lower value. Figure 6b shows that many
CFS experiments carried out with concentrations below the
computed entanglement concentration form fibers successfully.
The observations and estimates suggest that extensibility
enrichment facilitates spinnability even in the absence of
entanglements.
Lastly, we revisit the processability diagram often drawn by

plotting observed fiber morphologies (beads, BOAS, and
continuous) on a c−Mw coordinate space and reconstruct it
using the extensibility-averaged molecular weight, ML, as
shown in Figure 7. In close agreement with the findings by
Palangetic et al.,40 we find that the minimal spinnable
concentration for these high-extensibility and extensibility-
enriched solutions displays cspin ∼ M−(ν+1) ∼ M−1.566. Quite
significantly, we find that the boundary between beaded to
continuous fibers can be fit by an expression of the form cBC ∼
ML

−0.7. The scaling law appears to be consistent with cBC ∼
M−(3ν−1), the PS-THF solutions, as ν = 0.57 or a = 3ν − 1 =
0.7 yields cBC ∼ ML

−0.7. A close examination of Figure 6b shows
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that the cspin values lie in the unentangled regime, whereas the
transition from beaded to continuous fibers occurs for
entangled solutions.
The timescale for the growth of the surface tension-driven

instabilities that lead to the formation of beaded fibers or beads
is influenced by an interplay of capillarity and viscoelastic-
ity,4,106−112 and the onset and initial growth of sinusoidal
instability for a liquid cylinder are primarily influenced by the
linear viscoelastic response.56,57,106,107,109,112−116 However, in
the later stage, streamwise velocity gradients associated with
extensional flows arise in capillarity-squeezed necks, and
response to strong extensional flows, influenced by stretched
chain hydrodynamics, including coil-stretch transition as well
as finite extensibility effects, influence the dynam-
ics.56,57,107,109−112,115,117,118 We recognize that the deformation
history, including strong shear and extensional flows within the
nozzle and during stretching of the jet, conformational changes
of polymers, and evaporation also influence the growth and
evolution of the instability and final pinching dynam-
ics.50,115,117,119−122 Therefore, to the first order, we can ascribe
cBC (solid black line) in Figure 7 to the influence of higher
viscosity and elasticity of entangled solutions on the onset and
initial growth of instability, which is hence responsible for cBC
∝ ML

−0.7.
In contrast, extensibility-enriched spinnability and the

scaling observed for cspin are dictated by the extensional
rheology response, including high Trouton ratio and strain
hardening of highly flexible polymers like PEO, PS, PAN, and
PVP. We envision that in low extensibility but highly entangled
solutions, both spinnability and continuous fiber formation rely
on higher viscosity and higher elasticity of the entangled
solutions and additionally, on a steep viscosity increase on the
solvent loss that compensates for pronounced shear thinning
and extensional thinning at intermediate rates.69,123−129

Although Palangetic et al.40 showed cspin ∼ M−(v+1) ∼ M−1.566

describes the minimum concentration required for electro-
spinning, a closer examination of the datasets they considered
shows that two regimes could be identified corresponding to
cspin ∼ M−(3v−1) and cspin ∼ M−(v+1) for low and high molecular
weight systems. Malkin et al.41 argued that spinnability on a c−
M plot (see Figure 18 in their article) has three regimes: (a) c
∝ M−0.7 for solutions with lower molecular weight, identified
with the entanglement concentration, (b) c ∝ M−1 an
intermediate regime for the semidilute polymer attributed to
the role of phase separation under extension, and (c) c ∝ M−2

due to the extensional viscosity of extended chains, by
assuming the influence of the coil-stretch transition. Malkin

Figure 6. Spinning dope viscosity and the fiber diameter as functions of Berry number. (a) Zero-shear viscosity as a function of Berry number
exhibits a power law dependence of 3.8 for PS190 solutions and for most of the extensibility-enriched PS280 solutions shown. (b) On the c−Mw
plot, the beaded and continuous fibers are shown in open and closed symbols, respectively. The locus of concentrations capturing the beaded-
continuous fiber transition or cBC was fit for extensibility-enriched solutions to obtain the scaling relation with exponent 1.44. The black-line fit is
extrapolated to show that as-received samples do not show the transition at the concentration anticipated by this law. The dotted red line shows the
overlap concentration, c*, whereas the blue dashed−dotted line corresponds to the estimated entanglement concentration, ce. Increasing the
fraction of the UHMw additive leads to extensibility enrichment and facilitates spinnability for c < ce. A much more extensive range of polymer
concentrations was explored in the spinning experiments. Hence, only a subset of points included in the c−Mw plot is shown in the viscosity vs
concentration plot.

Figure 7. Extensibility-facilitated spinnability diagram. Three regimes
can be distinguished in the plot of polymer concentration against
extensibility-averaged molecular weight. Low c and low ML lead to the
formation of beads (green), intermediate concentrations correspond
to the formation of the beaded fiber (BOAS) regime (gray), whereas
the beaded-continuous transition, cBC, is demarcated by a bold black
line, with the continuous fiber regime (orange) displayed at a higher
concentration.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.1c02164
Macromolecules 2022, 55, 942−955

950

https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c02164?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c02164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


et al.41 suggested that it was difficult to distinguish between
their scaling and that presented by Palangetic et al.40 due to the
lack of sufficient data for extended range but presented PEO
solution spinnability data to argue that cspin could scale with
M−2.
We contend that minimum spinnable concentration could

be described in at least two prototypical ways, irrespective of
the spinning method (electrospinning, dry jet, or centrifugal
spinning). Type 1 polymer solutions display extensional
viscosity with significant strain hardening and high Trouton
ratios and significantly delay pinching compared to a
N e w t o n i a n fl u i d o f t h e s a m e v i s c o s -
ity.39−41,55−68,101,107−111,118,130 The high flexibility polymers
like PEO, PVA, and PVP with high molecular weight can
satisfy the high extensibility or extensibility-enriched (EE) and
large Trouton ratio criteria, and these form fibers above cspin as
anticipated by Palangetic et al.40 and later discussed by Malkin
et al.41 Type 2 polymer solutions, due to lower Mw or lower
extensibility, rely on the role of entanglements and volatility for
a delayed onset and slower growth of capillarity-driven
instability as well as on the rapid viscosity enhancement
during the drying process. Both together make the volatile
entangled (VE) polymer solutions more suitable for fiber
spinning as the zero shear viscosity values are high enough to
delay the onset of instability, and the subsequent loss of solvent
leads to a pronounced viscosity enhancement with biquadratic
or stronger power laws. Arguably, this explains the origin of the
cspin ∝ ce ∝ M−0.7 scaling used and discussed often in many ES
and CFS studies that relied on spinning fibers with entangled
solutions of intermediate molecular weight (and low
extensibility) polymers.31−33,38,42,46,48−50,131,132

A relatively recent study133 of steady extensional viscosity
values measured for entangled solutions of relatively
monodisperse PS in theta solutions found that ηE ∝ Mw√c,
implying that the extensional viscosity shows a weaker
dependence on concentration in entangled solutions than
that observed in dilute solutions. By accounting for the solvent
quality, the corresponding concentration dependence leads to
an expression of the form ηE ∝ cυMw, in contrast to the scaling
behavior for cBC in extensibility-enriched systems and cspin in
low extensibility, highly entangled systems.40,64,66 However,
stronger flows that can arise in pinching necks in the late stage
are primarily governed by the extensional rheology response
and determine the minimal spinnable concentration if a
significant difference exists in shear and extensional rheology
response (especially for highly flexible, large-extensibility
polymers). We mention this with the caveat that due to the
complex deformation history within the nozzle and during
travel from the nozzle to a collector, direct comparisons with
any extensional rheology measurements remain as challenging
now as ever before.28,29,55,63−71,87,101,133−135 Nevertheless, we
find that the locus of transition concentrations or cspin and cBC
are both influenced by the extensional rheology response and
display the observed and tunable sensitivity to extensibility and
dispersity.
Improving electrospinnability by adding ultrahigh molecular

weight polymers facilitated spinning protein fibers for food
applications47,136 and spinning fibers from polysaccharides like
chitosan and sodium alginate.34,43,131,137,138 The observed
improvements can be classified as examples of extensibility-
enriched spinnability. The addition of the UHMw PEO fraction
to polysaccharide solutions changes the extension rheology
response due to higher extensibility, LE, of poly(ethylene

oxide) compared to polysaccharides. Dinic and Sharma
showed that higher LE leads to much longer extensional
relaxation time and higher extensional viscosity for un-
entangled PEO solutions even if shear viscosity and coil size
match HEC.64−66 Our extensive characterization of the
extensional rheology response of unentangled solutions of
flexible and semiflexible polymers has revealed that the degree
of strain hardening, coil-stretch physics, response to capillarity-
driven pinching flows, and extensibility-dependent filament
lifespan are sensitive to polymer chemistry and flexibility,
extensibility, and segmental dissymmetry (ratio of Kuhn length
to packing length, as detailed elsewhere).63−68,71,130 We
anticipate this recent progress in deciphering and under-
standing the influence of the chemical structure on extensional
rheology of dilute and semidilute polymers and contrasting
with the case of entangled polymer solutions69,85,86,123−128 will
continue to shed more light on spinnability for Type 1 and
Type 2 systems, assuming that the processing conditions that
determine the deformation rates and deformation history are
accounted for and controlled.

■ CONCLUSIONS
We find that the addition of relatively low volume fraction
ultrahigh molecular weight (UHMw) polystyrene (PS) withMw
= 2000 kg·mol−1 (quoted by the supplier) to spinning dope
formulated with the matrix PS with Mw = 280 kg·mol−1 leads
to the formation of beaded fibers and the transition from
beaded to continuous fibers at lower polymer concentrations.
For example, the weight fraction, wU < 0.1, of UHMw fraction
shifts the minimum spinnable concentration from c = 15 wt %
to as low as c = 7.5 wt %. We find that the resulting fiber mats
showed both enhanced mechanical properties and sorption
capacity for three different oils. The marginal enhancement in
zero-shear viscosity on varying UHMw fraction or total
polymer concentration (for any UHMw fraction) follows a
universal power law increase with the overlap parameter or the
Berry number if intrinsic viscosity or overlap concentrations
are computed using the weight-averaged molecular weight
determined from the SEC data. The scaling exponents are
consistent with the behavior expected for entangled solutions,
though bidisperse solutions appear to show the same exponent
for all semidilute solutions above the Berry number of unity
(for c > c*). Significant changes in spinnability and fiber
properties cannot be explained by examining only the shear
rheology response. The processing conditions and solvent are
kept constant for the range of polymer solutions examined
here. The spiraling jet of fluid ejected from the nozzle
undergoes stretching, bending, and capillarity-driven squeeze
flow, creating streamwise velocity gradients associated with the
extensional rheology response. Although shear viscosity is
hardly influenced by the addition of small amounts of UHMw
fractions, the extensional rheology response is extremely
sensitive to the size of stretched chains, and extensional
viscosity depends on extensibility. Here, we show that the
minimum spinnable concentration can be evaluated in terms of
the extensibility-averaged molecular weight, ML, using the
same relationship, cspin ∼ ML

−(ν+1) ∼ ML
−1.566 reported earlier as

an electrospinnability criterion for flexible polymers with high
molecular weight.
Our experiments show that the transition of beaded fibers to

continuous fibers displays a weaker dependence on the
extensibility-averaged molecular weight, consistent with the
exponent anticipated for entangled polymers but with Mw

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.1c02164
Macromolecules 2022, 55, 942−955

951

pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c02164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


replaced by ML. We show that a spinnability diagram can be
constructed using the polymer concentration and extensibility-
averaged molecular weight for the PS/THF system and outline
relationships that identify borders between beads and beaded
fibers (using cspin) and between beaded and continuous fibers
(cBC). The influence of high molecular weight PEO on
spinnability of polysaccharides, protein solutions, and even
lower molecular weight PEO solutions or a reactive monomer
solution in both electrospinning and centrifugal force spinning
is rationalized here, and we find that extensibility-enriched
solutions show enhanced spinnability, and the addition of the
UHMw component also influences mechanical and physico-
chemical properties. We perceive this contribution as
complementary to the published experimental and theoretical
studies (including our own) aimed at elucidating the influence
of the solvent choice and process parameters like spinning
speed, nozzle shape and size, distance to the collector, and air
flow on spinnability, fiber diameter, and morphology. We
envision that our contribution will motivate us and others to
investigate the influence of extensibility using polymeric
systems with sterner control over the molecular weight
distributions and complementary studies on the extensional
rheology response of bidisperse systems. We anticipate that the
spinnability diagram will provide a pragmatic solution to the
problem of making nonwovens from a variety of polymers and
the use of spinning dopes based on cheaper, lower molecular
weight unused or recycled polymers, through understanding of
extensibility-enriched (EE) spinnability.
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