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Role of Draw Rate and Molecular Weight when Electrospun
Nanofibers are Post-Drawn with Residual Solvent

Adriano A. Conte, Xiao Hu, and Vince Beachley*

The postdrawing process is poorly understood for polymer nanofibers due to
the difficulty of manipulating nanofiber structures. Here, an angled track
system facilitates postdrawing of individual nanofibers with control of
parameters including molecular weight, draw rate, draw ratio, and solvent
evaporation time. In this study, the effects of molecular weight, draw rate, and
relative residual solvent content on final nanofiber properties are investigated.
Molecular weight is first investigated to clarify any influence polymer chain
length can have on drawing in facilitating or hindering chain extensibility.
Polyacrylonitrile nanofibers with 50 and 150 kDa molecular weights behave
similarly with postdrawing resulting in reduced diameters and enhanced
mechanics. Since solvent quantity during drawing is a time sensitive
component it is meaningful to assess the impact of draw rate on the chemical
and structural makeup of postdrawn fibers. Chemical bond vibrations and
chain orientation are sensitive to draw rate when polycaprolactone nanofibers
are dried for 3 minutes prior to postdrawing, but this dependency to draw rate
is not observed when fibers are postdrawn immediately upon collection.
These findings demonstrate that the amount of retained solvent at collection
is relevant to this postprocessing approach, and highlights the dynamics of

solvent evaporation during postdrawing.

1. Introduction

Postdrawing is a common practice in conventional fiber manu-
facturing in which the effects of parameters such as draw rate,
draw ratio, and molecular weight on the postdrawing process
have been thoroughly investigated.['*) Previous studies have
shown that increased tie-molecules found in higher molecular
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weight polymers result in higher mechani-
cal strength materials, but these properties
may also prevent optimal postdrawing.[®8]
Literature describing conventionally spun
fibers has demonstrated that post-drawing
higher molecular weight polymers pro-
duces higher tensile strength!!% although,
more breakage tends to be present at higher
elongations for higher molecular weights.
A study of conventionally spun silk fibers
showed that a higher molecular weight also
resulted in a higher degree of crystallinity
while a lower molecular weight demon-
strated greater orientation factor.'!l In re-
sponse to these observations it is impor-
tant to investigate any role molecular weight
could play in the post-drawing of elec-
trospun fibers. Furthermore, since higher
molecular weight polymers will consist of
increased chain lengths and tie molecules,
these properties may help compliment the
drawing process, allowing for greater exten-
sibility of the chain segments.

In conventional microfiber spinning, the
parameter of draw rate is difficult to de-
couple from the parameter of draw ratio
wherein draw ratio has normally been a ratio between the up-
stream and downstream take up roller speeds. Disregarding
this common observation, it has been shown that high speed
spinning of greater than 3500 m min~' may induce crystalliza-
tion even within slowly crystalizing polymers such as PET.['2
However excessively high speeds have resulted in diminished
crystallinity with less crystallization time, reduced molecular
alignment, and poor mechanical properties of resultant fibers
produced.l] Experimental data has shown that there is an op-
timal draw rate and temperature in which drawing can occur
due to time/temperature superposition principles for conven-
tionally drawn fibers.['*15] Moreover, there was a calculated de-
pendence of maximum draw ratio on draw rate such that a partic-
ularly narrow window of draw rates will result in a peak achiev-
able draw ratio.l'®! Despite its importance, draw rate has yet to
be studied with respect to individually drawn nanofibers. Fur-
ther, since electrospun nanofibers contain residual solvent that
is rapidly evaporating, draw rate is a vital aspect of the post-
drawing process that is intrinsically tied to solvent content of
the polymer. Being that solvent content is a time dependent
attribute of electrospun fibers, this characteristic could possi-
bly be modulated to produce various fiber morphologies and al-
tered chemical structures through the means of controlling draw
rate.

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Carrying out such experiments on delicate polymer nanofibers
presents significant challenges, but individual nanofiber post-
drawing has recently been implemented in the electrospinning
technique by using an automated collection system with two
parallel facing, adjustable, and rotatable tracks.'”! Individual
nanofibers are elongated to several times their original length im-
mediately following collection and thousands of individual elec-
trospun nanofibers can be processed in minutes. In comparison
to conventional extrusion based microfiber processing, this sys-
tem is most similar to dry spinning.'® The original purpose of
this implement was to postdraw individual nanofibers prior to
complete solvent evaporation to facilitate postdrawing to higher
draw ratios, and prevent the occurrences of polymer chain re-
laxation in electrospun fibers after collection.['>?!l This added
post-drawing process has allowed for diameter reduction, en-
hancement of strength,['”-22] and enhancement of piezoelectric
output.[?*] However, the effects of key parameters such as draw
rate, molecular weight, and solvent content during electrospun
nanofiber postdrawing with automated tracks remains uninves-
tigated.

2. Experimental Section

2.1. Electrospinning

All experiments were performed at room temperature (7577 °C).
Polyacrylonitrile (PAN, Sarchem Labs) at molecular weights of
50 000 and 150 000 Da were dissolved in dimethylformamide
(DMF) at 18% w/v resulting in solutions with viscosities of 16738
+ 1017 and 20140 + 927 cP, respectively. Solutions were fed
through a 21-gauge blunt tipped needle at a feed rate of 0.8 mL
h=1, and electrospun using a voltage of 18 kV. Aligned nanofibers
were collected using the automated tracks collection system. Un-
der these conditions, PAN at various molecular weights was eas-
ily electrospun, but fibers had a tendency to peel off of the tracks
at very high draw rates. Samples were drawn to a draw ratio (final
length/initial length) of three (DR3) to allow for maximal draw-
ing while preventing fiber breakage and peeling. An optimal rela-
tive humidity of ~#35% was maintained within an environmental
chamber containing the automated track device to limit observed
PAN fiber peeling from the tracks.

For draw rate studies, electrospinning was performed using
18% w/v polycaprolactone (PCL, Sigma 80 000 M,) dissolved in
a 3 to 1 ratio of dichloromethane (DCM) and DMF. Solution was
fed by a syringe pump at a rate of 0.8 mL h~! through a 21-gauge
blunt tipped needle connected to a high voltage supply set to
6.5 kV. An optimal relative humidity of ~60% for electrospinning
PCL was maintained within an environmental chamber contain-
ing the automated track device. A needle height above the col-
lector was maintained at 9 cm. Under these conditions, PCL was
difficult to spin at different molecular weights, but fibers could be
drawn at high draw rates at up to a DR4 without observed break-
age or peeling.

2.2. Fiber Collection and Processing with Automated Tracks
An automated device for postdrawing individual fibers con-

sisted of an aluminum peg board where rollers could be at-
tached in multiple locations to drive custom chainmail track
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(wire-mesh.com, York, PA) configurations. Tracks were rotated
by Nema stepper motors. The standard configuration (Figure 1A)
had a 3.5 cm gap between the two tracks towards the top of
the device, and a 33 cm gap between the tracks at the bottom.
This configuration postdraws fibers immediately upon deposi-
tion when residual solvent content is maximal. Immediate post-
drawing with maximum solvent content will be referred to as
“wet.” Aligned electrospun nanofibers were collected across the
top gap with one end adhered to each track. As the tracks pulled
the fibers down they were postdrawn. An acrylic collection tray
was placed at an appropriate height between both tracks for the
collection of fibers at a draw ratio of DR3 (10.5 cm gap) or DR4
(14 cm gap). A programmable controller wired to the stepper mo-
tors was implemented for precise control of speed and ultimately
the draw rate occurring during postdrawing. The programmable
controller was set to a fixed low, medium, or high speed that re-
sulted in linear draw rates of 0.0417, 0.303, or 1.489 cm s~ for
draw rate assessments and 0.303 cm s! for all molecular weight
related studies. A second configuration (Delay — Figure 1B) was
used to postdraw nanofibers at a draw ratio of DR4 (14 cm gap)
after a time delay intended to allow for solvent evaporation. The
postdrawing after a drying delay will be referred to as “dry.” Elec-
trospun fibers were collected with the track in motion until they
had filled the undrawn/drying region (straight portion of tracks).
Then the tracks and the electrospinning process were stopped
for 3 min, to allow solvent evaporation, followed by restarting the
tracks at a fixed low, medium, or high speed that resulted in lin-
ear draw rates of 0.0764, 0.593, or 2.74 cm s™' to postdraw the
suspended nanofibers to a draw ratio of DR4 at three different
draw rates.

To evaluate fiber uniformity, samples were cut from the sides
and center line of the fiber collection tray for PCL samples post-
drawn with a draw rate of 0.0147 and 1.489 cm s~!. Samples
taken from the side were 0.5 cm from the tracks, while sam-
ples obtained from the center were within 1 cm of the centerline
of the sample. Six replicates were analyzed for all groups (n =
6). A control group of undrawn fibers of the same sample size
was produced by collecting fibers at the top of the tracks without
drawing them. Samples were adhered between plastic window
squares (inner dimension of 10 x 10 mm) and cut with a Silhou-
ette Cameo for further characterization.

2.3. Imaging

A Phenom XL Desktop scanning electron microscope (SEM) was
utilized to view gold sputter coated fiber morphology and quan-
tify fiber diameter at a magnification 10 000X. A magnification
of 1500 was set to observe the number of fibers per sample by
enumerating fibers within a 100-um orthogonal space of an im-
age, and multiplying that value by 100 for the 10 mm width of
the entire sample.

2.4. Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR was performed with a Thermo Nicolet Nexus 670 FTIR

system in transmission mode. A polarized filter was used to
record sample absorbance when the angle of the fiber axis was

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 1. A) Automated track system configuration for standard drawing of electrospun nanofibers to allow for maximal solvent content while stretching.
B) Delayed drawing configuration facilitates reduced solvent content during extension of electrospun nanofibers.

positioned parallel or perpendicular to polarized light. Omnic
software was used to quantify sample absorbance at different
peaks and polarization angles. The peak at 2240 cm™!, associated
with the triple bonded carbon and nitrogen group in PAN, was
used to calculate Herman’s orientation factor (fj where f = 1
means that polymer chains are perfectly aligned with respect to
the fiber axis, f= 0 is indicative of no orientation, and f= —0.5
indicates that polymer chains align perfectly perpendicular with
respect to the fiber axis.[**-2¢] For PCL samples the wavenumbers
examined were as follows: 2949, 2865, 1727, 1293, 1240, and
1170 cm™!. All peaks recorded were normalized to the wavenum-
ber 735 cm™! since it is a relatively consistent peak associated
with CH,. Relative crystallinity was computed as the ratio of the
crystalline peak 1293 cm™! divided by the amorphous peak at
1170 cm™'. Polarized FTIR was also performed to investigate
the macromolecular alignment of electrospun fibers for each
draw rate/solvent system. Dichroic ratio was used as a relative
measure of chain alignment for various bond vibrations that are
arranged parallel to the PCL molecular backbone.

2.5. Mechanical Testing

Tensile testing was performed on samples adhered to plastic
frames with inner dimensions of 10 X 10 mm using a Shimadzu
EZ-SX mechanical tester. The outer frames were cut after sample
fixation in the device, but prior to tensile testing so that the fibers
solely resisted the applied load. Samples were subjected to a con-
stant strain rate of 5 mm min~! until failure. Ultimate tensile
strength, Young’s modulus, ultimate tensile strain, and tough-
ness were all obtained from the recorded force and displacement
values. The sample cross-sectional area was estimated using the
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following formula: 7 /4 x (diameter)? X (total number of fibers).
Diameter and fiber count values were independently measured
with SEM using a matched sample taken from the same area
as the one that was mechanically tested. Six replicates were pro-
duced and analyzed for all groups (n = 6).

2.6. Statistical Analysis

Overall group statistical analysis was carried out using SPSS soft-
ware for all diameter, mechanical, and FTIR data through the use
of a Kruskall-Wallis—H test. Group to group statistical analysis
was performed using a Mann—-Whitney test on the same data.

3. Results and Discussion

3.1. Variable Molecular Weight

The diameter of 50 000 Da (50k) PAN nanofibers were 489 +
120 nm at the point of collection at the top of the tracks (DR1).
Fiber thinning during postdrawing to a draw ratio 3 (DR3) re-
sulted in a reduction of diameter to 397 + 59 nm (Figure 2). The
measured diameter of 150 000 Da (150k) PAN fibers was 575
+ 82 nm prior to drawing (DR1) and 444 + 92 nm after post-
drawing to DR3. Electrospun 50 and 150k PAN nanofibers had
similar diameters and experienced similar percent reductions
in diameter of 18.8% and 22.8%, respectively after postdrawing.
These similarities indicate that the solution properties remain
similar at the 50 and 150 k molecular weights. Previous reports
showed that ~89-98 and 125 kDa molecular weight polyvinyl al-
cohol nanofibers had similar fiber diameters when electrospun

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Effects of molecular weight on post-drawn PAN nanofiber diameter. (Top) SEM images of undrawn (DR1) and post-drawn (DR3) PAN fibers
from 50 and 150k molecular weight groups. (Bottom left) Average diameter of 50k groups compared to 150k groups. (Bottom right) Herman'’s orientation
factor for all groups. Histogram bars connected by lines have a p < 0.01 as determined by Mann-Whitney tests (n = 6). Scale bar = 8 um.

at matched solution concentration and voltage conditions, while
~146-186 kDa fibers spun in matched conditions consistently
resulted in much larger diameters.!?”] Nanofibers with similar
diameters were successfully spun from molecular number (M,)
30-230 kDa PAN copolymer by adjusting the solutions’ concen-
trations to match their viscosities.?*]

The macromolecular alignment, assessed by polarized FTIR
and calculated as Herman’s orientation factor, of all PAN
nanofibers indicated a strong perpendicular chain alignment that
may be indicative of organized lamellar structures with crys-
talline domains oriented parallel to the fiber axis and folded poly-
mer chains within these structures running in the direction per-
pendicular to the fiber axis (Figure 2). Several studies have ob-
served that orthogonally oriented chain structures with respect to
the fiber axis are representative of folded lamellar chain confor-
mations produced within the crystalline state of a polymer.[26:29-3]
Postdrawing resulted in a small increase in orientation factor
from —0.51 to —0.44 for 50k samples and —0.52 to —0.48 for
150k samples that may indicate some unfolding of perpendicular
aligned chains.?*l The molecular weight difference did not have
a significant effect on electrospinning or postdrawing induced
molecular reorientation.

The mechanical properties of PAN nanofibers are shown
in Figure 3. For both molecular weights the ultimate tensile
strength (UTS), Young’s modulus (YM), and toughness in-
creased with postdrawing, while the ultimate tensile strain de-
creased. The lower molecular weight nanofibers had a slightly
higher as spun UTS, and both the 50 and 150k postdrawn groups
had similar percent gains in UTS of 81% and 88%, respectively.
In contrast, as spun fibers of both molecular weights had equiva-
lent YM, but the 50k group demonstrated a greater percent in-
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crease in YM (123%) with postdrawing compared to the 150k
group (74%). An increase in UTS as a result of postdrawing is a
common response which is a possible result of the reduction in
fiber diameter.[231-33] Diameter thinning leads to an induced con-
finement of the material wherein pits, cracks, and overall defects
of the material are reduced, and a denser cross section is yielded,
which leads to greater strength.?>3*#01 The most significant dif-
ference (p = 0.024) between the 50 and 150k PAN nanofiber sam-
ples was the ultimate tensile strain that was enhanced in the more
extensible postdrawn high molecular weight group (0.22) versus
the postdrawn low molecular weight group (0.15). This is likely a
result of the longer more stable polymer chains inherent to a rela-
tively higher molecular weight which may be drawn further. The
similarities in mechanical properties for the 50 and 150k groups
are consistent with findings in the literature. Young’s modulus,
tensile strength, and orientation function of drawn nylon-6 films
remained similar irrespective of altering molecular weight from
74 to 440k.[*'l PAN microfibers showed little change in orien-
tation (75-76%), tensile strength (3.53-3.48 g d7!), and elonga-
tion (23.4-21.2) in a molecular weight range of 165-253k.[*?] Elec-
trospun co-polyacrylonitriles (co-PAN) demonstrated similar ul-
timate tensile strength (90-105 MPa) for fibers with molecular
weights ranging from 30 to 110k.[28]

The added sensitivity of electrospinning long (centimeter
length scale) polymer nanofibers across a parallel track system
limits the working range of molecule weights. The limited vari-
ation in morphological, macromolecular, and mechanical prop-
erties may indicate that the effects of molecular weight on these
properties within these working ranges may be incremental, and
warrant selecting a molecular weight based on other factors such
as availability, cost, and spin-ability.

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 3. Effects of molecular weight on postdrawn PAN nanofiber mechanics. (Top left) Ultimate tensile strength for undrawn and drawn molecular
weight groups. (Top right) Young’s modulus values for all molecular weight groups. (Bottom left) Toughness for all drawn and molecular weight groups.
(Bottom right) Ultimate tensile strain for all drawn and molecular weight groups observed. Histogram bars connected by lines have a p < 0.05 as
determined by Mann-Whitney tests (n = 6).
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Figure 4. Influence of draw rate on post-drawn PCL diameter and uniformity. (Top left) Representative SEM images of all draw rate groups in addition
to undrawn. (Top right) Representative SEM images of side and middle fiber collections at the low and high draw rate. (Bottom left) Fiber diameter for
all draw rate groups including undrawn at both wet and dry-drawn collections. (Bottom right) Diameters of fibers obtained from the side and center of
collections at low and high draw rates. Histogram bars connected by lines have a p < 0.05 as determined by Mann—Whitney tests (n = 6). Scale bars =

8 um.

3.2. Variable Draw Rate and Solvent Content

The diameters of polycaprolactone (PCL) nanofibers before and
after postdrawing at low, medium, and high draw rates with and
without a solvent drying delay are shown in Figure 4. The initial
fiber diameter (833 + 219 nm) decreased substantially with draw-
ing to DR4 under all conditions. Fibers drawn after a 3 min delay,
to allow solvent evaporation prior to postdrawing, had similar av-
erage fiber diameters in a range of 458-510 nm for draw rates
over three orders of magnitude (0.0764, 0.593, and 2.74 cm s71).
The diameter of fibers drawn immediately upon collection were
significantly sensitive to draw rate (p = 0.025) with average diam-

Macromol. Mater. Eng. 2022, 2200475 2200475 (5 of 8)

eter increasing from 370 to 650 nm as draw rate increased over
the same three orders of magnitude (0.0417, 0.303, 1.49 cm s7').
The complexity of the system offers several possible reasons for
the sensitivity of diameter to draw rate in the standard “wet” con-
figuration: (1) Necking may occur differently at different levels of
solvency resulting in different center fiber diameter (measured
above the center of the fiber); (2) Collection at high speeds may
have caused the large degree of variability in fiber diameter ob-
served for the wet-high draw rate group since the residual charge
on fibers previously deposited across the gap alters the electri-
cal field and thus the stretching forces experienced by the fibers
during electrospinning; (3) Fiber density changes due to porosity

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. FTIR analysis of relative crystallinity: A) Representative FTIR spectra normalized to 1170 cm~' peak height. B) Average normalized 1293 cm™'

peak height (n = 6). C) Average normalized 1170 cm™

T peak height (n = 6). D) Ratio of 1293 cm™!

peak height divided by 1170 cm™" peak height as an

indicator of total crystallinity, where larger values indicate higher relative crystalline content. Connected lines indicate p < 0.05. Absorbance in (B),(C) is

normalized to the peak height at 735 cm™!

formation or variations in macromolecular structures that occur
during curing as they are dependent on solvent content at various
stages of drawing and transfer to the collection rack. However,
since the volume of a 650 nm fiber is three times the volume
of a 370 nm fiber and no pores were observed in SEM images,
we hypothesize that it is unlikely that fiber density changes are
wholly responsible for the observed dependency of fiber diame-
ter on draw rate. Fiber uniformity experiments were performed
to assess whether variations in necking geometries could be caus-
inglocal diameter variation observed above. The uniformity study
performed for samples processed in the standard configuration
(Figure 1A, “wet” blue — Figure 4 bottom right) yielded results
wherein the terminal ends of fibers produced at a low draw rate
were 524 + 443 nm while fiber diameters at the center of collec-
tion for the same draw rate were 370 + 147 nm. For high draw
rate collections fibers were recorded to be 918 + 775 and 650 +
432 nm for diameters observed at the side and center of deposi-
tion, respectively. The end versus center difference in diameter
for low and high draw rate wet drawn fibers were both 29%, indi-
cating that necking was observed with a similar taper in diameter
for both draw rates, and is likely not the cause of diameter depen-
dency on draw rate for “wet” drawn fibers. Thus, we hypothesize
that the variable fiber deposition, and thus charge density, in the
collecting area that is inherently coupled with collecting at a high
draw rate is likely causing the diameter dependence. This hypoth-
esis underscores the challenges of characterizing a system where
fiber solvent content, applied electrical forces, and draw rate can-
not be decoupled.

FTIR results indicated numerous changes to the chemical
bond structure of PCL associated with postdrawing and sensi-
tivity to draw rate (Figure 5; Figure S1, Supporting Informa-
tion). The peaks at 1170 cm™ (CO and CC stretching),[**] 1240
cm™! (asymmetric COC stretching), 1293 cm™! (CO and CC
stretching),[** 2865 cm™! (symmetric CH, stretching), and 2949
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cm™! (asymmetric CH, stretching) all had significant differ-
ences (p < 0.05) in normalized absorption for postdrawn PCL
nanofibers versus undrawn control and sensitivity to draw rate,
which was especially prominent for “dry” groups drawn after a
3 min delay. The ratio of the peaks at 1293 and 1170 cm™! were
calculated for all samples as a relative indication of percent crys-
tallinity of the samples (Figure 5D).[*’] Results indicate that draw-
ing generally results in lower crystallinity versus undrawn con-
trols, but a systematic dependency of crystallinity versus draw
rate or solvent content was not apparent.

Polarized FTIR was utilized to evaluate the chain backbone
alignment between PCL nanofibers postdrawn under different
conditions (Figure 6; Figure S1E, Supporting Information). The
CO and CC bonds in the PCL molecular backbone have pre-
viously been associated with two different peaks depending on
whether the molecule is in the amorphous (1170 cm™) or crys-
talline phase (1293 cm™). Thus, the relative alignment of these
two peaks in the direction of the fiber axis, quantified as dichroic
ratio, is an indicator of the overall chain alignment in the amor-
phous and crystalline regions. Dichroic ratio was four times
lower for the amorphous wavenumber versus the crystalline
wavenumber in undrawn fibers. The alignment of the amor-
phous wavenumber was minimally affected by postdrawing for
all rates and solvent contents. However, the crystalline wavenum-
ber showed a significant drop (p < 0.05) in dichroic ratio for
postdrawn versus undrawn fibers, and this value decreased fur-
ther for “dry” drawn samples as the draw rate was increased.
Greater internal stress is likely for the high draw rate fibers ver-
sus low draw rate fibers, which could be resulting in an increased
disruption in the crystal alignment of the polymer chains.[*¢!
Overall, these results indicate that electrospinning across parallel
tracks induces a high degree of polymer chain orientation with re-
spect to the fiber axis, especially in the crystalline portions of the
nanofiber. Postdrawing appears to either disrupt the process of

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85US0 |7 SUOWWOD BAFe81D) 8|qedl|dde au Aq peusenob ke ik VO ‘SN 0 S8|nJ 10} ArIg1TaUIIUO AB]IM UO (SUOTHPUOD-PUE-SWLBH LD A8 | 1M AReq | BU1|UO//SARY) SUORIPUOD pUe WS | 8U188S *[2202/2T/T0] Uo AriqiT8ulluO A8|IM ‘G/#002202 SURL/Z00T OT/I0p/Wod A8 M ARIq 1 Ul uo//Sdny Wwo.y pepeojumod ‘0 ‘vS0Z6ErT



ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Materials ana Engineering

www.advancedsciencenews.com

www.mame-journal.de

A Wet High Draw

I «—1293cmA-1 41240 cmA-1

L

Undrawn

M
Wet Low Draw

I
M
Dry High Draw

I

Dry Low Draw
I
M

v

1300 1280 1260 1240 1220 1200 1180
Wavenumbers (cm-1)

B Dichroic Ratio of CO and CC stretching in the amorphous
1170 cmA-1
phase at 1170 cmA-1
o 20
© 15 |
o« ; |
L10 L z
1 | 4
£
S | Dn
&0 v
0 low moderate high
Draw Rate (cm/s)
C Dichroic Ratio for CO and CC stretching in the crystalline
hase at 1293 cm/-1
o 80
T 60 ‘
S 40
o
£ I I —— Tl mwe
< - 7 !
S 1 mD
- H Em H. =
5 0 low moderate high
Draw Rate (cm/s)

Figure 6. FTIR analysis of macromolecular alignment: A) Representative FTIR spectra taken of parallel (//) and perpendicular (L) polarized light with
respect to the fiber axis. Spectra are normalized to the peak height at 1170 cm~" B) Average dichroic ratio at 1170 cm™' (n = 6) serves as a relative
representation of chain alignment in the amorphous regions. C) Average dichroic ratio at 1293 cm™' (n = 6) serves as a relative representation of chain

alignment in the crystalline regions.

crystallization occurring after initial collection in undrawn fibers
or disorder crystals formed during electrospinning, and during
the 3 min curing period (for “dry” groups). It is important to note
that the crystal alignment is not always in the same orientation as
the chain alignment, for example if folded chains are packed into
lamellar structures, the chain alignment would be orthogonal to
crystal alignment in contrast to straight chain crystals. The dif-
ference in the crystalline wavenumber alignment between “wet”
and “dry” drawn samples leads us to hypothesize that enough
residual solvent remains in the fibers immediately after elec-
trospinning to significantly affect the resultant structure of pro-
cessed nanofibers. A three minute drying time allows sufficient
solvent evaporation to alter the postdrawing process/structure re-
lationship, so we expect that significant curing occurs within that
time period. The greater reduction in crystalline wavenumber
dichroic ratio for “dry” drawn fibers with increasing draw rate
demonstrates the importance of the capability to postdraw elec-
trospun nanofibers immediately upon collection when solvent
content is high. Notably, the automated track system possesses
the capability to incorporate a drying step of any length of time
into a continuous system by increasing/decreasing the fixed track
gap portion of the device.

4, Conclusion

This study demonstrated that electrospun polymer nanofibers
could be post-drawn with an automated track collector at a range
of draw rates, and at different molecular weights with limited
changes to the macromolecular orientation and mechanical prop-
erties. This indicates the flexibility of this manufacturing pro-
cess, however, the challenges of modifying these parameters, are
reflected in somewhat limited operating ranges and difficulties
with fibers peeling off of the tracks for some parameter/polymer
combinations. It is clear that postdrawing enhances mechanical
properties overall, but observed molecular weight dependencies
on tensile strength were limited. Previously mentioned reports
on molecular weight dependencies on tensile strength for a sim-
ilar system were conflicting, but several are in agreement with the
observed results. In addition, electrospinning collection occurred
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on a centimeter scale across parallel tracks, which could limit
the processing range of usable molecular weight polymers that
could lead to property enhancement. Although ultimate tensile
strain was enhanced with increased molecular weight it is possi-
ble that the net overall effects of drawing heavier polymer chains
could work to resist the alignment of these segments and im-
pede more substantial mechanical strengthening. With respect
to the parameter of draw rate, it has been shown that the high
speed spinning of conventional fibers led to an inducement of
crystallization,!"?] while another study demonstrated high speed
spinning can reduce crystallinity, crystallization time, and molec-
ular alignment.[3] A reduction in molecular alignment with dry
drawn fibers at increasing draw rates was present in the crys-
talline phase of CO and CC of the polymer in the current study
which is consistent with the aforementioned findings. The im-
portance of residual solvent content at the time of postdrawing, as
a result of modulating draw rate, was highlighted by differences
in macromolecular arrangement in nanofibers that were post-
drawn immediately upon collection versus those given a short
drying period for solvent evaporation. The role of residual sol-
vent as well as draw rate in postdrawing indicates the value of
the unique capability of automated tracks to postdraw individ-
ual nanofibers immediately upon deposition from an electrospin-
ning jet.
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