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Introduction

Applications of micro- and mesoporous materials 
grow in numbers and scope. Initially, they were used 
mostly as low-k materials [1] and an environment for 
catalysis [2]. Their next application of great impor-
tance was drug delivery [3]. Recently, mesoporous 
materials were found as promising materials for gas 
storage [4] and removal of contaminations [5]. All 
these applications require accurate knowledge of the 
structure, especially pore size distribution (PSD), of 
used materials. For this purpose, several experimental 
methods can be used. Among them, the most wide-
spread one is measurement of adsorption isotherms 
of liquid nitrogen at 77 K. This method is limited 
only to open pores, which are large enough to host a 
nitrogen molecule. A high vacuum and sample cooling 
is required before starting to measure isotherms of 
liquid nitrogen. This can cause structural changes in 
materials designed to be used at room temperature. 
Therefore, results of this method may not be reliable 
for many materials. This is also the reason why it is 
not suitable for any in situ measurements.

An alternative experimental technique, used to 
determine PSDs, which does not have such limita-
tions, is positron annihilation lifetime spectroscopy 
(PALS). For the purpose of porosimetry, the probe 
used by PALS is a long-lived triplet state of posi-
tronium. This is a bound state of an electron and 
a positron with parallel spins called ortho-positronium 
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(o-Ps). This pseudo-atom is formed in non-conduct-
ing solids. To survive in an electron-rich environ-
ment, o-Ps have to be trapped in an electron-free 
volume (a pore, an intermolecular volume, etc.). 
The lifetime of the trapped o-Ps shortens from 
142 ns (observed in a vacuum) to the value depen-
dent on a pore size. This is a result of the pick-off 
process, which consists in annihilation of a positron 
with an electron that has anti-parallel spin, which 
can be found in the pore wall. Because this method 
is based on properties of small subatomic particles, 
the range of its applicability is considerably extended 
toward small pore sizes compared with methods 
based on sorption of molecules. Positronium forms 
randomly in the material, thus positron porosimetry 
(PP) is able to characterize both open and closed 
pores. For the same reason, presence of any sub-
stance in pores (e.g., gas or adsorbate) does not 
make measurement impossible, but it only changes 
the shape of measured positron lifetime spectra. 
This makes PP suitable for carrying out in situ 
measurements. 

PP was successfully used for characterization of 
various porous materials based on silica [6, 7], glass 
[8], polymers [9], and composites [10]. There are also 
multiple examples of monitoring of processes that 
occur inside pores, e.g., phase transitions (melting, 
solidifi cation, glass transition) [11–13], fi lling [14] 
or emptying [15] of pores, adsorption and desorption 
[16], and thermal decomposition [17]. Moreover, it is 
possible to observe in situ changes in porosity under 
pressure [18, 19]. 

From PAL spectra to PSDs

The experimental PAL spectra (Fig. 1a) represent 
the probability of positron annihilation at time t. Be-
cause positron annihilation follows the law of radio-
active decay, these spectra are the sum of exponential 
decay components with various lifetimes (i.e., slopes 
of a component) and intensities (i.e., areas under a 
component). Typically, no purely exponential o-Ps 
components are observed in spectra acquired for 
porous materials. Instead, a continuous distribution 
of lifetimes is present. Therefore, advanced numeri-

cal methods are required to reproduce the shape 
of a distribution of o-Ps lifetimes. Currently, the most 
assumption-free technique is MELT [21], which uses 
the quantifi ed maximum entropy method to compute 
a distribution of an intensity over positron lifetimes 
(Fig. 1b). The diffi culty is that MELT requires a large 
number of counts (~107) in a PAL spectrum to give 
reliable results [22]. Meanwhile, in some cases, 
the conditions of an experiment do not allow achiev-
ing a suffi cient number of counts. In such a case, 
one can use a simplifi ed method of analysis, which 
allows estimating an average lifetime, intensity, and 
width of a distribution that is usually suffi cient to 
fi nd relative changes in PSD. These parameters can 
be found if a lifetime distribution that has an a priori 
assumed shape (usually lognormal) is fi tted to a 
spectrum using the 2 minimization technique [23]. 

The fi rst quantum model, used for the analysis 
of porous materials, was Tao-Eldrup model [24, 25]. 
This model describes o-Ps annihilation due to the 
pick-off process assuming that o-Ps is trapped in a 
spherically symmetric infi nite potential well and it 
occupies the ground level in the well. Only intrinsic 
o-Ps annihilation with a rate i = 7 s−1 is possible 
in the interior of the well, where distance from its 
wall is larger than the empirical value . However, 
the outer part of the well represents bulk material, 
where o-Ps annihilation by pick-off occurs. Therefore, 
the parameter  allows to adjust the probability of the 
pick-off annihilation to fi t its probability outside an 
actual fi nite potential well, which is narrower by 
than the infi nite one.  The pick-off annihilation rate p 
is approximated in the model by 2 ns−1, which comes 
from averaging over the ortho and para states with 
appropriate weights. This assumption allowed fi nding 
a good correlation between the expected sizes of small 
free volumes and the ones calculated from model for 
the group of molecular crystals if the parameter  
= 0.166 nm [26]. Meanwhile, thanks to examining 
materials with a known pore size, it turned out that 
surprisingly short lifetimes of o-Ps were observed. 

A breakthrough that allowed fi nding agreement 
between PALS results and pore sizes found by 
adsorption methods was the development of the 
extended Tao-Eldrup (ETE) model [27]. A novelty in 
the ETE model is taking into consideration that due 

Fig. 1. Experimental positron annihilation lifetime spectrum (a) and intensity distribution of ortho-Ps lifetimes (b) 
of a polymer-silica composite [20]. The longest-lived component is marked by slashes. The background of random 
coincidences was subtracted. ortho-Ps: ortho-positronium. 
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to thermal excitation, o-Ps in the well can occupy 
excited energy levels in a potential well. Because 
the probability of penetration of o-Ps into a bulk is 
higher at excited energy levels than at the ground 
energy level, this results in a greater decay constant 
and hence a shorter lifetime.

Pores are typically described as capillaries (infi -
nitely long cylinders). According to the ETE model, 
for such geometry, the probability of pick-off process 
for o-Ps occupying the level nm (n = 1,2,…, m = 
0,1,…) is given by 

(1)

where Znm is the n-th node of the Bessel function of 
fi rst kind Jm(r) and R is a pore size. 

Analogously to the classic Tao-Eldrup model, the 
decay constant at the level nm is 

(2)                                                         .

In the thermal equilibrium, the population of 
energy levels is given by the Boltzman distribution. 
Thus, the lifetime of o-Ps is given by 

(3) 

where gm is the statistical weight of the m-th state 
(g0 = 1, gm>0 = 2), h is the Planck constant, me is 
the electron mass, k is the Boltzmann constant, and 
T is a temperature. 

Predictions of this model have to be calculated 
numerically, thus simplifi cation thereof where infi -
nite cylinders are replaced by infi nite cuboids was 
proposed in Ref. [28]. Advance in computing power 
and numerical techniques makes such calculations 
fast and simple, for example, using dedicated routine 
EELViS [29]. The comparison of lifetimes predicted 
by the ETE model for room temperature with the ex-
perimental data for porous silicas and glasses shows 
a good agreement (Fig. 2) [28, 30, 31]. 

A standard result of porosimetric methods is the 
pore size distribution. To determine it, the knowl-
edge of the dependence between the lifetime of o-Ps 
and the size of a free volume alone is not suffi cient. 
It has to be complemented with the relation between 
the intensity of the o-Ps component and the pore 
volume. The previous analysis of this problem [6, 35] 
resulted in the development of a simple model that 
takes into account the probability of trapping o-Ps 
in pores of a given size and a nonlinear dependency 
between the pore size and the o-Ps lifetime in order 
to provide the required relation [15, 36]. 

A PSD is the pore volume per unit of pore di-
ameter. For a cylindrical pore, it can be defi ned as 

(4) 

where dC/dD is the number (concentration) of pores 
per unit of pore diameter and V(D) = (D/2)2L is 
the volume of a cylindrical pore with a diameter D 
and length L. 

The intensity of o-Ps that annihilates in pores 
with a diameter D depends on the number of pores, 
the probability of trapping of o-Ps therein, and 
the range of positrons. An experiment provides a 
distribution of o-Ps intensity per unit of lifetime, 
not per unit of diameter. Therefore, the nonlinear 
dependence between the lifetime of o-Ps and the 
pore diameter, which is provided by the ETE model, 
has to be taken into account. Finally, the relation 
between the concentration and the intensity of o-Ps 
is given by 

(5) 

where: dI/d is an experimental distribution of o-Ps 
intensity per unit of lifetime, d/dD is the derivative 
of the dependency obtained from the ETE model, 
(D) = (2/3) (D/2)2 is the cross section for trap-
ping of o-Ps in cylindrical pores with a diameter 
D, r is the average range from which positrons can 
reach the pore. 

Assuming that r and L do not depend on the pore 
diameter, the PSD can be expressed as 

(6)                                             .

This very simple relation allows obtaining a 
PSD by multiplying the distribution of lifetimes 
determined in an experiment by the conversion 
function d/dD, which is simply a derivative of the 
dependency given by the ETE model (Fig. 3a). It 
should be noticed that the greatest slope of the (D) 
function at ca. 2 nm results in the greatest precision 
of determination of pore size, but on the other hand, 
the intensity of the o-Ps component per unit of pore 
volume is the lowest in this range. For example, the 
same intensity of two components, which originates 

Fig. 2. Comparison between an ortho-positronium lifetime 
() as a function of a diameter of free volume (D) calcu-
lated using the extended Tao-Eldrup model for 293 K and 
the experimental data [32–34]. 
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from o-Ps annihilation in pores with sizes 2 nm 
and 5 nm, respectively, means that the volume of 
the smaller pores is roughly two times bigger. For the 
same reason, the part of a PSD in the range of large 
pores, where (D) is almost fl at, will be very low 
even if the intensity of the component is signifi cant. 
This is the reason why d/dlog(D) instead of d/dD 
is frequently used as the conversion function. In 
particular, when a D scale is logarithmic, a PSD, pre-
sented as dV/dlog(D), approximately preserves the 
same relation between the area under the function 
and the pore volume in the whole range of diameters. 
A disadvantage of such PSD is the slightly distorted 
position of the maximum of a distribution (Fig. 3b). 

The previously presented method for calculating 
PSDs requires a single empirical parameter, i.e. the 
broadening  of the potential well. It is expected that 
this value is not universal for all materials because 
it should depend on the electron density in the pore 
walls. Fortunately, there is a method to estimate  for 
a single sample by measurement of the temperature 
dependence of the o-Ps lifetime. If pores are large 
enough for o-Ps to populate several energy levels in 
a potential well, the occupation will change with 

temperature and as a result, the o-Ps lifetime will 
also change. The relation between the o-Ps lifetime 
and temperature is predicted by the ETE model, thus 
it can be fi tted to the experimental data by adjusting 
two parameters – the pore size D and the broadening 
. The typical results are presented in Fig. 4. They 
show the expected dependence of , which is great-
est in silica, smallest in polymer, and intermediate in 
their composite. Assumption of an incorrect value of 
 results in stretching a PSD. Thus, the distortion 
would be greatest for the largest pores (e.g., even 
60% change in pore size per 20% change of  for 
pores greater than 10 nm). Therefore, the correct 
is critical for obtaining accurate PSDs. 

Applicability of PP

PP is suitable for characterization of numerous 
samples, where a contribution of o-Ps lifetime 
shortening (quenching), due to effects other than 
pick-off, is negligible. The most common o-Ps 
quenching occurs in pores due to the ortho-para 
spin conversion of positronium, which is caused by 
paramagnetic oxygen present in the air. Therefore, it 
is preferable to carry out porosimetric measurements 
in a vacuum. Additionally, a vacuum assures that 
no adsorbate molecules are present on pore walls, 
which can distort the results [39]. Nevertheless, it 
is possible to modify the ETE model to take the spin 
conversion into account [40]. Measurements in the 
air have some advantages, that is, a slightly less steep 
(D) function and shorter o-Ps lifetimes. The fi rst 
advantage makes the sensitivity of PP more uniform 
in the whole range of sizes. The second one makes 
measurement less susceptible to the nonlinearity 
of a PAL spectrometer and prevents disappearance 
of the long-lived components in the background of 
random coincidences. Measurements in the air also 
suppress another source of a possible distortion of 
results, namely, o-Ps migration from small to large 
pores if they are connected [41]. The migration 
seems to be the most common cause of disagreement 
between PP and other techniques. However, if better 
known, it would give additional information about 

Fig. 4. Lifetime of ortho-positronium trapped in mesopores 
as a function of temperature in porous silica (circles) [37], 
silica-polymer composite (crosses) [38], and polymer (dia-
monds) [33]. Lines represent temperature dependences 
predicted by the extended Tao-Eldrup model assuming 
 = 0.180 nm, 0.164 nm, and 0.150 nm, respectively. 

Fig. 3. Derivative of the relation between the lifetime and the pore size provided by the extended Tao-Eldrup model 
(a). Pore size distribution calculated for the intensity distribution of ortho-positronium lifetimes presented in Fig. 1b 
(b). Vertical line shows the position of the maximum of the dV/dD distribution for mesopores (dashed). 
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pore interconnectivity, the length of pores, and the 
size of connections between them. Still, as there 
has been no systematic study of the migration yet, 
these properties of a sample can be deduced only 
qualitatively.

There are porous materials where signifi cant de-
viations from expected results are observed. Particu-
larly, at low temperature, the (T) relation does not 
follow the dependence expected by the ETE model 
for numerous samples [42–45]. Attempts to explain 
this behavior as thermal expansion, adsorption of 
gas remnants on pore walls, or o-Ps localization [46] 
were taken. However, its origin is unknown in many 
cases. Deviation of (T) from a model curve is highly 
unfavorable, because it makes the estimation of  
and hence the determination of pore size unreliable.

The greatest drawback of PP is lack of positro-
nium formation in conducting materials. Therefore, 
it cannot be used for characterization of the large 
group of porous materials based on metals, semicon-
ductors, or carbon. However, it seems possible to 
perform such studies if the surface of these materials 
is covered by a nonconductive layer of an adsorbate. 
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