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Poly(N-isopropyl acrylamide) (pNIPAM) is an interesting material in that it shows a thermoresponsive
behavior around 32 °C in aqueous solutions. This behavior mimics that of many proteins in solution and
as a result, many researchers have studied pNIPAM as a model for protein behavior. Yet, little is known
about the processability of pNIPAM into three-dimensional matrices and whether such processing affects
polymer conformation. In this work, 3D fibrous mats of pNIPAM were prepared by electrospinning from
three different solvents and the resulting morphologies evaluated. Additionally, electrospun pNIPAM was
evaluated with polarized Raman and infrared spectroscopies and compared against the spectra of the
bulk material. It was found that the electrospinning process did not alter the polymer structure or

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoresponsive poly(N-isopropyl acrylamide) (pNIPAM) has
been well studied over the past 30 years. In aqueous solutions,
PNIPAM has a lower critical solution temperature (LCST) in the
range of 31-35 °C. Below the LCST, the polymer interacts readily
with water; however, at temperatures above the LCST, entropic
contributions to the polymer’s free energy override enthalpic
contributions, and it becomes energetically more favorable for the
chains to condense on themselves. This phenomenon, often re-
ferred to as entropic union [1], results in the polymer precipitating
out of aqueous solutions at temperatures above its LCST [2-4]. The
LCST-associated phase transition of pNIPAM has been investigated
using a variety of techniques including fluorescence polarization
[5], light scattering [6], cloud point [7,8], turbidity [8], differential
scanning calorimetry [8,9], infrared and Raman spectroscopies
[9,10], and mathematical modeling [11]. In addition, it has been
shown that the pNIPAM LCST can be increased or decreased with
the addition of surfactants [12,13], salts [14], or additional solvents
[15]. The alterability of pNIPAM LCST has allowed the development
of several applications for the polymer including drug delivery
[16-19], immunoseparation [20], biomaterials [21,22], cell culture
[23], protein folding [24,25], radiotherapy [26], microactuators [27],
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sensors [28-32], catalysis, photonics, electronics, and optics
[33,34].

Although pNIPAM has been extensively researched over the past
few decades, it generally used as a gel in aqueous solutions, and the
characteristics of fibrous pNIPAM are not well understood. In this
work, pNIPAM was electrospun to create three-dimensional, solid
state, fibrous mats that could be used as scaffolds, templates, or
filters at high temperature and then easily removed at low tem-
perature. Importantly, previous work by our group indicates that
the electrospinning process can induce conformational changes in
polymers, and it is critical to characterize polymers before and after
processing [35-37]. To this end, we analyzed electrospun mem-
branes of pNIPAM with polarized Raman and FT-IR spectroscopies.
The work described here evaluates the electrospinnability of pNI-
PAM in three different solvents as well as solution viscosity and
solid phase characterization.

2. Experimental
2.1. Materials

Poly(N-isopropyl acrylamide) with an approximate viscosity
average molecular weight (M) of 300,000 Da was purchased from
Scientific Polymer Products, Inc. (Ontario, NY) and used as-re-
ceived. The solvents chosen for this research were cold deionized
water, acetone, and tetrahydrofuran (THF). Solvents were
purchased from Fisher Scientific (Fairlawn, NJ) and were also used
as-received, with the exception of the deionized water that was
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used from an in-house line. Because each solvent interacted with
the polymer differently, a series of concentrations were evaluated
for each solvent system. For each system the concentration was
increased in increments of 2 w/v% (weight/volume percentage)
starting at 6-14, 6-18, and 12-18 w/v% for water, acetone, and THF,
respectively.

2.2. Viscosity measurements

Solution viscosities were measured in triplicate with a BYK
Gardner CAP 2000+ (Columbia, MD) viscometer. For each test, the
stage was heated to 25 °C, the rotational speed was set to 100 rpm,
and the shear rate was 333 Hz. A solvent trap was also used in order
to limit the amount of solvent loss during the acquisition time.

2.3. Electrospinning

The electrospinning apparatus consisted of a variable syringe
pump (Orion Sage, Thermo Scientific, Sugar Land, TX) and a high
voltage supply (Glassman Series ED, High Bridge, NJ). A glass sy-
ringe (Popper & Sons, Inc., New Hyde Park, NY) was filled with the
polymer solution and the needle gauge (Hamilton, Reno, NV) was
selected so that the solution would flow out but not continuously
drip when pressure was applied (see Table 1 for gauge selection). In
order to commence electrospinning, the syringe was placed on the
syringe pump; the pump was turned on to supply a continuous
flow of solution to the tip, and a voltage of +10 kV was applied. The
fibers were collected on a grounded collecting plate. Aligned
samples were also collected to study polymer conformation. For the
aligned samples, fibers were collected on either a grounded man-
drel rotating at 2500 rpm (13.2 m/s) or on a charged plate (-5 kV)
with a 1-in gap to induce the Hall Effect [38].

2.4. Imaging

Samples were imaged with both an optical microscope and
a field emission scanning electron microscope (FE-SEM) to view
macroscopic and microscopic features. For optical images, samples
were collected directly onto glass slides during the electrospinning
process. Images were taken on an Olympus BX60 (Center Valley,
PA) fitted with a Panasonic CCTV camera (Secaucus, NJ).

FE-SEM measurements were carried out on a JOEL JSM 7400F
(Tokyo, Japan). Samples were coated with 10 A of gold/palladium
(Denton Desk II, Moorestown, NJ) prior to imaging. Images were
obtained at a working distance of 8 mm using an acceleration
voltage of 1 kV.

2.5. Spectroscopy

Raman measurements were carried out using a Kaiser HoloPro
spectrograph (Ann Arbor, MI) equipped with a Princeton
Instruments CCD camera (Trenton, NJ). A Ti:Sapphire laser pumped
by a frequency-doubled Nd:YAG laser and operating at 785 nm with

Table 1

Needle gauges used for each concentration

Concentration (W/v%) Water Acetone THF
6 26 30

8 26 26

10 26 26

12 23 26 26
14 23 23 23
16 23 23
18 23 23

Inner diameter: 30 = 0.16 mm; 26 = 0.26 mm; 23 = 0.34 mm.

a power between 50 and 100 mW (depending on sample re-
quirements) was used as the excitation source. The laser light was
incident on the sample and then backscattered at 180° to be col-
lected by an f/1.8 collection lens. Fourier transform infrared spec-
troscopic (FT-IR) measurements were obtained utilizing a Thermo
Nicolet Nexus 670 spectrometer. Both powdered and electrospun
pNIPAMs were pressed into potassium bromide (KBr, Fisher Sci-
entific) pellets prior to data collection.

3. Results and discussion

Previous reports on electrospinning pNIPAM are limited but show
that the polymer can be electrospun from DMF [39]. In the present
work, pNIPAM was electrospun under three different solvent con-
ditions, and the resulting mats were characterized to determine
whether any conformational changes occurred during processing.

3.1. Electrospinnability

For each solvent system, the concentration of polymer in the
solution will vary due to different interactions between the poly-
mer and the solvent. Therefore, varying concentrations of pNIPAM
were dissolved in water, acetone, or THF. The viscosity of each of the
solutions was tested and then the samples were electrospun. As
expected, as the concentration of polymer in solution was in-
creased, viscosity also increased. Interestingly, the concentration-
dependence of viscosity varied significantly across the different
solvents. Fig. 1 shows the viscosity in poise (P) with respect to the
weight per volume percent (w/v%) concentration of pNIPAM in
solvent. Solutions in water exhibited considerably higher viscosities
than solutions in either acetone or THF, even at lower pNIPAM
concentrations. Concentrations from 6 to 14 w/v% pNIPAM in water
showed viscosity increases from 1.3 to 6.0 P. In contrast, the vis-
cosity of acetone solutions was so low at 6 w/v% pNIPAM in acetone
that we could not accurately measure it, but viscosity increased
from 0.9 to 2.5 P in the range of 8-18 w/v%. For THF, the trend was
similar with viscosities increasing from 1.5 P at 12 w/v% to 3.2 P at
18 w/v%. Each of the systems studied showed a linear trend of in-
creasing viscosity with increasing concentration.

As expected, pNIPAM fiber diameters also increased as the
concentration of polymer increased in the solution. Fig. 2 shows
average fiber diameters as a function of polymer concentration. The
fibers spun from water had the smallest diameters ranging from
400 nm at the lowest concentration to 1.3 u at the highest con-
centration. At 6 w/v% pNIPAM in acetone, the average fiber di-
ameter of 600 nm was comparable to fibers spun from water at the
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Fig. 1. Viscosity as a function of polymer concentration in solvent for solutions of
pNIPAM in water (<), THF (A ), and acetone (H).
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Fig. 2. Average fiber diameter as a function of concentration.

same concentration. As the concentration was increased though,
the fibers spun from acetone dramatically increased in diameter
with a final dimension of 17 p at 18 w/v%. The fibers electrospun
from THF also had larger diameters with a range from 5.8 to 13.6 p
as the concentration was increased from 12 to 18 w/v%.

The conformation of electrospun mats on FE-SEM imaging also
changed with pNIPAM concentration. Fig. 3 shows images for five
different concentrations of pNIPAM in water (6, 8, 10, 12, and 14
w/v%). At low concentrations, the fibers were sparse, and there was
a prevalence of triangular formations. These triangular shapes ap-
pear like beads with short fibers at the corners. As the concentra-
tion was increased, the number of triangular beads began to
decrease until only fibers were present at 12 w/v%. At this con-
centration, the average fiber diameter was 750 nm and the cross-
section of the fibers appeared to be shaped like a narrow dog bone
(see Fig. 6). Above 12 w/v%, the morphology of some of the fibers
was distorted and aggregates of polymer were apparent. Therefore,

Fig. 3. FE-SEM micrographs of the concentration series for pNIPAM electrospun from water starting from the lowest concentration to the highest (a) 6, (b) 8, (c) 10, (d) 12, and (e)
14 w/v %. pNIPAM (12 w/v%) in water appears to produce the best fiber morphology with fairly uniform fibers and less triangular formations.
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Fig. 4. FE-SEM micrographs of the concentration series for pNIPAM electrospun from acetone starting from the lowest concentration to the highest (a) 6, (b) 8, (c) 10, (d) 12, (e) 14,
(f) 16, and (g) 18 w/v%. The range between 10 and 14 w/v% produces smooth fibers with increasing diameter as the concentration is increased, below this range fibers are beaded

and above this range the morphology of the fibers is distorted.

we found that the optimal concentration for pNIPAM electrospun
from water was 12 w/v%.

pNIPAM went into solution in acetone readily allowing
a broader range of concentrations to be electrospun. Fig. 4 shows
FE-SEM micrographs of pNIPAM spun from 6, 8, 10, 12, 14, 16, and
18 w/v% solutions. At lower concentrations (6 and 8 w/v%), the
fibers had diameters of approximately 600 nm to 1.7 um, re-
spectively, with intermittent beads. At these concentrations, the
cross-section of the fibers appeared to form the “narrow dog

bone” shape (see Fig. 6) which is similar to pNIPAM spun from
12 w/v% water. As the concentration was increased, the distance
between the ends of “dog bone” grew and the fibers turned into
flat ribbons with rounded edges. Between 10 and 14 w/v%, the
fibers exhibited this flat morphology and the width of the fibers
increased steadily with the concentration. At 16 w/v%, surface
corrugation became apparent where fibers bent; wrinkles were
more prominent in membranes spun from the 18 w/v% solu-
tion. Therefore, the optimal concentration for electrospinning
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Fig. 5. FE-SEM micrographs of the concentration series for pNIPAM electrospun from THF starting from the lowest concentration to the highest (a) 12, (b) 14, (c) 16, and (d) 18 w/v%.
At higher concentrations (20 and 22 w/v%, data not shown), the solutions were too viscous to electrospin and instead fibers were extruded from the needle.

pNIPAM fibers from acetone appears to be within the 10-14 w/v%
range.

Fibers electrospun from THF had similar morphologies to those
spun from acetone. Fig. 5 shows fibers electrospun from THF in
concentrations of 12, 14, 16, and 18 w/v%. Once again, the transition
from beaded fibers at low concentrations to uniform fibers at
higher concentrations was observed. There was a much narrower
concentration range for THF and we were only able to get actual
fibers between 12 and 18 w/v%. Fibers spun from 12 and 14 w/v%
exhibited a “beads-on-a-string” morphology, which was not ap-
parent in fibers spun from 16 and 18 w/v% solutions. At 18 w/v%, the
electrospun fibers appeared more wrinkled and adherent to each
other and concentrations higher than 18 w/v% did not yield fibers
but instead appeared to be extruded rather than electrospun (data
not shown). Thus, the optimal electrospinning concentration for
pNIPAM fibers spun from THF is 16 w/v%. At this concentration, the
fibers have a “flat dog bone” cross-section (see Fig. 6) and the fiber
widths were fairly uniform at 13.5 pm. Although the cross-sections
of the fibers spun from both acetone and THF are similar, they differ
in that the fibers from THF had larger diameters (13.5 um for THF
fibers versus 5.3-12 um, depending on the concentration used, for

& F £ fF

Narrow dog-bone Flat dog-bone

Fig. 6. Graphical depictions of fiber cross-sections.

acetone spun fibers). Additionally, the THF spun fibers often fused
together at junction points.

The morphology of electrospun fibers can be attributed to three
main influences, including the surface tension of the jet, solution
viscosity, and the net charge density carried by the jet [40,41].
Surface tension is influenced by the interaction between the
polymer and the solvent; solution viscosity can be changed by
varying the polymer in solution, and net charge density is primarily
affected by the applied electric field. As the concentration of
polymer is increased, therefore, the surface tension and solution
viscosity are altered, and these influence the resulting fiber mor-
phology. At lower concentrations, beaded fibers are formed when
the number of chain entanglements is low. Fong et al. [40] describe
the formation of beads as a state similar to the capillary break-up of
droplets of a low molecular weight liquid during electrospraying.
When the polymer has a higher molecular weight, a fiber between
the beads is created to make the “beads-on-a-string”. This is
caused by the contraction of the jet due to surface tension. As the
viscosity of the solution is increased, and subsequently the number
of chain entanglements, the beads become bigger and more spaced
out while the diameter of the fiber also increases. Eventually
a beadless fiber is formed. In fibers with circular cross-sections,
smooth, circular beads are often observed. In our system though,
when pNIPAM was spun from THF or acetone, the surface of the
beads was wrinkled. We hypothesize that the mechanism that
drives the formation of these wrinkled beads is similar to the one
that produces flat fibers. Reneker and co-workers proposed a the-
ory for the formation of flat fibers in which a thin skin is formed on
the electrospinning jet [41]. When the residual solvent inside the
jet escapes, the atmospheric pressure collapses the tube to form
a flat ribbon. Ribbons with thick edges were also observed and
Reneker attributed this morphology to the distribution of electrical



4030 D.N. Rockwood et al. / Polymer 49 (2008) 4025-4032

charge to the edges of the fiber which therefore produced hollow
tubes at the lateral edges of the fiber. Similarly, we believe that
when beads form, they too have a thin skin. When the solvent
diffuses out of the bead, it causes the shell to collapse leaving
a wrinkled texture.

Wrinkling was also apparent on isotropic fibers spun at high
concentrations. At these higher concentrations, there was less
solvent to evaporate and therefore the fibers dried earlier than
some of the lower concentration samples. It is our hypothesis
that these thick, dry fibers landed on the flat substrate and bent
under the force of gravity. Hence there is a wrinkled appearance on
the fiber skin where it is bent or twisted as opposed to where it is
lying flat.

3.2. Optical microscopy

Optical microscopy studies were performed to determine the
fiber lengths of fibers that were too long to measure in the FE-SEM.
In Fig. 7, fibers spun from 12 w/v% pNIPAM in water, 10 w/v% in
acetone, and 16 w/v% in THF are shown. These are within the op-
timal conditions for each of the solvent systems. As indicated
above, the average diameter of fibers formed under these condi-
tions was 750 nm for water, 5.3 pm for acetone, and 13.5 um for
THF. The optical micrographs confirm these approximate fiber di-
ameters, but it should be noted that fibers spun from water were
only a few hundred microns long whereas fibers from acetone and
THF extended outside the field of view. This result suggests that the
electrospinning jet of the pNIPAM/water system could not with-
stand the whipping motion and instead, the jet broke to form short
fibers.

A possible explanation for the observation that dramatically
shorter fibers are spun from water is that water is only a moderate
solvent for pNIPAM. The solubility parameter is 18.5 MPa'/? for THF
[42] and 19.7 MPa'/? for acetone [42], while in contrast, the solu-
bility parameter of water [42] is 48.0 MPa'/2. The solubility pa-
rameter for pNIPAM can be calculated by the following equation
[43],

o sle
T M

where p is the density of the polymer (1.10 g/cm?), G is the group
molar attraction constant for each of the constituent chemical
groups in the polymer, and M is the molecular weight of the mer
(113 g/mol). The general rule that “like dissolves like” may apply,
supporting the notion that water is a moderate solvent for pNIPAM;
whereas, THF and acetone are good solvents. When a polymer chain
is in a good solvent, it is extended and able to interact with other
polymer chains. When a polymer is not in a good solvent, the
macromolecule energetically favors itself over the solvent mole-
cules and therefore the polymer chain folds into a sphere [44]. In

this state, interactions with other chains are limited and therefore it
is difficult to maintain a continuous jet during electrospinning. This
could produce mechanically weak fibers that may fracture during
spinning. Of course, the solubility parameter does not take into
account the hydrogen bonding that is present in an aqueous solu-
tion so it is probable that the other factors are influencing the be-
havior of pNIPAM while it is being electrospun from water.

3.3. Polymer characterization

In order to determine if the electrospinning process caused any
conformational changes to the polymer, the bulk and electrospun
polymers were investigated with polarized Raman and FT-IR
spectroscopies. Previous reports from our group [36,37] have
shown that electrospinning can cause a change in the conformation
of polymers including nylon and spider silk. Additionally, Kakade
et al. [35] have shown that the macroscopic alignment of electro-
spun polyethylene oxide can induce molecular alignment along the
primary axis of the fiber.

Fig. 8 shows the polarized Raman spectra of the bulk pNIPAM
and the electrospun fibers. For the electrospun mat, the polarizer
and analyzer were both set to the z position, choosing an arbitrary
direction on the mat as “z”, for one spectrum and then both
changed to the y position for the second spectrum to detect the
differences in molecular alignment, which would be indicated by
intensity differences between the polarized spectra. The spectral
bands were assigned as is shown in Table 2 [10,45]. The chemical
structure of pNIPAM consists of an alkyl chain with a pendant chain
extending from the backbone. This side group has a carbonyl,
a tertiary amine, and terminates with an isopropyl group. The
spectra have been offset for visual clarity but for the most part all

Powder
Spun zz

Spun yy

T T T T
1600 1400 1200 1000 800
Raman Shift (cm™)

Fig. 8. Polarized Raman spectra of the bulk and electrospun pNIPAMs. Spectra were
recorded with the polarizer and analyzer both in the z and then both in y positions for
the isotropic spun pNIPAM in order to determine if there is any molecular alignment
present.

Fig. 7. Optical microscopic images of fibers taken at the optimal concentration for each of the solvent systems: (a) 12 w/v% pNIPAM/water, (b) 10 w/v% pNIPAM/acetone, and (c)
16 w/v% pNIPAM/THF. Images were taken with a 20x objective and the scale bar represents 100 .
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Table 2
Identification of Raman shift and infrared band positions from Figs. 8 through 11 [10]
Raman Shift IR Frequency Assignment
(cm™) (cm™1)
845 840 CH3 twist
884
921 928 CHj5 rock
949 984 CHj5 rock
1132 1131 C-C skeletal in-phase stretch
1160 1173 N-C bond stretch
1245
1277,1317 1274, 1328 Doublet of overlapping
C-N and C-H
1368, 1388 Twin methyl
1388 CH; bend
1453 1460 CH3 bend (scissors deformation)
1554 1548 Amide II N-H deformation
1642 1657 Amide I C=O0 stretch

three spectra were very similar. Most notably, the CHj3 twist
(845 cm™ '), CH3 rock (921 and 949 cm™!), CC stretch (1132 cm™ 1),
NC stretch (1160cm™'), and the CHs; scissor deformation
(1453 cm™!) were all moderately strong and exhibited similar rel-
ative intensities in each of the spectra. These results indicate that
the process of electrospinning did not induce conformational
changes to the polymer backbone since new bands or changes in
relative intensities would have been observed.

In order to confirm that the alignment also did not alter the
polymer conformation, aligned mats were spun by two different
methods. The first employed a rotating mandrel that rotated at
2500 rpm and was grounded in order to attract the charged fibers.
The second method is the induced alignment of the fibers by taking
advantage of the Hall effect. Two metal bars were negatively
charged in order to attract the positively charged fibers. In order to
balance the charge repulsion, the fibers bridged the gap between
the bars and formed an aligned mat. Both of these samples were
analyzed with polarized Raman spectroscopy and their spectra are
shown in Figs. 9 and 10. For both samples, the polarized spectra
were identical, which indicates that the molecular alignment was
not induced even in samples in which macroscopic alignment is
present.

To more completely assess the molecular orientation of pNIPAM,
the bulk powder and electrospun mats were also analyzed in the
infrared region of the spectrum Fig. 11. It is important to analyze
samples with both FT-IR and Raman spectroscopies because sym-
metric vibrations show more intense Raman scattering whereas
absorption in the infrared regions is stronger for asymmetric vi-
brations. Sample preparation can be difficult for FT-IR measure-
ments because the sample must be thin enough so that it is
transparent to the IR beam. In addition, for the electrospun fibers,

T T T T T
1600 1400 1200 1000 800
Raman Shift (cm™)

Fig. 9. Polarized Raman spectra of pNIPAM fibers aligned on a rotating mandrel (po-
larizer and analyzer at both at z and y positions for the respective spectra). Macro-
scopic alignment does not appear to cause molecular alignment.

T T T T T
1600 1400 1200 1000 800
Raman Shift (cm™)

Fig. 10. Polarized Raman spectra of electrospun pNIPAM aligned using the Hall Effect
(polarizer and analyzer at both at z and y positions for the respective spectra). Once
again, no molecular alignment was evident.

Powder

Spun

T T T T T

1600 1400 1200 1000 800
Wavenumber (cm™)

Fig. 11. FT-IR spectra of electrospun and powdered pNIPAMs.

the fiber diameters are on the same order of magnitude as the
wavelength of the infrared light being used in the measurement.
This causes interference and the texture of the mat scatters the IR
radiation making it difficult to obtain spectral information from the
resulting spectra. To overcome these limitations, both the bulk
powder and the electrospun membranes were pressed into KBr
pellets. For the bulk polymer, a low concentration of polymer
(5 wt%) was present so that spectrum was not saturated. In the case
of the electrospun mat, the KBr filled the voids in the mat and re-
duced the scattering. The peak assignments can be found from
Table 2 [10]. The FT-IR data agree with the Raman analysis in that
the process of electrospinning does not alter the polymer.

4. Conclusions

We have found that it is possible to electrospin pNIPAM into
three-dimensional matrices and that the processing does not in-
duce conformational changes within the polymer. When spun from
water, pNIPAM formed small diameter fibers; however, these were
of short length suggesting that the electrospinning jet was not able
to withstand the whipping motion. In contrast, fibers spun from
acetone or THF had diameters in the range of 5-17 um. These were
able to withstand the electrospinning process and were, therefore,
able to produce non-woven, fibrous mats. We propose that the
solubility parameter largely accounts for the ability of a continuous
PNIPAM fiber to be electrospun from THF and acetone but not from
water. Additionally, characterization with polarized Raman and FT-
IR showed that electrospun mats of all types had identical chain
structure when compared to the bulk polymer indicating that the
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electrospinning process did not cause a change in conformational
structure.
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