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Abstract 

The ability of amphiphilic molecules to self organise into supramolecular assemblies with one-, 

two- and three- dimensions enables their potential as matrices for the delivery and encapsulation of 

bioactive compounds, such as drugs, nutrients, flavours and aromas. However to thoroughly 

understand their application, it is necessary to characterise the influence of microstructure with 

respect to function, since this will determine the rate of release and diffusion from the matrix. 

It is extremely difficult to gauge such parameters and few non-perturbative methods exist. Positron 

Annihilation Lifetime Spectroscopy (PALS) has demonstrated sensitivity to local microviscosity 

that can provide a handle on permeability and diffusion phenomena without disrupting the 

hydrocarbon chain. PALS has been shown to be highly sensitive to conformational, structural and 

microenvironmental transformations arising from subtle geometric changes in amphiphile 

molecular geometry however, broad uptake of PALS by the soft condensed matter community has 

not occurred.  In this Review we provide a critical oversight of the literature in this arena, 

including the evolution of analysis software and experimental protocols with commentary upon the 

practical utility of PALS for self-assembled systems. Finally we discuss how PALS can provide 

unique insight into the macroscopic transport properties of different self-assembled mesophases 

(e.g. Lα, Q2, H2) and suggest how this may provide information on the release of drugs from these 

mesophases to aid in developing therapeutic interventions. Another potentially exciting and 

fruitful application of this technique is in the arena of membrane dynamics, diffusion and 

permeability. 
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Introduction 

The application of positron annihilation spectroscopies (PAS) for interrogating defects and 

pores in metals, ceramics and polymers is well established, with the usefulness of PAS for the 

characterisation of these materials indisputable. PAS encompasses several techniques that utilise 

positroniums (Ps) as probes of matter. The most popular of these is positron annihilation lifetime 

spectroscopy (PALS) for which the lifetimes () or decay rate constants (1/) and relative 

intensities of the positron states and their interaction with matter is characteristic of the 

physicochemical properties of the material.  

Despite reports of the utility of PALS for self-assembled amphiphile systems, broad uptake 

of these techniques by the soft condensed matter community has not occurred. Jain has reviewed 

early work in this field which was focussed heavily upon micellar systems and microemulsions for 

which PALS was deemed to be a highly sensitive, non-perturbative and non-destructive technique 

for investigating conformational, structural and microenvironmental transformations.1 Specifically, 

PALS was used to determine the critical micelle concentration (CMC) in aqueous micellar systems 

and to distinguish transformations in micellar geometry as well as phase transitions.2-8 PALS has 

also been used to determine micellar radii and aggregation numbers.9-12 Reports of the application 

of PALS to more complex self-assembled 2D and 3D structures is comparatively meagre.13, 14 The 

use of PALS in this context is debatable since not only does it not offer unique insights, it is 

substantially more time consuming, requires relatively large sample volumes and is far less 

available than conventional characterisation techniques. This is compounded by the fact that the 

analysis of PALS data is often subjective and user dependent,15 and the literature in this arena is 

difficult to compare due to differences in interpretation and presentation. Hence the PALS 

technique is perhaps better justified for applications in biology where the detailed molecular 

understanding of void spaces and microstructure may assist in elucidating the specific relationship 

between cell membrane permeability and diffusion dependant transport (e.g drug delivery, cell 

biophysics). To date these studies have focussed upon the gel-crystalline phase transition of 

endogenous phospholipids that form model membrane systems (micelles, liposomes). 16-21 

Although it is widely recognised that non-lamellar structures such as inverse bicontinuous cubic 

(Q2) and inverse hexagonal (H2) also play a key role in inter/intra cellular trafficking,22-24 such 

studies are sparse.25 

The purpose of this review is to examine the reasons behind why PALS techniques have 

been under utilised by the soft condensed matter community, to arrive at a better understanding of 

what unique physico-chemical insights PALS can offer that are currently unavailable from other 
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characterisation methodologies. We will therefore provide a critical oversight of the literature in 

this arena to date, including the evolution of analysis software and experimental protocols with 

commentary upon the practical utility of PALS for self-assembled systems.  

 

 

Figure 1: Schematic of 22Na decay pathway. The birth of the positron and the emission of a gamma 
ray occur within 3 ps of each other and are usually assumed to be simultaneous processes.  
 
 
Positron Annihilation Lifetime Spectroscopy (PALS) 

PAS techniques encompass several methods of which lifetime measurements (PALS) are 

the most commonly employed for surfactant solutions and self assembled systems. The principles 

of positron annihilation in condensed matter have been extensively discussed elsewhere 26-29 and 

this review will only briefly outline the physical basis of the process.  

Positrons are antiparticles of electrons formed from the radioactive decay of neutron 

deficient nuclides such as 22Na (Figure 1). When an energetic positron is injected into a sample it 

undergoes a series of inelastic collisions with its surroundings to arrive at thermal equilibrium (10-

12 s). The thermalised positrons may undergo free annihilation with electrons within the material at 

a rate that depends on the electron density of the medium, with lifetimes of typically 100-500 ps, or 

form a bound positron-electron pair or positronium (Ps). The positronium can exist as either the 

singlet state para-positronium (pPs) with antiparallel () orientation of the positron and electron 

spins, or as the ortho-positronium (oPs) or triplet state with parallel spins (). In vacuo the pPs 

and oPs lifetimes are 0.125 ns and 0.142 ns respectively, with the pPs lifetime remaining relatively 

unchanged on the interaction with condensed matter as it undergoes self-annihilation. On the other 

hand, self-annihilation is quantum mechanically forbidden for the triplet state and the oPs 

annihilate via collisions with electrons from the surrounding media with lifetimes shortened by so 

called pick-off annihilation. Therefore the oPs lifetime is a direct measure of the proximity of the 

positronium to the local environment and further, as the bound electron of the positronium is 

repelled by the electrons in the medium, oPs accumulates in regions of low electron density. oPs 
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lifetimes and intensities have been associated with the size of free volume sites and the probability 

of formation or the number of free volume elements present. 

 

PALS Experimental Setup 

The principal source of positrons in the PALS experiment is the radioactive decay of 22Na 

to 22Ne with the simultaneous emission of a positron and γ-ray with energy 1274 keV (Figure 1). 

Subsequent annihilation of the positron with an electron in the medium is associated with the 

emission of a pair of 511 keV photons. The time elapsed between these two events is a direct 

measure of the lifetime of the positrons in the medium in which they are annihilating. This is 

measured experimentally by two gamma ray detectors tuned to detect 1274 keV (start) and 511 

keV (stop) photons, connected to a clock capable of distinguishing nanosecond events.  Figure 2 

shows a schematic of a typical PALS experimental set up.  The sealed 22Na source is evaporated 

from an aqueous solution of 22NaCl on to a thin foil or mylar sandwiched between replicate 

samples of 1 mm thick. The PALS spectrum is a histogram of the number of counts versus time.  

 

PALS Spectra  

Figure 3 shows a typical PALS spectrum comprising a continuum of exponential decay 

components convoluted with the instrumental resolution function of the detection system and 

subject to experimental noise. For materials with non-uniform environments such as defects, voids 

or domains of variable electron densities the measured lifetime decay curve is a complex 

convolution of these as well as the three modes of decay, with the mean lifetimes increasing in the 

order: pPs (0.125 ns) < free (~0.3-0.6 ns) <  oPs (1-20 ns). It is the longer lived oPs that are of 

interest since it reflects the environment in which it is annihilated; however contributions from oPs 

appear in the tail of the decay curve which has a large contribution from the background. Each 

lifetime has a corresponding intensity (I), which is given by the area under the respective lifetime 

curve relative to the total area. The size of the free volume sites is inversely related to the slope of 

the decay curve, oPs = 1/γ, with the area IoPs related to the concentration of void sites in the 

medium. Typically 500-1000k individual annihilation events are recorded so that collection times 

are approximately 30-45 minutes per spectra, with multiple spectra acquired to reduce statistical 

noise.  
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Figure 2: Schematic of the PALS spectrometers and electronics. The resulting PALS spectrum is a 
histogram of the number of counts with a particular lifetime. 

 

The shape of a typical lifetime spectrum can be expressed for t > 0: 
N 

Y(t)  =  Σ   (ai/τi) exp30+ Background    (1) 
i = 1 

 

where  Y(t) - number of positron annihilating at time t 
    ai  - relative intensity of the individual components 
    t  - time 
    τi - characteristic lifetime for each component 
    N  - number of components 

 

Fitting PALS Spectra 

To extract the lifetimes and relative weights of the components forming the PALS 

spectrum, the main difficulty encountered is the inherent ambiguity involved in solving the inverse 

problem. The data analysis is therefore crucial with separation of the decay components in the 

spectrum difficult, since the envelope represents the sum of several components convoluted with 

an instrumental resolution function and the difference between lifetime components is small, and 

these are intrinsically short (100-250 ps).31 This can be achieved by either direct deconvolution of 

the spectrum32, 33 or by fitting a theoretical model to the experimental data (convolution). 34, 35 36 In 

the latter scenario, this difficulty is translated into solutions that depend upon an initial guess and is 

therefore biased by the user, especially when complex systems are studied. This together with the 

fact that very different sets of parameters may yield indistinguishably good fits for a given 

experimental spectra, gives rise to ambiguities in the data analysis in most but the simplest cases.  
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Figure 3: PALS spectrum depicting lifetime (τ3) being the slope of the oPs curve and intensity (I3) 
are the area under the oPs curve. 

 

Several PALS data analysis programs exist with CONTIN,32 MELT,33 and 

RESOLUTION37 used to transform the experimental data into a continuous lifetime contribution 

function (deconvolution) whilst PositronFit,35  PALSfit,36 LT,34 and PAScual 38, 39 employ 

mathematical modelling (convolution). The different analysis programs employ various 

regularisation strategies such as the Maximum Entropy Principle (MELT), whereas CONTIN uses 

the principle of parsimony, and both PositronFit and LT perform a least squares fitting. PositronFit 

and LT are commonly used in the literature however, only PAScual has been developed 

exclusively with self-assembled structures in mind. PAScual incorporates a global non-linear 

optimisation routine based upon Simulated Annealing and provides information on the reliability 

of the results using a Markov Chain Monte-Carlo Bayesian Interference method.38  

Comparison of PALS data across the literature is therefore difficult, being confounded by 

differences in the experimental configuration and data analysis procedures. Additionally there is a 

lack of consensus in the way the data is presented with some authors reporting only IoPs and others 

IoPs/I0
oPS (where I0

oPS is the oPs intensity for pure water).8 Another common variation in the 

analysis of raw PALS data is the number of components into which the data is deconvoluted. This 

has an effect on the oPs lifetime that is ultimately calculated, as an analysis with a lower number of 

components may result in components consisting of an average of two components that should 

otherwise be separated. Early equipment and fitting programs however were not sufficient to 

deconvolute the data into more than two components namely, a first component with its 

corresponding τ and I that is a combination of free-annihilation of the positron (e+) and self-

annihilation of para-Positroniums (pPs); and a second component with longer lifetime arising from 

pick-off annihilation of ortho-Positroniums (oPs). Early studies therefore often only reported oPs 

intensity values leading to the suggestion that intensity (I) was more sensitive to structural changes 
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in self-assembled systems. With recent advances in data analysis programs and instrumentation, 

PALS data have been deconvoluted into three components (i.e  e+, pPs and oPs).40 More recently 

Bockstahl et al.10, 11 have refined four parameters for the SDS/water binary system that include pPs, 

e+, as well as contributions from oPs annihilation both in the bulk aqueous phase (oPsaq) and in the 

organic core of the micelles (oPsorg). Figure 4 provides an example of the variation of PALS fitted 

lifetimes and intensities as a function of amphiphile concentration from Choudhary et al.41 wherein 

three components were refined with 3 and I3 attributed to the pick-off annihilation of oPs. The 

changes in gradient of I3 correspond to conformational changes in micelle structure with 

amphiphile concentration within the micellar regime whereas 3 remained relatively invariant until 

the L1H1 transition at >1000 mM (~27 wt%) surfactant concentration. 

Another important variable that may have an effect on both lifetime and intensity is the 

radiation source configuration. In most cases, the radioactive 22Na source is sandwiched between a 

supporting material such as soda lime glass, metal foil (aluminium or titanium) or polymer (e.g. 

mylar or kapton). A proportion of the emitted positrons (e+) will annihilate in the supporting 

material which will have its own characteristic lifetime and intensity. The radioactive source may 

also be incorporated into the sample as 22NaCl solution that however, may result in issues with 

sample inhomogeneity and manifest as inconsistencies in the spectra20 It is therefore important to 

eliminate this component by including a ‘source correction’ during data analysis. Although a 

source correction13, 14 is common practice at present, it was not the case in 1980’s when most of the 

work involving lipid bilayers was conducted. Table 1 provides some initial parameter inputs for 

PALS analysis which employ a four parameter fit as well as source correction.25 

 

Table 1: Initial parameter inputs for PALS spectra analysis 

Component Lifetime (ns) Intensity (%) 
pPs annihilation 0.125 (fixed) - 
Direct annihilation 0.400 (free) - 
oPs annihilation (water) 1.80 (fixed) - 
oPs annihilation (lipid) 3.00 (free) - 
Source correction (fixed) (fixed) 
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Figure 4: oPs lifetime and intensity as function of surfactant concentration in CTAB/water 
obtained by Choudhury41 (Re-drawn from Choudhury41). 

 

Amphiphile Self-Assembly and Mesomorphism 

The delicate interplay between the hydrophilic and hydrophobic moieties of amphiphilic 

molecules has long been known to produce a wide variety of self-assembled structures. 42-44 

Amphiphilic molecules self assemble in water to create complex one, two and three dimensional 

nanostructures with non-intersecting, separated hydrophobic and hydrophilic domains.22 The rich 

mesomorphism displayed by surfactants are of interest as self assembled structures such as 

micelles, lamellar, bicontinuous cubic and hexagonal phases are of great practical interest for 

detergency, solubilisation, biomembrane aspects 22 and as delivery vectors in pharmaceutical 45-48 

and food applications. 49-52  The one dimensional (1D) lamellar (L) liquid crystalline phase is 

arguably the best characterised as it is ubiquitous in biological systems. More complex, higher 

order phases such as the 2D hexagonal phase (H2) have also received attention, in part because of 

an ability to promote membrane fusion and to participate in transbilayer transport. These are 

illustrated in Figure 5 in order of increasing negative interfacial curvature. The lamellar (L) phase 

provides the ‘mirror’ plane around which a similar phase sequence is observed for the ‘inverse’ 

phases. The progression shown in Figure 5 is part of the ‘natural’ or universal sequence of phases, 

however the complete sequence is rarely observed.  

 Several factors including local and global packing constraints dictate the structure of 

surfactant self-assembly phases. The molecular packing of self-assembly objects in water is 
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determined by the competing interactions of the polar head groups and alkyl chains whereby 

the shape factor or critical packing parameter (CPP) is defined as CPP = v /a0lc where lc is the 

effective length of the surfactant chain; a0 is the effective surfactant head group area 

(determined by the balance of inter-chain attractive and head group repulsive interactions); and 

v is the average volume occupied by a surfactant molecule (Figure 6). These molecular factors, 

together with composition and environmental parameters, determine the phase behaviour in 

water and dictate their ultimate nanostructure.43 These structures have been numerously 

described in the literature22, 43 and will only briefly be described here. 

 

Micelles 

Above the Critical Micelle Concentration (CMC) amphiphiles in water may spontaneously 

aggregate to form micelles. In an aqueous solvent, the hydrophobic moiety of neighbouring 

amphiphiles arrange together to minimise the interaction with the polar water molecules while the 

hydrophilic head group is oriented towards the water (Type I, ‘normal’). In a non-polar solvent the 

reverse occurs (Type II, ‘inverse’) (Figure 6). Addition of more surfactant to the system leads to an 

increase in aggregate size and/or shape, until such time as the interactions between neighbouring 

micelles become significant, and aggregation of micelles into ordered mesophases occurs.  

 

 

 

Figure 5: Hypothetical ‘natural’ sequence of phases exhibited by self-assembled amphiphile 
systems. Above the CMC, micelles yield to hexagonal and cubic arrangements of aggregates with 
increasing amphiphile concentration. The lamellar (L) phase is the ‘mirror’ plane around which 
the Type I and Type II structures are inverted. 
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CPP < 1 CPP = 1 CPP > 1

a b c

 

Figure 6: Schematic of surfactant molecular shape and aggregate morphology showing increasing 
interfacial curvature where a) CPP < 1 (Type I), b) CPP = 1 (Lamellar) and c) CPP > 1 (Type 2).43  

 

Lamellar Phases 

The lamellar phase consists of a one-dimensional stack of flat amphiphilic bilayers 

separated by water layers (Figure 7). Several polymorphs of the lamellar phase have been 

identified, namely L, Pβ’, Lß and Lc conformations that differ in the local freedom of the headgroup 

and chain, and which may be accessed reversibly with temperature. Specifically, the crystalline Lc 

sub-gel phase, comprises an ordered 2D array of head groups with the hydrocarbon chains tilted 

but fully extended in the all-trans configuration. At higher temperatures the Lc phase undergoes a 

sub-transition to the lamellar gel phase (Lβ’). Here the chains are frozen in an all trans 

conformation with 2-D hexagonal packing but the headgroups are disordered and possess a greater 

degree of freedom. The structure of the ripple phase (Pβ’) remains a matter for debate with both the 

asymmetric sawtooth and sinusoidal models advocated in the literature.53, 54 The melting transition 

from the ripple phase to the fluid liquid crystalline phase (Lα) occurs upon further heating. In this 

phase the hydrocarbon tails are disordered, undergoing rapid trans-gauche isomerism. The Lα phase 

is ubiquitous in biology.  

 

 

 

Figure 7: Schematic description of the lamellar polymorphs a) L  b) Lß c) Lc phases d) Pβ’ 
sawtooth e) Pβ’ sinusoidal models 
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Bicontinuous Cubic Phases 

The bicontinuous cubic phases may be described by mathematical surfaces of constant, zero 

mean curvature known as infinite periodic minimal surfaces (IPMS).  The IPMS are based on the 

primitive (P), Schwarz diamond (D) and Schoen gyroid (G) minimal surfaces which correspond to 

the Im3m (QP), Pn3m (QD) or Ia3d (QG) phases respectively (Figure 8). Whilst each of these are 

subtly different, they may all be described as a single, continuous bilayer draped over a surface 

which subdivides space into two non-interpenetrating, congruent water networks.  These are 

related by a mathematical Bonnet equation with interconversion achieved via stretching 

transformations. 22, 55-57 

 

 

Figure 8: The commonly observed (inverse) bicontinuous cubic phases 

 

Hexagonal Phases 

The hexagonal phase comprises a hexagonally close packed arrangement of infinitely long 

rod like micelles. The inverse hexagonal phase consists of polar head-groups with hydrocarbon 

chains radiating outwards packed onto a two-dimensional hexagonal lattice (Figure 5)23 

 

Microemulsions 

Microemulsions consist of an oil phase, aqueous phase and surfactant and also frequently 

contain a co-surfactant to stabilise the system. In contrast to ordinary emulsions, microemulsions 

form upon simple mixing of the components and do not require the high shear conditions generally 

used in the formation of ordinary emulsions. They are thermodynamically stable, have low 

viscosity and are isotropically clear solutions. Figure 9 illustrates the different types of 

microemulsions encountered, namely water-in-oil (w/o, Winsor II), oil-in-water microemulsion 

(o/w, Winsor I) and at intermediate oil-water fractions a bicontinuous microemulsion exists 

(Winsor III). This has been described as a random sponge-like network, wherein both oil and water 

exist as a continuous phase in the presence of a continuously fluctuating surfactant-stabilised 

interface with a net curvature of zero.58, 59 With increasing water fraction the phase transitions w/o 

→ bicontinuous → o/w can occur.  
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Figure 9: Schematic of a) oil-in-water (o/w), b) bicontinuous, and c) water-in-oil (w/o) 
microemulsion (Re-drawn from Lawrence58). 
 

Application of PALS to Self-Assembled Systems 

Although liquid crystalline systems provided the first evidence that the Ps parameters are 

not solely influenced by changes in the free volume but are also influenced by variations in internal 

ordering, PALS techniques have not been broadly utilised by the self assembly community.  The 

structural diversity displayed by amphiphiles, inherent heterogeneity and dynamic fluidity of these 

systems add complexity to the positron decay paths and data analysis, since the oPs formation rate 

and lifetime depend on the domains in which formation and annihilation occur. In systems with 

high molecular mobility, particularly of the hydrophobe with temperature oPs can push aside 

surrounding molecules to accommodate itself  and/or diffuse from one region to another60 (Figure 

10). As such oPs may be considered an active probe that can provide information on intrinsic 

packing and mobility within low molecular weight solids, viscous liquids and soft matter systems.  

 

 

Figure 10: Schematic of increased transient void space with increased temperature. Red circles 
represent oPs molecule 

 

The sensitivity of positron annihilation parameters to the conformational, structural and 

microenvironmental transformations in self assembled systems has been amply demonstrated. 

However relatively few studies have been undertaken to understand the relationship between oPs 

parameters and the physico-chemical properties of self-assembled amphiphiles. The ability of Ps to 
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interrogate these relationships has been described by both the Ore and Spur models.  According to 

the first model the formation of Ps occurs during thermalisation, for positron energies in the range 

V > E > V - 6.8 eV or the so called Ore gap,61 the size of which relates to the Ps yield. Here V is 

the ionisation energy of the surrounding medium and the ionisation potential of Ps = 6.8 eV. The 

Spur model proposed by Morgensen 62 states that Ps is formed by thermalised e+ collisions with a 

secondary electron in the positron spur. This process must compete with other recombination 

events in the spur such as diffusion of electrons out of the spur and reactions or solvation of 

electrons or positrons with solvent molecules/scavengers in the spur strongly influence Ps 

formation. A third model combines elements of both these models and suggests the possibility of a 

positron combining with an electron created in the spur as well as direct formation of Ps. In binary 

surfactant solutions the Spur model is well accepted.63, 64 

In general terms it has been shown that a larger oPs lifetime results from a reduced electron 

density in the vicinity of the site where the oPs annihilates. Similarly, an increase in the number of 

annihilations of oPs is an indication of an increased availability of such sites. There is also some 

evidence that the oPs preferentially associates in the hydrophobic domain of mesophases, 

presumably in the inter-chain regions, rather than in the aqueous phase.12, 13 However, this is still a 

subject of ongoing debate as some authors have also suggested that the oPs is located within the 

Stern Layer (of micelles) and in particular, associated with the head group and/or counterions8, 65 

The most prolific area of research utilising PALS for self assembled systems is in micellar 

and microemulsion systems. The application of PALS to micellar systems, particularly of charged 

surfactants has been reviewed by Jain.1 However, it is not always easy to interpret the findings in 

this arena for reasons already stated above and a better understanding of the properties and 

behaviour of the positronium is necessary.  Nevertheless, PALS has demonstrated sensitivity due to 

subtle geometric changes in surfactant molecular geometry with concentration, temperature and 

electrolyte addition. Phase transitions from spherical to rod like geometry in micelles and 

microemulsions have been determined successfully as has critical micelle concentrations (CMC).1-

4, 41, 66 However, these two physico-chemical properties in themselves do not recommend PALS as 

a useful technique for characterising surfactant properties as these are not uniquely accessible by 

PALS and indeed, are much more rapidly and easily determined by small angle scattering and 

surface tension measurements.  

Although PALS is attractive from the perspective of a sensitive and non-destructive 

technique, the ‘niche’ for PALS has yet to be determined. The following will review the 

publications within the PALS-self assembly literature, with the aim of delineating more clearly the 

effects of structure property of the surfactant upon the oPs parameters, whilst paying particular 
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attention to the data refinement protocols.  We will attempt to define the unique proposition of 

PALS for such systems for future direction.  

 

Application of PALS to Micellar Systems 

Micellar and in particular reversed micellar systems are of interest as reaction media for 

catalysis and solubilisation.67, 68 As a reaction medium micelles provide an enclosed environment 

through which solubilised molecules may diffuse, collide and interact. However, the driving force 

behind micelle formation and growth remains unclear even after decades of research using broad 

ranging techniques to characterise size, aggregation number, counterion dissociation, hydration and 

microviscosity. 

PALS is just one of the many techniques that have been applied to these systems, with 

much of the early work using PALS for self assembled systems focussed upon the determination of 

cmc and aggregation numbers of micelles of ionic surfactants in both aqueous and non-aqueous 

solvents. 1, 3, 5, 8, 41, 63, 66, 69-76 In addition PALS has been used detect conformational changes in 

micelle structure above the CMC, identifying the location of solubilizates in micelles, 77 64 

determining micellar size and shape,9-12, 78-80 probing the location of ortho-positronium (oPs) 

annihilation site65 and determining the effect of salt in these systems.8  

In many of these early studies PALS spectra have been resolved into two components with 

Ps > oPs where Ps is attributable to the free annihilation of positrons with a small unresolved 

contribution from the decay of pPs. The longer component arises from pick-off annihilation of oPs. 

More recent studies have resolved three and four components in the PALS spectra, with the two 

shortest components assigned to the annihilation of pPs and free positrons. The longest component 

is attributed to pick off annihilation of oPs (2-3 ns) and another component due to water (1 ns). 

Duplatre and co-workers have also deconvoluted four components, with the longest lifetimes 

arising from oPs from either the aqueous or micellar organic phase (hydrophobic core).9-12  

 
The Location of Ps Annihilation: Stern Layer or Micellar Core? 

The question of where the Ps is localised within the micelle remains unclear with some 

authors advocating localisation in the Stern layer 65 and elsewhere, the core. 9-12 This remains a 

topic of robust debate.  For example, several authors have examined the binary sodium dodecyl 

sulphate (SDS)-water system with different conclusions. Duplatre et al.12 have observed that there 

is a linear correlation of (IoPs)micelle with SDS concentration at 294 K. Further comparison with 

sodium methyl sulfonate (SMS) that does not form micelles shows that this material does not result 

in significant Ps lifetime quenching. These authors concluded that changes in Ps parameters were 
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attributable to trapping of Ps from the aqueous to the organic micellar phase or hydrocarbon core. 

Bockstahl and Duplatre 11 have also considered the effect of salt on this system as it is well known 

that there is an increase in aggregation number due to sphere to rod transformations. For 0.28 M 

SDS at 303 K for NaCl concentrations up to 0.35M, (IoPs)micelle exhibits a generally decreasing 

trend for CNaCl > 0.2M. This was attributed to a decrease in micelle concentration with a change in 

morphology. As (oPs)aqu in these systems were shorter than (oPs)0 of pure water (1.83 ns) and the 

longest lifetimes attributable to (oPs)micelle are similar to pure dodecane (3.43 ns) it was concluded 

that oPs trapping occurs in the micelles rather than the Stern layer.  

On the other hand Consolati and Quasso65 observed that with increasing NaCl 

concentration in the SDS–water system, (oPs)mic decreased, although (IoPs)mic remained invariant 

within the error of the experiment, leading them to conclude that Ps is trapped within the Stern 

Layer. Similarly early work by Handel and Ache8 observed that Ps intensities decreased 

exponentially with salt concentration and these authors proposed interaction of the Ps with the 

counterions at the micellar surface. Choudhury and co-workers 41 have rationalised fluctuations of 

the oPs lifetimes in the binary CTAB (cetyltrimethylammonium bromide)-water system at low 

surfactant concentrations below the cmc (< 0.5 mM) as due to scavenging by the bromine 

counterion to form PsBr and/or pick off annihilation leading to a reduction in the oPs lifetimes. At 

CTAB concentrations above the cmc, (oPs) increases as Br – in the bulk phase becomes less 

available being bound in the Stern layer. As the CTAB concentration is further increased and 

particularly at the phase transition from micellar to normal hexagonal phase, the oPs lifetimes 

increase monotonically, approaching lifetimes of the hydrocarbon (C16H34). These authors did not 

distinguish between (oPs) arising from the aqueous or micellar phase, applying only a three 

component fit.  

To distinguish the site of Ps annihilation Dong and co-workers25 have examined the impact 

of head group chemistry for a given hydrophobe chain length (C12) for C12E8 (dodecyl ethylene 

oxide, non-ionic), DTAB (dodecyltrimethylammonium bromide, cationic), and SDS (anionic) in 

the L1 (micellar) region of the phase diagrams. PALS data was deconvoluted into four components 

including separate contributions for both the aqueous region (head group) and organic domain 

(hydrophobe). In this way it was postulated that if Ps annihilation occurred in the micellar core, the 

oPs lifetimes (4) should remain relatively invariant, which was indeed the case with 4 = 5.1  0.2 

ns, 4.7 0.1 ns, and 5.5 0.1 ns for C12E8, DTAB and SDS respectively. This was supported by a 

comparison of the DTAB (C12) and CTAB (C16) systems for which 4 CTAB (5.9 0.4 ns) > 4 DTAB 

(5.1 0.2 ns) and further suggests that the mobility of the oPs is influenced by the hydrocarbon 
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environment. In particular, the oPs can push aside surrounding molecules to accommodate itself in 

systems with high molecular mobility such as that provided by longer hydrocarbon chains.60 oPs is 

therefore sensitive to the microviscosity of its environment. In contrast IoPs was significantly 

reduced in the organic domain compared to the aqueous region for all of the binary systems 

studied. This was attributed to the larger proportion of water in the sample at low surfactant 

concentration resulting in a larger percentage of positroniums annihilating in the aqueous phase.  

 

Table 2: Micellar structural transformations in CTAB/water binary system as detected by 
various characterisation techniques.  
 

Micellar structure 
Characterisation Technique 

PALS41 Viscosity81 SAXS82, 83 Conductivity84, 85 
Pre-CMC 0.7 - - 0.9 
Spherical 0.7-10 - - 0.9 
Prolate/oblate 10-100 - 100 - 
Rod-like 125-400 300 150-950 - 
Entangled rod-like 400-950 - - - 
Hexagonal liquid crystalline >1000 - 950 - 

Re-produced from 41 Numbers indicate surfactant concentration in mM. 
 

Determination of CMC and Micellar Geometry and Growth 

Early work by several authors has suggested that IoPs is much more sensitive to 

microenvironmental changes than oPs. In particular it was noted that at surfactant concentrations 

below the cmc the Ps formation probability is similar to the bulk solvent. In aqueous systems 

several workers have demonstrated that micelle formation leads to an abrupt reduction in 

positronium formation (IoPs) within a narrow range of surfactant concentration3, 8, 74, 75, 86 (e.g 

Figure 4). The sensitivity of detecting micellar phase transitions has been reported to be as low as 

0.2mM or 10-5 weight ratio.2 Similar discontinuities observed from techniques such as dielectric 

measurements coincide closely with those at which IoPs decreases and the cmc in these systems.87 

Recent studies by Duplatre et al.12 have re-examined the SDS-water system and using a four 

component fit of the PALS spectra ( i.e. pPs, free positrons (e+), oPs from either the aqueous or 

micellar organic phase) they were able to distinguish a decrease in (oPs)aq with SDS concentration 

at 294K that was not noted in previous studies of this system.  

For the CTAB-water system several workers2 41 have used PALS to correlate oPs formation 

probabilities and lifetimes to conformational changes in micellar geometry at surfactant 

concentrations above the cmc but still in the micellar regime (Table 2). These subtle changes have 

also been detected by small angle scattering and viscosity measurements and were attributed to a 

transformation from spherical to rod like micelles arising from increased packing frustration at 
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~125 mM CTAB, in good agreement with SAXS (~150 mM).  At even higher surfactant 

concentrations, further discontinuities in IoPs were also related to the presence of entangled rod-like 

micelles (400-950 mM) and transformation to the hexagonal liquid crystalline phase (~1000 

mM).81 These observations support the pseudo-phase model of micellar formation where monomer 

 n-mer. For non-aqueous systems such as the CTAB/hexanol and tetradecyltrimethylammonium 

bromide (TTAB)/pentanol, the changes in Ps annihilation parameters are not as pronounced as in 

aqueous solvent. Nevertheless abrupt changes are still observed in the oPs parameters 

corresponding to transformations in micelle geometry.41  Similarly, Djermouni and Ache 74 have 

observed discontinuities in the oPs intensities with concentration for di-2-ethylhexyl sulfosuccinate 

(AOT) in isooctane or benzene leading them to conclude that a pseudophase model for micelle 

formation is applicable. However substitution of the Na+ counterion for NH4
+, N+(CH3)4 or 

N+(C2H5)4 in the AOT/benzene system provided evidence of a multi-step equilibrium model where 

monomer  dimer  trimer  ……. n-mer. Thermodynamic calculations favour a multi-step 

mechanism for head groups with a high dielectric constant or large radii.88 74 In contrast, 

Choudhury et al.89  have observed that there is no abrupt decrease in Ps formation probability in 

the sodium (AOT)/isooctane system with instead, a gradual reduction in this parameter.  

 

Effect of Counterion and Headgroup Charge on Ps Annihilation 

The addition of salt to some ionic surfactant systems (eg. SDS/water) are known to alter the 

micellar properties such as size and shape.90 PALS have been used to study the effect of electrolyte 

addition on selected binary micellar systems. Messaoud et al.79 investigated the effect of sodium 

chloride addition to the SDS-water system as a function of temperature. The authors separated the 

oPs annihilation component into τ3, I3 and τ4, I4, consisting of oPs in the bulk water phase and in 

the organic phase (hydrophobic hydrocarbon tails), respectively. They observed no significant 

difference in oPs lifetime for the aqueous component (τ3) with the addition of 0.6M NaCl. 

However, there was a 7% reduction in the corresponding intensity value (I3) compared to pure 

water. The effect of NaCl addition on the intensity of the organic component (τ4) was not reported. 

As discussed previously, Consolati91 reported a constant intensity value of 6.5% for I4 (oPs 

intensity in organic region), and a gradual decrease in τ4 as a function of NaCl concentration. This 

intensity value is slightly higher than that was observed by Bockstahl 11 in the same system. 

Bockstahl reported I4 to be approximately 4.5% and unlike Consolati observed slight oscillation in 

the data with increasing salt concentration. Compared to previous work by the same group, the 

addition of NaCl to the SDS-water system with the same composition and temperature has resulted 
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in a ~4% reduction in I4 (I4 in SDS-water with no added salt was reported to be ~9%).12  The oPs 

intensity in the water component (I3) also showed the same oscillating trend. The reduction in oPs 

formation either in aqueous (I3) or organic phase (I4) suggests quenching of the Ps by the 

electrolytes present in the systems. This idea is supported by early work from Talamoni 92 who 

observed the inhibition on oPs intensity in aqueous solutions with the addition of various 

electrolytes such as Ti+ and Cl-. The authors reported a ~6% reduction in I3 compared to pure 

water. However, due to inconsistencies in fitting procedures (three or four component fits) during 

PALS data analysis and differences in composition and temperature, it is difficult to make direct 

comparisons between these studies.  

 

Determination of Micellar Rcore, NAgg, Surface Tension from PALS data 

Much of Ps physics remains a subject of debate particularly in these soft matter systems.93 

Several authors have developed new models that are independent of the conventional analysis of 

PALS spectra in terms of decaying exponentials that aim to extract parameters such as micellar 

radius and aggregation numbers. Using a simple trapping model it has been shown that oPs formed 

in the aqueous phase diffuses into the micellar core at a rate that is diffusion controlled. In this way 

the Ps may be considered analogous to chemical probes such as pyrene for fluorescence quenching. 

Here the Ps in solution may exist in either a ‘free’ state or in a ‘bubble’ state which arises due to 

repulsive interactions between the solvent molecules and the diffusing Ps. In this ‘bubble’ state the 

Ps occupies a much larger volume than the ‘free’ Ps, ~0.4 nm as compared to 0.053 nm.94-96 The 

diffusion coefficients with Rps taken in the ‘free’ state are well correlated for a variety of solutes 

and solvents although the ‘bubble’ state has found better agreement with the existent literature in 

micellar systems where these two hypotheses have been applied.9-12 The micellar radius has been 

extracted from PALS data by applying diffusion equations, the trapping rate which is a function of 

time can be related through (oPs)aqu to the mean core radius of the micelle (Rcore) and the mean 

aggregation number (Nag) from which the micelle concentration can be derived through the 

nominal surfactant concentration. As oPsaqu can be distinguished from oPsmicelle, and diffusion 

occurs from the aqueous phase to the hydrocarbon core, then reaction kinetics or solubilisation 

dynamics of additives may be examined.  

Using a simple trapping model discussed above, and by supposing a diffusion controlled 

model of Ps transfer for which the trapping process from water (IoPs)aqueous to the organic subphase 

(IoPs)micelle is described : 

 2γ     oPs aq     oPs mic   2 γ 
mic kdif aq 
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Where k the time dependant, diffusion controlled rate constant for the spherical Ps bubble is 

defined by the Smoluchowski equation:  

1000/4 Adif DRNk   

for NA is the Avogadro number; R = Pps + R; D = Dps + Dmic and  = 1/ is the rate decay constant. 

From the Stokes-Einstein equation the diffusion coefficients may be expressed as a function of the 

hydrodynamic radius, Rh : 

h

B

R

Tk
D

6
  

Where kB is the Boltzmann constant, T is the absolute temperature and  is the viscosity of the 

medium. The time dependent trapping rate coefficient is: 

aggDmic NCDtRkCtk /)/1()(   

The time dependent diffusion controlled reaction rate constant is defined as:  

)3000/()/1/1)((2 PsmicPscoreBavD RRRRTkNk   

Bockstahl and Duplatre have used these equations to examine the SDS-water system.9-12 As 

Rcore and Nagg are correlated these authors have determined Rcore by using values of Nagg derived 

from small angle neutron scattering (SANS). Whilst the calculated Rcore was consistent with other 

techniques this approach sets a limit to the usefulness of PALS and makes it difficult to apply to 

completely unknown systems. Subsequently these authors have attempted to arrive at an 

independent measure of Nagg for SDS in water that is not reliant on values derived from other 

methods. By analogy with fluorescence quenching techniques, Ps was used as a surrogate probe in 

the presence of quencher duroquinone, a known Ps oxidiser. This was approach was only partially 

successful since, as with conventional fluorescence experiments, there was inhomogeneous 

distribution of the quencher which was preferentially associated with at the micelle interface.  

More recently Duplatre and co-workers have examined the utility of PALS for more 

complex micellar systems of PluronicP84 block copolymers. 80, 97 This system is potentially more 

complex than previously examined micellar systems as hydrophobic polypropylene oxide (PPO) 

blocks are surrounded by hydrophilic polyethylene oxide (PEO) blocks that can propagate 

outwards and hydrogen bond to water. A fundamental assumption of the models mentioned above 

is that the general physical properties of the solvent such as density and viscosity do not 

significantly influence (oPs)aqu.  In contrast to SDS micelles, the corona of copolymer micelles is 

more ill-defined and the solvated PEO chains may invalidate these assumptions. An estimation of 

this effect was measured using a solution of polyethyleneglycol (PEG) for which (oPs)aqu increased 

with concentration and decreased in response to temperature. Extrapolating the behaviour of 
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(oPs)aqu for P84, and setting Nagg =71 interpolated from previous SANS studies, enabled the 

determination of Rcore in good agreement with other methods. Subsequently these workers have 

used PALS to monitor the gelification of P84 up to 334K and observed the PALS parameters did 

not demonstrate any abrupt changes, reflecting the sensitivity of Ps to microviscosity rather than 

macroscopic viscosity of the system. 

 

Solubilisation and Reactions in Micelles using PALS 

Since one of the advantages that micellar systems offer is its ability to solubilise both polar 

and non-polar compounds, it is of interest to determine the location and properties of the 

environment that surrounds the solubilizates. Thus, several workers have attempted to develop 

PALS as a method of determining the location of solubilizates in micellar systems similar to 

utilising probe molecules in fluorescence measurements.70, 77, 98 This method is based on the theory 

that the positron (e+) can take on a variety of electronic states, such as oPs, oPs-molecular 

complexes and oPs bound to vacancies and voids.76 Several workers have used differences and 

compared the rate constants (λ) of oPs-solubilizate interactions to determine the nature of 

surrounding environment of the solubilizate. This has been performed with some success for 

nitrobenzene and cupric chloride in CTAB/water system70, 98 and uranyl ion in Triton-X100-water, 
77, 99  

 
Application of PALS to Microemulsions 

Microemulsions 100 are compartmentalized liquids that have been used in a variety of 

applications in the cosmetic, pharmaceutical and food industries to solubilise lipophilic and 

hydrophilic ingredients such as vitamins and flavours. 101, 102 They are of interest because of the 

variety of microstructures103 that can be formed and the coexistence of hydrophilic and lipophilic 

domains with  large interfacial area 104 105 that offer the potential to increase the solubility of 

bioactive compounds for delivery. Water-in-oil microemulsions in particular have been widely 

used for solubilisation of hydrophilic active molecules and as vectors for transdermal delivery to 

help improve the permeability of active ingredients. 102, 106, 107 108 Similarly oil-in-water 

microemulsions offer the potential for solubilising lipophilic bioactives within the core or 

interface of the microemulsion.  

There have been several studies of the application of PALS for microemulsions. As with 

the liquid crystalline systems, a discontinuity in PALS parameters has been correlated to changes 

in microemulsion structure and phase behaviour. Choudhury et al. studied the w/o to bicontinuous 

phase transition in the tetradecyltrimethylammonium bromide (TTAB)/pentanol/octane/water 
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microemulsion system 69 and reported that the PALS parameters exhibited either an abrupt change 

in trend or an oscillatory change at water concentrations that coincide with the onset of 

bicontinuity as determined by electrical conductivity measurements. More recently Dong25, 109 

have utilised PALS to differentiate the  w/o → bicontinuous → o/w transitions as a function of 

increasing water content for two pharmaceutically relevant non-ionic microemulsion systems 

comprising Labrasol/Plurol Oleique/IPM/water and Tween 40/Imwitor 308/IPM/water. A 

difference of 0.4 ns in τ4 observed across the w/o to o/w phase transitions for both the 

Labrasol®/Plurol Oleique®/IPM/water and Tween 40®/Imwitor 308®/IPM/water microemulsion 

systems. Specifically the Labrasol®/Plurol Oleique®/IPM/water system had τ4 = 3.2 ± 0.1 ns in the 

w/o phase, with τ4 max = 3.6 ± 0.1 ns in the o/w phase. Significantly, PALS lifetimes were able to 

distinguish subtle differences in the local microviscosity arising from penetration of the co-

surfactant into the hydrophobic chains of the interfacial surfactant monolayer; thereby highlighting 

the potential impact of co-surfactants on the retardation of encapsulated bioactives. Das et al. 

investigated the Triton X100/butanol/n-heptane/water system,110 attributing the a discontinuity in 

the PALS parameters to changes in the hydration of surfactant molecules.  

Ionic microemulsion systems have received more interest than non-ionic 

microemulsions.69, 111-115 Boussaha et al. 111 112 and Serrano et al. 116 suggested that changes in oPs 

intensity could be used to identify the onset of aggregate formation in the w/o microemulsions. 

Ferreira et al. have also applied diffusion equations to the oPs lifetime to extract the radius of the 

aqueous core of the w/o aggregates in the AOT/isooctane/water microemulsion system 114. This 

work was later extended to investigate the effect of different counter-ions on the water core radius. 
115 Zaboli et al. have also studied the AOT/isooctane/water system, focusing on trying to 

determine the location of solubilized substances such as chloroform and dichloromethane in the 

nanostructure of the microemulsion. 117 These authors speculated on the location of the additives 

by comparing the difference in water content at which the minimum oPs lifetime was observed. 

 

Application of PALS to Lyotropic Liquid Crystalline Phases 

Utilising the self assembly of amphiphilic molecules in water to create hydrophilic and 

hydrophobic domains has long been an active area of scientific research and end use applications. 
44, 45 Amphiphiles such as dioleoylphosphatidylethanolamime (DOPE) that adopt the H2 phase at 

physiological temperatures have been employed in ‘fusogenic’ lipid-based drug delivery systems.  

As well, the 3D inverse bicontinuous cubic phases (Q2) of glyceryl monooleate (GMO)118 and 

phytantriol (3,7,11,,15-tetramethyl-1,2,3-hexadecanetriol)14, 119 have been studied as their high 
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internal surface area and stability against dilution are of interest for pharmaceutical and cosmetic 

applications.45-47 

Positron annihilation parameters are sensitive to phase transitions between amphiphile self-

assembly mesophases. In particular, the oPs lifetime is related to the local electron density at the 

annihilation site, and as the molecular packing gets tighter, the electron density at the site increases 

and the oPs lifetime decreases. oPs is the “a seeker and digger of holes”60 expanding the size of its 

location in low molecular weight solids and viscous liquids by pushing aside the chains and may 

thus be considered an active probe of both intrinsic packing and chain mobility. 

Several workers have used the positron technique to examine the thermotropic solid-liquid 

crystalline-isotropic phase transitions120-124 with changes in the positron annihilation characteristics 

attributed to intermolecular interactions. In particular, Singh125 has explored PALS for studying 

intra-/inter molecular motions for a homologous series of alkyl and alkyloxy cyanobiphenyl 

wherein a sharp increase in  τ3 (three parameter fit) at the solid-liquid crystalline transition was 

attributed to anti-parallel molecular pairing. A further small decrease in τ3 was also observed at the 

liquid crystalline–isotropic transition, consistent with dielectric studies and was attributed to a 

decrease in bimolecular association. Further Dlubek and co-workers126 have verified the sensitivity 

of oPs to thermotropic phase transitions in a system that forms hexagonal columnar and micellar 

cubic phases. 

 However there are relatively few studies of the application of PALS to lyotropic surfactant 

systems. Historically much of this work has focussed upon Type I phase transitions, and 

amphiphiles such as CTAB,25, 41, 66 DTAB25 and SDS 9, 10, 25, 86, 127-129 have been numerously 

considered by several authors in the literature. These studies have observed variations of the 

positron annihilation parameters as a function of increasing amphiphile concentration, 

corresponding to L1H1L transitions and have further enabled identification of nematic 

phases.128, 129 Whilst it is agreed that PALS permits identification of phase transitions in these 

systems, it is less clear if the oPs lifetimes obtained are characteristic of the phase, as many of 

these studies are inconsistent with respect to fitting protocols. Further, few studies have attempted 

systematic investigation of the correlation between the positron annihilation parameters and the 

molecular order, spatial arrangement and chemical structure of the liquid crystalline phases.  

Recent work by Dong and co-workers go some way in attempting to address these 

questions.25, 130 These authors have investigated the impact of headgroup charge for some C12 

amphiphiles and variation of chain length (C12 vs C16) upon the positron annihilation parameters 

using a four component refinement of the data that included separate contributions for both the 
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aqueous region (head group) and organic domain (hydrophobe).  Specifically, they have re-

examined the L1H1 phase transition in the binary systems of CTAB, DTAB, C12E8 and SDS 

with water, observing that the lifetime in the hydrocarbon core (4) gradually decreases in the 

micellar phase as the system approaches the phase boundary for the hexagonal phase. Upon 

transformation to the H1 phase, the oPs lifetime plateaus to a similar value in all these systems (τ4 

~ 3.50.2 ns). This suggests that τ4 is independent of head group chemistry and that for a given 

chain length the oPs lifetime is characteristic of the L1H1 transition. Comparison of the oPs 

lifetimes for CTAB system (5.9 ± 0.4 ns) and DTAB (4.7 ± 0.06 ns) suggests increased mobility 

of the hydrophobic chains in CTAB micelles, which is consistent with their greater chain length.  

Dong et al. 13 have further reported sensitivity of the oPs lifetime and intensity signatures to 

the molecular packing and mobility of the lipid chain in several liquid crystalline phase transitions 

within the phytantriol-water system that comprise several Type II mesophases.119 Further, the oPs 

lifetime which is correlated with lipid chain packing and mobility was linked to macroscopic 

properties such as rheology and permeability of the mesophases. Specifically, the average oPs 

lifetime was able to discriminate various mesophase structures where: L (3.19 ns) > L2 (3.13 ns) > 

QIa3d (3.12 ns) > H2 (3.03 ns) > QPn3m (2.88 ns). These trends were correlated to the molecular 

proximity at the annihilation site, or the dynamic free volume which reflects the effective mobility 

of the lipid chain and their ability to accommodate a diffusing entity. As such the oPs lifetime 

suggests that the lipid chains of the L phase can move aside to a greater extent than in QPn3m. 

Consideration of the packing frustration energies indicates that QIa3d < QPn3m, suggesting that there 

is a greater mobility of the less tightly packed chains in the QIa3d phase, in general agreement with 

the oPs lifetimes. Macroscopic rheological arguments were also cited as support for these 

‘rankings’. The addition of vitamin E acetate, (a model excipient) had the effect of changing the 

phase transition temperatures and boundaries14 though not significantly alter the oPs lifetimes, 

suggesting preferential partitioning of the molecule in the hydrophobic region.  

 

The application of PALS to Bio-mimetic Membrane Systems  

Lamellar bilayer systems 

Positron probes have been applied to complex biological systems including tissue, 

muscle, human erythrocytes since the 1960’s.16, 19, 131 The destructive effect of positrons on 

membranes is negligible and the degree of perturbation caused by the positron probe minimal, with 

the typical concentration of positron probes required 10-16M, several orders of magnitude less than 

conventional chemical probes. However these systems are extremely complex and several workers 
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have reverted to examining dipalmitoylphosphastidylcholine (DPPC)-water systems that have been 

considered model systems for the understanding of biological membranes. It is well known that the 

packing of the lipids, that is their shape impacts on membrane functionality and permeability 

further, that transbilayer transport and diffusion is accommodated by phase transitions of the lipids 

within the membrane and the sensitivity of PALS lends itself to the determination of molecular 

association in model bilayers.132, 133 Aqueous dispersions of the lamellar phase (liposomes) are also 

a common choice as model membranes. Liposomes have demonstrated permeability comparable to 

biological membranes and are often used to investigate interactions between lamellar phospholipid 

bilayers and proteins. 

DPPC systems have often been the lipid of choice in these studies as not only is it a major 

membrane constituent but the phase diagram is well known (Figure 11).134 At temperatures below 

the pre-transition, one dimensional lamellae exist with fully extended but tilted hydrocarbon 

chains. At the pre-transition temperature there is a transformation to a ‘ripple’ phase where the 

fully extended lipid molecules are distorted by periodic undulations. Above the gel-liquid 

crystalline transition the bilayers assume a fluid-like arrangement. Table 3 shows transition 

temperatures for commonly studied phospholipid bilayers. 

 

Table 3: Transition temperatures for commonly studied phospholipid bilayers (°C) 

Phospholipid Chain length Lc → Lβ’ Lβ’ → Pβ’ 
Pβ’ → Lα 

(Tm) 
DLPC C12 - - -2.1(*) 
DMPC C14 - 14.3 (*) 23.9(*) 
DPPC C16 21.2 (*) 17 (#) 34.2 (*) 35 (#) 41.4 (*) 42 (#) 
DSPC C18 28.2 (*) 50.7 (*) 55.3 (*) 

* 135  # 136  

For a DPPC-40% water system Jean and Hancock40 have measured the positron annihilation 

parameters as a function of temperature and observed a step function response for the oPs 

lifetimes that recognised a pre-transition at ~35˚C as well as the a gel-liquid crystalline phase 

transition at ~45˚C in good agreement with differential scanning calorimetry (DSC). Dong and 

co-workers137 observed an oPs lifetime of τ4 ~3.4 ns for the hydrocarbon region for the main 

transition from Lc → Lα (Tm). 
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Figure 11: DPPC-water phase diagram (Re-drawn from Ulmius et al.134) 

 
Membrane Fluidity: Impact of Lateral Pressure 

It is well known that the molecular packing of lipids determines the curvature and elasticity 

of the cell membrane that in turn impact upon functionality and permeability. Lamellar and non-

lamellar forming lipids such as cholesterol (CHOL) and polyunsaturated fatty acids (PUFA) help 

regulate lateral pressure profiles within the membrane. This concept has received great attention 

and it is becoming clearer that subtle changes in lateral pressure profiles and the free volume 

distribution play a significant role. An extraordinary number of investigations have revealed the 

existence of transient microdomains or ‘rafts’ with varying fluidity. In particular domains enriched 

in sphingolipids and cholesterol has been implicated in cellular trafficking, regulation and signal 

transduction. The co-existence of domains of liquid ordered phase (lo) is promoted by cholesterol 

(CHOL) whereas and liquid disordered states (ld) are promoted by unsaturated phosphatidyl 

choline (PC). Cholesterol has been shown to significantly reduce the void space between the acyl 

chain region through enhancing the conformational order, with increased bending rigidity of the 

membrane at higher CHOL concentrations.138-141 

These hypotheses lend themselves to investigation by PALS for which the oPs has 

demonstrated sensitivity to microviscosity and phase transitions on a nanosecond timescale that is 

on par with the timescales of these events. Relatively few studies however, have implemented 

PALS for this purpose and these are of limited scope. Kano et al142 have applied PALS to the 

characterisation of vesicles of dioctyldecyldimethylammonium chloride (DODAC)-cholesterol-

water. Aggregation behaviour was identified as a function of sonication time and pre-transitions 

similar to DPPC-water were observed. PALS spectra were deconvoluted for Ps and oPs with a 

decrease in oPs on vesicle formation. A step function increase in oPs was observed with 

temperature, attributable to pre-transition-gel-liquid crystalline phase transitions, with the inclusion 
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of 17.2 % w/w cholesterol inducing a shift to lower temperatures. One of the most enlightening 

papers in this area is the work of Sane and co-workers20 who have combined the sensitivity of 

PALS with atomistic calculations to gauge free volume changes in multi-lamellar vesicles (MLVs) 

of DPPC or palmitoyl-oleoyl-phosopahtidylcholine (POPC)/cholesterol. oPs lifetime distributions 

obtained from four component analysis of PALS spectra for DPPC-water suggest that the lifetime 

distributions fall into two distinct groups below and above the gel-to fluid transition temperatures, 

with increased oPs above Tm. This was qualitatively rationalised in terms of the enhanced free 

volume due to greater fluidity of the hydrocarbon chains at T > Tm. The addition of cholesterol into 

POPC MLVs decreased the oPs lifetime which was attributed to the reduction of free volume 

elements.  

 

Impact of Hydrocarbon Chain Length in model membranes 

McGrath and co-workers21 have determined positron lifetimes for several 

phosphatidylcholine lipid dispersions demonstrating the sensitivity of oPs to the fluidity or 

microviscosity of the lipid with oPs invariant for lipid chain lengths n= 12, 16, 18. At temperatures 

above the gel-liquid crystalline transition oPs = 3.3 ns compared to 2.8 ns in the gel phase. 

Recently Dong and co-workers25 have re-examined these systems as both the bulk (lamellar) 

mesophase as well as the dispersion (liposomes). The impact of nanostructure upon the PALS 

parameters in these systems is of interest since as well as being of biological relevance, both of 

these possess utility as drug delivery vectors (intravenous vs depot) and several workers have 

shown that the nanostructure of the phase impacts upon the release profile of the drug.44, 143, 144 

These authors used a four component fit of the data that provides separate PALS lifetimes for the 

aqueous (τ3) and organic domains (τ4). The oPs lifetime (τ4), for the lamellar phases of DSPC 

(C18:0), DPPC (C16:0), DMPC (C14:0) and DLPC (C12:0) was found to be independent of chain 

length, with characteristic lifetime value τ4 ~ 3.4 ns. This trend in lifetime agrees well with past 

studies 145 146 147 20 with a ∆τoPs of 400 ps consistent with that reported by both McGrath et al. 146 

and Jean et al.,147 although the absolute lifetime values differed. This variation most likely arises 

from a difference in the data fitting procedures, in particular the number of components used in the 

analysis.  oPs lifetime in the organic region is consistently larger in the dispersed liposome 

systems compared to the bulk systems, and suggests that the phospholipid molecules exist in a 

more disordered and mobile state as vesicles in excess water. As for the bulk systems, the τ4 of the 

liposomes was larger above the main transition temperature, following the transition to Lα.  The 

oPs intensity in both the organic (I4 organic) and aqueous (I3) region was also affected by a change in 
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temperature. Whereas I3 decreased with temperature and was invariant after the phase transition to 

the lamellar phase, I4 organic increased gradually as a function of temperature, suggesting increased 

oPs formation and annihilation among the hydrophobic chains in the fluid lamellar phase. This 

was rationalised as an increase transient void space as a result of more mobile lipid chains wherein 

the oPs can reside (Figure 10).  

McMahon et al.17 have also measured the phase transition of a multi-lamellar vesicles of 

PC lipids with variable chain length (n =14, 16, 18) with the observed increase in oPs and decrease 

in IoPs above the gel-liquid crystalline transition rationalised in terms of changes in free volume of 

the hydrocarbon chains within the bilayer. Unlike the work of McGrath et al. 21  and Dong et al.25 a 

0.1 ns decrease in oPs was observed for n=12 to 14 to 16.  

 

Comparison of hydrocarbon chain rigidity in model membrane systems 

Past studies that investigate the behaviour of lamellar phases using PALS often do not put 

great importance on stating the configuration of the sample. Some, such as Jean et al. utilised 

concentrated bulk systems with reduced water content, 147 while others like McMahon et al. 

measured dispersed systems in excess water. 146 Thus, it is of interest to examine whether there is a 

difference in PALS parameters between bulk and dispersed systems. Dong et al.25 have shown that 

the oPs lifetime in the organic region is consistently larger in the dispersed liposome systems than 

to the bulk systems. This result suggests that the phospholipid molecules exists in a more 

disordered and mobile state as vesicles in excess water.  

These authors have also compared the sensitivity of the PALS parameters to subtle changes 

in hydrocarbon packing arising from changes in chain mobility in liposomes, observing that there 

was no significant difference between the oPs lifetimes of some saturated and unsaturated lipids 

with C16 (DPPC vs C16:1) and C18 (DSPC vs DOPC) chain length.137 These authors postulated that 

as the hydrophobic chains of the lipids exist in a highly mobile and disordered state within 

liposomes; this outweighs any effect imposed by saturation. An alternative explanation is that the 

PALS technique is not sufficiently sensitive to distinguish differences if these were present. 

 

The Potential of PALS for Interrogating Transmembrane Interactions 
Molecular Association and Charge Transfer in Membranes using PALS 

Transmembrane transport is a protein mediated process modulated by channels, carriers or 

pumps. The passage of molecules and ions across the membrane is accommodated by local 

fluctuations of the surrounding lipid that may undergo a change in phase behaviour. As we have 
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seen such transitions are easily distinguished by PALS. Analysis of the Ps lifetime in biological 

systems has also been related to molecular association constants and to reaction rates of Ps with the 

probe molecule. 132, 133 The utility of this technique for investigation of charge transfer dynamics 

and molecular association is based upon the low ionisation potential of Ps (6.8 eV) as Ps reacts 

rapidly with good electron acceptors. This interaction results in a shortening of the Ps lifetimes due 

to scavenging by the charge transfer molecule with a rate constant, kPs described as: 

][
11

0
MkPs

oPsoPs



 

where oPs and oPs
0 are the oPs lifetimes in the membrane in the presence and absence of 

scavenger and M is the concentration of the scavenger in the system. 

This has been used to advantage by Jean and co-workers 132 who have investigated the 

localisation of charge transfer molecules in the bilayer using p-benzoquinone. Appropriately, p-

benzoquinone can also be considered an analogue for ubiquinone which plays an important role in 

coenzyme-bilayer interactions. The chemical reaction rate constant of the quinone with Ps, kPs(quin) 

as defined by the oPs lifetimes decreases as a function of DPPC concentration both above and 

below the gel-liquid crystalline transition temperatures. Through comparison of kPs(quin) in various 

pure solvents the authors surmised that the most likely location of p-benzoquinone is near the 

hydrated polar region of the bilayer.  In an extension of this work, these authors determined the rate 

constants as a function of temperature for Ps with p-benzoquinone, nitrobenzene and the co-

enzyme ubiquinone 50 or Q10 in DPPC bilayers, 132 the first example of an actual biologically 

relevant charge transfer agent. For all three systems similar trends were observed with initially kPs 

increasing up to the pre-transition temperature, reaching a maximum near the main transition and 

decreasing above the gel-liquid crystalline transition temperature. This was rationalised in terms of 

the fluidity and changes in permeability associated with the phase transformations and in terms of 

charge-complex formation between Ps-charge transfer agents. Specifically, an initial increase in kPs 

at temperatures below the main transition temperature is rationalised in terms of enhanced mobility 

of the scavenger with temperature and a phase transformation from a rigid gel to more fluid liquid 

crystalline phase. The decrease in kPs above the main transition temperature was rationalised as a 

loss of charge transfer strength. As both p-benzoquinone and nitrobenzene associate with the 

hydrated region of the polar head groups, the decrease in kPs was attributed to an increased 

association of kPs with the membrane itself. 
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PALS and drug-membrane interactions 

  There has been a burgeoning of potential drug candidates in recent years resulting 

from advances in automated synthesis and combinatorial chemistry. However successful drug 

development relies on efficient delivery to targeted sites and this requires a thorough 

understanding of the structure and characteristics of cellular barriers and the mechanisms of 

drug diffusion and permeability. PALS can provide a measure of the macroscopic transport 

properties of different mesophases (e.g. Lα, Q2, H2) which have been touted as delivery 

matrices for bioactive compounds. A potentially exciting and fruitful application of PALS is in 

the unique insight it can provide into the effect of drugs and their release from these 

mesophases, in addition to their interaction with biological membranes, to aid in developing 

therapeutic interventions. To date however, the literature in this field is virtually non-existant, 

with the exception of a brief study by Dong et al.13 Here the PALS signature for vitamin E 

acetate (vitEA), a  model lipophilic drug was encapsulated within cubosomes and hexosomes 

of the pharmaceutically relevant amphiphile, phytantriol. In this study the effect of vitEA (1%, 

3% and 10% (w/w)) on the PALS parameters did not significantly alter the oPs lifetimes 

suggesting preferential partitioning of the molecule in the hydrophobic region. Based upon the 

PALS lifetimes for τ4 Q2 (cubosomes) ~ 2.2ns and  τ4 H2 (hexosomes) ~ 4ns, these authors anticipated 

that the diffusion of hydrophilic drugs from hexosomes would be enhanced over cubosomes. 

However, Boyd et al. have demonstrated slower release rates of some model drugs 

(hydrophilic and hydrophobic) from the non-dispersed liquid crystalline H2 phase relative to 

the inverse bicontinuous cubic phase.148 This was attributed to differences between the 

geometry of the aqueous domains that provide the principle route for drug release for both 

hydrophobic and hydrophilic drugs. In the case of the Q2 phase this consists of two non-

interpenetrating, congruent water networks that are likely open to the outside aqueous media. 

In contrast, the aqueous compartments in the inverse hexagonal phase are closed columnar 

tubes and it is anticipated that the release of drugs would require perturbations of this structure 

for diffusion. It is also generally believed that the rate limiting factor for controlling drug 

release is the diffusion through the aqueous domains rather than the lipid regions. Hence, the 

correlation between diffusion dependant transport is more complicated than hydrocarbon chain 

mobility, being also affected by the nature of the drug (e.g hydrodynamic radius, hydrogen 

bonding, hydrophilicity, solubility), as well as host matrix chemical and mesophase structure.  

Aqueous dispersions of liposomes, cubosomes and hexosomes are commonly prepared 

using non-ionic block copolymers such as Pluronic F127 149 150 to prevent flocculation and phase 

separation after dispersion. These are believed to adsorb to the surface of the colloidal 
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nanoparticle, although some partitioning into the lipid bilayer also occurs, to provide stabilization 

via steric repulsion. The nature of the contribution of the steric stabilisers to the PALS signature is 

currently unknown. Due to the polar nature of the PEO chains, it is conceivable that their presence 

may affect the lifetimes of the aqueous region, I3. The interaction between the hydrophilic PEO 

chains and bulk water may result in the presence of ‘bound’ water near the particle surface and 

cause a deviation away from 1.8 ns for τ3. There is currently limited knowledge in regards to the 

nature of this interaction and the effect of bound water versus bulk water on the PALS parameters.  

However PALS lifetimes have been able to distinguish subtle differences in the local 

microviscosity arising from the penetration of co-surfactant into the hydrophobic chains of the 

interfacial surfactant monolayer in microemulsion systems; thereby highlighting the potential 

impact of co-surfactants on the retardation of encapsulated bioactives.30 

 

Effect of lyotropic liquid crystalline nanostructure on the PALS parameters  

The utility of self assembled liquid crystalline phases as encapsulants lies in their inherent 

nanostructure with differences between Q2 and H2 morphology as well as rheology (i.e. 

intravenous vs depot) used to underpin strategies for the molecular mobility and availability of the 

excipient. The morphology of the self-assembled structures is important for their final application 
44, 151 14, 152, 153  and several workers have shown that the nanostructure of the phase impacts upon 

the release profile of the drug.44, 143, 144  Dong et al.14, 137, 154 have recently characterised the PALS 

signatures arising from “bulk” mesophases and their dispersions (liposomes, cubosomes and 

hexosomes) as for many applications the dispersions are preferred since these possess the same 

nanostructure as the parent phase, though have much lower viscosity and higher surface area; to 

enable ease of formulation for increased payload. Recently the structure-property correlations for 

some liquid crystalline colloidal dispersions forming amphiphiles have been reviewed155 as has the 

status of our ability to tune molecular architecture to provide these types of lyotropic liquid 

crystalline phase structures.44 

In general Dong and co-workers have observed that the values of τ4 are higher overall in 

the aqueous colloidal dispersions suggesting that the hydrocarbon chains are more mobile. 

Specifically for some membrane lipids viz DMPC, DPPC and DSPC the oPs lifetime in the non-

dispersed rigid lamellar phase (L’) was τ4 ~ 3.0 ± 0.1 ns, increasing to τ4 ~ 3.4 ± 0.1 ns following 

the transition to the fluid lamellar phase (Lα). The liposomal dispersions of these systems showed 

an increase in τ4 that was dependant on chain length.  A similar trend was observed for the Q2 

Pn3m→H2→L2 transition sequence in the phytantriol-water system. Characteristic lifetimes were 
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observed for each of the “bulk” mesophases where the mobility of the hydrocarbon chains and 

PALS lifetimes (τ4) decreased in the order L2 (τ4 ~ 3.1 ns) > H2 (τ4 ~ 3.0 ns) > Q2 Pn3m (τ4 ~ 2.8 

ns). Characteristic lifetimes with a similar sequence or “ranking” were observed for the analogous 

dispersions: L2 (τ4 ~ 4 ns) ~ H2 (τ4 ~ 4 ns) > Q2 Pn3m (τ4 ~ 2.2 ns). The increased lifetime for 

hexosomes relative to cubosomes suggests that the hydrocarbon chains are more mobile, which is 

consistent with greater conformational disorder and splay in the chain region at higher 

temperatures. Based upon the PALS lifetimes it may be anticipated that the diffusion of 

hydrophilic moieties from the colloidal dispersions would be more rapid than the “bulk” 

mesophase, which is reasonable given the greater surface area of these as nanoparticles. 

 

Conclusions and Future Directions 
Much of the literature in PALS and self-assembly have focussed upon detecting 

aggregation phenomena and phase transitions and the sensitivity of the PALS technique in 

distinguishing such structural changes has been amply demonstrated. Whilst PALS has provided 

new insights into some aspects of micellar aggregation and shape, the information provided may be 

obtained through other methods. As a methodology to replace the determination of the cmc for 

instance, it is not feasible because of the substantial time deficit over conventional surface tension 

measurements. Furthermore, PALS as with many of the suite of available techniques for micelle 

characterisation, cannot be used as a standalone technique. For instance, whilst a change in 

micellar geometry can be related to a discontinuity in IoPs or to a lesser extent oPs, it does not 

appear to be diagnostic of the rheology and a knowledge of this is required from other sources such 

as SAXS. On the other hand the calculation of aggregation numbers and hydrodynamic radius from 

PALS data provide a much more useful utility although it must be noted that rigorous equations 

must be applied and several assumptions made that rely on data from other techniques.  

PALS has also been used to determine liquid crystalline phase transitions however; the 

usefulness of PALS for this remains limited as a priori predictions as to which structural change or 

phase transition is responsible are not still possible. Dong et al.13, 14, 25 have made some headway in 

this respect suggesting that the oPs lifetimes are able to discriminate various mesophase structures 

in the phytantriol-water system, though how this compares to other systems still requires further 

clarification. This application of PALS in itself is not justified there being many other 

methodologies most notably small angle X-ray scattering, differential scanning calorimetry and 

light polarising microscopy that are better able to provide such information more rapidly. 
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A potentially exciting and fruitful application of this technique is in the arena of membrane 

dynamics, diffusion and permeability and drug-membrane interactions. PALS can provide a 

measure of the macroscopic transport properties of different mesophases (e.g. Lα, Q2, H2) which 

have shown promise as delivery matrices for bioactive compounds. The sensitivity of PALS to 

changes in microviscosity25 can provide unique insight into the effect of drugs and their release 

from these mesophases and the cell membrane, to aid in developing therapeutic interventions. 

  Cell membrane morphology is controlled by the principles of amphiphilic self-

assembly; and liquid crystalline architectures such as the Lα phase is ubiquitous in the cell 

membrane,22 with large domains of H2 phase observed in the retina156 and bicontinuous cubic 

phases have been numerously observed in many eukaryote cell types and organelles.157, 158  

The relative ease with which Q2 and H2 structures interconvert to the lamellar phase, suggests 

they may modulate cell physiology for adaptation to changing environmental conditions.22 The 

cell membrane bilayer is interdigitated with cholesterol and proteins that are sensitive to 

changes in the lateral pressure distribution profile. The presence of cholesterol in lipid bilayers 

has been shown to lower the transition temperature between gel and liquid crystalline phases. 

Efforts towards understanding cellular processes have found great advocacy and parallels in 

the understanding of the phase behaviour of lipid-water systems.56 Additionally it is becoming 

clearer that changes in lateral pressure profiles and the free volume distribution have 

ramifications in anaesthetics and transdermal delivery.138, 139  

It is extremely difficult to gauge diffusion and permeability properties with respect to 

nanostructure and few non-perturbative methods exist. oPs parameters have demonstrated 

sensitivity to microviscosity on a nanosecond timescale that is on par with the timescales of 

these events and possess great potential in this arena. Hence the future development of PALS 

for the soft condensed matter community lies within these burgeoning fields of research.  
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