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ABSTRACT: Designing application-ready fibers involves multifaceted challenges
related to correlating the formulation properties and processing parameters to the
fiber engineering trifecta of spinnability, morphology, and properties. Here, we
characterize the influence of macromolecular and solvent properties on the trifecta for
poly(ethylene oxide) (PEO) fibers produced using a bespoke centrifugal force spinning
(CFS) setup and matched processing parameters. We illustrate the influence of
changing solvent on spinnability, morphology, and properties (thermal and mechanical)
by varying the acetonitrile (AcN) fraction in the spinning dope formulated with PEO
dissolved in AcN/H2O mixtures. We contrast the numerical values of measured
diameter, tensile strength, elongation-at-break, and crystallinity of centrifugally spun
PEO fibers with the published data sets for electrospun fibers using the Berry number
(or the overlap parameter) as the ordinate. We compile, analyze, and replot ES and
CFS data sets obtained for various solvents, PEO (Mw and c), and processing
parameters. Even though distinct forces determine the jet trajectory and fiber formation
for ES and CFS, we find that centrifugally spun PEO fibers emulate electrospun fiber properties, morphology, and spinnability. We
discuss the mechanism underlying volatile-entangled spinnability, displayed here by PEO solutions in certain AcN/H2O mixtures, in
contrast to extensibility-enriched spinnability of multicomponent formulations, enabled by the addition of an ultrahigh Mw polymer
fraction.
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■ INTRODUCTION

An astute selection of material and processing parameters to
facilitate the production of fibers with desirable diameter,
morphology, crystallinity, and mechanical properties presents a
set of grand challenges for applied polymer and fiber science.1−7

Despite the availability of high quality, produced on large
commercial-scale fibers including rayon, nylon, poly(ethylene
terephthalate), polypropylene, poly(acrylonitrile), and Kevlar,
to name a few, considerable demand exists for bench-scale
methods to produce fibers for specialized end-user applications,
optimizing ingredients, and meeting multiple functionality
targets. For example, high surface area, mesh-like nonwoven
structures produced on-demand are sought for biomedical
applications such as wound dressing, drug delivery, and tissue
engineering.8−10 Control over the surface area and porosity are
desirable for applications in water purification, separation and
filtration,11−13 and energy storage and production.14−16 Many
applications require composite fibers with additives such as
nanoparticles to control conductivity, modulus, catalytic or
antibacterial properties. Composite fibers are often loaded with
proteins and even cells for biomedical applications, APIs (active
pharma ingredients) for drug delivery, and fungi, pesticides, or

fertilizers in agriculture applications.10,17−22 Emerging applica-
tions in the food sector include creating fibrous structures for
improving texture, packaging fruits, or protecting seeds with
gossamer thin coatings.21 The production of fibers with desired
properties, cost, quantities, and application-suited function-
alities requires the exposition and investigation of the fiber
engineering trifecta: (i) spinnability, (ii) morphology, and (iii)
fiber properties. In this contribution, we investigate the trifecta
for centrifugally spun poly(ethylene oxide) (PEO) fibers and
highlight the similarities and the contrast with electrospun PEO
fibers. The choice of PEO as the model system presents an
opportunity to benefit from the extensive fundamental studies of
its crystallization behavior,23,24 rheological response25−28

(including by the coauthors29−33), and fiber formation using

Received: December 21, 2021
Accepted: January 31, 2022

Articlepubs.acs.org/acsapm

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsapm.1c01865
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
IL

L
IN

O
IS

 C
H

IC
A

G
O

 o
n 

Fe
br

ua
ry

 1
4,

 2
02

2 
at

 1
5:

56
:4

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorgo+Merchiers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheryl+Lynn+Slykas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carina+D.+V.+Marti%CC%81nez+Narva%CC%81ez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mieke+Buntinx"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wim+Deferme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roos+Peeters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roos+Peeters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naveen+K.+Reddy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.1c01865&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01865?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01865?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01865?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01865?fig=abs1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.1c01865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf


electrospinning (ES) and centrifugal force spinning (CFS), as
discussed herein.
Despite the relative success of ES for producing submicron

and nanoscopic fibers using various polymers, the need for high
voltage sources, low production rates, and limited range of
spinnable formulations has driven the search for alterna-
tives4−7,10,34,35 including CFS,6,35−37 melt-blown,38,39 template
synthesis,40 phase separation,41 and CO2 laser supersonic
drawing,42 among others. However, designing application-
ready fibers involves multifaceted challenges1−6,21,28,34−56

related to correlating the processing parameters and formulation
properties, including rheological response to the trinity of
spinnability, morphology, and properties that we refer to as the
fiber engineering trifecta. CFS features a spiraling jet ejected
from a fast-rotating spinneret or nozzles under the influence of
centrifugal forces. Contrastingly, in ES, electrostatic forces draw
a pendant droplet of a viscoelastic, polymeric liquid into a Taylor
cone that first creates a charged fluid jet that travels in a gyrating
trajectory toward the grounded collector.3,4,35,57,58 Even though
cotton candy and glass wool, centrifugally spun from viscous
melts, have existed for over a century, research on fibers
centrifugally spun from viscoelastic polymer solutions took off
just over a decade back, under many avatars: CFS, centrifugal
spinning, force spinning, rotary spinning, rotary jet spinning, or
cotton candy process.6,7,35−37,43,45,59−64 Thus, challenges
specific to viscoelastic free surface flows and instabilities
influence the formation of centrifugally spun polymeric fibers.
Despite the difference in driving electrostatics versus centrifugal
forces, jets formed in both ES and CFS undergo drawing and
thinning, and bending instabilities, subject to an influence of
stresses due to viscoelasticity, viscosity, capillarity, air drag,
inertia, and gravity.44,45,65,66 In both ES and CFS, evaporative
loss of solvent, leading to the formation of solidified fiber mats
occurs for suitable nozzle−collector distances. Several questions
underlying the fiber engineering trifecta that remain unad-
dressed for CFS motivate this study. We contextualize and
contrast the CFS observations and findings with ES studies and
contend that addressing these challenges is necessary for taking
the advantage of higher production rates (compared to ES) and
producing fibers from a wide variety of polymer solutions or
melts and multicomponent formulations.
An extensive survey of the ES and CFS literature reveals that

even though many studies characterize and visualize fiber
morphology, surprisingly, only a countable few characterize
crystallinity, and mechanical properties,58,67−73 and hardly any
present comparisons of centrifugally spun with electrospun
fibers. Intrigued, we spun PEO fibers using the CFS setup we
designed (as detailed elsewhere61) and observed that crystal-
linity characterized using differential scanning calorimetry
(DSC) and mechanical properties characterized using tensile
testing for centrifugally spun fibers rival those measured for the
electrospun PEO fibers.62 However, our CFS studies used
solutions of PEO in pure acetonitrile (AcN) as a solvent,
whereas most of the ES studies utilize spinning dope based on
aqueous PEO solutions.58,68−70,74 Therefore, in this contribu-
tion, we characterize the influence of changing the AcN fraction
in AcN/H2O solvent mixtures on diameter, crystallinity, and
mechanical properties of the centrifugally spun PEO fibers using
matched macromolecular and processing parameters. Further-
more, we contrast the values of the diameter, % crystallinity,
tensile strength, and elongation-at-break of the centrifugally
spun PEO fibers against the published values for electrospun
fibers. For ordinate, we use the Berry number, c[η], defined as

the product of polymer concentration, c, and intrinsic viscosity,
[η], for it is a combined variable that captures the influence of c,
Mw, and solvent quality. We also list the applications of PEO
fibers, ranging from drug delivery, antimicrobial filters, battery
separators, photovoltaics, and separation membranes for each
previous study. In addition to shear flows, fiber spinning involves
free surface viscoelastic flows and instabilities and involves
stream-wise velocity gradients associated with extensional flows.
It is well-established that the knowledge and analysis of shear
rheology are inadequate to estimate extensional relaxation time
and extensional viscosity. Here, we contrast the extensional
rheology response and pinching dynamics of solutions with
matched PEO concentration but varied the AcN fraction using
dripping-onto-substrate (DoS) rheometry protocols that we
developed to overcome many longstanding characterization
challenges and elucidate the influence of polymer concentration
flexibility, extensibility, segmental dissymmetry, and
charge.29−33,63,75−80

Even though innumerable studies correlate spinnability with
th e ro l e o f en t ang l emen t s o r r heo l og i c a l r e -
sponse,8,9,45−48,54,61−63 here, we find that spinnability and fiber
morphology are distinct, even though the number of
entanglements, degree of chain overlap, and processing
conditions were matched for the PEO in AcN/H2O mixtures.63

We recently examined non-Newtonian fluid mechanics under-
lying fiber spinning, the role of evaporation, macromolecular and
solvent-dependent parameters, and processing conditions. We
found that all the ES and CFS data sets can be classified into two
scenarios we christened as volatile-entangled (VE) and
extensibility-enhanced (EE) spinnability. We reasoned that
strong viscosity enhancement due to evaporative loss from
entangled solutions facilitates fiber formation63 and argued that
PEO solutions formulated in AcN/H2O mixtures containing
more 50% AcN fraction display VE spinnability. In contrast, we
showed that for matched solvent, processing conditions, and
polymer concentrations, even unentangled polystyrene (PS)
solutions can be centrifugally spun by the inclusion of an
ultrahigh molecular weight (UHMw) PS (<0.1 by weight
fraction) displaying extensibility-enriched (EE) spinnability.64

In this contribution, we collect and visualize new and published
ES and CFS data for PEO solutions on c-Mw plots for systems
with VE spinnability. We list examples of EE spinnability for
fibers spun by the inclusion of PEO as a UHM polymeric
additive in a low weight fraction to facilitate fiber formation from
formulations containing particles, proteins, or lower Mw and
extensibility polymers or formulations deemed not spinna-
ble.63,64 We anticipate that our characterizations and compar-
isons of polymer solution spinnability, and subsequent fiber
morphology and properties, present crucial steps toward
establishing the algorithm of choices and parameters for
synthesis, rheology, processing, and morphology for manufac-
turing fibers at lower costs, higher production rate, and
application-specific properties.

■ EXPERIMENTAL METHODS AND MATERIALS
Spinning Dope Preparation and Parameters Used for

Centrifugal Fiber Spinning. PEO of molecular weight, Mw = 600
kg/mol (Sigma-Aldrich), was dissolved in solvent mixtures containing
deionized water (H2O) and AcN solvent (high-performance liquid
chromatography grade, VWR chemicals). As flexible polymers are
prone to chain scission, mild mixing conditions were employed, and no
change in the molecular weight was observed before and after mixing.
We centrifugally spun PEO fibers from spinning dopes prepared in
AcN/H2O solvent mixtures using matched processing parameters
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including rotational speed (4000 rpm), temperature (298 K), nozzle
diameter (0.6 mm), and nozzle−collector distance (12 cm). The
bespoke CFS setup that allows the flexibility for changing nozzle type,
material, and nozzle-collector distance was detailed in our previous
contributions focused on spinnability and properties of PS and PEO
fibers.61−64

Characterization of Fiber Diameter and Thermal Properties.
The fiber diameter and standard deviation were analyzed in ImageJ
using scanning electron microscopy (SEM) images acquired with a
ZEISS Gemini 450 (Zeiss, Zaventem, Belgium). Images were taken at
three random spots on every sample using magnifications of ×250,
×1000, and ×4000. At least 100 fibers were measured in every sample,
evenly divided over the different images. To obtain statistically reliable
values, thermal characterization of the fibers <5 mg was performed via
DSC measurements on a Q200 instrument (TA Instruments, Asse,
Belgium) over a temperature range of 20−150 °C, at a heating/cooling
rate of 20 °C per minute.
Characterization of Shear and Extensional Rheology. The

steady shear viscosity, η(γ̇) ≡ τ12/γ̇, was characterized using cone-and-
plate geometry (50 mm diameter, 1° cone angle) on an Anton Paar
MCR 302 rheometer (torque range 10−5 and 200 mN m). Here, the
shear stress, τ12, in response to imposed shear rates in the range of γ̇ =
0.01−103 s−1 was measured at constant temperature (maintained using
a Peltier element). A solvent trap was used to minimize the influence of
solvent evaporation on the measurements. We characterized the
pinching dynamics, elasticity, and extensional rheology response of the
PEO solutions using the closed-cell DoS rheometry. A finite volume of
fluid is dispensed at a low and fixed flow rate (Q = 0.02 mL/min)
through a stainless-steel nozzle with outer and inner diameter as 2R0 =
2.108 mm and Di = 1.6 mm, respectively. The dispensing in stopped
when the drop contacts the partially wetting substrate placed at a height
H below the nozzle, thus creating an hour-glass-shaped liquid bridge,
with an aspect ratio ofH/D0 ≈ 3. The neck shapes and shape evolution

are visualized using an imaging system that includes a light source, a
diffuser, a high-speed camera (Fastcam SA3 with a Nikkor 3.1 × zoom
(18−25 mm) lens), and an attached macro lens to improve
magnification. Reasonably high frame rates (8000−25,000 frames per
second) were used to obtain a high-quality data set. A closed
transparent cell was used to carry out experiments in an atmosphere
saturated with solvent vapor to minimize the influence of evaporation.
The DoS videos are analyzed with specially written MATLAB codes to
determine the minimum neck radius as a function of time. The
experimental setup, design considerations, advantages contrasted to
other extensional rheology methods, and the various analyzing
protocols are detailed in our previous contributions.29−33,63,76−79

Characterization of Mechanical Properties. Finally, tensile
testing was carried out on centrifugally spun fiber mats (60 × 10 mm)
collected in an aligned orientation using a Tinius Olsen (5ST)
apparatus (Redhill, UK) at a speed of 10 mm/min, with a preload of 0.2
N. The fiber samples were mounted into the clamps with a gage length
of 20 mm, and the measurements were started. Before measurement,
the samples were weighted, and the surface area was calculated via ρ =
m/V andA =V/l, where ρ is the density of PEO (= 1.12 g/cm3) andm, l,
A, and V are the sample’s mass, length, surface area, and volume,
respectively. From tensile testing, the Young’s modulus and tensile
stresses were calculated. For comparison, a rectangular PEO bar was
prepared by solvent casting 5 wt % solutions over 2 days and cutting a
rectangular 60 × 10 mm section for tensile testing.

■ RESULTS AND DISCUSSION
CFS of PEO Fibers from AcN/Water Solutions.

Centrifugally spun PEO fibers were obtained using the home-
built setup that includes two symmetrically mounted nozzles
and designed for adjusting collector−nozzle distance by moving
pillars or raising the base. Different parts of the setup are labeled

Figure 1. CFS of PEO fiber mats from AcN/H2O mixtures. (a) Photograph of the home-built CFS or rotary jet spinning setup. The labels mark the
critical parts of the apparatus including an injector, a spinneret, a DC motor, and the electronics that allow control over the rotational speed. (b)
Snapshot showing the fiber spinning process that deposits continuous fibers (CFs) on the collectors. (c) Example of fiber mat, formed with the
collected fibers. (d) SEM images of fibers centrifugally spun from solutions formed in pure AcN as a solvent show a transition from beaded fibers (BF)
to CFs occurs on increasing PEO concentration (shown in wt %). (e) SEM images for fibers spun from 5 wt % PEO solution as a function of AcN
fraction. The scale bar is 20 μm.
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in the photograph included as Figure 1a. Fibers were
centrifugally spun with matched processing parameters and
similar environmental conditions. Table 1 lists the parameters,

along with the range used by other researchers.44,81 Even though
the process parameters are matched, the change in solvent
contributes to variation in properties such as surface tension,
viscosity, volatility and vapor pressure (that determine the
evaporation rate), and dielectric constant. The snapshot
included as Figure 1b,c shows the fiber formation and deposition
process. A relatively high degree of alignment can be observed in
the as-produced fiber mats, as shown in Figure 1c. The series of
SEM images included in Figure 1d show the morphology of
fibers spun from PEO solutions formulated in pure AcN as a
solvent, whereas the SEM images in Figure 1e display fibers
centrifugally spun from c = 5 wt % as a function of the increasing
AcN fraction in AcN/H2O mixtures.
The centrifugal spinning of PEO solutions in AcN with c < 2

wt % produced only a spray of droplets, BFs were observed for
2−3 wt %, and CFs for 4−6 wt %, as shown in Figure 1d.
Centrifugal forces generated by the chosen processing
parameters produce insufficient stress to create continuous jets
for polymer concentration beyond 6 wt %. Thus, the spinnability
range of PEO/AcN solutions for centrifugal fiber spinning at
4000 rpm lies between 2 and 6 wt %. To evaluate the influence of
solvent properties, we formulated PEO solutions in solvent
mixtures of AcN/H2O ratios of 90:10, 75:25, 60:40, and 50:50.
CFs form in the pure AcN solvent and for AcN/H2O mixtures
up to a 60:40 solvent composition. However, the 50:50

composition showed the initiation of bead formation in the
fiber mat. The fiber diameters are comparable for the 90:10 and
75:25 solvent compositions and again a decrease was observed
for the 60:40 and 50:50 compositions. For solvent, mixtures with
water content higher than 50% were used, no fibers formed, and
only bead formation was observed for both concentrations. An
increase in the fraction of AcN appears to favor fiber formation.
Comparison of surface tension and viscosity values of the solvent
as a function of the AcN fraction (see Table 2) shows that
increasing AcN leads to a decrease in both viscosity and surface
tension. Table 2 also lists the fiber diameters measured for 3 and
5 wt % PEO in different solvent mixtures, and we find that lower
polymer concentrations and increased water fraction both lead
to a decrease in fiber diameter.

Shear Rheology of PEO Solutions Formulated in AcN/
H2OMixtures. Steady shear viscosity as a function of shear rate,
γ̇, plotted in Figure 2a for 3 wt % PEO solutions shows a
Newtonian plateau at a low shear rate followed by shear thinning
response. The zero-shear viscosity, η0, values exhibit higher
viscosity values for PEO solutions formulated in pure water than
pure AcN solutions. We previously reported that the viscosity
values display similar scaling law exponents for these two
solvents. The aqueous PEO solutions show η0 ∝ ck with
exponent, k = 1, 2, and 4.4 corresponding to the dilute,
semidilute, unentangled, and semidilute, entangled regimes.83

The entanglement concentration, ce ≈ 1.8 wt %, is also
comparable in both solvents. Thus, all PEO solutions used in
this study to form fibers lie in the entangled regime. A
comparison of relative viscosity values obtained for 3 and 5 wt %
PEO solutions showcases that in the entangled regime,
increasing polymer concentration provides a dramatic increase
in viscosity.

Pinching Dynamics and Extensional Rheology Re-
sponse. We carried out an investigation of the pinching
dynamics and extensional rheology response using DoS
rheometry. The PEO solutions in AcN/H2O mixtures display
a longer filament lifespan, tf, despite a lower shear viscosity. The
radius evolution plots show an initial viscocapillary (VC)
response with a linear decrease in neck radius, followed by an
elastocapillary (EC) regime that shows an exponentially slow
decay in the radius. The EC regime attributed to the interplay of
capillarity, and nonlinear viscoelastic stresses arise in response to
extensional flows within pinching necks. Our previous studies
describe the development and interpretations of the various
expressions used to describe the EC regime.29−32,76 Here, we
simply note that the data sets were fit using the following
modified expression (introduced by Dinic and Sharma31):

σ λ
= −

−i
k
jjj

y
{
zzz

i
k
jjjjj

y
{
zzzzz

R t
R

G R t t( )
2

exp
30

E 0
1/3

c

E (1)

Table 1. Experimental Parameters for Centrifugal Spinning
Setup and Conditions Used in Our Worka and Their Range
Based on Published Studies

parameter name units this work range

nozzle inner
diameter

a m 6.0 × 10−4 (4−10) × 10−4

spinneret radius s0 m 0.06 0.06−0.08
collector distance Rcollector m 0.12 0.1−0.4
polymer solution
exit velocity at the
nozzle

Unoz m·s−1 4 0.3−4

rotation speed Ω rad·s−1 418 210−2100
polymer solution
density

ρnoz kg·m−3 700−1000 1 000−1 070

polymer solution
viscosity at the
nozzle

μnoz mPa·s <100 50−125

aFollowing the nomenclature and definitions outlined in Noorozi et
al., we include an asterisk (*) to identify parameters associated with
the surrounding air and subscript noz. to identify viscoelastic jet
parameters at the nozzle exit.81,82

Table 2. Experimentally Determined Values of Surface Tension and Viscosity for Various Solvent Mixtures, the Zero-Shear
Viscosity (η0) and the Calculated Relative Viscosity of the PEO Solutions, and the Fiber Diameter (df) (and Its Standard
Deviation) Determined by Analyzing Three SEM Images and Taking an Average of at least 100 Fiber Diameters

solvent properties 3 wt % 5 wt %

ΦAcN [-] σ [mN m−1] ηs [Pa·s] η0 [Pa·s] ηr [-] df [μm] η0 [Pa·s] ηr [-] df [μm]

100 34 0.00036 0.1 278 0.7 ± 0.3 1.06 2944 1.6 ± 0.8
90 35 0.00039 0.085 218 0.7 ± 0.4 0.83 2128 1.6 ± 1.0
75 34 0.00051 0.12 235 0.7 ± 0.8 1.13 2216 1.7 ± 1.2
60 34 0.00069 0.27 391 0.6 ± 0.3 2.61 3783 1.5 ± 1.1
50 34 0.00076 0.36 474 0.5 ± 0.2 3.42 4500 1.4 ± 1.0
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Here, tc refers to the onset of EC, GE computes an apparent
extensional modulus, distinct from the corresponding shear
values, and, likewise, λE refers to the extensional relaxation
time.29−32 Although the shear viscosity, shear relaxation time,
and extensional relaxation time (discussed later) are almost
comparable for the range of PEO solutions (see Table 3), only
solvent mixtures with >50% AcN lead to the formation of fibers
due to faster evaporation.63 The radius evolution data show a
longer filament lifespan for the intermediate AcN concen-
trations. Even though shear viscosity too is higher in AcN/H2O
mixtures than in pure AcN and H2O, the values peak at a
different composition. The variation in hydrogen-bonding
interactions in mixed solvents influences polymer conformation
and manifests in rheological measurements.84 Fiber spinning
involves evaporative loss of solvent, with associated changes in
interchain overlap and interactions, and a rather complex
deformation history that are likely to influence the chain
conformations and crystallinity and mechanical properties of
resulting fibers, as explored in the next subsection.
The growth of sinusoidal instability and pinching dynamics of

necks of viscous fluids depends on the interplay of viscous stress
and capillary pressure. For Newtonian viscous fluids, the
characteristic time known as the VC time, tvc = η0D0/σ, governs
the pinching dynamics, whereas for low viscosity fluids,
dynamics are governed by an interplay of inertia and capillarity,

leading to inertiocapillary time, ρ σ=t R /ic 0
3 . The dimension-

less viscosity, expressed as Ohnesorge number, η= ρσOh D/ 0
equals to the ratio of VC time, tvc to inertiocapillary time, tic.

85,86

Electrospinnability andmore recently CFS spinnability are often

attributed to the role played by entanglements or topological
constraints8,9,46−48,54,61−63 and usually linear viscoelastic
measures such as zero shear viscosity are used for identifying
spinnable solutions. Ren et al.45 constructed an “operating
diagram” using a plot ofOh against a Weissenberg number,Wi =
λsγ̇ (compares shear relaxation time to the time scale equal to the
inverse of deformation rate). Ren et al.45 argued that maps can
be drawn using Ohnesorge number, η= ρσOh D/0 0 , against a
Capillary number Ca = tvc/tcent such that tcent = R0/Ucent depends
on centrifugal speed.45

As polymer solution viscosity increases with a strong power
law exponent (k = 4.4) in the entangled regime, the values of
parameters such as Oh, Ca, and Wi rise significantly in the
entangled regime. However, our experimental results show that
spinnability is quite different even if shear viscosity, relaxation
time, and RPM are nearly matched, implying that the location on
Wi−Oh or Ca−Oh diagrams is not sufficient for evaluating
spinnability as a function of solvent choice. As free surface flows
associated with fiber formation invariably involve nonlinear
deformation and stream-wise 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. The dimensionless measures of viscous contribution,
Ca and Oh, computed for 3 wt % PEO increase with the water
fraction (see Table 3). For any solvent, the Ca and Oh values
increase by over an order of magnitude as PEO concentration

Figure 2. Shear and extensional rheology of PEO in AcN-Water mixtures. (a) Steady shear viscosity data as a function of shear rate show that the 3 wt %
PEO solutions exhibit shear thinning for all solvent mixtures. The onset of shear thinning that provides a measure of shear relaxation time appears
nearly matched. (b) Radius evolution data plotted as a function of time is obtained from the image analysis of pinching necks. The self-thinning of the
neck is visualized and captured using closed-cell DoS rheometry. Dashed lines show the elastocapillary (EC) regime that can be discerned for the 3 wt
% PEO solutions formulated in a different solvent. The variation in filament lifespan as a function of the AcN fraction is not directly correlated with
shear rheology response. The EC fits yield comparable extensional relaxation time values for the solutions shown.

Table 3. Time Scales andDimensionless Groups That Capture theMeasured Variation in the Rheological Response and Pinching
Dynamics of 3 wt % PEO as a Function of AcN Fraction

solvent 3 wt % PEO

ϕACN [-] σ [N/m] η0 [Pa·s] λs [s] λE [s] tf [s] Ca [-] Oh [-] Wi [-]

100 0.034 0.1 0.03 0.0041 0.082 0.09 1.03 1.5
90 0.035 0.085 0.017 0.00335 0.14 0.07 0.87 0.85
75 0.034 0.12 0.017 0.0035 0.15 0.10 1.23 0.85
60 0.034 0.27 0.026 0.013 0.26 0.23 2.78 1.3
50 0.034 0.36 0.037 0.022 1.1 0.31 3.70 1.85
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increases from 3 to 5 wt %. In Ren et al.,45 higher Ca and Oh
values were associated with spinnability, and thus, better fiber
formation would be expected for higher Ca, higher Oh aqueous
solutions, contrary to the observations here. We recently
detailed the influence of evaporation and rheology on centrifugal
spinning and created processability diagrams that incorporate
the critical influence of evaporation time (proportional to or
measured by thermogravimetric analysis).63

Thermal Properties of Centrifugally Spun PEO Fibers.
The DSC curves of the PEO fibers spun using solvent mixtures
with varied AcN/H2O ratios included in Figure 3a provide a
measurement of the melting temperature, Tm,1, and the enthalpy
of crystalline melting, ΔHm. The enthalpy, computed by
integrating the area under the melting peak, as displayed for
the bulk sample can be used for computing crystallinity, Χc, via

Χ =
Δ
Δ * ×

H
H

100%c
m

m (2)

Here,ΔHm* is the melting enthalpy for pure crystalline PEO and
has a value of 213.7 J/g.87,88 We find that an increase in the H2O
content in the solvent leads to an increasing melting enthalpy
and higher crystallinity. Furthermore, the melting peak slightly
increases from 67.4 °C (pure AcN) toward 69.3 °C (solvent
ratio 50:50). The fiber crystallinity and microstructure can be
expected to show some variation due to solvent-influenced
differences in evolution of polymer conformation and
viscoelastic stresses.89 Also, the longer evaporation rate for the
aqueous solvent mixtures will increase the crystal growth time in
the fibers. All numerical values for the thermal analysis of the
fiber mats are displayed in Table 4.
Mechanical Properties of PEO Solutions Centrifugally

Spun from AcN/H2O Mixtures. The stress−strain curves via
tensile testing of 6 cm-long fiber mats are included in Figure 3b.
The slope of the stress−strain curve in the low strain limit
provides a measurement of Young’s modulus, whereas the peak
value quantifies the tensile strength, and the area under the curve
signifies toughness. The linear x-axis is used for the low strain to
clearly show variation in Young’s modulus, and the logarithmic
axis is included at high strain, to highlight the value of large
extension at break. Bulk PEO samples show a yield point,
followed by strain hardening upon higher extension. However,
the yield point is not observed for the fibrous samples. Table 5

lists the four mechanical properties determined from the analysis
of the measurements included in Figure 3b. The comparison of
the mechanical response of fiber samples spun from 5 wt % PEO
in different solvent compositions shows that the increasing water
fraction in the solvent leads to stronger fiber mats (Figure 3b).
The properties reported here are all measured using fiber mats
obtained in a relatively high degree of orientation from our
bespoke setup and are all formed under similar processing
conditions.
Based on our experiments and the published literature, we

anticipate that processing conditions and formulation properties
(solvent choice, polymer concentration, and molecular weight)
impact the fiber diameter, crystallinity, and mechanical proper-
ties. However, from the perspective of picking polymeric fibers
for a particular application, it is important to consider the range
of diameters, crystallinity, and mechanical properties that can be
attained for chosen materials. With this underlying motivation,
we previously tabulated mechanical properties of PEO fibers
made using pure AcN and determined that centrifugally spun
PEO fibers rival properties of electrospun PEO fibers typically
made from aqueous PEO solutions as a spinning dope.62 In
Figure 4, we contrast the diameter, Young’s modulus, tensile
strength, and extension at break for centrifugally spun PEO
fibers (this study) with the literature data for electrospun PEO
fibers.45,58,68−73,90−93 By ascribing distinct symbols for data sets
extracted from published studies in Figure 4, we emphasize that
only a few measurements exist, and a more systematic study is
warranted for connecting properties to macromolecular proper-
ties and processing parameters. Here, we utilize Berry number,
c[η] (also called overlap parameter), as a combined variable on

Figure 3. Thermal and mechanical properties of the centrifugally spun fiber mats. (a) DSC thermograms of the spun fiber mats. Here, the heating
curves show the difference in crystallinity and melting peak for the fibers spun from different concentrations of PEO in AcN. A bulk PEO sample
(powder) is included for comparison. The temperature was varied between 20 and 150 °C, at a heating/cooling rate of 20 °C per minute. (b)
Mechanical properties of fiber mats centrifugally spun from 5 wt % PEO using varied solvent composition. The low strain region uses a linear scale,
whereas the shaded region uses a logarithmic scale.

Table 4. Melt Temperature of the First (Tm,1) and Second
(Tm,2) Heating Curve, Melting Enthalpy (ΔHm), and the
Crystallinity (Χc) of the PEO Bulk Material and the Fiber
Mats Spun from Different Concentrations in AcN

solvent
(AcN/H2O) sample

Tm,1
[°C]

Tm,2
[°C]

ΔHm [
J/g] Χc [%]

Bulk 71.3 66.86 169.5 79.3
100:0 3 wt % 66.9 68.27 135.0 63.7

5 wt % 67.4 67.67 143.8 67.3
75:25 5 wt % 67.0 67.47 146.4 68.5
50:50 5 wt % 69.3 67.69 150.7 70.5
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the x-axis to capture the effect of polymer molecular weight and
concentration, as well as solvent quality. Above the entangle-
ment concentration, the increased screening of excluded volume
interactions diminishes the difference in static and dynamic
properties between good and theta solvents. Hence, the initial
chain conformation and orientations are presumably similar for
the PEO solutions in solvent mixtures with difference in the AcN
fraction. Figure 4 shows that the thermal and mechanical
properties, measured for dried, solid PEO fibers, are comparable
for electrospun and centrifugally spun fibers, despite differences

in processing parameters, deformation history, and solvent−
polymer interactions within the spinning dope.

PEO c-Mw Plot, Spinnability, and Applications. The
rationale for considering PEO as a representative polymeric
material for exploring the fiber engineering trifecta is further
supported by the data included in Figures 4 and 5 and in Tables
6 and 7 that summarize macromolecular properties (Mw and c),
solvent choice, processing parameters, and applications of
electrospun and centrifugally spun PEO fibers. For the listed
applications that range from drug delivery, antimicrobial filters,

Table 5. Mechanical Properties of the Centrifugally Spun PEO Fiber Mats

solvent [AcN/2O] PEO conc. [wt %] tensile strength [MPa] Young’s modulus [MPa] elongation-at-break [-] fiber toughness [kJ·m−3]

100:0 3 1.80 ± 0.72 4.88 ± 0.72 445.9 ± 62.5 695 ± 95
5 4.23 ± 0.76 15.3 ± 2.14 517.5 ± 78.2 1897 ± 499

75:25 5 6.16 ± 0.66 25.42 ± 1.76 681.1 ± 143.5 2924 ± 322
50:50 5 6.32 23.68 730.7 4117 ± 500

Figure 4. Centrifugally spun emulate properties of electrospun fibers. (a) Diameter, (b) crystallinity, (c) tensile strength, and (d) elongation-at-break
of the centrifugally spun fiber mats (data shown in red for this study was produced under matched processing conditions) contrasted with the literature
values for electrospun PEO fiber mats produced under varied spinning conditions, and a range of molecular weights and solvent types.45,58,68−73,90−93
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battery separators, photovoltaics to separationmembranes, PEO
is either present as the primary fiber former that manifests VE
spinnability or as a stringiness facilitator, as an additive that
enables fiber formation due to extensibility-enhanced spinn-
ability. In VE PEO solutions, the substantial concentration-
dependent rise in viscosity on evaporation stabilizes the jet
against capillarity-driven growth in sinusoidal instability and
break-up leading to fiber formation.
Increasing polymer molecular weight or concentration

changes both the solution viscosity and viscoelasticity and
both impact the onset and growth of surface-tension-driven
instabilities that lead to the formation of sinusoidal perturba-
tions of jets.27,85,86 The formation of beads or sprayed drops,
beads-on-a-string structures, and CFs is sequentially observed if
c increases for fixed Mw polymer or Mw changes for a fixed
c.45−48,54,61−63 Although the change in the polymer composition
is primarily discussed in terms of its impact on the shear
rheology (usually zero shear viscosity), profound change can be
observed in both linear and nonlinear viscoelastic measures of
polymer solutions including relaxation time, relaxationmodulus,
the first normal stress difference, and extensional viscos-
ity.26,29−32,76 However, as the entangled solutions display
shear thinning at high deformation rates and extensional
thinning at intermediate rates associated with fiber spinning, it
is likely that viscosity enhancement due to evaporative loss of
solvent plays a more significant role than strain hardening or
delayed pinching flows due to high extensional viscosity. We
posit that equilibrium properties such as the number of
entanglements, zero shear viscosity or shear relaxation time
can be used for identifying this VE spinnability in many
polymeric systems. However, in applications that rely on the use
of UHM PEO, the improved spinnability must be attributed to
the significant delay in a capillarity-driven pinching for the high
extensibility, high extensional viscosity, strain hardening PEO, in
comparison with polysaccharide solutions, or dispersions
containing particles , proteins, or reactive mono-

mers.8,9,15,22,28,59,68,69 We refer to these cases as examples of
EE spinnability, and these are highlighted in the two tables by
showing data sets using the gray font. The table for ES includes
only representative data sets, for many more examples that can
be found for both VE and EE spinnability; the CFS table
represents the current state-of-the-art.
Tables 6 and 7 show that a broader range of PEO molecular

weights has been explored using ES than employed for CFS.
Electrospinnability andmore recently CFS spinnability are often
attributed to the role of entanglements, that is, the topological
constraints8,9,46−48,54,61−63 that arise in solutions (and melts)
above entanglement concentration, ce (and beyond entangle-
ment molecular weight, Me). Hence, the spinnability or
processability diagrams are presented with molecular weight,
Mw, and concentration, c, as the coordinates. The value of ce for
most flexible, uncharged polymers is typically 5−10 times
overlap concentration or c*, the concentration above which
polymer coils just begin to overlap and shear viscosity of the
polymer solution becomes nearly twice that of solvent. As c* =
1/[η], and the change in intrinsic viscosity can be estimated
using the Mark−Houwink−Sakurada equation, [η] = KMa, with
constant, K, and exponent, a (that depends on solvent quality),
using the tabulated values for most polymer−solvent pairs, one
can estimate ce/c* ≈ Ne

a.83 We envision that lower molecular
weight or less extensible or even less polydisperse polymers
display spinnability and CF formation for highly entangled
solutions not only due to higher viscosity and elasticity
compared to unentangled systems but also due to a steep
viscosity rise on solvent loss. Rheological measurements carried
out using entangled polymer solutions at a fixed concentration
display pronounced shear thinning and extensional thinning at
intermediate rates,103−105 and therefore, we anticipate that
strong viscosity enhancement on solvent evaporation is needed
to compensate for any strain-softening.
We present the data sets cited in Tables 6 and 7 for fiber

spinning from PEO solutions on the c-Mw plot in Figure 5 and

Figure 5. VE spinnability of PEO solutions in various solvents. On the c-Mw plot, the beaded and CFs are shown in open and closed symbols,
respectively. The dotted blue line shows the overlap concentration, c*, whereas the black dash-dotted line corresponds to the 10c* to indicate
concentrations beyond which entanglements play a role. A much more extensive range of polymer molecular weights and concentrations was explored
in ES experiments. Tables 6 and 7 summarize the details about processing parameters, molecular weight and concentration ranges, and solvents used in
the ES and CFS studies.
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include overlap concentration, c*, and entanglement concen-
tration, ce≈ 10c*, as slanted line for aqueous solutions. Here, we
include the studies for unblended PEO fibers only and thus plot
includes data sets that correspond to VE spinnability. It is
evident that both ES and CFS display spinnability for entangled
polymer solutions formulated in a wide range of solvents, and
the molecular weights and concentrations that lead to the CF
formation cluster together on the c-Mw plot despite the
differences in the processing parameters and driving forces.
Although most of the CFS studies used higher Mw polymers,
Alenezi et al.99 centrifugally spun CFs from aqueous solutions of
200 kDa PEO by utilizing relatively high concentrations (21 wt
%) and using rather high rotational speed (8500−10,000

rpm).99 Recently, Müller et al.13 spun PEO fibers using
electrocentrifugal spinning and reported that on dropping Mw

from 100 to 35 kg/mol, transition from continuous to BFs is
observed even if the PEO concentration is increased from 200 to
500 g/l, whereas 500 g/l of Mw = 20 kg/mol leads to drops or
beads only. We anticipate that future experiments will enlighten
us if centrifugal spinning can be carried out with higher
concentration PEO solutions (c > ce) for the lower Mw samples
as well, and if needed, blending of a small amount of ultrahigh
Mw PEO could provide the extensibility-enhanced spinnability
for PEO-based single polymer, blended or multicomponent
composite fibers.

Table 6. Solvent, PolymerMolecularWeight and Concentration, Zero Shear Viscosity, Spinning Conditions (Voltage), and Fiber
Morphology and Diameter Are Tabulated If Mentioned in the Referencea

aThe fiber morphology is either BFs or CFs. Solvent names are abbreviated: acetic acid, formic acid (FA), and ethyl acetate (EA). Entries in light
gray shade show EE spinnability.
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The comprehensive summary of many data sets included in
Figures 4 and 5 provides an unprecedented exploration of the
fiber engineering trifecta of spinnability, morphology, and
properties for centrifugally spun and electrospun PEO fibers.
In addition to highlighting progress and the current state-of-the-
art understanding, the discussion and analysis included here are
expected to germinate and bring to focus several questions. For
example, carrying out a similar survey for more polymers will
help us to determine the universal features of spinnability−
rheology−volatility−extensibility relationship and significance
of tuning shear and extensional rheology and processing
parameters. It is possible that the connection between
spinnability and rheology and processing behavior of PEO
solutions would be the most suitable guide for high flexibility
and high extensibility polymers, whereas fiber morphology and
properties of PEO would inform better about semicrystalline
polymers. Even for PEO, the lower-molecular-weight regime
remains relatively unexplored using CFS and could be used for
producing fibers by increasing concentration (VE spinnability)
or addition of a small weight fraction of the ultrahigh Mw

additive.64

■ CONCLUSIONS

We show that PEO fibers with crystallinity and mechanical
properties comparable to electrospun fibers can be centrifugally
spun using VE solutions formulated in AcN−water mixtures as a
solvent. Fibers form only for AcN fractions above 50%, although
we chose matched macromolecular parameters (c and Mw) and
matched processing conditions, including rotational speed
(4000 rpm), nozzle type/size/material, and nozzle−collector
distance on a bespoke CFS setup. Even though spinnability was
observed only for AcN fractions greater than 50%, we found that
the crystallinity, measured using DSC, and mechanical proper-
ties including tensile strength and elongation at break were
enhanced for fibers spun from spinning dope formulated with a
higher water fraction. A slower evaporation rate and an increase
in the time available for crystallization possibly lead to the
observed enhancements. We include qualitative comparisons
between the measured diameter, crystallinity, and mechanical
properties of centrifugally spun and electrospun fibers by
plotting measured values as a function of Berry number, that is,
the dimensionless product of concentration and intrinsic
viscosity. Even though processing conditions and the mecha-

Table 7. Solvent, Polymer Concentration and Molecular Weight, and Spin Speed Used for Making Centrifugally Spun PEO
Fibers, and Fiber Morphology Obtained are Tabulated if Mentioneda

aThe fiber morphology is referred to as BFs or CFs. The nonaqueous solvents are abbreviated as follows: acetic acid, formic acid (FA), and ethyl
acetate (EA). Entries in light gray shade show EE spinnability.
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nism underlying ES and CFS are quite distinct, the qualitative
comparison suggests that remarkable similarity exists in the
microstructure and elastic properties of solidified electrospun
and centrifugally spun fibers.
Finally, to explore the spinnability questions, we compile the

spinning dope properties (concentration, c, and molecular
weight, Mw) and processing parameters for PEO solutions in
various solvents that exhibit electrospinnability and contrast
these with PEO solutions found to be centrifugally spinnable.
We classify representative examples of ES and nearly all the CFS
studies of PEO-based fibers into two categories: VE spinnability
if PEO is the only polymer present and EE spinnability for cases
with fiber spinning facilitated by high-molecular-weight PEO
additive that is blended with a matrix material such as lowerMw
PEO or with other polymers, particles, or proteins. The
comprehensive comparison of PEO concentrations and
molecular weights that display VE spinnability reveals that
published CFS studies relied only on higher Mw systems (>600
kg/mol). We envision that increasing concentration beyond
entanglement concentration (VE spinnability) or the addition of
a small weight fraction of the ultrahigh Mw additive to
unentangled solutions (EE spinnability) could present oppor-
tunities for producing fibers from PEO of lower Mw (<600 kg/
mol). Additional investigations of ES and CFS polymers are
needed and underway to connect polymer physics (macro-
molecular properties in solution set by choice of polymer and
solvent), shear and extensional rheology, viscoelastic instabil-
ities, processing conditions, morphology, and spinnability. We
anticipate that our classification and characterization will inspire
future studies on creating thinner, stronger, and more
application-ready fibers, with a broader range of molecular
weights and concentrations employed in CFS.
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