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CHAPTER I - FREE VOLUME AND GAS TRANSPORT IN POLYMERS: 

BACKGROUND 

1.1 Introduction 

Free volume is one of the most critical parameters in polymers which has a strong 

influence on gas transport, mechanical, rheological properties etc. among many others. 

But the property of interest for this thesis is gas or vapor transport in polymers. The gas 

or vapor permeation requirements of a polymer material obviously would depend on the 

type of application. Typically high permeation or flux is required for membrane or gas 

separation applications, and therefore membrane scientists strive to develop high flux 

polymers that selectively permeate the gas of interest. In chapters 2-4 we discuss the 

development of high flux polymer networks for membrane applications. Whereas low 

flux or high barrier is required for packaging or coating applications, and therefore there 

are needs for new packaging materials that can enhance the shelf life of foods or new 

coating resins that can further enhance barrier against corrosive species and prevent 

metals from corroding for longer durations. In Chapter 5 we discuss how the presence of 

moisture in epoxy amine networks affects polymer chain packing, and thereby its 

complex effect on oxygen permeation. 

1.2 Free volume in polymers   

The free volume of a polymer is the difference between its specific volume Vsp 

and the volume occupied by its molecules, i.e., Vocc.
1  

𝑉𝑠𝑝 = 𝑉𝑜𝑐𝑐 + 𝑉𝑓 (1) 

Where Vf is the specific free volume. Furthermore, Vf is the product of concentration, Nh’, 

and the average size of free volume holes <vh>. 
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𝑉𝑠𝑝 = 𝑉𝑜𝑐𝑐 + 𝑁ℎ
′ 〈𝑣ℎ〉  (2) 

Occupied volume Vocc is the product of van der Waal's volume Vvdw of the polymer and 

interstitial free volume. 

  Different natures of free volume in amorphous glasses and elastomers (liquids) 

can be understood from Figure 1.1. In elastomers (T>Tg) (Figure 1.1), the overall volume 

change has a higher slope (liquid line Vl), i.e., thermal expansivity is higher in elastomers. 

As the chain mobility increases (when T> Tg), the polymer expands because of the 

expansion of free volume holes. In this state, because of the higher mobility of the chains, 

the free volume holes in the polymer is dynamic in nature, i.e. it is constantly getting 

redistributed. Whereas, as the polymer is cooled down to a temperature below glass 

transition temperature (T<Tg), the long-range and the segmental mobility of the chains 

cease, and therefore the polymer has lower thermal expansivity (glassy line Vg). In this 

nonequilibrium state, free volume holes are frozen-in or static in nature because of the 

cessation of chain motions. This different nature of free volume states (i.e. static in 

glasses compared to dynamic in elastomers) influences the way gas transport happens 

through the polymer, which is briefly discussed in chapter 5.   

1.3 Factors affecting free volume in elastomers 

 In linear polymers, i.e., liquids, according to Fox and Loshaek, free volume (or 

specific volume) is usually dictated by the molecular weight of the chains.2 That is, as the 

number of chain ends decrease (or as molecular weight increases), the free volume of a 

polymer decreases and this has been proved experimentally as well.3  
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Figure 1.1  Schematic representation of Vsp vs. temperature following the concepts of 

Simha and Boyer4. 

But the focus of this thesis is on cross-linked polymers or thermosets. For cross-

linked polymers, according to the classical Fox Loshaek equation, increasing cross-link 

density results in free volume or specific volume decrease.2 That is, replacement of van 

der Waal’s or other intermolecular interactions with covalent bonds results in a decrease 

of free volume.2 Most studies agree with Fox Loshaek theory, i.e., increasing cross-link 

density of elastomers results in a decrease of free volume.5-9 But there are a few studies 

which showed no effect10 or contradictory results (i.e., increase in free volume with 

increasing cross-link density).11 Usually, elastomers are cross-linked by cross-linking 

agents or hardeners which along with cross-link density might also change the chemical 

nature of the system. For example, the concentration of sulfur is increased in a nonpolar 
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elastomer such as polybutadiene to increase cross-link density, and this increase in sulfur 

will also change the polarity or chemical nature of the elastomer along with cross-link 

density. Polarity or chemical nature of cross-linking moieties can affect the 

intermolecular interactions, and thereby affect chain packing or free volume. Therefore, 

two parameters, i.e., cross-link density and chemical nature change are together affecting 

free volume or chain packing in most polymer systems, when cross-link density is 

changed. This results in the deviation from the model derived by Fox and Loshaek which 

relates cross-link density to free volume in polymer networks.2 In chapter 2 of this thesis, 

we describe a series of polymer elastomeric networks prepared using thiol-ene chemistry, 

where molecular weight between cross-links Mc was changed by an order of magnitude 

without changing the chemical nature across the series. By doing that, we showed that 

this system obeys the Fox and Loshaek model. Whereas, in chapter 3 through 

perfluoriantion of thiol-ene networks, we discuss the effect of intermolecular interactions 

(repulsive interactions), i.e., the effect of changing chemical nature on free volume while 

cross-link density was kept constant. Chapter 4 gives insight on the synthesis and 

properties of hybrid thiol ene networks containing perfluorinated and polyethylene glycol 

moieties, which are polar opposite to each other.   

As mentioned earlier, free volume in elastomers is dynamic in nature, but in the 

case of perfluorinated thiol-ene elastomers, we surprisingly found that the huge free 

volume pockets formed, because of the repulsive interactions, around perfluorinated 

moieties are mostly static in nature. Altogether, chapters 2-4 of this thesis will shed light 

on how parameters such as cross-link density, and altering chemical nature of networks 
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can be effectively used to tune free volume, and thereby the gas transport properties of 

elastomers.  

1.4 Factors affecting free volume in glassy networks 

 Typically, in glasses, free volume scales as a function of Tg or chain rigidity.12-15 

When the chains are made by more rigid components, chain mobility ceases at a higher 

temperature (i.e., the material will have a higher Tg), and this results in accumulation of 

higher amounts of frozen-in or static hole free volume at room temperature (or any 

temperature below Tg). In chapter 5, there is a discussion in regards to the free volume in 

glassy epoxy-amine networks having different Tg values or chain rigidity. But the major 

focus of that chapter is to understand the effect of moisture sorption on free volume in 

glassy networks.  

 It has been shown in linear polymers that, moisture sorption results in a V-shaped 

trend. That is, initially as the glassy polymer absorbs water, free volume decreases. And 

beyond a particular moisture concentration, free volume of the polymer increases. It is 

mostly accepted that the initial decrease in free volume is due to water molecules filling 

free volume holes.16-17 But the possibility of moisture induced aging is also considered as 

a cause for this decrease.18 To the best of our knowledge, we could not find any studies 

on the effect of the moisture concentration on free volume of network (or crosslinked) 

polymers. Therefore, chapter 5 dwells about a comprehensive study on the effect of 

moisture sorption on free volume, oxygen, and water vapor transport of glassy epoxy-

amine networks.  
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1.5 Gas transport through polymers 

The transport of small molecules through polymers occurring as a result of the 

difference in partial pressures on either side of the material is commonly described by the 

solution-diffusion model where small molecule gases first sorb into the material, diffuse 

across free volume holes of sufficient size and desorb on the lower pressure side. Barrer 

described this phenomenon using the equation 𝑃 = 𝐷 × 𝑆, where P is the permeability 

coefficient, D is the diffusion coefficient and S is the solubility coefficient.19  Figure 1.2 

shows a schematic of this model.  

Permeability P is a proportionality coefficient of the material that defines the 

number of gas molecules that permeate a thickness, l, across a partial pressure 

differential, Δp, at a constant flux, J. The diffusion coefficient D of the material defines 

the random walk of small molecule gases through a polymer film with the total jump 

length, l (i.e film thickness), and a time lag, θ. The solubility coefficient S is Henry’s law 

constant for a given gas-polymer pair describing the amount of gas sorbed, C, into a 

polymer at a given external pressure, p.  

𝑃 =
𝐽∙𝑙

𝛥𝑝
  𝐷 =

𝑙2

6∙𝜃
 𝑆 =

𝐶

𝑝
  (3) 

In amorphous polymers, the diffusion process of light or small gases is considered 

to be a random walk of jumps between free volume elements of sufficient size at a given 

distance apart. 
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Figure 1.2  Schematic of the solution-diffusion model  

1.6 The relationship between gas transport and free volume in polymers 

Typically, gas diffusivity is related to free volume in the material by Cohen 

Turnbull model1 which is written as follows:20-24 

𝐷 = 𝐷ℎ𝑒(
−𝐵ℎ

ℎ
)
   (4) 

Where D is gas diffusivity, h is the fractional free volume of the material. Dh, and Bh are 

parameters which depend on penetrant gas. Therefore according to equation 4, the 

logarithm of gas diffusivity should change linearly as a function of 1/free volume 

according to equation 4, and it is well known that elastomers do obey this relationship.25 

In chapter 2, we show that the family of elastomers having a broad range of cross-link 

density did obey this model. But, the perfluorinated thiol-ene networks discussed in 

chapter 3 and alkylated thiol-ene networks discussed in a previous manuscript26 from our 

lab shows deviation from Cohen Turnbull model. This deviation is explained through the 

static nature of free volume pockets around the perfluorinated and alkylated moieties. 

Because of the static nature, these free volume holes cannot be redistributed and thereby 

results in lower gas diffusivity values than what it is supposed to be.   
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 Glassy polymers typically show good correlation between the free volume hole 

size and gas solubility.27-28 In chapter 5, we discuss the complex effect that water sorption 

has on free volume and thereby, gas transport properties in epoxy amine networks, and in 

particular on glassy epoxy amine networks. 

1.7 Thiol-ene Chemistry 

Thiol-ene reactions fall under Sharpless’ description of click chemistry.29-31 Click 

chemistry is the category wherein selective, highly efficient, modular, and orthogonal 

reactions that give no by-products can be found.  Thiol-ene reactions occur under mild 

conditions and produce nearly 100% yields, which allows for the development and study 

of various network systems without intense chemical synthesis or purification methods. 

Also, thiol-ene reactions require no solvents, can be performed in air and at room 

temperature. 

 

Figure 1.3 Mechanism of thiol-ene reactions 

The UV initiated radical addition of a thiol to a carbon-carbon double bond, 

known as a thiol-ene reaction, has seen a revival in research in recent years.30, 32-33  Figure 
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1.3 shows the mechanism of reaction between any thiol and an ene during UV 

polymerization. The key step in this reaction is the chain transfer from carbon-centered 

radical to thiyl radical via abstraction of hydrogen from thiol. The benefits of this 

reaction come from the radical step-growth nature of this polymerization. Contrary to 

oxygen inhibition in acrylates, where peroxy radicals cannot add to a double bond, in 

thiol-ene systems, peroxy radicals are able to extract hydrogen radicals from thiol 

moieties, allowing for the continuation of the polymerization. Also, thiol-ene chemistry 

produces more uniform networks with better control over cross-link density, which was 

taken advantage of for the preparation of a family of networks having a broad range of 

cross-link density described in chapter 2. Another biggest advantage of thiol-ene 

chemistry is the modularity, as there are a lot of thiol and ene functional monomers that 

are available commercially and also the monomers can be further modified to incorporate 

different functionalities.  

The reaction between acrylate and thiol via thio Michael addition allows for the 

expansion of thiol monomer toolbox. With the wide variety of monoacrylates available, 

different functionalities can be incorporated into the thiol-ene networks via the 

preparation of modified thiol monomers using the aforementioned thio Michael addition, 

which can significantly impact the intermolecular interaction within the network. Our 

group has previously shown this through the use of variety of different functional 

acrylates having widely different polarities, which were successfully incorporated into 

thiol-ene network scaffold.26, 34-35 In chapters 3 and 4, this method was utilized in creating 

perfluorinated and PEG modified thiol monomers to create perfluorinated and hybrid 

thiol-ene networks.     
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1.8 Pressure-Volume-Temperature High Pressure Dilatometry (PVT) 

Zoller developed a high pressure mercury dilatometer specifically for polymeric 

materials where mercury is mostly used as the confining fluid.36 This dilatometer 

measures the volume change of a polymer as a function of pressure and temperature. The 

resulting data can be used for calculating fundamental thermodynamic parameters of 

polymers such as coefficient of thermal expansion, compressibility, bulk modulus, and 

internal pressure. Figure 1.4 shows an example of special volume (Vsp) data collected 

from a standard isothermal run at pressures from 10 MPa to 140 MPa and in the 

temperature range of 30 °C to 150 °C. Gnomix software using Tait extrapolation then 

gives data extrapolated to 0.1 MPa. Vsp data obtained from this instrument is accurate to 

within ± 0.0015 cm³/g.36 

 

Figure 1.4 Example of PVT data obtained from Gnomix dilatometer.  
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This sample is D1E00 discussed in chapter 2. Dotted lines are S-S eos fits of the data 

PVT data is typically fit using Simha Somcynsky equations of state (S-S eos)37 to 

obtain the fractional free volume and a few other important molecular parameters of 

polymers. The equation of state is described in greater detail in chapter 2.  

1.9 Positron Annihilation Lifetime Spectroscopy (PALS) 

Positron annihilation lifetime spectroscopy is a technique that can directly probe 

the free volume elements in a polymer sample. The radioactive decay of 22Na (source) 

results in a gamma quantum of energy 1.28 MeV and a positron, e+.  The gamma quanta 

are detected by a BaF2 equipped photomultiplier tube (PMT) assembly tuned with a 

constant fraction discriminator (CFD) and is used to signify the “birth” of o-Ps.38 In a 

polymer sample, positron couples with an electron to form an ortho-Positronium species 

which has a radius close to that of a hydrogen atom, 0.529 Å. In a vacuum, o-Ps has an 

intrinsic lifetime of 142 ns but in condensed matter, such as polymers, the lifetime is 

reduced to a few nanoseconds or lower. Upon the “death” of o-Ps, caused by a pick-off of 

the positron by an electron in the surrounding medium, two gamma quanta of energy 

0.511 MeV are emitted and that is detected by another tuned PMT assembly. The time 

between these “birth” and “death” events is recorded using a time-to-amplitude converter 

(TAC) and compiled using a multi-channel analyzer (MCA). The frequency of these 

lifetime events is plotted as counts vs. lifetime as shown in Figure 1.5. Typical spectra are 

collected over one hour and the instrument is tuned to collect greater than 106 counts over 

that period of time. Figure 1.6 shows a typical PALS setup where the photomultipliers are 

aligned to the sample chamber and the figure also shows a general schematic of the fast-

fast coincidence system.  
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Figure 1.5  Typical PALS spectrum of the frequency of an event vs.. the lifetime of that 

event. 

Discs having a diameter of 1 cm are prepared for this analysis. The minimum 

sample thickness has to be at least 1 mm to ensure all Ps are annihilated within the 

polymer sample and not in the surrounding media. Two such disks are prepared. For thin 

films, disks can be stacked together to form 1 mm in thickness and then wrapped using 

aluminum foil. A foil-wrapped 22Na source packet is sandwiched between the two sample 

disks, and the sample source assembly is held together by a non-adhesive Teflon tape. 

The sample source assembly is then placed in the sample chamber, between the PMTs as 

shown in Figure 1.6. 

 

Figure 1.6 Schematic of a typical PALS instrument setup where temperature-controlled 

sample chamber is utilized for the tests.  

The schematic on the right shows the different components of a typical PALS spectrometer. 
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A typical PALS spectrum includes the lifetime contributions of three annihilation 

events: the short-lived para-Positronium annihilation, free positron annihilation, and the 

long-lived ortho-Positronium annihilation. The deconvolution of the three lifetimes from 

a spectrum is performed using PATFIT-88 software39 which outputs the average lifetime 

and relative fraction of positrons that annihilate from each of these Ps events. The 

resulting lifetimes (τ1, τ2, and τ3) and intensities (I1, I2, and I3) are obtained from the 

software. Since the first two annihilation events occur at lifetimes much shorter than the 

long-lived o-Ps annihilation, polymer data analysis only focuses on the o-Ps lifetime and 

intensity, τ3 and I3. Eldrup and Tao correlated τ3 with void volumes in zeolite membranes 

with the assumption that the voids are spherical.40 The radius of a free volume element, 

R, can be obtained from the experimentally determined τ3 using eq 5. 

𝜏3 =
1

2
[1 −

𝑅

𝑅𝑜
+

1

2𝜋
sin (

2𝜋𝑅

𝑅𝑜
)]

−1

  (5) 

 In chapter 5, the effect of moisture sorption on free volume is discussed. 

To study that accurately, moisture desorption or adsorption should not happen during the 

testing of a moisture sorbed sample. To address that issue, a novel PALS humidity 

chamber was designed and fabricated in-house, and chapter 5 discusses the methodology 

of humidity control within that chamber.   

1.10 Constant Volume Variable Pressure (CVVP) instrument 

The transport phenomena of light gases through polymers can be studied using 

various techniques, CVVP is one among them. The constant volume variable pressure 

(CVVP), or diffusion lag technique allows for the determination of all three transport 

properties, i.e., P, D, and S, from one single experiment.19, 41 In this test high pressure gas 

is applied to the upstream side of a polymeric film. The desorbed gas is collected in a 
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downstream vessel which has a calibrated volume. The downstream pressure increases as 

a function of time and is recorded using a differential pressure transducer where the 

reference pressure is a high vacuum. Figure 1.7 shows a typical CVVP data collected for 

a polymer film. First the gas sorbs into the upstream surface, then it diffuses through and 

desorbs on the downstream side of the film. The pressure in the downstream slowly 

increases until a steady state pressure increase versus time, dp1/dt, is achieved. Steady-

state pressure vs time is fit using first order linear regression. The permeability 

coefficient P is then calculated using: 

𝑃 =
𝑉𝑑𝑙

𝑝2𝐴𝑅𝑇
[(

𝑑𝑝1

𝑑𝑡
)

𝑠𝑠
− (

𝑑𝑝1

𝑑𝑡
)

𝑙𝑒𝑎𝑘
]  (6) 

where Vd is the downstream volume, l is the film thickness, A is the film area exposed to 

the permeate gas, R is the gas constant, and T is the absolute temperature.41 The linear 

extrapolation of the steady state pressure to x-axis will give time lag, θ, which is then 

used to calculate the diffusion coefficient according to Equation 2. Applying the solution-

diffusion model, the solubility of the gas can be determined using S = P/D. 
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Figure 1.7  A standard downstream and upstream pressures as a function of time 

collected during a CVVP test. 

Figure 1.8 shows a schematic of the instrument used in our lab which is based on Pye’s 

description of the instrument.41 In this experimental setup, there are two sample cells to 

allow for the testing of two samples simultaneously. Samples are typically degased 

overnight or for greater than 12 hours.  

 

Figure 1.8 Schematic of a constant volume variable pressure apparatus. 
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1.11 Summary 

Therefore, based on the background, the objectives of this research were devised 

as follows: 

• To quantify free volume in a family of networks having a broad range of 

cross-link density using thiol-ene chemistry and to check if the networks 

obey Fox Loshaek model (Chapter 2). 

• To synthesize a series of perfluorinated thiol-ene networks containing 

varying lengths of the perfluorinated dangling moiety, and therefore study 

the effect of repulsive intermolecular interactions on free volume and gas 

transport properties of networks (Chapter 3). 

• To synthesize hybrid networks containing perfluorinated and PEG 

dangling moieties, and to study the effect of intermolecular interactions on 

free volume and gas transport properties (Chapter 4).  

• To study the effect of moisture sorption on free volume, oxygen, and 

water vapor transport of epoxy-amine networks (Chapter 5).    
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CHAPTER II - PROBING FREE VOLUME IN MODEL PEG CONTAINING THIOL-

ENE NETWORKS: THE EFFECT OF CROSSLINK DENSITY 

2.1 Abstract 

A family of PEG based elastomeric networks having a broad range of molecular 

weight between cross-links Mc was produced by gradually decreasing the ratio of 

trifunctional to bifunctional thiol monomers, and curing with a bifunctional ene monomer 

while maintaining 1:1 thiol:ene stoichiometry. Dielectric spectroscopy studies revealed 

similar dielectric permittivity values for the networks, which indicated uniformity in 

chemical nature across the series. High pressure dilatometry studies were performed to 

study the effect of temperature and pressure on the specific volume of the networks (PVT 

analysis). The Simha-Somcynsky equation of state theory was used to fit the PVT data of 

the networks and to extract the fractional free volume of the networks. The fractional free 

volume of the networks changed linearly as a function of cross-link density, which agrees 

with the Fox and Loshaek theory.  Average free volume hole size of the networks probed 

using positron annihilation lifetime spectroscopy, also changed linearly as a function of 

cross-link density. A free volume based model was developed to describe the gas 

diffusivity trends of the networks as a function of cross-link density. 

2.2 Introduction 

 Polymer membranes offer several important advantages, i.e., lower energy 

consumption and environmental footprint, over more traditional gas separation methods 

such as distillation and pressure swing adsorption.1-3 In the gas separation industry, 

carbon dioxide separation from other important light gases such as methane, nitrogen, 

and hydrogen has been an important domain for natural gas enrichment, flue gas capture, 



 

23 

hydrogen purification industries respectively.4-6  Over the last few years, a considerable 

amount of research has been carried out towards the development of polymer membranes 

for CO2 separation.7-11 It is well known that the addition of poly(ethylene glycol) (PEG) 

units improves the CO2 selectivity of the membranes, because of the Lewis acid-base 

type interaction between the PEG units and CO2.
7-8, 11  

Recently, our group developed and studied the gas transport and gas selectivity of 

a series of elastomeric networks containing PEG units, which were synthesized using 

thiol-ene chemistry.8 In these networks, PEG content was increased by increasing the 

ratio of a PEG containing dithiol to a trithiol crosslinker, which were then UV cured with 

a PEG containing diene, while maintaining 1:1 thiol:ene stoichiometry (Figure 2.1). This 

method produced a series of networks, in which increases in PEG content led to 

simultaneous increases in molecular weight between cross-links (Mc). The experimental 

gas diffusivities of these networks showed outstanding dependence on Mc, which was 

hypothesized as a free volume effect. A free volume based model was developed to 

describe the gas diffusivities of these networks as a function of their Mc, assuming that 

the system obeyed Fox Loshaek model.8  

 Fox and Loshaek studied the effect of cross-link density on changes in specific 

volume and glass transition temperature. According to their model, the specific volume of 

the networks should linearly decrease and glass transition temperature should linearly 

increase with cross-link density. But if the changes in cross-link density also cause 

simultaneous changes in chemical nature (or polarity), the linearity between the 

aforementioned parameters gets affected.12 There have been quite a few studies, in the 

past, on the effect of cross-link density on either free volume or gas transport in polymer 
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networks.13-19 As expected, most of these studies showed that decreases in cross-link 

density led to increases in free volume or gas diffusivity (or permeability), but there were 

very few attempts to show if the system obeys the Fox and Loshaek model.17 This might 

be because, changes in cross-link density, in most cases, causes simultaneous changes in 

chemical nature (or polarity). For example, if the amounts of polar cross-linking agents 

like sulfur, isocyanate or peroxides etc. are varied to change the cross-link density of 

predominantly hydrocarbon networks, it can dramatically affect the chemical nature as 

well, alongside the cross-link density. The chemical nature or polarity can also affect the 

chain packing and free volume. Thereby, the linear relationship between free volume and 

cross-link density can get affected, as mentioned earlier and the system might not obey 

the Fox and Loshaek model.  In some cases, changes in cross-link density are made by 

varying the ratio of a difunctional monomer to a  monofunctional monomer.7, 20-22 In such 

cases, apart from cross-link density, the chain ends of the mono-functional monomer will 

also affect the free volume.12 Also, networks synthesized through step growth or chain 

growth cross-linking produces heterogeneous networks. Thus, the task of studying the 

effect of cross-link density alone on free volume becomes arduous.        

In the PEG based thiol-ene networks, though Mc was changed by an order of 

magnitude, we assumed that the chemical nature (or polarity) remained uniform across 

the entire series.8 Also, it is well known that thiol-ene chemistry produces more uniform 

networks when compared to the step growth or chain growth cross-linking.23-25 Owing to 

the uniformity and chemical similarity of the networks, it was hypothesized that these 

PEG based thiol-ene networks will obey Fox and Loshaek model, and therefore the 

diffusivity trends were excellently modeled as a function of Mc (or cross-link density), 
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but free volume parameters were not quantified in the previous paper.8 Thus, the goal of 

this work was to quantify the free volume parameters of the PEG based thiol-ene 

networks and to check if the system obeys the Fox and Loshaek model, as hypothesized 

in the previous paper.  

2.3 Experimental  

2.3.1 Materials 

Monomers triethylene glycol divinyl ether (TEGDVE), 2,2′- 

(ethylenedioxy)diethanethiol (EDDT) and photo-initiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) were obtained from Aldrich. Trithiol cross-linker 

trimethylolpropanetri(3- mercaptopropionate) (3T) was provided by Bruno Bock. All 

materials were used as received and their chemical structures are shown in Figure 2.1.         

2.3.2 Sample preparation 

 The recipes used for sample preparation are shown in Table 2.1. The amounts of 

bifunctional thiol (EDDT) and trifunctional cross-linker thiol (3T) were varied to change 

the concentration of cross-links in the networks while maintaining 1:1 thol:ene 

stoichiometry. Films were prepared by UV curing using the procedure shown elsewhere.8 

Monomers were taken in a vial in accordance with the recipes shown in Table 2.1 along 

with 1wt% DMPA photoinitiator for preparing the samples. The mixtures were sonicated 

for 10 min at room temperature and then were poured onto the glass plates, where they 

were sandwiched by placing another glass plate on top. Sample thicknesses of around 0.5 

mm were achieved by placing spacers in between the glass plates. Glass plates with the 

samples were then placed under the UV light for 4 min to cure the samples, where the 

plates were flipped after 1 min. The membranes were then removed from the glass plates 
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Experiments were conducted in different relative humidity chambers to generate water 

vapor permeability of the samples as a function of relative humidity.     

5.6 Results and discussion 

 In this study epoxy-amine networks having different Tg values were chosen and 

Figure 5.3 shows the tan delta peaks of the networks obtained from DMA experiments 

and the figure also indicates the Tg of the networks.  DGEBA based E825-DDS (Tg = 227 

°C) was the most rigid among glassy networks, followed by the ones containing 

cyclohexyl derivative based E1510, i.e. E1510-DDM and E150-EDR148 which showed 

Tg of 136 °C and 61 °C respectively. Whereas, the networks containing long chain amine 

crosslinkers, i.e., E1510-ED900 and E1510-THF100 formed rubbery networks, because 

of lower cross-link density.    

Figure 5.4 (a-e) shows the moisture sorption kinetics of the networks at different 

%RH conditions and it also indicates the moisture content at saturation or near saturation 

for all the networks at different %RH conditions obtained from DVS analysis. In rubbery 

networks, moisture absorption reaches saturation in about 200 minutes or lesser, except 

for the highly polar E1510-ED900 at 95% RH. Whereas in glassy networks, the moisture 

absorption reaches saturation within 1000 minutes (less than a day), except for the more 

polar E1510-EDR148 which at 75% and 95% RH does not reach saturation even after 

2500 minutes of exposure, but the curve characteristics show that the moisture absorption 

is close to reaching saturation.  Figure 5.4(f) compares the moisture absorption of the 

networks. After 1-day exposure to 95% RH, comparatively more polar glassy networks 

E1510-EDR148 and E1510-DDM absorbed more than 3.5 wt% moisture. Whereas, 

E825-DDS and E1510-THF100 contained less water, i.e., 1.9 and 2.5 wt% water 
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respectively after a 1-day exposure to 95% RH. The highly polar E1510-ED900 network 

absorbs 27 wt% water at 95% RH because of the presence of long chain PEG based 

amine cross-linker, i.e., ED900. 

To study the effect of moisture on network plasticization, E1510-EDR148 

network was studied using RH-DMA experiments. Figure 5.5 shows the decrease in Tg of 

the network with an increase in relative humidity. After 2 hours of exposure to 95% RH, 

the Tg of the network was reduced to 59.4 °C compared to the dry Tg of 70 °C.     

 

Figure 5.3 Tan delta vs. temperature obtained from DMA analysis plotted for all the 

networks. Number indicates the tan delta peak, i.e. Tg. 
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Figure 5.4 Water vapor sorption characteristics of (a) E1510-EDR148, (b) E1510-DDM, 

(c) E825-DDS, (d) E1510-THF100, (e) E1510-ED900 networks at different relative 

humidities. (f) shows the water content in the samples after 1-day exposure to different 

relative humidities 
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Figure 5.5 Storage Modulus E’, Loss Modulus E”, and Tan Delta plots of E1510-

EDR148 at different RH% conditions. 

 Figure 5.6 shows the depression in Tg of the network (obtained from tan δ peak of 

RH-DMA analysis) as a function of water weight fraction in it. The water content of the 

network at different %RH conditions obtained from DVS experiments was used for the 

plot. The experimental Tg depression was compared with the Fox equation prediction28, 

which is based on equation 5.   

1

𝑇𝑔
=

𝑤𝑡1

𝑇𝑔1
+

𝑤𝑡2

𝑇𝑔2
  (5) 
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Where Tg is the glass transition temperature of the network at different hydrated states. 

𝑤𝑡1and 𝑤𝑡2 are weight fraction of water and polymer respectively in the system. 𝑇𝑔1 is 

the glass transition temperature of water which was assumed as -137 °C29 and 𝑇𝑔2 is the 

glass transition temperature of the dry network. The depression in Tg of the network 

showed a negative deviation from the Fox prediction (Figure 5.6). This negative 

deviation from Fox equation has been associated with weakening of the intermolecular 

interactions of the stiffer component by the second component.30 In the case of hydration 

of E1510-EDR148 network, it can be assumed that in addition to the dilution effect, 

bound water also disrupts the intramolecular hydrogen bonding in the network leading to 

further lowering of  Tg than what Fox equation predicts.      

 Figure 5.7(a) shows the effect of relative humidity on average free volume hole 

size of the networks obtained from PALS analysis. In the dry state, the average free 

volume hole size <vh> of the elastomeric networks, i.e., E1510-THF100 and E1510-

ED900 were greater than 140 Å³ and these values were significantly higher than that of 

the glassy networks that were analyzed in this study. Though the elastomeric networks 

had different amine crosslinkers they showed very similar free volume in the dry state 

and this can be attributed to the similarity of the chain lengths of the amine cross-linkers 

THF100 and ED900, i.e., the cross-link density or average molecular weight between 

cross-links of both the elastomeric networks were comparable, and it is well known that 

cross-link density is one of the important parameters affecting free volume in 

elastomers.15-18 Among glasses, in the dry state <vh> values correlated with network 

rigidity (Tg). i.e. E825-DDS showed a higher free volume followed by E1510-DDM and 
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E1510-EDR148, and in general, it is known that glasses with higher chain rigidity have 

larger free volume.13-14, 19-20      

 

Figure 5.6 Tg vs. water fraction of the E1510-EDR148 network compared with Fox 

equation prediction 

 In both the elastomers, moisture sorption did not have any effect on <vh> (Figure 

5.7(a)). The free volume holes in elastomers are dynamic in nature. In the case of E1510-

THF100, even at 95% RH, the network absorbs only around 2.5 wt% moisture (Figure 

5.4(d)) which probably was not enough to cause any substantial amount of swelling, and 

therefore relative humidity or moisture absorption did not have any effect on the free 

volume of E1510-THF100 network. Whereas E1510-ED900 absorbs about 27 wt% 

moisture at 95% RH (Figure 5.4(e)) and yet the free volume parameter <vh> measured by 

PALS at 85% and 99% RH surprisingly did not show any significant difference from that 
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of <vh> of E1510-ED900 measured at dry state. Swelling and plasticization of E1510-

ED900 network by >20 wt% water would have significantly reduced the Tg of the 

network. DMA analysis of dry E1510-ED900 gave a Tg value of -11 °C and if -137 °C29 

is assumed as the Tg of water, then the network containing 0.2 weight fraction of water 

will have a Tg of ~-52 °C according to  Fox equation (eq. 5)28. PALS measurements were 

performed at room temperature, i.e., 23 °C which is much greater than Tgs (< -52 °C) of 

water swollen E1510-ED900 network at 85% and 99% RH. It has been reported in the 

literature that when PALS measurements are performed at a T>>Tg, because of 

positronium bubble formation31 or because o-Ps lifetimes are comparable to the 

relaxation times of polymer,32-33 o-Ps lifetimes does not reflect the actual values of free 

volume hole sizes. Therefore, the aforementioned phenomenon can be assumed as the 

reason why RH did not have any effect on <vh> of E1510-ED900 network.         

 

Figure 5.7 (a) Average free volume hole size <vh> vs. relative humidity of the networks. 

(b) <vh> vs. water content of E1510-EDR148 and E1510-DDM. 

Whereas, the glassy networks showed a V-shaped trend for <vh> as a function of 

RH or water content (Figure 5.7). The V-shaped trend was more pronounced for E1510-
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EDR148 and E1510-DDM networks than for E825-DDS network, and this is because the 

first two networks absorb more water (>3.5 wt% after a day in 95% RH), whereas the 

later network absorbs 2.5 wt% after a day’s exposure to 95% RH (Figure 5.4(f)). The 

inherent differences in the polarity of the networks influence the moisture content in the 

networks at different RH conditions which in turn influences the free volume of the 

networks at different RH conditions. For E1510-EDR148, <vh> decreased from 74 Å³ to 

60 Å³ after 1-day exposure to 75% RH. Similarly, for E1510-DDM <vh> decreased from 

87 Å³ to 75 Å³. This decrease in <vh> was caused by 2.2 wt% and 2.4 wt% water for 

E1510-EDR148 and E1510-DDM networks respectively. This decrease in <vh> due to 

water sorption has previously been reported for linear glassy polymers such as ethylene-

vinyl alcohol copolymer (EVOH)23, polyamide 622, poly(arylene ether sulfone)25, 

aromatic polyamides24, and DGEBA based epoxy amine network34. In the 

aforementioned studies, the effect of water sorption on free volume was studied by pre-

conditioning the polymer samples at different RH conditions or exposing the samples to 

liquid water, followed by <vh> measurements using PALS experiments. Except for the 

study on EVOH23 and poly(arylene ether sulfone)25, the other studies did not discuss 

maintaining the RH condition during the PALS experiment or how they took into account 

moisture desorption or absorption that can happen during the duration of PALS 

experiment. However, in the study on polyamide 6, the authors used Fick’s law of 

diffusion and extrapolated the o-Ps lifetimes to zero time to obtain the values of <vh> at 

different RH conditions to account for moisture desorption and absorption during the 

experiments.22 Whereas in our study since RH conditions were accurately maintained, 

<vh> values remained consistent across seven hours (or seven spectrums), i.e., during 
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one PALS experiment at any particular RH conditions, consistent <vh> values were 

obtained from all seven spectrums.  

Most researchers agree that water molecules occupy the frozen-in (or static) free 

volume holes of glassy polymers which causes this decrease in <vh>,23, 25 i.e., Langmuir 

type of sorption. But they do not rule out the possibility of humidity-induced aging, i.e., 

the overall decrease in bulk volume caused by relaxation (or plasticization) of chains 

caused by water, leading to better packing22. Figure 5.8 compares the <vh> and the 

volume change of E1510-EDR148 network at different relative humidities. After 

exposure to 44% RH, there was negligible change in volume (i.e., 0.06%), whereas <vh> 

decreased from 74 Å³ to 69 Å³. This means that the 1.5 wt% (value obtained from DVS 

analysis) of water that was absorbed by E1510-EDR148 network after a 1-day exposure 

to 44% RH, mostly filled the frozen-in holes of the E1510-EDR148 network. From 44% 

to 75% RH, while the <vh> of the network decreased from 69 Å³ to 60 Å³, the volume of 

the network increased by 1%. This means that in E1510-EDR148 network, beyond 44% 

RH, in addition to the water molecules filling the pre-existing free volume holes, they 

also started to sorb into the network, i.e. Henry type sorption, which caused the increase 

in volume.  

Beyond 75% RH, <vh> of all the glassy networks increased, which creates the V-

shaped trend for <vh> as a function of RH. For the E1510-EDR148 network, the <vh> 

increased from 60 Å³ to 88 Å³ as RH was increased from 75% to 99%. This is because, 

beyond 75% RH, Henry type sorption dominates, i.e. sorbed water dissolves into the 

network causing the swelling of the networks. As water molecules swell into the network, 

they increase the distance between the chains, decrease the intermolecular interactions, 
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and thereby causing the increase in <vh> and bulk volume alike.  Figure 5.8 shows that at 

99% RH, the volume of E1510-EDR148 increased by 2.5%. Previous studies on glassy 

linear polymers such as polyamide 622, EVOH23, poly(arylene ether sulfone)25, aromatic 

polyamides24, poly(ethylene imine)/poly(acrylic acid) multilayers35 have shown this V-

shaped trend and studies on poly(vinyl alcohol)36,  and poly(propylene glycol) based 

epoxy amine network34 have shown an increase in free volume after sorption in liquid 

water. The study on EVOH showed a transition from the regime where free volume 

decreases to the regime where free volume increases, at 30% RH,23 whereas for 

polyamide 6 it was at 50% RH,22 and for aromatic polyamides at 54% RH24. In this study, 

all the networks showed a transition at around 75% RH. This difference in the region of 

transition for different polymers might be due to the differences in the amount of 

moisture absorbed by different polymers at different RH conditions, which in turn is due 

to the differences in polarity of the polymers, i.e., a more polar network might show a 

transition at a lower RH. EVOH and polyamide polymers are more polar and have more 

H-bonding sites for water compared to the glassy networks used in the present study and 

hence the linear polymers studied in the previous reports showed the transition at lower 

RHs. E1510-EDR148 and E1510-DDM both show transition at 75% RH because of the 

similar polarity of the networks, as they absorb similar levels of water at different RH 

conditions (Figure 5.4(f)), and hence the trends of <vh> as a function of water content 

(Figure 5.7(b)) looks similar for both E1510-EDR148 and E1510-DDM.              

Figure 5.9 compares the oxygen transmission of E1510-EDR148 and E1510-

DDM networks measured at different RH conditions by MOCON instrument. As 

expected, once equilibrium is attained, oxygen transmission of the E1510-DDM network 
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is much higher than that of the E1510-EDR148 because of the inherently higher free 

volume of the E1510-DDM network (Figure 5.7). To get a deeper understanding of 

oxygen transport, oxygen flux (transmission) data was fit using eq 2 as described in the 

experimental section.                

Figure 5.10 shows that, in the dry state, the oxygen permeability of E1510-

EDR148 is almost half as that of the E1510-DDM network. This difference is mainly due 

to the differences in oxygen solubility of the two networks, as there was not any 

significant difference in oxygen diffusivity. Oxygen gas sorbs in to the frozen-in free 

volume holes in glasses, and the transport happens by hoping of gas molecules between 

neighboring free volume holes towards the direction of lower chemical potential or lower 

oxygen partial pressure region.37-39 Therefore, solubility is proportional to the amount of 

free volume in the material, and hence oxygen solubility and thus the oxygen 

permeability is higher in E1510-DDM when compared to E1510-EDR148.   
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Figure 5.8 Average free volume hole size <vh> and bulk volume change of E1510-

EDR148 network plotted as a function of relative humidity. 
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Figure 5.9 Oxygen transmission of (a) E1510-EDR148 and (b) E1510-DDM network 

films measured as a function of time by MOCON instrument. 

 

Figure 5.10 Oxygen transport parameters (permeability, diffusivity, and solubility) of (a) 

E1510-EDR148 and (b) E1510-DDM vs. relative humidity. 9(c) Oxygen transport 

parameters of E1510-EDR148 vs. water content in the network. 
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hopping distance or jump distance for oxygen gas molecules remains constant even 

though water molecules fill some free volume holes, which explains the reason why 

water sorption did not have any effect on oxygen gas diffusivity of E1510-DDM network.   

Beyond 44% RH, oxygen diffusivity through E1510-EDR148 network increased. 

As the chain motions increase, the activation energy required for oxygen gas molecules to 

hop between free volume holes decreases and therefore increasing the oxygen 

diffusivity.43 It can be hypothesized that in the case of E1510-EDR148, water starts to 

sorb into the network beyond 44% RH disrupting the intermolecular Hydrogen bonding, 

which caused the improvements in chain dynamics resulting in oxygen diffusivity 

upswing. As discussed earlier this Henry-type sorption also caused volume increase 

beyond 44% RH (Figure 5.8) in E1510-EDR148 network.  

 

Figure 5.11 Effect on relative humidity on (a) water vapor transmission and (b) water 

vapor permeability in E1510-EDR148 and E1510-DDM networks. 

Figure 5.11(b) shows that there is no significant difference between the water 

vapor permeability values of E1510-EDR148 and E1510-DDM networks up till 85% RH. 

Also, RH had no significant effect on water vapor permeability up till 75% RH, and 
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