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ABSTRACT   

We demonstrate a methodology for predicting particle removal efficiency of 
polypropylene-based filters used in personal protective equipment, based on 
quantification of disorder in the context of methyl group orientation as structural motifs in 
conjunction with an Ising model. The corresponding Bragg-Williams order parameter is 
extracted through either Raman spectro-scopy or scanning electron microscopy. 
Temperature-dependent analysis verifies the presence of an order-disorder transition, and 
the methodology is applied to published data for multiple samples. The result is a method 
for predicting the particle removal efficiency of filters used in masks based on a material-
level property. 

INTRODUCTION 

There are many applications where the introduction of controlled disorder into 
a material can enhance a property of interest. The study of quantifying the degree of 
disorder in materials emerged in the middle 20th century from x-ray diffraction studies of 
binary metal alloys, such as AuCu and ZnCu [1-4]. In order to describe the observed 
changes in x-ray diffraction peak intensity as samples of metal binary alloys were heated, 
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Bragg and Williams defined an order parameter, S [1-3], commonly referred to now as the 
Bragg-Williams order parameter. For an alloy with constituent elements A and B, it may 
be expressed as 
 

  S = rA + rB – 1,     (1) 

where rA is the fraction of “A” atoms on A-atom lattice sites, and rB is the fraction of “B” 
atoms on B-atom lattice sites. In this context, we reference the perfectly ordered structure 
where all atoms are on their respective (ideal) site. For a such a sample S is equal to unity, 
which means that the sample must have: equal numbers of A and B atoms, A-atom lattice 
sites only occupied by A atoms, and B-atom lattice sites only occupied by B atoms (i.e. rA 
= rB = 1). At the other extreme for such a sample, in which the A and B atoms are 
randomly distributed over both A-atom and B-atom lattice sites (i.e. rA = rB = 0.5), S is 
equal to 0. 

Traditionally, the order parameter has been determined through x-ray 
diffraction [4]. However, we have recently extended measurements of S to other 
experimental techniques, including Raman spectroscopy, reflection high-energy electron 
diffraction, transmission electron microscopy and scanning electron microscopy (SEM) 
[5-7]. It is prudent to note here that each of these techniques directly measures S2 instead 
of S, and thus we report S2 values. Further, as we demonstrate, it is possible to correlate 
disorder to system-level properties in certain situations through the application of an Ising 
model, where a linear relationship between the property and S2 emerges. We have applied 
this approach to a wide range of materials including heterovalent semiconductors, binary 
and elemental semiconductors, and even biological systems such as viruses [5-7]. Given 
the contempo-rary COVID-19 pandemic and the corresponding surge in demand for 
personal protective equipment, we were motivated to investigate the application of this 
technique to materials commonly used in masks and filters. Thus, in this report, we 
provide evidence of the disorder phenomenon in polypropylene-based fibers through 
analysis of published temperature-dependent measurements. Further, building upon 
established knowledge of polypropylene tacticity, we propose a corresponding Ising 
model and demonstrate its applicability to respiratory masks used to mitigate the risk of 
inhalation of viral particles conveyed through exhaled droplets. 

METHODS 

We measured the S2 value of published Raman spectra of polypropylene 
samples based on the work of Loveluck and Sokoloff [8], as well as from intensity 
analysis of electron microscopy images. Peaks in a Raman spectrum associated with the S 
= 1 ordered structure have integrated intensities proportional to S2, while peaks associated 
with the completely disordered structure have an integrated intensity proportional to (1 – 
S2). The corresponding equations presented by Makin et al. can then be rearranged to 
extract the order parameter from the Raman spectrum of a single sample [5]. Specifically, 
 

   JS=1 / JS=0 = S2/(1– S2)     (2)  

where JS=1 is the integrated intensity of a peak associated with the ordered structure, and 
JS=0 is the integrated intensity of the disordered structure feature. Figure 1a shows the 
results of S2 analysis on a published Raman spectrum of a polypropylene sample [9], 
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where the peak near 970 cm-1 is the peak associated with disordered polypropylene and 
the peak near 995 cm-1 is the peak associated with completely ordered polypropylene. 

In the case of SEM image analysis, the S2 value of a sample is equal to the 
percentage of sample image area corresponding to bright regions [7]. However, bright and 
dark areas corresponding to the ordered and disordered regions, respectively, can be more 
easily identified by first thresholding the image near the average pixel intensity of the 
bright regions. The analysis process involves fitting two curves to the pixel intensity 
histogram, one representing the disordered regions and one representing the ordered 
regions (Figure 1b). The threshold for the image is normally chosen at the peak of the 
ordered curved, although it may be selected at an integer multiple of the standard 
deviation, , away from the peak depending on the relative location of the intersection 
between the ordered and disordered curves. The fitted data can be accessed in the online 
repository specified in ref. [11]. 

Figure 1. a) Example of Raman analysis of a polypropylene sample, resulting in a value of S2 = 0.3937. 

Data extracted from ref. [9]. b) Example of S2 analysis on a pixel intensity histogram of an SEM image 

of a different polypropylene sample, resulting in an S2 value of 0.5152.  Data extracted from ref. [10].  

RESULTS AND DISCUSSION 

One method for experimentally verifying that a material or system can have 
states of varying degrees of ordering is by measuring S2 of a sample as a function of 
temperature. Landau theory describes order-disorder transitions as second-order 
transitions [12], and as a result, the order parameter of a system as a function of 
temperature is  
 

 

where 0 and  are material-dependent constants, and TC is the critical temperature below 
which S = 0. Squaring both sides of Eq. 3 yields 
  

  S2(T) = (α0 / β) TC – (α0 / β) T   (4)  

Therefore, if S2 exhibits a linear trend with temperature for a system, it can be 
taken as evidence that the system is undergoing an order-disorder transition. 
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Figure 2 shows the results of such an analysis applied to the reported Raman 
spectra of a polypropylene sample systematically heated in 5 °C increments from 30 °C to 
225 °C [9]. In order to apply Eq. 2 to extract S2, two peaks must be first identified in the 
Raman spectrum of polypropylene, one arising from disorder, and one arising from order. 
According to Landau theory, S should decrease with increasing temperature, and thus 
disorder-related peaks (which have a (1 – S2) dependence) should increase in intensity 
with increasing temperature, whereas peaks associated with the ordered structure (which 
have an S2 dependence) should decrease in intensity with increasing temperature. From 
Figure 2a, we can see that with increasing temperature, the peak at 995 cm-1 is decreasing 
in intensity while the peak at  970 cm-1 is increasing in intensity; thus, the peak at  995 cm-

1 is associated with the ordered structure and the peak at 970 cm-1 is associated with the 
disordered structure. Using these two peaks and Eq. 2, we have extracted S2 for the Raman 
spectra reported by Hiejima et al. for temperatures up to the melting point [9]. The results, 
plotted as a function of temperature in Figure 2b, show a clear linear trend between S2 and 
temperature – as predicted by Landau theory for a system undergoing an order-disorder 
transition. This provides additional evidence that polypropylene polymers can have some 
degree of disorder somewhere within their structure, as has been previously established 
using x-ray diffraction [13-15].   

Figure 2. a) Raman spectra for polypropylene from Hiejima et al. [9] with fits to the peaks near 970 

cm-1 and 985 cm-1 for selected temperatures. b) S2 as a function of temperature for polypropylene 

extracted from Raman spectra from Hiejima et al. [9]. For all data points in (b) the error bars for S2 

values are within the size of the symbols.  

 
Another property of polypropylene that can be obtained from the data in 

Figure 2a is the critical temperature, TC. From Eq. 3, TC is equal to the dependent-axis 
intercept of the line defined by the S2 versus TC relationship. Applying linear regression to 
the data in Figure 2b, TC for the order-disorder transition in the polypropylene sample of 
Hiejima et al. is found to be 834 °C. This transition temperature is well above the melting 
point of polypropylene, which would seem to rule out the possibility of achieving a zero 
value of S2, or even an S2 value below 0.30. However, it is possible to achieve such S2 
values through non-equilibrium growth conditions. For example, we have achieved S2 
close to 0 for ZnSnN2 through plasma-assisted molecular beam epitaxy at a temperature of 
420 °C [5], a non-equilibrium crystal growth technique, despite the fact that the critical 
temperature for ZnSnN2 is predicted to be over 3000 K [16]. An example of a technique 
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for polypropylene that can reach S2 values corresponding to temperatures above its 
melting point is melt-electrospinning, a process commonly used in mask production. 
Figure 3 shows the influence of the applied voltage on the S2 value of the resulting 
polypropylene during a melt-electrospinning process [17], confirming that such an 
approach can be used to access low values of the Bragg-Williams order parameter for this 
material. 

Disorder in polypropylene is related to variations in orientation of the methyl 
groups relative to the polymer chain. This is commonly referred to as tacticity; the methyl 
groups are on the same side of the chain for isotactic polypropylene, on alternating sides 
for syndiotactic polypropylene, and randomly aligned for atactic polypropylene. This 
tacticity can be represented using an Ising model with a spin “up” is assigned to methyl 
group on one side of the polymer chain and a spin “down” to a methyl group located on 
the opposite side of the polymer chain. Similar Ising models have previously been 
developed and applied to related polymers, such as isotactic vinyl polymer [18-21]. 
However, our approach is fundamentally different. Whereas previous models considered 
the entire set of possible sequences that can occur in a given chain, we describe disorder 
in terms of the percentages of the structural motifs present in the polymer. While our set 
of complete structural motifs is contained within the previous models, those models 
obscure the fundamental importance of the variety of structural motifs in determining 
system-level properties.  
 
 

Figure 3. Calculated S2 value of polypropylene versus the voltage used during the melt-electrospinning 

process employed to make the material. Data extracted from ref. [17]. For all data points, the error bars 

for S2 values are within the size of the symbols. 

 
 
Following our previously reported methodology of modelling disorder by 

combining structural motif distributions and the Ising model [5-7], we can identify the 
reference structural motif associated with the ordered structure as three polypropylene 
blocks with methyl groups on alternating sides with respect to each other, as shown inset 
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in Figure 4a. This defines the syndiotactic structure as the S = 1 structure (since an S = 1 
structure must have equal numbers of spins, which in this case corresponds to equal 
numbers of methyl groups on opposite sides of the polymer chain). There are six other 
possible structural motifs, one of which – the A3 (1) motif – is shown inset in Figure 4b. 
In this notation scheme, A denotes a methyl group oriented in the “upward” direction (for 
the orientation of the polymer chain shown in the Figure 4 insets) and B denotes a methyl 
group oriented in opposite direction, which in this case is out of the page as shown by the 
red and black highlighted methyl groups in the inset of Figure 4a for the AB2 (0) motif. 
The number in parenthesis represents the number of methyl groups in the opposite 
orientation of the corresponding methyl group characterizing the reference (S = 1) motif.  
Thus, A3 (1) denotes the motif with all upward-oriented methyl groups, with one methyl 
group misoriented relative to the reference motif.  

The six other possible structural motifs only occur within the polymer when 
some degree of disorder is present in the structure, with the percent occurrence depending 
on both S and x, where x is the fraction of methyl groups oriented along a specific side of 
the polymer. Thus, isostatic polypropylene with methyl groups oriented along one side 
would have x = 1, while isostatic polypropylene with methyl groups oriented along the 
opposite side would have x = 0.  Figure 4a provides the percentage of each motif present 
in polypropylene with x = 0.5 as a function of S2, and Figure 4b plots the percentage of 
each motif at S = 0 as a function of x. 

Figure 4. a) The percentage of each structural motif for polypropylene as a function of S2 at the 

balanced, ideal composition of x = 0.5.  b) The percentage of each structural motif for polypropylene as 

a function of x at S = 0. Inset are two possible motifs: the reference motif A2B(0), and a A3 (1) motif. 

 
Following the technique used by Zunger and Wei [22, 23], using the spin 

modeling along with a cluster expansion out to the pair-interaction terms, we have shown 
[7] that a system-level property dominated by pair interactions can be expressed as 
 

 P(x, S) = [P(x = 0.5, S = 1) - P(x, S = 0)] S2 – P(x, S = 0),  (5)  

where P(x, S) is the system property at the given composition x and degree of ordering S. 
To investigate whether the particle removal efficiencies of polypropylene masks and 
filters is such a system-level property of this material, we extracted S2 values of 
polypropylene masks and filters via published SEM images [10] and determined that the 
reported filtering efficiency (measured using organic particulate matters generated from 
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dioctyl phthalate [10]) does indeed follow the linear trend with S2 predicted by Eq. 5, as 
shown in Figure 5a.  Interestingly, the efficiency of the filters and masks increases with 
increasing disorder in the polypropylene. A possible explanation for this trend may be 
found by considering the structural motifs that occur with increasing disorder. 
Specifically, the motifs dominated by methyl groups on the same side of the polymer 
chains occur in increasing percentages as S decreases, as can be seen in Figure 4a for the 
case of x = 0.5, while the percentage of the reference motif with a sequence of methyl 
groups on alternating sides decreases with decreasing S2. This suggests that same-side 
methyl-group-dominated motifs may provide a more significant barrier to particles 
passing through than the alternating-side reference motif, leading to better filtering 
efficiencies for more disordered polypropylene structures. 

Figure 5. a) Organic removal efficiencies as a function of S2 for 3 different commercial polypropylene-

based mask filters. Inset is the pressure drop across each filter as a function of S2. b) The organic 

removal efficiencies of polybenzimidazole (PBI) filters as a function of S2. Inset at the bottom left is 

the pressure drop across each filter as a function of S2, and inset at the top right is the average fiber 

diameter as a function of S2. All data in (a) and (b) were extracted from ref. [10]. c) Fil-tering 

efficiencies as a function of S2 for polypropylene/ polyethylene bicomponent spunbond (PP/PE- BCS) 

fibers. Data extracted from ref. [24]. Inset is the filtering efficiency as a function of S2 for filters made 

of polyester. Data extracted from ref. [25]. For all data points in (a), (b) and (c), the error bars for S2 

values are within the size of the symbols, and error bars for measured quantities from the literature, 

such as removal efficiencies, are included when reported.  

 
We have also applied S2 analysis to masks made of other fibrous materials, 

such as polybenzimidazole (PBI), polyester and polypropylene/polyethylene bicomponent 
spunbond fibers (PP/PE-BCS). Figure 5 shows the results of these analysis for these 
materials. For the PBI samples, the filtering efficiency was measured using organic 
particulate matters generated from dioctyl phthalate [10]. For the PP/PE-BCS, the removal 
efficiencies were measured using charge neutral sodium chloride [24], and for the 
polyester samples the removal efficiencies were measured for particles with a diameter of 
0.5 microns [25]. As Figure 5b,c and the inset of Figure 5c illustrate, as in the case of 
polypropylene, each of these materials demonstrates a linear relationship between their 
filtering efficiency and S2. 

While the efficiency of a filter is typically associated with features such as the 
fiber diameter (with smaller diameter fibers yielding higher removal efficiencies [10]), the 
trend seen in the removal efficiencies is actually due to the ordering of the material. 
Evidence for this can be seen in the graph inset in top right of Figure 5b, which shows the 
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average fiber diameter as a function of S2 for three PBI films.  The plot shows that there is 
no linear trend between the average fiber diameter and S2, while for the same three filters 
there is a linear trend between the S2 of the polymers and the filter removal efficiency. 
Thus, the results shown in Figure 5 provide initial evidence that this model of disorder 
that we have developed for polypropylene has applications to the broader family of 
polymer-based fibers.  

Additionally, the insets to Figure 5a and 5b plot the pressure drop across the 
polypropylene and PBI based filters as a function of S2. While all of the samples of each 
material lie on the same S2 line for the removal efficiency, the pressure drops of the same 
filters do not fall along a single line for each material. Thus, there is no linear relationship 
between S2 of the material and the pressure drop of the type predicted by the spin-based 
model we have developed. This result provides evidence that pressure drop, unlike the 
filter efficiency, is not dominated by the ordering of the polymers, and instead is driven by 
the larger structural features of the filter, such as number and density of layers in the filter. 
As Hiejima et al. [9] and Lee et al. [10] demonstrate, Raman spectroscopy and SEM are 
straightforward and powerful techniques for characterizing and understanding these fiber 
structures. Our model presented here, along with those results, provides a potential 
pathway for achieving masks with better filtering efficiencies and lower pressure drops, 
by tuning S2 of the polymers in the filter and the overall structure of the filter, 
respectively, using standard and readily available techniques.  

CONCLUSIONS 

We have provided evidence for an order-disorder transition in polypropylene 
based on temperature-dependent measurements of the Bragg-Williams order parameter S. 
A model is proposed for the corresponding structural disorder based on the alignment of 
methyl groups along the polymer chain. Additionally, a system level property of 
polypropylene – its particle filtering efficiency – follows the predicted spin (Ising) based 
model equation relating material properties and S2. The results provide a framework for 
application to other polymers and fiber systems to quantify and understand the impact of 
structural disorder at the material level in these systems, which can be used to evaluate 
filter designs, mask cleaning strategies, and potentially even form the basis for quality 
control in manufacturing. 
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