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ABSTRACT 

 

 

Anionic polymerization and controlled radical polymerization enabled the 

synthesis of novel block copolymers with non-covalent interactions (electrostatic 

interaction and/or hydrogen bonding) to examine the relationships between mesoscale 

phenomenon and macroscopic physical properties. Non-covalent interactions offer extra 

intra- and inter-molecular interactions to achieve stimuli-responsive materials in various 

applications, such as artificial muscles, thermoplastic elastomers, and reversible 

biomacromolecule binding. The relationship between non-covalent interaction promoted 

mesoscale phenomenon (such as morphology) and consequent macroscopic physical 

properties is the key to optimize material design and improve end-use performance for 

emerging applications. 

Pendant hydrogen bonding in ABA block copolymers promoted microphase 

separation and delayed the order-disorder transition, resulting in tunable morphologies 

(through composition changes) and extended rubbery plateaus. Reversible addition-

fragmentation chain transfer (RAFT) polymerization afforded a facile synthesis of ABA 

triblock copolymers with hydrogen bonding (urea sites) and electrostatic interactions 

(pyridinium groups). Pyridine groups facilitated hydrogen bonding through a 

preorganization effect, leading to highly ordered, long-range lamellar morphology and a 

significant increase of flow temperature (Tf) 80 ºC above the hard block Tg. After 



 

 

 

quaternization of pyridine groups, electrostatic interaction, as a second physical 

crosslinking mechanism, disrupted ordered lamellar morphology and decreased Tf. Yet, 

extra physical crosslinking from electrostatic interactions pertained ordered hydrogen 

bonding at high temperature and exhibited improved stress-relaxation properties. 

Both conventional free radical polymerization and RAFT polymerization 

generated a library of poly(ionic liquid) (PIL) homopolymers with imidazolium groups as 

bond charge moieties. A long chain alkyl spacer between imidazolium groups and the 

polymer backbones ensured a low glass transition temperature (Tg), which is beneficial to 

ion conductivity. Four different counter anions enabled readily tunable Tgs all below 

room temperature and showed promising ion conductivities as high as 2.45 × 10-5 S/cm at 

30 ºC. For the first time, the influence of counter anions on radical polymerization 

kinetics was observed and investigated thoroughly using in situ FTIR, NMR 

diffusometry, and simulation. Monomer diffusion and aggregation barely contributed to 

the kinetic differences, and the Marcus theory was applied to explain the polymerization 

kinetic differences which showed promising simulation results. RAFT polymerization 

readily prepared AB diblock, ABA triblock and (AB)3 3-arm diblock copolymers using 

the ionic liquid (IL) monomers discussed above and deuterated/hydrogenated styrene. We 

demonstrated the first example of in situ morphology studies during an actuation process, 

and counter anions with varied electrostatic interactions showed different mesoscale 

mechanisms, which accounted for macroscopic actuation. The long chain alkyl spacer 

between imidazolium groups and polymer backbones decoupled ion dynamics and 

structural relaxation. For the first time, composition changes of block copolymers 

achieved tunable viscoelastic properties without altering ion conductivity, which 



 

 

 

provided an ideal example for actuation materials, solid electrolytes, and ion exchange 

membranes.  
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GENERAL AUDIENCE ABSTRACT  

 

My research focuses on the synthesis of novel soft materials with a special 

interest in responsive polymers. The incorporation of responsive chemistry, such as 

hydrogen bonding and ionic interactions, enables soft materials with complex responsive 

behavior were achieved. Polymers with ion pairs promise great potential as solid-state 

electrolytes (which transfer ions to generate current) to eliminate potential fire hazard in 

batteries, which has been an arising concern for modern cellphone and electric car 

industry. The introduction of strong dipoles into polymers allows the fabrication of 

actuators, which convert electric signals to physical movement. Under applied voltage, 

polymers bend within seconds while holding physical loads. Actuator studies in polymers 

paves the way towards artificial muscles as well as soft robotics. Temperature responsive 

hydrogen bonding in polymers offers drastically different viscoelastic properties at 

different temperature and serves as the key mechanism in holt-melt adhesives, controlled 

drug release, and high performance materials. 
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Chapter 1: Introduction  

1.1 Dissertation overview 

This dissertation primarily revolves around macromolecules with pendant non-covalent 

interactions (hydrogen bonding and electrostatic interaction), focusing on the influence of 

mesoscale phenomenon on macroscopic performances. Chapter 2 reviews the application of free 

volume theory in polymeric matrices. This comprehensive review intends to provide an 

understanding between structural elements and free volume and the corresponding 

thermomechanical and permeation properties. Chapter 3 reviews literature addressing 

phosphonium-containing ionic liquids (ILs) and poly(ionic liquid)s (PILs) as conductive 

materials. Phosphonium-containing ILs and PILs demonstrate significant advantages over 

conventional nitrogen-based counterparts (ammonium, imidazolium, etc.) in terms of ion 

conductivity and thermal and chemical stability. 

Chapter 4 reports the application of Michael addition chemistry in solvent-free rooftop 

adhesives. Facile end-group functionization of hydrogenated polybutene diol allows the 

preparation of Michael donors and acceptors. With optimized stoichiometry and additives, the 

Michael addition adhesives at least double the performance of solvent-based commercial 

adhesive controls at three different interfaces. 

Chapter 5 describes the utilization of piperidine functionalized styrene monomer to 

increase the 3,4 addition content in polyisoprene block during the synthesis of ABC triblock 

copolymers using anionic polymerization. The Tg of polyisoprene blocks varies from -60 ºC -20 

ºC due to 3,4 addition change. Due to increased polarity of polyisoprene block from high 3,4 

addition content, polyisoprene blocks demonstrate microphase separation or mixing depending 

on their molecular weights. Chapter 6 and 7 examines the association of pendant hydrogen 
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bonding groups (urea sites) and its corresponding influence on microscopic morphologies and 

macroscopic thermomechanical properties. Specifically, Chapter 6 reports pendant urea 

hydrogen bonding sites promoted ordered morphologies and expanded rubbery plateau above the 

hard block Tg. Pendant hydrogen bonding remains ordered at high temperatures comparing to 

backbone hydrogen bonding, presumably due to the lack of cooperativity. Chapter 7 compares a 

library of ABA block copolymers containing either hydrogen bonding (urea sites) and 

electrostatic interactions (pyridinium). Hydrogen bonding promotes long-range, ordered lamellar 

morphology and shows flow temperature (Tf) 80 ºC above the hard block Tg. The introduction of 

electrostatic interaction disrupts the ordered morphology, leading to a reduction in Tf. In return, 

the dissociation of hydrogen bonding is severely depressed by extra electrostatic interactions. 

Chapter 8 and 9 focus on understanding ion dynamics in PIL homopolymers and block 

copolymers. In Chapter 8, novel IL monomers with long alkyl spacers between imidazolium 

groups and polymer backbones allow the synthesis of four different PIL homopolymers with 

different counter anions. Counter anions show profound impacts on Tg, ion conductivity, and 

radical polymerization kinetics. The promising ion conductivity enables further investigation of 

this IL monomer in the synthesis of ABA triblock copolymers using styrene as the A blocks in 

Chapter 9. The triblock copolymers shows decoupling of ion dynamics (ion conductivity) and 

structural relaxation, allowing tunable viscoelastic properties from composition changes without 

altering ion conductivity. 

Chapter 10 details the synthesis of a new class of polymers: poly(phosphorus ylide). Fast 

solid-state charge transfer is observed during the synthesis of phosphorus ylide monomers. The 

resulting monomers and homopolymers synthesized from conventional free radical 

polymerization exhibited strong visible light absorption and fluorescence, promising their 
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application as photo-sensitized dye. Finally, Chapter 11 and 12 provide overall conclusions and 

suggested future work. Some of the future work in Chapter 12 is already in progress, and the rest 

are suggested continuous work.  
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2.1 Abstract 

Fractional free volume in polymers relates closely to structural relaxation and voids 

distribution, which proves crucial in understanding and predicting thermomechanical properties 

and permeation process, respectively. This review focused on the structure-free volume-property 

relationships in a wide range of polymeric matrices: crosslinked polymers, homopolymers, 

segmented polymers, block copolymers, polymer blends and additives. The relationships 

between common environment elements, such as temperature and pressure, and free volume 

changes are also summarized in this review. Different techniques determined free volume 

parameters which dictate polymer physical properties, and, in return, contribute to future 

material design from a molecular level.  

2.2 Introduction  

mailto:telong@vt.edu
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Researchers in polymer science and engineering commonly invoke the theory of free 

volume to rationalize polymer properties and performance, however, these rationalizations are 

often the result of confounding factors. Thus, this review is intended to present the progession of 

free volume theory, the common techniques employed in the literature, and diverse examples 

where free volume was presented to account for structure-property relationships. In simple terms, 

the polymer free volume primarily refers to the degree of packing, or more specifically, the 

volume unoccupied by the constituent atoms or molecules in a material.1 Due to the relationship 

between free volume and the mobility (m) of polymer chains i.e. relaxation behavior of 

materials, theories on free volume are pertinent to the fundamental understanding of polymer 

physical properties, most notably, thermomechanical properties 2-10 and diffusion properties.11-24 

We will discuss the modification of fractional free volume, free volume size and distribution, 

through tailoring of polymeric structure,5, 7, 20, 25-27, 28-30, 15, 31-34 16, 35, 36 use of additive and blends 

16, 19, 37-39 and nanoscale morphologies.38 We will provide a brief overview on the theoretical 

concepts of free volume and the experimental techniques used to measure free volume in a 

polymeric material. 

In terms of thermomechanical properties, free volume relates to local mobility and affects 

segmental motion, thus influencing melt viscosity, glass transition temperature (Tg) and 

Youngôs modulus.3, 10, 38-41 For barrier and membrane applications, free volume directly 

determines the diffusivity and selectivity since free volume typically serves as transportation 

pathways for small molecules.12, 21, 24, 37, 42-43 This review on free volume in polymers is geared 

towards polymer chemists. We will highlight the important progresses in theoretical concepts 

and techniques used to probe free volume. This review will focus on the inter-relationship of 

the free volume of a polymer, molecular structure, and physical properties. 
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2.3 Theoretical developments of free volume theory 

The first conceptual realization of free volume is credited to van der Waal.44 In 1873, he 

postulated that each molecule occupies an intrinsic volume related to its size along with an 

associated excluded volume to account for its thermal motion. While many researchers 

intuitively recognized that the properties of a fluid were related to its free volume having a length 

scale on the order of angstroms, the lack of theoretical models to compute free volume was an 

obstacle in further developing this prospect. In 1913, Batchinski published his seminal work 

wherein he recognized that viscosity of simple low molecular weight fluids at constant 

temperature and pressure scales with density.45 His work was the first to directly link diffusivity 

of molecules to free volume. In subsequent years, Hildebrand et al. developed on Batchinskiôs 

work and showed that the fluid viscosity scales as a function of fractional free volume.46 Their 

theories were applicable for simple fluids at elevated temperatures but not strictly suitable at 

temperatures below the melting point of the fluids.  

To account for these shortcomings, in 1951, Doolittle defined free-space as the space 

arising from the total thermal expansion without a change in phase (Equation 1):  

 

(1) 

where ɜf represents the volume of free-space per gram of substrate at a given temperature, ɜ0 is 

the volume of one gram of substrate extrapolated to absolute zero without a change in phase, and 

ɜ represents the volume of one gram of substrate at the given temperature.  
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Using the relative free volume (ɜf /ɜo) that he defined in Equation 1, Doolittle calculated 

that the melt viscosity of a fluid correlated well with the observed values over a wide 

temperature range. Doolittle then successfully correlated melt viscosity (ɖ) with fractional free 

volume using Equation 2:  

 

(2) 

where A and B are empirical constants for a single molecular species. In effect, Doolittle was the 

first to correlate free-space with the temperature-dependence of melt viscosity. However, the 

application of Doolittleôs theory was restricted by its poor performance at low temperature and 

complex extrapolation approach.  Subsequently, there have been important refinements to this 

approach. 

The relatively successful empirical Doolittle equation resulted in sparse theoretical 

developments. The Fox-Flory equation was based on the Doolittle expression and dispelled the 

notion that viscosity peaks at the Tg. Their expression (Equation 3) implied a direct link between 

the Tg, molecular weight, and free volume:  

 (3) 

where Tg,ӓ is the maximum glass transition temperature at infinite molecular weight, Mn is the 

molecular weight, and K is an empirical constant related to free volume.  

Although the Doolittle equation has no dependence on temperature, it is suitable only at 

high temperature where free volume is high. To establish a free volume theory over a wider 

temperature range, Williams, Landel and Ferry initially simplified the Doolittle equation by 
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replacing ɜf/ɜ0 with the fractional free volume, f (where f =ɜf/(ɜ0+ɜf)) in a supercooled system (ɜf 

is normally negligible), resulting in Equation 4, now known as the WLF equation:47  

 

(4) 

Based on the assumption that the fractional free volume scales linearly with temperature, 

Equation 5 is obtained: 

 
 

(5) 

where f and fg are the free volumes at temperature T and Tg (T is a temperature greater than Tg) 

and Ŭ is the thermal expansion coefficient. 

By comparing the viscosities at the Tg and at temperature T and substituting for f in 

Equation 4, the following expression was derived: 

 

(6) 

Here, (B/2.303 fg) and (fg/ a) are the universal constants c1 and c2: 

 (7) 

In most cases, Equation 6 satisfactorily describes the temperature dependence of all 

mechanical relaxation processes,47 where ŬT is the ratio of any mechanical relaxation time at 

temperature T to its value at a reference temperature. It should be noted that while the reference 

temperature, Ts, is arbitrary, c1 and c2 are experimentally determined constants. Since ŬT is 
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approximately the ratio of viscosity ɖ/ɖg when reduced to Tg, Combining Equations 4 and 5 

combined yield a relationship between ŬT and free volume.47  

All of the above-mentioned theories center on the link between melt viscosity and free 

volume of fluids. Important contributions towards explaining the link between mobility and 

diffusivity of polymer chains and free volume of a material were published in 1957 by Fujita, in 

1959 by Cohen and Turnbull, and in 1975 by Vrentras and Duda. 

The basis of the Cohen/Turnbull theory is that molecules in a liquid migrate freely due to 

a greater degree of freedom than in a solid. This feature is attributed to the existence of holes 

through which the molecules move freely. The space associated with these holes is defined as the 

free volume. For pure liquids, Cohen and Turnbull derived the link between mobility (m) and the 

number of holes (free volume),  

 (8) 

Here m is the molecular mobility, mo is a constant with the same dimensions as m, g is a 

numerical factor between 0.5 and 1, vc is the minimum volume of a hole that has to exist in the 

neighboring molecule, and vf is defined as the free volume per molecule. A major drawback of 

this theory is that vf cannot be quantified in known molecular terms. But if free volume is 

defined as the volume not occupied by the cores of the constituent molecules, vf can be equated 

to vf = v ï vc, allowing for the calculation and quantification of vf.  

The theories of Vrentas/Duda and Cohen/Turnbull essentially separated the free volume 

into two distinct voids: interstitial free volume and hole free volume. The interstitial free volume 

is the empty space in polymer crystals. The hole free volume refers to the excess free volume 
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inherent to the structural disorder in amorphous polymers, which appear as small holes. The 

energy required for redistribution of interstitial free volume is large whereas the hole free volume 

is distributed evenly without an energy increase. The theory was distinct from previous theories 

in the sense that they attributed the hole free volume to be solely responsible for transport 

properties of an amorphous polymer.48-56  

During the 1960s, Bondi investigated the relationship of van der Waals volume (i.e., the 

volume of molecules impenetrable to thermal collision) and radii for various groups using 

crystallographic analysis.57 The concept of ñoccupied volumeò derived from Bondiôs 

interpretation afforded facile calculation over Doolittleôs approach and proved an accurate 

method of calculating free volume, thereby eventually supplanting Doolittleôs definition.  

Later, Paul and colleagues utilized a modified group contribution method to predict 

transport behavior with significant accuracy.58 Yet, with the discovery of high free volume 

glassy polymers (up to 35% for siloxane-containing polymers), the modified Doolittle equation 

(Equation 3) was no longer appropriate, especially when free volume pores became 

interconnected or bi-continuous. Additionally, Hill et al. showed another modified Doolittle 

equation with better fitting within a wide range of ɜf.
59 Frisch and Stern published a 

comprehensive review of diffusion models in polymers, and will not be covered in this review.60 

2.4 Techniques for evaluating free volume in polymers 

The length scales of free volume holes in polymers are on the order of angstroms (10-10 

m); therefore, it is not possible to directly measure these voids. The experimental techniques rely 

on measurement of the surrounding cage enveloping the void and subsequent deduction of the 
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void characteristics. The most common techniques utilized for these measurements are discussed 

in the following sections.  

2.4.1 Melt rheology 

Free volume is related to the viscoelastic property of polymers. As described by the 

Doolittle equation and the WLF equation, as free volume increases, viscosity decreases. A 

common way to determine free volume is to fit rheological data with the modified WLF equation 

(Equation 6) in order to determine c1 and c2. The universal constant c1 can be calculated using the 

equation below:61-62  

 (9) 

However, the utility of the WLF equation is limited to polymers with relatively low free 

volume. This method is particularly useful because any mechanical relaxation ratio ŬT (such as 

conductivity and storage modulus) can be related to free volume, hence providing a convenient 

pathway for estimating free volume. Most rheology-dependent free volume studies have utilized 

melt viscosity (or similar mechanical relaxation) to calculate fractional free volume.43,63,64 

2.4.2 Density study and Bondiôs group contribution theory 

Conducting a density study based on Bondiôs theory also represents an effective means 

for determining fractional free volume (Vf). Using this method, the density of the material is 

determined first, after which the specific volume (Vsp) at a given temperature is calculated based 

on a known mass. Equation 10 affords the determination of fractional free volume:63 
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(10) 

where Vo is the occupied volume of polymer at 0 K, which is estimated as 1.3 times the van der 

Waals volume (Vw), according to Bondiôs group contribution theory.57  

2.4.3 Fluorescent Probe 

  Fluorescent probing is a promising technique to indirectly determine local free 

volume.64-68 Fluorescent small molecules with the ability to undergo isomerization upon light 

stimuli are introduced into polymer matrices. The photoisomerization requires different local 

volume, and this specific volume enables the indirect detection of local free volume 

distribution.69 

Schryver et al. demonstrated the application of fluorescent probing to specify local free 

volume distribution.70 Small dye molecules underwent photoisomerization in poly(n-butyl 

methacrylate) matrix and the fluorescent intensity of each individual molecule enabled the 

mapping of free volume distribution (Figure 2.3-1). 70 % and 30 % of all fluorescent molecules 

exhibited steady mean lifetime at 6.2 ns and 3.2 ns, respectively (Figure 2.3-1a and Figure 2.3-

1b), corresponding to two different conformations. Molecules demonstrated a reversible signal 

as in Figure 2.3-1c, which was attributed to the isomerization between the two conformations 

due to the dynamic structural disorder of the polymer matrix.  

This fluorescent approach is highly efficient in determining local free volume and free 

volume distribution; however, the free volume is only qualitatively compared to the 
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photoisomerization size without absolute value, making it less useful in comparing multiple 

systems and predicting properties based on free volume. 

 

Figure 2.4.3-1 Fluorescence lifetime (solid circle, right Y axis) and intensity (open square, left Y 

axis) time traces of tetraphenoxy-perylenetetracarboxy diimide (TPDI) molecules embedded in 

poly(n-butyl methacrylate) matrix (Copyright (2004) American Chemical Society).70 

 

2.4.4 Positron Annihilation Lifetime Spectroscopy (PALS) 

Positron annihilation lifetime spectroscopy (PALS) is one of the most common 

techniques for determining polymer free volume.23, 71-76 PALS works on the principle that 

positrons (e+), the anti-particle of an electron, are annihilated via interactions with electrons (e-

),77 releasing detectable gamma rays. By measuring the time span between the generation of 

positrons and release of gamma rays, it is possible to correlate the number of voids or amount of 

free volume elements in a material. Thus, local electron density, serving as an indicator of local 
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free volume, affects the positron annihilation significantly. Since the ortho triplet state (o-Ps) 

annihilation is enhanced by its interactions with other electrons, its lifetime will be reduced 

significantly (around 0.5 ï 5 ns).  

A PALS spectrum will typically consist of three lifetimes, Ű1, Ű2, and Ű3ðwith 

corresponding intensities of I1, I2, and I3. The radius of free volume relates to the o-Ps lifetime Ű3 

(ns), as indicated in Equation 11,73 

 

(11) 

where R is the free volume and ȹR is the empirical electron layer thickness (normally assumed 

to be 0.166 nm).78  

The free volume fraction (or fractional free volume, Vf) is determined using Equation 12, 

 (12) 

where A is an empirical constant, and . Shorter Ű3 lifetime values correspond to 

decreased free volume due to the enhanced o-Ps annihilation in the presence of other electrons.77 

The intensity I3 is an indicator of the number of free volume elements. Typically, PALS is more 

sensitive to heterogeneities in domain size (in Å) than techniques like DSC and DMA (50 nm),79 

but it only indicates bulk average free volume without revealing position-specific free volume 

information.  

2.4.5 Other approaches 
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    Various indirect approaches to determine free volume, such as DMA80 and molecular 

weight analysis21  will be covered in specific examples, but most are not suitable in a general 

way for a wide library of materials. Electron spin resonance (ESR) is a commonly used 

technique to determine local mobility.81-84 With a spin label (usually a TEMPO group) attached 

at specific sites of a polymer, local mobility studies afford detailed information at different 

positions of a single polymer molecule (chain end, middle of chain and chain junction); however, 

mobility was not directly correlated to free volume in a typical ESR experiment.81-82 Bartos et al. 

showed qualitative correlation between ESR data (mobility) and PALS data (free volume).83-84 

Nevertheless, employing ESR as a direct technique to determine free volume requires further 

theoretical development. 

2.5 Structure-property relationship affected by free volume 

2.5.1 Application of free volume: general overview 

For most macromolecules, free volume is closely related to two important physical 

properties: segmental mobility and local void distribution. Segmental mobility directly 

determines the thermomechanical properties of polymeric materials, including the glass 

transition temperature. As a result, free volume theory provides an excellent approach to predict 

and control thermomechanical properties for both glassy2, 8, 31-32, 85-87 and rubbery materials.7, 10, 35, 

88-89 The distribution of local voids, which is crucial for small-molecule diffusion in barrier 

applications, is dictated by free volume (both free volume size and distribution); thus, free 

volume theory widely contributes to gas barrier performance.12-13, 21, 23-24, 37, 43, 90-92 Thus, free 

volume theory is widely employed in CO2 gas separation, hydrogen purification, water 

desalination, etc. This review will focus on parameters related to free volume size and the 

number of free volume elements. Other free volume parameters, such as free volume element 
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shape as discussed by Dlubeck and coworkers, are beyond the scope of this manuscript.4, 32 

Furthermore, model simulations also extend beyond the scope of this investigation and will not 

be addressed herein. 

Thermomechanical properties of macromolecules relate to either thermal or mechanical 

relaxation, such as glass transition temperature (Tg), melting temperature (Tm), elastic storage 

modulus (Eô), elastic loss modulus (Eôô) and so on. Therefore, as an indicator of any relaxation 

process, free volume enables rational explanation of most thermomechanical property changes. 

As an example of free volumeôs influence on thermomechanical properties, Dlubeck and his 

coworkers reported that the incorporation of  a-olefin in polyethylene significantly increased free 

volume size and number of free volume elements, thereby reducing the Tg, Tm and Xc (Table 

2.5.1-1).93 The side chains of a-olefin served as a defect to interrupt compact polyethylene chain 

packing, which lead to an increase in free volume (both size and number) and promoted local 

segmental mobility, which thus lowered Tg and Tm.  

Table 2.5.1-1 Thermal properties and free volume parameters of poly(ethylene-co-Ŭ-olefin)93
  

Polymer 

backbone  

Branching 

units 

Branching 

conc.  

(mol%) 

Tg 

 (°C) 

Tm 

 (°C) 

Xc 

(%) 

 

v 

(Å3) 

Nf 

(1021/g) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N/A 0 -3.4 158 41 115.2 0.55  

 

10 -10 130 26 116.1 0.47  

20 -15 109 20 116.5 0.57  

 

 

 

1.5 -4 141 36 117.0 0.54  

3 -10 131 27 120.6 0.55  

6 -10 108 20 126.3 0.59  

10 -11 100 17 128.0 0.57  
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11 -12 88 10 130.3 0.65  

 

 

 

2 -8 135 33 124.3 0.43  

4.5 -12 117 27 129.9 0.53  

8 -16 88 18 143.5 0.58  

13 -21 60 9 153.6 0.61  

20 -27 49 3 165.7 0.66  

 

 

6 -19 108 14 146.6 0.51  

10 -25 83 10 160.0 0.55  

15 -32 54 8 172.1 0.56  

 

 

6 -24 106 16 155.9 0.49  

10.5 -32 54, 79 11 165.3 0.51  

Tg, Tm and the crystallinity Xc were determined by DSC. Free volume size v and the number of free 

volume Nf was determined by PALS. 

Both size and number of intermolecular voids are critical for permeation membranes, and  

small molecule diffusion usually correlates with free volume.94  For a typical permeability study, 

there are two major factors: solubility and diffusivity. While some studies focus on diffusivity 

only, the importance of solubility (or sorption) should not be ignored. Fractional free volume 

dominantly determines permeability by controlling diffusivity, while free volume size and 

solubility both define the selectivity of polymeric membranes.28-29, 95-96 Following Nagai et al.ôs 

investigation of free volume and its correlation with solubility,97 this review will focus more on 

diffusivity. Gas and water separation applications are the most studied topics in this area and will 

be our major discussion. For a comprehensive discussion on the physics of diffusion in 

polymeric matrix, see the review from Ramesh et al.ôs.98 
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    Polymeric gas separation membranes have attracted increasing attention, especially for 

CO2 separation arising from the high demand to recycle CO2 as a greenhouse gas.14 Because of 

its high affinity for CO2, crosslinked poly(ethylene glycol) (PEG) is a common research 

platform.99 Lin et al. described that higher free volume (lower crosslinking density) induced an 

increase of permeability for all four tested gas molecules regardless of the polymer backbone 

structures (Figure 2.5.1-1). By varying the crosslink density and copolymer composition, Lin 

and coworkers achieved different permeability and selectivity. 

 

Figure 2.5.1-1 Correlation between the mean size of free volume elements (Vf) from PALS and 

(a) CO2 and CH4 permeability and (b) H2 and N2 permeability at infinite dilution and 35 °C in 

PEGDA/PEGMEA ( ) and PEGDA/PEGA ( ) copolymers (Copyright 2006 Elsevier Ltd.).100 

Water purification, especially desalination, represents a major focus of polymeric 

membrane applications.101-105 As mentioned above, both diffusivity and solubility are important 

in regulating permeation behavior, especially when swelling has a significant influence on 

solubility during desalination. For example, in a sulfonated poly(arylene ether sulfone) random 

copolymer system, Xie et al. demonstrated that higher sulfonation samples led to lower free 

volume as a result of promoted intermolecular interaction.23 Thus, reduced free volume 

depressed the diffusivity of both water and NaCl (Figure 2.5.1-2). As NaCl was the larger 
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penetrant, the decrease of free volume led to a more prominent decrease of its diffusivity than 

water, resulting in higher H2O/NaCl selectivity. 

 

Figure 2.5.1-2 Influence of free volume size from PALS measurements on: (a) water and NaCl 

diffusivity and (b) diffusivity selectivity, ŬD in BPS (ǒ and ƺ) and BPSH (ƴ and Ǐ) films. The 

dashed lines are provided to guide the eye (Copyright (2011) American Chemical Society).23 

 

  2.5.2 The variation in free volume with temperature and pressure 

Prior to identifying structure-property relationships using free volume theory, it is critical 

to understand the inherent nature of free volumeðthe change of free volume with environmental 

factors, such as temperature and pressure.  As a direct measurement of molecular kinetic energy, 

temperature steers the segmental mobility of polymers and thus plays a critical role in 

determining free volume.32, 106-107 A similar argument applies to pressure.32, 90, 107-108 Yet, as the 

variation of temperature is conventional and easier to regulate, pressure-driven free volume 

change is less studied.  
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Figure 2.5.2-1 o-Ps life time (ns) (top) and o-Ps intensity (bottom) for different polyurethanes as 

a function of temperature. Open circle: 400 kDa molecular weight; open triangle: 1200 kDa 

molecular weight; open square: 2000 kDa molecular weight (Copyright 1998 Elsevier Ltd.).106 

 

Consolati et al. probed the impact of temperature on free volume using PALS, and 

investigated free volume distribution above and below Tg in different polyurethanes.106 When the 

temperature is higher than Tg, free volume size increased significantly while the number of free 
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volume sites reached a plateau; below Tg, both free volume size and the number of free volume 

sites increased at elevated temperature (Figure 2.5.2-1). At high temperature, free volume 

favored a narrow size distribution, implying that the expansion of smaller free volume voids was 

the main factor for the increasing free volume.  

\  

Figure 2.5.2-2 Lifetime parameters of o-Ps annihilation in CYTOP at 298 K as a function of the 

pressure P: The mean lifetime Ű3, the mean dispersion ů3 (standard deviation of the o-Ps lifetime 

distribution), and the relative intensity I3. The filled symbols: 1.3ï2.6 million counts, and the 

open symbols: 3.8ï6.3 million counts. The stars show the lifetime parameters of the last 

measurement done after finishing the pressure run and decreasing the pressure to the ambient 

value. The lines are exponential fits of first (ů3,I3) or second order (Ű3) (Copyright (2007) John 

Wiley and Sons).107 

Researchers have also studied changes of free volume induced by varying pressure levels. 

Specifically, Dlubeck et al. confirmed that in the case of an amorphous perfluorinated polymer, 
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both free volume size and the number of free volume decreased exponentially with increased 

pressure at room temperature (Figure 2.5.2-2).107 It is also worth noting that the free volume size 

distribution decreased at high pressure, which may become beneficial in barrier applications as 

narrow free volume size distribution normally induces higher selectivity. Kilburn et al. reported 

similar conclusions when examining the pressure-volume-temperature relationships and their 

impact on free volume and mechanical relaxation.7, 108  

 

  2.5.3 Effect of polymer structure on free volume 

The chemical composition of a polymer backbone dictates polymer physical properties. 

Unlike other structural aspects discussed later in this review (such as branching and additives), 

polymer structure defines performance windows for specific properties. While branching, 

crosslinking, and additives facilitate fine-tuning of polymer physical properties, the initial 

fundamental property platform is based on polymer structure. This discussion on polymer 

chemical structureïfree volume relationships will primarily focus on the free volume dependence 

of backbone packing, interaction between polymer chains, and the potential rearrangement of the 

polymer backbone. 

The rigidity and bulkiness of the polymer backbone structure influences the efficiency of 

polymer chain packing. Inefficient packing generally introduces more free volume as voids 

residing between chains. Srithawatpong et al. compared the fractional free volume (Vf) between 

high-vinyl, polybutadiene (HVBD) and cis-polyisoprene (CPI) using PALS (Table 2.5.3- 1).89 

The authors observed higher fractional free volume (0.041) in HVBD than CPI (0.020), as the 

high vinyl content disrupted the polymer-chain packing. High fractional free volume of HVBD 
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also stimulated a significant increase of Tg. This experimental observation was initially 

confusing from a free volume point of view: higher free volume promotes local mobility and 

thus should lead to a reduction in Tg. An explanation for this phenomenon suggests a common 

competition mechanism between free volume and steric hindrance in steering Tg. High free 

volume from bulky functional groups has the tendency to decrease Tg through enhanced 

segmental mobility, while bulky functional groups also induce steric hindrance to local 

movement. The relationships between free volume and Tg highly depend on the net result of this 

competition. If overall mobility increases (free volume dominates) with increasing functional 

group concentration, Tg will demonstrate a negative relationship with free volume. However, if 

the overall mobility decreases (steric hindrance dominates), Tg will increase at high free volume 

values. The net result is highly dependent on the nature and concentration of the functional 

groups, and in the case of Srithawatpongôs work, the steric hindrance from the vinyl pendant 

groups prevailed over free volume change in terms of determining Tg. More detailed discussion 

on this competition will be covered in the polymer branching section (3.5).  

Table 2.5.3- 1 Glass transition temperature and fractional free volume of high-vinyl 

polybutadiene and cis-polyisoprene89 

Polymer structure Tg 

 (°C) 

Vf  

 

(CPI) 

-61 0.020 

 

(HVBD) 

-23 0.041 
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,  (50/50) 

-54 0.024 

Tg and fractional free volume (Vf) were determined by DSC and PALS, respectively. 

Similarly, Dlubeck et al. investigated the free volume change in poly(styrene-co-

acrylonitrile) using PALS and concluded that incorporation of acrylonitrile content decreased 

free volume size while maintaining a constant number of free volume elements (Table 2.5.3-2).32 

Acrylonitrile units decreased free volume size as a result of smaller pendant group size compared 

to styrene units. Meanwhile, the smaller size of acrylonitrile units reduced steric hindrance in 

comparison to styrene units. In this case, both effects roughly compensated each other, leading to 

an insignificant Tg change. 

Table 2.5.3-2 Glass transition temperature and free volume parameters in poly(styrene-co-

acrylonitrile)32 

Polymer structure Acrylonitrile content 

( mol%) 

Tg 

 (°C) 

vf 

(Å3) 

Nf 

(1021/g) 

 

0 104 121.0 0.53 

22.1 104 112.7 0.58 

38.4 110 107.7 0.56 

50.6 108 102.1 0.56 

Tg was determined by DSC. Free volume size (vf) and number of free volume elements (Nf) were 

calculated through PALS. 

Filiz et al. observed a similar trend in polyisoprene-block-poly(vinyl trimethysilane) (PI-

b-PVTMS).109 Higher polyisoprene content led to a decrease in fractional free volume and thus a 

reduction in gas permeability (Table 2.5.3-3). Both hydrosilylation and hydrogenation of the 

polyisoprene block improved gas permeability through introducing more fractional free volume. 

When comparing hydrosilylation and hydrogenation, hydrosilylated block copolymers achieved 
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higher fractional free volume due to the bulky triethylsilyl groups. As a result, the hydrosilylated 

block copolymers exhibited the highest gas permeability. However, the hydrosilylated block 

copolymers exhibited a reduction in CO2 gas permeability (155 barrer compared to 164 barrer) 

relative to PVTMS homopolymer. The authors ascribed the decrease in free volume and gas 

permeability to the longer ethyl groups in the hydrosilylated block copolymers comparing to the 

shorter methyl substituents in PVTMS homopolymer. 

Table 2.5.3-3 Fractional free volume and CO2 permeability in poly(isoprene-b-vinyl 

trimethylsilane)109 

Polymer structure PI content 

(%) 

Vf 

(%) 

P (CO2) 

(Barrer) 

 

 

0 

 

21.1 

 

164 

 

10 20.1 126 

13 19.7 114 

30 18.1 57 

 

10 20.8 139 

13 20.6 133 

30 19.4 120 

 

10 21.1 155 

13 21.0 149 

30 19.9 130 

Fractional free volume (Vf) was determined by density study and Bondiôs contribution theory. 
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In more rigid polymers, Liu et. al studied the effect of backbone geometry on free 

volume and its influence on Tg and permeability behavior.25 According to PALS, poly(ethylene 

terephthalate) (PET) exhibited larger free volume size (r in Table 2.5.3-4) than poly(ethylene 

isophthalate) (PEI). Kinked PEI repeating units served as defect in chain packing to decrease 

both Tm and Tg in PET-co-PEI random copolymers. However, in PET-b-PEI block copolymers, 

Tg decreased with increasing PEI content while Tm remained unchanged due to their blocky 

nature.  At similar PEI content level, no significant difference in free volume and Tg appeared 

between random copolymers and block copolymers. PEI is well known for its better oxygen 

barrier property than PET. The incorporation of PEI in PET, in both random copolymers and 

block copolymers, exhibited a decrease in permeability (P) as a result of decreased free volume 

size as expected (Table 2.5.3-4). PEI simultaneously depressed Tm and improved gas barrier 

properties (as a result of decreased free volume), making it a promising candidate in gas barrier 

applications. In contrast, most polymeric materials sacrifice flexibility to gain better barrier 

properties. 

Table 2.5.3-4 Glass transition temperature and free volume parameter between polyethylene 

terephthalate (PET) and polyethylene isophthalate (PEI)25 

Polymer structure 

 

PEI content 

(mol %) 

Tg 

(°C) 

Tm 

(ºC) 

r 

(Å) 

P 

(cc cm m-2 day-1 atm-1) 

25 

 

0 

 

76 

 

246 

 

2.56 

 

0.424 

 

10 72 233 2.52 0.371 

20 68 205 2.49 0.294 

30 66 - 2.48 0.249 

 

10 72 245 2.51 0.328 

20 69 243 2.48 0.278 

30 65 240 2.46 0.239 
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100 

 

55 

 

- 

 

2.41 

 

0.090 

Tg was determined by DSC. The difference in specific volume relative to PET (Dv) was 

determined through PALS. 

Interaction between polymer chains largely dictates packing through physically varying 

the distance between neighboring chains. This change in distance proves to have a profound 

influence on fractional free volume. Xie and coworkers investigated the free volume in 

disulfonated poly(arylene ether sulfone) random copolymers.23 The researchers observed 

competing mechanisms in free volume changes when they varied the degree of sulfonation in 

their dry film samples (water uptake was negligible). Owing to high polarity of the ions, 

polymers with a higher degree of sulfonated groups exhibited enhanced intermolecular 

interaction, resulting in lower fractional free volume. At the same time, bulky sulfonates 

interrupted efficient chain packing, leading to an increase in free volume. These two factors 

largely canceled in the salt form (BPS, potassium salt), but the polarity effect prevailed in the 

acid form (BPSH) (Table 2.5.3-5). Hence, with an increasing concentration of disulfonated 

monomer, free volume size (t3) decreased in BPSH but remained relatively unchanged in BPS. 

BPS exhibited an average larger free volume size than BPSH from PALS because BPS had a 

bulkier counter ion than its acid analog. Conversely, hydrated polymer films exhibited different 

properties in comparison to dry films as water uptake participated in determining free volume 

and became a dominant factor. As a result, free volume size increased at elevated concentrations 

of disulfonated monomer in both hydrated BPS and BPSH films. The number of free volume 

elements decreased in the hydrated film, however, the inhibition of o-Ps (the signal that PALS 

utilized to calculate free volume parameters) might play a significant role. 
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Table 2.5.3-5 Free volume parameters and water diffusivity of disulfonated poly(arylene ether 

sulfone) random copolymers23 

Polymer structure 

 

Counter ion Disulfonated 

monomer (%) 

t3 

(ns) 

I3 

(%) 

Water diffusivity 

(10-6 cm2/s) 

 

M = Na 

BPS 

20 1.853 ± 0.013 19.9 ± 0.4 0.90 

30 1.881 ± 0.016 16.4 ± 0.2 1.4 

35 1.889 ± 0.020 16.3 ± 0.3 1.3 

40 1.899 ± 0.014 15.2 ± 0.2 1.7 

 

M = H 

BPSH 

20 1.871 ± 0.021 19.5 ± 0.3 1.1 

30 1.895 ± 0.014 17.6 ± 0.2 1.8 

35 1.924 ± 0.024 16.8 ± 0.6 2.1 

40 1.939 ± 0.021 16.7 ± 0.3 2.3 

Free volume parameters were determined by PALS. 

Hsieh and coworkers conducted a thorough study of the structure-free volume-physical 

properties relationship for thermotropic liquid crystalline polymers (TLCPs).86 Entry 1 in Table 

2.5.3-6 exhibited a larger free volume size compared to Entry 2, suggesting that a kinked 

structure along the polymer backbone introduced more free volume as a result of packing 

interference. The amide linkage in Entry 3 demonstrated the potential of hydrogen bonding to 

reduce free volume due to efficient and ordered packing of polymer chains. All TLCPs in this 

study presented a smaller free volume size than a PC control, indicating the rigid nature of 

TLCPs favored a decline in free volume size. No general trend was observed between Tg and 

free volume in this work. 
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Table 2.5.3-6 Glass transition temperature and free volume size of thermotropic liquid 

crystalline polymers86 

Thermotropic liquid crystalline polymers Tg (ºC) vf (Å) 

 

Entry 1 

 

 

100 

 

 

37.97 ± 2.14 

 

Entry 2 

 

 

99 

 

 

34.47 ± 4.07 

Entry 3 

 

 

146 

 

 

31.01 ± 26.89 

 

PC 

 

154 

 

99.52 ± 1.7 

Tg and free volume size were determined by DSC and PALS, respectively. 

Another interesting approach to alter polymer free volume is thermal rearrangement of 

the polymer backbone. Park et al. employed PALS to determine free volume changes in 

hydroxyl-containing polyimide (HPI) and its thermally rearranged polybenzoxazoles (TR-

PBO).110 Table 2.5.3-7 showed that fractional free volume increased from 0.19 to 0.28 after 

thermal rearrangement based on Bondiôs group contribution theory. The increased free volume 

was presumably due to the disappearance of the hydroxyl group. Without hydroxyl groups in 

TR-PBO, hydrogen bonding was severely depressed, causing less dense chain packing 

comparing to HPI. As a result, TR-PBO showed higher permeability than HPI due to its larger 
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free volume size and/or connected free volume elements. Freeman et al. also studied thermally 

rearranged polymers using PALS and concluded that the higher selectivity of thermally 

rearranged polymers suggested a favorable free volume distribution.27 

Table 2.5.3-7 Fractional free volume and CO2 permeability before and after thermal 

rearrangement110 

Polymer structure Vf 

(simulated) 

Vf 

(calculated) 

CO2 

Permeability 

(barrer) 

 

HPI 

 

0.214 

 

0.19 

 

12.2 

 

TR-PBO 

 

0.252 

 

0.28 

 

29.0 

Fractional free volume was calculated trough simulation and Bondiôs group contribution theory. 

External forces have the capacity to align polymer backbones. In general, oriented 

polymer backbones enable efficient packing and thus reduced free volume. Liu et al. studied the 

free volume changes and the consequent oxygen permeability when orienting PET films at 

various temperature.25 Comparing to non-oriented films, films oriented at Tg as well as 15 ºC 

below Tg exhibited a decrease in free volume, leading to a decrease in oxygen permeability 

(Table 2.5.3-8). The authors ascribed chain orientation below Tg and amorphous phase 

orientation at Tg to the decrease in free volume. In contrast, when orienting PET films at 
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temperatures higher than Tg (15 and 30 ºC above Tg), strain-induced and thermal crystallization 

occurred and increased free volume. As a result, no oxygen permeability change appeared after 

orientation at 30 ºC above Tg. Valic et al. chose PALS to compare free volume changes with 

uniaxial deformation of linear low-density polyethylene film (LLDPE) in two different 

directions.91 Both parallel and perpendicular deformation appeared to have little influence on 

free volume size (slightly increased for parallel deformation and almost constant for 

perpendicular deformation). However, the force-induced close packing from both parallel and 

perpendicular deformation led to a decrease of the number of free volume. As a result, fractional 

free volume decreased with deformation, thus, gas permeability decreased. In this case, the 

direction of deformation seemed to have no effect on free volume behavior.  

Table 2.5.3-8 Free volume and permeability parameters of oriented PET films25 

Polymer structure 

 

Tdraw 

(ºC) 

Vf 

(cm3/g) 

P 

(cc cm m-2 day-1 atm-1) 

 

- 0.026 0.424 

Tg ï 15 0.017 0.203 

Tg 0.024 0.205 

Tg +15 0.030 0.211 

Tg +30 0.034 0.401 

Tdraw: orientation temperature 

 

  2.5.4 Effect of molecular weight and molecular weight distribution on free volume 

Molecular weight is often referred as the ñsize of a moleculeò and used interchangeably 

with molar mass in polymer synthesis and characterization.111 Both molecular weight and its 

distribution dictate polymer physical properties through chain entanglement and chain end 

concentration. As a rational deduction, higher molecular weight reduces fractional free volume 

by providing more chain entanglement and reducing chain end concentration. Chain 
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entanglement leads to compact packing and decreases free volume.112 Polymer chain ends 

generally provide more free volume than backbone and are prone to packing imperfection.112 

However, at a high enough molecular weight, fractional free volume becomes an increasing 

function of molecular weight.  

Table 2.5.4-1 Molecular weight, free volume size and spin-spin relaxation time of polystyrene113 

Polymer structure Mn 

(kg/mol) 

Mw 

(kg/mol) 

t2 

(ns) 

 

 

 

 

 

 

0.104 0.104 2.42 

0.545 0.600 2.23 

0.550 0.970 1.96 

1.95 2.1 1.94 

3.27 3.6 1.95 

4.60 5.00 1.86 

9.70 10.3 1.87 

19.6 19.8 1.91 

49.0 51.0 1.90 

96.2 98.2 1.89 

164 173 1.82 

392 411 1.90 

773 867 1.90 

1780 2145 1.94 

Molecular weight data was determined by SEC as relative molecular weight. Free volume parameter (t2) 

and spin-spin relaxation time (T2) were determined by PALS and NMR, respectively. 
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West et al.  studied free volumeôs dependence on molecular weight over a wide molar 

mass range.113 For polystyrene, the free volume size (t2) from PALS decreased with increasing 

molecular weight as expected (Table 2.5.4-1). However, the free volume size started to increase 

again at above 200 kg/mol molecular weight. The authors mentioned the possible influence of 

fast motion that is normally out of the detection range of PALS.  

He and coworkers explored the high molecular weight region of polystyrene (PS) and 

poly(methyl methacrylate) (PMMA) and observed similar free volume increase with increasing 

molecular weight.112 In PS, the free volume size (t3) remained relatively constant with molecular 

weight, while the number of free volume elements (I3) surged from 26.1 % to 30.0 % (Table 

2.5.4-2). Similarly, in the case of PMMA, the free volume size stayed at a constant value, and the 

number of free elements increased. Nevertheless, the variation of the number of free volume 

elements in PMMA was not as significant as in PS. The authors attributed the unorthodox free 

volume increase to the retardation of fast local motion that was normally undetectable for PALS. 

At high molecular weight, the chain end concentration was negligible, hence the free volume 

drop led by the decreasing chain-end concentration was trivial. Meanwhile, high molecular 

weight slowed down local motions that otherwise were too fast for PALS to detect. Eventually, 

PALS reveals some of the originally undetectable voids and results in an apparent ñincreaseò of 

free volume. 

Table 2.5.4-2 Molecular weight and free volume parameter of polystyrene and poly(methyl 

methacrylate)112 

Polymer structure Mn (kg/mol) t3 (ns)  I3 (%) 

 

140 2.030 26.1 

190 2.039 27.9 
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500 2.093 30.0 

 

980 1.879 20.4 

1470 1.895 20.0 

2020 1.885 21.1 

Free volume parameters were determined by PALS. 

Suvegh et al. specifically addressed the importance of molecular weight distribution in 

determining free volume.114 At similar molecular weight, polydisperse poly(methyl 

methacrylate) (PMMA) always exhibited larger free volume size (o-Ps lifetime) (Figure 2.5.4-

1). The free volume size in monodisperse PMMA demonstrated little dependence on molecular 

weight. But in polydisperse PMMA, the free volume size clearly increased before reaching a 

plateau at high molecular weight. 

 

Figure 2.5.4-1 Free volume size (o-Ps lifetime) as a function of molecular weight (left) and 

polydispersity (right) in poly(methyl methacrylate) (Copyright (1999) American Chemical 

Society).114 
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2.5.5 Effect of pendant groups and branching on free volume 

Branched polymers are often defined as macromolecules with more than two chain ends 

per chain.111 Controlled branching is a common strategy to alter polymer physical properties. 

The branching density, the length of branches, and branching chemical structures determine the 

physical properties of branched polymers via free volume control. The branching density has a 

profound influence on free volume, as the addition of extra chain ends from branching, in 

general, increases the free volume. Longer branch length tends to increase the free volume, 

thereby greatly influences polymer thermomechanical and barrier properties.115 Different 

functional pendant groups provide additional interactions, such as hydrogen bonding, steric 

hindrance and ionic interactions, which also exhibit various influence on free volume.  

Dlubeck et al.ôs study on polyethylene (PE) represents a typical relationship between free 

volume and polymer branching (Table 2.5.5-1).93 The Ŭ-olefin introduced defects to interrupt 

compact poly(ethylene) chain packing, leading to a decrease in the Tg, Tm and Xc compared to 

the linear analog. In conjunction, a subsequent increase in free volume size (Vf) and the number 

of free volume elements (Nf) was observed. For example, the introduction of 1-octene increased 

the free volume size from 124.3 Å3 (2 mol% branching) to 165.7 Å3 (20 mol% branching), and 

the corresponding free volume concentration increased from  0.43×1021/g to 0.66×1021/g. 

Table 2.5.5-1 Thermal properties and free volume results of poly(ethylene-co-a-olefin)93  

Polymer 

backbone  

Branching 

units 

Branching 

conc. (mol%) 

Tg 

 (°C) 

Tm 

 (°C) 

Xc 

(%) 

Vf 

(Å3) 

Nf 

(1021/g) 

 

 

N/A 0 -3.4 158 41 115.2 0.55  

 
10 -10 130 26 116.1 0.47  
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20 -15 109 20 116.5 0.57  

 

 

 

1.5 -4 141 36 117.0 0.54  

3 -10 131 27 120.6 0.55  

6 -10 108 20 126.3 0.59  

10 -11 100 17 128.0 0.57  

11 -12 88 10 130.3 0.65  

 

 

 

2 -8 135 33 124.3 0.43  

4.5 -12 117 27 129.9 0.53  

8 -16 88 18 143.5 0.58  

13 -21 60 9 153.6 0.61  

20 -27 49 3 165.7 0.66  

 

 

6 -19 108 14 146.6 0.51  

10 -25 83 10 160.0 0.55  

15 -32 54 8 172.1 0.56  

 

 

6 -24 106 16 155.9 0.49  

10.5 -32 54, 79 11 165.3 0.51  

Tg, Tm and the crystallinity Xc were determined by DSC. Free volume size Vf and the number of free 

volume Nf was determined by PALS.  

For PE with uniform branch length, the free volume size increased as the branching 

density increased, resulting in decreased Tg (Table 2.5.5-1). At a similar incorporation levels (10 

mol%), longer alkyl pendant groups lowered Tg further, ranging from -10 °C (1-butene) to -

32 °C (1-hexadecene), as a result of increasing free volume. This systematic study represents a 
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typical structure-free volume-property relationship: at a similar branching level, longer branches 

tend to lower Tg more through the introduction of more free volume. 

 

    

Figure 2.5.5-1 Tg (a) determined from DSC and o-Ps lifetime Ű3 (b) determined from PALS 

against Ŭ-olefin content (wt%) for ethylene copolymers containing: 1-propene (C3), 1-butene 

(C4) and 1-octene (C8). Solid lines are least-squares exponential fit (Copyright (2006) John 

Wiley and Sons).5 

Dlubeck et al. revealed another general relationship between branching density and free 

volume in n-alkyl branched PE using PALS.5, 85 In the low-branching (< 20%) content materials, 

Tg decreased linearly as branching increased, while the change of Tg diminished at high 

branching density (Figure 2.5.5-1a). The authors attributed the decrease of Tg to higher 

segmental mobility through plasticization of branches. Branching led to higher free volume (t3) 

and thus resulted in higher segmental mobility (Figure 2.5.5-1b). In the case of high branch 

content (> 20%), Tg plateaued due to the appearance of diads (two adjacent n-alkyl  units), which 

enabled highly efficient packing and mitigated the increase in segmental mobility and free 

volume.85 As a general relationship between branching density and free volume, free volume 

increases rapidly first as branching density increases; but, when the branching density is high 

enough (i.e. when diads of the branching repeating units are not negligible any more), the free 
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volume plateaus. Mader et al. confirmed this relationship,116 proving that with the increasing 

degree of branching, Tg decreased rapidly first at low branching level before it plateaued at 

higher branching density. Furthermore, Tg even began to increase at very high branching density 

(80% to 100%). 

Table 2.5.5-2 Thermomechanical properties and fractional free volume of poly(ethylene-co-

norbornene) copolymers33 

Polymer Norbornene 

content (mol%) 

Tg 

(°C) 

Vf 

(%) 

Youngôs 

modulus (GPa) 

 

 

40 81 6.2 1.94 

52 137 11.3 2.06 

54 154 11.9 2.15 

66 173 12.9 2.20 

Tg, Youngôs modulus and fractional free volume (Vf) were determined by DSC, Instron 5544 and PALS 

respectively. 

 

The two general trends discussed above work best for linear branches. However, the 

introduction of bulky branches introduces a steric hindrance factor that usually competes with 

free volume. Hu et al. studied the influence of cyclic olefin branching on free volume using 

PALS.33 The introduction of bulky norbornene groups led to significant free volume (Vf) change 

as expected (Table 2.5.5-2). Fractional free volume doubled (from 6.2% to 12.9%) at 66 mol% 

incorporation of norbornene in comparison to 40 mol% incorporation. However, Tg also 

increased with higher branching content due to the interference of bulky pendant groups on 

segmental motion. In this case, the hindrance of segmental motion from bulky cyclic pendant 

groups surpassed the effect of free volume increase, thus higher fractional free volume failed to 
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lower the Tg. This behavior is interesting, as high permeation behavior (high free volume) with a 

good thermal property (high Tg) coexist in the same matrices. Such properties are critical and 

ideal for barrier applications. As shown by the authors, polymers with higher norbornene content 

exhibited a higher permeability coefficient with improved mechanical properties.  

Table 2.5.5-3 Fractional free volume and gas permeability of triptycene-based polyimides26 

Polymer Vf 

(%) 

CO2 

permeability 

(Barrer)  

 

 

15.6 

 

14.4 

 

 

18.3 

 

19.7 

 

 

15.1 

 

9.0 

Fractional free volume (Vf) was determined by density study. CO2 permeability was measured at 35 °C 

and 130 psig. 

Similarly, aromatic branches and pendant groups have a more significant influence on 

free volume due to their inherent rigidity. Wiegand et al. characterized triptycene-based 

polyimides to elucidate the free volume effect on gas separation.26 Using density studies coupled 

with Bondiôs theory, the calculated fractional free volume (Vf) increased with the introduction of 
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bulky triptycene in the backbones (Table 2.5.5-3). The addition of bulky ïCF3 substituents 

further increased the free volume from 15.6 % to 18.3 % by disrupting chain packing. In contrast, 

smaller ïCH3 groups reduced the free volume to 15.1 %. The authors postulated that the small 

methyl groups resided partially in the free volume void provided by the bulky triptycene groups 

and thus led to a decrease in free volume. As expected, gas permeability increased with 

increasing fractional free volume. The Tgs of these polyimides (ranging from 280 to 300 °C) 

demonstrated no general correlation with free volume in this case, as both the molecular weight 

and molecular weight distribution were not controlled. 

Despite the two general relationships between free volume and polymer branches or 

pendant groups, the direct relationship between glass transition temperature and free volume is a 

case-by-case study.  Branches, in general, act as plasticizers to introduce more free volume and 

thus lower Tg.
5, 8, 10, 86 However, researchers have argued that pendant groups with secondary 

interactions lead to a decrease in free volume and result in a higher Tg.
86 Also, for bulky 

branches, both free volume and Tg increase with increased branching content.33 In this case, 

branches and pendant groups increase free volume, but the additional entanglement from the 

bulky pendant groups overcome the free volume effect, leading to a decrease in segmental 

mobility. This competition between free volume and local steric hindrance is the key to 

understanding and designing polymers. If the disruption of close chain-packing dominates over 

the effect of constraint on segmental motion (e.g., linear alkyl pendant group), Tg will decrease 

as a result of increasing free volume. In a reversed situation, local mobility will decrease and 

result in higher Tg despite increasing free volume. In special cases when the branching density is 

too high5 or the pendant groups promote inter-molecular interactions86, the free volume tends to 

plateau or even decrease with increasing branching contents. In conclusion, careful consideration 
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must be given to the competition between increased free volume and elevated entanglement from 

branching when interpreting and designing polymers. 

 

2.5.6 Effect of crosslinking on free volume 

Covalently crosslinked polymers refer to materials where covalent bonds connect 

multiple chains, and a functionality of a crosslinking agent exceeds 2.0.111 Crosslinking is a 

common strategy to improve mechanical and chemical stability of polymers through covalently 

or non-covalently linking individual polymer chains.10, 15, 35, 117-118 As a trade-off for the 

improved stability, the polymer chain mobility is often restricted, making free volume especially 

critical in determining polymer physical properties. While increasing crosslinking density 

facilitates mechanical integrity, it significantly reduces free volume as a result. During transport 

process, this inherent paradox between mechanical integrity and high free volume (for 

permeation) is detrimental. However, variation on the crosslinking agent or pendant groups 

elucidate potential resolution for this problem. Pendant group effects include steric hindrance 

effect, inherent free volume increase by bulky groups, intra- and inter-chain secondary 

interactions, and polymer backbone rigidity. As a result, even though a few general trends of free 

volume change in crosslinking matrix stand, the rational design and interpretation of crosslinking 

materials based on free volume becomes complicated. 

Table 2.5.6-1 Thermal properties and free volume parameter for PEG based crosslinking 

system100 

Monomer 

structure 

Crosslinker Crosslinker 

density (wt%) 

Tg 

(°C) 

t3 

(ns) 

I3 

(%) 

  

 

1.3 -65 2.54  22.0 

30 -57 2.59  21.6 
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(PEGMEA) 

 

 

50 -52 2.48  21.6 

80 -44 2.41 21.0 

100 -40 2.38 22.2 

 

(PEGA) 

0 -45 2.41 20.6 

30 -44 2.37  20.6 

50 -42 2.37  21.3 

100 -40 2.38  22.2 

Tg and t3 were determined by DSC and PALS, respectively. 

In general, higher crosslinking density leads to lower free volume. But free volume size 

and the number of free volume have different dependence on crosslinking density. Lin et al. 

conducted a series of gas permeability studies based on free volume theory in poly(ethylene 

glycol diacrylate) based crosslinked matrices (Table 2.5.6-1).100 Different copolymers 

PEGDA/PEGMEA and PEGDA/PEGA shows different free volume changes as a function of 

crosslinking density and pedant groups. In PEGDA/PEGMEA, free volume size (t3) increased 

with increasing PEGMEA (-OCH3 terminated) component, while in PEGDA/PEGA, variation in 

the PEGA (-OH terminated) component had little effect on free volume radius. This indicated 

that ïOCH3 terminated pendant groups (from PEDMEA) increased free volume size more 

prominently than ïOH terminated pendant groups. While both PEGMEA and PEGA introduce 

more free volume to the materials, the ïOH terminated PEGA has the extra potential of hydrogen 

bonding. As a result, the hydrogen bonding in PEGA bridged polymer chains closer to each other 

and mitigated the increase in free volume. Accordingly, Tg increased with decreasing free 

volume size in PEGDA/PEGMEA crosslinking matrices and remained relatively unchanged in 

PEGDA/PEGA due to constant free volume size. The permeability of the investigated gases 

(CO2, CH4, H2 and N2) demonstrated strong linear relationship with 1/Vf (fractional free 
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volume), as expected. Free volume also affected selectivity: CO2/N2 and CO2/CH4 selectivity 

deteriorated with increasing fractional free volume while CO2/H2 selectivity improved with 

increasing fractional free volume. Since CO2 has a smaller diameter than N2 and CH4, but a 

larger diameter than H2, the experimental selectivity results corresponded well with theory.  

Kusuma et al. investigated the influence of crosslinking density on free volume and gas 

permeability in similar crosslinked matrices (Table 2.5.6-2).15 Three different monomers, 2-

hydroxylethyl acrylate (2-HEA), ethylene glycol methyl ether acrylate (EGMEA), and 2-ethoxyl 

acrylate (2-EEA) with different pendant groups (hydroxyl, methoxy, and ethoxy group, 

respectively) exhibited different thermal and barrier properties in PEGDA crosslinked matrix.15 

With increasing crosslink density, PEGDA/EGMEA and PEGDA/2-EEA exhibited a decrease in 

fractional free volume (Vf) while PEGDA/2-HEA demonstrated an opposite trend. The methoxy 

(EGMEA) and ethoxy groups (2-EEA) weakened internal interactions between ether oxygens in 

PEGDA and resulted in more fractional free volume. Meanwhile hydroxyl groups (2-HEA) had 

the potential to reduce fractional free volume by promoting intra-chain interactions through 

hydrogen bonding. For example, at similar crosslinking density (~80 %), 2-HEA resulted in 

lower free volume (0.118) than EGMEA (0.126) and 2-EEA (0.132). The corresponding Tg in 

PEGDA/2-HEA (-28 °C) is 10 °C higher than both PEGDA/EGMEA (-35 °C) and PEGDA/EEA 

(-38 °C). 

Table 2.5.6-2 Thermal properties and free volume parameters in PEG based crosslink system15 

Monomer structure Crosslinker Crosslink 

density (wt%) 

Tg 

(°C) 

Vf 

 

 

 

 

 

40.3 -9 0.110 

59.9 -18 0.113 
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2-HEA 

 

 

 

 

 

 

79.9 -28 0.118 

89.9 -33 0.117 

96 -35 0.119 

100 -37 0.120 

 

 

 

EGMEA 

37.7 -34 0.137 

57.4 -35 0.133 

78.8 -35 0.126 

88.8 -36 0.121 

95.5 -36 0.123 

100 -37 0.120 

 

 

 

2-EEA 

35.5 -39 0.150 

54.8 -38 0.140 

76.5 -38 0.132 

88.0 -37 0.125 

94.7 -37 0.121 

100 -37 0.120 

Tg was determined by DSC and Vf was determined by Bondi group contribution theory with 

density study. 

Gas permeability improved with decreasing PEGDA crosslinker concentration in 

PEGDA/EGMEA and PEGDA/2-EEA while lower crosslinking density deteriorated gas 

permeability in PEGDA/2-HEA. Increase of the free volume in PEGDA/2-HEA resulted in a 

significant Tg drop. However, decrease of the free volume in PEGDA/EGMEA and PEGDA/2-

EED has little influence on Tg.  

Table 2.5.6-3 Thermal properties and free volume parameters in PEG based crosslink system117-

118  

Monomer structure Crosslinker Crosslink wt%  Tg (°C) Vf 

  29 -46 0.146 



 

45 

 

 

 

DEGEEA 

 

 

 

 

 

 

 

 

 

 

 

48 -44 0.139 

71 -41 0.131 

85 -39 0.126 

94 -38 0.123 

100 -37 0.120 

 

 

 

DEGPEA 

0 -12 0.135 

25 -17 0.133 

43 -23 0.129 

66 -29 0.126 

82 -32 0.122 

92 -35 0.123 

100 -37 0.120 

 

 

 

PEGPEA 

0 -28 0.135 

35 -31 0.128 

59 -33 0.126 

77 -35 0.125 

90 -37 0.124 

100 -37 0.120 

 

 

 

TRIS-A 

 0 -7 0.158 

10 -22 0.156 

20 -42 0.150 

40 -43 0.142 

50 -40 0.141 

60 -40 0.138 

70 -39 0.134 

80 -38 0.132 

90 -38 0.129 

100 -39 0.128 

Tg was determined by DSC and Vf was determined by Bondi group contribution theory with 

density study 
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Similar to the situation in branched polymers, bulky groups introduce more free volume 

but promote chain entanglement through steric hindrance in crosslinked polymers. Kusuma et al. 

studied the influence of phenoxy pendant groups on free volume and their influence on thermal 

properties in crosslinked PEGDA.118 Increasing crosslink density led to smaller fractional free 

volume (Vf) as expected (Table 2.5.6-3). But larger fractional free volume failed to affect the Tg 

in PEGDA/DEGPEA and PEGDA/PEGPEA.  The bulky phenoxy groups introduced more free 

volume and lowered the Tg, but they encountered more steric hindrance against local segmental 

motion. In this case, steric hindrance effect dominated over free volume effect, simultaneously 

achieving high Tg and high free volume. Kusuma et al. later investigated bulkier but softer 

pendant groups 3-[tris-(trimethylsiloxyl)sily] propyl acrylate monomers (TRIS-A) in the same 

PEGDA crosslinking matrices (Table 2.5.6-3).117 TRIS-A significantly increased fractional free 

volume (Vf) by interrupting chain packing. In comparison to phenoxy pendant groups, TRIS-A is 

bulkier and leads to even higher free volume. At 0 % crosslinking density, TRIS-A possessed 

significant higher free volume (0.158) than DEGPEA and PEGPEA (0.135). Yet, in a similar 

fashion to the phenoxy example, the bulky TRIS-A group encountered a competition between 

higher free volume and the steric hindrance of segmental motion. In this case, Tg remained 

relatively unchanged because these two effects roughly balanced each other. Gas permeability 

increased sharply with increasing TRIS-A content as a result of more free volume. 
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Table 2.5.6-4 Thermal properties and free volume parameters for crosslinked polybutadiene10 

 Tg and vf (free volume size) were determined by DSC and PALS, respectively. 

Another interesting aspect of free volume changes in crosslinking matrix is the 

isomerization of repeating units. Mansilla et al. reported that the influence of crosslinking 

density on free volume depended on the microstructures in crosslinked polybutadiene.10  For 

polybutadiene with high cis (97%) stereochemistry, free volume size (vf) remained relatively 

unchanged under various crosslinking density (Table 2.5.6-4). While for polybutadiene with 

moderate cis (38%) content, free volume size increased sharply initially, then decreased with 

higher crosslink density. The authors attributed this phenomena to the interference among 

crosslinking, isomerization, and crosslink reversion. Crosslinking-induced isomerization may 

account for this unorthodox relationship between free volume and crosslinking density. 

Table 2.5.6-5 Thermal properties and free volume parameters in crosslinked 

polyisoprene/polybutadiene blend initiated by dicumylperoxide. 89 

Polymer structure Crosslinker 

concentration (1g / 

100g) 

Tg (°C) <Vf>g (103 nm3) 

 0 -54 67.8 

Polymer structure 

 

cis 1,4 

content (%) 

trans 1,4 

content (%) 

1,2 content 

(%) 

Tg 

 (°C) 

vf 

(Å3) 

 

(cured)  

97 2 1 -106 149.4 

38 51 11 -93 159.3 

 

(uncured) 

97 2 1 -105 139.5 

38 51 11 -92 115.8 
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,  

(50/50) 

1 -54 67.1 

3 -46 68.9 

5 -40 69.0 

Tg was determined by DSC and Vf was determined by PALS. 

Srithawatpong and coworkers studied free volume changes at different temperatures in 

crosslinked polyisoprene/polybutadiene blends (Table 2.5.6-5).89 Free volume size decreased in 

the rubbery state, but remained constant in the glassy state with increased crosslinking density.  

The authors attributed this finding to the fact that crosslinking restricted the thermal expansion 

significantly when polymer chains are above Tg but had less influence in the glassy state. 

Increasing crosslinking density introduced more free volume (<Vf>g, free volume at Tg) and led 

to a higher Tg. The authors suggested a kinetic explanation that high-Tg polymers require larger 

free volume to pass into a liquid-like state (above Tg) from a solid-like state (below Tg).  

Table 2.5.6-6 Thermal properties and free volume parameters in crosslinked unsaturated 

polymer ester119 

Polymer structure Crosslinker Crosslink 

density (%) 

Tg 

 (°C) 

Vf 

 

 

 

 

0.00 -20.8  0.0828 

3.17 0.1 0.0704 

9.95 48.4 0.0466 

12.25 68.3 0.0382 

15.52 103.7 0.0269 

Tg was determined by TMA and Vf was determined by Simha-Boyerôs equation. Crosslink 

density was characterized by FTIR. 
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The effects of crosslinking on free volume are even more substantial in a rigid matrix 

where mobility is further restricted compared to aliphatic matrices. An early study by Ma et al. 

revealed that lower crosslinking density increased the free volume (Vf) and caused a decrease of 

the Tg (Table 2.5.6-6).119 At 15% crosslink density, free volume drastically decreased from 

0.0828 (non-crosslinked) to 0.0269, causing an increase in Tg from -21 °C to 104 °C.  

Table 2.5.6-7 Thermal properties and free volume parameter in epoxy-polyether amine 

networks41 

Epoxy resin 

:  

Amine component T/T g l (nm) t3 (ns) I 3 (%) v 

 

0.82 1.09 1.61 19.45 2.18 

 

0.93 1.25 1.69 20.25 2.53 

 

1.02 1.28 1.81 18.79 2.69 

 

1.12 1.35 1.95 21.00 3.51 

Tg was determined by DSC. Free volume parameters and the distance between crosslink (l) were 

determined using PALS. 

 Patil et al. studied the relationship between the degree of crosslinking and free volume in 

both glassy and rubbery epoxy-amine networks (Table 2.5.6-7).41 Within the same networks, 

both free volume size and the number of free volume increased when crosslinking density 

decreased, which was consistent with previous studies. A comparison between the glassy and 



 

50 

 

rubbery networks suggested a decrease of free volume size and an increase of the number of free 

volume when changing from the glassy state to the rubbery state. Overall, larger free volume 

leads to lower Tg, and glassy networks feature smaller free volume size but more free volume 

elements than rubbery matrices.  

Table 2.5.6-8 Thermomechanical properties and fractional free volume in epoxy-amine 

crosslinking matrices120 

Epoxy resin:                      

 

(TGDDM) 

Amine component Tg (°C) Gô(1010 dyn/cm2) Vf (%) 

(33ôDDS) 

231 2.1 1.74 

 

(44ôDDS) 

260 1.8 2.11 

Epoxy resin:                     

 

(DGEBA) 

Amine component Tg (°C) Gô(1010 dyn/cm2) Vf (%) 

 

(43ôDDS) 

170 1.4 2.67 
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(42ôDDS) 

140 1.5 1.82 

 

(33ôDDS) 

213 1.5 1.51 

 

(44ôDDS) 

230 2.1 1.91 

Tg and fractional free volume were determined by DSC and PALS, respectively. Shear modules 

(stiffness), Gô, was determined by Instron at room temperature. 

In other rigid epoxy crosslinking network examples, Jean et al. demonstrated that 

configurational isomers had significant impact on free volume and the corresponding 

thermomechanical properties (Table 2.5.6-8).120 With identical amine component, TGDDM 

exhibited smaller fractional free volume (Vf) in comparison to DGEBA, presumably due to 

higher crosslinking density of TGDDM (from higher functionality). When using the same epoxy 

resin, different configurational isomers of amines showed significant influence on free volume. 

44ôDDS allowed more extended chain configuration and afforded more free volume compared to 

33ôDDS. Asymmetric amines demonstrated complicated effects on free volume: 43ôDDS 

introduced more free volume than 44ôDDS, but 42ôDDS reduced free volume in comparison to 

44ôDDS. Glass transition temperatures increased with increasing free volume when using 

symmetric amines, but no clear trend existed between Tg and free volume in asymmetric amine 

networks. However, shear modulus (Gô) always decreased when free volume increased 

regardless of the amine structures. 
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In crosslinking networks, free volume normally decreases with increasing crosslinking 

density due to restricted segmental motion. However, in the case of crosslinking materials with 

isomerization, such as crosslinked polybutadiene or polyisoprene, high free volume and high 

crosslinking density are achievable at the same time, likely due to the crosslinking-induced 

isomerization. At similar crosslinking level, pendant groups steer the free volume change, and 

the common argument of its influence on free volume (section 2.5.5) is valid in crosslinked 

materials as well. 

2.5.7 Effect of polymer blends and additives on free volume 

Additives in polymers and polymer blends are mixtures of polymers with other small 

molecules or macromolecules, respectively. They provide facile approaches to alter polymersô 

thermomechanical,2, 80, 121 biological,122 electrical123-124 and permeation properties125-127 without 

redesigning polymer chemical structures. Additives and blends involve free molecules in 

comparison to branching and crosslinked networks, making them generally more efficient to 

modify free volume and eventually polymer physical properties. 

As mobile small molecules, additives normally tend to introduce more free volume to 

polymer networks through plasticization and thus decrease Tg. However, bulky additives also 

promote chain entanglement that tends to elevate Tg. Additives with strong interaction to 

polymer chains (hydrogen bonding, electrostatic interactions, etc.) reduce free volume by 

bridging polymer chains as intermolecular linkers. Naturally, there is a competition between 

inter-chain and intra-chain interactions, which has the potential to increase or reduce free volume. 

A similar argument applies to polymer blends except that polymer blends are naturally bulkier 

and their diffusion is highly restricted in comparison to small-molecule additives. 
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Garcia et al. studied the plasticization and anti-plasticization effect of aromatic additives 

in a polyamide matrix (Trogamid) and their effect on free volume (Table 2.5.7-1).2 All small-

molecule additives decreased the Tg (plasticization) in comparison to the pure polymer matrix 

Trogamid. However, the free volume size (vf) exhibited different trends depending on different 

additive structures. Additives with hydroxyl groups (FDPh, Ndiol, and Binaphtol) tended to 

decrease free volume size by promoting inter-molecular interactions through hydrogen bonding. 

Instead of increasing Tg, smaller free volume size led to a decrease in Tg, presumably due to 

increasing number of free volume elements, which the authors did not convey. But for HFBA, 

due to the kinked structures between the two aromatic rings and the trifluoromethyl groups, the 

free volume size increased despite the presence of hydroxyl groups. PVPh polymers 

demonstrated antiplasticization due to decreased free volume. Further studies on additive effect 

at different loading level revealed that the Trogamid/HFBA blends gained more free volume 

with increasing additive content due to plasticization, and Tg decreased accordingly. In contrast, 

the Trogamid/PVPh blends showed a decrease in fractional free volume with increasing levels of 

polymer blends (PVPh) and resulted in Tg increase.  

Table 2.5.7-1 Thermal properties and free volume parameters of a polyimide matrix with various 

additives.2 

Polymer structure Additives Tg  (°C) vf (Å3) 

 
 
 
 
 
 
 
 
 
 

N/A 146 81.4 

 
Fluorene 

 

136 

 

81.2 

 
FDPh 

 

 

144 

 

 

78.0 
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Trogamid 

 
Ndiol 

 

 

122 

 

 

73.9 

 
Binaphtol 

 

133 

 

77.6 

 
HFBA 

 

133 

 

84.7 

 
PVPh 

 

 

157 

 

 

79.3 

All additives were blended in to Trogamid at the concentration of 15 wt%. Tg and free volume parameter 

were determined by DSC and PALS, respectively. 

In a more rigid network,  Low et al. employed PALS to study the influence of additives 

on free volume and the corresponding gas permeability properties (Table 2.5.7-2).128 By adding 

azide to linear polyimides, both free volume size and number of free volume elements decreased 

in all the polyimide systems due to the formation of poly(azide) networks within a polyimide 

framework. In this rigid polyimide matrix, the number of free volume elements changed more 

significantly than free volume size. The overall reduction of free volume resulted in lower Tg. 

Between the two different polyimide systems studied, the one with higher free volume showed 

lower permeability. The authors attributed these uncommon observations to the fact that when 

applying free volume theory to predict gas permeability, only free volume elements with 

comparable or larger dimension than the gas molecules are responsible for gas permeation. As 
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PALS reliably detects free volume with size as small as 1.6 Å, the cavities with sizes smaller 

than gas molecules are meaningless for gas permeation. For an accurate quantitative prediction 

of gas permeability from free volume theory, it is necessary to quantitatively determine free 

volume size distribution before any quantitative conclusion. 128 

Table 2.5.7-2 Thermal properties and free volume parameters of polyimide with azide as 

additives.128 

Polymer structure Azide additives Azide 

wt%  

Tg 

(°C) 

I 3 

(%) 

t3 

(ns) 

Polyazide  100 283 N/A N/A 

 

 

 

 

 

0 395 5.36 2.94 

10 371 2.66 2.57 

30 331 1.97 2.59 

50 312 1.55 2.58 

 

0 419 6.13 2.70 

10 411 4.43 2.60 

30 406 3.87 2.47 

Tg and free volume parameter were determined by DSC and PALS, respectively. 

Liu et al. investigated CO2 permeability in chitosan (CS)/poly(ether-b-amide) (Pebax®) 

blends (Table 2.5.7-3).37 Compared to uncrosslinked CS, all crosslinked matrices showed 

decreased free volume size. Within crosslinked samples, Pebax® efficiently increased free 

volume size (t3) and overall fractional free volume by its hard, glassy polyimide segments. This 

increase in free volume from Pebax® significantly improved CO2 permeability. 
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Table 2.5.7-3 Free volume parameters of CS/Pebax® polymer blends.37 

Polymer structures Pebax® wt%  I 3 (%) t3 (ns) 

 

                                 Pebax 

0  

(uncrosslinked CS) 

14.02 1.87 

0 

(crosslinked CS) 

10.61 1.34 

25 9.83 1.60 

33 10.84 1.72 

50 11.65 1.79 

All parameters were determined by PALS. 

Water is a frequently encountered additive and poses the potential of both intra- and 

inter-molecular interactions. Along with a swelling effect, free volume changes become complex 

and highly dependent on specific polymer chemical structures. For example, free volume size 

increased in poly(vinyl alcohol) but decreased in poly(ethylene oxide) with increasing water 

content. The change in free volume is complicated, as discussed below. 
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Figure 2.5.7-1 Measured oPs pickoff lifetimes for the PVOH/water system as a function of water 

content (Copyright (1996) American Chemical Society).29 

An early study from Hodge et al. employed PALS to study the plasticization of water in 

poly(vinyl alcohol) films.29 By varying the water content, the authors observed three distinct 

regions of the free volume size change: a constant initial region, an increase of Ű3 (free volume 

size) with increasing water content, and a slow decay of Ű3 with increasing water content (Figure 

2.5.7-1). Consequently, Tg decreased with increasing water content and reached a plateau at high 

water content. Hodge et al. attributed the constant initial region to either the detection limit of Ű3 

in PALS (0.03 ns) or the absence of o-Ps near the hydroxyl groups. In the second region, water 

molecules interrupted inter-molecular hydrogen bonding between the polymer hydroxyl groups, 

leading to an increase in free volume and a decrease in Tg determined by DSC. The upper limit 

of this region indicated the presence of 30 wt% bound water, which agreed with the theoretical 

maximum. Above 30 wt% water incorporation, freezing water (compared to bound non-freezing 

water) accumulated and gradually reduced free volume. Only the bound non-freezing water 

contributed to the observed plasticizing effects. In contrast, Trotzigôs research on poly(ethylene 

oxide) showed different results.28 Without strong inter-molecular hydrogen bonding as in PVA, 

the authors reported that the incorporation of water lowered Tg and decreased both free volume 

size and number of free volume elements. 

Table 2.5.7-4 Free volume parameters of hydrated crosslinked PEG films with water as 

additives129 

Polymer structure Prepolymerization water 

content (wt%) 

t3 (ns) I 3 (%) vf (Å3) 

 

0 2.15 18.7 112 

20 2.12 19.5 109 
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Crosslinked 40 2.10 20.1 106 

60 2.03 21.9 100 

80 1.95 22.8 92 

 

Crosslinked 

0 2.10 19.8 107 

20 2.07 20.6 104 

40 2.05 20.9 102 

60 2.03 21.5 100 

80 1.97 22.7 95 

 

Crosslinked (50/50 wt/wt) 

0 2.06 20.6 103 

20 2.06 20.8 103 

40 2.04 21.5 101 

60 2.01 22.5 98 

80 1.96 23.0 93 

Free volume parameters were determined by PALS. 

Ju et al. characterized sodium chloride and water transport behavior of three different 

PEGDA-based hydrogels with varying water content in prepolymerization mixtures (Table 

2.5.7-4).129 As the water content of the prepolymerization mixture (wet film) increased, the 

permeability of water, NaCl and MgSO4 all increased. PALS results confirmed a linear decrease 

of free volume size (vf and t3) and a linear increase of the number of free volume elements (I3) 

with increasing water contents. As a net result, overall fractional free volume proportionally 

increased with equilibrium water content up to 80%. The hydrogen bonding between water 

molecules and two ether oxygen molecules from PEO segments promoted denser packing and 

reduced free volume size.130  
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Figure 2.5.7-2 o-Ps lifetime (a) and o-Ps intensity (b) plotted as a function of relative humidity 

for the aromatic polyamide isolated from SW30 (Copyright (2013) Elsevier Ltd.).131 

In a more rigid matrix, Lee et al. investigated the free volume of aromatic polyamide 

reverse osmosis membranes under water vapor.131 Free volume size (o-Ps lifetime) initially 

decreased rapidly to a plateau then increased continuously when the relative humidity is 

sufficiently high (~60%) (Figure 2.5.7-2a). Additionally, the intensity of o-Ps (the number of 

free volume elements) gradually dropped with increasing relative humidity (Figure 2.5.7-2b). 

An earlier study provides some insight to understand this observation.132  Robertson et al. 

investigated hole-filling and pore-swelling mechanisms. Initially, small water molecules filled up 

free volume sites, therefore reduced free volume.  Once free volume sites became saturated, a 

plateau appeared. At high water content, the swelling effect started dominating the free volume 

change and led to higher free volume. The increase in free volume led to higher flux of salt 

solution and lower salt rejection. 

Table 2.5.7-5 Thermal properties and free volume of epoxy resin/polyurethane network and 

organophilic montmorillonite (oM) polymer nanocomposites8 

Polymer structure oM content (wt%) vf (Å3) Vf Tg1 (°C) Tg2 (°C) 

Epoxy resin 0 0.282 0.0300 33.9 48.9 
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+ 

Polyurethane 

1 0.270 0.0277 35.6 49.0 

3 0.274 0.0291 37.3 49.8 

5 0.276 0.0294 40.6 50.6 

Tg and free volume parameters were determined by DSC and PALS, respectively. 

Clay is a commonly used material in polymer nanocomposites in fundamental research 

and industrial studies. Jia et al. employed PALS to investigate the structure-free volume-

properties relationships for organophilic Montmorillonite (oM) in epoxy resin/polyurethane 

(EP/PU) networks (Table 2.5.7-5).8 The addition of oM reduced free volume size (vf) and 

overall free volume (Vf). The authors attributed the decrease in free volume to the potential 

compatibilization effect of Montmorillonite which improved the miscibility between PU and EP. 

Additionally, the hydrogen bonding among PU, EP and oM also decreased free volume. 

Although the free volume size decreased with increasing oM content, the number of free volume 

elements actually increased with higher oM concentration. As a net result, free volume reached a 

minimal value at 1 wt% loading of oM. Tg demonstrated an inverse relationship with free volume, 

but the corresponding drop in Tg with free volume changes only appeared at polyurethane rich 

region (Tg1), indicating more prominent influence of free volume in polyurethane-rich region 

than epoxy-rich region. 

Table 2.5.7-6 Thermal properties and free volume of poly(m-xylene adipamide)/montmorillonite 

nanocomposites71 

Polymer structure Additives OTR 

(cc/m2d) 

I 3 (%) t3 (ns) 

 N/A 

 

5.6 22.07 1.47 
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(Cloisite 30B) 

 

 

4.0 

 

21.65 

 

1.49 

 

(Cloisite 10A) 

 

 

1.9 

 

20.71 

 

1.51 

 

(Cloisite 93A) 

 

5.8 

 

22.00 

 

1.49 

T is tallow, 65% C18; HT is hydrogenated tallow, 65% C18. OTR: Oxygen transmission rate, 23 °C, 0% 

RH. Free volume parameters was determined by PALS. 

Ammala et al.ôs research on poly(m-xylene adipamide)/montmorillonite nanocomposites 

shed light on free volume changes upon the introduction of secondary interactions to 

nanocomposites (Table 2.5.7-6).71 The free volume size remained relatively the same (t3) for all 

three additives, but the number of free volume elements (I3) differed. Hydrogen bonding 

(Cloisite 30B) and p-p stacking (Cloisite 10A) promoted the inter-chain interaction and, as a 

result, decreased the free volume. Tgs exhibited similar inverse relationships with free volume 

and the oxygen transmission rate (OTR) reduced significantly with decreasing free volume.  

Table 2.5.7-7 Free volume of phenol-formaldehyde resin using multi-wall carbon nanotubes 

(MWCNTs) as nanocomposites133 

Polymer structure MWCNTs 

content (w/w %) 

t3  I 3 
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(ns) (%) 

 

phenol-formaldehyde resin 

0 1.38 18.3 

2 1.52 16.4 

5 1.52 14.5 

10 1.60 14.3 

20 1.70 16.0 

Free volume parameters were determined by PALS. 

Carbon nanotubes are also widely studied as mechanical reinforcing additives in 

polymers. Sharma et al. studied the free volume change in phenol-formaldehyde (PF) resin using 

multi-wall carbon nanotubes (MWCNTs) as additives (Table 2.5.7-7).133 The free volume size 

(t3) increased with increasing MWCNTs content, while the number of free volume elements 

decreased. As a result, the overall free volume increased at higher loading of MWCNTs. 

Montazeri et al. used dynamic mechanical thermal analysis (DMTA) to calculate free volume in 

MWNT/epoxy nanocomposites.39 The fractional free volume decreased with increased nanotube 

content and resulted in an increase in Tg. In this instance, the nanotubes functioned as fillers to 

reduce free volume, thereby enhancing thermomechanical properties.  

Polymer blends and additives also serve as a qualitative way to compare free volume 

when applying additives as filling materials to probe free volume size. When used as a polymer 

blends, poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) 

block copolymers improved flexural modulus (bending deformation) of epoxy-resin and diamine 

(DGEBA/DDM) networks. PEO-PPO-PEO block copolymers with shorter PEO chains exhibited 
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greater modulus improvement than PEO-PPE-PEO block copolymers with longer PEO chains.80 

While incorporating only PEO enhanced flexural modulus, the addition of PPO had the opposite 

effect. Larranaga et al. hypothesized that PEO segments migrated into the free volume of 

DGEBA/DDM to improve mechanical performance. Above a certain length, however, the PEO 

segments become too bulky to fill  into the free volume voids and demonstrated no improvement 

in flexural modulus. 

Car et al. also applied an indirect approach to study fractional free volume for a polymer 

blend of Pebax®MH 1657 and PEG.14 Pebax®MH consisted of an aliphatic polyamide ñhardò 

block and a PEO polyether block to provide gas transport properties. The authors used the 

additive model to calculate the theoretical density of the polymer blends with various PEO 

contents. Since the additive model doesnôt take the free volume change into account, the 

difference between experimental and theoretical density represents the change of free volume.134 

Density of the blended membranes was lower than the predicted value when PEG component 

exceeded 30 vol%, suggesting an increase in fractional free volume with increasing PEG content.  

As polymer additives and blends are free-moving molecules, free volume has more 

profound influence on polymer physical properties than in crosslinking polymers. The intra- and 

inter-molecular interactions are the key to understanding and predicting free volume change in 

polymer additives and blends. The diffusion of additives and blends makes free volume change 

more complicated when they have a comparable size with free volume voids. The swelling effect 

from additives is also critical and sometimes dominates the free volume change.  

2.6 Conclusions 

Free volume theory provides insight into understanding structural relaxation (such as Tg) 

and small molecule mass transfer (such as permeation process). Current techniques allow the 
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determination of global free volume size and the number of free volume elements. Yet, no 

technique is capableof pinpointing local free volume information, which is a promising direction 

for future development of free volume determination techniques. Local free volume information 

is of great importance in understanding materials with hierarchical structures, such as 

microphase separated morphologies or 3D printed complex objects.  

When considering the change of fractional free volume, several common conclusions are 

valid in most polymeric materials: (1) free volume increases with increasing size of pendant 

groups, branches and backbone repeating units; (2) inter-molecular interaction decreases free 

volume while intra-molecular interaction increases free volume; (3) additives and blends have 

the potential to either increase or decrease free volume depending their sizes compared to 

individual free volume size. However, when applying free volume theory to predict polymer 

physical properties, competing mechanisms should not be ignored. For example, the steric 

hindrance effect in bulky pendant groups are able to cancel or even overcome free volume 

increase and led to an increase of Tg despite free volume increase. Nevertheless, free volume 

theory is an efficient means to bridge sub-nano scale structural variation and macroscopic 

polymer physical properties. 
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3.1 Abstract 

 

Ionic liquids (ILs) and poly(ionic liquid)s (PILs) are attracting increasing research 

interest as safe and efficient electrolytes.  Most research efforts focus on nitrogen based 

ILs and PILs (ammonium, imidazolium, pyridinium, etc.), while phosphorus based ILs 

and PILs have received less attention despite exhibiting higher ion conductivity over their 

nitrogen-based counterparts. In this review, we provide an overview of the structural 

elements in phosphorus based ILs and PILs that alter ion conductivity, such as size of 

ions, polarizability of ions, counterion identity, and backbone flexibility. We also 

highlight dominant physical parameters dictating ion conductivity including viscosity and 

glass transition temperature. A fundamental understanding of this structure-ion 

conductivity relationship will benefit the future rational design of phosphorus based ILs 

and PILs as electrolytes. 

3.2 Introduction  

Ionic liquids (ILs) and poly(ionic liquid)s ( PILs) are standing on the verge of a great 

breakthrough in battery design as neoteric electrolytes. An obvious question to ask is: 

Why study ILs and PILs as electrolytes when commonly used solvent-based electrolytes 
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seem to work fine? The answer is that solvent-based electrolytes are no longer safe as 

industry pursues batteries with low volume and higher power density. Two urgent safety 

concerns for todayôs battery fabrication are dendrite formation from electrodes (in lithium 

batteries) and flammability of organic solvent in electrolytes. ILs and PILs promise great 

potential to resolve both safety concerns and pave the way towards next generation 

electrolytes.  

 Historically, ILs are defined as molten salts with a melting temperature below the boiling 

point of water.1 Typical attributes of ILs include high stability (thermally, chemically, 

and electrochemically), negligible volatility, and high concentration of ions.1-2 The 

combination of high stability and negligible volatility grant ILs two important advantages 

over solvent-based electrolytes: safety towards fire hazards and wide liquid-phase 

windows. High density of ions impart high ion conductivities, which is also important 

when employing ILs as electrolytes.  

However, ILs still encounter safety concerns stemming from uncontrolled dendritic 

lithium formation, which results in continuous electrolyte decomposition. A simple 

solution is to introduce mechanical integrity to the electrolytes to avoid electric short 

caused by dendrite penetration.3 Hence, PILs (macromolecular forms of polymerizable 

ILs) have continually drawn more attention, as PILs and crosslinked ILs normally show 

greater mechanical integrity than their ILs analogs. However, the tradeoff is lower ion 

conductivities. As shown in Figure 3.1, various PILs architectures are under 

investigation in the current literature, such as singly-charged polymers, zwitterionic 

polymers, polyelectrolyte blends, and ion-containing block copolymers. While PILs give 

tunable mechanical integrity as well as superb morphology control, the decreased ion 



 

76 

 

mobility in polymeric matrices is detrimental to ion conductivity. During the endeavor to 

solve this paradox between mechanical integrity and ion conductivities, researchers have 

chosen two quite different, but equally effective approaches: 1) Increase the mechanical 

integrity of ILs; 2) Increase the ion conductivities of PILs. 

 

Figure 3.1 Comparison between ILs and PILs in mechanical integrity and ion 

conductivity. 

 

Lodge et al. have pioneered the work on enhancing the mechanical integrity of ILs, and 

promised the potential of ion gels as solid electrolytes with excellent ion conductivities.2, 

4-6 Ion gels consist of block copolymers swollen in ILs, which serve as solvents for block 

copolymer. Block copolymers provide physical crosslinks as one of the blocks is 

insoluble in the ILs chosen and self -assembles into aggregates. The resulting soft ion gels 

showed good elasticity (up to 350% strain and 103 to 105 Pa elastic storage modulus) as 

well as high ion conductivities. Another attempt focuses on increasing ion mobility in 

PILs.2, 5 To improve ion conductivity of polymeric matrices, Drockenmuller and 

coworkers synthesized 1,2,3-trizolium-based PILs with siloxane backbones.7 The 
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siloxane backbone decreased glass transition temperature (Tg) to as low as -100 ºC, and 

led to promising ion conductivity even at room temperature (0.63 mS/cm). Long et al. 

studied a series of imidazolium-based PILs, and achieved more than an order of 

magnitude increase in ion conductivities when switching counter ions from 

trifluoromethane sulfonate (TfO-) to bis(trifluoromethane sulfonyl)imide (Tf2N
-).8  

Current research of novel ILs and PILs electrolytes have primarily involved nitrogen-

based (N-based) salts, such as imidazolium,5, 8-11 pyridinium,12 1,2,3-trizolium,7, 13 

ammonium,14 etc. In contrast, quaternary phosphonium-based (P-based) ILs and PILs 

received much less research attention despite  their advantages compared to N-based 

counterparts. P-based ILs and PILs show improved thermal stability,15-17 base stability,18 

and ion conductivities15-16 compared to their N-based analogs. For instance, Long et al. 

compared poly(4-vinylbenzyl ammonium) and poly(4-vinylbenzyl phosphonium) 

homopolymers with various alkyl substitutes, and P-based PILs showed an over 100 ºC 

increase of thermal degradation temperatures.15 Ammonium salts undergo Hoffman 

elimination and/or reverse Menschutkin degradation (for benzylic protons). In contrast, 

phosphonium salts are less vulnerable to both degradation pathways, leading to higher 

thermal stability.19 Phosphonium PILs also exhibited higher ion conductivities 

(normalized with Tg) compared to their ammonium counterparts. Coates and coworkers 

reported the synthesis of polyethylene functionalized with phosphonium pendant groups 

as alkaline anion exchange membranes.18 When comparing the base stability of N-based 

and P-based ILs, P-based ILs showed no backbone degradation in 1 M NaOD/CD3OD at 

80 ºC after 20 d while N-based ILs reported a 66% degradation. 
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In summary, P-based ILs and PILs exhibits great potential as novel electrolytes materials, 

but remain underexploited compared to their ammonium analogs. Although ILs and PILs 

have found various application in gas separation,20-26 antimicrobial coating,27-29 and gene 

delivery,30-31 this review intends to address the structure-property relationship of P-based 

ILs and PILs as electrolytes and conductive materials only. For this purpose, we will not 

address the synthesis methods of P-based ILs32 and the study of ionic liquid solutions.33 

 

3.3 Phosphonium-based ionic liquids 

 
Ionic liquids (ILs) are superior electrolytes materials compared to solvent-based 

electrolytes in most aspects, such as volatility, thermal stability, and ion concentration. 

However, one critical drawback of ILs is their high viscosity, normally 1 ~ 3 orders of 

magnitude higher than organic solvent-based electrolytes.34 High viscosity restricts mass 

transfer and significantly decreases ion conductivities. Hence, research has focused on 

altering the viscosity of ILs through rational design of cations and anions to eventually 

achieve tunable ion conductivities. 

Inter- and intra-molecular interactions are the key factors to lower viscosity and increased 

ion conductivities. The size, shape and symmetry of ions dominate the characteristic 

physical properties of ILs. For instance, hexafluorophosphate anions (PF6) exhibited high 

viscosity, while bulkier and less symmetric bis(trifluoromethane sulfonyl)imide anions 

(Tf2N) showed much lower viscosity.35 A similar argument can be applied to cations. 

Longer alkyl substituents lead to an increase in viscosity due to increased van der Waals 

interactions between cations.36-37 Branching of alkyl substituents, on the other hand, 

reduces viscosity as a result of decreased van der Waals interactions.38 P-based ILs 




