aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Polymer dynamics in semidilute solution during
electrospinning: A simple model and experimental
observations
Israel Greenfeld, Arkadii Arinstein, Kamel Fezzaa, Miriam H. Rafailovich, and Eyal
Zussman
Phys. Rev. E 84, 041806 — Published 14 October 2011
DOI: 10.1103/PhysRevE.84.041806


http://dx.doi.org/10.1103/PhysRevE.84.041806

Dynamics of Polymer in Semi-Dilute Solution during

Electrospinning: A Simple Model and Experimental Observations

Israel Greenfeld!, Arkadii Arinstein', Kamel Fezzaa?,

Miriam H. Rafailovich®, and Eyal Zussman'
L Department of Mechanical Engineering,
Technion - Israel Institute of Technology, Haifa 32000, Israel;
2 Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA;
3Department of Materials Science and Engineering,

State University of New York, Stony Brook, New York 11794-2275, USA.

Abstract

Electrospun polymer nanofibers demonstrate outstanding mechanical and thermodynamic prop-
erties as compared to macroscopic-scale structures. Our previous work has demonstrated that
these features are attributed to nanofiber microstructure [1]. It is clear that this microstructure
is formed during the electrospinning process, characterized by a high stretching rate and rapid
evaporation. Thus, when studying microstructure formation, its fast evolution must be taken into
account. This study focuses on the dynamics of a highly entangled semi-dilute polymer solution
under extreme longitudinal acceleration. The theoretical modeling predicts substantial longitudi-
nal stretching and transversal contraction of the polymer network caused by the jet hydrodynamic
forces, transforming the network to an almost fully-stretched state. This prediction was verified
by X-ray phase-contrast imaging of electrospinning jets of Poly(ethylene oxide) and Poly(methyl
methacrylate) semi-dilute solutions, which revealed a noticeable increase in polymer concentration
at the jet center, within less than 1 mm from the jet start. Thus, the proposed mechanism is

applicable to the initial stage of the microstructure formation.

PACS numbers: 83.80.Rs, 47.85.md, 47.61.-k, 83.50.Jf



I. INTRODUCTION

The size-dependent behavior of nano-objects is a generally accepted phenomenon, ob-
served in polymer nanofibers [1, 2|, metallic nanowires [3], and thin polymer films [4].
Experimental studies have demonstrated the effect of size on the mechanical, thermo-
mechanical and thermodynamic properties of nano-objects. For example, the elastic mod-
ulus of nanowires [3], polypyrrole nanotubes [5], and electrospun polystyrene and Nylon-66
nanofibers [1, 2| sharply increases when their diameter becomes sufficiently small. Also, a
shift in the glass transition and melting temperatures is observed in polymer nano-objects [6].
All proposed mechanisms attributing this behavior to surface tension [5] or near-surface lay-
ers [7, 8] do not satisfactorily explain the above phenomena. Moreover, our recent work has
demonstrated that the contribution of surface energy to size-dependent elasticity of nano-
objects is negligible [9]. Overall, the physical mechanisms governing the size-dependent
behavior of nano-objects are largely unclear.

Further progress in understanding of the features of electrospun polymer nanofibers in-
fluencing their behavior, requires examination of their internal structure, more specifically,
the supermolecular structures in the amorphous regions of the polymer matrix, as well as
crystallite ordering. At the initial stages of such analyses, the impact of fabrication condi-
tions upon the final state of the polymer matrix of as-spun nanofibers, must be determined.
In doing so, the high strain rate (of the order 10® s™) acting during electrospinning [10-16],
must be considered. This dominant factor is believed to cause stretching and orientation
of polymer chains, as indicated by in-process measurements of jets, using birefringence [17]
and Raman [18] techniques.

In parallel, extremely rapid evaporation of solvents adversely affects the polymer matrix
macro-structure of as-spun nanofibers. Rapid evaporation first leads to formation of a
solid skin, followed by further evaporation from the liquid core, leaving voids previously
occupied by solvents and allowing partial relaxation of the matrix. This frequently induces
generation of a heterogeneous and porous fiber structure [19, 20]. Theoretical analyses
21, 22], confirmed by experimental observations [19] and computerized simulations [23],
demonstrated that a sharp increase in polymer density at the fiber/vapor interface is induced
upon rapid solvent evaporation, consequently increasing heterogeneity and porosity. Thus,

heterogeneous, high porosity fiber structures can be formed under certain electrospinning



conditions (see Figure 1 a).

At the same time, skin formation prevents further stretching and orientation of poly-
mer chains within the semi-liquid fiber core. Relaxation of the non-equilibrium state of the
stretched macromolecules consequentially occurs, with no detectable influence of the fabri-
cation conditions on the final state of the polymer matrix of as-spun nanofibers. On the
other hand, spinning conditions resulting in homogeneous as-spun fiber structures can be
selected (see Figure 1 b). In such cases, relaxation of stretched polymer chains is suppressed,
and the effect of fabrication conditions on the final state of the nanofiber polymer matrix
should be noticeable.

While the physical mechanism underlying formation of the porous structure of as-spun
nanofibers is well understood [19, 21, 22|, the physical principles governing generation of the
homogeneous fiber structure demand clarification. Significant insight is expected to emerge
from examination of the evolution of the polymer system within the semi-dilute solution jet
during electrospinning. The mechanism required to form an homogeneous fiber structure,
can be proposed based on the assumption that the polymer system, which is an intercon-
nected network of subchains, undergoes substantial stretching during electrospinning.

In order to confirm the stretching hypothesis, a theoretical model describing the polymer
system as an entangled network and its evolution in the initial stage of electrospinning is
presented. The conformational state of individual subchains is clarified by a 3D random
walk simulation. The theoretical analysis and simulations show that the initial equilibrium
state of the polymer network transforms to an almost fully-stretched state along the jet.
This stretching is accompanied by network contraction across the jet. These theoretical re-
sults were experimentally confirmed by X-ray phase-contrast imaging of electrospinning jets
of PEO (polyethylene oxide) and PMMA (polymethyl methacrylate) semi-dilute solutions,
which revealed a noticeable polymer concentration increase at the jet center, within less

than 1 mm from the jet start.



II. THEORETICAL MODELING

A. Velocity and radius of an electrospinning jet

Under an electric field, the moving solution jet accelerates, so that its local velocity
contains both longitudinal and radial components. Hydrodynamic analysis demonstrates
that in the jet beginning the longitudinal velocity can be approximated by a parabolic

profile, whereas the radial velocity component increases linearly along the jet [25]:
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where vy is the jet initial velocity and rq is the jet initial radius. The characteristic length, 2o,
determines the scale of velocity increase, and depends on the solution’s flow rate, viscosity,
electric field and electric conductivity. Typical values of these parameters, measured by
optical microscopy of the jet [15, 16], and substantiated by our experimental observations,
are: vg ~ (1 +5) x 1072 m/s, and zy ~ (0.5 <+ 1) x 107> m. Such hydrodynamic flux with
increasing longitudinal velocity influences on the polymer macromolecules, results in their
non-equilibrium conformation state and heterogeneous distribution inside the jet.

The velocity increase of the liquid jet is clearly limited, due to viscosity increase as a
result of solvent evaporation and final solidification of the jet. Since this work only focuses

on the initial stage of jet spinning, the above saturation effect lies beyond the scope of this

paper.

B. Polymer system structure

It is well-known that viscoelasticity is a prerequisite for polymer solution spinnability,
meaning that spinnable solutions are semi-dilute, highly entangled. Therefore, the polymer
system is assumed to be a network, whose connectivity is provided by topological knots [11]
(see Figure 2 a). The sections of macromolecules between two adjacent topological knots
are called subchains, which feature a conformation at equilibrium that corresponds to their

non-zero end-to-end distance, even in the absence of external force. This end-to-end distance
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is equal to the distance between two topological knots or to an average mesh size, &, of the

network in a semi-dilute solution
€0 o Ry (c/ct)/ =) (3)

where R, oc aN” is the end-to-end distance of a polymer coil; ¢ is the mass concentration of
the polymer solution; ¢* is the crossover concentration of macromolecules overlap; N is the
number of monomers in a polymer chain; and a is the monomer scale. Solvents usually used
in such systems, vary between good and moderately poor solvents; so, the conformation of
a polymer chain should be a Gaussian or swelled coil (1/2 < v < 3/5). On the other hand,
the polymer concentration in spinnable solutions is relatively high ((5 — 10) x ¢*); and this
prevents a coil swelling. Therefore, for simplicity, we can assume that v = 1/2. Assuming
Gaussian statistics of subchains, one can estimate the number of monomers in a subchain

as follows
N, = (§/a)* = N (c/c") ™ (4)

Thus, the elements of the system which undergo noticeable stretching are the above
defined subchains. The evolution of subchain conformation under stretching of the polymer

network will now be examined.

C. Axial stretching of an entangled polymer network during electrospinning

The polymer network in question can be approximated by a lattice model of ”"beads” and
linear ”springs”, similar to the Rouse model. Each bead represents a topological knot and is
connected to six adjacent beads by springs, or polymer subchains, demonstrating Gaussian
statistics, leading to a linear force-elongation relationship. The averaging of the system over
the jet cross-section results in a one-dimensional chain of springs which interconnects the
beads, each having an effective subchain mass, m. The beads are influenced by an effective
hydrodynamic force proportional to the effective subchain size, a.sy oc &, as well as entropic
elastic forces from its two neighbors (see Figure 2 b and ¢). The dynamics of this chain of

springs can be described by the following difference-differential equation
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where 7 is the effective viscosity of the dilute solution surrounding the polymer network; v, is
the jet axial velocity from equation (1); T'/&2 is the entropic elasticity of polymer subchains,
where 7" is the temperature in units of the Boltzmann constant k.

The difference equation (5) can be approximated by the following differential equation

Pz (1,t)  acpn {vz(z) _dz (l,t)} o, d*z(1,t)

a2 m dt Cnet g1z (6)

where ¢,¢; = \/m ~ 0.3 m/s is the "sound” velocity in the polymer network and [ = &yn.
As the polymer network demonstrates only entropic elasticity of a semi-dilute solution, is
much lower than the sound velocity in solid polymer systems. The polymer is at equilibrium
at the cross-section z = —z,, while free boundary conditions are assumed at z = 4o00.

The partial differential equation (6) allows one to find a self-similar solution. Indeed,
upon introduction of the dimensionless, self-simulated variable ¢ = (I + vgt) /2o and the
function 2(¢) = z(l,t) /29, the equation (6) can be rewritten as an ordinary differential

equation
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here o = zqupacessn/ [m (2 — v3)] ~ 10° =+ 10* >> 1 is a dimensionless parameter and
0, (2) = v,(2)/vo.

Using the substitution dz (¢) /d¢ = P (Z), the second-order differential equation (7) can
be reduced to a first-order equation
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The solution of this equation (8) can be obtained, using (1/a)-approximation. Assuming
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The stretching of the polymer network is characterized by equation (10) which allows one
to determine the stretched mesh size, |, along the jet

dz(l,t) — &b. (%)

~ 12
dl — Ldo, (2) Jd? (12)

g1 = %o

The obtained dependence §/aN; is shown in Figure 3 with respect to the position z
along the jet, for longitudinal velocity, v,, from equation (1). Note that the stretching of the
polymer subchains exceeds the maximal possible elongation corresponding to fully-stretched
subchains.

The region where the stretched subchains are approaching full extension, i.e., { ~ alV,,
can be estimated using equation (12) for a >> 1 resulting in o () ~ N./?. Using typical
values for electrospinning solution jets of the experimental system (PEO 3 wt% in water,
see Section III), we may predict that the stretching occurs at zgeten/20 >~ 3.5.

A term providing the unlimited increase in an effective modulus of an almost fully-
stretched subchain, can be introduced into equation (5) by replacing the linear elasticity
of polymer subchains, T/£2, with the nonlinear T/ {2 [1 — (zn41 — 24) /aN,]}. However,
such a modification does not account well for the system behavior and the additional pro-
cesses associated with high levels of polymer subchain stretching. More specifically, almost
fully-stretched subchains begin to disentangle, thereby raising the subchain length, £2. In
addition, the highly stretched polymer network begins to affect the effective viscosity of
the solution, influencing the jet velocity. Furthermore, slipping of the solvent surface layer
relative to the polymer network is also possible.

For these reasons, we would like to restrict ourselves to the simplest model describing
only the initial stage of polymer network evolution inside the electrospinning jet. Although
the proposed model does not describe the final state of the polymer matrix in electrospun
nanofibers, and is applicable only to the initial part of the jet where the stretching of a
polymer system is not too high, it allows for analysis and understanding of the tendency in
the evolution of the polymer during the electrospinning process.

Note that the transformation of subchains from a coil-like equilibrium state into a
stretched state occurs as a continuous crossover, and no phase transition is observed, in con-
trast to the well-known coil-stretch transition, described by de Gennes [26]. Unlike stretching
of an individual chain, during network stretching locally the dominant force which provides

this transformation is the elastic force, whereas the hydrodynamic forces give rise to the
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global stretching of the network. As a result, the network subchains are subjected to the
action of the network portion situated farther along the jet, a force independent of local
stretching. In contrast, the force acting on an individual polymer chain under an ultrahigh
velocity gradient increases with macromolecule stretching. Similar behavior, continuous
crossover from a coil-like state into a stretched state, was observed by Balabaev et al. upon
examination of the state of an individual macromolecule under an external force acting on

its ends [27].

D. Radial contraction

When analyzing the compression of the polymer network in a plane perpendicular to the
jet, the process becomes stationary quite rapidly, and can be presented as a one-dimensional
chain of springs (see Figure 2 ¢) in a steady state, described by the following differential
equation

Zg [[Roes = R — €1] = [Bon — Rs — €11} + acmon(Ra) = 0, (13)

which can be approximated by following differential equation (using the velocity, v,., from

equation (1))
d’R (p, 2)
dp?
where p = r/2, K(2) = kolo/EL(2)]V/1+2/20, and KZ = 20v0aesm/mcc, =
(v3)2, — 1) a, (kg ~ 10 +10?).

— K" (2) R(p,2) =0 (14)

The boundary conditions for equation (14) are

%go) —a+ e G rGn =0. RO =0, (15)

where pg = po(2) = r;(2)/20 corresponds to the jet radius in the cross-section z (see equation

(2)), and £ is the lateral contraction of the mesh size due to the axial stretching

€ = S (16)
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The solution of the equation (14) with the boundary conditions (15) is

zpsinh [k (2) p| / cosh [k (2) po]
(2) {1+ €1 (2) /20] & (2) tanh [s (2) po] }
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The polymer network radius, Rp(z), is given at p = po by the following form

- 2o tanh [k (2) po)
Rp(z) = K (2) {1+ [€L (2) /0] & (2) tanh [k (2) po] } "

For small values of argument « (z) pp << 1 and  (z) £, (2) /20 << 1, the equation (18)

demonstrates no radial contraction of the polymer network, yielding

Rp(2) = 20po(2) = 15(2) (19)

For large values of the argument of "tanh” (k(z)py >> 1) one can assume that
tanh [k (2) po] = 1, so that equation (18) can be simplified. Taking into account the fact

that x (2) &1 (2) /20 << 1, in case of finite z/zy one can write

_ & (3) 20

Rp(z 20
P( ) 50 K)Q\/l‘l‘Z’/Zo ( )
and in the case of large z (z/zy >> 1) the polymer network has the following form
2
Rp(z) = 0 (21)

k2 (14 2/20)
indicating a constant ratio between the jet and polymer radii. However, the last asymptote
lacks physical significance, as the effects dominant at this stage of the processes are not
accounted for, thereby making the model inappropriate far from the jet start.

An approximation for the dependence of the polymer network radius, Rp(z), on the jet

radius, 7;(z), can be given by

ri(z) 3r;(z2)

24 [1— (ab. (2) /%)Y

showing that the axial stretching is the dominant factor determining the network radius,

—1/2 (22)

while the radial hydrodynamic compression has a negligible effect. When presenting the
relationship, Rp(z)/rg, as a function of position z along the jet and comparing it to equation
(20), a rapid narrowing of the network radius is observed with respect to the jet radius (see
Figure 4). The expected outcome is a substantial rise in polymer concentration towards the
jet center.

Summarizing the above results, one can conclude that no contraction of the polymer
network occurs at the initial region of the jet. The intermediate asymptote demonstrates

that the radial hydrodynamic effect is negligible, and that longitudinal stretching acts as



the dominant factor affecting polymer network contraction, resulting in shortened distances
between adjacent topological knots in the transversal direction. In the case of very large z
(z/29 >> 1), the form of the polymer network conforms to that of the jet. Note that the
last asymptote is barely discernable in a real system, due to rapid solvent evaporation in

this region, which acts as the dominant factor determining the state of the polymer system.

E. Conformational state of polymer sub-chains in the jet (numerical simulations)

The simplest way to examine the modification of the local conformational state of indi-
vidual polymer chains along the jet is by application of the 3D random walk model under
external field, with the help of numerical simulations. An effective potential, U (x), between
two adjacent topological knots connected by a polymer subchain, gives rise to ”convective
flux” (in addition to diffusive), which results in a non-zero end-to-end distance of subchains.
The gradient of this potential, ?U (x), is an external force, ?, constituted of hydrodynamic
and elastic forces acting on each subchain. Indeed, the direction of each step is determined

by the stepping probabilities arising from the local effective potential

exp (£F;a/T) ,
P = : I =200,
7 2% cosh (Fja/T)

J

(23)

where a is the above-introduced monomer (or Kuhn segment) scale.
In the equilibrium the effective external forces in all directions are the identical, Fj(o) = Iy,

and result in the mesh size, &. Thus, the force, Fj, is determined by the following equation

tanh (Foa/T) = 3/+/Ns = 3a/& (24)

The stretching of a subchain along the jet flow direction can be accounted for by an
increase in the potential gradient, F, = Fy + AF. At the same time, this stretching results
in transversal contraction of the polymer subchain due to redistribution of probabilities in
the direction choice during the random walk. The additional potential gradient, AF', results

in the stretching of a subchain, §j, which can be determined by the following equation

B (&o/a)sinh [(Fo + AF) a/T)
= cosh [(Fo + AF)a/T] + 2 cosh (Foa/T) S0 (25)

Compression in the perpendicular (radial) direction corresponding to this stretching can

be expressed as
€ sinh (Foa/T) (26)
§  sinh[(Fo + AF)a/T]
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Note that equation (26) agrees with equation (16).

The potential gradient, AF,,, at subchain n, is comprised of two components: a potential
gradient corresponding to the elastic force, approximately equal to the potential gradient at
the preceding subchain n—1, AF,,_, and, an additional potential gradient, § F},, correspond-
ing to the hydrodynamic friction force acting on subchain n. Note that, as demonstrated
above, the elastic force is the dominant factor acting on a subchain, and that it arises from
the hydrodynamic interactions. Therefore, both the elastic and hydrodynamic forces acting
on subchain n, are determined by the jet velocity gradient.

The local velocity gradient, Vv, ,, is practically constant within the scale of an individual
subchain, and yields an average velocity difference of magnitude %vag”m between the
dilute fluid and the subchain (), is the mesh size of subchain in the flow direction). This
velocity difference generates a friction force on each monomer (or Kuhn segment) of length

a, with a corresponding average additional potential gradient of
1
oF, = §ka7)£||,anzm (27)

where the dimensionless constant k o 1 is a geometric factor that depends on the segment’s
shape. Once the potential gradient, d F;,, is known for a subchain, the stepping probabilities
in all six directions can be calculated from the equation (23), and the random walk algorithm
can be applied by stepping sequentially through all the segments of the subchain.

The polymer network conformation, determined by the extension and contraction of
each subchain, can be derived by sequentially calculating the following: by knowing the
state of the previous (n — 1) subchain, the position of the n-th topological knot can be
calculated as 2z, = z,—1 + {n—1; the corresponding velocity gradient is then determined
as Vu,,, = dv,(2,)/dz,, with the help of equation (1), and, assuming an extension of
§|n = §|,n—1 for the n-th subchain, the additional potential gradient, d F;,, can be calculated
from equation (27). The random walk simulation with the effective force F,, = Fo+ > ] 0F,
allows one to determine the subchain extension, & ,, (equation (25)), as well as the subchain
radial contraction, £, , (equation (26)), due to redistribution of probabilities in the directions
of choice during the random walks. This procedure starts at the first subchain, with the
initial potential gradient, Fj, (equation (24)), and is sequentially repeated for all subchains
in the network.

The simulation uses only one dimensionless parameter 3 = ka®nuy/T (~ 0.1 =+ 1). Each
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subchain is represented by a succession of random steps of size a. The jet parameters z
and vy are obtained from experimental measurements. The effective viscosity, 7, is a free
simulation parameter, and its resulting values, lying between the viscosity of a solvent (~ 103
Pa-s) and the viscosity of a semi-dilute solution (~ 1 Pa-s), are physically plausible. The
mesh sizes §| and &, obtained from the simulation, as a function of position along the jet,
are depicted in Figure 3. A difference between the theoretical model and the simulation is
observed at high elongations, as the model does not account for the restriction on elongation
due to the finite contour length of subchains.

A similar procedure is applied to the radial simulation, for several cross-sections along the
jet, starting with subchains at the jet perimeter, and continuing the sequential calculation
towards the jet center. The radial mesh size, £, (r, z), obtained from the simulation as a
result of the combined effect of axial stretching and radial compression, is depicted in the
inset in Figure 4. Compression due to radial hydrodynamic forces induces a further rise in
polymer concentration towards the jet center, most notable at the initial region of the jet,

in addition to the rise caused by axial stretching, as described before.

III. EXPERIMENTAL
A. Materials and methods

In-line fast X-ray phase-contrast imaging [28, 29] was used to measure the radiation
absorption of the straight region of an electrospinning jet. The experiment was carried out
at 32-1D Beamline, Advanced Photon Source (APS), Argonne National Lab, using a partially
coherent undulator X-ray white beam. A scheme of the experimental setup, consisting of
the X-ray imaging system and the electrospinning apparatus, is presented Figure 5 a.

The X-ray beam was generated from the synchrotron’s electron storage ring with a dom-
inant harmonic at 13 keV, corresponding to a wavelength of 0.95 A [28]. The X-ray pulses
were each 472 ns long, separated by a 3.68 us time gap. A slow shutter opened the beam path
at 1 Hz, and a fast shutter enabled isolation of single pulses. After penetrating the electro-
spinning jet, the transmitted radiation was imaged on a fast scintillator crystal (LYSO:Ce,
40 ns decay time) which converted the X-ray radiation to visible light. The scintillator’s
image was recorded by a 1280Hx 1024V CCD camera with pixel size of 6.7 x 6.7 um? via a
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folding mirror and a x10 objective optics. The target (i.e. the scintillator) was distanced
10 cm from the jet, and the beam size on the target was large enough to cover the effective
camera field-of view of 0.857Hx0.686V mm?.

A remotely-controlled motorized stage enabled z,y, z positioning of the electrospinning
chamber, during a single session, so that up to 8 mm of jet length could be imaged by
capturing a sequence of images along the jet (see Figure 5 b and ¢). Images were recorded
with depth of 16-bit gray-scale, at a rate of 1 Hz. Dark and background images were also
collected and used for removal of the background spatial non-uniformity and for setting the
background intensity to 1. Jet radius measurements, necessary for the absorption analysis,
were adjusted for the edge diffraction pattern (the white corona visible in Figure 5 b and ¢).

The polymers, purchased from Sigma Aldrich, were PEO (Mw 600 kDa) dissolved in
water at 3 wt% and 5 wt%, and PMMA (Mw 70 kDa) dissolved in CHCl3 (Chloroform)
at 15 wt%. The polymer solution was injected by a syringe pump into a 25-gauge capillary
needle installed on top of an enclosed plastic chamber, at volumetric feed rates ranging from
0.75 to 6 mL/hr. A high-voltage power supply created a potential difference ranging from 4
to 14 kV, across a gap of 6.5 cm between the needle and the collector base, creating a nominal
electric field of 0.6 to 2.2 kV/cm. The experiments were conducted at room temperature at
a relative humidity of 40%.

Transmission measurements were derived from pixel intensity. The intensity of each pixel
was averaged vertically within a vertical slice of up to of 13 pixels, and adjusted for the
residual local background offset. Horizontal pixel averaging was avoided to retain important
features across the jet. The intensity profiles across the jet (7..,) were normalized by
the intensity calculated for the polymer solution at rest (T%;,), using a wave propagation
simulation that took into account the overall optical effects due to absorption and scattering.
The simulation was based on the Fresnel equation in the paraxial approximation [30]. The
most relevant experimental parameters were included in the code, such as jet geometry
and energy-dependent absorption coefficients and refraction indices, as well as source size,
energy spectrum and detector point spread function. The resulting normalized intensity
profiles across the jet represent the changes in the jet X-ray absorption due to polymer

concentration variations.
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B. Measurements of polymer concentration variations across the jet

Profiles of the radiation transmission, 7.,,, were measured across the jet close to the jet
start as well as farther along the jet, for PEO as well as for PMMA. Measured profiles of
Tewp for PEO 3 wt%, overlaid on the simulated transmission of a stationary jet, Ty, are
plotted in Figure 6. Close to the jet start, T,,, and Ty, almost coincide, as expected for
homogeneous polymer solution (see Figure 6 a), whereas farther along the jet, T.,, rises
above Ty, at the jet center, indicating a change in the local absorption coefficient (see
Figure 6 b). Since in this test case the polymer used has a lower absorption coefficient than
its respective solvent, the decrease in absorption reflects a polymer concentration increase
at the jet center.

It should be noted that the measured transmitted X-ray beam, 7¢,,, is the result of the
incident beam attenuation due to both absorption and scattering of the materials contained
in the jet. Because of the non-zero distance between the jet and the target, scattering
effects of the collimated beam can become significant, especially for small objects [31] such
as the electrospinning jet. Therefore, the radiation transmission can be written using the

Beer-Lambert law in the following form
T(Tu Z) = g(?“, Z) exXp [_d (Tv Z)OK(T, Z)] (28>

where ¢ (r,z) is a form factor describing the scattering effect; d(r,z) =
2ry (2) \/1 = [r/r; (2)]* is the length traveled by the beam through the jet at the radial
position, r, and 7, (2) is the local jet radius at position z; «a (1, z) = epcp (1, 2) + eg¢s (1, 2)
is the absorption coefficient of polymer solutions, ep and g denote the X-ray mass absorp-
tion coefficients of the polymer and solvent, respectively, and cp (7, z) and cg (7, z) denote
the mass concentrations [32].

Since the wave propagation simulation also incorporates both absorption and scattering,
for our purpose of detecting polymer concentration variations across the jet, we can compare
the radiation transmissions obtained experimentally, 7¢,,, to the wave propagation simula-
tion through the homogenous polymer solution, 7Ty;,,. Assuming that both experiment and
simulation result in the similar scattering effect (gesp (7, 2) /Gsim (7, 2) = 1), normalization
Tezp by Tsim reduces the influence of the scattering. Thus, the average variations in the
measured absorption coefficient, A« (r, z), with respect to the value of the fluid at rest, ob-

tained by the wave propagation simulation can be calculated with the help of the following

14



equation

a(r,z)=— L n Tewy (1, 2)
falrz)=—gn 2! lTsimmz)} (29)

Note that although equation (29) cannot fully compensate for the scattering effects, the
obtained A« (r, 2) is sufficient, as it represents a trend, rather than an exact value. Typical
results of the change in the absorption coefficient across the jet are presented in the insets
of Figure 6. Almost no change in the absorption coefficient across the jet was observed close
to the jet start, whereas a distinct change in the absorption coefficient was observed farther
along the jet.

Variations in the local polymer concentration can be calculated using the obtained vari-
ations in the absorption coefficient, A« (r, z) from equation (29), as
Aa(r, 2)

Ber (02 = e os/or)

(30)

where pp and pg are the densities of the polymer and solvent, respectively.

For the PEO test case, the X-ray mass absorption coefficients and densities are: ep =
1.51 em?/gr and pp = 1.13 gr/em® (PEO); and e5 = 2.29 ¢cm?/gr and ps = 1 gr/cm?
(water) [33]. Substituting these X-ray material properties, the apparent change in polymer
concentration can be calculated (insets of Figure 6). While almost no change in absorption
coefficient, and hence in polymer concentration, was observed across the jet close to the
jet start (see inset in Figure 6 a), the absorption coefficient varied across the jet with
respect to its initial value, when measured at points farther along the jet, indicating a non-
uniform polymer concentration distribution (see inset in Figure 6 b). A distinct decrease
in absorption coefficient, and matching rise in concentration, was observed close to the jet
center, while absorption coefficient increased and concentration decreased, when measured at
greater distances from the center, as expected from the redistribution of the polymer across
the jet. Note also the sharp decrease in absorption coefficient at the jet boundary, which
occurred irrespective of the position along the jet. This phenomenon may be caused by
surface interaction between the polymer solution and the X-ray radiation. Similar behavior
was observed in a PMMA test, demonstrating that polymer network stretching and lateral
contraction are noticeable, even in cases of rapid solvent evaporation.

These experimental results are in agreement with our theoretical analysis that predicted
fast network stretching and lateral contraction at high velocity gradients, resulting in in-

creased polymer concentration towards the jet center. The absorption measurements demon-
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strated that stretching is low and insignificant close to the jet start. However, at a distance
of only 0.5 mm from the jet start, a significant rise in polymer concentration is observed at
the jet center, indicating that stretching is already very high at this position. The theoretical

analysis predicts a high stretching at the same region (see Figure 3).

IV. CONCLUSIONS

The dynamics of the polymer network structure within the electrospinning jet of highly
entangled, semi-dilute polymer solutions was studied both theoretically and experimentally.
The theoretical modeling demonstrated that the polymer network can transform from a
free state to an almost fully stretched state under extreme longitudinal acceleration, within
less than 1 millimeter from the jet start. The stretching of the network is accompanied
by substantial lateral contraction that leads to a rise in polymer concentration at the jet
center, as confirmed by X-ray absorption measurements of the jet. This rise in polymer
concentration can account for the formation of homogeneous fiber structure, as observed in
polymer systems under certain electrospinning conditions.

At first glance, the short distance required for such a dramatic change in the con-
formational state of a polymeric sub-system in solution, is unexpected from a physical
point of view. Firstly, the well-known de Gennes criterion for coil-stretch transition,
ETrelaz > Ber = 0.5 [26], is not valid in the region of macromolecule stretching during elec-
trospinning (according to the experimental data for the system in question, é7.cae < Oc)-
This discrepancy can be explained when considering the fact that the system presented here
involves an entangled polymer network. In this case, the dominant local force, inducing
macromolecule stretching, is the elastic force arising from the action of the portion of the
polymer network situated farther along the jet, whereas the hydrodynamic forces give rise
to the global network stretching. Conversely, the de Gennes criterion corresponds to an
individual polymer macromolecule, and is therefore not suitable for the estimation of the
conformational state of the polymeric sub-system of the spinning jet.

In addition, the experimental observations demonstrate that further jet acceleration, but
no further polymer chain elongation, is possible. The reasonable question is: what happens
with the polymer sub-system of the jet during the further stage of the spinning. To date, no

experimental data is available with regards to the internal evolution of the electrospinning
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jet at later stages of spinning, and this question remains an open problem. We surmise that
disentanglement and topological reordering of the polymer network will be observed; these
processes call for thorough examination.

Nevertheless, the obtained results allow predicting the stretched non-equilibrium confor-
mational state of a polymer matrix inside electrospun nanofibers, although partial relaxation
of this ordered microstructure can still occur after formation. Thus, the final state of the
internal microstructure of electrospun nanofibers remains non-equilibrium, affecting their
mechanical and thermodynamic properties. Note, however, that these unique properties
cannot be explained only by nano-object microstructure or by processing effects. In our
opinion, the formed microstructure sets a new internal scale within the nanofiber, and the

unique properties of polymer nanofibers can be related to confinement of such microstructure

1].
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Figures captions

Figure 1. SEM images of electrospun nanofibers fabricated from 10 wt% PCL (Mw 80
kDa) in DCM/DMF (75:25 wt%), in an electric field of 0.63 kV /cm [24]. (a) Heterogeneous
fibers fabricated at a flow rate of 20 ml/hr, and (b) homogeneous fibers fabricated at a flow
rate of 3 ml/hr.

Figure 2. (a) Hlustration of polymer network stretching in an electrospinning jet. (b)
Definition of an effective 1D system describing polymer network stretching in the axial
direction. (c¢) Definition of an effective 1D system describing polymer network contraction

in the radial direction.

Figure 3. Polymer network conformation. Relative radial contraction, £, /&y (solid line),
and relative axial stretching, & /alN;, (dashed and dot-dashed lines), vs. the relative axial
position, z/z,. The results were obtained by the simulation (dashed and solid lines) and

theoretical model (dot-dashed line). Parameters are: N; = 400, o = 1000, and 3 = 0.3.

Figure 4. Polymer network contraction. Relative jet radius, r;/rg (solid line); and poly-
mer network radius Rp/ro: dashed line — equation (22) and dot-dashed line — equation
(20), as a function of the axial position, z/zy. The inset displays radial contraction, &, /&,
obtained by simulations, as a function of the relative radial position, r/Rp, at three ax-
ial positions, z = 0 (solid line), z/zg = 2.5 (dashed line), and z/zy = 3.5 (dot-dashed).

Parameters are the same as in Figure 3.

Figure 5. (a) Schematics of electrospinning and fast in-process X-ray imaging. The
imaged region is circled. (b) Rectilinear section of the jet (5 mm length), consisting of
a sequence of 10 images. Electrospinning of a solution of 5 wt% PEO (Mw 600 kDa) in
water; electric field 0.6 kV/cm with gap of 6.5 cm, flow rate 3.2 ml/hr. (¢) Zooming on the
Taylor cone. The lines at z; = 0.02 mm and 2, = 0.5 mm indicate the cross-sections of the
absorption measurements across the electrospinning jet. Electrospinning of a solution of 3
wt% PEO (Mw 600 kDa) in water; electric field 1.6 kV/cm with gap of 6.5 cm, flow rate 2
ml/hr.

Figure 6. Typical absorption measurements across the electrospinning jet of a solution of

3 wt% PEO (Mw 600 kDa) in water at the two z positions indicated in Figure 5 ¢ (electric
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field 1.6 kV /cm, flow rate 2 ml/hr). The measured transmission, T¢,,, (thin solid line) and
its smoothing (thick solid line) compared to simulated transmission, Ty;,, (dashed line). The
inset displays calculated variations in X-ray absorption coefficient, A« (r, z) (dashed line),
and resulting variations in the local polymer mass concentration, Acp (r, z) (solid line). (a)

z=0.02 mm, r;(z) = 120 pum; and (b) z = 0.5 mm, 7, (z) = 22 pm.
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