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Abstract

Electrospun fibrous mats were formed from linear and highly branched poly(urethane urea)s. The highly branched poly(urethane urea)s
were synthesized using an A, +B; methodology, where the A, species is an oligomeric soft segment. Since the molecular weight of the A,
oligomer is above the entanglement molecular weight, the highly branched polymers formed electrospun fibers unlike typical hyperbranched
polymers that do not entangle. Stress—strain experiments revealed superior elongation for the electrospun fibrous mats. In particular, the
highly branched fiber mats did not fail at 1300% elongation, making the electrospun mats promising for potential applications where

enhanced tear strength resistance is required.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethanes are used in a large number of commercial
applications, including fiber production, coatings and
adhesives [1]. The synthesis of segmented polyurethanes
with alternating hard and soft segments, typically result in a
microphase separated morphology, which displays highly
elastomeric behavior that is suitable for elastomeric fiber
applications [2]. In general, the hard segments form
crystalline regions due to strong hydrogen bond associations
between the urea or urethane groups, while the soft
segments form the continuous phase and remain amorphous
[3]. Recently, significant research attention has illustrated
the importance of hydrogen bonding and percolation
through the hard phase on the performance of polyurethanes
in foam and elastomer applications [4-7]. For example,
structure—property relationships of well-defined polydi-
methylsiloxane (PDMS) based segmented copolymers
displayed the influence of hydrogen bonding in the hard
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segment on the thermal and mechanical properties of the
copolymers [8,9]. In particular, a linear relationship
between the hard segment content and tensile strength was
developed for the segmented copolymers. Silicone—urea
copolymers with a very high urea hard segment content
(42 wt%), are achievable using isopropyl alcohol (IPA) as
the polymerization solvent, and tensile strengths greater
than 20 MPa were observed [10]. The synthesis of
segmented poly(ether urea)s in IPA was recently investi-
gated using in situ FTIR spectroscopy in our laboratories
[11]. Since segmented linear poly(urethane urea) copoly-
mers display high tensile strength and elastomeric behavior,
many researchers have utilized electrospinning as a means
to form sub-micron fibers of linear segmented poly(urethane
urea)s [12-14].

Electrospinning occurs when a charged polymer solution
or melt that possesses chain entanglements emits a fluid jet
in the presence of an electric field [15]. The jet undergoes a
fluid instability, which causes a whip-like motion of the jet,
thereby greatly increasing the path-length and degree of
stretching that the filament undergoes before collection on a
target [16]. The resulting electrospun nonwoven fiber mats
possesses a high specific surface area, high porosity, and
small pore size, which lend themselves to a wide range of
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Table 1
Description of linear and highly branched poly(urethane urea)s

Polymer architec- Hard segment Soft segment M, M,, (g/mol)* MM, Solution concen- Electrospinning
ture composition (wt%)  (g/mol) tration (wt%)" solvent (wt:wt)®
Linear 35 2000 42,000 1.56 10.0 1:4 THF:IPA
Highly branched 30 2000 91,900 5.78 10.8 1:2 THF:IPA

* SEC solvent: tetrahydrofuran for linear polymer and hexafluoroisopropanol for highly branched polymer.
® Electrospinning conditions: 20 kV, 10 ml/h, 20 cm distance from syringe to collector.

applications including filtration devices, membranes, vas-
cular grafts, protective clothing, reactive templates, and
tissue scaffolds [17-19]. Previous tensile analyses of
electrospun polyurethane fibers showed distinctly different
mechanical properties compared to a film [12]. In particular,
the fibers showed a lower elongation and a higher stress at
equivalent elongation compared to the polyurethane film.
Recently, simultaneous electrospinning of poly(vinyl chlor-
ide) and segmented polyurethane solutions in a side-by-side
set-up, yielded bicomponent submicron fibers that pos-
sessed properties of each of the polymer components [20].

Previously, our laboratories have electrospun both linear
and randomly branched polyesters, and developed relation-
ships between fiber morphology and the entanglement
concentration (C.) [21]. Fibers formed from a branched
polymer exhibit advantages over fibers formed from linear
analogs. Branching allows (1) control of chain end
concentration for tailored functionalization, (2) controlled
degradation for specific drug delivery profiles, and (3)
reduced viscosity for potential melt processing of nanofi-
bers. To date, a comparison of the mechanical behavior of
linear and branched poly(urethane urea) electrospun fibers
has not received attention. Earlier, the synthesis of novel
poly(alkyl methacrylates) with pendant quadruple hydrogen
bonding groups that associated in nonpolar environments
was investigated in our laboratories, and the influence of
strong hydrogen bonding on electrospun fiber formation was
elucidated [22,23]. Herein, the electrospinning performance
and mechanical properties of linear and well-defined highly
branched segmented poly(urethane urea)s are discussed.
The synthesis of branched and functional polymers that
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a) Linear poly(urethane urea)

were synthesized via step-growth methodologies has
received much attention in our laboratories [24-27].

2. Results and discussion

The highly branched poly(urethane urea)s were syn-
thesized using an A,-+Bj; methodology, where the A,
species is an oligomeric soft segment, described elsewhere
[28]. If the molecular weight of the A, oligomer is above the
entanglement molecular weight (M,), these highly branched
polymers form electrospun fibers unlike typical hyper-
branched polymers that do not entangle. Table 1 summar-
izes the hard segment composition, soft segment molecular
weight, the weight average molecular weights, and the
electrospinning conditions for the linear and highly
branched poly(urethane urea)s. The soft segments of both
copolymers consisted of 2000 g/mol poly(tetramethylene
oxide) (PTMO), while the hard segment composition was 30
and 35 wt% for the highly branched and linear copolymer,
respectively. Absolute molecular weight determination was
performed with a triple detector size exclusion chromatog-
raphy (SEC) column. Due to differences in their solubilities,
the linear (M,,=42,000 g/mol, M/M,,=1.56) and branched
(My=91,900 g/mol, M/M,=5.78) poly(urethane urea)s
were, respectively, dissolved in tetrahydrofuran and hexa-
fluoroisopropanol for the SEC measurements. Electrospin-
ning conditions were constant at 20 kV, 10 ml/h volumetric
flow rate, and 20 cm from the syringe needle to the
collecting target. Nonwoven fiber mats (approximately
10X 10 cm?) were collected for the linear and highly
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b) Highly branched poly(urethane urea)

Fig. 1. FESEM images of electrospun poly(urethane urea) fibers. The electrospinning conditions were 20 kV, 10 ml/h, and 20 cm distance from the syringe tip

to the collector.
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Fig. 2. Shear rate dependence of viscosity for linear and highly branched poly(urethane urea) segmented copolymers. Both copolymers showed Newtonian

behavior over the range of shear rates investigated.

branched polymers with average fiber diameters of 5.5+ 1.8
and 4.0+ 1.5 um, respectively. Field emission scanning
electron microscopy (FESEM) images of the fibers are
shown in Fig. 1. Both linear and highly branched segmented
copolymers formed uniform electrospun fibers without bead
defects, suggesting the polymer concentrations shown in
Table 1 are above 2C., where C. is a function of chain
length, molecular topology, and intermolecular interactions
[21]. The solutions of linear and highly branched poly
(urethane urea)s displayed significantly different zero shear
rate viscosities (1), where the 7 for the linear solution was
420 cP and the 719 of the highly branched solution was
160 cP. Fig. 2 shows that over the shear rate range studied,

40

the segmented copolymers displayed Newtonian behavior.
Despite having a higher absolute M,,, the highly branched
polymer displayed a lower 71, compared to the linear chain
due to its reduced hydrodynamic volume.

Stress—strain experiments were performed using dog
bone samples cut from a die as specified in ASTM D3368,
and the tensile testing was performed on a 5500R Instron®
universal testing machine at a crosshead displacement rate
of 15 mm/min. Reported tensile values were obtained from
an average of five dog bone samples cut from each
electrospun mat to ensure there was no heterogeneity in
thickness within the nonwoven mat. Fig. 3 compares the
stress—strain behavior of linear and highly branched
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Fig. 3. Stress—strain results for linear and highly branched segmented poly(urethane urea)s. Comparison of the tensile performance of electrospun fiber
membranes to a poly(urethane urea) film. Failure at break is denoted by the X, and the highly branched fibrous mat did not break at 1300% elongation.
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Table 2

Stress—strain summary for the poly(urethane urea) electrospun fiber mats and film

Strain at break (%)

Stress at break (MPa) Permanent set (%)

Material Young’s modulus (MPa)

Linear film 17+1 830+61
Linear fiber mat 37+£04 9704100
Highly branched fiber mat 1.3+0.3 >1300%

38+9 Failed
10+1 Failed
N/A 2147

N/A, sample did not break, stress at 1300% elongation (4.5 0.5 MPa).

poly(urethane urea) electrospun fiber mats to a film prepared
from the linear poly(urethane urea). Since, the nonwoven
fiber mats were not continuous and contained a high degree
of sub-micron porosity [29], the apparent stress was
evaluated by employing the equivalent thickness (f.q) of
the electrospun mat. The f.q is defined as,

teq = (1)

where m, p, and A corresponds to the dog bone specimen
mass, density, and the area of the die, respectively. Fig. 3
shows that both the linear and highly branched electrospun
fiber mats exhibited higher elongation before break than the
corresponding linear poly(urethane urea) film. The linear
film failed at 830% elongation, while the linear electrospun
fibers failed at 970% elongation, although these values are
nearly within the standard deviation of the measurement.
However, the highly branched fibrous mat did not fail at
1300% elongation. The higher elongation at break for the
highly branched compared to the linear membrane may be a
result of different electrospinning solvents. Khil et al.
reported a higher concentration of point-bonded contacts
between fibers with increasing solvent volatility [30]. Since
the highly branched poly(urethane urea) was electrospun
from a THF rich solvent compared to the linear, the
significantly larger elongation at break may be attributed to
a higher concentration of point-bonded contacts between
individual fibers.

The improved elongation behavior of the electrospun
fibers compared to the poly(urethane urea) film is attributed
to increased tear resistance of the fiber mats compared to the
neat poly(urethane urea) film at high elongation [31].
Unlike, the poly(urethane urea) film, which exhibited
relatively poor resistance to tear, the interconnected,
network structure of the electrospun fibers hindered tear
propagation, which resulted in higher elongations prior to
break. In fact, the oscillations in the stress—strain curve for
the linear fibrous mat, which occurred at approximately
1000% strain, were a result of the interconnected fibers
preventing tear propagation. Table 2 shows a summary of
the stress—strain results for the segmented copolymer fiber
mats and film. The Young’s modulus for the linear and
highly branched fiber mat was 1 to 4 MPa, which was
significantly lower than the bulk film (17 MPa) due to the
discontinuous, microporous nature of the nonwoven fibers.
As mentioned previously, the linear and highly branched
fibrous mats displayed enhanced elongation behavior

compared to the film. After 1300% elongation, the highly
branched fiber mat exhibited only minor permanent set
(21%), indicating the nonwoven fibers formed a highly
elastic interconnected network structure.

In conclusion, electrospun membranes were formed from
linear and highly branched poly(urethane urea)s. Although
much work has focused on using branched polymers for
conventional spinning processes [32,33], this is the first
example of the formation of elastic electrospun fibers from a
highly branched polymer architecture. Stress—strain exper-
iments revealed a lower modulus and higher elongation for
the electrospun fibrous mats compared to the corresponding
film. Moreover, the highly branched fibers did not fail at
1300% elongation, which enables potential applications
where enhanced tear strength resistance is required.
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