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Abstract 

This dissertation explores the impacts of configurational free volume, introduced through 

triptycene units, on the transport properties of condensable vapors and gases in thermally 

rearranged polybenzoxazole-based polymers as well as their polyhydroxyimide 

precursors which are not thermally treated. Through a series of in-depth studies, we 

elucidate the fundamental mechanisms governing solubility, diffusivity, and selectivity 

in these materials, offering insights into their potential applications in molecular 

separations. Chapter 1 presents pioneering findings on how triptycene-containing 

polybenzoxazoles (TPBOs) mediate condensable vapor transport, demonstrating size-

controlled (entropically driven) sorption and diffusion, quite unlike conventional glassy 

polymers. This configurational free volume facilitates the tuning of sorption and 

diffusion selectivity, potentially unlocking routes to de-bottleneck limitations in current 

state-of-the-art membrane performance. Chapter 2 extends this investigation to light 

gases (N2, CH4, and CO2), proposing a mechanism for molecule transport in 

configurational free volume. By varying triptycene content, we analyze the effects (and 

lack thereof) on the components of CO2/CH4 selectivity, uncovering that configurational 

free volume exclusively regulates light gas diffusion selectivity in the Langmuir mode 

without affecting the other components of selectivity. Chapter 3 addresses the critical 

issue of data reliability in solubility measurements, proposing a standardized 

methodology for estimating uncertainty in sorption and adsorption measurements. This 
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study lays out a framework for understanding factors that contribute to measurement 

error, and comprehensively addresses accurate comparison between solubility 

measurements within a single lab, as well as across laboratories worldwide, which is 

critical in the previous two chapters. Chapter 5 investigates the swelling behavior of 

TPBOs, revealing that configurational free volume and thermal rearrangement 

collectively and synergistically enhance swelling resistance, a crucial factor for membrane 

stability and performance in real-world applications. It also brings in techniques from 

Chapter 3 and data science to demonstrate a novel dilatometry analysis method. This 

comprehensive study not only lays out an advancement in our understanding of 

configurational free volume, but also provides measurement and error analysis 

standardizations in the membrane field. The work may be of practical use to researchers 

seeking to improve the rational design of membranes and the design of extremely 

accurate apparatuses geared towards membrane and polymer sciences, such as the 

sorption and dilation apparatuses discussed herein.  
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Chapter 1. Motivation, Introduction, and Theory 

1.1. Motivation 

Membranes have become competitive among separation technologies. If we limit the 

discussion to gas separations, membranes cover roughly 20% of this market [1]. 

Measured by yearly revenue, the gas separations market is primarily comprised of 

hydrogen recovery, nitrogen gas generation, natural gas sweetening, and vapor 

separations. Of these “big four” (and smaller markets), nitrogen generation takes up 

almost the same market share as all the other gas separation markets combined. While 

improvements in membrane performance for these four industries are still useful for 

commercial optimization [2], the expansion of the membrane industry as a whole is 

contingent on the development of materials that target very specific separations and 

outperform alternatives, such as distillation and adsorptive methods of separation. In this 

case, outperformance implies (in addition to total selective ability and productivity of the 

process) the longevity of the material and its ability to withstand harsh environments, 

which is a major bottleneck in the adoption of membranes for the separation of many 

types of mixtures [1,3]. For this reason, the development of competitive and novel 

membrane materials has an important prerequisite: the fundamental understanding of 

structure-property correlations between the materials themselves and the various 

components of their performance. As a high-level example, the understanding that 

increasing the total fractional free volume (FFV) of a polymer is correlated with the 
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increase of component diffusivity, as reported by Thran et. al [4], or that decreasing 

membrane thickness is correlated with an increase in the rates of progression of the two 

main detrimental phenomena that adversely affect membrane materials, that is, physical 

aging and plasticization [5–7], which will be discussed extensively later in this work. 

Understanding the fundamental mechanisms by which the design of membrane 

materials affects their properties allows for the rational design of membranes that target 

specific separations, and by extension, begin to open the industry up to new sectors. This 

is far from the entire development process that would bring a membrane to market, 

however, it is the first necessary step in the production of these next generation materials 

[1].  

Some notable strategies that are already in development include crosslinking [8–10], or 

the binding of adjacent polymer chains together, restricting the polymers ability to 

deform and generally increasing its selection ability; mixed matrix membranes [11–13], 

or the inclusion of filler materials with exceptional separating capability into a polymer, 

improving the resulting membrane’s performance and occasionally its stability [14]; and 

thermal rearrangement [15–17], or applying heat to chemically rearrange the polymer 

(typically a polyimide) backbone into a far more stable and rigid polymer. There is, of 

course, even the possibility of combining strategies and the opportunity to understand 

how these modifications to the material structure synergize with one another [18,19], 

which is also what this work seeks to accomplish.  
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In this work, we investigate the utilization and fundamental transport properties of 

iptycene groups in the polymer backbone. These iptycene units are large paddlewheel-

like structures that generate very regular and stable microcavities into the polymer, 

known as “configurational free volume” (CFV) [20–24] (see Figure 1), which will be 

discussed further in Section 1.5.  

 

Figure 1: Structure and size of triptycene units. (A) and conformational versus configurational 

free volume in glassy polymers (B).  

1.2. The Solution-Diffusion Model 

1.2.1. Permeability 

Permeability is defined as the extent to which a material is able to transport another 

material through it, irrespective of thickness or pressure [1]. It is often more concisely 

called pressure and thickness normalized flux, and thus it is an intrinsic property of 

polymers, unlike permeance, which is only pressure normalized flux. It is also a measure 



4 

 

of membrane productivity, as higher permeabilities require lower pressures when used 

in real applications, which reduces operational costs. 

Polymers that tend to perform well in gas and vapor separations, as well as some liquid 

phase separations, have no permanent channels or pores within their structure. These so 

called “dense” polymers, abide by a transport model known as the Solution-Diffusion 

Model [25]. This model describes the permeability of a component 𝑖 transporting through 

the membrane as the product of its solubility coefficient (𝑆𝑖, which is equal to 

concentration over pressure), and its concentration averaged diffusivity coefficient (𝐷̅𝑖) 

(see Equation 1).  

𝑃𝑖 = 𝐷̅𝑖𝑆𝑖  Equation 1 

In this mechanism [26], the term concentration averaged diffusivity coefficient refers to the 

average diffusivity that is observed as the membrane transitions from one concentration 

to another.  

𝐷̅𝑖 =
1

𝐶𝑖,2−𝐶𝑖,1
∫ 𝐷𝑖

𝑒𝑓𝑓(𝐶)𝑑𝐶
𝐶𝑖,2
𝐶𝑖,1

  Equation 2 

Where 𝐷𝑖
𝑒𝑓𝑓

 is the effective local diffusivity which would be observed at an infinitesimal 

change in concentration, and 𝐶𝑖,1 and 𝐶𝑖,2 are the component (i.e., penetrant) 

concentrations in the polymer at the beginning and the end of an experimental step, 

respectively.  
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1.2.2. Selectivity 

The ratio of the more highly permeating species 𝑖 in a membrane to the lower 

permeability species 𝑗 is referred to as the selectivity (𝛼𝑖𝑗) of the membrane [25] (see 

Equation 3).  

𝛼𝑖𝑗 =
𝑃𝑖

𝑃𝑗
=

𝐷̅𝑖

𝐷̅𝑗
×

𝑆𝑖

𝑆𝑗
= 𝛼𝑖𝑗

𝑆 × 𝛼𝑖𝑗
𝐷  Equation 3 

Selectivity is defined in two ways, the ideal selectivity and the real or sometimes called 

mixed-gas selectivity. Ideal selectivity is defined as the ratio of permeabilities measured in 

single-component experiments at a given temperature and pressure, or in other words, 

data taken when the membrane was only exposed to a single, pure component. Real 

selectivity is found by measuring an actual mixture of the two components in question. 

As mixtures of components (especially when at least one component is a condensable 

gas) can compete and interact with each other, which will be discussed later on in this 

work, real selectivities may change as a function of the composition of the mixture in 

question. For example, measuring a 50/50% by mole mixture of CO2/CH4 as compared to 

an 20/80% mixture, which would have less competitive effects from CO2. The 

development of instruments which can measure and quantify the permeability and 

selectivity of real mixtures is also considerably harder and more expensive than an 

apparatus which would do the same for the pure cases. For these two reasons, and to 

prevent ambiguities in this work, it should be stated that membrane literature primarily 
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presents selectivities with the assumption that they are ideal unless otherwise specified 

as real.  

Selectivity can also be expressed as the ratio of the solubility and diffusivity components 

of the two species (see Equation 3), referred to as the solubility selectivity (𝛼𝑖𝑗
𝑆 ) and the 

diffusivity selectivity (𝛼𝑖𝑗
𝐷). Solubility selectivity is (typically) driven by enthalpic factors, 

whereas diffusivity selectivity is driven by entropic ones [27]. Enthalpic components that 

affect this behavior include the relative condensabilities (proxied by critical temperature 

or critical volume) of the penetrants 𝑖 and 𝑗, and polymer-penetrant interactions. Entropic 

components that affect diffusivity selectivity include the size of the penetrants (proxied 

by kinetic diameter), and the penetrants ability to assume additional conformational 

states while confined in the polymer matrix e.g., the ability for n-butane to rotate and 

bend within the polymer and isobutane’s lack thereof. These correlations have been 

studied extensively in the 1990’s [25,27–32].  

1.3. Glassy polymers and their influence on membrane behavior 

1.3.1. Glassy and rubbery polymers 

This understanding is important due to the nature of the kinds of polymers which tend 

to be competitive in gas and vapor separations, that is, glassy polymers [27]. Glassy 

polymers are polymers which do not reside at equilibrium density, instead, exhibiting 

slightly lower densities than their theoretical maximum at a given pressure and 
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temperature due to steric hinderances in the motion of the polymer chain (see Figure 2) 

[31,33]. These hinderances are overcome when the polymer is heated above its glass 

transition temperature (𝑇𝑔), or the temperature at which the polymer transitions from a 

glassy state to a rubbery state. Once above the Tg, the polymer will behave as an 

equilibrium material.  

 
Figure 2: Qualitative diagram of the glassy and rubbery regions of polymers, measured by specific 

volume, as well as the contributions to the total polymer phase volume including the regular free 

volume (green area), conformational (excess) free volume (red area), configurational free volume 

(pink area), and occupied volume of the polymer itself i.e., the Van-der-Waals volume (blue area). 

Additionally, the dashed blue line denotes the theoretical equilibrium volume of the polymer in a 

glassy state, and the red arrow denotes the affect of physical aging over time. 
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Because glassy polymers reside below their maximum density, they contain extremely 

small, unconnected, and semi-permanent voids within their phase referred to as 

nonequilibrium or conformational free volume [34,35]. These terms originate from the fact 

that the free volume within the polymer occurs due to the conformational nature of the 

polymer chains and isn’t simply interstitial space between adjacent chains. When 

discussing dual mode theory later in this chapter, these nonequilibrium and interstitial 

spaces are what the Langmuir and Henry modes are comprised of, respectively [36]. This 

conformational free volume is the key to what gives glassy polymers their advantage in 

separating small components.  

1.3.2. Energetics of gas sorption, diffusion, and permeation 

In solution diffusion theory, an energy penalty must be paid for a component to partition 

into the polymer phase [37]. This is modeled as the energy necessary to “open” a site for 

the component to occupy in the interstitial space between polymer chains and occupy it. 

This is the activation energy of permeation (𝐸𝑃, See Equation 4), which is composed of 

the energies necessary to deform (and subsequently occupy) the polymer space, known 

as the enthalpy of sorption (Δ𝐻𝑆) and the energy necessary to diffuse through that opened 

space, or the energy of diffusion (𝐸𝐷).  

𝑃 = 𝑃0 ⋅ 𝑒
−
𝐸𝑃
𝑅𝑇 = 𝐷0 ⋅ 𝑒

−
𝐸𝐷
𝑅𝑇 × 𝑆0 ⋅ 𝑒

−
Δ𝐻𝑆
𝑅𝑇  Equation 4 
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Where 𝑃0, 𝐷0, 𝑆0 are pre-exponential constants relating to entropic contributions, and 𝐸𝑃, 

𝐸𝐷, and Δ𝐻𝑆 are the activation energies of permeation, diffusion, and the enthalpy of 

sorption, respectively [27]. The enthalpy of sorption can be separated by Δ𝐻𝑆 =

Δ𝐻𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒 − Δ𝐻𝑑𝑒𝑓𝑜𝑟𝑚, or the combination of a deformation energy and a condensation 

energy [38]. Glassy polymers, which contain conformational free volume elements, can 

be thought of as containing permanently opened sites through which sorption can occur 

without paying the deformation component of the energy penalty. For this reason, glassy 

polymers tend to have far superior solubility coefficients for penetrants than their 

rubbery counterparts [39]. It was found that this increase in solubility is essentially the 

only reason that glassy polymers can outperform rubbery ones to the degree observed in 

literature [39], as when solubility is indiscriminately increased, the overall permeation 

due to the solution diffusion mechanism increases as well. The byproduct of this trend, 

however, is that selectivity in glassy polymers is primarily determined between the 

differences in component diffusion, or the diffusivity selectivity [4], rather than solubility 

selectivity. This has critical implications on the direction of the membrane field with 

respect to small components. Polymer chain rigidity and fractional free volume (FFV) 

were discovered to be fundamentally tied to the increase in both overall diffusivity and 

diffusivity selectivity [40], that is, creating a rigid, glassy polymer with inefficient chain 

packing and thus high internal free volume will result in a membrane material for 

separating based on size alone. However, solubility and solubility-based selection has 
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proven far more difficult to tame, and remains as the primary route to improving 

membrane performance [40–42]. The reason for this difficulty resides primarily in the fact 

that solubility selectivity and diffusivity-selectivity tend to work against each other [43]. 

Components which are large in size tend to also be more condensable, and as a 

consequence, a larger component will be selected against with respect to diffusion, but 

favorably in solution. For example, pairs of alkane / alkenes such as ethylene / ethane [44] 

and some “regular” separations, e.g., methanol / n-butanol and CH4/N2. Other difficulties 

include isomers separations such as n-propanol / isopropanol [45]. There are notable 

exceptions to this, such as CO2/CH4 as well as CO2/N2 separations, which occur in the case 

that the more condensable component (in this case CO2) is actually smaller than the less 

condensable component, but these are mostly solved separations [1] as they are easier to 

optimize. Most early routes focused on mitigating the opposing solubility selectivity in 

glassy polymers by tuning the functional groups present on the polymer itself 

[1,28,42,46,47], such as using fluorinated polymer chains rather than traditional 

hydrocarbon based polymers [42,48–50]. In fact, many of the strategies proposed earlier 

in this chapter were also originally conceptualized to help align solubility and diffusivity 

selectivities to synergize rather than compete with each other, with configurational free 

volume and the inclusion of iptycene groups being no exception. As we will see in 

Chapter 2, configurational free volume succeeds in this endeavor [51].  
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1.4. Membrane performance limitations 

1.4.1. Physical aging 

The benefits of glassy polymers as membrane materials are not without cost. Glassy 

polymers, and membrane materials as a whole, suffer from multiple complications hinted 

at previously in this chapter. The first, and only one exclusive to glassy polymers, is 

physical aging [52,53]. Physical aging is the gradual collapse of the nonequilibrium 

(conformational) free volume with the polymer, which can be thought of as the polymer’s 

slow approach to its theoretical equilibrium density, that is, the density values which 

minimizes Gibbs free energy at a given T and p. As a nonequilibrium material, the density 

of glassy polymers, and the nature of the free volume within it, are also subject to change 

and are dependent on age, thermal history, and previous exposure to other materials. 

Aging results in a decrease in the membranes permeability and an increase in its 

selectivity, but overall, this effect is an unwelcome detriment to the overall performance 

of the membrane [52]. To make matters more complex, the rate at which this aging occurs 

in very thin membranes, which are typically used in real applications) occurs at 

exceptionally higher rates than bulky membranes [5,6]. The effect of accelerated aging 

becomes significant near 1𝜇𝑚 in membrane thickness, in which they are considered thin 

films. This effect can be mitigated by filler agents or crosslinking, and even thermal 

rearrangement [54], but these methods have complexities of their own [14,52,55]. 

Incorporating configurational free volume, by way of iptycene groups, has shown 
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promise in completely halting physical aging [24], even in the case of extremely thin 

membranes.  

1.4.2. Plasticization 

For both glassy and rubbery polymers, highly condensable penetrants (such as CO2, 

ammonia, alcohols, water, and hydrocarbons) can cause the polymer matrix to plasticize, 

or in other words, deform and lose cohesion between polymer chains, which become 

more mobile, losing part of their size-sieving ability [56,57]. Plasticization causes 

essentially the opposite effect as that of physical aging, that is, a sharp increase in 

permeability with a loss of selectivity. Intuitively, this can be thought of as the membrane 

no longer being able to act as a filter, simply allowing components indiscriminately pass 

through it. Many of the techniques that encourage resistance to physical aging in 

polymers also apply to plasticization. For example, crosslinking and filler agents that 

hinder polymer chains from moving apart from one another [8,9,58]. Though discoveries 

have been made regarding configurational free volume’s effect on physical aging [24], 

plasticization has remained elusive. Thus, a major question this work seeks to answer is 

the efficacy of configurational free volume in the inhibition of plasticization as well as 

polymer swelling, which is the physical effect (and measured proxy) of plasticization 

[42,59]. 
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1.4.3. The Robeson upper bound 

The last, and arguably most famous of the main complications to membrane 

performance, is the Robeson upper bound [30,39,60,61], which is a tradeoff observed 

between the permeability of a component, and the selectivity between that component 

and another. That is, modifying a polymer to increase its permeability tends to decrease 

its selectivity, and vice versa. This results in a bounding line when plotting the two 

measures of membrane performance that researchers strive to surpass. Tradeoffs are 

studied extensively for many gas pairs and are named by the pair itself. For example, the 

CO2/CH4 upper bound (see Figure 3) [61], the He/CH4 upper bound [62], and the 

ethylene/ethane upper bound [44].  

It should be noted that upper bound behavior is not entirely representative of membrane 

potential for acceptance into real applications, especially when pointing out state-of-the 

art polymers, for two key reasons. First, the upper bound represents a snapshot of the 

membrane performance often at the best possible time, which is usually before any aging, 

significant plasticization, or degradation of the polymer occurs. Thus, polymers which 

perform well, but disproportionately suffer from complications such as aging, can be 

misrepresented as industrially competitive. Second, as referenced earlier in Section 1.2.2, 

these bounds almost always use ideal selectivities. Consequentially, mixing effects are not 

accounted for, which may hide significant synergies and detrimental interactions that 

would occur in a real setting [1,36,63]. 
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Figure 3: CO2/CH4 Robeson upper bounds in 1991 (dotted line), 2008 (dashed line), and 2019 

(solid line). Data taken from various sources [1,20,21,60]. Highlighted polymer types are 

thermally rearranged polymers (blue), PIMs (red), benzotriptycene containing PIMs (orange), 

TPBOs (green), TPBO-Acs (purple, and TPI-PBOs (yellow).  

 

The concept of performance upper bounds, as well as permeability-selectivity tradeoffs, 

were first introduced, empirically, in 1991 [30]. They were then later refined with 

additional fundamental considerations in 2008 [61] and updated with the current state of 

the membranes available at that time. This also gives us historical insight into which 

methods successfully pushed the envelope of membrane performance. For example, the 

2008 upper bound for CO2/CH4 is largely attributable to the development of thermally 

rearranged polymers and polymers of intrinsic microporosity (PIMs) (See Figure 3) [61]. 

He/CH4 separations were greatly advanced through perfluorinated polymers, which 

mitigate the counteracting solubility selectivity that tends to favor CH4 [64]. In fact, 
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virtually all polymers at the time that defined the 2008 He/CH4 upper bound were 

perfluorinated. In 2019, configurational free volume found itself as the deciding factor in 

the next upper bound, with the 2019 CO2/CH4 upper bound being comprised of iptycene 

containing polymers [60].  

1.5. Configurational Free Volume 

1.5.1. Current understanding 

In polymers, configurational free volume is typically, but not necessarily required to be, 

generated by iptycene groups placed within the polymer in some fashion. This volume is 

(by definition) due to the molecular configuration of a structure within the polymer, 

rather than the conformation of the polymer chains themselves (see Figure 2). This 

definition is quite general. Configurational free volume may be generated by any group 

that creates permanent free volume elements from any internal structure. This includes 

filler phases (i.e., mixed matrix membranes or MMMs) such as inter-penetrating polymer 

networks (PPNs) [65,66]; including them as pendant groups [67]; and even including the 

iptycene group in the backbone of the polymer itself [21]. As a product of this, the free 

volume elements given by configurational free volume are inherently stable, and while 

they themselves do not physically age or plasticize, other (conformational) elements in 

the same polymer as well as the bulk polymer matrix itself still may. Any conformational 

free volume elements available for transport in glassy polymers, which come from 

frustrated chain packing, makes these materials susceptible to physical aging 
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[1,23,52,54,68–70]. It has been previously demonstrated that configurational free volume 

definitively increases resistance to physical aging [24], and that the inclusion of these 

elements is directly tied with an increase in total (overall) performance, that is, being 

correlated with surpassing the 2008 CO2/CH4 and CO2/N2 upper bounds [60] and defining 

the 2019 upper bounds for these separations. Essentially, the inclusion of iptycenes into 

membrane materials in general appears to unlock many of the bottlenecks constraining 

the field, as demonstrated clearly in Figure 3 [20,23,60], but the mechanisms by which it 

does so are not fully understood. This work seeks to identify the key aspects of 

configurational free volume that require better fundamental understanding and shed 

light on them, targeting specifically configurational elements generated by way of 

iptycene groups.  

1.5.2. Open questions 

At the inception of this project, the current understanding of configurational free volume 

was quite limited. Previous work shed light primarily on the overall characteristics and 

performance of materials that included it, but studies in the domain of fundamental 

mechanisms of transport were, for the most part, lacking. Prior to this work, unanswered 

questions included:  

1. How does sorption, diffusion, and permeation behavior change when the 

penetrant is larger than the configurational free volume element size?  
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2. Through what mechanism does configurational free volume regulate 

selectivity? 

3. How does configurational free volume directly affect plasticization and 

swelling? That is, can configurational free volume mitigate plasticizing and 

swelling effects as is known to do with aging?   

These questions are answered over the course of three individual studies which seek to 

elucidate the behavior of configurational free volume using separate experimental 

domains. That is, 1. vapor sorption, 2. gas sorption, and 3. gas dilation, respectively.  

1.6. Phase Equilibria Models 

Though glassy polymers are non-equilibrium materials (see Section 1.3.1), there are still 

models which describe them. These models can derived a priori (fundamental models) or 

a posteriori (empirical models), though both types of models have utility in understanding 

and predicting membrane behavior.  

1.6.1. The Dual Mode Model 

The Dual Mode Sorption Model provides a phenomenological, although physically 

sound quantitative description of small molecule sorption in glassy polymers as a 

function of pressure or fugacity [36], enabling a direct correlation of the transport 

properties with the membrane structure [36,71–73]. According to the dual mode 

approach, penetrant concentration in the polymer, 𝐶, is given by the sum of two 
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concentrations. The first is the equilibrium contribution, in the rubber-like component of 

the polymer phase referred to as the Henry’s population or Henry mode. The second is 

sorption in pre-existing free volume pockets, known as the Langmuir’s population or 

Langmuir mode [71,74]. Specifically, Langmuir mode elements can be created by both 

conformational and configurational free volume pockets alike. This model strikes a 

balance between predictive capacity, physical meaning of the fitted parameters, and ease 

of use. Consequently, it is one of the most widely used models for gas solubility in 

membrane literature. The base model is as follows (see Equation 5) 

𝐶 = 𝑘𝐷𝑓 +
𝐶𝐻
′ 𝑏𝑓

1+𝑏𝑓
  Equation 5  

where 𝑘𝐷  is the Henry’s constant, 𝐶𝐻
′  is the Langmuir sorption capacity, 𝑏 is the Langmuir 

affinity parameter and f is the penetrant fugacity in the external gas phase. Pressure is an 

acceptable alternative to fugacity in most cases, however, some extensions to this model 

require that the more appropriate quantification of driving force (fugacity) be used.  

The dual mode model can be extended to fit solubility data that spans temperature as 

well as pressure by constraining [15,75] the original three parameters to functions of 

temperature (see Table 1).  
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Table 1: Constraints used for the dual mode fitting of sorption data at multiple temperatures in 

TPBOs. 

dual mode 

parameter 

constraint introduced 

parameters 

𝐾𝐷 𝐾𝐷 = 𝐾𝐷0 exp (−
𝛥𝐻𝐾𝐷
𝑅𝑇

) Van’t Hoff relationship 𝐾𝐷0, 𝛥𝐻𝐾𝐷  

𝐶𝐻
′  𝐶𝐻

′ = 𝐶𝐻
′
0
−𝑚𝑇 temperature dependence of  𝐶𝐻

′  𝐶𝐻
′
0
, 𝑚 

𝑏 𝑏 = 𝑏0 exp (−
𝛥𝐻𝑏
𝑅𝑇

) Van’t Hoff relationship 𝑏0, 𝛥𝐻𝑏 

 

These constraints introduce a Van’t Hoff dependence on temperature for the Henry mode 

constant (𝐾𝐷0, 𝛥𝐻𝐾𝐷) and Langmuir mode affinity (𝑏0, 𝛥𝐻𝑏). These parameters give useful 

information regarding the energy released upon sorbing into these two modes, thus the 

constraints on the model provide not only a way to increase the physically realistic 

picture of the model, but also extract useful information from it.  

The Dual Mode Model can also be used to both fit and, more typically, predict mixing 

effects that occur due to competition in the Langmuir mode that occurs in glassy 

polymers [26,36,76]. Doing so uses the Langmuir affinity parameter, 𝑏𝑖, which predicts 

the component 𝑖 that is the most competitive and thus able to occupy this space in the 

polymer most frequently, seen in Equation 6. 

𝐶𝑖 = 𝑘𝐷,𝑖𝑓𝑖 +
𝐶𝐻,𝑖
′ 𝑏𝑖𝑓𝑖

1+∑ 𝑏𝑗𝑓𝑗
𝑛
𝑗=1

  

 

Equation 6 

Where the subscript 𝑖 referrers to the component of interest in a mixture with 𝑛 

components.  
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Using the solution-diffusion model, the Dual Mode Model can be extended to describe 

not only equilibrium sorption, but also small molecule transport in glassy polymers [74]. 

This can be done by assigning a mobility to both the Henry and the Langmuir 

populations, giving rise to the dual sorption-mobility model [71,74]:  

℘ = 𝑘𝐷𝐷𝐷 (1 +
𝐾𝐹

1+𝑏𝑓
)  

 

Equation 7 

where 𝐷𝐷 and 𝐷𝐻  are the diffusion coefficients of the Henry’s and Langmuir’s population, 

respectively. These coefficients are assumed constant throughout the range being fit. F 

and K are constants defined as 𝐹 = 𝐷𝐻 𝐷𝐷⁄  and 𝐾 = 𝐶𝐻
′ 𝑏 𝑘𝐷⁄ , respectively [74]. All the 

remaining parameters have the usual physical meaning and are taken from the analysis 

of single component experiments. To fit these parameters two sets of data are required: a 

sorption isotherm with its dual mode parameters already fit, and a permeation isotherm 

of the component over a similar pressure range. After this, Equation 7 is re-expressed as 

℘ = 𝑘𝐷𝐷𝐷 +
𝐶𝐻
′ 𝑏

1+𝑏𝑓
𝐷𝐻 [74] and the 𝐷𝐻 and 𝐷𝐷 parameters of the partial immobilization 

model are fit via linear regression, where 𝑘𝐷𝐷𝐷 is the intercept and 𝐷𝐻 is the slope, 

respectively, of the plot ℘ vs 
𝐶𝐻
′ 𝑏

1+𝑏𝑓
. This model is valid when the aforementioned plot is 

linear, as nonlinearities would invalidate assumptions imposed in the derivation of the 

model and by extension invalidate the meaning extracted from 𝐷𝐻 and 𝐷𝐷. 
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Finally, The Dual Mode Dilation Model developed by Kamiya [77–79] may be used to 

describe and gain understanding of dilation with respect to glassy polymers. The mode 

itself describes fractional dilation 
Δ𝑉

𝑉0
 (see Section 4.2) as a function of pressure: 

Δ𝑉

𝑉0
= 𝑉𝐷 (𝑘𝐷𝑝 +

𝑓𝐶𝐻
′ 𝑏𝑝

1+𝑏𝑝
)  

 

Equation 8 

where 𝑉𝐷 represents the effective condensed molar volume of the penetrant in the 

polymer phase in 
𝑐𝑚3

𝑚𝑜𝑙
 , and 𝑓 is a fitting parameter that typically varies from 0 to 1 and 

represents how much the Langmuir mode contributes to polymer phase dilation [77]. As 

an example, an 𝑓 value of 1 would suggest that the Langmuir and Henry mode contribute 

equally to dilation, proportionally to the amount of sorbed polymer in the respective 

phases. An 𝑓 value of 0 would suggest that no matter how much material sorbs into the 

Langmuir phase, it does not contribute to volume changes of the polymer phase as a 

whole and the Henry mode is the only contributor to dilation. The rest of the parameters 

are fit directly from sorption data using the standard dual mode model [36,80].  

1.6.2. The Guggenheim-Anderson-DeBoer Model 

The Guggenheim-Anderson-de Boer (GAB) model describes small molecule sorption in 

polymers as a function of penetrant activity [81–83]. The fundamental hypothesis 

underlying this model is that vapor molecules are adsorbed in multiple layers on the 

surface of a solid material. Unlike the Dual Mode Model, the GAB model is typically used 

as a more precise interpolation tool and for extracting physical meaning from the fit 
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parameters, and it is also able to capture upward concavity in concentration isotherms 

typically expressed by highly swelling penetrants such as vapors. As a result of this, the 

GAB model is typically used in lieu of dual mode mechanisms when swelling affects 

sorption behavior. The model is parametrized as follows:  

𝐶 =
𝐶𝑝𝑘𝐴𝑎

(1−𝑘𝑎)(1−𝑘𝑎+𝐴𝑘𝑎)
  

 

Equation 9 

where 𝐶 is the amount of penetrant sorbed in the polymer, expressed in units of 
𝑔

𝑔𝑝𝑜𝑙
 or 

cm3(STP)/cm3(polymer), a is the penetrant activity (i.e., relative pressure, usually 

approximated as 
𝑝

𝑝0
, where 𝑝 is the pressure and 𝑝0 the penetrant vapor pressure at the 

experimental temperature being considered [13,75]). 𝐶𝑝, 𝐴, and 𝑘 are the three model 

parameters. Specifically, 𝐶𝑝 is the sorption capacity of the first monolayer of penetrant 

adsorbed on the polymer surface, 𝐴 is the dimensionless heat of sorption of this first 

monolayer, and 𝑘 describes the dimensionless heat of sorption of higher layers.  

1.7. Transient (Diffusion) Models 

Transient diffusion is the movement of material into a polymer that occurs during the 

shift from one static pressure (i.e., equilibrium) to another. In sorption experiments, if the 

polymer geometry is known ahead of time, the rate at which equilibrium is achieved 

provides the information necessary to calculate the concentration averaged diffusivity 

coefficient 𝐷̅𝑖 [78]. This is typically (as it is in this work) done using “slab geometry”, or 

in other words, a rectangular polymer slab with even thickness along the length of the 
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sample. Several models have been previously derived in membrane literature which 

allow for the fitting of 𝐷̅𝑖 from sorption kinetics. Fitting the parameters of these models 

requires the use of nonlinear optimization techniques with care taken to avoid some of 

the spurious local minima that show up in some of the more advanced calculations. For 

information regarding how to set up and perform these fittings, as well as convergence 

criteria and cutoffs for infinite sums, see Section 2.4.2 and Section A6, Appendices. 

1.7.1. Transient Fickian Sorption 

In transient diffusion with which swelling and surface concentration effects do not occur, 

Fickian diffusion in slab geometry will adequately describe the kinetics of sorption. These 

kinetics are given by: 

𝑀𝑡 = 𝑀𝑓 [1 −
8

𝜋2
∑  ∞
𝑛=0

1

(2𝑛+1)2
𝑒𝑥𝑝(−(2𝑛 + 1)2𝑘𝑓𝑡)]  Equation 10 

Where 𝑀𝑡 is the dimensionless mass uptake of the penetrant in the polymer at time 𝑡. 𝑀𝑓 

and 𝑘𝑓 are the equilibrium mass uptakes and Fickian rate constant in 𝑔 and 𝑠−1, 

respectively [78]. Once fit to a set of transient sorption data, the concentration averaged 

diffusivity coefficient may be determined by: 

𝐷̅𝑖 =
𝑘𝑓ℓ

2

𝜋2
  Equation 11 

Where ℓ is the total membrane thickness in 𝑐𝑚, resulting in a diffusivity with units of 
𝑐𝑚2

𝑠
. 

As lim
𝑡→∞

𝑀𝑡

𝑀𝑓
= 1, 𝑀𝑓 may be normalized to one, simplifying the optimization to a single 

fitting parameter.   
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1.7.2. The Berens-Hopfenberg Model 

In cases where polymer swelling occurs, additional mass uptake may occur over much 

longer periods of time in addition to normal Fickian sorption. Modeling this requires an 

extra term with two additional fitted parameters in what is referred to as the Berens-

Hopfenberg model [78,84]:  

𝑀𝑡 = 𝑀𝐹 [1 −
8

𝜋2
∑  ∞
𝑛=0

1

(2𝑛+1)2
𝑒𝑥𝑝(−(2𝑛 + 1)2𝑘𝐹𝑡)] + 𝑀𝑟[1 − 𝑒𝑥𝑝 (−𝑘𝑟𝑡)]  Equation 12 

Where the introduced terms 𝑀𝑟 and 𝑘𝑟 are the equilibrium mass uptake and rate of mass 

uptake in 𝑔 and 𝑠−1, respectively. Once again, constraining lim
𝑡→∞

𝑀𝑡

𝑀𝑓+𝑀𝑟
= 1 removes one 

fitted parameter from the optimization process, significantly simplifying the acquisition 

of the parameters.  

In most cases (as in polymers which sorb little mass) changes in vapor concentration at 

the polymer surface are negligible, therefore the Berens-Hopfenberg model can be used 

“as is” with very little residual error. However, when considering highly sorbing vapors 

(such as methanol, in this work) the concentration at the polymer surface may change 

exponentially over time [78,85]. In this circumstance, a modified version of the Berens-

Hopfenberg model must be used to estimate vapor diffusion coefficients from the 

analysis of experimental sorption kinetics while modeling the concentration of the 

penetrant at the polymer surface as 𝐶 = 𝐶0(1 − 𝑒−𝛽𝑡) [78,86], resulting in the modified 

model: 
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𝑀𝑡 = 𝑀𝑓 [1 − 𝑒𝑥𝑝 (−𝛽𝑡)√
4𝑘𝑓

𝜋2𝛽
𝑡𝑎𝑛√

𝜋2𝛽

4𝑘𝑓
−

8

𝜋2
∑  ∞
𝑛=0

𝑒𝑥𝑝(−(2𝑛+1)2𝑘𝑓𝑡)

(2𝑛+1)2[1−(2𝑛+
1)2𝑘𝑓

𝛽
]

] +

𝑀𝑟[1 − 𝑒𝑥𝑝 (−𝑘𝑟𝑡)]  

Equation 13 

where 𝛽 is a time constant, which is treated as an adjustable parameter along with the 

other four fitted terms and characterizes how fast the bulk vapor phase reaches the 

surface of the polymer, where it then can proceed with diffusion into the polymer phase 

itself. This modification assists as well in situations where high concentration differences 

between two equilibrium pressures are observed, i.e., when a sorption step traverses a 

large pressure jump. 

1.8. Model Analyses 

Once experimental data has been fit to some of the models discussed in Sections 1.6 and 

1.7, a number of downstream analyses are available to further gain insight into the data 

and phenomena being investigated. These include the ability to separate diffusivities into 

kinetic and thermodynamic contributions, determine clustering effects with condensable 

vapors, calculate sorption enthalpies, and others. These analyses are of utmost 

importance when investigating the fundamental or molecular level behavior of polymer 

phenomena and are used extensively in subsequent chapters to elucidate the effects of 

configurational free volume.   
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1.8.1. Deconvolution of Diffusivity Contributions 

Diffusion coefficients in polymers can be decomposed into a purely kinetic term and a 

thermodynamic factor [87]. This correction becomes particularly valuable when 

considering components with strong interactions with the polymer, and is critically 

important when investigating vapor diffusion in polymers due to the strong non-

idealities occurring in these systems [26,88]. In contrast, light gases mix with polymers 

more ideally, therefore correcting the diffusion coefficient for thermodynamic non-

idealities is not strictly necessary. The analysis is as follows: 

𝐷̅𝑖 =
𝐿𝑖

𝑅𝑇
⋅

𝜕𝜇𝑖

𝜕 ln(𝜔𝑖)
= 𝐿𝑖 ⋅ 𝛼𝑖  Equation 14 

where 𝐿𝑖 is the mobility coefficient or thermodynamically corrected diffusion coefficient, 

that is, the kinetic contribution to 𝐷̅𝑖, 𝛼𝑖 is the thermodynamic contribution, and 𝜇𝑖 and 

𝜔𝑖 are the penetrant chemical potential and mass fraction in the polymer mixture, 

respectively. By applying the definition of activity in terms of chemical potential, the 

thermodynamic contribution can be expressed in terms of penetrant activity 𝑎𝑖 as 𝛼𝑖 =

𝜕 ln(𝑎𝑖)

𝜕 ln(𝜔𝑖)
, allowing 𝛼𝑖 to be directly calculated from equilibrium sorption isotherms. Finally, 

from 𝐷̅𝑖 and 𝛼𝑖, 𝐿𝑖 can be obtained.  As discussed in detail in previous studies, 𝐿𝑖 

represents a purely kinetic parameter which accounts for the frictional resistance offered 

by the polymer chains to penetrant diffusion [89]; it is related to penetrant molecular size, 

as well as to the polymer structure. In contrast, 𝛼𝑖 measures the polymer-penetrant 
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interactions [89]. If 𝛼𝑖 is larger than 1, polymer-penetrant interactions are favorable (i.e., 

attractive). In contrast, if 𝛼𝑖 is lower than 1, polymer-penetrant interactions are 

unfavorable (i.e., repulsive). Finally, if 𝛼𝑖 = 1, polymer-penetrant mixing is ideal and 𝐷̅𝑖 =

𝐿𝑖 (i.e., the diffusion coefficient does not need to be corrected for thermodynamic non-

ideality).  

1.8.2. Zimm-Lundberg Cluster Criteria 

The Zimm-Lundberg clustering criteria estimates whether molecule clusters are forming 

within the polymer phase. Clustering, represented in a way practical to membrane 

science, is the phenomena of molecules organizing into larger groups that translate as a 

whole unit, and essentially behave as a larger molecule that is both more condensable 

and diffuses more slowly within the polymer. Fundamentally, this function quantifies the 

degree of non-random penetrant distribution within the polymer matrix. The function 

itself is given as [90–92]: 

𝐺11

𝑉̃1
= −(𝜙1 − 1) [

𝜕(𝑎 𝜙1⁄ )

𝜕𝑎
]
𝑇,𝑝

− 1  Equation 15 

where 𝐺11 is the cluster integral, 𝑉̃1 is the partial molar volume of the penetrant, 𝜙1 is the 

penetrant volume fraction in the polymer phase (i.e., 𝜙1 =
𝐶

𝑉̃1
22414

(1+𝐶
𝑉̃1

22414
)
 , where 𝐶 is the 

concentration expressed in cm3(STP)/cm3(polymer) and 𝑉̃1 is the penetrant molar volume 

in cm3/mol 30) and 𝑎 is the penetrant activity, which can be approximated as 𝑎 ≈
𝑝

𝑝𝑣𝑎𝑝
 for 
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low pressure vapors. The size of the average cluster is given [91] as 
𝜙1𝐺11

𝑉̃1
+ 1, and 

clustering is considered to take place when the amount of molecules in a cluster is greater 

than one [90,92]. The extent of clustering is given by the degree to which the cluster 

function (i.e., Equation 15) is greater than −1 [90].  

1.8.3. Isosteric Heat of Sorption 

A Van’t Hoff-type relationship describes the temperature dependence of gas sorption in 

polymers [38,87], that is, the solubility at a specific pressure can be described as a function 

of temperature by 𝑆 = 𝑆0 ⋅ 𝑒𝑥𝑝 (−
∆𝐻𝑠

𝑅𝑇
) where ∆𝐻𝑠 is the enthalpy of sorption and 𝑆0 is a 

pre-exponential constant. As discussed in Section 1.3.2, the enthalpy of sorption is given 

by the sum of the penetrant condensation enthalpy and the penetrant/polymer mixing 

enthalpy, which takes into account i) the polymer-penetrant interactions and ii) the 

deformation work needed to open gaps between polymer chains to accommodate 

penetrant molecules in the Henry’s mode [58,87]. The analysis of sorption isotherms at 

multiple temperatures provides the isosteric heat of sorption, that is, the concentration 

dependence of ∆𝐻𝑠 [38]:  

[
𝑑(ln(𝑝))

𝑑(
1

𝑇
)
]
𝐶

=
∆𝐻𝑠

𝑍𝑅
       Equation 16 

where p is the pressure corresponding at each concentration (𝐶) at a given temperature 

T, and Z is the compressibility factor of the penetrant in the fluid phase [38].  
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1.8.4. Partial Molar Volume 

With a combination of polymer dilation data and solubility measurements, it is possible 

to calculate the partial molar volume of the penetrant within the polymer phase itself 

[77,78,93]. Dilation data is necessary in this case, as it quantifies the change in the polymer 

phase with respect to the amount of material entering it. Penetrant partial molar volume, 

or 𝑉̅𝑝𝑒𝑛, can be estimated as follows: 

𝑉̅𝑝𝑒𝑛 =
𝜕𝑉𝑝𝑜𝑙.  𝑝ℎ𝑎𝑠𝑒

𝜕𝑛𝑝𝑒𝑛
|𝑇,𝑝,𝑛𝑗≠𝑖 = [

𝑑

𝑑𝑝
(
Δ𝑉

𝑉0
) + β]

𝑑𝑝

𝑑𝐶
  Equation 17 

where 
Δ𝑉

𝑉0
 is the experimentally measured polymer fractional dilation (discussed 

extensively in Chapter 4), 
𝑑𝑝

𝑑𝐶
 is the pressure derivative with respect to concentration, 

which is usually taken analytically by fitting the sorption data with the dual mode model 

(see Section 1.6.1). Finally, 𝛽 is the polymer compressibility factor, which is often 

neglected as compressibility is insignificant compared to the dilation observed at the 

pressure ranges tested [76,78]. This hypothesis is even further justified based on the 

polymers used in this work, i.e., TPBOs, considering their very high chain rigidity [94,95]. 

1.9. Experimental Analysis and Uncertainty 

A major component of this work is understanding the confidence with which the data 

obtained. In this work, it is of utmost importance to determine whether certain sets of 

data are measurably different from one another, or if they are similar within the 

experimental error. Further, membrane literature previously lacked established criteria 
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on whether certain corrections needed to be made to improve the accuracy of solubility 

data, as well as how uncertainty should be appropriately quantified in the first place [96]. 

To answer these questions and push the standard of how uncertainty is reported in 

membrane literature, a number of techniques are needed, including standard linear error 

propagation (LEP), Monte Carlo error propagation (MCEP), jackknifing, bootstrapping, 

and scaled hessian matrix techniques for carrying uncertainty forward from 

measurements and fitted parameters. Here, we discuss the methods that are extensively 

used in this work.  

1.9.1. Linear Error Propagation (LEP) 

Uncertainty in calculated quantities using independently measured variables may be 

quantified using linear error propagation (LEP). LEP approximates changes in the 

calculated variable by assuming that the response in changes to the measured quantities 

behave linearly[97,98]. This is usually expressed by the following relationship: 

𝜎𝑓
2 = ∑ (

𝜕𝑓

𝜕𝑥𝑖
𝜎𝑥𝑖)

2

+ ∑  𝑛
𝑖=1 ∑ (

𝜕𝑓

𝜕𝑥𝑖
) (

𝜕𝑓

𝜕𝑥𝑗
) 𝜎𝑖𝑗

2  𝑛
𝑗≠𝑖

𝑛
𝑖=1          Equation 18 

Where 𝜎𝑓 is the standard deviation of the calculated variable 𝑓, 𝜎𝑥𝑖 is the standard 

deviation of the measured variable 𝑖, 
𝜕𝑓

𝜕𝑥𝑖
 is the first order partial derivative of 𝑓 with 

respect to variable 𝑖, and 𝜎𝑖𝑗
2  is the covariance between measured variables 𝑖 and 𝑗. 

Covariance is a measure of the dependence of one measured variable on the measurement 

of another and is quantified by the right-hand term in Equation 18. Covariance is 
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generally omitted when it can be reasonably assumed that all measured quantities do not 

interact with one another [96–98]. This technique is valid when the uncertainty of all 

measured variables ([𝑥𝑖, 𝑥𝑗 , … , 𝑥𝑛]) are small enough that their effect on the calculated 

quantity 𝑓 can be assumed linear. In this case, this means that either the quantities are 

small enough that highly nonlinear responses in 𝑓 are hidden by the tangent line 

approximation, or the response of 𝑓 to changes in 𝑥𝑖 are already approximately linear 

originally [98]. Essentially, within the linear error propagation method, the uncertainty 

associated to a given function f is proportional to the input (i.e., independent variables) 

uncertainty. Consequently, for non-linear functions, linear error propagation remains 

accurate only for small measurement errors.  

Complications in linear error propagation calculations can result from the use of iterative 

functions. When two functions that share an independent measurement, i.e., 𝑓(𝑥, 𝑦) and 

𝑔(𝑥, 𝑧), are used as intermediate steps, they become functionally correlated such that a 

change in the independent variable 𝑥 will now affect both 𝑓 and 𝑔. If the uncertainties of 

𝑓 and 𝑔 are then accidentally treated as independent quantities in subsequent 

calculations, the propagated error will not be accounted for accurately. Therefore, the 

uncertainty of penetrant concentration of a single sorption step cannot be taken as 

independent of previous steps. Unfortunately, many independently measured variables 

are shared among subsequent differential sorption steps, such as temperature, polymer 

density, and chamber volumes. Therefore, a pitfall of linear error propagation when 
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applied specifically to a constant volume-variable pressure sorption apparatus is to do 

the work for the first step and reuse this calculated uncertainty in the next ones, without 

handling the resulting functional correlation. In this work, we account for and quantify 

this effect, as well as verify the uncertainty results through Monte Carlo methods [99]. 

1.9.2. Monte Carlo Error Propagation (MCEP)  

In addition to analytical techniques, random sampling techniques such as the Monte 

Carlo Error Propagation method (MCEP) allow for the quantification of uncertainty with 

far fewer assumptions than are made in LEP, but at a computational cost multiple that is 

orders of magnitude higher as well [98–100], as millions of simulations need to be run in 

most cases. In essence, this technique simulates repeat experiments by re-doing the 

experimental calculations while randomly altering the measured quantities (see Figure 

4). In other words, for a function 𝑓 = 𝑓(𝑥, 𝑦, 𝑧, … ), one may randomly select 𝑥̂, 𝑦̂, 𝑧̂, … 

within their measured distributions and calculate 𝑓(𝑥̂, 𝑦̂, 𝑧̂, … ), simulating one “repeat 

experiment”. Typically, these distributions are assumed to be gaussian, which is valid in 

most cases for most types of measurements, however any input distribution is acceptable. 

𝑓 is then calculated using these randomly selected values, and the process is repeated 

until a corresponding distribution is determined for 𝑓. If 𝑓 is also gaussian, then the error 

may then be reported as a variance or standard deviation similar to LEP. Unlike LEP, 

MCEP does not inherently assume the nature of the output 𝑓’s distribution, a linear 

response, or continuous behavior [97,98], and as such is much more general. It is also 
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easier to implement programmatically, as it requires resampling rather than the 

calculation of partial derivatives, which can be tedious in complex calculations. 

Practically speaking, this method is very demanding, as the time required to compute 

enough iterations to reach a stable, near constant value (see, Figure A21, Section A21, 

Appendices and Figure 30) can also be quite high. 

 
Figure 4: Schematic of the Monte Carlo Error Propagation (MCEP) method. 

Finally, the example discussed in Section A18, Appendices, demonstrates how to 

compare MCEP results with LEP results. This is useful due to the fact that MCEP uses far 

fewer assumptions than LEP, providing a very useful strategy to verify LEP validity. 

Namely, it can decisively determine if typical measured uncertainties are “small enough” 

such that the calculated uncertainty 𝜎𝑓 can be said to be linearly proportional to the input 

values.  
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1.9.3. Uncertainty Contributions 

When evaluating the uncertainty of a function that depends on multiple variables, it may 

be important, for practical reasons, to quantify the contribution of each variable to the 

overall output uncertainty. This information can be useful, for example, to identify the 

major source of uncertainty and optimize the design of an experimental apparatus and 

collect experimental data exhibiting the highest possible accuracy. Likewise, given a set 

of experimental sorption data, it may be relevant to know how much of the associated 

uncertainty is due to a specific input variable. In this study, we provide two similar 

definitions for the contribution each experimental variable makes to the overall 

uncertainty of the final sorption data, one for linear error propagation, and one for Monte 

Carlo error propagation. This definition for the LEP method starts from Equation 18, 

which, after some algebra, provides the following expression to evaluate the fractional 

contribution of each independent variable to the overall variance: 

1 = ∑ [
(
𝜕𝑓

𝜕𝑥𝑖
𝜎𝑥𝑖)

2

𝜎𝑓
2 ]𝑛

𝑖=1    Equation 19 

Where each variable has the previously defined meaning and each term in the summation 

represents the fractional uncertainty contribution of the measurement involved in the 

calculation of 𝑓 [96,97].  

A similar, considerably simpler process can be applied to evaluate the individual variable 

contribution to the overall uncertainty using the Monte Carlo method. To do this, we used 
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a sensitivity analysis in which we run Monte Carlo simulations while restricting all 

uncertain variables to their nominal values, except for a single measurement or groups of 

measurements. The result of these simulations is a modified uncertainty, 𝜎𝐹𝑖
′ , which 

quantifies the contribution of each variable i. This process is repeated for all variables of 

interest and the corresponding uncertainties are the given contributions for that 

measurement or measurement group. If the uncertainty due to all variables being used 

in the MCEP simulation is 𝜎𝐹 , we can define the uncertainty contribution as the fractional 

variance in a similar way to LEP, that is, (
𝜎𝐹
′

𝜎𝐹
)
2

. For example, for both LEP and MCEP 

methods, the contribution of a measured pressure to the moles of penetrant sorbed by the 

polymer during a given sorption step depends on the pressure measurements in previous 

steps, therefore, to assess the contribution of the pressure transducer’s uncertainty, we 

consider them as a single contribution. 

If non-linear error responses in MCEP are insignificant, and functional covariance is 

accounted for, then the contributions resulting from this analysis should align completely 

with the contributions defined by LEP, i.e., the total uncertainty of the calculated result 

is sufficiently approximated by the sum of the individual, independently simulated 

contributions to uncertainty.  

This relationship proves incredibly useful to investigate which variables affect a 

particular type of experiment the most, and as will be seen in Chapter 5, can be used to 

highlight where improvements in an experiment will be the most effective [96]. 
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1.9.4. Uncertainty of Fitting Parameters 

In addition to the uncertainty of calculated values, it is often required to quantify the 

uncertainty of fitted parameters. This work employes three techniques to accomplish this 

task, which will be discussed briefly here. The first is the jackknifing technique [98], which 

repeats each fitting with a single datum omitted, then analyzing the resulting distribution 

of fitting values. For example, to obtain the uncertainty of the three dual mode parameters 

fitted to 8 sorption data points, one would perform 8 additional fittings, each omitting a 

single sorption data point followed by taking the normalized standard deviation of the 

resulting fitting distribution. This technique is quite fast, requiring only 𝑛 additional 

fittings per data point present in the original optimization, but does not quantify 

covariance between fitted parameters and fails for large datasets [98], as dropping a single 

datum is unlikely to significantly alter the fit and thereby explore the range of possible 

valid (i.e., that result in comparable residual error) fitting parameters. 

Bootstrapping [98] is a similarly purposed technique analogous to MCEP that involves 

resampling the original dataset with replacement. That is, for a data set of 𝑛 

measurements, randomly pick 𝑛 values from the dataset with the possibility of picking 

the same measurement from the set multiple times and perform a fitting on the resulting 

dataset to acquire new fitting parameters. This process is repeated (typically many 

thousands of times) before analyzing the resulting distribution of fitted parameters, 

allowing for the quantification of each parameter’s error. Like jackknifing, this method 
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does not quantify covariance between fitted parameters, but works in the presence of 

large sets of data and fails for small ones due to the high likelihood that the smaller data 

set will not include enough unique data points to acquire a valid fit.  

Finally, a direct method to quantify fitting uncertainty exists that works by applying 

linear error propagation techniques to the sum of squared residual errors of the fitting 

itself. The intuition behind this technique is obtained by interpreting the concavity of the 

loss (i.e., the sum of squared residual errors or SSE) function at its local minimum as the 

confidence with which the fitted parameters are known. That is, a shallow, wide 

minimum with respect to a fitted parameter would suggest low confidence, as moving 

that parameter around this space would not change the SSE significantly. In contrast, a 

narrow, deep SSE function with respect to a fitted parameter suggests high confidence, 

as a small change in that parameter would greatly impact the SSE [101]. As this method 

is analytical, it also provides the ability to determine covariance between values as it 

quantifies the variance matrix of the parameters themselves. Informally referred to as the 

“Inverse Hessian Method”, it is defined as follows [101–103]: 

𝐶𝑂𝑉 =
𝐻−1

𝐷𝑂𝐹
=

[
𝜕2(𝑆𝑆𝐸(𝑥))

𝜕𝑥𝑖𝜕𝑥𝑗
|
min(𝑆𝑆𝐸(𝑥))

]

−1

𝑛−𝑝
  Equation 20 

Where 𝐷𝑂𝐹 is the number of degrees of freedom in the optimization, defined as the 

difference between the number of data points used in the optimization (𝑛) and the 

number of parameters being fit (𝑝). 𝐻 is the hessian matrix of the residual error (𝑆𝑆𝐸) 
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function with respect to the fitted parameters (𝑥). Once this covariance matrix has been 

determined, the standard deviations of the fitted parameters are then the root of the 

diagonal of the covariance matrix, or 𝜎𝑥𝑖 = √𝐶𝑂𝑉𝑖𝑖  [101,102].  

This method is preferred in most cases but isn’t always possible to calculate for a 

multitude of reasons. For example, if fitting a model in which not all parameters are used 

(or, more practically, the model has very low dependency on that parameter) then the 

derivative of the 𝑆𝑆𝐸 function with respect to that parameter will be zero or close to zero, 

resulting in a hessian matrix with an undefined inverse. Calculating this hessian matrix 

can also prove computationally difficult, and in cases where this method fails or is 

impractical, jackknifing or bootstrapping provide practical alternatives. This work 

utilizes the inverse hessian method preferentially and defaults to jackknife and bootstrap 

methods when needed.  

1.10. Experimental methods 

1.10.1. Vapor sorption experiments  

Condensable vapors, such as water, alcohols (i.e., methanol, 1-propanol 1-butanol), and 

large hydrocarbons have their solubility measured in a vapor sorption apparatus (see Figure 

5). Vapor sorption isotherms were collected at 25°C using a constant-volume dual-

chamber pressure decay system. The experimental setup generally consists of a sampling 

chamber, which contains a known mass of polymer, and a charge chamber, which houses 
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a pressure transducer [26,58,75]. The two chambers are connected through a valve. The 

charge chamber is also connected to both a vacuum line and vapor generator (See Figure 

5A) 

 

 
Figure 5: A) Schematic of the constant volume pressure decay apparatus used to measure vapor 

sorption/adsorption in polymers and porous materials. B) Schematic of a typical vapor sorption 

measurement using the differential method. 
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The entire apparatus is submerged in a water bath to maintain the temperature to the 

desired value. First, a full vacuum is pulled throughout the system to remove air and any 

trace of solvent or humidity trapped in the polymer (Figure 5B, step 1). Then, the valve 

between the two chambers is closed and the charge chamber is filled with vapor and a 

few minutes are allowed for the pressure reading to stabilize (Figure 5, step 2). The 

sorption experiment starts by opening the valve separating the two compartments. The 

single transducer now reads the pressure of the combined sampling and charge chamber 

volume. A step pressure decrease is observed, due to vapor expansion, followed by a 

slower exponential decay resulting from vapor being sorbed in the polymer sample 

(Figure 5B, step 3). Equilibrium is reached when pressure attains a constant value for 

several hours. Further measurements are taken in a stepwise fashion, by closing the valve 

to the sampling chamber (Figure 5B, step 4), adding more vapor to the charge chamber 

(Figure 5B, step 5) and repeating the procedure described above. Vacuum is not pulled in 

between steps, making the analysis in this report specific to the differential sorption 

method.  

Temperature was controlled using a Techne© TU-20HT immersion circulator with an 

accuracy of ±0.5°C, and pressure was measured using an MKS© PDR2000 dual-

capacitance manometer with a full scale of 500 Torr and an error of ±0.25% of the 

reading. The charge and sorption chamber volumes were determined using the Burnett 

method [104] and were found to be 29.477 ± 0.098 𝑐𝑚3 and 7.614 ± 0.023 𝑐𝑚3, 
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respectively. Vapor was generated using liquid-phase penetrant stored in a vessel 

submerged in the water bath, connected to a valve upstream of the sampling and charge 

chamber. A more in-depth explanation of this apparatus can be found in Chapter 5, 

Section 5.3.1.  

Experimental sorption kinetics were fit to the Berens-Hopfenberg model to estimate the 

vapor diffusion coefficient, 𝐷̅𝑖, as a function of concentration, as specified in the previous 

section. Before sorption begins, the polymer sample’s thickness was measured using a 

Mitutoyo caliper with a resolution of 0.001mm at multiple points and averaged. 

Experimental uncertainty of solubility and diffusivity data were calculated using linear 

error propagation[96,98]. 

1.10.2. Gas Sorption Experiments  

Pure-gas sorption isotherms were measured within the temperature range of 5−50°C and 

up to 35 atm. Sorption measurements were run using a dual-chamber pressure decay 

sorption apparatus (see Figure 6), equipped with two Honeywell Super TJE pressure 

transducers (0-500 𝑝𝑠𝑖𝑎, accuracy ± 0.05%). Pressure data were automatically collected 

using a custom-made Labview® acquisition program and run using in-house packages 

written in the Julia programming language. 

The setup used to measure gas sorption is similar to that used for vapor sorption 

measurements, but with two key differences. First, during the sorption process the valve 
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between the charge and sampling chambers is closed, which means that an additional 

pressure transducer must be added to the sampling chamber (see Figure 6A) [75].  

 
 

 
 

Figure 6: A) Schematic of the constant volume pressure decay apparatus used to measure gas 

sorption/ adsorption in polymers and porous materials. B) Schematic of a typical gas sorption 

measurement using the differential method. Numbers denote step order for calculating 

concentration from pressure measurements. 𝑉𝑓𝑖𝑙𝑙𝑒𝑟 accounts for any other material (e.g., stainless 

steel beads) possibly used to reduce the total sampling chamber volume, 𝑉𝑆0. 
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This choice helps minimize the effective volume of the chamber, enhance the signal-to-

noise ratio and make sorption measurements more accurate.  

The gas sorption apparatus consists of a charge chamber (18.442 ± 0.04 cm3) which holds 

an initial quantity of gas, and a sampling chamber (15.707 ± 0.06 cm3) which houses the 

polymer sample (see Figure 6A and B, step 1). Temperature was maintained constant 

using a water bath Techne TU-20HT heater (Cole Parmer). To run experiments at 5°𝐶 and 

20°𝐶, a C1283-60 immersion cooler (Cole Parmer) was used. Prior to the measurement, 

polymer samples were weighed using a Mettler Toledo analytic balance.  

Gas solubility data is collected stepwise. First, vacuum is pulled overnight in both the 

sampling and charge chambers, as well as in the service lines. The charge chamber then 

is filled with an initial quantity of gas, while the sampling chamber (housing around 0.1g 

to 0.5g of polymer sample) is still under full vacuum. Once the charge chamber pressure 

stabilizes (~10 to 15 minutes), the valve between the charge and sampling chambers is 

opened for 5 seconds before being closed again, which is the primary difference between 

gas and vapor sorption experiments. Pressure decay occurs in the sampling chamber over 

the course of anywhere from several hours to multiple days. Once the pressure in the 

sampling chamber stabilizes, the next step is run. These further steps occur by supplying 

additional gas to the charge chamber and repeating the process described above. Finally, 

a molar balance is used to calculate the number of moles of gas sorbed in the polymer. 
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The equilibrium gas fugacity at the end of any step is calculated using the Peng-Robinson 

equation of state (PREoS), whose input parameters are listed in Table A5. 

Additional information regarding gas sorption experiments can be found in Chapter 5, 

Section 5.3.2. 

1.10.3. Optical Dilation Experiments 

The swelling apparatus considered in this study uses a Jerguson gage (Jerguson Gage & 

Valve Co.) and is placed within a built in-house thermostatic hood to regulate the 

temperature. The Jerguson gage is connected to a charging vessel lined with a built in-

house gas pre-heating unit and an Omega pressure transducer. A DMK 33UX174 camera 

manufactured by The Imaging Source™ is fixed to a track-mounted stand capable of 

being moved via a threaded rod to center it with the sample. The camera collects images 

based on a timer, which is adjusted by the experimenter depending on the purpose of the 

experiment (see Figure 7).  
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Figure 7: Swelling apparatus: scheme (A) and annotated image (B). 

To run the experiment, a rectangular polymer sample is hung on a wire stand built to be 

placed securely within the Jerguson gage. The stand itself is made solely of metal parts, 

such that no material within the gage other than the polymer itself will absorb the 

penetrant gas and potentially dilate along with the sample. If the sample is known to curl 

or otherwise not remain perfectly straight during dilation, brass coupons may be used to 

constrain the sample while still allowing dilation to occur. Vacuum is pulled throughout 

the system over a period of 24 hours prior to the swelling experiment. Just before the first 

step, a reference image is taken at vacuum to serve as the point-of-comparison when 

determining how many pixels (see Section 4.4) the sample has dilated at any given future 
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point in time. To start the experiment, the charge chamber is filled with the gas through 

the charging valve, while the valve connecting it to the Jerguson gage is closed. At this 

point, the camera begins taking images at a pre-defined rate. The valve connecting the 

charging chamber to the Jerguson gage is then slowly opened, allowing the gas to reach 

the polymer; at this point, sample swelling begins. Within the first few seconds of 

dilation, image collection is slowed to around once per minute, and finally once per hour 

if the step is to be run overnight. Once equilibrium has been reached, new measurements 

are taken by repeating the stepwise procedure described above. The analysis, limitations, 

and optimizations of this experimental technique will be discussed in detail in Chapter 

4, as this is one of the objectives of this work.  
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Chapter 2. Entropically Driven Sorption in Polymers Exhibiting 

Configurational Free Volume† 

2.1. Abstract 

This chapter reports findings that, for the first time, show the effect of configurational free 

volume (i.e., triptycene units) on condensable vapors transport in polymers. Alcohol and 

water vapor solubility and diffusivity isotherms at 25°C in a triptycene-containing 

polybenzoxazole (TPBO) exhibiting configurational free volume are presented as a 

function of vapor activity, discussed, and used to develop fundamental structure-

property correlations. This chapter provides evidence that, despite conventional glassy 

polymer alcohol diffusion being size-controlled and sorption enthalpy-controlled (which, 

as discussed in Section 1.3.2, may create a trade-off between sorption- and diffusion-

selectivity), alcohol sorption and diffusion in TPBO-0.25 are both size-controlled, which 

makes it potentially easier to simultaneously tune sorption- and diffusion-selectivity to 

achieve highly selective separations. To put these results in a broader perspective, alcohol 

sorption and diffusion properties of TPBO are compared with those of conventional 

glassy polymers exhibiting conformational free volume, such as PIM-1, Teflon AF2400, 

polynorbornene, polysulfone, as well as (rubbery) PDMS. Finally, new exciting 

 

† Reproduced, with permission from Box, et al. [51] 
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opportunities to exploit these unique TPBO’s features for large scale molecular 

separations are discussed. 

2.2. Introduction and motivation 

Despite the leit-motif of configurational free volume appearing to be a promising strategy 

for the design of next generation polymer membranes, the fundamental mechanism of 

small molecule transport in iptycene-based polymers is not yet fully understood. In 

particular, the few published fundamental sorption and transport data in these materials 

refer to light gases, such as CH4, CO2, N2 and He, with little or no information available 

about the sorption and transport behavior of bulky condensable vapors [20,75]. As the 

first component of this project, the scope of this study is to shed fundamental light on the 

influence of triptycene groups on vapor transport. Alcohols were chosen as model 

penetrants due to their importance as energy sources. Biofuels are, indeed, dilute 

alcohol/water mixtures, and energy-efficient separation technologies are crucially 

important to produce fuel-grade alcohols[105,106]. 

While in conventional glassy polymers vapor diffusion is size- (i.e., entropy-) controlled 

and sorption is enthalpy-controlled as discussed in Section 1.2.2 [1,87,89,107], which may 

create a trade-off between sorption- and diffusion-selectivity, this study provides 

evidence that vapor diffusion and sorption coefficients in TPBO are both size- (i.e., 

entropy-) controlled, which makes it easier to simultaneously tune sorption-and 

diffusion-selectivity to achieve highly selective molecular separations. This result comes 
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from synergy between the exceptional size-sieving ability of iptycene units and the 

beneficial effect of size-controlled sorption. To the best of our knowledge, size-controlled 

sorption in polymers has never been reported before and will be the main object of 

investigation and discussion in this paper.  

The unique transport mechanism of condensable vapors in TPBO, as well as the lack of 

solubility in organic solvents make this material attractive for the separation of organic 

species via organic solvent nanofiltration (OSN) and reverse osmosis (OSRO), 

pervaporation as well as vapor permeation [108]. In this study, the vapor sorption and 

transport properties in TPBO are presented, thoroughly discussed, and used to develop 

fundamental structure-property correlations to serve as a guide to design iptycene-based 

materials for the separation of organic species in vapor and liquid phase.  

2.3. Experimental methods 

2.3.1. Membrane fabrication and thermal rearrangement 

The material considered in this study is a thermally rearranged polybenzoxazole 

containing 25% mol of triptycene units, i.e., TPBO-0.25, fabricated from a co-polyimide 

precursor with controlled triptycene molar content, or triptycene-dianhydride(0.25)-

6FDA(0.75)-6FAP(1.0). Details about the synthesis protocol of the triptycene-based 

poly(hydroxyimide) precursor are provided in previous studies [20] and are summarized 

in Section A1, Appendices. Thermal rearrangement of the precursor to polybenzoxazole 

was achieved by pre-heating the triptycene-based poly(hydroxyimide) precursor to 
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300°C under nitrogen purge for 2 h [20]. Following this step, the temperature was raised 

to 450 °C at 10°C/min and maintained for 30 min, after which the film was cooled down 

to room temperature (cooling rate = 10°C/min), to become fully converted to thermally 

rearranged samples (i.e., TPBO) [20]. The structure and physical properties of TPBO-0.25 

are shown in Table 2, along with those of PIM-1, which is a standard microporous 

polymer that is considered for the sake of comparison throughout this paper. 

Table 2. Structure and properties of TPBO-0.25 [20] and PIM-1 [109]. 

material 

 

density  

(g/cm3) 

Tg  

(°C) 

d-spacing  

(Å) 

TPBO-0.25 

 

1.393 ±0.002 > 400 6.8 

PIM-1 

 

1.143 442 6.6 

 

2.3.2. Vapor solubility and diffusivity measurements 

Water and alcohol (i.e., methanol, 1-propanol 1-butanol) vapor sorption isotherms were 

collected at 25°C using a constant-volume dual-chamber pressure decay system and 

experimental procedure described in Section 1.10.1.  

Experimental sorption kinetics were fit to the Berens-Hopfenberg model (See Section 

1.7.2) to estimate the vapor diffusion coefficient, 𝐷̅𝑖, as a function of concentration. Before 

sorption begins, the polymer sample’s thickness was measured using a Mitutoyo caliper 
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with a resolution of 0.001mm at multiple points and averaged. Experimental uncertainty 

of solubility and diffusivity data were calculated using linear error propagation [97,98]. 

2.4.  Results and Discussion 

2.4.1. Equilibrium vapor sorption isotherms 

Pure vapor sorption isotherms in TPBO-0.25 are shown in Figure 8A-B in units of 

g(penetrant)/g(pol) as a function of vapor activity. Equilibrium penetrant activity was 

calculated as  𝑎 = 𝑝 𝑝0⁄ , where 𝑝0 was taken from NIST.  

    

 

Figure 8: Experimental solubility isotherms: A) methanol and water at 25°C in TPBO-0.25; B) 

1-propanol and 1-butanol at 25°C in TPBO-0.25; C) methanol, ethanol, 1-propanol, and 1-butanol 

in PIM-1 at 25°C [109]; D) methanol, ethanol, and 1-propanol in poly(trimethyl silyl norbornene) 

(PTMSN) at 35°C [89]; E) methanol, ethanol, and 1-propanol in Teflon AF2400 at 25°C as a 

function of vapor activity [110]. Solid lines are the GAB model fittings. Error bars for TPBO-0.25 
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sorption isotherms and activity values, which were calculated using linear error propagation, are 

too small to show. 

Water and methanol sorption isotherms (cf., Figure 8A) follow the typical behavior 

observed in glassy polymers. Specifically, water vapor sorption isotherm is linear with 

activity, while methanol sorption isotherm exhibits the standard dual mode behavior 

[111]. In sharp contrast, larger alcohols (i.e., 1-propanol and 1-butanol, see Figure 8B) 

isotherms exhibit the dual mode shape at activity below 0.1, with a prominent upturn at 

higher activities. The maximum uncertainty of sorption data, which was calculated using 

linear error propagation, was ±1.2% [96]. 

Figure 8A shows that methanol sorption in TPBO-0.25 is remarkably high, with a 

concentration exceeding 0.1 g/g(pol) starting from an activity of 0.35. This value is 40% 

lower than methanol solubility in PIM-1 at the same temperature [109], but much larger 

than the corresponding solubility in poly(trimethylsilyl norbornene) (PTMSN) [107] and 

Teflon AF2400 [110]. PIM-1, PTMSN and Teflon AF2400 were chosen as terms of 

comparison as they also are high free volume glassy polymers exhibiting ultra-high Tg 

and for which vapor sorption data are available. 

Interestingly, alcohols sorption in TPBO-0.25 markedly decreases with increasing 

condensability and molecular size (i.e., methanol >> 1-propanol > 1-butanol, see Figure 

8A-B). In sharp contrast, alcohol sorption in conventional glassy polymers, such as PIM-

1, PTMSN and Teflon AF systematically increases with increasing condensability and 

molecular size (i.e., methanol < ethanol < 1-propanol < 1-butanol, see Figure 8C, D, and 
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E) [107,109,110]. It is well known that small molecule sorption in polymers results from 

the interplay between enthalpic and entropic factors [89,94,107,112]. Enthalpic factors 

relate to polymer-penetrant interactions and penetrant condensability, according to the 

picture that penetrants exhibiting larger critical temperature (i.e., larger condensability) 

are more prone to sorb in the polymer phase in a condensed-like state. Entropic factors 

relate to penetrant molecular size, according to the physical picture that it becomes more 

difficult to accommodate penetrant molecules in the polymer matrix as their size 

increases (that is, sorption decreases with decreasing configurational entropy). For most 

of the polymers studied in the literature, enthalpic effects overwhelm entropic effects, 

therefore gas and vapor sorption systematically increase with increasing penetrant 

critical temperature (which means, in most cases, with increasing penetrant molecular 

size, see Table 3) [87,89,110,112–114]. As shown in a previous study, this rule applies to 

TPBO-0.25 when considering the sorption of light gases, so that gas solubility increases 

in the order: CO2 > CH4 > N2 > He [75]. Interestingly, when considering bulky vapors 

sorption in TPBO-0.25, this rule is no longer valid. Even though a limited number of 

vapors have been investigated in this study, due to their slow sorption kinetics, TPBO-

0.25 represents an interesting exception to the behavior described above, as alcohol 

sorption decreases with increasing condensability and molecular size. Alcohol’s polarity 

decreases with increasing the length of its organic tail, therefore their interactions with 

hydrophobic polymers (such as PTMSN, PIM-1 and Teflon AF) become more 
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thermodynamically favorable in the order: methanol < ethanol < 1-propanol < 1-butanol. 

Therefore, enthalpic factors related to polymer-penetrant interactions and penetrant 

condensability make the sorption of bulkier alcohols in polymers larger than that of lower 

alcohols [107,109,110]. Analogous to PIM-1, PTMSN and Teflon AF, TPBO-0.25 is a 

hydrophobic material, owing to its structure made of fused aromatic rings. Although the 

ether group on the TPBO-0.25 backbone exhibits some polarity, which would promote 

the sorption of lower polar alcohols, it is sterically shielded by the bulky triptycene unit 

in close proximity (see Table 2). This conclusion is supported by the fact that water vapor 

sorption in TPBO-0.25 and PIM-1 at 25°C are fairly similar at low activity. At activities 

larger than 0.5, water sorption in TPBO-0.25 is even lower than PIM-1 (See Figure A2, 

Appendices). Therefore, it does not seem reasonable to attribute the high sorption of 

lower alcohols in TPBO-0.25 to a favorable interaction between alcohol –OH groups and 

ether groups on the polymer backbone. We attribute this size-controlled sorption 

behavior in TPBO-0.25 to entropic factors. Indeed, while methanol (kinetic diameter = 

3.6Å, see Table 3) can fit in the internal cleft of triptycene units, bulkier alcohols are less 

likely to fit in the triptycene units, which could cause the observed size-exclusion effect. 

Different analyses, including PALS measurements and molecular simulations, provided 

an estimate of the size of the internal free volume of triptycene units. Specifically, PALS 

analysis conducted on TPBO-0.25 indicated that the average cavity size is about 7Å [20]. 

This number, however, does not provide the size of the internal free volume of triptycene 
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units, but the average size of free volume elements, including conformational and 

configurational free volume. A separate study indicated that the internal size of 

triptycene units is < 4Å [115]. Finally, based on purely geometric considerations, one may 

consider the void space between two arene blades of triptycene units as a triangular prism 

whose volume is 31Å [61]. If this volume is approximated as that of a sphere, the diameter 

would be around 3.9Å [115]. Therefore, we can infer that, among the alcohols considered 

in this study, only methanol can fit into the configurational free volume sites, while 1-

propanol and 1-butanol are excluded as their molecular size exceeds that of 

configurational free volume sites (see Table 3). 

Table 3: Critical parameters and kinetic diameter of the vapors considered in this study and in 

the Vopicka’s study[109].  

vapor critical temperature 

(K) 

critical volume 

(L/mol) 

kinetic diameter [116] 

(Å) 

water 647.0 0.0559 2.65 

methanol 513.0 0.116 3.60 

ethanol 516.2 0.168 4.50 

1-propanol 536.9 0.217 4.70 

1-butanol 563.1 0.274 5.00 

Sorption isotherms were fit to the GAB model (see Section 1.6.2 and Table 4). Uncertainty 

of the GAB parameters were calculated using the jackknife resampling method 

[96,101,103] (see Section 1.9.4). 

Table 4: Fitted GAB model parameters for vapor sorption isotherms in TPBO-0.25 at 25°C. 

vapor 𝐶𝑝 (g/g(pol)) A k 

water 0.0233 ± 0.00329 3.25 ± 0.13 0.47 ± 0.05 

methanol 0.0962 ± 0.0098 18.31 ± 0.18 0.62 ± 0.01 
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As expected, the sorption capacity of the first alcohol monolayer, 𝐶𝑝, decreases with 

increasing the number of alcohol carbon atoms. This behavior, which is justified based 

on steric considerations, has been observed in other polymers, such as PIM-1 [109]. The 

methanol 𝐶𝑝 value, about 0.096 g/g(pol), is comparable to methanol total sorption, 

indicating that most of methanol is sorbed within the first monolayer, with negligible 

clustering. The same conclusion (i.e., lack of clustering) can be drawn for water, for which 

𝐶𝑝 is close to the total water concentration in the polymer. The parameter k measures the 

penetrant propensity to form clusters. While clustering looks negligible for water, 

methanol and 1-butanol (for which k assumes relatively low values), 1-propanol is, 

among the vapors considered in this study, the one that clusters the most, based on its 

much larger k value. Finally, the heats of sorption of the first alcohol monolayer (𝐴) do 

not follow a specific trend as a function of alcohols size, analogously to what was 

observed by Vopicka et al. in PIM-1 [109].  

It should be noted that the relatively high uncertainty in the GAB model parameter 𝐴 is 

the result of the fact that the first monolayer usually becomes saturated within the first or 

second sorption step (see Section 1.6.2). This means that one or two data points contain 

the information needed to determine this parameter, and since parameter uncertainties 

1-propanol 0.00914 ± 0.00102 9.73 ± 4.28 2.36 ± 0.13 

1-butanol 0.00601 ± 0.00098 73.36 ± 30.72 0.89 ± 0.10 
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in this work are determined using drop-one-off (that is, jackknife) resampling, the loss of 

this data point produces a larger uncertainty on A.  

The Zimm-Lundberg model was used to explain the prominent upturn in the sorption 

isotherms of higher alcohols and de-couple the effects of swelling and clustering. The 

Zimm-Lundberg analysis shows clustering for 1-propanol, while methanol, water and 1-

butanol do not cluster according to this analysis (See Section A3, Appendices). This 

picture is fully consistent with the results of the GAB fitting discussed above. However, 

we should note that the Zimm-Lundberg model provides a very empirical analysis of 

clustering, therefore a FTIR-based investigation in underway to get a more realistic 

picture. Regardless, our analysis is still meaningful by way of the fact that two 

independent models (GAB and Zimm-Lundberg) point towards the same conclusions, as 

far as clustering is concerned. A still open question, however, is why methanol and water 

cluster less than 1-propanol. Due to its smaller alkyl tail, methanol is more polar than 1-

propanol, and therefore it is expected to exhibit a larger clustering propensity. This result 

could be rationalized based on two effects: i) a fraction of sorbed methanol and water 

molecules (the only penetrants that can fit into the configurational free volume sites) are 

confined inside the triptycene units, which hampers methanol and water molecules to 

self-hydrogen bond; ii) the polymer swelling produced by methanol, due to its extremely 

high sorption, creates additional room to accommodate the penetrant, which similarly 

hampers methanol molecules to get close enough to create higher order aggregates. The 
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low methanol clustering propensity is consistent with the analysis of diffusion 

coefficients presented in Section 2.4.2 Molecular simulations and experimental FTIR 

studies are underway to shed more light on this aspect. Finally, the higher 1-propanol 

clustering propensity relative to 1-butanol is consistent with the higher polarity of the 

former alcohol. The conclusion is that the upturn exhibited by the 1-butanol sorption 

isotherm is due to polymer swelling, while that exhibited by the 1-propanol sorption 

isotherm could be either due to polymer swelling or clustering. The analysis of diffusion 

coefficients in Section 2.4.2 will clarify this aspect. 

Koros et al. measured alcohol adsorption isotherms at 35°C in zeolite imidazolate 

frameworks, namely ZIF-8, ZIF-71 and ZIF-90 [117]. Although these isotherms exhibit a 

sigmoidal behavior at activity below 0.05, at activities above 0.1 sorption increases in the 

order: methanol > ethanol ≅ 1-propanol. Krishna and co-workers combined experiments 

and Monte Carlo simulations to show that alkane sorption in zeolites is size-driven (that 

is, entropy-driven), as it decreases with increasing the number of carbon atoms. They 

highlighted three types of entropic effects: a size-effect, which favors the sorption of the 

component exhibiting the smallest number of carbon atoms; a configurational effect, which, 

at given number of carbon atoms, favors the sorption of linear versus branched isomers. 

Finally, for zeolites exhibiting cylindrical channels, such as AFI and MOR, they 

highlighted a length effect, based on which the sorption of double branched isomers is 
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favored over linear alkanes. Therefore, an interesting similarity exists between vapor 

sorption in polymers exhibiting configurational free volume and sorbents [118].  

Although it would be useful to include in this study other vapors besides alcohols, the 

time needed to reach sorption equilibrium in the presence of hydrocarbon vapors is 

unreasonably long. For this reason, in this preliminary study we limit our analysis to 

alcohol vapors. 

2.4.2. Vapor diffusion coefficients 

Vapor diffusion coefficients were determined as a function of vapor concentration in 

TPBO-0.25 from the analysis of the experimental sorption kinetics. As mentioned in the 

theoretical section, the Berens-Hopfenberg model was used to fit the experimental 

sorption kinetics of all vapors considered in this study, except for methanol.  Due to its 

high solubility in TPBO-0.25, changes in methanol concentration at the polymer surface 

are expected, therefore the modified Berens-Hopfenberg method was used in the latter 

case to provide a more accurate estimate of the diffusion coefficient. A comparison among 

different fitting approaches for methanol sorption kinetics are shown in Section A5, 

Appendices. The models were implemented in Julia with an 𝑛 cutoff of 15 (See Equation 

12 and 13) and using LM-BFGS-B, an optimization algorithm. As shown by Moon et al. 

[78], considering more than 5 terms in equations 12 and 13 do not provide significant 

differences in the fitting quality. Examples of methanol and 1-propanol sorption kinetics 
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in TPBO-0.25 at 25°C, with the corresponding Berens-Hopfenberg fittings, are shown in 

Figure 9 A-B. The best-fit parameters, 𝑘𝐹, 𝑘𝑟 and 𝛽, are shown in Section A4, Appendices. 

  

Figure 9: Sorption kinetics in TPBO-0.25 at 25°C: A) methanol (activity jump 0.0-0.038) and B) 

1-propanol (activity jump 0.16-0.20). Black dots are experimental data, and solid red lines are the 

modified Berens-Hopfenberg Model (A) and Berens-Hopfenberg Model (B) fittings [78,84]. 

Dimensionless sorption is defined as 
𝑀𝑠𝑜𝑟𝑏𝑒𝑑(𝑡)

𝑀𝑠𝑜𝑟𝑏𝑒𝑑(𝑡∞)
 . 

Vapor diffusion coefficients in TPBO-0.25 at 25°C, 𝐷̅𝑖, are shown in Figure 10A as a 

function of vapor equilibrium concentration in the polymer. Experimental uncertainty of 

diffusion coefficients was calculated via bootstrap resampling.  

As expected, diffusion coefficients decrease with increasing penetrant size in the order: 

water > methanol > 1-propanol ≅ 1-butanol. The trends of diffusion coefficients as a 

function of concentration, however, depend on the single vapor. For example, water and 

1-propanol diffusion coefficients are fairly constant with concentration. In striking 

contrast, methanol diffusion coefficients increase markedly with increasing 
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concentration. Finally, 1-butanol diffusion coefficients slightly decrease with increasing 

concentration in the polymer.  

To properly analyze vapor diffusion in TPBO, it is recommendable to correct the diffusion 

coefficient for thermodynamic non-idealities. This correction is normally unnecessary for 

the analysis of light gas diffusion coefficients in polymers, due to the fact that the gas-

polymer binary interactions do not depart substantially from ideal behavior, except in a 

limited number of cases [114,119–122]. However, this simplification does not necessarily 

apply to condensable vapors, whose mixing with the polymer to form a condensed-like 

phase may deviate considerably from ideality [26,88]. Vapor diffusion coefficients in 

polymers are influenced by at least three factors [26,88,89]: i) polymer relaxation and 

swelling, ii) vapor clustering, and iii) polymer-vapor molecular interactions. If we limit 

our analysis to the concentration averaged diffusion coefficient, 𝐷̅𝑖 (See Figure 10A), these 

three effects are difficult to isolate, therefore it is important to correct 𝐷̅𝑖 for 

thermodynamic non-idealities to get its purely kinetic component, 𝐿𝑖 (i.e., the mobility 

factor, see Figure 10B). 
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Figure 10: A) Vapor concentration-averaged diffusion coefficients, 𝐷̅𝑖, in TPBO-0.25 at 25°C as a 

function of equilibrium concentration. B) Mobility coefficients (i.e., thermodynamically-corrected 

diffusion coefficients, 𝐿𝑖) at 25°C as a function of equilibrium concentration.  

Water mobility and diffusion coefficients are pretty constant with concentration, which is 

likely due to the low water concentration in the polymer. This fact, as well as the lack of 

water clustering shown by the GAB and Zimm-Lundberg models, indicates that water 

vapor does not plasticize TPBO-0.25. Therefore, we expect that humidity should not 

influence remarkably the TPBO performance in membrane applications. 

As expected, mobility coefficients (see Figure 10B) systematically decrease with 

increasing penetrant size, which mirrors the behavior of the concentration averaged 

diffusion coefficient. Interestingly, while 1-propanol and 1-butanol diffusion coefficients 

are very close to each other, the mobility coefficient of 1-propanol exceeds, as expected, 

that of 1-butanol. The methanol mobility coefficient is initially constant with increasing 

methanol concentration in the polymer, and then it increases. This result indicates that 
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methanol molecules are initially accommodated in pre-existing sorption sites, which 

correspond to Langmuir sites in the traditional dual mode nomenclature [111]. These 

sorption sites likely include triptycene units which, based on their size and geometry, 

may accommodate methanol molecules. At higher activities, polymer swelling pulls 

polymer chains apart and reduces the frictional resistance to penetrant transport, which 

may explain the increase in the methanol mobility coefficient. This picture is consistent 

with the results of the GAB and Zimm-Lundberg analyses (see Sections 1.6.2 and 1.8.2, 

respectively) which rule out the occurrence of methanol clustering. The latter 

phenomenon, if present, would cause a decrease of methanol diffusivity with 

concentration, as clusters diffuse much more slowly compared to single molecules [123]. 

This conclusion, however, must be interpreted cautiously: as mentioned above, an FTIR 

investigation is underway to shed more light on the issue of clustering. We conclude that 

TPBO swelling caused by methanol sorption overwhelms methanol clustering. Ongoing 

molecular simulations will shed light on the possibility that a portion of methanol 

molecules are confined in the triptycene units, which would help rationalize the apparent 

lack of methanol clustering. 

The 1-propanol and 1-butanol mobility coefficients increase with increasing penetrant 

concentration in the polymer, indicating that, also in this case, swelling overwhelms 

clustering. 
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2.4.3. General correlations and comparison with other materials 

The equilibrium and transient sorption data discussed in Sections 2.4.1 and 2.4.2 indicate 

that, while TPBO’s vapor diffusion behavior does not depart from that of conventional 

polymers, its vapor sorption behavior is atypical. The penetrant sorption coefficient in 

polymers, 𝑆𝑖, is defined as 𝑆𝑖 = 𝐶𝑖 𝑝⁄  [107,114,124] where 𝐶𝑖 is the equilibrium 

concentration and p the corresponding equilibrium pressure. It has been shown that the 

logarithm of the sorption coefficient increases linearly with increasing penetrant critical 

temperature [114] or in other words:  

𝑙𝑛(𝑆𝑖) = 𝛼 + 𝛽𝑇𝐶  
Equation 21 

In Figure 11A, the experimental alcohol sorption coefficients in PIM-1 at 25°C and activity 

0.1, reported by Vopicka et al. [109], systematically increase with increasing alcohol 

condensability and size. The same behavior has been observed in PTMSN at 35°C [89] 

and Teflon AF2400 at 25°C [110] (Figure 11A). Even though sorption data in TPBO-0.25 

were collected for a limited number of vapors, due to the long times needed to reach 

equilibrium, the behavior of TPBO-0.25 deviates from that of conventional glassy 

polymers, as, at least for alcohols, sorption does not increase with increasing alcohol 

condensability and molecular size, but it exhibits a slightly decreasing trend (Figure 11A). 

As discussed above, we hypothesize that, in contrast with conventional polymers, where 

alcohol sorption is enthalpy-driven, alcohol sorption in TPBO-0.25 is entropy-driven (i.e., 

size-driven). The unique size-driven sorption behavior exhibited by TPBO might 
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originate from the extremely regular and rigid configuration-based free volume pockets 

provided by triptycene units, which are expected to control vapor sorption based on 

entropic factors instead of enthalpic factors.  

        

Figure 11: A) Vapor solubility coefficients, S, in (cm3(STP)/g(polymer))/bar, for various polymers 

as a function of vapor critical temperature [89,109,110]. TPBO-0.25 (black circles, 25°C and 

activity 0.1). PIM-1 (red squares, 25°C and activity 0.1). PTMSN (blue diamonds, 35°C and 

activity 0.1). Teflon AF2400 (green triangles, 25°C and activity 0.67). Dashed lines are drawn to 

guide the eye. B) Alcohol diffusion coefficient, 𝐷̅𝑖, at 25°C in PIM-1 (activity 0.2) [109] and TPBO-

0.25 (activity 0.1) as a function of critical volume. Diffusivity data for poly(sulfone) (PSF) and 

PDMS at 25°C are shown for the sake of comparison [125]. 

The slope of the infinite dilution light gas solubility coefficient versus TC (that is, 𝛽 in 

Equation 21) is about 0.016-0.020K-1 for hydrocarbon-based polymers and 0.009-0.012K-1 

for perfluoropolymers [114]. The validity of this correlation for TPBO-0.25, PIM-1 and 

Teflon AF2400 has been verified in previous studies [75,87,109,114]. Specifically, when 

considering He, N2, CH4 and CO2 sorption data at 35°C and in the limit of infinite dilution 

in TPBO-0.25, 𝛽 = 0.015K-1 [75]. The kinetic diameter of He, N2, CH4 and CO2 is smaller 
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than the internal size of triptycene units, i.e., light gases can be accommodated into the 

configurational free volume delimited by the arene blades in the triptycene groups. As 

expected, the slope of the alcohols sorption coefficient versus TC does not match the 

values shown above, due to profound differences between gas and vapor sorption. 

Indeed, in contrast with light gases, alcohol vapors i) give rise to mutual- and self-

interactions, ii) are much bulkier, and iii) produce a more severe polymer swelling, if not 

plasticization. Moreover, due to activity (i.e., 𝑎 = 𝑝 𝑝0⁄ ) limitations, vapor sorption 

isotherms contain less data points than light gas sorption isotherms, therefore it is hard 

to provide a precise estimate of vapor sorption coefficients at infinite dilution. For this 

reason, the vapor sorption coefficients shown in Figure 11A are not taken at vanishing 

activity, which obviously complicates the comparison of 𝛽 values among gases and 

vapors. A more detailed analysis of the 𝛽 value for condensable vapor sorption in 

polymers would require solubility data for a variety of vapors exhibiting different 

properties (polarity, condensability and size), while here we can rely only on 3 or 4 

alcohols. For the sake of completeness, we report that, at 25°C,  𝛽 = 0.057K-1 for PIM-1 

(considering methanol, ethanol, 1-propanol and 1-butanol sorption data, see Figure 11A) 

and -0.0072K-1 for TPBO-0.25 (considering methanol, 1-propanol and 1-butanol sorption 

data, see Figure 11A). 

Vapor diffusion coefficients at 25°C and activity 0.1 in TPBO-0.25 are shown in Figure 11B 

as a function of penetrant critical volume. Diffusivity data at 25°C in PIM-1 (activity 0.2, 
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ref. [109]) are shown as well for the sake of comparison. Alcohol diffusion coefficients in 

TPBO-0.25 slightly exceed those in PIM-1, which is consistent with the larger average d-

spacing exhibited by TPBO-0.25 relative to PIM-1 (See Table 2). As expected, diffusion 

coefficients systematically decrease with increasing penetrant size, therefore, TPBO’s 

behavior does not depart from that typically observed in other polymers [87].  

To put the results of this study in a broader perspective, diffusion coefficients in TPBO 

are compared to previously reported data for glassy polysulfone (PSF, a model size-

selective polymer) and rubbery poly(dimethyl siloxane) (PDMS, a model soluble-

selective polymer) at 25°C [125]. As shown in Figure 11B, alcohol diffusion coefficients in 

TPBO lie close to those of glassy PSF, which demonstrates the TPBO size-sieving 

behavior.  

The results discussed above indicate that both vapor sorption and diffusion coefficients 

in TPBO-0.25 are entropy-driven, that is, both vapor sorption and diffusion coefficients 

decrease with increasing vapor size. In conventional polymers, the vapor sorption 

coefficient increases with increasing penetrant size and the diffusion coefficient decreases 

with increasing penetrant size, which may create a trade-off between sorption- and 

diffusion-selectivity. In contrast, vapor solubility-selectivity and diffusivity-selectivity in 

TPBO are both size-controlled (i.e., entropy-controlled) which, based on the solution-

diffusion model, may help optimize selectivity in separations involving bulky organic 

species.  
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2.4.4. Implications  

The unique entropy-based vapor sorption and transport mechanism exhibited by TPBO 

highlights an interesting synergy between solubility- and diffusivity- coefficients, both of 

which decrease with increasing penetrant size, allowing for solubility- and diffusivity- 

selectivities to work together, rather than against each other. This feature may help 

maximize selectivity in a variety of separations involving bulky organic species, such as 

organic solvent nanofiltration, organic solvent reverse osmosis and vapor permeation. 

For example, these separations may beneficially impact the production of ethanol and 

biofuels. Ethanol is a common solvent in the pharmaceutical industry and can be 

contaminated with variable amounts of methanol and water at the end of the production 

process. Azeotropic and extractive distillation, which are used to efficiently separate 

ethanol from other alcohols and water, are energy intensive and require large investment 

costs, therefore it could be convenient to replace them with a membrane process [126]. 

To highlight the practical implications of entropy-driven alcohols transport in TPBO-0.25, 

we report, in Table 5, the pure component 1-butanol/methanol sorption- and diffusion- 

selectivity estimated using the data shown in Figure 11 A-B. While PIM-1 sorption-

selectivity offsets the benefit of diffusion-selectivity, TPBO-0.25 sorption- and diffusion-

selectivity are both favorable to methanol. We want to stress that the numbers reported 

in Table 5 do not necessarily reflect the actual TPBO performance, as they are pure vapor 

selectivities. 
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Table 5: Comparison between 1-butanol/methanol sorption- and diffusion-selectivity at 25°C in 

TPBO-0.25 and PIM-1. Data for PIM-1 are from ref. [109]. Uncertainties for TPBO-0.25 were 

estimated using linear error propagation [96,98,103]. 

 

 1-butanol/methanol 

sorption-selectivitya 

1-butanol/methanol 

diffusion-selectivityb 

TPBO-0.25 1.40 ± 0.01 48 ± 20 

PIM-1 0.050 28 
a estimated at an activity of 0.1 
b estimated at an activity of 0.2.  

 

2.5. Conclusions 

Alcohol and water vapor equilibrium and transient sorption in a glassy polybenzoxazole 

exhibiting configurational free volume (TPBO-0.25) was studied experimentally at 25°C 

as a function of vapor activity and compared to vapor transport in conventional glassy 

polymers exhibiting conformational free volume. Methanol sorption in TPBO-0.25, which 

is concave to the activity axis, is 40% lower than in PIM-1 and 50 times larger than in 

Teflon AF2400 at 25°C. Sorption isotherms of higher alcohols, such as 1-propanol and 1-

butanol, exhibit a marked upturn at activity above 0.2, which, based on the GAB and 

Zimm-Lundberg analysis, was attributed to polymer swelling.  

In striking contrast with conventional glassy polymers, alcohol sorption in TPBO is 

entropy controlled, as it does not increase with increasing alcohol molecular size and 

critical temperature, with methanol (critical temperature = 239.9°C, kinetic diameter = 

3.6Å) being the most soluble and 1-butanol (critical temperature = 289.9°C, kinetic 

diameter = 5Å) being the least soluble alcohol among those considered in this study. The 
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opposite behavior is observed in conventional glassy polymers exhibiting conformational 

free volume, where vapor sorption is enthalpy driven and increases with increasing 

molecular size and condensability. This unique feature of TPBO was attributed to the 

triptycene units, which may effectively exclude molecules larger than their internal 

configurational free volume via a purely entropy-driven mechanism.  

Vapor diffusion in TPBO-0.25 is accompanied by non-Fickian relaxation. Experimental 

vapor sorption kinetics were fitted to the Berens-Hopfenberg diffusion-relaxation model, 

to get the concentration-averaged diffusion coefficient as a function of vapor 

concentration in the polymer. Concentration-averaged diffusion coefficients were then 

corrected for thermodynamic non-ideality. Vapor diffusion coefficients in TPBO-0.25 at 

25°C lie close to the polysulfone values when reported as a function of vapor critical 

volume, which highlights the strong size-sieving ability exhibited by TPBO. Similar to 

conventional glassy polymers, vapor diffusion coefficients decrease with increasing 

vapor’s molecular size. Therefore, vapor sorption and diffusion coefficients in TPBO-0.25 

are both size-controlled, which makes it easier to simultaneously tune sorption-and 

diffusion-selectivity to achieve highly selective separations. These unique features make 

TPBO an interesting candidate for vapor separations and, possibly, organic liquids 

separation. 
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Chapter 3. The Mechanism of Light Gas Sorption in Configurational Free 

Volume‡ 

3.1. Abstract 

A possible mechanism of small molecule transport in glassy polymer membranes 

containing configurational free volume (i.e., triptycene moieties) is proposed. To this aim, 

a family of triptycene-containing polybenzoxazoles (TPBOs) exhibiting systematically 

varied molar amount of triptycene units, ranging from 25% to 100%, was selected to 

perform a light gas (N2, CH4 and CO2) fundamental sorption-transport study. The dual 

mode sorption-mobility model was used to isolate the effect of configurational free 

volume on penetrant transport. CO2 and CH4 Henry’s and Langmuir’s mode diffusion 

coefficients were estimated and used to quantify the Henry’s and Langmuir’s 

contributions to CO2/CH4 diffusivity-selectivity as a function of the triptycene molar 

content in TPBOs. Interestingly, while the Henry’s CO2/CH4 diffusivity-selectivity 

changes little with increasing amount of configurational free volume, the Langmuir’s 

CO2/CH4 diffusivity-selectivity increases up to infinity when the molar triptycene 

concentration in the polymer is 75% or higher, showing that the diffusion of larger 

molecules (i.e., CH4) is increasingly hindered relative to smaller molecules (i.e. CO2) 

diffusion when more configurational free volume is incorporated in the polymer. In sharp 

 

‡ Reproduced, with permission from Box, et al. [43] 
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contrast, pure- and mixed-gas sorption, as well as solubility-selectivity, is essentially 

unaffected by the triptycene molar content. According with this physical picture, the 

analysis of isosteric heats of CO2 sorption indicates that TPBOs plasticization resistance 

is independent of triptycene content. 

3.2. Introduction 

Since 1991, the introduction of advanced polymer synthesis strategies allowed membrane 

separations to become competitive with traditional thermal-based separation 

technologies. A plethora of novel functional polymers, purposely designed to achieve 

specific molecular separations, were synthesized with the scope of addressing three 

major issues: the selectivity/permeability trade-off, physical aging, and plasticization 

[1,23,30,40,55,61,68,119,127–133]. 

Although it was originally reported solely for gas separation membranes, the existence 

of a selectivity/permeability trade-off has also been observed in liquid separation 

membranes, including water purification and organic solvents separation [134–137]. As a 

consequence, most of the gas separation upper bounds first reported by Robeson in 1991 

[30], were updated in 2008 [61] taking in consideration new materials appeared in the 

market in the previous seventeen years: perfluoropolymers, which were the subject of 

intense research in the late ‘90s, were mostly responsible for this improvement [60,61]. 

For this reason, most of research in the field has focused on the discovery and 

development of advanced membrane materials that can surpass the upper bound while 
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achieving an economically attractive performance. In 2019, the discovery of a new class 

of polymers of intrinsic microporosity (PIMs) bearing benzotriptycene moieties allowed 

to further push up and re-define the upper bound in several gas separation applications 

[60].  

Since the pioneering study reported by Park in 2011 [138], glassy polymers containing 

triptycene units and their derivatives emerged as an interesting platform of materials 

[20,23,115,127,139,140]. As discussed in Section 1.5, triptycene groups, made of three 

benzene rings arranged in a 3D paddlewheel-like configuration, provide their unique 

configurational free volume, which promotes high permeability while maintaining it 

stable over long-term operation [127,139,141,142]. Iptycene-based materials are garnering 

increasing attention in membrane science. However, despite the current progress, 

fundamental understanding of small molecule transport in glassy polymers exhibiting 

configurational free volume is still poor and incomplete. Only recently, Box et al. 

(Chapter 2) reported that the transport of bulky vapor molecules in thermally rearranged 

triptycene-based polybenzoxazoles (TPBOs) is limited by entropic factors, with both 

sorption and diffusion being controlled by penetrant size [51]. To fill this fundamental 

knowledge gap, in this study we provide a detailed description of the molecular 

mechanism of light gas transport in polymers exhibiting configurational free volume, 

which builds off of that work. Here, a series of thermally rearranged polybenzoxazoles 

(TPBOs) exhibiting systematically varied molar amounts of triptycene units was selected 
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as a platform to develop structure-property correlations, with the final goal of 

understanding the mechanism by which configurational free volume regulates selectivity 

in membrane separations.  

3.3. Experimental 

3.3.1. Sorption and transport measurements 

Pure gas N2, CH4 and CO2 sorption isotherms at multiple temperatures (20, 27, 35 and 

50°C for TPBO-0.50, TPBO-0.75, TPBO-1.00; 5, 20, 35 and 50°C for TPBO-0.25) and up to 

35 atm were measured using a dual volume barometric apparatus, whose main features 

and procedures are summarized in Section 1.10.2. The Peng-Robinson equation of state 

was used to solve the molar balances needed to generate the sorption isotherms [143]. 

Pure gas N2, CH4 and CO2 permeability data at 35°C were taken from ref. [20]. Diffusion 

coefficients at 35°C were calculated via the solution-diffusion model (See Section 1.2) [25], 

using experimental solubility and permeability data. 

3.4. Results and Discussion 

3.4.1. Pure-gas sorption as a function of temperature and triptycene content 

Pure-gas CO2 sorption isotherms at 35°C in TPBOs exhibiting systematically varied molar 

amount of triptycene units (i.e., 25, 50, 75, 100%) are shown in Table A1 (Appendices), in 

the units of cm3(STP)/cm3(polymer), as a function of CO2 fugacity. Experimental 

uncertainty was estimated using linear error propagation [96,98], taking into account the 

uncertainty of i) the volumes of the sorption and charge chambers, ii) the pressure 
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transducers reading, iii) the temperature controller reading and iv) the polymer density. 

Pure gas fugacity was calculated at any temperature and pressure using the Peng-

Robinson equation of state (See Table A5, Appendices) [98].  

All the isotherms, at all temperatures and for all TPBO samples, exhibit the typical dual 

mode shape. CO2 sorption isotherms in TPBOs at 35°𝐶 are, within the experimental 

uncertainty, superimposed over each other (See Figure 12A), which indicates that gas 

solubility in TPBOs is essentially independent of the triptycene content, despite the free 

volume decreases from 22.6% to 17.4% with increasing the triptycene molar content from 

25% to 100% (See Table A1). Similar results were obtained at the other temperatures 

inspected, 20, 27 and 50°C (See Figure A5 in the Appendices).  

Similar to CO2, CH4 and N2 solubility in TPBOs at any temperature is essentially 

independent of the triptycene molar content. For the sake of brevity, CH4 and N2 sorption 

isotherms in TPBOs at 35°C are shown in Figure 12B-C, respectively, while isotherms at 

other temperatures are shown in Figure A6 and Figure A7 (Appendices) respectively. 



76 

 

 

Figure 12: CO2 (A), CH4 (B) and N2 (C) sorption isotherms at 35°C in TPBO samples exhibiting 

different molar amount of triptycene units. Continuous lines represent the dual mode fitting. 

Experimental uncertainty was calculated using linear error propagation [98]. 

Sorption isotherms in TPBO-0.25 apparently deviate from those collected for other TPBO 

samples (i.e., TPBO-0.50, TPBO-0.75, TPBO-1.00). It is worth mentioning that sorption 

data in TPBO-0.25 were measured in a previous study from this laboratory [75], using 

samples from a previous synthesis batch, which explains the origin of this slight 
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deviation. However, if we take the experimental uncertainty into account (See Figure 12), 

these differences turn out to not be significant. 

CO2 sorption isotherms at multiple temperatures (20-50°C for TPBO-0.50, TPBO-0.75 and 

TPBO-1.00, 5-50°C for TPBO-0.25) and given triptycene molar content are shown in 

Figure 13. For the sake of brevity, CH4 and N2 sorption data in the same temperature 

range are shown in Figure A8 and Figure A9 of the Appendices. Consistently with the 

typical behavior of glassy polymers, at any given external fugacity, gas sorption in TPBOs 

decreases with increasing temperature [38].  
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Figure 13: CO2 sorption isotherms at multiple temperatures in A) TPBO-0.25, B) TPBO-0.50, 

C) TPBO-0.75 and D) TPBO-1.00. Solid symbols: experimental data. Continuous lines: dual 

mode fitting. Experimental uncertainty was calculated using linear error propagation [96,98]. 

As shown in Figure 12  and Figure 13, the dual mode model was used to correlate the 

experimental sorption isotherms. Since different sets of dual mode parameters can 

describe a given set of experimental data [15,75], the fitting was performed with 

constraints on 𝐾𝐷, 𝐶𝐻
′  and 𝑏 as a function of temperature (See Section 1.6.1, Table 1).  
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The six introduced fitting parameters (i.e., 𝐾𝐷0, 𝛥𝐻𝐾𝐷 , 𝐶𝐻
′
0
, 𝑚, 𝑏0 and 𝛥𝐻𝑏) provide a good 

parametrization of the sorption isotherms collected for each TPBO sample at multiple 

temperatures. No significant difference in fitting accuracy was observed in the 

constrained fitting compared to that of the individual dual mode fittings. The complete 

set of dual mode parameters for N2, CH4 and CO2 sorption in TPBOs are shown in Section 

A16, Appendices, along with the uncertainty analysis, which was carried out through 

linear error propagation [97,98] and the Hessian Method discussed in 1.9.4. For the sake 

of brevity, a general discussion of the results of dual mode modeling is reported in the 

Section A10, Appendices. For example, consistently with the dual mode analysis of gas 

sorption in triptycene-free thermally rearranged polymers proposed by Stevens et al. [15], 

𝛥𝐻𝐾𝐷  and 𝛥𝐻𝑏 are negative, indicating that 𝐾𝐷 and b decrease with increasing 

temperature. Moreover, at any given temperature and in all TPBO samples, the logarithm 

of 𝐾𝐷 increases linearly with penetrant critical temperature (i.e., 𝑙𝑛(𝐾𝐷) = 𝑀𝑇𝐶 + 𝑁) with 

a slope of 0.015K-1, which is consistent with previous literature reports (See Figure A10, 

Appendices) [15,75,144]. Remarkably, the latter feature is captured by the model without 

imposing any additional constraints, which confirms that the model fitting is self-

consistent and physically meaningful. 

3.4.2. Isosteric heats of sorption 

The isosteric heat of sorption, that is, the enthalpy of N2, CH4 and CO2 sorption as a 

function of penetrant concentration in TPBOs, is shown in Figure 14. 
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Figure 14: Isosteric heat of N2, CH4 and CO2 sorption in TPBO-0.25 (A), TPBO-0.50 (B), TPBO-

0.75 (C) and TPBO-1.00 (D) as a function of penetrant concentration in the polymer. Error bars 

were estimated using the standard error of weighted linear regression [98]. Continuous lines are 

drawn to guide the eye.  

As noted in previous studies, taking into account the compressibility factor in Equation 

16 (i.e., Z, estimated using the Peng-Robinson equation of state) does not produce any 

relevant effect on the calculated isosteric heats, therefore Z was assumed equal to one 
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[75,87]. As expected, in all the TPBO samples and at any given concentration, sorption 

becomes more exothermic with increasing penetrant condensability [124], that is, 

|∆𝐻𝑠
𝐶𝑂2| (critical temperature = 304.19𝐾) > |∆𝐻𝑠

𝐶𝐻4| (critical temperature = 190.8𝐾) > |∆𝐻𝑠
𝑁2| 

(critical temperature = 126.2𝐾) [145].  

In all of the TPBO samples and within the experimental uncertainty, the isosteric heat of 

CH4 and N2 sorption slightly decreases or remains essentially constant with increasing 

penetrant concentration in the polymer. This behavior, which has been observed several 

times in glassy polymers, is consistent with the relatively low methane and nitrogen 

solubility in polymers, and their poor swelling ability [87]. In this condition, most of 

penetrant molecules are sorbed in the Langmuir’s mode and, as long as more penetrant 

is sorbed in the matrix, the overall environment becomes more affine to penetrant 

molecules, which makes the sorption process more thermodynamically favorable (i.e., 

more exothermic) [75,87]. In striking contrast, the isosteric heat of CO2 sorption exhibits 

a well detectable minimum at the concentration of about 80 cm3(STP)/cm3(polymer) in all 

of the TPBO samples. At concentrations below 80 cm3(STP)/cm3(polymer), swelling is 

negligible as the vast majority of CO2 molecules are sorbed in the Langmuir’s mode. 

Above this concentration, sorption in the Henry’s mode becomes significant and polymer 

swelling begins taking place [58]. This behavior is indicated by the sorption process 

becoming less exothermic at high CO2 concentration, as the positive contribution of the 

deformation work needed to open transient gaps between polymer chains (i.e, ∆𝐻𝑚𝑖𝑥) 
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partially overwhelms the largely negative contribution of the condensation enthalpy (i.e, 

∆𝐻𝑐𝑜𝑛𝑑), according to the relationship previously discussed in Section 1.3.2, that is, ∆𝐻𝑠 =

∆𝐻𝑐𝑜𝑛𝑑 + ∆𝐻𝑚𝑖𝑥. The fact that the position of the minimum is the same in all TPBO 

samples (i.e., ≅ 80 cm3(STP)/cm3(polymer)), is consistent with sorption being 

independent of triptycene content. Moreover, this result indicates that triptycene units, 

while suppressing the membrane aging propensity, do not help reduce swelling. In fact, 

if triptycene units were able to reduce swelling and plasticization, the position of the 

minimum of isosteric heat of CO2 sorption should progressively shift to higher CO2 

concentration in TPBO samples containing higher molar amount of triptycene units. 

Some recent permeability data in iptycene-containing polymers confirm this picture, 

although a systematic study of plasticization and swelling in these materials was still 

lacking at the time of this work [23], however, Chapter 4 will provide understanding in 

this regard. 

Although the isosteric heat of sorption for any given penetrant is fairly independent of 

the triptycene molar content (See Figure A11, Appendices), the minimum in the isosteric 

heat of CO2 sorption becomes slightly more exothermic with increasing triptycene 

content. This result might reflect an increased affinity between CO2 molecules and the 

triptycene units. Moreover, quadrupole interactions between polar CO2 molecules and 

electron-rich triptycene clefts, as well as the larger concentration of ether groups at higher 

molar triptycene content, may contribute to this effect. Interestingly, these results are 
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corroborated from the fact that while the isosteric heats of N2 and CH4 sorption in TPBOs 

are similar, in absolute value, to the corresponding values reported by Stevens et al. [15] 

in the case of polybenzoxazoles without triptycene groups, the isosteric heat of CO2 

sorption in TPBOs is up to 40% larger than in triptycene-free polybenzoxazoles. As 

mentioned above, however, this behavior could alternatively be ascribed to the larger 

concentration of ether groups in TPBO samples exhibiting larger triptycene molar 

content. Molecular simulations are underway to explain the fundamental origin of this 

behavior. 

3.4.3. Pure- and mixed-gas solubility-selectivity  

As shown in previous studies, the dual mode model provides a reliable prediction of 

mixed-gas sorption, as well as mixed-gas solubility-selectivity, using the three 

parameters, 𝐾𝐷, 𝐶𝐻
′  and 𝑏, retrieved from the analysis of experimental pure-gas sorption 

isotherms at the same temperature [146,147]. Therefore, using Equation 3 and Equation 

6, mixed gas CO2- CH4 sorption isotherms in TPBOs from a 30%mol CO2/70%mol CH4 

gas mixture were predicted at 35°C as a function of mixed-gas penetrant fugacity and 

compared to pure-gas sorption isotherms (See Figure 15). Mixed-gas CO2 and CH4 

fugacity at 35°C and at the composition of interest was calculated, at multiple total 

pressures, with the Peng-Robinson equation of state, using a CO2-CH4 interaction 

parameter, 𝑘𝑖𝑗, equal to 0.09 [148]. 
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Figure 15: Dual mode prediction of CO2 (A) and CH4 (B) mixed-gas isotherms from a 30% mol 

CO2 / 70% mol CH4 gas mixture in TPBOs as a function of mixed-gas fugacity at 35°C (solid 

lines), and comparison with pure gas sorption isotherms at the same temperature (dashed lines). 

Estimated uncertainty is shown in (Figure A12, Appendices). 

As expected, in all TPBOs, sorption of the less condensable component (i.e., CH4) in 

mixed-gas conditions is suppressed much more than that of the more condensable 

component (i.e., CO2) relative to the pure gas conditions at the same temperature and 

fugacity. Specifically, at mixed gas fugacity of 0.6 MPa and 1.4 MPa for CO2 and CH4, 

respectively, sorption was reduced by 24-31% for CO2 and 40-43% for CH4 relative to pure 

gas at the same fugacity, with no substantial difference among TPBO samples, that is, 

irrespective of the triptycene molar content (See Figure 15). Therefore, competitive 

sorption is essentially independent of triptycene content, indicating that configurational 

free volume has little or no effect on pure- and mixed-gas solubility and solubility-

selectivity. To avoid any confusion and make the reading easier, error bars are not shown 
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in Figure 15. The uncertainty of predicted mixed-gas sorption data is provided in the 

Appendices (Figure A12 and Figure A13). 

The results discussed above indicate that competitive sorption enhances mixed-gas 

CO2/CH4 solubility-selectivity relative to ideal solubility-selectivity. As shown in Figure 

16, for any TPBO sample, the predicted mixed-gas sorption-selectivity exceeds the 

experimental pure-gas sorption-selectivity by 18.3% ± 4% at a CO2 fugacity of 0.5 MPa. 

As discussed above, however, the increase in mixed-gas solubility-selectivity relative to 

ideal solubility-selectivity is fairly independent of polymer’s triptycene molar content. To 

compare pure-gas and mixed-gas sorption selectivity on a more realistic basis, ideal (i.e, 

pure-gas) solubility-selectivity shown in Figure 16 was calculated using pure-gas 

solubility data at the same fugacity as the mixed-gas case at any given pressure.  
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Figure 16: Dual mode prediction of mixed-gas CO2/CH4 solubility-selectivity for a 30%mol CO2 

/ 70% mol CH4 mixture in TPBOs as a function of mixed-gas CO2 fugacity at 35°C (solid line), 

and comparison with pure-gas CO2/CH4 solubility-selectivity (dashed line). Estimated 

uncertainty is shown in the Appendices (Figure A13). 

Using the dual mode parameters estimated from the analysis of experimental pure-gas 

sorption isotherms, CO2/CH4 solubility-selectivity at CO2 and CH4 fugacity of 0.3 MPa 

and 0.7 MPa, respectively, is predicted to increase with decreasing temperatures (See 

Figure A14, Appendices).  

The most relevant result of this pure- and mixed-gas sorption study is that the 

incorporation of configurational free volume does not influence sorption and sorption-

selectivity, therefore, according to the solution-diffusion model, diffusivity-selectivity is 

the only property affected by changes in triptycene content. This aspect will be discussed 

in the following Section (3.4.4). 
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3.4.4. Mechanism of light gas transport through configurational free volume 

Pure-gas CO2 and CH4 permeability data at 35°C collected by Luo et al. [20] and solubility 

data at 35°C from this study were used to estimate pure-gas diffusivity in TPBOs at 35°C 

up to 1 MPa. At given pressure, pure-gas permeability and diffusivity decrease with 

increasing triptycene molar content (See Figure 17 A-B). In contrast, pure-gas CO2/CH4 

selectivity at 35°C and given pressure (i.e., 1MPa) increases with increasing triptycene 

content in TPBOs (See Figure 17C). Since, as discussed in Section 3.4.1, light gas solubility 

in TPBOs is essentially independent of triptycene molar content, we can conclude that, 

based on the solution-diffusion model, the permeability decrease and selectivity increase 

with increasing triptycene molar content are ascribed to a change in the diffusion 

behavior only, which means that incorporation of triptycene unity on the polymer 

backbone only influences the membrane size-sieving ability, with negligible or no effect 

on sorption and sorption-selectivity. This physical picture, however, is limited to light 

gasses. As shown in a previous study from this laboratory [51], when the penetrant 

kinetic diameter exceeds the size of the configurational free volume elements, i.e., for 

bulky vapor molecules, sorption becomes size-controlled, meaning that triptycene 

groups reduce the sorption of vapor molecules whose size exceeds their internal size. 

In Figure 17A-B, experimental CO2 pure-gas permeability [20] and diffusivity isotherms 

(calculated as 
𝑃

𝑆
) at 35°C in TPBOs exhibiting increasing molar amount of triptycene units 

are shown as a function of pressure. At any given pressure, the decrease in gas 
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permeability with increasing triptycene molar content mirrors the parallel decrease in 

diffusivity. 

         

 
Figure 17: Pure-gas CO2 permeability (A) [20] and diffusivity (B) in TPBOs as a function of 

triptycene molar content and pressure at 35°C;  pure-gas CO2/CH4 selectivity at 35°C and 1 MPa 

as a function of triptycene molar content (C). Similar results were obtained at other pressure 

values. Solid symbols are experimental data, and lines are drawn to guide the eye.  

As demonstrated below, this behavior is due to the strong size-sieving ability of 

triptycene units. To put these results in perspective, in Table 6 CO2, CH4 and N2 
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permeability, diffusion coefficients and CO2/CH4 diffusivity-selectivity in TPBOs at 35°C 

and 1 MPa (i.e., 10 atm) are compared to benchmark polymers. Interestingly, TPBOs 

exhibit much larger diffusivity-selectivity compared to other polymers, which confirms 

that the size-sieving ability benefits much more than solubility-selectivity from 

configurational free volume. 

Table 6: Pure-gas permeability and diffusion coefficients, selectivity and diffusivity-selectivity 

in TPBOs and conventional polymer membrane materials at 35°C and 1 MPa (i.e., 10 atm). 

polymer 
permeability (Barrer) diffusion coefficient (108 cm2/s) 𝛼𝐶𝑂2

𝐶𝐻4

 

(ideal) 

𝛼
𝐷,
𝐶𝑂2
𝐶𝐻4

 

(ideal) 
CO2 CH4 N2 CO2 CH4 N2 

TPBO-0.25 1042 37 57 125 9.3 37 28.2 13.4 

TPBO-0.50 853 23 38 86 5.3 20 37.1 16.2 

TPBO-0.75 680 15 27 69 3.3 14 45.3 20.9 

TPBO-1.00 276 4.0 8.5 23 0.86 4.3 69.0 26.7 

PTMSP [50] 21432 12192 5882 3300 3600 4300 1.75 0.9 

PDMS [149] 3978 1200 380 2200 2200 3200 3.3 1.0 

PIM-1 [150] 4419 388.5 288 360 73 130 11.4 4.9 

cellulose 

acetate [151] 
4.8 0.15 / 1.8 0.45 / 32.0 4 

Teflon® 

AF2400 [87] 
2332 383.4 475.7 678 290 600 6.1 2.3 

PEO [152] 15.9 0.70 0.22 31 6.6 5.1 22.7 4.7 

Moreover, if the logarithm of permeability is plotted versus 1/FFV (Figure A15, 

Appendices), significant deviations from the expected linear trend are observed, which 

provides further evidence of the unique role played by configurational free volume in 

regulating small molecule transport in TPBOs. 

To provide a more fundamental analysis of small molecule transport through 

configurational free volume-based polymers, the Henry’s (i.e., 𝐷𝐷) and Langmuir’s (i.e., 
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𝐷𝐻) mode contributions to CO2 and CH4 diffusion coefficients in TPBOs at 35°C were 

calculated using the dual-mode mobility model described in Section 1.6.1, Equation 7  

[74,150]. To do so, for each penetrant and TPBO sample, permeability was plotted as a 

function of 
𝐶𝐻
′ 𝑏

1+𝑏𝑓
, to obtain a nice linear correlation, whose slope and intercept provide 

𝐷𝐻  and 𝐷𝐷, respectively. Details are provided in Section A15, Appendices. N2 was 

excluded from this analysis, due to the larger uncertainty of permeability and solubility 

data relative to CH4 and CO2. Table 7, 𝐷𝐻 and 𝐷𝐷 values are compared among several 

glassy polymers of interest in gas separation. Uncertainties, calculated using the error 

propagation method, are shown in Figure 18A-B. Interestingly, while for any given 

penetrant in conventional glassy polymers 𝐷𝐷 exceeds 𝐷𝐻 by, at maximum, one order of 

magnitude, in TPBOs 𝐷𝐷 exceeds 𝐷𝐻 by at least two orders of magnitude [150], which 

highlights the superior size-sieving ability offered by triptycene units (i.e., 

configurational free volume). 
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Table 7: Dual-mode mobility parameters for CO2, CH4, and N2 in TPBOs, PIM-1, polysulfone 

(PSF), polycarbonate (PC) and 6FDA-6FpDA polyimide (PI). Data are at 35°C for all polymers 

except PIM-1, for which they are available at 25°C. Uncertainty of DD and DH values for TPBOs 

are shown in Figure 18A-B. 

polymer gas  DD (108 cm2/s) 
DH (108 

cm2/s) 
F 

TPBO-0.25 
CO2 265.0 17.15 0.065 

CH4 43.43 0.359 0.008 

TPBO-0.50 
CO2 293.2 9.64 0.033 

CH4 43.73 0.110 0.003 

TPBO-0.75 
CO2 265.4 5.60 0.021 

CH4 23.30 0.000 0.000 

TPBO-1.00 
CO2 119.2 0.000 0.000 

CH4 6.31 0.000 0.000 

PIM-1 [150] 
CO2 1296.6 34.12 0.026 

CH4 364 3.344 0.009 

PSF [153] 
CO2 4.53 0.535 0.118 

CH4 0.69 0.120 0.174 

PC [153] 
CO2 6.22 0.485 0.078 

CH4 1.09 0.125 0.115 

6FDA-6FpDA 

[154] 

CO2 25.5 1.530 0.060 

CH4 2.78 0.236 0.085 

 

Reporting 𝐷𝐻  and 𝐷𝐷 as a function of the molar triptycene content in TPBOs provides an 

opportunity to isolate and evaluate quantitatively the role of configurational free volume 

on light gas transport. Interestingly, for both CO2 and CH4, the ratio 𝐷𝐻 𝐷𝐷⁄  (referred to 

as F, see Equation 7) in TPBOs systematically decreases with increasing the triptycene 

molar content, that is, with increasing the amount of configurational free volume (See 

Table 7). This result indicates that penetrant molecules trapped in the configurational free 

volume exhibit a very low mobility or no mobility at all as long as more triptycene units 
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are incorporated in the polymer, which is consistent with the internal size of triptycene 

units being comparable to the penetrants size. This physical picture is further confirmed 

by the fact that the CO2 and CH4 Henry’s (i.e., 𝐷𝐷) diffusion coefficients in TPBOs at 35°C 

are fairly constant, within the uncertainty, with increasing triptycene molar content, 

although a decrease is observed in the case of CH4 in the TPBO-1.00 sample (See Figure 

18A-B) compared to the average of the other TPBO samples exhibiting lower triptycene 

molar content. This decrease, however, is not significant if we consider the uncertainty 

associated to 𝐷𝐷 (See Figure 18A-B). In contrast, the Langmuir’s diffusion coefficient (i.e., 

𝐷𝐻) decreases steadily with increasing triptycene molar amount. Interestingly, the 

decrease of CH4 Langmuir’s diffusivity with increasing triptycene content is steeper than 

the corresponding decrease of CO2 Langmuir’s diffusivity, which is consistent with CH4 

being a bulkier penetrant (kinetic diameter = 3.8Å) than CO2 (kinetic diameter = 3.3Å) 

[155]. Therefore, the CH4 size-exclusion becomes more effective with increasing amount 

of configurational free volume in the polymer. According to this physical picture, while 

𝐷𝐻
𝐶𝑂2 drops to zero (i.e. F = 0) in TPBO-1.00,  𝐷𝐻

𝐶𝐻4  drops to zero already in TPBO-0.75, 

which, again, is consistent with CH4 being a larger molecule than CO2.  

Different approaches have been used to estimate the size of the internal free volume of 

triptycene units. For example, PALS (Positron Annihilation Lifetime Spectroscopy) 

measurements suggest that the average free volume size is about 7Å [20]. However, due 

to the nature of PALS measurements, this number provides the average size of all the free 
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volume elements, including conformational and configurational free volume elements. 

Molecular simulations provide, for a single triptycene unit, an internal size less than 4 Å 

[115]. Finally, if we consider the space between two arene blades of triptycene units as a 

prism whose internal volume has been estimated to be 31 Å3, the diameter of the 

corresponding sphere would be about 3.9 Å [115]. All these considerations indicate that 

the internal size of triptycene units is comparable to that of CH4 molecules (kinetic 

diameter = 3.8Å), therefore triptycene units exclude CH4 much more efficiently than CO2 

(kinetic diameter = 3.3Å), which supports the fact that 𝐷𝐻
𝐶𝐻4 decreases faster than 

𝐷𝐻
𝐶𝑂2 with increasing molar amount of triptycene units in the polymer backbone. 

The most relevant conclusion of this transport study is that penetrant ability to move 

within Langmuir sites of TPBOs is severely inhibited as the amount of triptycene 

increases. This result unequivocally demonstrates that the high size-sieving ability of 

TPBOs is essentially ascribed to configurational free volume, whose size is well-defined, 

stable and comparable to the size of one single molecule. In sharp contrast, the size of 

conformational free volume pockets generated by inefficient chain packing is randomly 

distributed and unstable over long-term operation [20,69]. 

To provide a more quantitative evaluation of the enhanced size-sieving ability provided 

by configurational free volume, the Henry’s (i.e., 𝐷𝐷
𝐶𝑂2 𝐷𝐷

𝐶𝐻4⁄ ) and Langmuir’s (i.e., 

𝐷𝐻
𝐶𝑂2 𝐷𝐻

𝐶𝐻4⁄ ) contributions to pure-gas CO2/CH4 diffusivity-selectivity have been 

estimated (See Figure 18C). Although Henry’s mode CO2/CH4 ideal diffusivity-selectivity 
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at 35°C is essentially constant, within the experimental uncertainty, with increasing 

triptycene molar contents from 25 to 100%, the Langmuir’s mode diffusivity-selectivity 

ranges from 48 in TPBO-0.25 to 88 in TPBO-0.50, and it becomes practically infinite in 

TPBO-0.75 and TPBO-1.00. This result further supports the idea that triptycene units can 

finely regulate small molecule transport based on their size, indicating that the superior 

TPBOs’ size-sieving ability is due primarily to configurational free volume, with other 

possible effects being negligible or at least less relevant. 
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Figure 18: Henry’s and Langmuir’s mode CO2 (A) and CH4 (B) diffusion coefficients, as well as 

CO2/CH4 Henry’s (i.e., 𝐷𝐷
𝐶𝑂2 𝐷𝐷

𝐶𝐻4⁄ ) and Langmuir’s (i.e., 𝐷𝐻
𝐶𝑂2 𝐷𝐻

𝐶𝐻4⁄ ) diffusivity-selectivity (C) in 

TPBOs at 35 °C as a function of triptycene molar content. 𝐷𝐻
𝐶𝑂2 drops to zero in TPBO-1.00. 

𝐷𝐻
𝐶𝐻4  drops to zero when the triptycene molar content in the polymer is equal to 75% mol or larger. 

The Langmuir’s diffusivity-selectivity, 𝐷𝐻
𝐶𝑂2 𝐷𝐻

𝐶𝐻4⁄ , approaches infinite when the triptycene molar 

content is equal to 75% mol or larger. Uncertainty was calculated using linear error propagation 

[97,98].  
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3.5. Conclusions 

A class of polybenzoxazoles (TPBOs) with systematically varied molar amount of 

triptycene units (i.e., configurational free volume) was selected to propose a possible 

mechanism of small molecule transport in glassy polymers exhibiting configurational 

free volume. At given temperature and pressure, pure-gas permeability decreases and 

ideal selectivity increases with increasing triptycene molar content in TPBOs. The 

analysis of pure-gas N2, CH4 and CO2 sorption isotherms indicates that gas solubility and 

solubility-selectivity are essentially independent of triptycene molar content. Similarly, 

mixed-gas CO2/CH4 sorption isotherms predicted using the dual mode model show that 

competitive sorption (i.e., mixed-gas solubility-selectivity) is independent of triptycene 

molar content. Therefore, the decrease in gas permeability with increasing triptycene 

content in TPBOs mirrors the parallel decrease in diffusion coefficient, and the increase 

in selectivity with increasing molar amount of triptycene units mirrors the parallel 

increase in diffusivity-selectivity (i.e., size-sieving ability). 

The dual mode sorption-mobility analysis indicates that small molecule diffusion in 

TPBOs is progressively hindered with increasing triptycene molar content (that is, with 

increasing configurational free volume), with a stronger hinderance offered to the 

transport of larger molecules. Interestingly, while the Henry’s CO2/CH4 diffusivity-

selectivity (i.e., 𝐷𝐷
𝐶𝑂2 𝐷𝐷

𝐶𝐻4⁄ ) changes little with increasing triptycene molar content, the 

Langmuir’s CO2/CH4 diffusivity-selectivity (i.e., 𝐷𝐻
𝐶𝑂2 𝐷𝐻

𝐶𝐻4⁄ ) rapidly increases with 
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increasing amount of configurational free volume, to become infinite when the molar 

amount of triptycene units in the polymer is equal to 75% or larger. Therefore, 

configurational free volume provides a unique opportunity to precisely control 

diffusivity-selectivity in a predictable fashion. Equally important, in contrast with 

conformational free volume, configurational free volume exhibits excellent resistance to 

physical aging, which makes configurational diffusivity-selectivity highly stable over 

long-term operation. This physical picture, however, is limited to light gasses. As shown 

in a previous study [51], when the penetrant kinetic diameter exceeds the size of the 

configurational free volume elements, sorption becomes size-controlled, meaning that 

triptycene units influence both sorption and diffusion coefficients.  

Finally, the analysis of isosteric heats of sorption reveals that the TPBOs plasticization 

resistance does not increase with increasing triptycene molar content. Ongoing and 

future work will investigate the effect of configurational free volume content on the 

simultaneous transport of gas (i.e., small) and vapor (i.e., bulky) molecules. 
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Chapter 4. Computer Vision Based Measurement of Pure- and Mixed-

Gas Swelling in Polymers Exhibiting Configurational Free Volume § 

4.1. Abstract 

Although polymer swelling (i.e., dilation) data are crucial to assess the long-term stability 

of polymer membranes and correct sorption isotherms for highly sorbing penetrants, the 

swelling propensity of new generation membranes exhibiting configurational free 

volume has never been investigated. To fill this gap, in this paper we study pure and 

mixed-gas swelling of a series of thermally rearranged polybenzoxazoles (TPBOs) and 

their poly(o-hydroxyimide) precursors exhibiting systematically varied amount of 

configurational free volume (i.e, triptycene units). The individual and synergistic effects 

of configurational free volume and thermal rearrangement on the polymer swelling 

propensity are presented and discussed. To do so, we use a newly developed 

experimental approach based on computer vision, which is capable of correcting most of 

the limitations of traditional methods used to measure swelling and achieve superior 

accuracy. We show that thermally rearranged glassy polymers exhibiting configurational 

free volume exhibit better swelling resistance relative to conventional polymers. The 

fundamental origin of this behavior resides, as explained by the dual mode theory, on the 

fact that the Langmuir’s mode swelling propensity in thermally rearranged triptycene-

 

§ Currently in review to submit for publication.  
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based polymers is much lower than in glassy polymers exhibiting only conformational 

free volume. Differences between pure-gas and mixed-gas induced swelling are also 

highlighted and discussed. Finally, a thorough investigation of the swelling 

measurement uncertainty and precision is provided and discussed, including an analysis 

of the major factors affecting experimental uncertainty. 

4.2. Introduction and Background 

Polymer swelling (i.e., dilation) data are needed to assess the stability of polymer 

membranes in the presence of highly condensable, highly soluble gases, vapors and 

liquids [56,172]. Swelling generally enhances permeability and reduces selectivity in 

membrane separations, which is considered, although with a few exceptions [59,173], an 

undesirable effect [109,174]. Extreme swelling propensity may lead to plasticization (see 

Section 1.4.2), which dramatically amplifies the effects mentioned above [175]. If 

available, dilatometry data serve, per se, as a useful measure of polymer swelling. Of equal 

importance, the quantification of polymer volume change as a function of pressure allows 

for improved accuracy in other experiments, such as gas/vapor sorption measurements 

(as covered in 1.10.1 and 1.10.2) via the barometric (i.e., pressure decay) technique, where 

sample volume changes are often neglected due to lack of available swelling data [176]. 

These changes in volume can be significant at high pressures and in the presence of 

condensable penetrants [89], leading to major experimental errors associated with 

sorption measurements.  
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Fractional volumetric swelling (i.e., 
∆𝑉

𝑉0
) is defined as the polymer volume change during 

sorption normalized to the initial volume [176]. As polymer swelling is considered 

isotropic, fractional elongation (i.e., 
𝐿𝑓−𝐿𝑖

𝐿𝑖
), which is more convenient to directly measure 

than volume changes, may be used to calculate fractional volumetric swelling: 

𝜈 =
∆𝑉

𝑉0
=

𝑉𝑓−𝑉𝑖

𝑉𝑖
× 100% = [(

𝐿𝑓

𝐿𝑖
)
3

− 1 ] × 100%  Equation 22 

where 𝜈 is the fractional swelling, Δ𝑉 is the volume change of the sample, 𝑉 is the samples 

volume, 𝐿 is the sample length, and 𝑖 and 𝑓 refer to the sample in the initial (i.e., at 

vacuum) and final (i.e., swollen) states. 

Though polymers exhibiting configurational free volume have attracted interest due to a 

favorable combination of relatively high permeability, superb selectivity in several 

separations, and superior long-term stability against physical aging 

[21,24,43,60,94,95,115,177–179]. As discussed in previous contributions [21,24,43,51,95] 

and sections in this work (1.5, 3.4.4, 2.4), iptycene groups made of three (i.e., triptycene) 

or five (i.e., pentiptycene) benzene rings arranged in a paddlewheel-like configuration, 

provide their unique internal, configurational free volume, which, being non-collapsible, 

greatly enhances the membrane long-term stability. Additionally, while the size of excess 

conformational free volume pockets in conventional glassy polymers is randomly 

distributed, the size of configurational free volume elements is uniform and it is 
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comparable to the size of a small molecule (e.g., ~3.8 𝐴̇)[20], which promotes high 

selectivity.  

Thermally rearranged polybenzoxazoles containing triptycene moieties (TPBOs), first 

reported by Guo et al., abundantly outperform the 2008 upper bound in several gas 

separation applications, and exhibit a unique physical aging resistance [21,180]. Little or 

no information, however, has been provided so far on their swelling behavior. This study 

aims at filling this gap by proposing, for the very first time, a systematic study of the 

swelling propensity of this important class of polymers. To do so, however, a reliable, 

accurate, and fast experimental procedure to measure swelling is needed. This need 

comes from the fact that in this study we consider a family of TPBOs exhibiting 

systematically varied amount of configurational free volume. As shown in a recent 

contribution [43] (Chapter 3), gas sorption isotherms in these materials overlap 

irrespective of their triptycene (i.e., configurational free volume) content, therefore, for 

reliable comparisons among samples, there is a need for a very accurate approach to 

measure swelling. Unfortunately, this level of accuracy cannot be guaranteed by 

conventional optical experimental methods [176,181–183], which offer an uncertainty as 

high as 25%, if the sample length is observed directly from the camera with no 

downstream analysis or error correction.  The proposed approach provides an ideal 

environment for automated data collection using computer vision analysis, rather than 
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manual data collection [184], in addition to corrections for various sources of systematic 

error, as discussed later.  

In conventional optical swelling measurements, a sample is traditionally hung in a 

Jerguson gage under temperature control, after which the apparatus is evacuated and 

then charged with a dilating gas. Finally, a camera is used to measure length changes in 

the polymer sample as it dilates, repeating the process stepwise at multiple pressures 

[176]. Alternatively, some researchers have used dilatometry apparatuses that utilize a 

linear variable differential transformer (LVDT) to measure changes in sample length via 

a metal rod connected to the sample [93]. These sensors possess superior resolutions, 

capable of resolving a ±1𝜇𝑚 change in length, but they suffer from a high cost and 

complexity of construction. Ellipsometry has also been used to measure the swelling of 

thin polymer films [76]. Critical issues for using these techniques are that i) only one 

sample may be tested at a time, which makes swelling measurements across multiple 

samples extremely time-consuming, and ii) random errors, which make it difficult to 

compare multiple samples.  

While the hardware used in this work to measure polymer dilation (see Section 1.10.3) 

closely follows the optical experimental design reported previously [176,185], the element 

of novelty discussed in this paper refers primarily to the software and analysis of the 

collected data, including postprocessing steps to clean the data of common sources of 

systematic and random error, such as camera motion, and estimate random experimental 
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uncertainty. Moreover, the possibility to run multiple measurements in parallel 

significantly reduces the experimental uncertainty, leading to more accurate results. The 

availability of more accurate and reliable swelling data will help us better understand the 

long-term stability exhibited by polymers with configurational free volume.  

4.3. Experimental Methods 

4.3.1. Materials 

 A series of thermally rearranged polybenzoxazoles exhibiting systematically varied 

molar amount of triptycenes (i.e., 0, 25, 50, 75, 100%) was used for the pure- and mixed-

gas swelling study. Details about TPBO synthesis and fabrication are provided in Section 

A1, Appendices. The corresponding non-thermally rearranged triptycene-containing 

poly(hydroxyimide) (TPHI) precursors were also included in the experimental campaign. 

All samples used in this study are free-standing (i.e., dense, backing-free films), with a 

thickness in the range of 30-100 m.  

The new swelling apparatus was first tested by reproducing the CO2-induced dilation 

data in polycarbonate films originally reported by Koros et al. [186] and Handa and 

Zhang [183]. Polycarbonate films, 130 ± 2 𝜇𝑚 thick, were provided by Sigma Aldrich. 

Gas cylinders were supplied by Air Gas, with a purity > 99.99% A nitrogen-ethane 

mixture, whose certified composition was 80-20%mol, was also supplied by Air Gas. 



104 

 

4.3.2. Swelling measurements 

The apparatus structure is detailed in Section 1.10.3. 

TPBOs swelling was measured at 35°C using pure gas carbon dioxide, ethane and n-

butane. TPHI swelling upon pure CO2 exposure was measured at 35°C. TPBOs swelling 

upon exposure to a nitrogen (80%mol)-ethane (20%mol) mixture was also measured at 

35°C. This mixture was selected in view of its relevance in gas processing and polymer 

manufacturing [187]. 

The novelty of this swelling measurement technique resides in the downstream analysis 

of the data, and less so the apparatus itself. Camera-based dilation apparatuses have been 

designed and proposed in literature prior [176,188,189], as well as alternative methods 

using ATR-FTIR[184], transmission-FTIR [58], LVDT measurement systems [93], line scan 

cameras [190] and thickness measurement techniques using reflectometry [191]. The 

newly proposed design requires cheap components due to the data analysis method 

being capable of mitigating the effects of the noise that previous techniques do not 

account for, such as camera drift over time. Moreover, this experimental procedure is 

completely automated, requiring only an experimenter to start and end data collection, 

and then run the data analysis. Notably, since multiple samples may be placed in the 

apparatus to dilate at the same time and the initial length reference point is specific to 

each sample, this new approach saves considerable time and opens the possibility of 

running duplicate swelling measurements at given temperature and pressure in a single 
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experiment. Finally, while only certain dilatometry methods could provide dilation 

kinetics, such as the FTIR-ATR and LVDT, achieving this with optical dilatometry is 

tedious due to the number of images which need to be carefully processed. An automated 

optical analysis method with high resolution and accuracy makes it possible to track 

dilation kinetics with an excellent degree of accuracy, even though this study focuses on 

equilibrium swelling [93,182,184,190,192]. 

4.4. Computer vision based data analysis 

To process the images, a region of interest is first specified by the experimenter. This 

region encloses the area where the polymer sample boundary could travel during the 

experiment. If needed, the region of interest is then shifted to account for any minor 

movements of the camera throughout the experiment, which could result from a variety 

of sources, such as i) a fluctuating room temperature affecting the camera stand through 

thermal expansion, ii) inadvertent bumping of the apparatus by an experimenter, or iii) 

vibrations from the ground. The details of this stabilization method are provided in 

Section A25, Appendices. Once the image is stabilized (see Figure 19, left column), the 

region of interest undergoes horizontal boundary detection using image convolution [193–

195]. Specifically, the corrected image of the polymer boundary is “convolved” over by 

an adjustable matrix known as a Sobel filter, whose parameters are chosen to detect 

horizontal boundaries [193–195]. The result of this operation is a “convolved” image (see 

Figure 19, middle column) where areas that contained horizontal boundaries are 
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highlighted, and all other features in the image are suppressed. After this operation, each 

row of the resulting convolved image is summed into a single value (see Figure 19, right 

column). This results in a set of values which give a confidence that the polymer 

boundary exists as a function of position along the vertical axis in the original image. 

Next, a continuous function is fitted to this likelihood data and this functions’ maximum 

is chosen as the boundary position. The function itself could be a polynomial or Gaussian 

distribution, so long as it adequately represents the discrete boundary likelihood data. In 

this work, a second order polynomial fits reasonably well and is computationally efficient 

compared using to a normal distribution.  

 

Figure 19: Illustrated (A) and real (B) image analysis process. From left to right: The initial 

sample image after stabilization, the resulting convolved image, and the summed pixel values 

(green bars) in addition to the fit continuous function (blue line), and finally the chosen boundary 

position (red line). 
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This entire image analysis process is then repeated, in an automated fashion, for every 

image taken during data collection, ensuring consistent and accurate boundary location. 

The choice to use a fitting function is the key to achieving sub-pixel resolution of the 

polymer’s length change. If the convolved image row with the highest summed value 

were to be chosen as the boundary location instead of fitting a function to the highest and 

adjacent rows, the boundary location’s resolution would be limited to the resolution of 

the camera. Rather, incorporating the adjacent boundary likelihoods into the analysis 

provides a more realistic picture of where the boundary resides. Animations 

demonstrating the consistency, resolution, and overall picture of the analysis steps are 

shown in Section A26, Appendices. 

After determining the boundary position independently for each image, these values are 

compared to the reference position taken at vacuum before the experiment begins. The 

pixel distance change of the sample boundary from the initial reference image to the 

current image being analyzed, Δ𝑝𝑥, is found by Δ𝑝𝑥 = 𝑝𝑥𝑖 − 𝑝𝑥𝑟𝑒𝑓, where 𝑝𝑥 is the found 

image boundary position in pixels from the top of the image, and subscripts 𝑖 and 𝑟𝑒𝑓 

refer to the current and reference images, respectively. A pixel-to-length calibration (𝜗) 

between the camera and the swelling cell is then used to convert this pixel change into a 

length change (See Section A27, Appendices), the result of which is then plugged into  

Equation 23. Equation 22 can be expressed in terms of the three directly measured 

variables acquired in this apparatus as follows: 
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Δ𝑉

𝑉0
= (

𝐿𝑖+
Δ𝑝𝑥

𝜗

𝐿𝑖
)

3

− 1   Equation 23 

where 𝐿𝑖 is the initial length of the polymer sample, 𝜗 is the camera pixel to polymer 

distance conversion factor, and Δ𝑝𝑥 is the change in polymer length, in pixels, during one 

step. The same reference image used earlier for determining length changes is also used 

to stabilize the image itself. To stabilize an image, the operator first picks a square location 

on the image which contains some visual detail which remains still (at least with respect 

to the top of the polymer sample) throughout the entire experiment. This could be an 

intentionally placed target next to the Jerguson gage. This region is then compared with 

the same unmoving region in the first image taken during the experiment (see Figure 20), 

and an (x, y) shift is programmatically chosen that maximizes the overlap between the 

two images (see Section A25, Appendices for this algorithm). Each image is stabilized 

independently of adjacent images in time, and from the same starting point (𝑥, 𝑦) = (0, 0) 

in the optimization.  
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Figure 20: Schematics of image stabilization. The top row (A, B, C) displays a simplified pixel-

scale version of the algorithm with a camera moving downwards during an experiment. The bottom 

row (D, E, F) denotes the same situation in a real experiment. The original reference in D is shown 

in red in Figures E and F, with the current image shown in green. Overlapping pixels between the 

reference and current image shown as yellow. The distance needed to shift for the current image 

to minimize overlap error with F is denoted by “Drift” in Figure F. 

4.5. Results and Discussion 

4.5.1. Reproducing literature polycarbonate swelling data 

Before measuring TPBO and TPHI swelling, it is important to test the reliability of the 

apparatus and analysis procedure by reproducing CO2-induced dilation data in 

polycarbonate at 35°C originally reported by Koros et al. [186] and Handa et al. [183]. 

This test will also provide the proof of concept that multiple samples can be run 

simultaneously, without compromising the quality of the measurements. Results shown 

in Figure 21 (labeled as runs 1, 2 and 3) used a pixel to centimeter ratio of 126.5 ± 0.7
𝑝𝑥

𝑐𝑚
. 
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Run 1 used a single polycarbonate strip whose length was 8.60 ± 0.16 𝑐𝑚, while runs 2 

and 3 were done simultaneously, using two samples with initial lengths of 5.91 ± 0.15 𝑐𝑚 

and 5.85 ± 0.18 𝑐𝑚, respectively. Additional polycarbonate results (labeled as runs 4 and 

5), which also verify the assumption of isotropic swelling, can be found in Section A28, 

Appendices. 

 

Figure 21: Percent volumetric swelling of polycarbonate upon CO2 exposure at 35°C, as a 

function of CO2 concentration in the polymer. Filled colored symbols are data from this work, 

where runs 2 and 3 were done in parallel. Continuous lines represent previous literature data. 

Error bars were estimated via linear error propagation [96–98] without covariance.  

As shown in Figure 21, runs 1, 2 and 3 follow each other nearly identically, exhibiting 

minor mutual departure, which is within the experimental uncertainty. They are also 

consistent with previous data reported by Koros and Handa. This behavior indicates that 

systematic error, as opposed to random error, is the major contributor to the overall noise 

in this apparatus. Put in another way, if random error from the camera, the downstream 
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image analysis results, the initial polymer sample length, or any other quantity not shared 

between the two samples were significant sources of error, then runs 2 and 3 would be 

expected to deviate from each other far more than they currently do. Overall, the 

uncertainty of swelling measurements due to random error in typical experimental 

conditions (see Section 4.5.3, Table 10) ranges from 2% to 5%, which is significantly lower 

than the 25% uncertainty observed in previously reported swelling measurements [185]. 

Considering this, as well as that the initial sample length is the primary contributor to the 

random error of the measurement (at least 80% of the total uncertainty, see Figure 26), it 

is likely that the overall accuracy of measurements in this apparatus will be nearly 

entirely determined by the appropriate control of possible systematic errors, such as 

sample curling during dilation, sample slipping from its initial position in the Jerguson 

gage, the existence of shadows and other lighting artifacts that modify the apparent 

sample boundary, or as discussed in Section 4.5.6, Stabilization Efficacy. This finding 

highlights the advantages of this apparatus’ ability to run experiments in parallel, as some 

systematic problems, such as temperature control issues, gas purity, pressure transducer 

uncertainty, or issues in any other shared factor, will affect samples equally.  

4.5.2. CO2-induced swelling in TPBOs and TPHIs precursors exhibiting systematically 

varied amount of triptycene units 

CO2-induced swelling in TPBOs at 35°C is shown in Figure 22A as a function of CO2 

concentration in the polymer. The experimental conditions are shown in Table 8. 
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Table 8: Experimental parameters used in various TPBO and TPHI dilation experiments. 

sample 
initial length 

(cm) 

pixel-to-length conversion 

(px/cm) 

sample thickness 

(m) 

TPBO-0.00 3.55 ± 0.06 

135.10 ± 0.68 

53 ± 8 

TPBO-0.25 2.41 ± 0.09 35 ± 4 

TPBO-0.50 2.82 ± 0.06 70 ± 20 

TPBO-0.75 4.48 ± 0.08 80 ± 30 

TPBO-1.00 3.39 ± 0.11 60 ± 20 

TPHI-1.00 6.20 ± 0.10 91 ± 5 

Concentration data are taken from a previous study [43,75]. In Figure 22B, swelling data 

are plotted as a function of pressure. Using concentration, rather than pressure, generally 

provides a stronger basis to make comparisons among samples, as it allows for swelling 

to be compared at given number of molecules accommodated in the polymer matrix. 

TPBO-0.00, which is a thermally rearranged polybenzoxazole without triptycene units, 

was tested as baseline material [21]. The TPBO series were previously shown to exhibit 

virtually identical light gasses solubilities (i.e., CO2, CH4, N2), irrespective of the 

triptycene (i.e., configurational free volume) content [43]. Therefore, an unanswered, 

follow up question is: does swelling propensity depend on triptycene content? And, more 

generally, do configuration-based polymers also exhibit good swelling resistance, in addition to 

excellent physical aging resistance? [24,127] Being thermally rearranged polybenzoxazoles, 

these materials exhibit, per se, high rigidity. As discussed later, thermal rearrangement 

affects the TPBOs’ swelling propensity. Moreover, it is possible that residual stresses from 

the thermal rearrangement process may cause these polymers to exhibit differences in 

their swelling propensity [3,196,197], even though this was not observed in sorption data 
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(see Figure 22). Some evidence supports the existence of residual stresses formed 

presumably during the thermal rearrangement stage, which are relaxed during the first 

step of swelling with highly sorbing penetrants (see Section A26, Appendices). As a 

result, brass coupons were used in future experiments, which forced samples to remain 

straight during the experiment. In addition to this precaution, all samples were cut and 

prepared from random orientations. 

 

Figure 22: Fractional swelling of TPBOs at 35°C as a function of CO2 concentration (A), and 

pressure (B). Relevant polymers are included for comparison. Error bars were estimated via linear 

error propagation [96–98] for both concentration and swelling. All TPBO samples were run in 

parallel. 

As shown in Figure 22A, TPBO samples exhibiting low triptycene content (25%) or no 

triptycene at all, exhibit a quantitatively similar swelling behavior. At a given CO2 

concentration, TPBO samples exhibiting higher triptycene content (i.e., ≥50%) exhibit a 

comparable swelling propensity to each other, which is slightly lower than that exhibited 
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by TPBO-0.00 and TPBO-0.25. Therefore, incorporating configurational free volume has 

a beneficial effect on the swelling stability. Specifically, if the CO2 content is 120 

cm3(STP)/cm3pol, TPBO-1.00 exhibits a volumetric swelling of about 5%, while a swelling 

of 7.5% was measured in TPBO-0.00. This result is interesting, as sorption isotherms 

appear fairly superimposed among all TPBO samples for light gasses [43]. A similar trend 

is observed if swelling is represented as a function of pressure (see Figure 22B). Especially 

at high pressure, where higher accuracy is achieved, swelling decreases systematically 

with increasing triptycene molar content, which, again, points out the beneficial effect of 

configurational free volume on polymer swelling resistance.  

At this point, it is possible to use the dilation data to correct the CO2 sorption isotherms 

reported previously and collected via the pressure-decay method for systematic error 

introduced by assuming constant density (i.e., no swelling). Previous work in Chapter 5 

resulted in a criteria being derived which determines whether or not these corrections are 

necessary (see Equation A3), or more specifically, whether or not swelling corrections will 

change the calculated sorption by more than what can be measurably resolved [96]. 

Equation A1 and Equation A3 can be solved simultaneously for the percent swelling and 

swollen polymer density, to obtain the swelling threshold at which the choice of using 

the dry or swollen polymer density results in no overlap of the uncertainty range (i.e., the 

maximum percent swelling that may occur before corrections are needed given a 𝜙 

value). For 𝜙 = 1, i.e., within one standard deviation, and at the highest pressures tested, 
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corrections for polymer swelling do not alter the results of our previous TPBOs sorption 

study. That is, even after correcting for polymer swelling, CO2 sorption isotherms in 

TPBOs as a function of triptycene content are still superimposed. As an example, 

corrections on CO2 sorption in TPBO-1.00 change the concentration measured at the 

highest pressure tested by less than 4%, however, the random uncertainty on this 

measurement is 8%. 

In Figure 22A, TPBO dilation upon CO2 exposure at 35°C is compared to that of other 

materials of interest in membrane science, such as CTA (cellulose triacetate), Teflons AF, 

and PIM-1 [76,174,186,198]. At a given CO2 concentration, TPBOs exhibit a much more 

pronounced swelling stability compared to other materials. This behavior may be 

ascribed to either configurational free volume or thermal rearrangement. Barring 

systematic error, which is minimal due to the data being collected all in one single 

experiment, the larger swelling propensity exhibited by TPBO-0.00 relative to its 

triptycene-based analogs may be due to the lack of configurational free volume. 

Specifically, TPBO-0.00 swelling exceeded the average swelling of the rest of the TPBO 

samples by 11.5%. When considering only the TPBO polymers across varying triptycene 

content, the swelling data in Figure 22 provide a glimpse of evidence that configurational 

free volume may assist in the reduction of polymer swelling, at least in the case of CO2. 

Measurements are underway to investigate other condensable penetrants.  
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To separate the effects of configurational free-volume and thermal rearrangement, we ran 

separate sorption and swelling measurements using the non-thermally rearranged 

analogs of each TPBO sample, that is, the precursor series of polyhydroxyimides 

(TPHIs)[20] exhibiting systematically varied triptycene content. The only difference 

between each TPBO and its TPHI analog, is that the latter was not thermally rearranged. 

As shown in Figure 23, at any given CO2 concentration and for a 100% triptycene content, 

TPHI swells more than TPBO, indicating that thermal rearrangement from the polyimide 

to the polybenzoxazole form also contributes to the swelling resistance exhibited by 

TPBO, synergistically with the triptycene content itself. 

 

Figure 23: Fractional TPBO-1.00 and TPHI-1.00 swelling at 35°C, as a function of CO2 

concentration. Error bars were estimated via linear error propagation [96–98] for both 

concentration and dilation. Samples were run in parallel. 
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4.5.3. CO2 partial molar volumes in TPBOs 

To further investigate the effects of dilation across triptycene contents, polymer dilation 

and solubility measurements were combined to calculate the CO2 partial molar volume 

within the polymer phase [77,78,93]. This analysis, however, was limited to the TPBO 

series, for which sorption data are available with higher accuracy relative to the TPHI 

analogs. Penetrant partial molar volume, 𝑉̅𝑝𝑒𝑛, is estimated using the technique discussed 

in Section 1.8.4. The rest of the parameters are fit directly from sorption data using the 

standard dual mode sorption model [36,80] (Section 1.6.1). All dual mode parameters are 

tabulated in Section A29, Appendices.  

As shown in Figure 24, at given CO2 concentration in the polymer, the CO2 partial molar 

volumes in the TPBO series decreases with increasing triptycene molar content: TPBO-

0.00 > TPBO-0.25 > TPBO-0.50 ≈ TPBO-0.75 > TPBO-1.00.  The relative VD values are 

denoted by the flat horizontal lines. 
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Figure 24: CO2 partial molar volumes in TPBOs and other reference polymers (grey) as a function 

of CO2 concentration in the polymer. Circles denote error arcs representing one standard deviation 

from the sampled point, calculated via linear error propagation and neglecting covariance for each 

data point calculated [96,199]. Solid horizontal lines denote fit 𝑉𝐷 values for each TPBO sample, 

with the grey line displaying the 𝑉𝐷 for PIM-1. Each curve includes 100 sampled points.  

As explained by dual mode theory, lower partial molar volume values indicate that the 

Langmuir region is being filled preferentially. This behavior is a product of the low 

volume the penetrant occupies when in a partially condensed state in the polymer’s 

microcavities, i.e., Langmuir’s mode. As Langmuir’s mode gets saturated, penetrant 

molecules start to sorb in the Henry’s mode. At that point, polymer swelling starts to 

occur more dramatically, and a corresponding increase in partial molar volume is 

observed as the penetrant occupies a larger fraction of the space available within the 

polymer.  
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In hydrocarbon-based polymers exhibiting low fractional free volume, partial molar 

volume is immediately concave-down with an increase in concentration, and a saturation 

point is eventually reached. This is apparent in polycarbonate (PC in Figure 24, 𝐹𝐹𝑉 ≈

16.3%) [4,186] and cellulose triacetate (CTA in Figure 24, 𝐹𝐹𝑉 ≈ 17%) [57], where the 

partial molar volume sharply increases, followed by a leveling-off as the non-equilibrium 

free volume is saturated and the polymer phase volume eventually begins to increase 

linearly with CO2 concentration. This latter state is then reflected by a constant partial 

molar volume as CO2 concentration increases, as there is now a constant change in 

polymer volume as more penetrant molecules are sorbed. Perfluorinated polymers, such 

as Teflon® AF2400 [35,200] and Teflon® AF1600 [35], despite exhibiting high FFV (32 and 

28%, respectively), behave similarly to low FFV polymers in terms of their partial molar 

volumes. Due to their anomalously low cohesive energy density, perfluoropolymers host 

penetrant molecules preferentially in the Henry’s mode rather than in the Langmuir’s 

mode, which is consistent with their relatively high swelling propensity [132,198,201,202]. 

PIM-1 shows an intermediate behavior between that of conventional polymers exhibiting 

conformational free volume (perfluoropolymers, CTA, PC) and TPBOs. Specifically, PIM-

1’s swelling becomes important at larger CO2 concentrations (i.e., ≈20 cm3(STP)/cm3pol) 

than in conventional polymers [76,203], but still lower than in TPBOs (i.e., ≈60 

cm3(STP)/cm3pol).  Moreover, CO2 partial molar volume in PIM-1 is much larger than in 

TPBOs, which confirms that the latter exhibits better dimensional stability. TPBOs exhibit 
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both regular nonequilibrium free volume sites, as well as configurational free volume 

pockets (that is, free volume generated by the internal clefts of triptycene units[24,43]), 

which can theoretically host penetrant molecules without causing swelling or, at least, 

causing less swelling than the Henry’s counterpart. 

To shed fundamental light on the swelling propensity of the configurational free volume 

and its effect on TPBO overall swelling behavior, the f and VD values obtained by fitting 

TPBO swelling data to the dual mode dilation model (see Equation 8), were analyzed as 

a function of triptycene molar content. As discussed in a previous study [43] and 

summarized in Section A29, Appendices, all TPBOs exhibit similar light gas solubility 

and, as such, similar dual mode sorption parameters (𝑘𝐷, 𝐶𝐻
’ , and 𝑏).  Interestingly, 𝑉𝐷 

decreases with increasing triptycene content in the TPBOs series from 0 to 100%, meaning 

that sorbed penetrant molecules become more confined as more configurational free 

volume is incorporated in the polymer. In contrast, 𝑓 increases with increasing triptycene 

content in the TPBOs series from 0 to 100%, suggesting that the Langmuir mode 

contributes more and more to swelling, as more configurational free volume is 

incorporated in the polymer (See Section A29, Appendices). However, although f 

increases with increasing TPBO’s triptycene content, its values for TPBOs (i.e., 0.10-0.20) 

are much lower than those exhibited by conventional rigid glassy polymers containing 

only conformational free volume, such as polybenzimidazoles (for which f = 0.33) [204], 

Matrimid® polyimide (f = 0.42-0.78) [77] and cellulose triacetate (f = 0.75) [76]. These 
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results indicate that TPBO Langmuir’s mode swelling propensity, which includes the 

configurational free volume swelling propensity, is lower than that exhibited by the 

Langmuir mode in conventional rigid polymers exhibiting only conformational free 

volume, which explains the overall better swelling resistance exhibited by configuration-

based polymers relative to conventional conformation-based polymers. This picture is 

consistent with the rigidity exhibited by triptycene units, as well as with their ability to 

interlock polymer chains and form 𝜋 − 𝜋 stacking interactions. 

However, a still open question is whether thermal rearrangement, other than 

configurational free volume, is also responsible for the observed swelling behavior. To 

separate the individual and synergistic effects of configurational free volume vs thermal 

rearrangement on the TPBO swelling behavior, we compared vis-à-vis the results of the 

dual mode analysis of dilation data in TPBO-1.00 and its non-thermally rearranged 

precursor, TPHI-1.00, at given amount of configurational free volume.  Interestingly, the 

𝑉𝐷 values of CO2 in the two materials, TPBO-1.00 and TPHI-1.00, are, within the 

uncertainty, essentially the same (i.e., 25.50 ± 1.12 and 25.81 ± 0.98, respectively, see Table 

9). In contrast, the f value in TPHI-1.00 (i.e., 0.35 ± 0.04) is larger than in TPBO-1.00 (i.e., 

0.22 ± 0.02), but still lower than in conventional glassy polymers, that is: 𝑓𝑇𝑃𝐵𝑂 < 𝑓𝑇𝑃𝐻𝐼 <

𝑓𝑐𝑜𝑛𝑣.𝑔𝑙𝑎𝑠𝑠𝑦 𝑝𝑜𝑙𝑦𝑚.. These results indicate that thermal rearrangement and configurational 

free volume synergistically contribute to the peculiar swelling behavior exhibited by 

TPBOs. 
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Table 9: Best fit value of the Dual Mode Dilation Model for TPBOs and conventional glassy 

polymers. 

polymer 𝑉𝐷 (cm3/mol) f Ref. 

TPBO-0.00 40.95 ± 0.42 0.10 ± 0.01 this study 

TPBO-0.25 36.21 ± 0.71 0.09 ± 0.01 this study, [75] 

TPBO-0.50 29.97 ± 0.61 0.15 ± 0.01 this study 

TPBO-0.75 29.77 ± 0.66 0.13 ± 0.01 this study 

TPBO-1.00 25.50 ± 1.12 0.22 ± 0.02 this study 

TPHI-1.00 25.81 ± 0.98 0.35 ± 0.04 this study 

Matrimid® 21 0.42-0.78  [77] 

cellulose triacetate 22.09 ± 0.17  0.65 ± 0.04  [76] 

Lexan® (BPA Polycarbonate) 27 0.3 [77] 

 

4.5.4. Pure- and mixed-gas ethane-induced swelling 

Exposure to light hydrocarbons, which are common contaminants in natural gas and 

other process streams, causes swelling effects in polymer membranes [205]. Therefore, we 

decided to measure TPBO and TPHI swelling upon exposure to pure ethane, a model 

hydrocarbon, as well as 20:80% mol ethane-nitrogen gas mixture. Five TPHI and five 

TPBO samples ranging from triptycene contents of 0% to 100% were tested in parallel. 

Nitrogen-induced swelling of TPBO and TPHI is negligible and, as such, it is not 

discussed. Pure and mixed-gas swelling data at 35°C are shown in Figure 25A-E as a 

function of ethane fugacity in the contiguous external gas phase, which was calculated 

via the Peng-Robinson equation of state, using a penetrant-penetrant interaction 

parameter, 𝑘𝑖𝑗, equal to 0.0515 [206] Due to material limitations, mixed and pure ethane 

dilation data were collected using the same samples, with vacuum being held for 3 days 
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between the mixed-gas measurement and the subsequent pure-gas measurement to 

ensure full desorption of the residual penetrant.  

At a pure ethane fugacity of 10 atm, TPBOs and their non-thermally rearranged TPHI 

analogs exhibit a volumetric swelling of approximately 4% and 1.5%, respectively. To put 

these numbers in perspective, poly(ethylene oxide) (PEO)-based polymers swell by about  

2% [207] upon exposure to ethane at similar conditions, and PDMS [208] swells by about 

8%. Unfortunately, ethane sorption and swelling data are rare, therefore more 

comparisons are not possible.  

Figure 25F shows a resolvable relationship between triptycene content and swelling, 

where an increase in triptycene content results in a decrease in polymer swelling at given 

ethane fugacity. This trend is quantitatively similar to that discussed in Section 4.5.2 for 

CO2-induced swelling. Pure and mixed gas ethane-induced swelling in all TPHI samples 

is much lower than in the corresponding TPBO analogs, even though the comparison was 

made on a fugacity basis. Although a concentration-based comparison would be more 

appropriate, ethane sorption in TPHI takes an unreasonably long time to attain 

equilibrium, therefore it could not be practically measured. 
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Figure 25: Fractional swelling of A) TPBO/TPHI-0.00, B) TPBO/TPHI-0.25, C) TPBO/TPHI-

0.50, D) TPBO/TPHI-0.75, and E) TPBO/TPHI-1.00 at 35°C as a function of pure-gas (solid 

lines) and mixed-gas (dashed lines) ethane fugacity. Error bars were estimated via linear error 

propagation [96–98]. All samples were run in parallel. F) Comparisons among TPBOs.  

Interestingly, TPBO and TPHI swelling in mixed gas ethane is, at a given fugacity, about 

8 ± 5% lower on average than the corresponding pure ethane-induced swelling. This 

result is consistent with previous swelling data reported for thick and thin films of PIM-

1 and PTMSP by Ogieglo et al. [76]. However, at relatively high fugacity (i.e., high 

pressure), the mixed gas TPBOs’ swelling isotherm approaches the pure-gas one, 

indicating that differences between pure- and mixed-gas might be due to the 

experimental uncertainty. In the case of TPHI this behavior is somehow less evident, 

likely due to the higher experimental uncertainty associated with the very low swelling. 
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As a matter of fact, although previous studies claimed that mixed-gas induced swelling 

was lower than pure-gas induced swelling, no error bars were reported to substantiate 

this claim. The lower swelling measured in mixed gas condition relative to the pure gas 

swelling at the same fugacity could be explained by invoking the competitive sorption 

mechanism, as well as the fact that ethane is the less abundant component in the mixture 

[209–211]. However, alternative explanations could be provided for the observed 

behavior. Since the first swelling measurement with these samples was run in mixed-gas 

conditions, one may hypothesize that sample conditioning occurred. Two features of 

Figure 25 support this claim. Firstly, the final data point for each of the triptycene contents 

in the mixed TPBO runs (the more resolved of the two types of polymers due to the higher 

overall swelling) nearly intersect the subsequent pure run [186,192,212]. Secondly, the 

swelling isotherms in the pure case tend to be smoother than in the mixed-gas case. 

Residual stresses locked in the thermally rearranged polymers (i.e., TPBOs) may play a 

role in this behavior. The topic of residual stresses is discussed in Section A26, Figure 

A28, Appendices. 

4.5.5. Analysis of the experimental uncertainty 

As data is being processed through many steps, understanding the results’ uncertainty is 

critical to its comparison to existing literature data. Uncertainty is initially linearly 

propagated considering all the parameters involved in the swelling measurements, such 

as the initial sample length, 𝐿𝑖, the camera pixel change to distance ratio at a given camera 
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position, 𝜗, and the number of pixels the sample changed in one step, Δ𝑝𝑥. The 

uncertainty of the fractional swelling, 𝜈, measured in a given step can be expressed as 

follows:  

𝜎𝜈 = 3 ⋅
(𝐿𝑖𝜗+𝛥𝑝𝑥)

2

(𝐿𝑖𝜗)
3

√𝛥𝑝𝑥2 (
𝜎𝐿𝑖
2

𝐿𝑖
2 +

𝜎𝜗
2

𝜗2
) + 𝜎𝛥𝑝𝑥

2   Equation 24 

The derivation of this expression is provided in Section A30 of the Appendices. In 

addition to the overall uncertainty, the fractional uncertainty contribution of each of these 

measurements to the total uncertainty of 𝜈 can also be found using the same technique 

used for the gas and vapor sorption apparatuses (Chapter 5). The overall error can be 

minimized with an experiment that maximizes the initial polymer sample length (larger 

𝐿𝑖) and minimizes the distance from the sample to the camera (larger 𝜗). Figure 26A 

demonstrates this concept, where simulating sample (i.e., any polymer in similar 

experimental conditions with a fractional dilation of 7%) dilation results in an inverse 

relationship between the measurement uncertainty and the sample’s initial length.   
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Figure 26: Sensitivity analysis predicting overall uncertainty (A) and fractional uncertainty 

contributions from the input variables (B) of a simulated swelling experiment with similar 

experimental conditions as the TPBO/TPHI runs, i.e., with characteristics described in Table 10 

and a constant fractional volume swelling of 7% as a function of the total polymer sample length 

used in the real experiment.  

Furthermore, the sensitivity analysis of this error shown in Figure 26B (i.e., the 

contributions that make up the error in Figure 26A) demonstrates that the sample length 

is also the dominating factor controlling the precision of the experiment. As the initial 

sample length surpasses 2.5 𝑐𝑚, the overall uncertainty of the experiment is predicted to 

be at 0.75% or less, with sample length still accounting for more than 85% of this 

uncertainty. Though maximizing sample length doesn’t guarantee a lack of other 

systematic errors that may introduce imprecision in the experimental results, it does 

ensure the minimization of these three random errors.  
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Table 10: Typical calibrations and setting used in this study to run swelling measurements. 

The calibration factor 𝜗 can be found experimentally by suspending a ruler in the 

Jerguson gage and determining the pixels corresponding to incremental distance changes 

(see Table 10). In this work, 40 measurements were taken per camera position along the 

track, and a calibration curve is provided where uncertainties on 𝜗 are acquired directly 

through the standard error of weighted linear regression (see Section A27, Figure A30, 

Appendices).  

Finally, noting the derivation in Section A30, Appendices and the fact that for typical 

experimental values, 
𝜎𝜗
2

𝜗2
≈ 0 and Δ𝑝𝑥2 (

𝜎𝐿𝑖
2

𝐿𝑖
2 ) ≫ 𝜎Δ𝑝𝑥

2 . The fractional dilation uncertainty in 

Eq. 6 may be simplified to the following rough approximation: 

𝜎𝜈 ≈ 3 ⋅
(𝐿𝑖𝜗+Δ𝑝𝑥)

2

𝐿𝑖
4𝜗3

Δ𝑝𝑥 ⋅ 𝜎𝐿𝑖  Equation 25 

𝜎𝐿𝑖, being linear, has little impact on the overall uncertainty when changed compared to 

the capacity of the other variables, which are larger in their absolute order. This also 

implies that, while maximizing the initial sample length greatly benefits the experiments 

Variable Value 
Typical 

Uncertainty 
Sensitivity Analysis in Figure 26 

𝐿𝑖 2 – 5 cm 0.05 - 0.3 cm variable ± 0.1 cm 

 
Δpx 

Varies based on 𝐿𝑖 

and penetrant. 

Usually spans 2-20 

px 

0.05 – 0.25 px 

Δ𝑝𝑥𝑗 ± 0.125 px 

Δ𝑝𝑥𝑗 = 𝜗(𝜈 + 1)
1

3 ⋅ 𝐿𝑖𝑗 − 𝐿𝑖𝑗 for 

each simulated 𝐿𝑖 in the analysis 

where 𝜈 is the given fractional 

dilation by the penetrant 

𝜗 105 – 136 px/cm 0.5 – 0.5 px/cm 125 ± 0.5 px/cm 
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precision, the actual precision by which the initial sample length is measured is less 

impactful to the random experimental error. For this reason, it is acceptable to use the 

most accurate method of length measurement, rather than seeking out new equipment 

or methods to acquire extremely precise initial lengths. In this work, the sample’s initial 

length is found by scanning the sample with a Canon LiDE 220 scanner with a resolution 

of 600 DPI. Scans of the sample were then measured in the image processing software 

ImageJ as a pixel distance, then converted to centimeters. For example, with a 600 DPI 

scanner: 𝑐𝑚𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑝𝑥𝑠𝑎𝑚𝑝𝑙𝑒 ⋅
1 𝑖𝑛𝑐ℎ

600 𝑝𝑥
⋅
2.54 𝑐𝑚

1 𝑖𝑛𝑐ℎ
. Uncertainty on this sample length is 

assumed to be the width of the marker that indicates where the sample is clamped, which 

is a conservative overestimate of the precision by which the sample is measured.  

4.5.6. Assessment of image stabilization efficacy 

To demonstrate both the necessity and value of image stabilization, TPBO-0.25 [20,21] 

swelling upon exposure to n-butane was measured at 35°C and up to 2 atm with and 

without image stabilization, all other analysis parameters remaining the same. This 

polymer-penetrant pair represents an interesting test case, as, differently from what 

observed in the presence of CO2, the polymer dilated significantly (around 11%) at the 

maximum pressure reached (i.e., 2 atm) and rather slowly, taking up to four days per step 

to complete. This experiment used a comparatively long initial sample length of 5.5 ±

0.3 𝑐𝑚 and a camera pixel to centimeter ratio of 126.5 ± 0.7
𝑝𝑥

𝑐𝑚
, which in theory should 
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minimize the effects of both systematic  and random error as a longer initial sample length 

will result in a higher pixel change detected by the camera (see Section 4.5.5). Despite 

this, the uncorrected data fluctuated dramatically (see Figure 27) only 24 hours into the 

experiment. 

 
Figure 27: TPBO-0.25 swelling kinetics upon exposure to n-butane at 35°C as a function of time. 

The solid red line denotes the percent swelling found while correcting for camera movement during 

the experiment, the solid blue line denotes the same image data and analysis, but without any 

image stabilization. Dashed lines denote experimental uncertainty, found via linear error 

propagation [96–98], via one standard deviation from the measured value.  

This experiment identifies camera position exclusively as the most significant source of 

systematic error in a typical experiment (e.g., an experiment where no samples break or 

slip from their fixture, or temperature controllers do not experience malfunctions). 

Therefore, image stabilization is essential to extract meaningful experimental 

information, from both the transient and equilibrium stages. It was later determined in 
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this apparatus, where the camera was mounted to a stable metal track and all components 

of the apparatus were bolted to the same lab bench, that temperature fluctuations were 

the primary source of long-term camera position error (see Section A31 and A32, 

Appendices). This contrasts with short-term camera position changes, such as from the 

table being jostled by an experimenter or building vibrations affecting the sample or 

camera, which tend to cause random (and temporary) errors that may be mitigated by 

simply taking more images. Unless one can incorporate the camera into the temperature-

controlled portion of the apparatus (which may yield issues of its own, due to the 

electronics within the camera and differences between the camera mount and sample 

mounts’ coefficients of thermal expansion), this source of systematic error may only be 

corrected via a mount made of a material with an extremely low coefficient of thermal 

expansion, or image stabilization.    

4.6. Conclusions 

The swelling (i.e., dilation) propensity of polymer membranes exhibiting configurational 

free volume has been investigated in pure- and mixed-gas conditions. A series of 

thermally rearranged polybenzoxazoles exhibiting systematically varied molar amount 

of triptycene units, as well as their non-thermally rearranged analogs were considered. 

The individual and synergistic effects of configurational free volume and thermal 

rearrangement on polymer swelling propensity was studied. To do so, a new 

experimental approach based on computer vision was developed, which can achieve 
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superior accuracy by correcting the limitations of conventional swelling measurements. 

The analysis process involves stabilizing the images against camera motion, detecting the 

polymer boundary using image convolution, and combining subsequent images to 

quantify equilibrium and transient swelling. A thorough investigation of the uncertainty 

and precision associated with swelling measurements is provided, including an analysis 

of the major factors affecting experimental uncertainty. 

We show that configurational free volume and thermal rearrangement synergistically 

contribute to enhance swelling resistance. The dual mode theory helps elucidate the 

fundamental origin of this phenomenon. Finally, polymer swelling in nitrogen (80%mol)-

ethane (20%mol) mixed-gas conditions is slightly lower than in pure-ethane conditions 

at the same ethane fugacity, which agrees with the competitive sorption mechanism, and 

with ethane being the less abundant component in the mixture. Alternative possible 

explanations for this phenomenon are discussed. 
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Chapter 5. Evaluating the Experimental Uncertainty in Gas and Vapor 

Sorption Experiments** 

5.1. Abstract  

High quality, accurate and reliable sorption and adsorption data provide the basis for 

designing large scale, energy efficient membrane/adsorption processes for gas and liquid 

separations and evaluate their techno-economic feasibility. As highlighted by Prof. David 

Sholl during his plenary lecture at the 2020 NAMS (North American Membrane Society) 

conference, the lack of uncertainty associated to published sorption/adsorption data 

represents one of the major roadblocks to progress in separation technologies. In this 

study, a standard methodology to estimate the uncertainty associated to 

sorption/adsorption measurements is proposed. A systematic analysis of the 

experimental uncertainty of gas and vapor sorption/adsorption measurement in 

polymers using the barometric method is performed in a variety of operative conditions, 

to individuate which factors contribute the most to the overall uncertainty under different 

experimental operation modes. This effort should push researchers in the field to adopt 

a standardized method to estimate the experimental uncertainty, which is expected to 

make experimental data coming from different laboratories in the world easier to 

compare.  

 

** Reproduced, with permission from Box, et al. [96] 
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Finally, the validity of the linear error propagation method, generally used to evaluate 

the uncertainty of sorption/adsorption data, is demonstrated by a vis-à-vis comparison 

with the Monte Carlo statistical method. Fundamental aspects and practical implications 

are highlighted and discussed. 

5.2. Introduction 

As worldwide energy demand increases, a more rational use of natural resources has 

become necessary. As 15% of the world’s energy consumption is due to chemical 

separations [156], membrane technologies, used as both stand-alone and integrated 

processes, provide a viable pathway towards energy-efficient separations [1,68,156]. 

Although energy-efficient and eco-friendly separations are possible, the perceived risk in 

implementing them must be minimal. The availability of high quality, accurate, and 

reliable transport data (e.g., sorption and adsorption isotherms, permeability and 

selectivity data) is one of the major roadblocks to the design of new processes and to the 

evaluation of their technical and economic feasibility [156–160].  

More generally, the need for accurate and reproducible data is a major issue in several 

other areas of science [159–164]: for example, in drug discovery, attempts to reproduce 53 

landmark papers’ data were successful in only 11% of the cases [165]. A major issue is the 

availability of uncertainty associated with published experimental data [159,163,166]. 

Often, membrane- and sorbent-related papers do not report details about how the 

experimental uncertainty was estimated, which prejudices the quality and usability of the 
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reported data [166,167]. A critical issue is the lack of a standard, universally adopted 

method to estimate the experimental uncertainty, which often makes experimental data 

coming from different laboratories around the world difficult to compare 

[159,163,166,167]. 

The scope of this study is to provide a unifying approach to calculate the experimental 

uncertainty associated with gas and vapor sorption/adsorption measurements in 

polymers using the barometric (i.e., pressure decay) method. This is of major interest in 

membrane science, as well as related fields, such as batteries, gas storage, adsorption and 

controlled drug release. This need has been highlighted by Prof. David Sholl at Georgia 

Institute of Technology during his plenary lecture at the 2020 NAMS (North American 

Membrane Society) conference. 

Ideally, experimental uncertainty should be calculated by comparing a series of repeated 

measurements, which encompasses the effects of both systematic and random errors. In 

practice, there exist multiple impracticalities that prohibit this approach.  For example, 

running enough sorption tests to satisfy statistical requirements would be extremely time 

consuming. Moreover, the cost of materials, whose availability is often limited to a few 

milligrams, can be prohibitive if repeated experiments are needed. To overcome these 

issues, the experimental uncertainty can be estimated in a predictive fashion using the so 

called error propagation methods, that is, using the experimental uncertainty associated 

to relevant parameters that affect the experiment [98,103]. In this paper, we propose a 
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general, unifying methodology to evaluate the uncertainty associated to gas and vapor 

sorption/adsorption measurements in polymers using the barometric technique, which is 

expected to make experimental data from different laboratories easier to compare. 

5.3. Validity and limitations of the proposed approach 

The generalized analysis presented in this study refers to sorption/adsorption 

measurements via the pressure decay method, which is used in several laboratories 

around the world to measure gas and vapor sorption/adsorption isotherms in polymers 

and porous materials [103,168,169].   

5.3.1. Vapor sorption measurements 

Measured from the setup described in Section 1.10.1., the number of moles of vapor 

sorbed in the polymer at any equilibrium pressure was determined from the penetrant 

mass balance (see Figure 5B). Specifically, the number of moles of vapor sorbed in the 

polymer at the end of any sorption step is equal to the initial number of moles of vapor 

fed to the system minus the number of moles in the external, contiguous vapor phase 

when sorption equilibrium is reached. Since vapor sorption experiments are run using 

the differential mode, the penetrant mass balance must take into account that some vapor 

will be left in the sampling chamber when closing the valve in between differential steps. 

Finally, the number of moles of vapor sorbed in the polymer during the previous step 

must be added.  
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To get the number of moles from pressure data, an equation of state must be used. The 

ideal gas equation of state is normally applied to run these calculations, based on the low-

pressure operating conditions that usually accompany vapor sorption experiments (≪ 

500 Torr) [26,58,75,89]. The reliability of this method has been proved by elaborating the 

pressure data using the ideal gas equation of state and a generalized (i.e., Peng-Robinson 

[143]) equation of state, which provided the same results. Replacing the ideal gas 

equation of state into the penetrant mass balance, provides the following expression for 

the number of moles of vapor sorbed in the polymer at any given step j: 

𝑛𝑝𝑜𝑙,𝑗 =
𝑉𝐶

𝑅𝑇
(∑ (𝑃0,𝑖 – 𝑃𝐶𝑓,𝑖−1 )

𝑗
𝑖=1 – 𝑃𝑓,𝑗 (

𝑉𝑆

𝑉𝐶
+ 1))   Equation 26 

where VS is the sampling chamber volume, VC is the charge chamber volume, T is the 

absolute temperature and R is the universal gas constant. The volumes VS and VC are 

accurately measured using the Burnett method [104]. The subscripts “c” and “s” refer to 

the charge and sorption chamber, respectively, while “0” and “f” stand for initial and 

final, respectively. 𝑃0, 𝑃𝐶𝑓, and 𝑃𝑓 refer to the initial charge, final charge, and final overall 

pressures, respectively. Finally, the vapor concentration in the polymer at step j, 𝐶𝑝𝑜𝑙,𝑗, 

that is, the ratio between the number of moles of vapor sorbed by the polymer to the 

polymer volume, is calculated as follows: 

𝐶𝑝𝑜𝑙,𝑗 =
(𝑛𝑝𝑜𝑙,𝑗)𝜌𝑝𝑜𝑙

𝑚𝑝𝑜𝑙,𝑑𝑟𝑦
  Equation 27 

where 𝜌𝑝𝑜𝑙 is the polymer density and 𝑚𝑝𝑜𝑙,𝑑𝑟𝑦 is the mass of the dry polymer sample.  
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The technical features of the vapor sorption apparatus considered in this study are shown 

in Table 11. As a case study, in this paper we consider methanol vapor sorption data at 

multiple temperatures in a Celazole® polybenzimidazole (PBI), reported previously by 

Bye et al. [26] and Loianno et al. [58].  

Table 11: Technical details of the vapor sorption apparatus considered in this study. 

 Experimental 

range/value 

Uncertainty Source 

Pressure sensor (MKS PDR2000 dual-

capacitance manometer) 

 

0-500 Torr 

0.25% 

of the reading 

manufacturer 

Temperature controller 

(Techne TU-20HT immersion circulator) 

-20 to 120°C ± 0.5°C manufacturer 

Charge chamber volume 29.4778 cm3 ± 0.098 cm3 Burnett 

method 

Sampling chamber volume 7.63068 cm3 ± 0.023 cm3 Burnett 

method 

Polymer mass (measured using a Mettler-

Toledo ME54T3 analytical balance, 

weighing capacity = 52 g) 

0.005 to 0.01 g ± 0.0005 g manufacturer 

Celazole® polybenzimidazole (PBI) density 

(measured with an Archimede’s balance) 

1.27 g/cm3 ± 0.014 g/cm3 26 

 

5.3.2. Gas sorption measurements 

The penetrant mass balance discussed for the vapor sorption apparatus was adjusted to 

reflect the procedure for gas sorption (Section 1.10.2). The moles of gas sorbed by the 

polymer at any given step j (Figure 6) is:  

𝑛𝑝𝑜𝑙,𝑗 = 𝑉𝐶 ∑ (
1

𝑉̃𝐶0,𝑖
−

1

𝑉̃𝐶𝑓,𝑖
) −

𝑉𝑆

𝑉̃𝑆𝑓,𝑗

𝑗
𝑖=0   Equation 28 
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where VS is the sampling chamber volume and VC is the charge chamber volume. The 

balance is completed by applying an equation of state to solve for the gas molar volume 

(𝑉̃𝑘𝑙), where k refers to either the charge chamber (c) or the sample chamber (s) and l refers 

to either the initial (0) or final (f) states, as indicated in the mole balance. Since gas sorption 

measurements are run at high pressures, the ideal gas equation of state is no longer 

viable, therefore the Peng-Robinson or any other generalized equation of state must be 

used to convert the experimentally measured pressure data into number of moles [143]: 

𝑃𝑘𝑙 =
𝑅𝑇

𝑉̃𝑘𝑙−𝐵
−

𝐴

𝑉̃𝑘𝑙+2𝐵𝑉̃𝑘𝑙−𝐵
2                              Equation 29 

where 𝑃𝑘𝑙 is the pressure (in the volume k at state l) used to solve for the corresponding 

molar volumes (𝑉̃𝑘𝑙). A and B are the Peng-Robinson parameters, which are related to 

penetrant critical properties as follows [148]:  

𝐴 =
0.457535(𝑅𝑇𝐶)

2

𝑃𝐶
[1 + (0.37464 + 1.54226𝜔 − 0.26992𝜔2) (1 − √

𝑇

𝑇𝐶
)]  Equation 30 

𝑩 =
𝟎.𝟎𝟕𝟕𝟕𝟗𝟔(𝑹𝑻𝑪)

𝑷𝑪
                          Equation 31 

where 𝑇𝐶, 𝑃𝐶 and 𝜔 are the penetrant critical temperature, critical pressure and Pitzer 

acentric factor, respectively [148]. Finally, Equation 27 is used to calculate the gas 

concentration in the polymer. The calculation pathway is shown in Figure 6B.  

To further improve the accuracy, the volume occupied by the polymer sample was 

subtracted from the volume of the sorption chamber.  
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The technical features of the gas sorption apparatus considered in this study are shown 

in Table 12. As a case study, in this paper we consider CO2 sorption data at multiple 

temperatures in a thermally rearranged polybenzoxazole bearing triptycene groups 

(TPBO-0.25), reported previously by Loianno et al. [75] and Box et al. [43] We stress the 

fact that although the methodology devised in this work to estimate the experimental 

uncertainty is of general validity in the case of pressure-decay based sorption/adsorption 

experiments, the results shown specifically reflect the features of the experimental setup 

used in our laboratory.  

Table 12: Technical details of the gas sorption system considered in this study. 

Gas Sorption Apparatus Experimental 

range/value 

Uncertainty Source 

Pressure sensors 

(Honeywell Super TJE) 

0 to 500 psi 0.5% 

of the reading 

manufacturer 

Temperature 

(Techne TU-20HT immersion circulator) 

-20 to 120°C ± 0.5°C manufacturer 

Charge chamber volume 18.442 cm3 ± 0.04 Burnett 

method 

Sampling chamber volume 15.707 cm3 ± 0.06 Burnett 

method 

TPBO mass 

(measured using a Mettler-Toledo ME54T3 

analytical balance, weighing capacity = 52 g) 

 

0.1 to 0.5 g 

 

± 0.0005 g 

 

manufacturer 

TPBO density 

(measured using an Archimede’s balance) 

1.393 g/ml ± 0.002 g/ml [75] 

CO2 Pitzer acentric factor (𝜔) 0.228 ± 0.006 [170,171] 

CO2 critical pressure 72.86 atm ± 0.127 atm [170] 

CO2 critical temperature 304.13 K ± 0.092 K [170] 
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Finally, the effect of polymer swelling is neglected in the subsequent analysis. In Section 

A17 (Appendices), a detailed, quantitative discussion of the effect of polymer swelling on 

sorption uncertainty is provided.  

5.4. Results and Discussion 

The uncertainty associated to a variety of experimental gas and vapor sorption data 

collected in this laboratory was calculated using the LEP and MCEP methods. We will 

consider first vapor sorption data collected using the procedure shown in Figure 5B (see 

Section 5.3.1), and then gas sorption data collected using the procedure shown in Figure 

6B (see Section 5.3.2). Obviously, the procedure described hereafter applies also for 

adsorption measurements in porous materials. 

5.4.1. Case Study 1: methanol vapor sorption in Celazole® polybenzimidazole 

Methanol vapor sorption isotherms in Celazole® polybenzimidazole (PBI) at 25, 35, and 

45°C, in units of cm3(STP)/cm3(polymer), are shown in Figure 28A-B-C, respectively, as a 

function of vapor partial pressure[26,58]. The uncertainty calculated via the linear error 

propagation method (i.e., error bars) is compared directly with the uncertainty calculated 

via the Monte Carlo method. A generalized analytical expression for the concentration 

uncertainty, using LEP, can be found in Section A19, Appendices. 
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Figure 28: Experimental methanol vapor sorption isotherms in Celazole® PBI at A) 25°C, B) 35°C, 

and C) 45°C as a function of pressure. Error bars are calculated via linear error propagation and 

are superimposed over a corresponding Monte Carlo error propagation (1,000,000 iterations). 

Lines are drawn to guide the eye. Experimental data are from ref. [26,58]. 

At first glance, uncertainty values from the Monte Carlo method may appear larger 

relative to that calculated via the linear error propagation. This stems from the MCEP 

method providing a full Gaussian distribution of possible values in both the X and Y 

directions, rather than the single standard deviation that is shown by a single error bar, 
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which is what LEP directly provides. Error bars residing within one standard deviation 

align between the two methods, which can be verified by the comparison shown later 

(see Figure 28). 

The differential method used to run sorption measurements experiences a growing 

coefficient of variation with increasing penetrant partial pressure. The coefficient of 

variation, which is defined as 𝐶𝑉 =
𝜎

𝜇
× 100%, where 𝜇 is the mean value of the 

measurement and 𝜎 is its standard deviation (see Section A20 of the Appendices), is a 

measure of how “spread out” the possible values of the measurement are from the 

average value. This growth in CV is essentially due to the impact of the uncertainty of the 

moles of penetrant sorbed by the polymer during previous steps. For example, for the 

methanol vapor isotherm in Celazole® PBI at 25°C, the CV of the concentration at the first 

sorption step, at 0.00102 MPa, is 1.44% (see Figure 28A and Figure A19A). At step 7 (i.e., 

the last step in that isotherm at 0.012 MPa), the CV is 2.07%, which indicates that CV 

increases with the total number of sorption steps (see Figure 28A and Figure A19A). 

Growth notwithstanding, it is unclear whether other factors may impact the CV 

significantly, such as the polymer mass and density. However, some variables can be 

ruled out as significant contributors to error, such as temperature. For example, the 

uncertainty of vapor sorption isotherms increase with increasing pressure without 

following a specific trend with temperature for both CV (25°C < 45°C < 35°C) and overall 

error (45°C < 25°C < 35°C) (see Figure A19A-B). The sensitivity of the concentration to 
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polymer mass (and other variables) will be further explored during the analysis of 

variable error contributions (see Section 5.4.4). Overall, the uncertainty of vapor sorption 

data spans from 2.07% (at 25°C, 0.012 MPa) to 5.85% (at 45°C, 0.018 MPa). 

5.4.2. Case Study 2: gas sorption in a triptycene-based polybenzoxazole 

The uncertainty of CO2 sorption isotherms in a triptycene-containing polybenzoxazole 

(TPBO-0.25) at 5, 20, 35, and 50°C with pressures ranging from 0 up to around 3.5MPa is 

shown in Figure 29 [58]. The total uncertainty spans from 5.7% (at 5°C, 2.62 MPa) to 9.6% 

(at 35°C, 3.23 MPa) of the total concentration value. The uncertainty analysis accounts for 

all variables listed in Table 11. 

In the case of gas sorption, at a given temperature, CV increases with increasing pressure 

and, at any given pressure, it increases with increasing temperature (see Figure A20A). 

However, the absolute error appears independent of temperature (see Figure A20B). 

Specifically, at pressures up to 1 MPa, the CV associated to CO2 sorption in TPBO-0.25 

varies from 2.3% to 4.0% (73% increase) between the 5 and 50°C isotherms respectively, 

while the uncertainty changes from ± 2.81 to ± 2.65 cm3(STP)/cm3(pol) (i.e., 6% decrease). 

The change in CV with temperature becomes smaller at higher pressures. At 2.5 MPa and 

in the same temperature range as before, CV changes from 5.5% to 7.6% (40% increase) 

while the uncertainty changes from ± 9.31 cm3(STP)/cm3(pol) to ± 7.17 cm3(STP)/cm3(pol) 

(i.e., 23% decrease). The increase in CV with temperature is not due to a change in 

absolute uncertainty, but rather to the fact that sorption decreases by about 50% with 
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increasing temperature, due to negative sorption enthalpy [58]. This result suggests that 

changing temperature, at least at moderate pressures, does not have a large impact on 

the uncertainty.  

           

           

Figure 29: Experimental CO2 sorption isotherms in TPBO-0.25 at A) 5°C, B) 20°C, C) 35°C, and 

D) 50°C as a function of pressure. Error bars are calculated via linear error propagation, and are 

superimposed over the corresponding Monte Carlo error propagation (100,000 iterations). Lines 

are drawn to guide the eye. Experimental data are from ref. [58]. 
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5.4.3. Comparison between the MCEP and LEP methods 

Monte Carlo error propagation, when performed with a sufficient number of iterations, 

is both more robust to large measurement errors and more precise compared to linear 

error propagation, at the cost of being relatively computationally expensive. This is even 

more true in cases where cubic equations of state must be solved multiple times per 

iteration, as in the case of gas sorption measurements. Specifically, in this work, 

performing the Monte Carlo analyses on a single six core processor required about eight 

seconds per step per million iterations for vapor sorption calculations, and 400 seconds 

per step per million iterations for gas sorption calculations. The reason for this 

discrepancy between the computational cost of the two setups is primarily due to the 

equations of state used (i.e., Peng-Robinson for gas sorption and ideal gas for vapor 

sorption). Propagating error linearly, in contrast, is near-instantaneous for both vapor 

and gas sorption measurements (i.e., a few microseconds using the same processor) once 

derivatives have been calculated. Therefore, it is necessary to evaluate if linear error 

propagation can accurately approximate the MCEP methods in an effort to avoid time-

intensive calculations. To do this, uncertainty associated to vapor and gas sorption data 

were propagated using the Monte Carlo method in several independent runs, that is, by 

increasing the number of iterations by an order of magnitude in each run. The Monte 

Carlo results were then compared to the outcomes of linear error propagation. 
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Figure 30A-B show the percent difference between Monte Carlo and linear error 

propagation for every step in the vapor and gas sorption isotherm, respectively. 

Interestingly, the percent difference between MCEP and LEP methods in the vapor 

sorption apparatus approaches 0.05% at around 1M iterations and does not appear to 

decrease further (see Figure 30A). In contrast, the gas sorption apparatus was limited by 

the amount of time the computation could be run and did not approach a constant value, 

but instead had a percent difference of around 0.1% at 1M iterations (see Figure 30B). If a 

sufficient number of Monte Carlo iterations have been run, the average percent difference 

should become constant with additional iterations.  

            

Figure 30: Percent difference between Monte Carlo and linear error propagation for every step in 

the isotherm. A) Methanol in PBI at 35°C and B) CO2 in TPBO-0.25 at 35°C. Each line represents 

a different pressure step. 

Since the linear error propagation library used in this work accounts for functional 

correlation, the 0.05% difference between the Monte Carlo and linear methods seen in the 

vapor sorption apparatus can be attributed to the nonlinear uncertainty response which 
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LEP does not account for, but MCEP does. Therefore, when measuring gas and vapor 

sorption/adsorption in polymers with the barometric (i.e., pressure decay) method, linear 

error propagation can be safely used, at least for typical experimental conditions.  

If Monte Carlo error propagation is the only method available due to cumbersome 

derivative calculations, or if error propagation software is not available, Figure 30 

provides useful guidelines for determining how many iterations are necessary to achieve 

equivalent results to that of LEP, or at least an acceptable approximate thereof.  

5.4.4. Contribution of individual variables to gas/vapor sorption uncertainty from linear 

error propagation 

In this Section, the contribution of the individual experimental variable to the overall 

uncertainty associated to gas and vapor sorption data, defined by Equation 19, will be 

assessed. This information (see Figure 31 and Figure 32) may be helpful to optimize the 

design of an experimental apparatus, as well as to devise the best standard operating 

procedure to generate the highest quality data possible.  
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Figure 31: Individual linear error propagation uncertainty contributions to experimental 

methanol sorption isotherms in PBI at A) 25°C, B) 35°C, and C) 45°C. Contributions of 

temperature and sample chamber volume are negligible and, for this reason, they are not shown. 

Using the LEP uncertainty contribution analysis, it can be shown that, at least when the 

apparatus available in our laboratory is used (see Figure 5A), vapor sorption experiments 

acquire most of their error from polymer density, polymer mass, and initial pressure 

measurement (see Figure 5A, step 2), that is, the pressure in the charge chamber before 

each step begins. Initially, the polymer density is the dominating contributor to error (see 

Figure 31A-B-C).  
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However, as the isotherm progresses and the number of pressure measurements used in 

the isotherm increases, polymer density and mass quickly stop contributing to the total 

error as much as other variables, such as the initial pressure (see Figure 5B, step 2). This 

is a direct result of the way pressure measurements affect subsequent steps in the 

isotherm. Indeed, while polymer density and mass are used once at the end of each 

sorption step’s calculation and are not re-used or re-measured between steps, the initial 

pressure of previous steps affect subsequent steps and its contribution propagates 

throughout them, allowing even small initial contributions to error to become much more 

significant after multiple sorption steps have been completed. This is consistent with the 

behavior of the other pressure measurements (such as final charge pressure), whose 

contribution to the total uncertainty increases as additional sorption steps are run.  

Other variables, such as the volume of the charge chamber, contribute a near-constant 

amount to the overall uncertainty, but decrease in their fractional contribution as other 

variables increase in their own contributions. Interestingly, the contribution of the dry 

polymer density and mass initially appear less relevant at 45°C compared to the 25°C and 

35°C isotherms. This cannot be due to the density and mass values used in the 

experiments, as the sample masses increase in the order 35°C (0.0036g) < 45°C (0.0056g) 

< 25°C (0.0074g) and density is assumed constant throughout all isotherms, although this 

does justify the small increase in polymer mass contribution from the 25°C to 35°C 

isotherms. One main difference in the 45°C isotherm is the pressure for the first sorption 
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step (i.e., 0.00413 MPa), which is roughly 4 times larger than the step 1 pressures observed 

in the 25°C (i.e., 0.00102 MPa) and 35°C (i.e., 0.000951 MPa) isotherms, as well as the 

higher average pressure step size, which is around twice as large for the 45°C isotherm 

(∆𝑃 = 0.00454 MPa per step) as compared to the 35°C and 25°C isotherms (∆𝑃 = 0.00232 

MPa and 0.00207 MPa per step, respectively). This is also reflected in the high initial 

pressure contributions in the 45°C isotherm, step 1, as compared to the step 1 

contributions in the 35°C and 25°C isotherms. Obviously, this is consequence of the 

methanol vapor pressure being an increasing function of temperature (methanol activity 

is evaluated as 𝑃 𝑃∗,⁄  where 𝑃 is the equilibrium final pressure and 𝑃∗ is the methanol 

vapor pressure at the experimental temperature). Finally, as expected, the final charge 

pressure, that is, the final pressure in the charge chamber at the end of the sorption 

measurement, does not contribute to the first step, as it is only used to calculate moles of 

gas sorbed during the next steps.  

In striking contrast, uncertainty in gas sorption experiments is dominated by the chamber 

volumes (see Figure 32). The sampling and charging chamber volumes collectively 

account for at least 80% of the total isotherm uncertainty at any step for all gas sorption 

isotherms.  

The pressure transducer’s contributions do not increase enough with increasing pressure, 

despite appearing to follow a similar trend as in the vapor sorption apparatus. These 

results are essentially due to the comparatively small pressure differences observed 
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between the beginning and end of sorption steps in the gas apparatus compared to the 

vapor apparatus. Therefore, small uncertainty in the sampling chamber volume will 

vastly alter the number of moles calculated by the Peng-Robinson equation of state, that 

is, the molar balance used to generate sorption data.  

        

        
Figure 32: Individual linear error propagation uncertainty contributions to experimental CO2 

sorption isotherms in TPBO-0.25 at A) 5°C, B) 20°C, C) 35°C, and D) 50°C. Dark blue plots 

denote contributions that provide a negligible contribution to the overall uncertainty, including 

final charge pressure, Pitzer acentric factor, penetrant critical temperature, penetrant critical 

pressure, polymer density, polymer mass, and final sample chamber pressure. 
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Therefore, while in the vapor sorption apparatus the sampling chamber volume does not 

have a significant effect on the total uncertainty and thus isn’t included in the contribution 

plot, it is the leading contributor to uncertainty in gas sorption measurements. This is due 

to two key design aspects that distinguish how sorption is measured in the two 

apparatuses. In the vapor sorption apparatus, the valve between the sampling and charge 

chambers is left open during the experiment, leading to the charge chamber accounting 

for most of the observed volume during pressure decay. Moreover, for the apparatus 

used in this laboratory, the sampling chamber volume is nearly one-fourth that of the 

charge chamber (see Table 11). In contrast, the valve between the charge and sampling 

chambers is closed during gas sorption measurements. Moreover, the volumes of the 

charge and sampling chambers are comparable in the latter case (see Table 12).  

As mentioned previously, in the gas sorption apparatus, chamber volume uncertainties 

contribute significantly to the overall uncertainty of concentration. Unlike other 

contributors to concentration error, which are either inherent to the devices being used 

(e.g., pressure transducers, temperature controllers), the materials involved in the 

experiment (e.g., polymer density), or measured constants (e.g., gas critical properties, 

gas molecular weight), the accuracy of the chamber volumes is controllable in that it can 

be improved by the operator. Indeed, while the accuracy of the pressure transducer or 

temperature controller is given by the factory which produced it, the volumes are 

measured by the operator through subsequent gas expansions (i.e., the Burnett method 
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[104]), therefore more accurate measurements will lead to more accurate estimate of the 

volumes. If the chamber volumes used in the calculation of CO2 sorption in TPBO-0.25 at 

35°C were to be made twice as accurate (that is, the uncertainties were cut in half), the 

overall uncertainty of concentration would improve by 40.6% on average for all steps in 

the isotherm, and would reduce the percent uncertainty contribution of both chamber 

volumes by 24.8% (at step 4, lowest change) to 35.5% (at step 22, highest change), with an 

average reduction of 29% (see Figure 33). This sensitivity analysis shows the efficacy of 

improving the accuracy of volumes calibration, especially when considering that an 

improvement to these values can be useful even if done after sorption experiments have 

been completed, as the pressure data collected during the experiment remain valid if 

volumes are re-calibrated to gain higher accuracy. In Figure 33, the contributions of the 

single experimental variable to the overall uncertainty of CO2 sorption data in TPBO-0.25 

at 35°C is compared by assuming the actual uncertainty of the volumes (continuous lines) 

and by halving it (dashed lines), while keeping all other uncertainties unchanged. 
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Figure 33: Fractional uncertainty contributions of CO2 sorption in TPBO-0.25 at 35°C using the 

true chamber volumes uncertainty (continuous lines, 𝜎𝑉𝐶ℎ𝑎𝑟𝑔𝑒= 0.04 cm3, 𝜎𝑉𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔
= 0.06 cm3) 

and the halved chamber volumes uncertainties, (dashed lines, 𝜎𝑉𝐶ℎ𝑎𝑟𝑔𝑒= 0.02 cm3, 𝜎𝑉𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔
= 0.03 

cm3), while all other uncertainties remained constant. Lines are drawn to guide the eye. The 

chamber volumes are 𝑉𝐶 = 18.442 𝑐𝑚3 and 𝑉𝑆 = 15.707 𝑐𝑚3. 

Finally, to validate the legitimacy that MCEP and LEP can both be used to calculate the 

uncertainty, the convergence of uncertainty values must extend into the single variable 

contributions. This aspect is discussed in Section 5.4.5 

5.4.5. Contribution of individual variables to gas/vapor sorption uncertainty from 

Monte Carlo error propagation 

Uncertainty contributions from both LEP and MCEP methods matched for all variables 

involved in the calculation. The convergence of both methods for two significantly 

contributing variables are shown in Figure 34, where the uncertainty contribution of the 

charge chamber volume in the gas sorption experiment, and the uncertainty contribution 

of polymer mass in the vapor sorption experiment is compared between the two methods. 
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Specifically, in Figure 34 the percentage departure of MCEP from LEP is shown as a 

function of the number of Monte Carlo iterations. The percent difference between the 

variable’s contribution obtained through each method reached near or below 1% after 105 

iterations. 

              

Figure 34: Percentage deviation of MCEP method from LEP method in evaluating the 

contribution of a single experimental variable to the sorption experimental uncertainty as a 

function of the number of Monte Carlo iterations. A) Contribution of polymer mass to uncertainty 

of methanol vapor sorption in PBI at 35°C. B) Contribution of the charge chamber volume to 

uncertainty of CO2 sorption in TPBO-0.25 at 35°C. The insert is shown to confirm that the two 

methods converge to the same result. 

As a result, each contribution to uncertainty as evaluated from the linear error 

propagation method is effectively equivalent to the Monte Carlo method and can be used 

in place of it without compromising contribution accuracy.  

The analysis provided in this study confirms that not only the LEP and MCEP total 

uncertainties match for all cases discussed, but individual uncertainty contributions from 
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both methods also match, validating the use of results from either method in optimizing 

the accuracy of sorption experiments.  

A summary of the uncertainties estimated with the Monte Carlo method is shown in 

Figure A21 (CO2 sorption data in TPBO-0.25) and Figure A22 (methanol sorption data in 

PBI) of the Appendices. 

5.4.6. Recommendations and best practices for accurate and reliable sorption 

measurements 

In this section we report some final recommendations to get accurate and reliable gas and 

vapor sorption/adsorption data. Vapor sorption/adsorption measurements require a very 

accurate estimate of the dry polymer mass and its density. A large amount of polymer 

sample should be used when its sorption capacity is expected to be small. If this is not 

possible, we recommend the following best practices: i) large activity jumps should be 

considered between subsequent sorption steps; ii) the integral method should be used 

instead of the differential one, by pulling full vacuum between subsequent sorption steps; 

iii) the dead (i.e., unoccupied) volume in the sorption cell should be reduced as much as 

possible by inserting stainless steel beads, which are available in the commerce and 

whose volume is reported by the factory with high accuracy. An accurate pressure 

transducer and chamber volume calibration is recommended as well.  

A very accurate chamber volume calibration is the key factor to getting reliable gas 

sorption/adsorption data. In any case, volume calibration should be run using the Burnett 
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(i.e., expansions) method and helium as service gas [104]. Gravimetric calibration, to be 

run by weighing the cell before and after filling it with a liquid whose density is known, 

is not recommended, as i) air bubbles may form inside the cell, which would introduce 

severe errors, ii) the liquid density may be sensitive to temperature, and iii) liquid 

droplets might inadvertently spill from the cell while pipetting. 

It is well known that different samples of the same material may have vastly different 

sorption/adsorption properties. Since the scope of this study is to make 

sorption/adsorption data more comparable across laboratories and provide guidelines to 

propagate errors in lieu of repeating time-consuming experiments, it is important to show 

that the sample-to-sample variability is captured, at least in part, by the proposed error 

propagation method, and verify that uncertainty coming from sample-to-sample 

variability falls in the error bounds obtained from error propagation. As shown in the 

Appendices (Figure A23), two independent nitrogen sorption tests in TPBO-0.25 at 35°C 

and up to 35 atm were run on the same apparatus using two different virgin samples. The 

two datasets departed by about ±5% of each other, which falls within the bound 

predicted by the error propagation method. It is worth noting as well that sample-to-

sample variability can arise largely from systemic and nonrandom components (e.g., 

different synthesis methods). Therefore, samples prepared in different ways may 

potentially reside outside of the errors calculated using the error propagation methods 

discussed in this work, which only account for random error and do not include systemic 
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errors (with the exception of polymer density due to swelling, see Section A17, 

Appendices).  

Another relevant point deserving some discussion is the correct determination of the final 

equilibrium pressure, which is essential to get reliable sorption/adsorption data. In the 

laboratory where this study was conducted, a given sorption step is considered to be at 

equilibrium when the pressure does not change for at least 50% of the time needed to first 

reach that final equilibrium value. For example, if the final equilibrium pressure is 

reached for the first time 24 h after the experiment started and it maintains that value for 

the next 12 h, after that time (i.e., 36 h) we consider the sorption step at equilibrium (see 

Figure A24). In both gas and vapor sorption systems, when equilibrium is reached, the 

pressure uncertainty (i.e., the pressure noise) at equilibrium falls within the uncertainty 

of the reading provided by the factory specifications (see Table 11 and Table 12). 

The way the apparatus is evacuated and degassed is also considered a critical step during 

sorption/adsorption measurements. In the laboratory where this study was conducted, 

vacuum is pulled throughout the system until the transducers (which are recalibrated at 

the beginning of the sorption experiment when the vacuum is stable) indicate a pressure 

equal to zero and, starting from that moment (which is evaluated using the time-scale 

provided by automated data collection software), dynamic vacuum is maintained for the 

next 24 h before starting the sorption test. At that moment, all valves are closed and at the 
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system is left alone for 1h before starting the actual measurement, to identify any possible 

leaking.  

5.5. Conclusions 

A standard method to evaluate the experimental uncertainty of gas and vapor 

sorption/adsorption measurements in polymers is proposed and tested in a variety of 

operating conditions and using different experimental protocols. The individual 

influence of different experimental parameters, such as the mass and density of the 

polymer sample, the volume of the system, temperature, pressure, and equation of state 

parameters, on the total uncertainty associate to sorption/adsorption data is evaluated 

and discussed. The latter effort should help scientists design their experimental setup to 

generate data exhibiting the highest possible accuracy and make experimental data 

coming from different laboratories in the world easier to compare. Of equal importance, 

the validity of the linear error propagation method, generally used to evaluate the 

uncertainty of sorption/adsorption data, is demonstrated by a vis-à-vis comparison with 

the Monte Carlo statistical method. These results provide new knowledge of practical 

interest to researchers seeking to use configurational free volume to rationally design 

highly selective polymer membranes, as well as aid in their efforts to improve the tools 

needed to study them. 

  



162 

 

Chapter 6. Summary and Recommendations for Future Research 

6.1. Summary 

This dissertation provides a major step forward in understanding configurational free 

volume as a tool for advanced molecular separations. This project began with a study 

investigating bulky vapors, discovering that while conventional solution-diffusion 

polymers transport materials with the solubility and diffusivity contributions to 

selectivity working against each other, this was not the case for polymers which 

contained configurational free volume.  In configurational free volume, the two 

components of selectivity worked together to provide an extremely high overall 

selectivity. A follow-up study revealed that this was not the case for light components 

(e.g., CO2, CH4, N2), with these molecules likely residing below the configurational 

element size and not being subject to the same entropic restrictions as bulky vapors. It 

instead uncovered the mechanism by which configurational free volume improves 

selectivity for these light gasses. Further analysis of the limitations and best-practices of 

our instruments which measure polymer solubility were necessary to acquire data that 

was both comparable and accurate enough to make these aforementioned conclusions, 

which lead to an entirely separate work, as well as multiple methods to acquire solubility 

uncertainty and design recommendations and insights for sorption apparatuses. Using 

the strategies learned in improving these existing measurement techniques, we then 

developed an entirely new one which measures polymer dilation. This new analysis 
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technique applies computer vision, a sub-field in artificial intelligence, in combination 

with uncertainty analysis techniques to measure dilation isotherms and kinetics with 

superior accuracy and, unlike other dilatometry techniques, both automation and 

parallelism. After doing similar work to understand the capabilities and sources of both 

systematic and random error of the instrument, we use this tool to uncover the final 

aspect that covers the surface level of configurational free volume knowledge: 

plasticization and swelling resistance. At this point in the project, the surface level 

understanding of configurational free volume has almost been understood. Specifically, 

upper bound behavior, aging, and harsh environment resistance had been characterized 

before the start of this work. During this work, the individual components of 

permeability (solubility and diffusivity) were investigated, and a molecular level 

understanding was achieved for the selection mechanisms that configurational elements 

provide, as well as the anomalous way in which it changes as a function of molecule size. 

Finally, this dilation apparatus would provide the accuracy necessary to investigate the 

opposing component to physical aging: swelling and plasticization. After reproducing 

existing work to verify the apparatuses accuracy and consistency, dilation isotherms were 

quantified for TPBO and its precursor TPHI, revealing that configurational free volume 

and thermal rearrangement synergize to produce swelling resistance against plasticizing 

agents such as CO2.  
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6.2. Future work 

This research provides a surface level start into the fundamental understanding of 

configurational free volume, but it is indeed only the start. There are many open threads 

to be pursued.  

First, the only element considered in this work which generates configurational free 

volume is triptycene, however, there are many other molecular structures known to 

generate permanent free volume elements inherent to the molecular configuration of the 

polymer. Examples of these are pentiptycene and benzotriptycene, which have larger 

internal element sizes. These structures could be used to generate materials which target 

individual “challenging” separations that are currently unsolved or stagnant. As a 

product of this, investigation into the sizes of molecules which experience entropically 

driven sorption as a function of the structure which generates the configurational 

elements is key to further understanding of this strategy. This contrasts with the strategy 

utilized in this work, which varies the amount of presence of one kind of structure, in this 

case, the triptycene content. 

Secondly, the end of Chapter 2 gave us insight into the almost zeolite-like transport 

behavior that occurs when one component being separated is larger than the 

configurational element size and another component is smaller. Chapter 3 demonstrated 

behavior when both components are smaller than this element size. A study that seeks to 

complete this picture would need to seek out two main tasks: 
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1. Probe the dilation characteristics during the separation of a real mixture of two 

molecules definitively larger than the configurational free volume element size 

generated by triptycene. This information would complete the picture of 

plasticization resistance due to configurational free volume in mixed conditions.  

2. Rather than pure vapor sorption data, investigate real mixed gas, mixed vapor, 

and possibly even mixed liquid transport, which would further bridge the gap 

between academic pursuits and practical applications. This achievement and 

subsequent insights would provide a cornerstone for affirming and understanding 

the extent to which the zeolite-like behavior previously seen can be utilized.  

The first task could also be probed by the relaxation time found through fitting vapor 

sorption kinetics to the Berens Hopfenberg model as an alternative to (or ideally in 

addition to) polymer dilatometry. For pure components, these vapor kinetics experienced 

a dramatic shift once penetrant sizes met and exceeded that of linear propanol. A longer 

relaxation time (𝑘𝑟) paired with little contribution from the relaxation equilibrium 

parameter (𝑀𝑟) would greatly support the behavior observed in the study presented in 

Chapter 2. The second task would be particularly interesting if done with pentiptycene 

or benzotriptycene elements, as the sizes of molecules in liquid applications (particularly 

organic solvent reverse osmosis i.e., OSRO) could possibly reveal separations where the 

configurational free volume element size effectively divides the two penetrants. 
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These two projects mainly arise out of the need to investigate competitive (and other) 

effects that would show up in real applications, as well as confirm the resistance to harsh 

environments that have previously only been investigated (until this work initial light on 

it via mixed-gas dilation) for pure components.  
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Appendices 

A1. Polymer Synthesis Protocols 

For the polymers prepared in Chapter 2, triptycene dianhydride (TPDAn) monomer was 

prepared following our previously reported procedure and dried at 160 °C overnight 

under vacuum before use [22]. The poly(o-hydroxyimide) copolymer precursor 

containing 25 mol% triptycene unit (TPHI-0.25) was synthesized via polycondensation of 

TPDAn, 6FDA, and 6FAP in 0.25:0.75:1 molar ratio using the solution imidization 

method, as reported in a previous study [20]. Films of TPHI-0.25 precursor were prepared 

via solution casting. A 7 wt% polymer solution in DMAc was filtered with a 0.45 µm 

Teflon syringe filter before casting onto a leveled glass plate. Films were formed after 

drying under an infra-red lamp (~60 °C) overnight. Following this procedure, the nascent 

membranes were peeled off and dried at 160 °C in a vacuum oven overnight to remove 

any residual solvent. The subsequent thermal rearrangement conversion to 

polybenzoxazole is described in the main paper. The final films (TPBO) were ~130-260 

µm thick [20]. Full conversion of the pristine co-polyimide film to the PBO form was 

verified via TGA and FTIR. Details are reported in ref. [20]. 

The array of TPBOs in used in Chapter 3 were synthesized using the same protocol [20]. 

Flat, free standing films of the triptycene-containing co-polyimides were thermally 

rearranged at 300°C for 2h and then at 450°C for 30 min, under nitrogen purge, to form 

fully converted triptycene-based polybenzoxazoles (TPBOs). The TPBOs structure for 
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each triptycene content is shown in Table A1, along with some relevant structural and 

physical properties. 

Table A1. Structure and physical properties of TPBOs. 

 

triptycene molar content 

(xx)  

density*  

(g/cm3) 

Tg   

(°C) 

FFV§  

(%) 

d-spacing†  

(Å) 

%TR conversion‡ 

25% 1.393 ± 0.002 > 400 22.6 6.4 100 

50% 1.369 ± 0.015 > 400 20.5 6.6 100 

75% 1.346 ± 0.016 > 400 18.9 7.0 100 

100% 1.324 ± 0.004 > 400 17.4 7.2 100 

* density was determined at room temperature using an Archimede’s balance and water as the 

buoyant fluid. The experimental uncertainty was calculated from the standard deviation of 6-8 

independent measurements. 
§ FFV was calculated using the group contribution method [213]. 
† d-spacing was calculated from WAXD experiments [20]. 
‡ full (i.e., 100%) thermal conversion to TPBOs was confirmed by FTIR spectroscopy [20]. 

In Chapter 4, synthesis was conducted using a slightly modified method. Triptycene 

dianhydride (TPDAn), 4,4′-hexafluoroisopropylidene bisphthalic dianhydride (6FDA), 

and 2,2′-bis (3- amino-4-hydroxyphenyl) hexafluoro propane (6FAP) was reacted via a 

condensation polymerization reaction to form triptycene-containing poly(o-

hydroxyimide) copolymer (TPHI-x, where x = 25%, 50%, 75%, and 100%). As an example, 

TPHI-0.75 was prepared as follows: 6FAP (2.1262 g, 5.7 mmol) was stirred with m-cresol 

(10.6 mL) in a flame-dried 3-necked flask fitted with a mechanical stirrer under nitrogen 

flow, then, TPDAn (2.5 g, 4.3 mmol) and m-cresol (2 mL) was added while the mixture 
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was maintained at 120 ℃ until complete dissolution. Then, the heating mantle was 

removed, and 6FDA (0.6464 g, 1.4 mmol) was added. The reaction was left to progress at 

room temperature for 24 h under N2; the viscous co-polyamic acid was then converted to 

the triptycene-based poly(o-hydroxyimide) copolymer via the solution thermal 

imidization method by adding isoquinoline (0.4 mL) as the catalyst and toluene (5 mL) 

for azeotropic removal of water at 180 ℃ for 12 h. The reaction product was precipitated 

into a 1:1 methanol-water mixture to obtain a solid polymer product in chunks, indicating 

a high molecular weight. The product was filtered, rinsed with methanol, and dried in a 

vacuum oven at 180 ℃ for 12 h. 1H NMR was used to confirm the structures of the 

triptycene-based co-polyimides.  

To prepare polymer film samples of these TPHIs, which will eventually be thermally 

treated to produce the triptycene containing polybenzoxazole (TPBO) polymer, a 7 % 

w/v solution of TPHI-x in NMP was filtered using a 0.45µm PTFE syringe filter on to a 

leveled glass plate. The resulting free-standing film formed after slow evaporation of 

NMP under an infrared lamp at 70 ℃ for 24h was dried in a vacuum oven at 180 ℃ for 

12 h to remove any residual NMP solvent. This precursor TPHI-x film is then thermally 

rearranged by inserting it between two porous ceramic plates, placing it in a muffle 

furnace (Thermolyne Type 479) under N2 flow, and allowing it to sit for 15 minutes 

before applying heating to flush out any oxygen from the system. The furnace was then 

ramped at 10 ℃ min-1 until reaching 350 ℃ and was maintained at this temperature for 
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2 h. Finally, the furnace was ramped at 50 ℃ min-1 to 450 ℃, where it was held for 30 

min to form triptycene containing polybenzoxazoles (TPBOs). Afterward, the muffle 

furnace was cooled to room temperature at a cooling rate of 10 ℃ min-1. The complete 

thermal rearrangement of TPBO-x was confirmed with FTIR. 

 
Figure A1: Synthetic route for producing triptycene containing polyhydroxyimide (TPHI) and 

triptycene containing polybenzoxazole (TPBO). 
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A2. Comparison between water vapor isotherms in PIM-1 and TPBO-0.25 

 

Figure A2: Experimental water vapor sorption isotherms at 25°C in TPBO-0.25 (red circles) and 

PIM-1 (blue circles) as a function of water vapor activity. Continuous lines are the GAB model 

fittings. Data for PIM-1 are from ref. [109] 
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A3. Zimm-Lundberg analysis for TPBO-0.25 

 

Figure A3: Zimm-Lundberg predicted clusters size: methanol (solid blue squares), 1-propanol 

(solid red diamonds), 1-butanol (solid green diamonds), and water (solid sky circles) in TPBO-

0.25 at 25°C. Lines are drawn to guide the eye.   
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A4. Berens-Hopfenberg parameters 

Table A2: Berens-Hopfenberg fittings of 1-propanol diffusion in TPBO-0.25 at 25°C 
Step activity 𝑴𝒇/𝑴𝒓  𝒌𝒇 𝒌𝒓 

 

𝑫̅𝒊 

1 0.023 0.658 ± 0.016  1.49 ⋅ 10−5 ± 2.73 ⋅ 10−7  4.13 ⋅ 10−5 ± 2.12 ⋅ 10−7 8.29 ⋅ 10−11 ± 3.66 ⋅ 10−11 

2 0.083 0.626 ± 0.027 5.60 ⋅ 10−5 ± 1.59 ⋅ 10−6  1.78 ⋅ 10−5 ± 3.38 ⋅ 10−7 3.12 ⋅ 10−10 ± 1.38 ⋅ 10−10 

3 0.161 1.888 ± 0.020 2.43 ⋅ 10−6 ± 7.14 ⋅ 10−8  3.70 ⋅ 10−5 ± 1.93 ⋅ 10−7 1.36 ⋅ 10−11 ± 6.00 ⋅ 10−12 

4 0.202 0.929 ± 0.022 1.12 ⋅ 10−5 ± 1.87 ⋅ 10−7  3.75 ⋅ 10−5 ± 2.53 ⋅ 10−7 6.22 ⋅ 10−11 ± 2.75 ⋅ 10−11 

5 0.263 0.590 ± 0.021 4.68 ⋅ 10−5 ± 1.12 ⋅ 10−6  1.46 ⋅ 10−5 ± 2.22 ⋅ 10−7 2.61 ⋅ 10−10 ± 1.15 ⋅ 10−10 

6 0.327 0.763 ± 0.049 4.25 ⋅ 10−5 ± 1.94 ⋅ 10−6  1.19 ⋅ 10−5 ± 7.61 ⋅ 10−7 2.37 ⋅ 10−10 ± 1.05 ⋅ 10−10 

 

Table A3: Berens-Hopfenberg fittings of methanol diffusion in TPBO-0.25 at 25°C 

Step activity 𝑴𝒇/𝑴𝒓 𝒌𝒇 𝒌𝒓 

 

𝑫̅𝒊 

1 0.038 53.27 ± 2.10 0.00132 ± 6.31 ⋅ 10−6 3.18 ⋅ 10−5 ± 2.66 ⋅ 10−6 6.59 ⋅ 10−9 ± 4.23 ⋅ 10−10 

2 0.110 23.57 ± 0.45 0.00126 ± 1.06 ⋅ 10−5 1.17 ⋅ 10−5 ± 7.39 ⋅ 10−7 6.32 ⋅ 10−9 ± 4.07 ⋅ 10−10 

3 0.224 9.34 ± 0.11 0.00191 ± 2.69 ⋅ 10−5 5.56 ⋅ 10−6 ± 1.55 ⋅ 10−7 9.57 ⋅ 10−9 ± 6.26 ⋅ 10−10 

4 0.333 3.83 ± 0.03 0.00409 ± 1.31 ⋅ 10−4 9.15 ⋅ 10−6 ± 2.77 ⋅ 10−7 2.05 ⋅ 10−8 ± 1.46 ⋅ 10−9 

5 0.413 2.06 ± 0.02 0.00535 ± 1.73 ⋅ 10−4 3.85 ⋅ 10−6 ± 8.35 ⋅ 10−8 2.68 ⋅ 10−8 ± 1.92 ⋅ 10−9 

6 0.497 1.95 ± 0.01 0.01084 ± 2.93 ⋅ 10−4 5.65 ⋅ 10−6 ± 8.67 ⋅ 10−8 5.43 ⋅ 10−8 ± 3.77 ⋅ 10−9 

 

Table A4:  Berens-Hopfenberg fittings of 1-butanol diffusion in TPBO-0.25 at 25°C 

Step activity 𝑴𝒇/𝑴𝒓 𝒌𝒇 𝒌𝒓 

 

𝑫̅𝒊 

1 
0.015 

2.59 ± 0.11 3.22 ⋅ 10−5 ± 4.28 ⋅ 10−7 6.22 ⋅ 10−5 ± 1.16 ⋅ 10−6 1.79 ⋅ 10−10 ± 7.92 ⋅ 10−11 

2 
0.135 

0.95 ± 0.06 2.04 ⋅ 10−5 ± 8.95 ⋅ 10−7 4.20 ⋅ 10−5 ± 9.26 ⋅ 10−7 1.14 ⋅ 10−10 ± 5.04 ⋅ 10−11 

3 
0.289 

1.28 ± 0.06 3.56 ⋅ 10−5 ± 9.79 ⋅ 10−7 1.95 ⋅ 10−5 ± 4.27 ⋅ 10−7 1.98 ⋅ 10−10 ± 8.77 ⋅ 10−11 

4 
0.414 

1.54 ± 0.08 1.73 ⋅ 10−5 ± 5.31 ⋅ 10−7 3.10 ⋅ 10−5 ± 9.13 ⋅ 10−7 9.64 ⋅ 10−11 ± 4.26 ⋅ 10−11 

5 
0.554 

4.23 ± 0.40 1.72 ⋅ 10−5 ± 5.18 ⋅ 10−7 3.05 ⋅ 10−5 ± 1.47 ⋅ 10−6 9.58 ⋅ 10−11 ± 4.24 ⋅ 10−11 

6 
0.711 

5.53 ± 0.55 1.45 ⋅ 10−5 ± 1.95 ⋅ 10−7 5.10 ⋅ 10−5 ± 1.03 ⋅ 10−6 8.08 ⋅ 10−11 ± 3.57 ⋅ 10−11 
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A5. Comparison among Berens-Hopfenberg (BH), modified Berens-Hopfenberg 

(MBH) and Fick’s model fitting to methanol sorption kinetics in TPBO-0.25 

 

Figure A4: A) Methanol sorption kinetics (in units of dimensionless sorption (
𝑀(𝑡)

𝑀∞
)) plotted as a 

function of time on a logarithmic scale (colored lines). Experimental sorption kinetics were fitted 

to the modified Berens-Hopfenberg model (black lines). B) Alternative model results for step 1 (red 

points), namely Fickian model (green line), Berens-Hopfenberg model (yellow line) and the 

modified Berens-Hopfenberg model (black line). 

As shown in Figure A4B, the modified Berens-Hopfenberg model is more accurate than 

the unmodified Berens-Hopfenberg model and the Fickian model in describing methanol 

sorption kinetics in TPBO-0.25. While the modified Berens-Hopfenberg fittings predicts 

a diffusivity as 6.59 ⋅ 10−9
𝑐𝑚2

𝑠
 (step 1), the unmodified version predicts 6.02 ⋅ 10−9

𝑐𝑚2

𝑠
 (-

9%), and the Fickian model predicts 5.82 ⋅ 10−9
𝑐𝑚2

𝑠
 (-12%).  
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A6. Numerical considerations on the Berens-Hopfenberg model fitting 

The Berens-Hopfenberg model and its modifications were implemented in Julia. In most 

languages, calculating gradients and hessians is done using finite differencing methods, 

i.e., by calculating functions at very close input values and approximating the gradient 

through the resultant slope between those two points. Unfortunately, when the difference 

between values becomes small enough, floating-point errors can negate the benefit of 

bringing the points closer together in an effort to increase gradient accuracy. For complex 

functions that change rapidly based on input changes, this can cause optimizers to miss 

local minima entirely and falsely believe they have converged, as is sometimes the case 

with the modified Berens-Hopfenberg model. Julia offers an inherent advantage as it can 

calculate gradients from arbitrary Julia-implemented functions exactly and without finite 

differencing.  

The Berens-Hopfenberg model has a fundamental issue in that the optimization of 

parameters to experimental transient sorption data results in two major local minima 

which occur by swapping the Fickian and relaxation terms respectively, as the relaxation 

and Fickian contributions, when used standalone, produce similar plots. Assuming 

relaxation is usually the slower of the two (a reliable assumption in high Tg glassy 

polymers), it can help to simply initialize the optimization parameters with 𝑘𝑓 > 𝑘𝑟 and 

𝑀𝑓 = 𝑀𝑟, however this is often not enough to reliably reach a global minimum. 

Optimization methods such as particle swarm optimization, which pick many random 
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starting points and allow each to converge independently, can also be used in an attempt 

to thwart this problem. However, it was found to be unreliable when used on the transient 

vapor sorption data collected in this study and when Monte Carlo resampling methods 

(namely bootstrapping) were applied to it. The best method we found to determine 

optimal and physically realistic model parameters can be described by the following 

example. 

Let us consider methanol diffusion in TPBO. The experimental sorption kinetics require, 

to be modeled, the Berens-Hopfenberg model with a modification to the surface 

concentration and will usually contain around a few days to a few weeks of data. If the 

pressure transducer sampling rate during the experimental step is adjusted, then the step 

usually results in only a few thousand data points. These data points will not be evenly 

distributed. In total, it will require the optimization of 5 adjustable parameters, the only 

one of which we truly care about is 𝑘𝑓, as this is what allows us to determine the 

concentration averaged diffusion coefficient (𝐷̅) of the penetrant in the polymer. The 

fitting procedure included the following steps: 

1. Calculate the dimensionless mass sorption data as a function of time i.e., 
𝑀(𝑡)

𝑀∞
. 

2. Interpolate the data on a square-root scale for time such that it contains a lower 

number of data points. In this work we chose 𝑛 = 1000 for interpolating the data. 

Most samples had 3000-4000 data points initially. 
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3. Fit the data for the simplest case: the Fickian model.  Even if the model doesn’t 

adequately describe the sorption, it gives us good initial guesses for 𝑀𝑓 and 𝑘𝑓. 

Since the sorption is dimensionless, 𝑀𝑓 should be close to unity if the step truly 

reached equilibrium and Fickian sorption is the only modeled contribution.  

4. Assuming diffusion happens faster than relaxation, use the Fickian model fittings 

as the initial parameters for the Berens-Hopfenberg fitting, starting 𝑀𝑟 and 𝑘𝑟 as 

some value lower than that of their Fickian counterparts. In this study, we chose 

𝑀𝑓

10
 and 

𝑘𝑓

10
. 

5. Use these four fitted parameters as the initial parameters for the modified Berens-

Hopfenberg model, starting 𝛽 as some low value that would certainly affect the 

sorption predictions initially, which gives the optimizer the opportunity to adjust 

it to better match the data, while already having all other parameters at least in the 

correct ballpark.  

A7. Peng-Robinson Parameters Used in this Work 

Table A5: Peng-Robinson parameters used to calculate gas sorption from pressure data. 

 𝑴𝑾  (
𝒈

𝒎𝒐𝒍
) 𝑻𝒄 (𝑲) 𝑷𝒄 (𝒂𝒕𝒎) acentric factor 𝝎 

𝐶𝑂2 44 304.19 72.8 0.228 
𝐶𝐻4 16.04 190.8 45.79 0.012 
𝑁2 28.01 126.2 33.5 0.04 
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A8. Pure CO2, CH4, and N2 sorption isotherms at multiple temperatures and triptycene 

molar content 

 
Figure A5: CO2 sorption in TPBOs at varying temperatures ranging from 20°C to 50°C taken at 

pressures up to 3 MPa. Solid points represent experimental data, continuous lines represent the 

dual mode fitting. Error bars were calculated using linear error propagation [96,98]. 
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Figure A6: CH4 sorption in TPBOs at varying temperatures ranging from 20°C to 50°C taken at 

pressures up to 3 MPa. Solid points represent experimental data, continuous lines represent the 

dual mode fitting. Error bars were calculated using linear error propagation [96,98]. 
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Figure A7: N2 sorption in TPBOs at varying temperatures ranging from 20°C to 50°C taken at 

pressures up to 3 MPa. Solid points represent experimental data, continuous lines represent the 

dual mode fitting. Error bars were calculated using linear error propagation [96,98]. 
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A9. Pure CH4 and N2 Sorption Isotherms in TPBOs 

 
Figure A8: CH4 sorption in TPBOs as a function of triptycene content at temperatures ranging 

from 5°C to 50°C taken at pressures up to 3 MPa. Solid points represent experimental data, 

continuous lines represent the dual mode fitting. Error bars were calculated using linear error 

propagation [96,98]. 
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Figure A9: N2 sorption in TPBOs as a function of triptycene content at temperatures ranging 

from 5°C to 50°C taken at pressures up to 3 MPa. Solid points represent experimental data, 

continuous lines represent the dual mode fitting. Error bars were calculated using linear error 

propagation [96,98]. 
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A10. Analysis of fitted dual mode parameters 

Remarkably, the dual mode implementation under the constraints described in the main 

manuscript, is able to catch, for all TPBOs, the linearity of ln(𝐾𝐷) as a function of penetrant 

critical temperature, according to what is reported in ref. [15]. The dual mode parameters 

at any temperature do not change much among TPBO samples (within the uncertainty), 

which is consistent with the fact that the sorption isotherms are essentially independent 

of triptycene content. 

 

Figure A10: Logarithm of 𝐾𝐷  (i.e., Henry’s solubility coefficient) vs. penetrant critical 

temperature at 35°C. A): TPBO-0.50, B): TPBO-0.75, and C): TPBO-1.00. The three data points 

in each figure refer to N2 (critical T = 126K), CH4 (critical T  = 190.1K) and CO2 (critical T  = 

304.9K). As expected, the slope of this correlation is 0.015 K-1. 
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A11. Isosteric heats as function of triptycene content for both CO2 and CH4 

 

Figure A11: Isosteric heats of CO2 (A) and CH4 (B) sorption in TPBOs as a function of penetrant 

concentration. Error bars are obtained using the standard deviation of weighted linear regression 

[98,101]. 
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A12. Dual mode prediction of CO2/CH4 mixed-gas solubility and solubility-selectivity, 

comparison with pure-gas data and uncertainty analysis 

       

Figure A12: CO2 and CH4 mixed-gas sorption isotherms (solid lines, predicted using the dual 

mode model) from a 30%mol CO2/70%mol CH4 gas mixture in TPBOs as a function of mixed gas 

fugacity at 35°C: A) CO2 and B) CH4. Uncertainty was calculated via linear error propagation 

[96,98]. Dual mode fittings of pure-gas data are shown for the sake of comparison (dashed lines). 

 

Figure A13: Dual mode predictions of CO2/CH4 real (continuous lines) and ideal (dashes lines) 

solubility-selectivity for a 30%mol CO2 / 70%mol CH4 mixture in TPBOs as a function of mixed 

CO2 fugacity at 35°C. Uncertainty associated to ideal solubility-selectivity was linearly 

propagated from the original isotherms. Uncertainty associated to real (i.e., mixed-gas) selectivity 

was estimated via the percent error resulting from linear error propagation of the original 

isotherms. TPBO-0.25 data is taken from [75] and shown for comparison. Legend: sky lines 

represent TPBO-0.25. Red lines represent TPBO-0.50. Green lines represent TPBO-0.75. Blue 

lines represent TPBO-1.00. 
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A13. Ideal and real CO2/CH4 solubility selectivity as a function of temperature 

 

Figure A14: Real (solid lines) and ideal (dashed lines) CO2/CH4 solubility selectivity in TPBOs 

as a function of temperature, predicted via the dual mode model. CO2 fugacity = 0.3 MPa, CH4 

fugacity = 0.7 MPa. 

Ideal and mixed-gas CO2/CH4 solubility-selectivity slightly increases with decreasing 

temperature. This behavior is a consequence of CO2 sorption being more exothermic than 

CH4 sorption [75]: 

𝛼𝑖𝑗 = 𝛼𝑖𝑗,0𝑒𝑥𝑝 (−
∆𝐻𝑠,𝑖 − ∆𝐻𝑠,𝑗

𝑅𝑇
) 

 

  



187 

 

A14. Logarithm of permeability versus 1/FFV 

While the logarithm of permeability is expected to be a linear function of reciprocal FFV 

[20], TPBO-1.00 deviates from the expected trend (see Figure A15), indicating that the 

configurational free volume plays an active role in regulating small molecule transport 

in polymers exhibiting iptycene units. If a linear trend was observed in Figure A15, the 

results presented in this study could simply be explained by invoking the fact that a loss 

of conformational free volume results in low permeability and high selectivity. The lack 

of linearity provides further evidence of the unique role played by configurational free 

volume. 

 

Figure A15: Logarithm of CO2 and CH4 permeability as a function of polymer’s FFV-1 at 35°C 

and 1 MPa (i.e., 10 atm). 
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A15. Evaluation of 𝑫𝑫 and 𝑫𝑯 

According to the partial immobilization model (See Equation 7 in the main manuscript), 

small molecule permeability in glassy polymers can be parametrized as follows [74]: 

  ℘ = 𝑘𝐷𝐷𝐷 (1 +
𝐾𝐹

1+𝑏𝑓
)  

where 𝐹 = 𝐷𝐻 𝐷𝐷⁄  and 𝐾 = 𝐶𝐻
′ 𝑏 𝑘𝐷⁄ . This expression can be re-cast as: ℘ = 𝑘𝐷𝐷𝐷 +

𝐶𝐻
′ 𝑏

1+𝑏𝑓
𝐷𝐻 

so that it may be easily fit to experimental permeability data. To do this, two sets of data 

are needed. 

1. A pure-gas solubility isotherm which has been fit to the dual mode model (i.e., the 

parameters 𝑘𝐷, 𝐶𝐻
′ , and 𝑏) as a function of pure component fugacity, and 

2. Pure-gas permeability taken within the same fugacity range as solubility data.  

The 𝐷𝐻 and 𝐷𝐷 parameters of the partial immobilization model are then fit via linear 

regression. where 𝑘𝐷𝐷𝐷 is the intercept and 𝐷𝐻 is the slope, respectively, of the linear 

diagram ℘ vs  
𝐶𝐻
′ 𝑏

1+𝑏𝑓
  (See Figure A16). 

 

 

Figure A16: Pure gas CO2 (A), CH4 (B) and N2 (C) permeability at 35°C as a function of 
𝐶𝐻
′ 𝑏

1+𝑏𝑓
  in 

TPBO-0.25 (blue dots), TPBO-0.50 (red dots), TPBO-0.75 (orange dots), and TPBO-1.00 (yellow 

dots). Dashed lines are drawn to guide the eye. 
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A16. Dual-mode parameters for TPBOs as function of penetrant fugacity 

Table A6: Fitted parameters of the temperature-constrained dual mode model for CO2. 

CO2 parameters TPBO-0.50 TPBO-0.75 TPBO-1.00 

𝐶𝐻
′
0
 (cm3(STP)/cm3(pol)) 242.69 ± 54.59 204.22 ± 34.54 438.21 ± 138.54 

𝑏0 (MPa-1) 0.00396
± 0.00413 

0.00105
± 0.000366 

0.0617 ± 0.250 

𝑘𝐷0 

(cm3(STP)/cm3(pol)MPa) 
0.045 ± 0.099 0.0111 ± 0.0255 1.0 ± 3.7 

𝑚𝐶𝐻
′   (K-1) −0.519 ± 0.178 −0.400 ± 0.115 −1.1559 ± 0.459 

𝛥𝐻𝑏  (
𝐽
𝑚𝑜𝑙⁄ ) −18377 ± 2698 −21762 ± 1122 −11706 ± 10100 

𝛥𝐻𝑘𝐷  (
𝐽
𝑚𝑜𝑙⁄ ) −15560 ± 5457 −18916 ± 5624 −7367 ± 9331 

 

Table A7: Fitted parameters of the temperature-constrained dual mode model for CH4. 

CH4 parameters TPBO-0.50 TPBO-0.75 TPBO-1.00 

𝐶𝐻
′
0
 (cm3(STP)/cm3(pol)) 49.98 ± 64.50 46.24 ± 73.37 48.20 ± 53.29 

𝑏0 (MPa-1) 0.000763
± 0.000190 

0.000863
± 0.000247 

0.00128
± 0.000463 

𝑘𝐷0  

(cm3(STP)/cm3(pol)MPa) 
2.04𝐸−5

± 0.000386 
0.000142
± 0.00239 

0.000214
± 0.00208 

𝑚𝐶𝐻
′   (K-1) −1.72𝐸−9

± 0.236 
−4.68𝐸−9

± 0.269 
−1.44𝐸−10

± 0.180 

𝛥𝐻𝑏  (
𝐽
𝑚𝑜𝑙⁄ ) −19414 ± 130 −19333 ± 1395 −18554 ± 1228 

𝛥𝐻𝑘𝐷  (
𝐽
𝑚𝑜𝑙⁄ ) −31151 ± 45409 −26656 ± 40502 −25657 ± 23497 

 

Table A8: Fitted parameters of the temperature-constrained dual mode model for N2. 

N2 parameters TPBO-0.50 TPBO-0.75 TPBO-1.00 

𝐶𝐻
′
0
 (cm3(STP)/cm3(pol)) 35.82 ± 155.92 29.16 ± 163.34 42.10 ± 134.74 

𝑏0 (MPa-1) 0.00572
± 0.0183 

0.186 ± 1.112 0.00124
± 0.000757 

𝑘𝐷0  

(cm3(STP)/cm3(pol)MPa) 
3.85𝐸−6

± 0.000165 
1.13𝐸−7

± 1.35𝐸−6 
1.13𝐸−7

± 2.00𝐸−6 

𝑚𝐶𝐻
′   (K-1) −0.00530

± 0.466 
−1.01𝐸−12

± 0.507 
−4.77𝐸−11

± 0.374 

𝛥𝐻𝑏  (
𝐽
𝑚𝑜𝑙⁄ ) −11955 ± 8799 −3539 ± 15473 −15384 ± 2188 

𝛥𝐻𝑘𝐷  (
𝐽
𝑚𝑜𝑙⁄ ) −33214

± 100453 
−42965 ± 28149 −40451 ± 41766 
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Uncertainty of the fitted parameters were estimated using the inverse Hessian array of 

the sum of squared residuals error (SSE) with respect to the fitted parameters. These 

uncertainties reflect the empirical nature of the dual-mode model and the constraints 

imposed on temperature across isotherms of the same component and polymer.  

Table A9: Dual-mode parameters for CO2, CH4, and N2 at multiple temperatures in TPBOs. 

penetrant: CO2 

polymer: TPBO-0.50 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃 

(MPa-1) 

𝒌𝑫 

(cm3(STP)/cm3(pol)MPa) 

20°𝐶 90.42 7.45 26.69 

27°𝐶 86.79 6.25 23.00 

35°𝐶 82.63 5.16 19.56 

50°𝐶 74.84 3.70 14.76 

 

penetrant: CO2 

polymer: TPBO-0.75 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃 

(MPa-1) 

𝒌𝑫 

(cm3(STP)/cm3(pol)MPa) 

20°𝐶 86.92 7.90 26.00 
27°𝐶 84.12 6.41 21.70 
35°𝐶 80.91 5.11 17.82 
50°𝐶 74.91 3.45 12.65 

 

penetrant: CO2 

polymer: TPBO-1.00 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃 
(MPa-1) 

𝒌𝑫 
(cm3(STP)/cm3(pol)MPa) 

20°𝐶 99.37 7.52 20.55 
27°𝐶 91.28 6.72 19.15 
35°𝐶 82.03 5.95 17.73 
50°𝐶 64.69 4.81 15.52 

 

penetrant: CH4 

polymer: TPBO-0.50 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  
(MPa-1) 

𝒌𝑫 
(cm3(STP)/cm3(pol)MPa) 

20°𝐶 49.98 2.20 7.24 

27°𝐶 49.98 1.82 5.37 

35°𝐶 49.98 1.49 3.89 

50°𝐶 49.98 1.05 2.21 

 

penetrant: CH4 

polymer: TPBO-0.75 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  

(MPa-1) 

𝒌𝑫 

(cm3(STP)/cm3(pol)MPa) 

20°𝐶 46.24 2.40 7.97 
27°𝐶 46.24 1.20 6.18 
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35°𝐶 46.24 1.63 4.68 
50°𝐶 46.24 1.15 2.89 

 

penetrant: CH4 

polymer: TPBO-1.00 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  
(MPa-1) 

𝒌𝑫 
(cm3(STP)/cm3(pol)MPa) 

20°𝐶 48.20 2.59 7.99 
27°𝐶 48.20 2.17 6.25 
35°𝐶 48.20 1.79 4.78 
50°𝐶 48.20 1.28 3.01 

 

penetrant: N2 

polymer: TPBO-0.50 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  
(MPa-1) 

𝒌𝑫 
(cm3(STP)/cm3(pol)MPa) 

20°𝐶 34.27 0.77 3.19 

27°𝐶 34.23 0.69 2.32 

35°𝐶 34.19 0.61 1.64 

50°𝐶 34.11 0.49 0.90 

 

penetrant: N2 

polymer: TPBO-0.75 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  

(MPa-1) 

𝒌𝑫 

(cm3(STP)/cm3(pol)MPa) 

20°𝐶 29.17 0.80 5.09 
27°𝐶 29.17 0.77 3.38 
35°𝐶 29.17 0.74 2.16 
50°𝐶 29.17 0.69 0.99 

 

penetrant: N2 

polymer: TPBO-1.00 

𝑪𝑯
′   

(cm3(STP)/cm3(pol)) 

𝒃  
(MPa-1) 

𝒌𝑫 
(cm3(STP)/cm3(pol)MPa) 

20°𝐶 42.10 0.68 1.82 
27°𝐶 42.10 0.59 1.23 
35°𝐶 42.10 0.50 0.81 
50°𝐶 42.10 0.38 0.39 
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A17. Analytical assessment of the effect of polymer swelling (i.e., change in polymer 

density) on sorption uncertainty 

For any given pressure decay, the concentration uncertainty decreases with decreasing 

polymer density. Even if swelling occurs, using the dry polymer density in the 

uncertainty calculations represents the most conservative estimate of the error. The 

concentration itself also decreases with decreasing density, shifting both its value and 

uncertainty range. In order for the uncertainties in the cases when the swollen density or 

the dry density is used overlap, the following constraint must be verified during the j-th 

differential sorption step:  

[𝐶𝑝𝑜𝑙,𝑗 − 𝜙𝜎𝐶𝑝𝑜𝑙,𝑗]𝜌𝑝𝑜𝑙,𝑑
≤ [𝐶𝑝𝑜𝑙,𝑗 +𝜙𝜎𝐶𝑝𝑜𝑙,𝑗]𝜌𝑝𝑜𝑙,𝑠

  Equation A1 

where 𝜌𝑝𝑜𝑙,𝑑 represents the dry polymer density and 𝜌𝑝𝑜𝑙,𝑠 represents the density of the 

swollen polymer, respectively. ϕ is the number of standard deviations taken under 

consideration. For example, ϕ = 2 represents the 95% confidence interval of two standard 

deviations. The constraint is shown graphically at different ϕ values in Figure A17A. 

Using the definition of percent swelling: 

% 𝑆 = 100 × (
𝜌𝑝𝑜𝑙,𝑑

𝜌𝑝𝑜𝑙,𝑠
− 1)  Equation A2 

the following constraint is made for any differential sorption step j: 

% 𝑆𝑗 ≤ 100 × [
1+𝜙(

𝜎𝐶𝑗

𝐶𝑗
)|𝜌𝑝𝑜𝑙,𝑠

1−𝜙(
𝜎𝐶𝑗

𝐶𝑗
)|𝜌𝑝𝑜𝑙,𝑑

− 1]  Equation A3 
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The previous two equations can be solved simultaneously for the percent swelling and 

swollen polymer density. The solution results in the swelling threshold at which the 

choice of using the dry or swollen polymer density results in no overlap of the uncertainty 

range. In the case of CO2 in TPBO-0.25 at 35°C, the swelling thresholds calculated using 

ϕ = 0.25, 0.5, 1 and 2 (see Figure A17B) are far above the CO2-induced TPBO swelling at 

30 atm predicted using the Non-Equilibrium Lattice Fluid model, that is, 4% [94]. Thus, 

swelling is fairly negligible in the case of the light gas sorption experiments.  

In the case of methanol sorption in PBI at 35°C, the swelling thresholds calculated using 

ϕ = 0.25, 0.5, 1, and 2, similar to that of the gas sorption case, are shown in Figure A17C. 

As expected, vapor sorption measurements are much more sensitive to the effects of 

polymer swelling than light gas sorption experiments. For example, a 5% degree of 

swelling would change the measured concentration by one standard deviation of the 

nominal uncertainty at a pressure of 0.004 MPa. 

A dilation experiment could be used to correct sorption data. Unfortunately, such 

swelling data are not experimentally available right now. Instead, this threshold serves 

mainly as an indication of how much the true answer could vary due to swelling and how 

much error can be tolerated.  

Measurements with higher expected swelling (and where this swelling cannot be 

accounted for) needn’t focus on extremely accurate experimental data, as the swelling 

threshold increases along with the uncertainty of the concentration, and by extension all 
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contributors to it. For example, if the error in the dry density, σρ,dry, is doubled in the 

methanol and PBI vapor sorption experiments, the swelling threshold for the density 

would be shifted up by around 1.5%. In other words, swelling will be less likely to bring 

the measured concentration to a measurably different value if the measured 

concentration’s error is comparatively large. 

In the case of methanol sorption in PBI at 35°C, the swelling threshold at ϕ = 1 with two 

distinct dry polymer density uncertainties (i.e., σ(ρ)) are shown in Figure A17D as a 

function of pressure.  
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Figure A17: Graphical representation of the constraint represented by Equation A1, that is, 

overlapping condition for the error bars when using the dry and swollen polymer density (A). 

Swelling thresholds in the case of CO2 sorption in TPBO-0.25 at 35°C (B). Swelling thresholds in 

the case of methanol sorption in Celazole PBI at 35°C (C). Swelling thresholds in the case of 

methanol sorption in Celazole PBI at 35°C using two different dry polymer density uncertainties 

(D). 
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A18. Comparison between linear error propagation and Monte Carlo methods: an 

example 

 

 
Figure A18: Application of the Monte Carlo method to evaluate the uncertainty of the function 

𝑓(𝑥, 𝑦, 𝑧) = 𝑥𝑦 + 𝑧. 2700 iterations were used. 

 

Within a specific distribution (typically Gaussian) defined by each variables error, values 

are chosen as possible measurements to calculate f. This process is repeated to obtain the 

output distribution and thus the uncertainty of 𝑓(𝑥, 𝑦, 𝑧).  

As an example, we will compare this result to linearly propagated error. 

𝑓(𝑥, 𝑦, 𝑧) = 𝑥𝑦 + 𝑧  

Where 𝑥 = 1 ± 0.1, 𝑦 = 0.5 ± 0.3, and 𝑧 = 10 ± 2 

𝜎𝑓 = √(
𝜕𝑓

𝜕𝑥
)
2

𝜎𝑥2 + (
𝜕𝑓

𝜕𝑦
)
2

𝜎𝑦2 + (
𝜕𝑓

𝜕𝑧
)
2

𝜎𝑧2 = √𝑦2𝜎𝑥2 + 𝑥2𝜎𝑦2 + 𝜎𝑧2  

↪ √0.52 ⋅ 0.12 + 12 ⋅ 0.32 + 22 = √4.0925 = 2.023  
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Thus, the answer provided by the Monte Carlo method after 2700 iterations (i.e., 𝜎𝑓  = 

2.056), differs only by 1.6% from that provided by linear error propagation (i.e., 𝜎𝑓  = 

2.023). Additional iterations will further reduce the difference between the two results.  
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A19. Analytical LEP uncertainty of vapor sorption measurements 

Vapor sorption uncertainty can be analytically derived for a generic step j, resulting in 

the following equation:   

𝜎𝐶𝑝𝑜𝑙,𝑗 = Cpol,j

√
  
  
  
  
  
  
  
 

(
𝜎𝜌𝑝𝑜𝑙

𝜌𝑝𝑜𝑙
)

2

+ (
𝜎gpol,dry

gpol,dry
)

2

+ (
𝜎𝑇
T
)
2

+ ((
1

𝑉𝐶
+
𝑃𝑓,𝑗𝑉𝑆

𝛽𝑗𝑉𝐶
2 )𝜎𝑉𝐶)

2

+(
𝑃𝑓,𝑗

𝛽𝑗𝑉𝐶
𝜎𝑉𝑆)

2

+ (
1

𝛽𝑗
2∑(𝜎𝑃𝑆,𝑖 

2 + 𝜎𝑃𝐶𝑓,𝑖−1 
2 )

𝑗

𝑖=1

) + (
(1 +

𝑉𝑆
𝑉𝐶
)

𝛽𝑗
𝜎𝑃𝑓,𝑗)

2 Equation A4 

Where 

𝛽𝑗 = (∑ (𝑃𝑆,𝑖 –𝑃𝐶𝑓,𝑖−1 )
𝑗
𝑖=1 – 𝑃𝑓,𝑗 (

𝑉𝑆

𝑉𝐶
+ 1))  Equation A5 

where the nomenclature is consistent with that defined in the main manuscript. This 

equation shows, from a predictive standpoint, that the uncertainty of pressure 

measurements used to generate vapor sorption isotherms in the differential mode tend 

to accumulate throughout subsequent steps. This was observed directly in MCEP 

analyses of both vapor and gas isotherm uncertainties (see Figure 28 and Figure 29 in the 

main manuscript). Uncertainty associated to other variables, such as chamber volumes, 

temperature and polymer density is not predicted to accumulate in this manner, which 

is the basis for why the latter variables lose importance in the uncertainty contribution 

plots shown in Figure 31 and Figure 32 in the main manuscript for vapor and gas 

respectively as additional sorption steps are taken.  
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A20. Coefficient of variation and sorption uncertainty  

       
Figure A19: Coefficient of variation, CV, (A) and error (i.e., uncertainty) (B) of methanol vapor 

sorption in PBI as a function of pressure. Isotherms are shown at 25°C (green), 35°C (blue), and 

45°C (red). Lines are drawn to guide the eye.  

 

        
 

Figure A20: Coefficient of variation, CV, (A) and error (i.e., uncertainty) (B) of CO2 sorption in 

TPBO-0.25 as a function of pressure. Isotherms are shown at 5°C (light blue), 20°C (red), 35°C 

(green), and 50°C (dark blue). Lines are drawn to guide the eye. 
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A21. Monte Carlo Scatterplots of selected CO2 sorption steps 
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Figure A21: 100,000 Monte-Carlo simulations of selected CO2 sorption steps in TPBO-0.25 

plotted as a function of pressure (MPa). Color is assigned via a bivariate probability density 

function using the data’s covariance matrix. Marginal histograms (red lines) denote the pressure 

or concentration distribution. Error ellipses (solid, dashed, and dotted black lines) show the 68.2%, 

95%, and 99.7% confidence intervals, respectively. Figures are labeled for A) 5°C step 1, B) 5°C 

step 9, and C) 20°C step 1, D) 20°C step 13, E) 35°C step 1, F) 35°C step 22, G) 50°C step 1, H) 

50°C step 14. 
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A22. Monte Carlo Scatterplots of selected methanol sorption steps 
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Figure A22: 1,000,000 Monte-Carlo simulations of selected methanol vapor sorption steps in PBI 

plotted as a function of pressure (MPa). Color is assigned via a bivariate probability density 

function using the data’s covariance matrix. Marginal histograms (red lines) denote the pressure 

or concentration distribution. Error ellipses (solid, dashed, and dotted black lines) show the 68.2%, 

95%, and 99.7% confidence intervals, respectively. Figures are labeled for A) 25°C step 1, B) 25°C 

step 7, and C) 35°C step 1, D) 35°C step 5, E) 45°C step 1, F) 45°C step 4. 
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A23. Reproducibility of sorption data and variability among samples 

 
 

Figure A23: Results of two independent N2 sorption measurements in TPBO at 35°C, using two 

different polymer samples. The casual error, i.e., the departure between the two measurements, 

falls within the uncertainty window predicted by the linear error propagation method. 
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A24. Evaluation of the final equilibrium pressure during barometric (pressure decay) 

sorption measurements 

 
Figure A24: A) methanol vapor sorption kinetics in Celazole at 25°C, step 1 (activity jump 0.06-

0.14). B) Equilibrium pressure, at the end of the same sorption step: open circles are experimental 

pressure data; continuous red line is the average equilibrium pressure used to calculate the 

equilibrium solubility; dashed red line is the standard deviation of pressure reading. 
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A25. Image Stabilization Algorithm Applied to Dilatometry Images 

To determine the (x,y) shift which minimizes the differences between the initial image’s 

reference region and the current image, an objective function to optimize is first defined. 

This function is the sum of squared errors between all overlapping pixels in the shifted 

image. i.e., 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒(𝑠ℎ𝑖𝑓𝑡) = ∑ [(𝑀𝑖,𝑗
𝑟𝑒𝑓

−𝑀𝑖,𝑗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑠ℎ𝑖𝑓𝑡))

2

 ]𝑖,𝑗=0 , hereafter referred to as 

“overlap error”. Since finding an optimal position requires that the current image be 

shifted away from the reference, a padded border is used in the reference image, with the 

size of the border representing the largest expected disturbance the camera could 

possibly have. Furthermore, noise can have a significant impact on whether a true 

minimum is found or skipped when optimizing, and a number of numerical techniques 

can be applied to mitigate these problems, such as blurring the image intentionally to 

smooth out potential noise, normalizing the image to mitigate brightness changes, or 

other interpolative measures. In this work, only the former technique is applied via a 5x5 

Gaussian blur kernel with 𝜎 = 2, as brightness was controlled directly and did not vary 

significantly over the course of an experiment. Finally, 𝑠ℎ𝑖𝑓𝑡 values need not be restricted 

to integers. Most image handling libraries (OpenCV and ImageTransformations.jl, for 

instance) will allow the user to interpolate the image while shifting by non-integer 

distances. 
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After this, the following optimization process is applied:  

1. An initial pixel search distance is chosen, in this work, we begin with a single pixel 

and refer to this value as 𝛿𝑝𝑥.  

2. Shift the reference region of the current image by 𝛿𝑝𝑥 in all ordinal and cardinal 

directions and calculate the overlap error that each shift creates when compared 

to the initial image, also calculate the overlap error when no shift occurs. 

3. Compare all errors to find which shift minimized the overlap error. 

a. If the overlap error was minimized due to shifting in a direction, move the 

entire image in that direction and repeat step 2. 

b. If the error is minimized at the original position: 

i. If 𝛿𝑝𝑥 is acceptably low, return the shifted position.  

ii. Otherwise, cut 𝛿𝑝𝑥 by a factor (e.g., 2 or 3, etc) and repeat step 2. 

A visualization of this process can be seen in Figure A25, demonstrating an example 

optimization where: in step one, a shift directly to the right minimized the error, so the 

position moved one pixel directly to the right and repeated shifting in step two, finding 

that no direction continued to decrease the overlap error, thus the shifting distance was 

cut by a factor of three and repeated, finding that a shift of 1 3⁄ 𝑝𝑥 in the upper right 

direction continued to minimize the error.  
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Figure A25: Example image shifting search process going through three steps. The overall result 

is shown in the upper left quadrant of the figure. Red arrows denote shift attempts, values in the 

images’ “pixels” represent the overlap error calculated by that corresponding shift. The optimal 

position found both in steps one and two is shown in gray, while the optimal position found in 

step 3 is shown in green.  
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A26. Selected Polycarbonate and TPBO-0.25 Dilation Analyses (Animated) 

In this section, we demonstrate two dilation steps of interest in this study. The first 

(Figure A26), demonstrates the acquisition of sub-pixel resolution of the apparatus. 

 

Figure A26: Polycarbonate run 2 dilation analysis animation at 27.7 atm. The top row, from left 

to right, displays the original image, the cropped region (shifted), the convolved image, the edge 

position likelihood estimate and corresponding continuous function fit, and the final position 

indicator (yellow line). The middle row denotes shifting corrections, which were not significant in 

this step. The bottom row tracks distance over time, as well as the X/Y shift optimized, which did 

not exceed 0.25 pixels.  

Note that despite the entire range of the dilation during this step spans just 1.5 pixels, the 

analysis is able to pick up a comparatively smooth transition from the beginning of the 
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step to the next. The analysis animation demonstrates how this process occurs for each 

image taken during the step. Though stabilization may not have been required in the step 

shown above in Figure A26, in Figure A28 the need for stabilization can be directly seen 

in the shifting visualization row. Throughout the course of the experiment, the camera 

drifted up to three pixels down, slowly rising back to the original position in this 

particular step, then beginning to fall once more. This motion occurs quite slowly- around 

one pixel of motion per day -and would easily confound the step, which moved a total 

distance of 5 pixels. Finally, the pixel changes shown in the plot at the bottom of Figure 

A26 allow us to ascertain some information about the precision (though not necessarily 

the accuracy) of the experiment. Length changes of around 0.1 pixels are reliably able to 

be resolved with the apparatus in this case. Noting the calibrated pixel to centimeter 

conversion of 126 
𝑝𝑥

𝑐𝑚
, this corresponds to resolving around 8𝜇𝑚 distance changes reliably. 

This resolution can change depending on experimental conditions, as the particular 

resolution of the apparatus depends strongly on the ability to correct for camera motion, 

the distance of the camera from the same, the resolution of the camera, and the sharpness 

of the sample against the background. For example, in Figure A28 in the 1.14 atm step, 

distance changes are resolved to about 0.3 pixels, which corresponds to a resolution of 

roughly 20𝜇𝑚.  
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Figure A27: Dilation analysis animation of a thermally rearranged polymer (TPBO-0.25) being 

dilated with butane at 0.68 atm. The top row, from left to right, displays the original image, the 

cropped region (shifted), the convolved image, the edge position likelihood estimate and 

corresponding continuous function fit, and the final position indicator (yellow line). The middle 

row denotes shifting corrections where red is the reference image, green is the current image, and 

yellow denotes pixel overlap. The bottom row tracks distance over time, as well as the X/Y shift 

optimized.  

Figure A27 presents an interesting case that spurred the requirement to use brass coupons 

to maintain sample straightness in future experiments that use thermally rearranged 

polymers. At the beginning of dilation, the application of around 0.68 atm butane caused 

no apparent dilation for the first 4 hours of the experiment, after which the sample 

initially appears to shrink when only looking at the analysis pixel distance output. 
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Looking towards the time lapse image of the sample reveals that during this initial 4 hour 

period, the sample is curling towards the camera, reducing its apparent length. During 

the next 2 days following this initial curling, the sample proceeds to relax to a straight 

position while it also dilates, reaching equilibrium while the sample to the right of it 

(TPBO-0.75, not shown in this analysis) appears to display the same qualitative behavior.  

 

Figure A28: Dilation analysis animation of a thermally rearranged polymer (TPBO-0.25) being 

dilated with butane at 1.14 atm. The top row, from left to right, displays the original image, the 

cropped region (shifted), the convolved image, the edge position likelihood estimate and 

corresponding continuous function fit, and the final position indicator (yellow line). The middle 

row denotes shifting corrections where red is the reference image, green is the current image, and 

yellow denotes pixel overlap. The bottom row tracks distance over time, as well as the X/Y shift 

optimized. 
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Note that future steps do not result in this behavior for TPBO-0.25, as can be seen in the 

subsequent 1.14 atm step shown in Figure A28. This implies that, given residual stresses 

did indeed originally exist, that they are now unlocked. For TPBO-0.75 (the right sample), 

the sample continues to curl and relax for an additional step, before returning to Fickian-

like dilation behavior in further steps. This behavior is present regardless of the initial 

step pressure. For example, a run was conducted with TPBO-0.25 and TPBO-0.00 in 

parallel, shown in Figure A29 with butane at 0.33 atm, demonstrating much more 

dramatic curling in the TPBO-0.25 sample. A summary of these step kinetics can also be 

found in Section A32.  
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Figure A29: Dilation analysis animation of a thermally rearranged polymer (TPBO-0.25) being 

dilated with butane at 0.33 atm. The top row, from left to right, displays the original image, the 

cropped region (shifted), the convolved image, the edge position likelihood estimate and 

corresponding continuous function fit, and the final position indicator (yellow line). The middle 

row denotes shifting corrections where red is the reference image, green is the current image, and 

yellow denotes pixel overlap. The bottom row tracks distance over time, as well as the X/Y shift 

optimized.  
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A27. Camera calibration factor 

 

Figure A30: Camera calibration for sample distance estimation based on dimensionless camera 

track position markers, which are arbitrary (but evenly spaced) points along the camera track. The 

calibration curve relates the number of pixels observed by the camera to the length that many pixels 

represent, expressed in pixels per centimeter. 

Camera calibrations were found via suspending a ruler in the Jerguson gage and 

determining how many pixels corresponded to a distance change in the ruler (where the 

polymer sample would be placed during an experiment). An example image can be seen 

in Figure A31 and the corresponding calibration data can be seen in Figure A30. It is 

worth noting that though pixel to distance calibrations are not expected to follow a linear 

relationship, the total distance which the camera’s track spans is small enough that a 

linear approximation is more than sufficient to generate pixel to distance conversion 

factors within the error of the available measurement methods used in this work.  
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Figure A31: Example image for determining the apparatus pixel to length calibration factor for a 

single camera position.   
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A28. Verification of both Isotropic Dilation Behavior via Polycarbonate and Apparatus 

Consistency via TPBO-0.25 using CO2 Dilation 

A key systematic error that could affect polymer dilation results is the assumption of 

isotropic dilation being invalidated for a particular sample [191]. To test this in the case 

of polycarbonate, two additional samples were cut orthogonally to each other from the 

original sheet with which samples 1-3 were cut. These samples were similar in length, 

with the “vertical” sample being 5.0 ± 0.1 𝑐𝑚 and the “horizontal” sample being 4.7 ±

0.1 𝑐𝑚, and the run using the same pixel to centimeter ratio as the previous runs of 

126.5 ± 0.7
𝑝𝑥

𝑐𝑚
.  

 
Figure A32: Fractional dilation of orthogonally cut polycarbonate samples (4, blue and 5, purple) 

at 35°C, as a function of CO2 concentration in the polymer sample and compared to previous data 

shown in this work (runs 1-3). Error bars were estimated via linear error propagation[96–98] 

without covariance. Run 1 was completed alone, runs 2 and 3 were completed in parallel and runs 

4 and 5 were completed in parallel.  
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These two runs, denoted as runs 4 (vertically cut) and 5 (horizontally cut), display 

identical dilation behavior (see Figure 21 in Section 4.5.1) within experimental 

uncertainty. Minor deviations near the end of the run can be attributed to sample 

straightness prior to the experiment, where even minor curling can introduce error due 

to plasticizing agents allowing the sample to straighten during the run, artificially 

inflating the degree of dilation. This key source of systematic error that can inherently be 

controlled for via longer samples, which will straighten the sample prior to dilation. 

Other techniques, such as a sample fixture designed to hold the sample straight while 

still allowing downward movement, may also further reduce this issue.  

Though these results verify that dilation occurs isotopically for polycarbonate (a bulk, 

glassy polymer), more exotic materials may not exhibit the same behavior. Examples of 

this include thermally rearranged polymers, which have the potential to contain internal 

stresses that may cause directional swelling, and polymers with nanofiller agents that 

may preferentially align themselves (such as carbon nanotubes), which may restrict or 

permit swelling along the filler agents’ alignment. This potential behavior can be verified 

and even investigated directly in the same manner as was conducted for the 

polycarbonate samples in this work. That is, a dilation experiment utilizing multiple 

samples measured in parallel and which were cut in variable directions.  
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Figure A33: Fractional dilation of TPBO-0.25 samples at 35°C, as a function of CO2 pressure. 

Samples were taken from multiple batches spanning 2023, beginning with April, 2023 (green), 

June, 2023 (yellow), and November 2023 (blue). Error bars were estimated via linear error 

propagation[96–98] without covariance.  

To further assess both the consistency of the apparatus as well as the variability of the 

dilation characteristics of TPBO polymers, TPBO-0.25 was chosen as a case study and 

experiments were repeated three times throughout the year 2023 (see Figure A33). Results 

show that, within error, the same dilation isotherm was collected each time, with the 

highest variability appearing in the June, 2023 run. This run likely experienced a slight 

downturn in apparent dilation due to sample curling without a coupon in place to 

remove this source of systematic error. Samples from the April, 2023 run were unlikely 

to swell due to being backed by a metal clip and the November, 2023 samples were 

constrained via a brass coupon.   
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A29. Dual Mode and Dual Mode Dilation Parameters Used in This Work 

Table A10: Fitted dual mode dilation and dual mode values for CO2 sorption in various polymers 

used in this work at 35°C. Uncertainties were determined using the jackknife uncertainty 

method[199].  

Polymer 𝑽𝑫 

(
𝒄𝒎𝟑

𝒎𝒐𝒍
) 

𝒇 𝑪𝑯
′  

(
𝒄𝒎𝟑(𝑺𝑻𝑷)

𝒄𝒎𝟑(𝒑𝒐𝒍)
) 

𝒃 
(𝑴𝑷𝒂−𝟏) 

𝒌𝑫 

(
𝒄𝒎𝟑(𝑺𝑻𝑷)

𝒄𝒎𝟑(𝒑𝒐𝒍)
𝑴𝑷𝒂−𝟏) 

Source 

TPBO-0.00 
40.95
± 0.42 

0.10
± 0.01 

82.18
± 2.31 

3.56 ± 0.26 12.67 ± 0.58 
This 

work 

TPBO-0.25 
36.21
± 0.71 

0.09
± 0.01 

68.54
± 0.43 

4.86 ± 0.06 18.64 ± 0.17 [75]* 

TPBO-0.50 
29.97
± 0.61 

0.15
± 0.01 

82.63
± 3.07 

5.16 ± 0.44 19.56 ± 0.77 
This 

work 

TPBO-0.75 
29.77
± 0.66 

0.13
± 0.01 

80.91
± 2.32 

5.11 ± 0.37 17.82 ± 0.56 
This 

work 

TPBO-1.00 
25.50
± 1.12 

0.22
± 0.02 

82.03
± 4.05 

5.95 ± 0.60 17.73 ± 1.04 
This 

work 

TPHI-1.00 
25.81
± 0.98 

0.35
± 0.04 

15.82
± 4.50 

2.437** 7.25 ± 1.22 
This 

work 

PC 
32.36
± 0.10 

0.20
± 0.01 12.64 2.46 8.25 [186] 

PTMSP 
1.64
± 0.72 

2.6
± 3.1 80.17 0.82 15.70 [174] 

AF1600 
51.21
± 0.89 

−0.48
± 0.02 21.58 0.72 11.04 [198] 

AF2400 
20.77
± 0.43 

−0.38
± 0.03 26.44 0.65 15.73 [198] 

CTA 
22.09
± 0.17 

0.65
± 0.04 5.98 14.74 20.64 [76] 

PIM-1 
54.69
± 0.47 

0.000
± 0.003 63.10 3.88 16.45 [76] 

*All 𝑉𝐷 and 𝑓 values were fit within this work, the source field denotes that both sorption and 

dilation data was found within the work cited, with the exception of TPBO-0.25, with which 

dilation data was taken specifically for this work. 

**Due to very low solubility and a much more linear sorption behavior that TPBOs, there is near 

infinite variance in TPHI-1.00’s affinity value, that is, many values can successfully represent this 

isotherm within the other parameter’s uncertainties. The dual mode values are simply used as 

interpolative tools in an effort to acquire the (physically meaningful) 𝑉𝐷 and 𝑓 values. 
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PTMSP fits exhibits such high uncertainty due to its dilation isotherm, which does not 

behave in a way that can be readily described by the dual mode dilation model. Similarly, 

to fit well, 𝑓 values for the two perfluorinated polymers Teflon AF1600 and AF2400, must 

be negative. Normally, constraints should be applied which limit 0 ≤ 𝑓 ≤ 1. However, in 

this case the model is primarily used to act as an interpolator to calculate 
𝑑(

Δ𝑉

𝑉0
)

𝑑𝑝
, thus, limits 

were not applied to ensure fits which describe the original data as closely as possible.  
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A30. Propagating Uncertainty through the Fractional Dilation Formula 

Fractional dilation can be expressed as 

𝜈 =
Δ𝑉

𝑉0
=
𝑉𝑓 − 𝑉𝑖

𝑉𝑖
= (

𝐿𝑓

𝐿𝑖
)
3

− 1 

Where 𝜈 is fractional dilation, and 𝑉𝑓, 𝐿𝑓 and 𝑉𝑖, 𝐿𝑖 are the final and initial volumes and 

lengths of the sample during dilation. 

In addition, we can break 𝐿𝑓 into directly measured variables, via 

𝐿𝑓 = 𝐿𝑖 + Δ𝐿 

Δ𝐿 =
Δ𝑝𝑥

𝜗⁄  

Where Δ𝐿 is the change in sample length in centimeters and 𝜗 is the camera pixel-to-

length conversion ratio in units of 
𝑝𝑥

𝑐𝑚
. We can then express fractional dilation as  

𝜈 = (
𝐿𝑖 +

Δ𝑝𝑥
𝜗

𝐿𝑖
)

3

− 1 

In this work, we acquire direct uncertainties on 𝐿𝑖 and 𝜗. Δ𝑝𝑥 is a special case, that is, 

since Δ𝑝𝑥 is evaluated by computer vision techniques and not direct measurement (i.e., 

using conventional tools), a straightforward definition of the uncertainty this value 

contains is difficult to provide. So long as certain conditions are met which conveniently 

minimize the overall uncertainty, Δ𝑝𝑥 contributes little to the overall error of the 

experiment.  
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Linear error propagation simplifies to the following formula in the absence of covariance. 

𝜎𝜈 = √(
𝜕𝜈

𝜕𝐿𝑖
)
2

𝜎𝐿𝑖
2 + (

𝜕𝜈

𝜕𝜗
)
2

𝜎𝐶
2 + (

𝜕𝜈

𝜕Δ𝑝𝑥
)
2

𝜎Δ𝑝𝑥
2  

 

1. 
𝜕𝜈

𝜕𝐿𝑖
 

A. 
𝜕𝜈

𝜕𝐿𝑖
((

𝐿𝑖+
Δ𝑝𝑥

𝜗

𝐿𝑖
)

3

− 1) = (𝑢)3 − 1 where 𝑢 =
𝐿𝑖+

Δ𝑝𝑥

𝜗

𝐿𝑖
→ 3𝑢2𝑑𝑢 

Completing the substitution yields 𝑑𝑢 =
𝑑

𝑑𝐿𝑖
(
𝐿𝑖+

Δ𝑝𝑥

𝜗

𝐿𝑖
) =

𝑑

𝑑𝐿𝑖
(1 +

Δ𝑝𝑥

𝜗⋅𝐿𝑖
) = −

Δ𝑝𝑥

𝜗⋅𝐿𝑖
2 𝑑𝐿𝑖 

B. Recombing  

3𝑢2𝑑𝑢 = 3(
𝐿𝑖+

Δ𝑝𝑥

𝜗

𝐿𝑖
)

2

⋅ (−
Δ𝑝𝑥

𝜗⋅𝐿𝑖
2) 𝑑𝐿𝑖 = −3

(𝐿𝑖+
Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
2 ⋅ (

Δ𝑝𝑥

𝜗⋅𝐿𝑖
2) 𝑑𝐿𝑖 = −3 ⋅ Δ𝑝𝑥

(𝐿𝑖+
Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
4⋅𝜗

𝑑𝐿𝑖  

C. The term (𝐿𝑖 +
Δ𝑝𝑥

𝜗
)
2

 can then be rearranged as: 

(𝐿𝑖 +
Δ𝑝𝑥

𝜗
)
2

= 𝐿𝑖
2 + 2 ⋅ 𝐿𝑖

Δ𝑝𝑥

𝜗
+

(Δ𝑝𝑥)2

𝜗2
=

1

𝜗2
(𝐿𝑖
2𝜗2 + 2𝐿𝑖(Δ𝑝𝑥)𝜗 + (Δ𝑝𝑥)

2) =
1

𝜗2
(𝐿𝑖𝜗 +

Δ𝑝𝑥)2  

↪
𝜕𝜈

𝜕𝐿𝑖
= −3 ⋅ Δ𝑝𝑥

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
4 ⋅ 𝜗3

𝑑𝐿𝑖 

2. 
𝜕𝜈

𝜕𝜗
 

A. 
𝜕

𝜕𝜗
((

𝐿𝑖+
Δ𝑝𝑥

𝜗

𝐿𝑖
)

3

− 1) =
𝜕

𝜕𝜗
(
(𝐿𝑖+

Δ𝑝𝑥

𝜗
)
3

 𝐿𝑖
3 − 1) = (

1

𝐿𝑖
3)

𝜕

𝜕𝜗
((𝐿𝑖 +

Δ𝑝𝑥

𝜗
)
3
) = (

1

𝐿𝑖
3)

𝜕

𝜕𝜗
(𝑢3) 

where 𝑢 = 𝐿𝑖 +
Δ𝑝𝑥

𝜗
 

B. (
1

𝐿𝑖
3)

𝜕

𝜕𝜗
(𝑢3) =

1

(𝐿𝑖)
3
3𝑢2𝑑𝑢 where 𝑑𝑢 =

𝑑

𝑑𝜗
(𝐿𝑖 +

Δ𝑝𝑥

𝜗
) = −

Δ𝑝𝑥

𝜗2
𝑑𝜗 

C. Recombining  

(
1

𝐿𝑖
3) 3𝑢

2𝑑𝑢 =
3(𝐿𝑖+

Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
3 ⋅ (−

Δ𝑝𝑥

𝜗2
)𝑑𝜗 = −3 ⋅ Δ𝑝𝑥

(𝐿𝑖+
Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
3⋅𝜗2

𝑑𝜗  

D. Noting 1C, we see that 2C can be expressed as −3 ⋅ Δ𝑝𝑥
1

𝜗2
(𝐿𝑖𝜗+Δ𝑝𝑥)

2

𝐿𝑖
3⋅𝜗2

𝑑𝜗 

↪
𝜕𝜈

𝜕𝜗
= −3 ⋅ Δ𝑝𝑥

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗4

𝑑𝜗 
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3. 
𝜕𝜈

𝜕(Δ𝑝𝑥)
 

A. 
𝜕

𝜕(Δ𝑝𝑥)
((

𝐿𝑖+
Δ𝑝𝑥

𝜗

𝐿𝑖
)

3

− 1) =
1

𝐿𝑖
3

𝜕

𝜕(Δ𝑝𝑥)
(𝑢3) where 𝑢 = 𝐿𝑖 +

Δ𝑝𝑥

𝜗
 

B. 
1

(𝐿𝑖)
3

𝜕

𝜕(Δ𝑝𝑥)
(𝑢3) =

1

(𝐿𝑖)
3 3𝑢

2𝑑𝑢 where 𝑑𝑢 =
𝑑

𝑑(Δ𝑝𝑥)
(𝐿𝑖 +

Δ𝑝𝑥

𝜗
) =

1

𝜗
𝑑(Δ𝑝𝑥) 

C. Recombining (
1

𝐿𝑖
3) 3𝑢

2𝑑𝑢 =
3(𝐿𝑖+

Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
3 ⋅

1

𝜗
𝑑(Δ𝑝𝑥) = 3

(𝐿𝑖+
Δ𝑝𝑥

𝜗
)
2

𝐿𝑖
3⋅𝜗

𝑑(Δ𝑝𝑥) 

D. Again, using 1C, the expression in 3C. becomes 3
1

𝜗2
(𝐿𝑖𝜗+Δ𝑝𝑥)

2

𝐿𝑖
3⋅𝜗

𝑑(Δ𝑝𝑥) 

𝜕𝜈

𝜕(Δ𝑝𝑥)
= 3

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗3

𝑑(Δ𝑝𝑥) 

Applying these expressions towards the linear error propagation formula yields 

𝜎𝜈

= √(−3 ⋅ Δ𝑝𝑥
(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
4 ⋅ 𝜗3

)

2

𝜎𝐿𝑖
2 + (−3 ⋅ Δ𝑝𝑥

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗4

)

2

𝜎𝜗
2 + (3

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗3

)

2

𝜎Δ𝑝𝑥
2  

↪ √9(Δ𝑝𝑥
(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
4 ⋅ 𝜗3

)

2

𝜎𝐿𝑖
2 + 9(Δ𝑝𝑥

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗4

)

2

𝜎𝜗
2 + 9(

(𝐿𝑖𝜗 + Δ𝑝𝑥)2

𝐿𝑖
3 ⋅ 𝜗3

)

2

𝜎Δ𝑝𝑥
2  

↪ 3 ⋅ √Δ𝑝𝑥2
(𝐿𝑖𝜗 + Δ𝑝𝑥)4

𝐿𝑖
8 ⋅ 𝜗6

𝜎𝐿𝑖
2 + Δ𝑝𝑥2

(𝐿𝑖𝜗 + Δ𝑝𝑥)4

𝐿𝑖
6 ⋅ 𝜗8

𝜎𝜗
2 +

(𝐿𝑖𝜗 + Δ𝑝𝑥)4

𝐿𝑖
6 ⋅ 𝜗6

𝜎Δ𝑝𝑥
2  

↪ 3 ⋅ √
(𝐿𝑖𝜗 + Δ𝑝𝑥)4

𝐿𝑖
6 ⋅ 𝜗6

(Δ𝑝𝑥2
𝜎𝐿𝑖
2

𝐿𝑖
2 + Δ𝑝𝑥2

𝜎𝜗
2

𝜗2
+ 𝜎Δ𝑝𝑥

2 ) 

𝝈𝝂 = 𝟑 ⋅
(𝑳𝒊𝜗 + 𝚫𝒑𝒙)𝟐

(𝑳𝒊𝜗)
𝟑

√𝚫𝒑𝒙𝟐 (
𝝈𝑳𝒊
𝟐

𝑳𝒊
𝟐
+
𝝈𝝑
𝟐

𝝑𝟐
) + 𝝈𝚫𝒑𝒙

𝟐  

 

As an example calculation using this relationship, a system with 

• A sample length (𝐿𝑖) of 4 ± 0.1𝑐𝑚 

• A pixel to cm calibration (𝜗) of 125 ± 0.5
𝑝𝑥

𝑐𝑚
 

• And a change in sample length (Δ𝑝𝑥) of 5 ± 0.025𝑝𝑥 
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The fractional dilation would be 0.0301 ± 0.00079. If this analysis was to be done without 

fractional differences in the pixel change, that is, if the uncertainty of the pixel change 

spanned one pixel (𝜎Δ𝑝𝑥 = 0.5𝑝𝑥) as would likely be the case if this analysis was done 

manually rather than through computational means, then the uncertainty in fractional 

dilation would be much (nearly 10 times) higher at  0.0303 ± 0.00824. 

Given the simplification 𝜎𝜈 ≈ 3 ⋅
(𝐿𝑖𝜗+Δ𝑝𝑥)

2

𝐿𝑖
4𝜗3

Δ𝑝𝑥 ⋅ 𝜎𝐿𝑖 , used in the main manuscript for 

demonstrating the importance of 𝐿𝑖 and lack of importance of 𝜎𝐿𝑖, the same conditions 

shown above would result in an uncertainty of 0.00077 rather than 0.00079, or a 3.1% 

error in the actual uncertainty value.   
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A31. Evidence of Thermally Induced Camera Position Error 

 

Figure A34: Image stabilization shifts in pixels (left Y axis) required to stabilize a dilation 

experiment’s sample images over several hundred hours. Shift distances are shown in pixels for 

the X axis (blue curve) and Y axis (red curve) of the sample image at a given experiment time 

(hours). The right Y axis denotes the outdoor air temperature in °𝐶 on the University of Oklahoma 

Norman Campus (green curve) at the same time the data was being taken. 

From September 27th, 2023 to October 16th, 2023, images were taken at rates spanning from 

once a minute at the fastest (at the start of the experiment) to once an hour at the slowest 

(starting September 29th, until the end of the experiment). During this time, the outdoor 

temperature was observed to drop over three days on (Oct. 4th – 7th), then again over Oct. 

10th – 16th. Both of these temperature changes corresponded to an extremely large upward 

shift in the camera image correction, with little horizontal shift necessary to stabilize the 
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image. This matches the concern that the camera stand, which is not inside of a 

temperature-controlled hood, is contracting due to a small change in the building 

temperature and requiring an opposing upward correction of the image.  

Unfortunately, indoor temperature data in the building was not recorded. However, it is 

likely that linear movement alone is not the only factor influencing the shift required. 

This experiment used a camera pixel to cm calibration factor of 135
𝑝𝑥

𝑐𝑚
, at this distance, a 

vertical correction of roughly 3 pixels due to temperature changes would correspond to 

0.022𝑐𝑚 of camera movement. With the camera being placed 10 inches above the base of 

the stand and the stand being made of steel, which has a linear thermal expansion 

coefficient in the range of 10-17 °𝐶−1 (this large uncertainty is due to the uncertainty in 

the type of steel used in the stand) [214], the expected motion due to a 10°𝐶 change is 

0.001𝑐𝑚, an order of magnitude lower. Though air conditioning may lag behind 

fluctuating or unexpected weather to some degree, a 10°𝐶 change is unlikely, and the 

additional motion could possibly be due to the stand bending slightly while expanding. 

This is unlikely to invalidate experimental results or even image stabilization corrections 

due to the small angle approximation allowing extremely slight changes in camera angle 

to be modeled as linear motion [215].  
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A32. n-Butane swelling kinetics in TPBOs  

 
Figure A35: Butane in TPBO-0.25 (red line), TPBO-0.75 (green line), and TPBO-0.00 (purple 

line) dilation kinetics in percent volume dilation at 35°C as a function of time since the first 

dilation step. Dashed lines denote experimental uncertainty found via linear error 

propagation[96–98], one standard deviation from the measured value.  

 
Figure A36: Butane dilation kinetics expressed as for various TPBO polymers, including 00 

(purple), 25 (red), 50 (orange), 75 (green), and 100 (blue) at 35°C as a function of time and at 0.88 

atm. Dashed lines denote experimental uncertainty found via linear error propagation[96–98], one 

standard deviation from the measured value.  
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