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The role of solvent evaporation on the crystalline state of electrospun Nylon 6 fibers was examined by
electrospinning into a closed chamber filled with different concentrations of solvent vapor. It was found
that the thermodynamically stable a form became increasingly dominant in Nylon 6 fibers electrospun
out of both 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and formic acid as the vapor phase solvent
concentration increased. It is believed that the formation of the metastable g form is due in part to the
fast solvent evaporation kinetics associated with the electrospinning process. By varying the vapor phase
concentration and thus the rate of solvent evaporation during electrospinning, we were able to vary the
resulting crystal structure of the electrospun Nylon 6, as shown by XRD, Raman and FTIR.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nylon 6 is known to exist in two well characterized crystal
forms. The structure of the a form consists of adjacent polymer
chains oriented in opposite directions relative to each other (anti-
parallel) [1], thereby maximizing hydrogen bonding interactions. It
is the more thermodynamically stable of the two crystal forms due
to the optimized hydrogen bonding interactions in this structure.
The g form consists of adjacent Nylon 6 chains oriented parallel to
each other, resulting in less efficient hydrogen bonding and thus
a less thermodynamically favorable (metastable) crystalline form. It
was additionally found [2,3] that the a form could be transformed
to the g form upon soaking the a form with an aqueous KI/I2
solution, followed by rinsing with an aqueous Na2S2O3 solution.

Electrospinning, an electrostatically driven polymer processing
method that can produce polymer fibers with diameters ranging
from nanometers to microns, has been extensively employed to
produce non-woven fibrous mats of both synthetic and naturally
occurring polymers [4,5]. Nylon 6 [6e8] and Nylon 6 composites
[9,10] have been processed via this method. The key finding from
these studies is that while the melt processed polymer [7,10] and
films cast from the solutions used to electrospin [8] exhibited the
a form, electrospinning resulted in the metastable g form [6e8,10].
Electrospun fibers of other polymorphic polymers such as spider
silk [11] and poly(1-butene) [12] show similar polymorphic
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behavior. The proposed mechanism for this molecular trans-
formation has centered on the interaction of the applied electric
field with polar groups in the polymer [11,13], but with no detailed
supporting evidence. The electric fields typically employed in
electrospinning [5] are only on the order of 1 kV/cm, which is too
weak to induce molecular alignment [14]. We propose that the
polymorphic behavior stems in part from a balance between the
rates of crystallization and solvent evaporation. In this scheme, an
evaporation rate faster than the crystallization rate of the ther-
modynamically stable a form would help induce the metastable
g form, whereas slower evaporation rates would result in the
a form. Nylon 6 was electrospun in an environmental chamber
filled with varying amounts of solvent vapor to control the evap-
oration rate. Field emission scanning electron microscopy
(FE-SEM), wide angle X-ray scattering (WAXS), Raman spectros-
copy, and Fourier transform infrared (FTIR) spectroscopy were
employed to examine the electrospun materials in this study.

2. Experimental

HFIP (Sigma Aldrich) and formic acid (98þ%, pure, Acros
Organics) were used as received. Nylon 6 (Sigma Aldrich,
MW¼ 10,000 Da) was heated to 110 �C (well above its Tg of 62.5 �C)
for 2.5 h to remove excess residual moisture. 18% (w/w) Nylon 6
solutions in formic acid and6% (w/w)Nylon 6 solutions inHFIPwere
prepared and stirred for at least 18 h prior to use. These concen-
trations were optimized for the reproducible production of smooth,
uniform fiber morphologies [15]. A 25.40 � 27.31 � 30.48 cm
glass box (GlassCages.com, LLC) was used as the environmental
chamber. Prior to electrospinning, a specific amount of solvent was
dispensed into a glass beaker inside the environmental chamber.
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A heating cartridge placed in the beaker and a fan placed above the
beaker were used to evaporate the solvent and distribute it
throughout the chamber. After all of the solvent was visibly evap-
orated, 5 min were allowed to elapse before electrospinning was
initiated.

For all electrospinning experiments, a þ12 kV potential was
applied to the needle and a �4 kV potential was applied to the
collector. Solutions were electrospun from a syringe attached to
a 21 gauge needle (Small Parts, Inc.) with a working distance of
10 cm. The temperature and relative humidity (RH) ranged from
20 �C to 22 �C and 14%e55%, respectively, during the course of the
experiments. For comparison purposes, films were cast from the
solutions used to electrospin, and some of these were subsequently
treated with an aqueous KI/I2 solution, followed by rinsing with an
aqueous Na2S2O3 solution [2,16] to induce formation of the g form.

Images of the electrospun Nylon 6 were acquired with a JEOL
JSM-7400 Field Emission Scanning Electron Microscope using
a 2 kV electron beam operating at 10 mA. FTIR spectrawere obtained
using a Thermo Nicolet Nexus 670 FTIR spectrometer operating in
transmission mode (4000 cm�1 to 650 cm�1 spectral range, 4 cm�1

resolution, 128 scans). Raman spectra were acquired using a Kai-
ser Optical Systems, Inc. (Ann Arbor, Michigan) Holospec VPT
System and an Invictus diode laser with 785 nm excitation. For all
Raman spectra, background spectra from the probehead were
subtracted out and the resultant spectra were corrected for
instrument response. Wide angle X-ray scattering profiles were
acquired on a Rigaku D-Max B diffractometer using CuKa X-rays
(l ¼ 1.54 Å) over the range of 5� � 2q � 50� with a 0.05� step size
and a 4 s dwell time.

3. Results

Nylon 6/HFIP solutions were electrospun inside the environ-
mental chamber with HFIP vapor phase concentrations ranging
from 0 to 284 g/m3. In addition, a control sample of the same
solution was electrospun outside of the environmental chamber
under ambient conditions. FE-SEM images of these materials are
Fig. 1. FE-SEM images of Nylon 6 electrospun (a) without the environmental chamber, and
The scale bar for all three images is 1 mm.
shown in Fig. 1. For Nylon 6 electrospun outside of the environ-
mental chamber, the fibers appear well-defined with diameters of
roughly a few hundred nanometers. The same morphology is
observed for the materials electrospun inside the chamber with
no added solvent and with an HFIP concentration of 35 g/m3 (not
shown). As the concentration of HFIP is increased to 71 g/m3,
a slightly fused morphology is noticeable (not shown), and
becomes even more apparent at a concentration of 106 g/m3.
Increasing the concentration of evaporated HFIP to 142 or
213 g/m3 in the chamber results in a highly fused morphology,
with few distinct fibers being observed. This trend in morphology
can be understood by considering that it becomes increasingly
difficult for the electrospun material to completely dry before it
hits the collector as the atmosphere becomes more concentrated
with solvent. Attempts to electrospin this solution at an
HFIP concentration of 284 g/m3 resulted in a morphology similar
to that achieved via electrospraying, further validating this
hypothesis.

An analysis of thesematerials on themolecular level shows even
more dramatic changes as the amount of evaporated solvent inside
the environmental chamber is increased. Fig. 2 shows the X-ray
profiles of Nylon 6 electrospun with different concentrations of
HFIP in the chamber. In addition, the profiles acquired from
a solvent cast film with and without KI/I2 treatment are shown for
comparison. It is well established that solvent cast films of Nylon 6
consist primarily of the a form [8], and the KI/I2 treated film
consists mainly of the g form [2,3,7]. Observing the profiles in Fig. 2,
it is apparent that, as the amount of evaporated solvent inside the
chamber increases, the crystal structure of Nylon 6 gradually
transforms from g to a, as seen in the strong (200)g reflection at
2q ¼ 21.5� splitting into the (200)a and (002)a/(202)a reflections at
2q ¼ 20.4� and 24.1�, respectively [6,8]. The lack of the (020)g
reflection at 2q ¼ 10.8� in the profiles in which the (200)g splitting
occurs further validates this observation. However, the lack of this
reflection even in the profiles of electrospun material possessing
the unsplit (200)g reflection has been observed in earlier studies
[17e19] of Nylon 6 films, but with no clear explanation.
at HFIP vapor phase concentrations in the chamber of (b) 106 g/m3 and (c) 213 g/m3.



Fig. 2. X-ray profiles of Nylon 6 processed from HFIP: (a) KI/I2 treated cast film; fibers
electrospun (b) without the environmental chamber and with varying concentrations
of evaporated HFIP: (c) 0 g/m3, (d) 35 g/m3, (e) 71 g/m3, (f) 106 g/m3, (g) 123 g/m3,
(h) 142 g/m3, (i) 213 g/m3; and (j) a solvent cast film.

Fig. 4. FTIR spectra of Nylon 6 processed from HFIP: (a) KI/I2 treated cast film; fibers
electrospun (b) without the environmental chamber and with varying concentrations
of evaporated HFIP: (c) 0 g/m3, (d) 35 g/m3, (e) 71 g/m3, (f) 106 g/m3, (g) 123 g/m3,
(h) 142 g/m3, (i) 213 g/m3; and (j) a solvent cast film.
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Vibrational spectroscopy, which is sensitive to the molecular
conformation of polymers [20,21], also shows similar trends to
those of the X-ray profiles. Fig. 3 shows the Raman spectra of Nylon
6 electrospun fibers with different concentrations of HFIP in the
chamber, in addition to the a and g form cast films. As the amount
of evaporated solvent increases, the CeC stretching bands at
1060 cm�1 and 1127 cm�1, indicative of the trans planar CC
conformation found in the a form, gradually increase in intensity
relative to the 1076 cm�1 band, indicative of the gauche CC
conformation typically found in the g form [7]. In addition, the two
CeNeH bending vibrations at 1467 cm�1 and 1477 cm�1, also
indicative of the trans amide conformation in the a form, steadily
increase in intensity [7]. The FTIR spectra in Fig. 4 reveal a similar
Fig. 3. Raman spectra of Nylon 6 processed from HFIP: (a) KI/I2 treated cast film; fibers
electrospun (b) without the environmental chamber and with varying concentrations
of evaporated HFIP: (c) 0 g/m3, (d) 35 g/m3, (e) 71 g/m3, (f) 106 g/m3, (g) 123 g/m3,
(h) 142 g/m3, (i) 213 g/m3; and (j) a solvent cast film. All spectra were normalized
relative to the 1440 cm�1 CH2 bending vibration.
pattern. All of the spectra were normalized relative to the COeNH
skeletal motion mode at 1170 cm�1, which has previously been
demonstrated [22] to be independent of the density, and thus the
crystallinity, of Nylon 6. The smooth increase in the COeNH
bending mode at 930 cm�1 (characteristic of the a form) relative to
the COeNH bending mode at 977 cm�1 (characteristic of the g
form) with increasing amounts of evaporated solvent further
confirms this behavior [22,23].

Nylon 6 fibers electrospun from formic acid solutions were also
studied to provide further evidence that solvent evaporation
kinetics plays a significant role in the observed molecular trans-
formation, irrespective of the solvent used. FE-SEM images of
electrospun Nylon 6 fibers processed in the environmental
chamber containing different concentrations of formic acid are
shown in Fig. 5. Unlike the case of HFIP, the surface morphology of
the fibers did not change appreciably over the range of evaporated
formic acid, and well-defined fibers were formed for all solvent
vapor concentrations.

The X-ray, Raman, and FTIR results for Nylon 6 electrospunwith
varying amounts of evaporated formic acid are shown in Figs. 6,7
and 8, respectively. These results display the same trend as that
seen for HFIP. However, upon closer examination of the X-ray data
in Fig. 6 for the material electrospun at a formic acid concentration
of 189 g/m3, one can clearly see that the g form, which has a strong
reflection at 2q ¼ 21.5� [6,8], does not completely disappear.
Increasing the evaporated formic acid concentration resulted in the
disappearance of the g peak.

4. Discussion

It is well documented that, while electrospinning Nylon 6
results in the formation of the metastable g form [6e8,10], solvent
casting films from the same solution results in the formation of the
more thermodynamically stable a form [8]. This is not surprising,
since the two processes have dramatically different solvent evap-
oration kinetics. The whipping instability in electrospinning, which
results in the elongation of the polymer solution jet and subsequent
solvent evaporation, has been shown to occur on the order of
milliseconds [24,25], whereas evaporation in solvent cast films can



Fig. 5. FE-SEM images of Nylon 6 electrospun (a) without the environmental chamber, and at formic acid vapor phase concentrations in the chamber at (b) 114 g/m3 and
(c) 227 g/m3. The scale bar for all three images is 1 mm.
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take anywhere fromminutes to hours, depending on film thickness
and mass transport.

From these experiments, the amount of a formwas correlated to
the solvent vapor concentration in the chamber. Because all
materials were electrospun at the same electric field strength, the
fact that the g to a transition was more complete as more solvent
was evaporated into the electrospinning atmosphere strongly
indicates that solvent evaporation kinetics significantly impact the
crystal structure of the resultant polymer. At greater solvent vapor
concentrations, it is very likely that the polymer chains have more
time to pack into the thermodynamically stable a form, suggesting
Fig. 6. X-ray profiles of Nylon 6 processed from formic acid: (a) KI/I2 treated cast film;
fibers electrospun (b) without the environmental chamber and with varying concen-
trations of evaporated formic acid: (c) 0 g/m3, (d) 38 g/m3, (e) 76 g/m3, (f) 114 g/m3,
(g) 151 g/m3, (h) 189 g/m3, (i) 227 g/m3; and (j) a solvent cast film.
that the solvent evaporation kinetics inherent to the electro-
spinning process drastically slows down under these conditions.
This is further supported by the observed fused morphology of the
materials. At lower concentrations of evaporated solvent, our data
suggests the solvent evaporation rate is faster than the crystalli-
zation rate of the a form, and the resultant electrospun Nylon 6 is
kinetically trapped in the metastable g form.

Although these results suggest that the crystalline state of
electrospun Nylon 6 is largely dependent on the solvent evapora-
tion kinetics during electrospinning, which depends on the
solvent vapor concentration in the environmental chamber, it is
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Fig. 7. Raman spectra of Nylon 6 processed from formic acid: (a) KI/I2 treated cast film;
fibers electrospun (b) without the environmental chamber and with varying concen-
trations of evaporated formic acid: (c) 0 g/m3, (d) 38 g/m3, (e) 76 g/m3, (f) 114 g/m3,
(g) 151 g/m3, (h) 189 g/m3, (i) 227 g/m3; and (j) a solvent cast film. All spectra were
normalized relative to the 1440 cm�1 CH2 bending vibration.
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Fig. 8. FTIR spectra of Nylon 6 processed from formic acid: (a) KI/I2 treated cast film;
fibers electrospun (b) without the environmental chamber and with varying concen-
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(g) 151 g/m3, (h) 189 g/m3, (i) 227 g/m3; and (j) a solvent cast film.
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also possible that the observed molecular behavior is a result of the
solvent vapor transforming the collected fibers as they sit on the
collection plate. To investigate this possibility, Nylon 6 was elec-
trospun outside of the environmental chamber and then in sepa-
rate experiments exposed to HFIP vapor phase concentrations of
121, 137, and 156 g/m3 for one, two, four, and eight hours to
measure the extent of the transformation, if any, of the g to the
a form. The Raman data for the exposure of Nylon 6 to an HFIP
concentration of 137 g/m3 for various times is shown in Fig. 9,
where the 1076 cm�1 peak is associated with the gauche CC
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Fig. 9. Raman spectra of Nylon 6 electrospun (a) outside of the chamber and
exposed to an HFIP concentration of 137 g/m3 for (b) 1 h, (c) 2 h, (d) 4 h, (e) 8 h, and
(f) electrospun into the chamber with an HFIP concentration of 123 g/m3.
conformation found in the g form and the 1060 cm�1 peak is
indicative of the trans amide CC conformation found in the a form.

As can be seen in Fig. 9, the intensity of the 1076 cm�1 band is
greater than the 1060 cm�1 band for the material electrospun
outside of the chamber as well as the material exposed to an HFIP
concentration of 137 g/m3 for one, two, four, and eight hours,
indicating that the g form is dominant in these materials. However,
the material electrospun inside of the chamber with an HFIP
concentration of 123 g/m3 has a more intense 1060 cm�1 band
compared to the 1076 cm�1 band, suggesting that the a form is
dominant. These results suggest that the effect of the solvent vapor
on the electrospunmaterial after spinning has a negligible effect on
the observed molecular transformation, with a major driving force
behind this behavior being the decrease in the solvent evaporation
kinetics of electrospinning.

It should be noted that, while this general correlation between
the decrease in the rate of evaporation kinetics and the formation of
the a form was observed for Nylon 6 electrospun from both HFIP
and formic acid, a large degree of variability was observed in the
X-ray results obtained at formic acid concentrations of 114, 151, and
189 g/m3 in the environmental chamber. Three repeats for the case
of Nylon 6 electrospun with a formic acid vapor phase concentra-
tion of 151 g/m3, where the material was electrospun on three
different days, are shown in Fig.10. These considerable variations in
crystal structure for different trials of Nylon 6 electrospun with the
same concentration of formic acid in the environmental chamber
can partly be accounted for by the considerable variation in the
relative humidity in the laboratory in which the materials were
processed. The relative humidity present during the electro-
spinning experiments with a formic acid concentration of 227 g/m3

spans a range of about 3%, while the experiments with solvent
concentrations of 189, 151, and 114 g/m3 span a range of 8%, 9%, and
16%, respectively. The trials for lower concentrations of formic acid
evaporated within the chamber were not repeated since the (200)
reflection of the g form dominates the diffraction pattern, making
any variation in crystal structure difficult to discern.

It is well established that Nylon 6 can absorb water [26e28],
with the commonly reported amounts ranging from 1 to 8% (w/w),
depending on the relative humidity and pretreatment conditions.
It has also been reported that water can affect the g to a transition
observed in Nylon 6 [29]. Thus, it is reasonable to assume that the
presence of water can also affect the crystalline state of electrospun
Fig. 10. X-ray profiles of Nylon 6 electrospun with a formic acid concentration of
151 g/m3 at relative humidities of (a) 26%, (b) 31%, and (c) 17%.
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Nylon 6. Given that formic acid and water are miscible due to the
efficient formation of hydrogen bonds [30e32], it is likely that the
varying amounts of humidity also affected the formic acid evapo-
ration kinetics, which in turn affected the crystalline structure of
the electrospun material. Due to the complexity of these interac-
tions, a more rigorous examination is beyond the scope of this
study, but is currently being conducted to examine this hypothesis
and will be discussed in a future publication.

5. Conclusions

It was shown that, by varying the solvent evaporation kinetics, it
is possible to affect the crystal structure of electrospun Nylon 6.
A smooth transition between the g and a crystal forms was
observed as the solvent vapor concentration increased. This was
observed for Nylon 6 electrospun out of both HFIP and formic acid.
For both systems, this transition was most apparent in XRD by
observing the increase in intensity of the (200)a and (002)a/(202)a
reflections, and the corresponding decrease in intensity of the
(200)g reflection, as increasing amounts of solvent were evaporated
in the environmental chamber. Both Raman and FTIR spectroscopy
showed analogous changes in the molecular conformation of Nylon
6 associated with the g and a forms as the solvent concentration
increased. More generally, it was shown that, when solvent evap-
oration occurs on a relatively fast timescale, the g form appears,
whereas slower solvent evaporation results in the a form. A study is
currently being conducted to examine whether this behavior is
universally observed across all families of polymorphic polymers,
and will be discussed in a future publication.
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