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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, 
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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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4.3.2 Synthesis of perfluorinated and PEG modified thiol monomers  

4T-f6 and 4T-PEG monomers shown in Figure 4.2 were synthesized using thio-

Michael reaction. The quantities of reactants are taken such that only thiol moiety of 4T 

in average gets reacted to the acrylate to produce a trifunctional thiol monomer 

containing PEG or perfluorinated dangling moiety (Figure 4.2). The synthetic procedure 

is explained in detail in Chapter 3. Prepared 4T-PEG modified monomer was analyzed 

using 1H NMR to confirm the modification. The procedure of this analysis is explained in 

detail in Chapter 3.  

 

Figure 4.2  (a) Network components. (b) Schematic of a hybrid PEG and perfluorinated 

thiol-ene network.  
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4.3.3 Synthesis of Hybrid Thiol-Ene Elastomers 

 Appropriate amounts of 4T-f6 and 4T-PEG modified monomers were reacted 

with TTT while maintaining 1:1 thiol:ene stoichiometry, to obtain network films. Even 

though perfluorinated and PEG moiety were very different in their chemical nature, since 

they were covalently bonded to a common entity, i.e. 4T (Figure 4.2(a)), the modified 

monomers 4T-f6 and 4T-PEG readily dissolved into each other. Five networks were 

synthesized having varying amounts of PEG and perfluorinated contents using the 

synthetic procedure outlined in Chapter 3. Table 3.1 shows the list of networks 

synthesized and Figure 4.2(b) shows a schematic of the network.  

Table 4.1 List of hybrid thiol-ene networks and their PEG and fluorine contents 

Sample PEG content (wt%)  Fluorine content (wt%) 

PEG00 0 16.19 

PEG08 8.44 11.76 

PEG16 16.363 7.61 

PEG24 23.824 3.69 

PEG30 29.486 0.72 

 

Thermal analysis of the networks was performed using a differential scanning 

calorimetry - TA Q2000. Heat-cool-heat program was employed, i.e., 35 °C to 100 °C at 

a ramp rate of 10 °C/min, 100 °C to -70°C at 5 °C/min, and -70 °C to 100 °C at 10 

°C/min. TA data analysis software was used to process the data. Glass transition 

temperature of the networks was determined from the second heat curves.     

Average free volume hole size, <vh>, of the networks were measured using 

positron annihilation lifetime spectroscopy (PALS).  Discs having a diameter of 1 cm 
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were punched out from the films. Discs were stacked to make the thickness of 1 mm. 

Positron source, 30 μCi 22Na, enclosed in an Al foil was sandwiched between two stacked 

discs. A detailed description regarding PALS experimental procedure can be obtained 

from Chapter 3.  

Each PALS spectrum was collected for 1 hour to get at least 1 million incidences 

using Ortec Positron Lifetime System (Advanced Measurement Technology, Oak Ridge, 

TN). For each sample, seven spectrums were collected at ambient conditions (i.e., 23 °C 

and 45% RH). Spectrums were fit and o-Ps lifetimes τ3 were obtained using PATFIT-88 

software to obtain <vh> values.20     

Water vapor permeability of the networks was measured using wet cup test 

method as described by ASTM E 96-95. In this method, an open mouth cup containing 

water was covered by the test sample. The edges of the sample film were sealed to the 

edges of the cup. The assembly was then placed in a 57% relative humidity chamber, 

where the 57% relative humidity was controlled by having saturated sodium bromide 

solution. Further details regarding experimental procedure and analysis can be obtained 

from Chapter 3.  

Gas permeation of the networks was studied using custom-built constant volume 

variable pressure (CVVP) instrument described elsewhere by our group.15 Networks were 

degassed for at least 12 hours prior to permeation experiments. In the upstream, gas was 

purged at a pressure of ~3 atm.  Increase in pressure in the downstream was recorded as a 

function of time. Permeability P of the networks were calculated from the steady-state 

slope of downstream pressure vs. time (dp/dt) using equation 2.    

𝑃 =
𝑉𝑑𝑙

𝑝𝐴𝑅𝑇
(

𝑑𝑝

𝑑𝑡
)  (2) 
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Where Vd is the downstream volume, l is the film thickness, p is the applied upstream 

pressure, A is the area under test, R is the universal gas constant, and T is temperature. 

The extrapolation of steady-state slope to x-axis gives the time lag values (tL), from 

which the gas diffusivity of the networks was calculated using equation 3. Gas solubility 

S can be calculated from 𝑃 = 𝐷 × 𝑆.  

𝐷 =
𝑙2

6𝑡𝐿
   (3) 

4.4 Results and discussion 

 4T-PEG monomer modification was confirmed by the 1H NMR analysis. Figure 

4.2(a) shows the disappearance of acrylate shifts at 6 ppm to confirm monomer 

modification.19, 21  

 

Figure 4.3  (a) 1H NMR spectra of 4T-PEG modified monomer. (b) Picture of a 

transparent hybrid PEG and perfluorinated thiol-ene network film.  
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 The hybrid thiol-ene networks obtained through this 2-step strategy yielded clear 

and transparent films and Figure 4.2(b) shows an example of a film produced through this 

method. This means, no visible phase separation was seen, even though two incompatible 

entities such as PEG and perfluorinated moieties were varied within the system. This 

again demonstrates the benefits of this 2-step approach and the fast reaction kinetics of 

thiol-ene chemistry.18-19, 21-22 Since PEG and perfluorinated moieties are covalently 

bonded to the thiol monomer 4T (through the first step), during the thiol-ene curing (i.e., 

the second step), the fast reaction kinetics of thiol-ene chemistry prevents the phase 

separation, and locks-in PEG and perfluorinated dangling moieties within the network 

scaffold.    

 

 

Figure 4.4  (a) Second heat thermograms of the hybrid networks obtained from DSC 

analysis (endo up). (b) Glass transition temperature of the hybrid networks plotted vs. 

PEG content 

 DSC results further proved the homogeneity of the networks, as only a single 

glass transition temperature was seen (Figure 4.4(a)) for all networks. Also, no 

endothermic peaks were seen, i.e., amorphous networks were obtained. The absence of 
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endothermic peaks also indicates that thiol-ene curing reactions resulted in close to 100% 

conversion.  

Figure 4.4(b) shows a gradual decrease in Tg of the networks as PEG 

concentration was increased (or as fluorine concentration was decreased).  It is well 

known that the flexible nature of PEG moieties can plasticize the material,23 and this led 

to a gradual decrease in Tg of the networks as PEG concentration was increased. Addition 

of 30 wt% PEG resulted in a Tg decrease of ~25 °C. 

 

Figure 4.5 Average free volume hole size of the networks <vh> plotted as a function of 

PEG content.  

In the previous chapter, the effect of perfluorinated moieties to create high 

amounts of free volume was discussed in detail. The repulsive interaction between 

perfluorinated dangling moieties and polar backbone is the reason why high free volume 

networks were created. Whereas, in this study as perfluorinated dangling moieties are 

gradually replaced with PEG moieties, <vh> measured from PALS analysis decreased as 
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shown in Figure 4.5. Unlike perfluorinated moieties, PEG moieties can have attractive 

polar interactions with the polar moieties in the thiol-ene backbone, which will reduce the 

average free volume hole size of the networks as shown in the schematic of Figure 4.2(b).   

 

Figure 4.6 (a) Gas permeability, (b) Gas solubility, and (c) Gas diffusivity of the 

networks as a function of PEG content  

 Figure 4.6(a) shows that PEG concentration only influenced CO2 permeability. 

For all other gases, PEG concentration did not have any significant effect on gas 

permeability.  For CO2, the permeability increased till 15 w% PEG, and after that CO2 
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permeability leveled off. To get a deeper understanding, decoupled values, i.e., 

diffusivity and solubility are plotted as a function of PEG concentration.  

Network modification did not affect gas solubility, except for CO2 solubility 

(Figure 4.6(b)). Gas solubility scaled as a function of its critical temperature, i.e., CO2 gas 

owing to its higher critical temperature has high solubility. Also, favorable interactions 

between gas molecules and network moieties can result in increase of gas solubility, and 

it is known that Lewis acid-base type interactions exist between CO2 and PEG.7-8 

Therefore, as PEG concentration was increased, CO2 solubility of the hybrid networks 

increased, and the effect leveled off beyond 15 wt% CO2 (Figure 4.6(b)).  

Whereas, surprisingly, PEG concentration did not have any effect on gas 

diffusivity (Figure 4.6(c)). Figure 4.5 shows that when PEG content in the network was 

about 30% wt%, <vh> of the networks decreased by 4 times compared to a network 

containing no PEG, i.e., only perfluorinated dangling moieties. It is well known that gas 

diffusivity depends on free volume in the material.24-30 If that is the case, gas diffusivity 

should have shown a clear decreasing trend with increasing PEG concentration. But in 

chapter 3, we discussed the static nature of free volume around perfluorinated moieties 

which results in a negative deviation from Cohen Turnbull model24, i.e., lower values of 

gas diffusivity than what its free volume suggests. Also, Figure 4.4 shows a clear 

decrease in Tg of the networks with increasing PEG concentration. That is, as the PEG 

concentration is increased, chain mobility of the networks increases, which will aid in the 

redistribution of free volume, which in turn would aid gas diffusivity.31 Therefore, it can 

be said that the decreases in free volume were compromised by the increases in chain 

mobility, which thereby resulted in no effect of PEG concentration on gas diffusivity.    
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Figure 4.7 Robeson plot for CO2/N2 gas pair.32  Data points for hybrid PEG 

perfluorinated thiol-ene networks are compared with that of perfluorinated thiol-ene 

networks. 

Selectivity for CO2 with respect to N2, α, was calculated for each network using 

equation 4. 

  α = PCO2/PN2                                                                                 (4) 

where PCO2 is CO2 permeability and PN2 is N2 permeability. Selectivity values were 

plotted as a function of CO2 permeability in Figure 4.7.  It can be seen that for this series, 

as PEG concentration was increased, both permeability and selectivity for CO2 increased 

because PEG concentration did not have any effect on N2 permeability. Therefore, the 

networks were moving toward the Robeson upper bound.  All PEG containing networks 

in this series had a CO2 selectivity value greater than 30, which can make them suitable 

for CO2 separation membrane applications.3 
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Figure 4.8 Water vapor permeability of the networks plotted as a function of PEG content 

of hybrid PEG and perfluorinated networks 

 Water vapor permeability of the hybrid networks increased as PEG concentration 

was increased (Figure 4.8), because of the enhancements in hydrogen bonding sites 

brought about by increasing PEG concentration, which in turn will increase water 

sorption, and thereby water vapor permeability.  

4.5 Conclusions 

 Novel hybrid thiol-ene networks containing hydrophobic perfluorinated and 

hydrophilic PEG moieties were synthesized using a two-step approach. DSC analysis 

showed a single Tg in all networks and thereby confirmed that there was no phase 

separation in the networks. Tg of the networks decreased with increasing PEG 

concentration because of the plasticization effect of PEG moieties. <vh> of the networks 

decreased with increasing PEG concentration because of the increase in the number of 

attractive interactions as a result of an increase in the concentration of polar PEG 

moieties. Water vapor permeability of the networks increased with increasing PEG 
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concentration because of the affinity of PEG moieties for water. Gas permeability studies 

revealed that these networks have high CO2 permeability and high selectivity for CO2 

over N2, thereby making them suitable for CO2 separation applications.    
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CHAPTER V – EFFECT OF MOISTURE INGRESS ON FREE VOLUME, OXYGEN, 

AND WATER VAPOR TRANSPORT PROPERTIES OF EPOXY-AMINE 

NETWORKS 

5.1 Abstract  

A series of five different epoxy-amine networks were synthesized using 1:1 

epoxide to amine hydrogen stoichiometry. The series consisted of rubbery networks 

having Tgs of -11 °C, -8 °C to glassy networks having Tgs of 61 °C, 136 °C, and 227 °C. 

Moisture sorption characteristics of the networks were evaluated using dynamic vapor 

sorption (DVS) analysis. The effect of water sorption on Tg was studied using RH-DMA 

analysis. Positron Annihilation Lifetime Spectroscopy (PALS) was used to understand 

the effect of water sorption on free volume. A novel PALS humidity chamber was built to 

maintain and control the required humidity during PALS experiments on epoxy-amine 

networks sorbed with water. For rubbery networks, water sorption did not show any 

effect on the average free volume hole size <vh> measured using PALS experiments. 

Whereas, glassy networks showed a V-shaped trend when <vh> was plotted as a function 

of RH, i.e., free volume gradually decreased with increasing relative humidity, and 

beyond 75% RH, <vh> increased. The competition between two processes, i.e., water 

molecules filling frozen-in free volume holes and plasticization of chains caused by water 

molecules were used to explain the V-shaped trend. The oxygen permeability of the 

glassy networks also showed a V-shaped trend, when it was plotted vs. relative humidity. 

The effect of water sorption on oxygen permeability was more complex as the sorbed 

water molecules affected both the oxygen solubility and diffusivity in different ways. 
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Whereas, water vapor permeability of glassy networks was unaffected until 75% RH, and 

beyond 75%RH, swelling of networks led to an increase in water vapor permeability.        

5.2 Introduction  

Organic coatings which are implemented to prevent or resist corrosion of metals 

need to have sufficient barrier properties against corrosive species such as oxygen, water, 

and electrolytes.1 Epoxy-amine networks are often used as the matrix or the binder 

material for the primer or the intermediate coating layers which are tasked to prevent 

corrosion at the metal surface. Though most commercially used epoxy-amine chemistry 

based coatings have many beneficial characteristics such as good adhesion to metal, high 

hardness, and good chemical resistance, the presence of polar moieties and hydrogen 

bonding sites makes them absorb moisture, with maximum reported moisture content 

ranging between 1-7 wt%.2-4 The absorbed moisture not only affects the water transport 

itself but also can affect the oxygen and electrolyte transport in a complex manner. There 

have been numerous previous reports that have tried to correlate factors such as network 

topology, polarity, and chain dynamics on moisture sorption and kinetics in epoxy-amine 

networks.5-7 But an actual anti-corrosion application has mixed transport involving three 

penetrants, i.e. oxygen, water, and electrolytes which makes this transport phenomenon 

heavily convoluted. Also, the final coating formulation might contain additional 

substances such as pigments, solvents, fillers, and additives which further adds to the 

complexity. Hence the elucidation of the effect of epoxy-amine network structure and 

topology on mixed gas transport involving water and oxygen is still not available in the 

literature.    
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It is well known that the transport of small molecules such as oxygen etc. has a 

good correlation to the free volume in the material.8-12 Whereas free volume or molecular 

level imperfections in networks are in turn affected by factors such as chain rigidity13-14, 

cross-link density15-20, intermolecular interactions or polarity of the network21 etc. In 

addition to these network parameters, the presence of sorbed water22-25 or solvent also 

affects the free volume of the material. The effect of water sorption or relative humidity 

on free volume has been mostly been studied on high barrier linear polymers such as 

polyamides22, 24, ethylene-vinyl alcohol23 copolymer etc. which are used as packaging 

films, or on highly permeable polymer like poly(arylene ether sulfone)25 which is used 

for membrane application. Macqueen et al observed inconsistencies in the trends for free 

volume in epoxy-amine networks prior to and post saturation of networks with water. 

Thus, it can be said that the effect of water sorption on free volume of epoxy-amine 

networks is still not clear. Therefore, the goal of this study was to elucidate the effect of 

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

amine networks having different structures.      

5.3 Experimental 

5.3.1 Materials 

Cycloaliphatic epoxy resin, Eponex™ 1510 (E1510, epoxy equivalent weight 

(EEW) = 205-215 g/eq), and diglycidyl ether of bisphenol A (DGEBA) epoxy resin, 

Epon™ 825 (E825, EEW = 175-180 g/eq), were supplied by Hexion (Momentive 

Specialty Chemicals). Diamine crosslinking agents Jeffamine EDR 148 (amine hydrogen 

equivalent weight (AHEW) = 74 g/eq), Jeffamine ED900 (AHEW = 250 g/eq), and 

Jeffamine THF100 (AHEW = 260 g/eq) were supplied by Huntsman Corporation. 
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Whereas 4,4’-diaminodiphenyl methane (DDM, AHEW = 49.57 g/eq) was supplied by 

Acros Organics, and 4,4’-diaminodiphenyl sulfone (DDS, AHEW = 62.075 g/eq) was 

supplied by TCI America. Figure 5.1 displays their chemical structures. The chemicals 

were used as received. 

5.4 Network preparation 

The network was formulated on 1:1 stoichiometry (epoxy to amine-hydrogen). 

Table 5.1 shows the epoxy resin and diamine crosslinker combinations used in this study. 

Appropriate quantities of epoxy resin and diamine crosslinker were taken and hand 

stirred prior to mixing at high speeds using a FlackTek SpeedMixer. Diamine 

crosslinkers DDM and DDS are solids at room temperature, therefore compositions 

containing these crosslinkers were heated in an oven at 150 °C with periodic stirring until 

a homogeneous mixture was obtained. The monomer mixture was then placed in a 

vacuum oven at low pressure for approximately five minutes to remove air bubbles. 

Networks were prepared by curing the monomer mixtures while sandwiched between two 

glass plates with Teflon spacers having a thickness of ~300 µm placed at the corners 

between the plates to ensure uniform film thicknesses.  Prior to the addition of monomer 

mixture, the plates were sprayed with a thin layer of silicone-free release agent and then 

placed in an oven pre-heated to the temperature corresponding to the primary cure 

temperature of that particular composition (Table 5.1).  The degassed epoxy-amine 

mixture was then poured onto the bottom glass plate before slowly applying the top plate 

to avoid inclusions of air bubbles.  The assembly was then placed in an oven and the cure 

profile shown in Table 5.1 was followed. After the curing process, the assembly was 

allowed to cool slowly to room temperature before separating the plates and removing the 
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solid epoxy-amine films. Larger volume samples were produced by curing bars in 

silicone molds with wells having dimensions of 76 x 15 x 12.7 mm (L x W x T).  

5.5 Characterization  

 Water Sorption Analysis. Water sorption characteristics of the networks were 

studied using a TA Instruments Q5000 Sorption Analyzer. Circular discs having 

diameters of 6.3 mm and ∼0.3 mm thickness were placed in quartz pans and subjected to 

a drying at 60 °C and 0% RH, following which the sorption characteristics were 

measured at 5, 22, 44, 57, 75, or 95% RH environments at 25 °C. At each RH condition, 

the weight change (%) was monitored until a saturation or near-equilibrium stage was 

achieved. 

 

Figure 5.1 Chemical structure of the monomers used in this work 
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Table 5.1 Epoxy-amine networks prepared for this study and the curing profiles that were 

employed 

Epoxy-Amine 

Combination 

Primary Cure 

Temperature (°C) 

Primary Cure 

Time (hours) 

Secondary Cure 

Temperature (°C) 

Secondary Cure 

Time (hours) 

E1510-THF100 35 5 75 24 

E1510-ED900 35 5 75 24 

E1510-EDR148 60 2 120 2 

E1510-DDM 90 2 150 1 

E825-DDS 150 2 250 1 

 

The dynamic mechanical analysis was carried out on free films with 

approximate dimensions of 12 x 5 x 0.3 mm on a TA instruments Q800 DMA outfitted 

with a RH controller.  Single frequency temperature ramp testing was conducted in 

tensile mode with a heating rate of 1 °C/ minute from 15 – 115 °C, a strain rate of 0.1%, a 

pre-load force of 0.01 N, and frequency of 1 Hz.  Storage Modulus (Eʹ), Loss Modulus 

(Eʹʹ), and Tan Delta (δ) signals were monitored over the entire temperature range.  

Free Volume Analysis. Average free volume hole size <vh> of the networks, at 

different relative humidity conditions, were measured using positron annihilation lifetime 

spectroscopy (PALS). Discs having a diameter of 1 cm were punched out from the 

network films and were stacked to form thicknesses of 1 mm. Positron source, 30 μCi 

22Na, was sandwiched between two stacked discs, and the sample source assembly was 

wrapped using a Teflon tape and was placed inside a custom-built PALS humidity 

sample chamber (Figure 5.2(a)). The sample chamber was placed between two 

photomultiplier tubes (PMT) which are equipped with BaF2 γ-radiation sensitive 

scintillators. PMTs are tuned such that one PMT can detect γ quanta and convert that into 

a signal associated with positron emission and the other with its annihilation. A 
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multichannel analyzer compiled the coincidences, i.e., the time difference between birth 

and death signal of positrons (lifetimes), with a time resolution of 290 ps.     

Positrons thermalize in the sample and can form positronium species with 

secondary electrons. The longer lived ortho-positronium (o-Ps) species localizes within 

the less electron dense region, i.e. free volume holes within the sample. o-Ps gets 

annihilated when it gets “picked off” by an electron from the sample that has opposite 

spin and this phenomenon is called the pick-off mechanism. Therefore, the lifetime of the 

o-Ps is determined by the electron density of the sample and physical size of the free 

volume hole in which it is localized.  o-Ps lifetime τ3 was related to free volume hole 

radius R in accordance with the semi-empirical equation derived by Tao (equation 1).26     

𝜏3 = 0.5 [1 −
𝑅

𝑅0+𝑅
+

1

2𝜋
sin (

2𝜋𝑅

𝑅0+𝑅
)]

−1

 𝑛𝑠  (1) 

Where, 0 = 0.1656 nm is the empirically derived electron layer thickness.26 Assuming that 

the free volume holes are spherical, average free volume hole size of the networks can be 

calculated as follows, < 𝑣ℎ > =
4

3
𝜋𝑅3. 

 Prior to PALS experiment, the sample was equilibrated for 24 hours in that RH 

condition by placing the sample discs in appropriate RH chambers.  The equilibrated 

sample (along with the source) was then placed in the PALS humidity chamber. An 

automated technique was devised to accurately maintain the required RH% in the 

chamber (Figure 5.2(b)). In this technique, there is a constant influx of nitrogen gas 

bubbled through DI water (wet N2) into the chamber. RH% is monitored at the gas 

outflux from the chamber by a humidity sensor. If the RH value goes beyond the set 

value, the humidity controller (which is connected to the humidity sensor) activates the 
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solenoid valve, which then lets dry nitrogen into the chamber. The dry nitrogen then 

brings down the RH% within the chamber, and once the RH% goes below the set value, 

the humidity controller turns off the solenoid valve, thereby stopping the influx of dry 

nitrogen, and the cycle continues. This automated dynamic technique accurately 

maintained any RH% value between 0 – 80% range. For tests at RH greater than 80%, a 

sponge containing a saturated salt solution or DI water was placed inside completely 

enclosed and sealed PALS sample chamber (Figure 5.2(c)). For RH values of 85% and 

99%, sponge contained a saturated potassium chloride solution and DI water respectively.          

At each relative humidity, seven spectra were generated. Each PALS spectrum 

was collected for one hour to get at least 1 million incidences using Ortec Positron 

Lifetime System (Advanced Measurement Technology, Oak Ridge, TN). Spectra were fit 

and deconvoluted using PATFIT-88 software assuming three lifetime components, to 

obtain τ3, and thereby <vh> values.27      

Oxygen Permeation was measured using a Mocon OX-TRAN® 2/21 instrument. 

Experiments were conducted at 23 °C and at a broad range of RHs. Prior to the oxygen 

permeation experiment at each RH condition, the sample was pre-conditioned at that 

particular RH for 24 hours. From the experimental oxygen flux J(t) data, oxygen 

permeability P and diffusivity D values were obtained by performing a two-parameter 

least-square fit to Fick’s second law equation.    

𝐽(𝑡) =
𝑃𝑝

𝑙
[− ∑ (−1)𝑛exp (−𝐷𝜋2𝑛2𝑡/𝑙2)∞

𝑛=1 ]  (2) 

Using the solution-diffusion model, solubility S can then be calculated as 𝑃 = 𝐷 × 𝑆. 
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Figure 5.2 (a) Design of PALS humidity control chamber along with photomultiplier 

tubes (b) Automated technique devised to generate 0 – 80% RH. (c) The technique 

devised to achieve high humidities within the sample chamber (RH > 80%) 

Bulk Volume Calculations. Cured E1510-EDR148 network samples having 

dimensions of approximately 15 x 12.7 x 6 mm were prepared and their masses were first 

measured on a Mettler Toledo XS104 analytical balance. Following which the densities 

of samples were determined via Archimedes method using a density kit attachment to the 

Toledo XS104 analytical balance, where water was used as the buoyant fluid. From the 

aforementioned steps, the dry mass and the dry density of the samples were obtained, 

from which the volume of the sample was calculated. Following which the samples were 

placed in different relative humidity chambers. The samples were exposed to different 

relative humidities for approximately 3 months to ensure that moisture absorption 

reached saturation. Following which the mass and the density of the samples were 
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measured. Through this, the bulk volume change of the E1510-EDR148 network was 

obtained at different %RH conditions.  

Water Permeation Experiments. Water vapor permeability of the samples at 

different relative humidities was measured using desiccant cup test method described by 

ASTM E 96-95. In this method, an open mouth cup containing desiccant was covered by 

the test sample. The edges of the test specimen were sealed to the edges of the cup. The 

assembly was then placed in a relative humidity chamber, where the required relative 

humidity was controlled by having the appropriate saturated salt (potassium carbonate – 

43% RH, sodium bromide – 57% RH, sodium chloride – 75% RH, potassium chloride – 

85%) solution or DI water (for 99% RH) within the chamber. The mass of the cup test 

assembly was measured at periodic intervals, from which the water vapor transmission 

rate (WVTR) into the cup was calculated as follows.   

𝑊𝑉𝑇𝑅 =
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑝

𝑡𝑖𝑚𝑒 × 𝐴
  (3) 

Where A is the cup mouth area. The sample was allowed to equilibrate in the RH 

chamber for one day, after which the mass readings were taken at different time intervals. 

Change in mass of the cup assembly showed a linear trend as a function of time, and the 

slope of that line was used to obtain change in mass of the cup/time. Water vapor 

permeability (WVP) was calculated as follows:  

𝑊𝑉𝑃 = 𝑊𝑉𝑇𝑅 (
𝑙

∆𝑝
)  (4) 

Where, l is the sample thickness and Δp is the water vapor pressure difference across the 

film, which can be calculated from the relative humidity difference across the film. 
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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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Like the <vh> vs. RH (or water content) trend (Figure 5.6), there is a dip or 

minimum for oxygen permeability for both E1510-EDR148 and E1510-DDM networks 

when plotted as a function of RH (or water content) (Figure 5.10). A similar trend for 

oxygen transport vs. RH has been previously been reported for Nylon 640-41, EVOH23, 42, 

and aromatic polyamides24. In general, it is agreed that the oxygen permeability trend is 

more complex, as it is a product of diffusivity and solubility. For both E1510-EDR148 

and E1510-DDM networks, oxygen solubility decreases when relative humidity (or water 

content) is increased (Figure 5.10). As relative humidity increases, the water content in 

the networks increase, and these water molecules sorb and occupy the frozen-in free 

volume of the networks, which means there is less free volume available for oxygen 

sorption and this causes the decrease in oxygen solubility for both the networks when RH 

is increased. A similar trend for oxygen solubility vs. RH was seen in aromatic 

polyamides.24  

 The water sorption did not have any effect on oxygen diffusivity for the E1510-

DDM network (Figure 5.10(b)), whereas 44% RH (or 1 wt% water sorption) caused 

~30% decrease in oxygen diffusivity for the E1510-EDR148 network (Figures 5.10(a) 

and 10(c)). The conformational changes and chain motions let gas molecules hop 

between different frozen-in (or static) free volume holes.43 In the case of E1510-EDR148, 

since the free volume is lesser, even 1 wt% water probably fills up most of the free 

volume holes, which probably increases the average distance between the remaining free 

volume holes, and therefore increasing the hoping or jump distance for oxygen molecules 

which caused the decrease in oxygen diffusivity at 44% RH (Figure 5.10(a)). Whereas, in 

the case of E1510-DDM, since the free volume is higher, to begin with, the average 
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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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beyond 75% RH, water vapor permeability increases. Similar trends were seen in EVOH 

polymers, but the upswing in water vapor permeability happened at a much lower RH.42  

This trend is different from that of oxygen permeability vs. RH trend. The water 

molecules that are sorbed into the free volume holes will not act as a barrier for water 

transport, whereas they do reduce oxygen sorption, and hence water vapor permeability 

remains almost constant up till 75% RH. Beyond 75% RH, higher water absorption 

results in network swelling which results in increased free volume, and thereby the water 

vapor permeability upswing beyond 75% RH.    

5.7 Conclusions 

 A comprehensive study on the complex effect of water sorption on free volume, 

oxygen, and water vapor permeability of epoxy-amine networks was performed. In 

glasses, free volume showed a V-shaped trend when plotted against water content. The 

decrease in free volume was caused by the filling of free volume holes by water 

molecules. Beyond a certain limit, further ingress of water molecules into the network 

resulted in swelling which caused the increase in free volume and thereby the V-shaped 

trend.  

 The oxygen permeability of the E1510-EDR148 network showed a V-shaped 

trend when plotted as a function of water content. But the trend was more complex as 

water sorption affected both oxygen solubility and oxygen diffusivity. The Langmuir-

type sorption of water, i.e. filling of free volume holes by water molecules reduced the 

oxygen solubility because of the reduction in free volume spaces for oxygen sorption. 

Initially, i.e., at lower water content, oxygen diffusivity also decreased for E1510-

EDR148 because of the increase in average jump distance or hoping distance for oxygen 
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molecules, as the water molecules filled most of the free volume holes. With further 

ingress, the water molecules started to penetrate the network (i.e., Henry-type sorption) 

and disrupt the intermolecular interactions and plasticize the chains, leading to an 

increase in oxygen diffusivity values.  

     Water vapor permeability values remained almost constant until the networks started 

to swell (i.e., for E1510-EDR148 and E1510-DDM up till 75% RH). Because the water 

molecules which fill the free volume holes do not act as barrier for water vapor transport. 

Whereas, beyond 75% RH, as the networks started to swell or as the free volume started 

to increase, water vapor permeability increased.  

  



 

145 

5.8 References 

1. Wicks, Z. W., Jr.; Jones, F. N.; Pappas, S. P., Organic Coatings: Science and 

Technology. Second ed.; Federation of Societies for Coatings Technology: 1999; Vol. 71. 

2. Vanlandingham, M.; Eduljee, R.; Gillespie Jr, J., Moisture diffusion in epoxy 

systems. Journal of Applied Polymer Science 1999, 71 (5), 787-798. 

3. Musto, P.; Mascia, L.; Ragosta, G.; Scarinzi, G.; Villano, P., The transport of 

water in a tetrafunctional epoxy resin by near-infrared Fourier transform spectroscopy. 

Polymer 2000, 41 (2), 565-574. 

4. Van der Wel, G.; Adan, O., Moisture in organic coatings—a review. Progress in 

Organic Coatings 1999, 37 (1-2), 1-14. 

5. Soles, C. L.; Chang, F. T.; Bolan, B. A.; Hristov, H. A.; Gidley, D. W.; Yee, A. 

F., Contributions of the nanovoid structure to the moisture absorption properties of epoxy 

resins. Journal of Polymer Science Part B: Polymer Physics 1998, 36 (17), 3035-3048. 

6. Soles, C. L.; Chang, F. T.; Gidley, D. W.; Yee, A. F., Contributions of the 

nanovoid structure to the kinetics of moisture transport in epoxy resins. Journal of 

Polymer Science Part B: Polymer Physics 2000, 38 (5), 776-791. 

7. Soles, C. L.; Yee, A. F., A discussion of the molecular mechanisms of moisture 

transport in epoxy resins. Journal of Polymer Science Part B: Polymer Physics 2000, 38 

(5), 792-802. 

8. Lin, H.; Wagner, E. V.; Swinnea, J. S.; Freeman, B. D.; Pas, S. J.; Hill, A. J.; 

Kalakkunnath, S.; Kalika, D. S., Transport and structural characteristics of crosslinked 

poly(ethylene oxide) rubbers. Journal of Membrane Science 2006, 276 (1–2), 145-161. 



 

146 

9. Cohen, M. H.; Turnbull, D., Molecular Transport in Liquids and Glasses. The 

Journal of Chemical Physics 1959, 31 (5), 1164-1169. 

10. Park, J. Y.; Paul, D. R., Correlation and prediction of gas permeability in glassy 

polymer membrane materials via a modified free volume based group contribution 

method. Journal of Membrane Science 1997, 125 (1), 23-39. 

11. Haraya, K.; Hwang, S.-T., Permeation of oxygen, argon and nitrogen through 

polymer membranes. Journal of Membrane Science 1992, 71 (1), 13-27. 

12. Sanders, D. F.; Smith, Z. P.; Guo, R.; Robeson, L. M.; McGrath, J. E.; Paul, D. 

R.; Freeman, B. D., Energy-efficient polymeric gas separation membranes for a 

sustainable future: A review. Polymer 2013, 54 (18), 4729-4761. 

13. Paul, D. R.; Yampol'skii, Y. P., Polymeric gas separation membranes. CRC 

press: 1993. 

14. Freeman, B.; Yampolskii, Y.; Pinnau, I., Materials science of membranes for gas 

and vapor separation. John Wiley & Sons: 2006. 

15. Fox, T. G.; Loshaek, S., Influence of molecular weight and degree of crosslinking 

on the specific volume and glass temperature of polymers. Journal of Polymer Science 

1955, 15 (80), 371-390. 

16. Kwisnek, L.; Goetz, J.; Meyers, K. P.; Heinz, S. R.; Wiggins, J. S.; Nazarenko, S., 

PEG Containing Thiol–Ene Network Membranes for CO2 Separation: Effect of Cross-

Linking on Thermal, Mechanical, and Gas Transport Properties. Macromolecules 2014, 

47 (10), 3243-3253. 



 

147 

17. Morgan, D. R.; Stejskal, E. O.; Andrady, A. L., 129Xe NMR Investigation of the 

Free Volume in Dendritic and Cross-Linked Polymers. Macromolecules 1999, 32 (6), 

1897-1903. 

18. Consolati, G.; Kansy, J.; Pegoraro, M.; Quasso, F.; Zanderighi, L., Positron 

annihilation study of free volume in cross-linked amorphous polyurethanes through the 

glass transition temperature. Polymer 1998, 39 (15), 3491-3498. 

19. Finkelshtein, E. S.; Makovetskii, K.; Gringolts, M.; Rogan, Y. V.; Golenko, T.; 

Starannikova, L.; Yampolskii, Y. P.; Shantarovich, V.; Suzuki, T., Addition-type 

polynorbornenes with Si (CH3) 3 side groups: synthesis, gas permeability, and free 

volume. Macromolecules 2006, 39 (20), 7022-7029. 

20. Yu, X.; Jia, J.; Xu, S.; Lao, K. U.; Sanford, M. J.; Ramakrishnan, R. K.; 

Nazarenko, S. I.; Hoye, T. R.; Coates, G. W.; DiStasio, R. A., Unraveling substituent 

effects on the glass transition temperatures of biorenewable polyesters. Nature 

communications 2018, 9 (1), 2880. 

21. Kusuma, V. A.; Freeman, B. D.; Borns, M. A.; Kalika, D. S., Influence of 

chemical structure of short chain pendant groups on gas transport properties of cross-

linked poly(ethylene oxide) copolymers. Journal of Membrane Science 2009, 327 (1), 

195-207. 

22. Dlubek, G.; Redmann, F.; Krause-Rehberg, R., Humidity-induced plasticization 

and antiplasticization of polyamide 6: A positron lifetime study of the local free volume. 

Journal of Applied Polymer Science 2002, 84 (2), 244-255. 

23. Muramatsu, M.; Okura, M.; Kuboyama, K.; Ougizawa, T.; Yamamoto, T.; 

Nishihara, Y.; Saito, Y.; Ito, K.; Hirata, K.; Kobayashi, Y., Oxygen permeability and free 



 

148 

volume hole size in ethylene–vinyl alcohol copolymer film: temperature and humidity 

dependence. Radiation Physics and Chemistry 2003, 68 (3), 561-564. 

24. Hu, Y. S.; Mehta, S.; Schiraldi, D. A.; Hiltner, A.; Baer, E., Effect of water 

sorption on oxygen-barrier properties of aromatic polyamides. Journal of Polymer 

Science Part B: Polymer Physics 2005, 43 (11), 1365-1381. 

25. Xie, W.; Ju, H.; Geise, G. M.; Freeman, B. D.; Mardel, J. I.; Hill, A. J.; McGrath, 

J. E., Effect of free volume on water and salt transport properties in directly 

copolymerized disulfonated poly (arylene ether sulfone) random copolymers. 

Macromolecules 2011, 44 (11), 4428-4438. 

26. Tao, S. J., Positronium Annihilation in Molecular Substances. The Journal of 

Chemical Physics 1972, 56 (11), 5499-5510. 

27. Kirkegaard, P.; Eldrup, M.; Mogensen, O. E.; Pedersen, N. J., Program system for 

analysing positron lifetime spectra and angular correlation curves. Computer Physics 

Communications 1981, 23 (3), 307-335. 

28. Fox, T. G., Influence of Diluent and of Copolymer Composition on the Glass 

Temperature of a Poly-mer System. Bull. Am. Phys. Soc. 1956, 1, 123. 

29. Tsavalas, J. G.; Sundberg, D. C., Hydroplasticization of polymers: model 

predictions and application to emulsion polymers. Langmuir 2010, 26 (10), 6960-6966. 

30. Kalogeras, I. M.; Brostow, W., Glass transition temperatures in binary polymer 

blends. Journal of Polymer Science Part B: Polymer Physics 2009, 47 (1), 80-95. 

31. Mikhin, K. V.; Stepanov, S. V.; Byakov, V. M., Formation of the Ps bubble in 

liquid media. Radiation Physics and Chemistry 2003, 68 (3-4), 415-417. 



 

149 

32. Bartos, J.; Sausa, O.; Kristiak, J.; Blochowicz, T.; Rössler, E., Free-volume 

microstructure of glycerol and its supercooled liquid-state dynamics. Journal of Physics: 

Condensed Matter 2001, 13 (50), 11473. 

33. Bamford, D.; Dlubek, G.; Reiche, A.; Alam, M.; Meyer, W.; Galvosas, P.; Rittig, 

F., The local free volume, glass transition, and ionic conductivity in a polymer 

electrolyte: A positron lifetime study. The Journal of Chemical Physics 2001, 115 (15), 

7260-7270. 

34. MacQueen, R. C.; Granata, R. D., A positron annihilation lifetime spectroscopic 

study of the corrosion protective properties of epoxy coatings. Progress in Organic 

Coatings 1996, 28 (2), 97-112. 

35. Song, Y.; Meyers, K. P.; Gerringer, J.; Ramakrishnan, R. K.; Humood, M.; Qin, 

S.; Polycarpou, A. A.; Nazarenko, S.; Grunlan, J. C., Fast Self-Healing of Polyelectrolyte 

Multilayer Nanocoating and Restoration of Super Oxygen Barrier. Macromolecular 

Rapid Communications 2017, 1700064-n/a. 

36. Hodge, R.; Bastow, T.; Edward, G.; Simon, G.; Hill, A., Free volume and the 

mechanism of plasticization in water-swollen poly (vinyl alcohol). Macromolecules 

1996, 29 (25), 8137-8143. 

37. Weiss, G. H.; Bendler, J. T.; Shlesinger, M. F., Continuous-site model for 

Langmuir gas sorption in glassy polymers. Macromolecules 1992, 25 (2), 990-992. 

38. Polyakova, A.; Liu, R.; Schiraldi, D.; Hiltner, A.; Baer, E., Oxygen‐barrier 

properties of copolymers based on ethylene terephthalate. Journal of Polymer Science 

Part B: Polymer Physics 2001, 39 (16), 1889-1899. 



 

150 

39. Polyakova, A.; Connor, D.; Collard, D.; Schiraldi, D.; Hiltner, A.; Baer, E., 

Oxygen‐barrier properties of polyethylene terephthalate modified with a small amount of 

aromatic comonomer. Journal of Polymer Science Part B: Polymer Physics 2001, 39 

(16), 1900-1910. 

40. Gavara, R.; Hernandez, R. J., The effect of water on the transport of oxygen 

through nylon-6 films. Journal of Polymer Science Part B: Polymer Physics 1994, 32 

(14), 2375-2382. 

41. Khanna, Y.; Day, E.; Tsai, M.; Vaidyanathan, G., Re-examining the oxygen 

barrier of nylon 6 films. I. Role of moisture and processing induced variables. Journal of 

Plastic Film & Sheeting 1997, 13 (3), 197-211. 

42. Zhang, Z.; Britt, I. J.; Tung, M. A., Permeation of oxygen and water vapor 

through EVOH films as influenced by relative humidity. Journal of Applied Polymer 

Science 2001, 82 (8), 1866-1872. 

43. Hiltner, A.; Liu, R.; Hu, Y.; Baer, E., Oxygen transport as a solid‐state structure 

probe for polymeric materials: A review. Journal of Polymer Science Part B: Polymer 

Physics 2005, 43 (9), 1047-1063. 

 

 


