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Abstract
Quantifying disorder in physical systems can provide unique opportunities to engineer specific

properties. Here, we apply a methodology based on the approach pioneered by Bragg and Williams for
metal alloys to quantify the disorder characterizing polymer fibers including polyaniline (PANI),
polyaniline-polycaprolactone (PANI-PCL), and polyvinylidene difluoride (PVDF). Both PANI and
PVDF possess electrical properties such as conductivity and piezoelectric response, that find a wide range
of applications in energy storage and tissue engineering. On the other hand, the mechanical properties of
polymer fibers can be tuned by varying the concentration of PANI and PCL during synthesis. Here, we
demonstrate that it is possible to control the amount of disorder characterizing a fiber, which provides a
route to engineering desired values for specific material properties. The resulting measure of disorder is
shown to have a direct relationship to Young’s modulus, band gap, and specific capacitance values.

Introduction

Polyaniline (PANI) is one of the most studied polymers due to interest in its electrical conductivity and
structural properties [1]. While PANI alone is brittle and shown to be cytotoxic, combining PANI with
polycaprolactone results in excellent biocompatibility, as evidenced by extensive reports in the literature
in the field of tissue engineering [2]-[6]. Another well-studied polymer is polyvinylidene fluoride
(PVDF) due to its piezoelectric properties and its hydrophobic nature which has led to widespread use
of PVDF fibers as filters [7]. In this paper, we investigate the impact of disorder on the electrical
properties of PANI fibers, and the structural properties of polyaniline-polycaprolactone (PANI-PCL)
fibers and PVDF.

It is well-known that disorder exists in physical systems, and that it can be correlated to specific
properties. While it is common to approach such an endeavor in a qualitative fashion, employing a
quantitative measure of disorder can enable numerical predictions regarding property values, determine
their full experimentally-accessible range, and in some cases enable real-time production control during
material synthesis. In polymers, disorder is often described or closely tied to the degree of crystallinity,
with samples classified on a scale ranging from crystalline to amorphous [8], [9]. Here, we present a
methodology—orthogonal to the current approaches—that explores a different facet of disorder in
polymers, where even samples with no discernable crystallinity (such as amorphous samples) have a
measurable non-zero order parameter. Previously, we demonstrated a methodology for measuring
disorder in polypropylene fibers [10] based in part on the pioneering work of Bragg and Williams in the
1930s [11], in which they defined an order parameter S which ranges in value between zero (completely
disordered structure) to unity (ordered structure). For such a system, the disorder characterizing
individual fibers can be understood on a molecular level in the context of the tacticity of the polymer
chains.



Materials and Methods

All the materials were used as procured unless specified. Polycaprolactone (PCL): (MW = 70,000 GPC;
Scientific Polymer Products, USA) and Polyaniline (PANI): Emeraldine base (MW = 50,000; Aldrich
Chemistry, USA) were used for making the nanostructures. The doped form of PANI-PCL solution was
prepared by dissolving equal concentrations of 0.35%wt. emeraldine base and 10-camphorsulfonic acid
(CSA) (Aldrich Chemistry; France), and 15% PCL in chloroform (Sigma Aldrich, USA) and filtering the
solution using a syringe filter (0.22 um). The concentration of PANI in the filtered solution was
determined post-filtration using UV—vis spectrophotometer (LAMBDA 35; PerkinElmer, Inc). For
electrospinning, the voltage was varied between 18 and 24 kV in steps of 1kV to obtain different
nanostructures using a rotating cylinder (EM-DIG and EM-RTC; IME Technologies, Netherlands) as
collector. The environmental conditions were maintained as a constant. The tip-collector distance was
maintained constant at 0.17 m. For the PCL scaffolds, the parameters used for electrospinning are
reported in the previous work [12].

The order parameter of fibers analyzed in this manuscript was measured either from Raman spectra or
scanning electron microscopy (SEM) images; examples for both techniques are shown in Figure 1 and
follow the methodology described previously [10], [13], [14]. We note that for these techniques a value
for §? is directly obtained from the measurements, and S can be obtained by then taking the square root.

For Raman spectra, the order parameter can be measured using two peaks, one due to the ordered
structure of the fiber and one due to the disordered structure. Following along the framework developed
by Loveluck and Sokoloff [15] , it can be shown [16] that
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where Js-1 is the area under the peak associated with the ordered structure and Js—o is the area under the
peak associated with the disordered structure. Figure 1a shows the results of S? analysis on a Raman
spectrum of a PANI sample taken from the literature [17]. The two features are typically identified
iteratively using a set of samples having a range of S values; the area under a Raman peak associated
with the ordered structure will vary as S?, whereas a (1 — S?) variation characterizes peaks associated with
the disordered structure [13], [14].

The S? value of a sample can be measured from an SEM image through a contrast analysis technique
using the pixel intensity histogram of the image [10], [14]. The analysis fits two curves to the pixel
intensity histogram, one representing intensities due to the disordered regions and one representing
intensities due to ordered regions of the sample. The ordered structure peak will have a higher central
intensity than the other peak, since electrons from ordered regions interfere constructively while electrons
from disordered regions interfere destructively. Based on these two fits, a threshold value is chosen at an
integer multiple of the standard deviation away from the center of the ordered structure peak, based on
relative location of the intersection between the ordered and disordered structure curves [10]. This
threshold value is used to separate ordered and disordered component contributions to the image; the S
value of the sample is simply the ratio of the total area of ordered structure regions in the image to the
total area of the image. Figure 1b shows an example of this analysis applied to an SEM image of a
representative PCL sample.
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Figure 1. (a) Example S$? analysis method using a Raman spectrum of a PANI fiber. The red area
corresponds to Js=1 and the blue area corresponds to Js—o. Using the values for Js=1 and Js-o indicated on
the plot and Eq. 1, the measured S° value from the spectrum is 0.6923. The Raman spectrum for the PANI
sample was obtained from reference [17]. (b) Example of the S analysis method for SEM images of PCL
fibers. The plot shows the pixel intensity histogram for the inset SEM image along with the fitted curves
for intensities associated with the ordered (blue) and disordered (red) structure components, along with
the overall resulting fit (purple). The arrow indicates the resulting threshold value of 177. To determine
S2, the number of pixels with intensities at or above the threshold value are summed (176424) and then
divided by the total number of pixels (1228800) in the image to obtain S?= 0.1436.

Results and Discussion

Systems that undergo any order-to-disorder transition follow the theory of second-order Landau phase
transitions [ 18]. If only the temperature is varied, then the order parameter of the system should linearly
decrease to zero as the temperature increases to the critical temperature of the system. In the case of the
structural order parameter S, the variation with temperature is given by

2_ % _%
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where oo and B are material-dependent constants that are always positive, and 7¢ is the critical
temperature below which S = 0. Thus, linear behavior of S with temperature can be used to establish that
a system has the potential to be characterized by varying degrees of structural disorder. We have
previously demonstrated this is the case for polypropylene based on an experimentally-observed linear
relationship between S? and temperature. As can be seen in Figure 2, both PANI and PVDF polymers
also exhibit a linear relationship between S? and temperature, indicative of an order-to-disorder transition.

For both PANI and PVDF, the $? value was extracted from Raman spectra acquired at different
temperatures. In the case of PANI fibers, the peak at ~1475 cm™! (assigned to stretching of the double
carbon nitrogen bonds) is associated with the disordered structure, and the peak at ~1620 cm™ (due to
carbon-to-carbon bond stretching) is associated with the ordered structure. In the case of PVDF fibers,
the peak at ~810 cm™ is associated disordered structure, and the peak at ~840 cm™' is associated with the
ordered structure. For both polymers, the disordered and ordered structure peaks were identified by
observing the evolution of the spectra with temperature. The area under the disordered structure peaks
vary as (1 - $?) and the area under the peaks associated with the ordered structure vary as S?[15], [16];
thus, with increasing temperature (and thus decreasing S by Equation 2) disordered structure peaks
increase in intensity, whereas ordered structure peaks decrease in intensity. This can be seen in Figure
2aand b (c and d) for PANI (PVDF) where the area under the peak at 1475 cm™ (810 cm™) increases
with temperature, whereas the area under the peak at 1620 cm™ (840 cm™) decreases. Figure 2e shows
the temperature behavior of S?> for PANI and PVDF samples; in both cases, the linear relationship



expected for a system undergoing an order to disorder transition is observed, indicating that these
polymer systems can experience varying degrees of disorder within their structures.
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Figure 2. (a) Raman spectra of a PANI sample at 180 °C and 60 °C. (b) The ratio of the area under the
peak at 1475 cm™ (J1475) to the area under the peak at 1620 cm™ (J1620) as a function of temperature. (c)
Raman spectra of a PVDF sample at 160 °C and 60 °C. (d) The ratio of the area under the peak at 8§10
cm’! (J1s0) to the area under the peak at 1620 cm™ (Js40) as a function of temperature. For (a) and (c) the
blue curves represent the Raman peaks associated with the disordered phase and the red curves represent
the peaks associated with the ordered phase of the polymers. (e) S? as a function of temperature for PANI
and PVDF polymer samples. The S? values were obtained from Raman spectra from reference [17] for
the PANI sample and from reference [19] for PVDF.

It can be shown that system-level properties that are dominated by pair-wise or single interactions have
a linear dependence on S? [13], [14]. Specifically,

P(x,S) = S?[P(0.5,1) — P(x,0)] + P(x,0) 3)

where P(x,S) is the system level property at a given composition x and value of S. In the case of polymer
systems, we have shown that this relationship applies to the filtration efficiency of masks made from
polypropylene, polypropylene/polyethylene bicomponent spunbond (PP/PE-BCS) or polybenzimidazole
(PBI) [10]. We extend this now to the electrical properties of PANI fibers.

Experimental data for PANI samples were taken from the literature and the corresponding S? values
determined from SEM images. As seen in Figure 3a, there is a clear relationship between the band gap
of PANI samples and the value of S%, as predicted by Equation 3. Thus, increasing disorder with the
structure of PANI polymers (understood in the context of tacticity [10]) leads to an increase in the band
gap of PANI. Interestingly, the specific capacitance of PANI polymers shows the opposite dependence
on disorder compared to the band gap, as shown in Figure 3b; increasing disorder in the polymer leads
to a lower specific capacitance.



Once the relationships illustrated in Figure 3 are determined, we are then presented with the means to
further tune the band gap and specific capacitance of PANI polymers by controlling the degree of disorder
characterizing the samples. For example, extrapolation of the experimentally-determined points in Figure
3a indicates that band gaps in the range of 0.74 eV for a perfectly ordered polymer to 4.07 eV for
completely disordered sample are achievable. Likewise, Figure 3b indicates that specific capacitance in
the range of 215 F/g for a completely disordered sample to 645 F/g for an ordered sample are achievable
for PANI polymers.
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Figure 3. (a) The experimental relationship between the band gap and S? for PANI polymer fibers. Inset
is a possible molecular structure for the S=1 state for PANI. (b) The experimental relationship between
the specific capacitance of PANI samples and S%. S? was determined from SEM images for all points.
Data was analyzed from references [20]-[24] for (a) and from reference [25] for (b).

Unsurprisingly, disorder can also influence the structural properties of polymers. To investigate this
relationship, the S? value of samples of PCL and PANI-PCL grown by electro-spinning were measured
via SEM images and their Young’s modulus measured using stress-strain curves. Figure 4a shows the
experimental data for Young’s modulus of PCL as a function of S%. The trend shows that increasing
structural disorder in the PCL polymers results in a linear increase in the Young’s modulus of the sample.
It is interesting to note that the larger morphology observed (designated ‘aligned,” ‘honeycomb’ or
‘random’ based on appearance) in these samples appears to correspond to a compositional change in the
disorder modeling system. The Young’s modulus of PANI-PCL samples also increases with increasing
disorder, as seen in Figure 4b. The variation in disorder for the PANI-PCL samples can be attributed to
varying the applied voltage during synthesis; increasing the applied voltage leads to an increase in the
degree of disorder in the samples, as well as a change in their composition. Additionally, we analyzed
the Young’s modulus as a function of disorder for PVDF data in the literature [26], [27]. Interestingly,
PVDF shows an opposite relationship between the Young’s modulus and disorder than PCL and PANI-
PCL, namely that increasing disorder leads to a linearly decreasing value of Young’s modulus. For all
three material systems, however, there exists a linear relationship between S? and the Young’s modulus
value, as predicted by Equation 3. We should also note that extrapolation of the Young’s modulus data in
Figure 4 suggests that under certain circumstances, it may be possible to tune the degree of disorder to
obtain a negative value of Young’s modulus in a sample—without the need for metamaterial strategies
[28]-[30], and in a fashion similar to what was observed for the band gap energy of compound
semiconductors [14].
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Figure 4. Experimentally determined relationship between Young’s Modulus and S? for (a) PCL fibers
(b) PANI-PCL fibers. (c) S? as a function of the applied voltage during the electro-spinning process for
PANI-PCL fibers. (d) Experimentally determined relationship between Young’s Modulus and S? for
PVDF fibers. S> was measured from SEM images for all data points. The data analyzed for (d) was
extracted from references [26], [27]. Filled symbols represent experimental data points. The open symbol
at $? = 1 denotes the extrapolated endpoint. Insets: (a) SEM images of each different PCL morphology
and a possible molecular structure of S=1 PCL; (b) A possible molecular structure of S=1 PANI-PCL;
(c) SEM images of samples at each of the different PANI-PCL composition values, and (d) a possible
molecular structure of S=1 PVDF.

Conclusion

Quantifying the degree of structural disorder in polymers provides a pathway to uncover relationships
between disorder and system-level properties of polymers. Electrical properties of polymers, such as the
band gap and specific capacitance, and structural properties, such as Young’s modulus, can be tuned over
a wide range of values for a given polymer system by controlling the degree of order. This degree of
order can be tuned through growth conditions or by post heat treatment of samples. In addition,
extrapolation of experimental data suggests that in some instances it may be possible to obtain a negative
Young’s modulus by tuning disorder, potentially obviating the need for metamaterial strategies.

Data Availability

The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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