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Introduction 

Recent studies prove that positron annihilation lifetime 
spectroscopy (PALS) can be successfully used as a po-
rosimetric technique [8, 11, 26–28]. PALS has several 
advantages over the standard sorption techniques, i.e., 
the range of PALS’s sensitivity spreads over mesopo-
res and micropores (reaching even the intermolecular 
free spaces of several angstroms [26]). It allows the 
characterization of closed pores [15, 20, 22] measure-
ments can be performed in ambient temperatures or 
in any temperature range from 0 K to several hundred 
Kelvin [4, 12, 18, 30] and PALS measurements can be 
performed in situ (e.g. at various mechanical pressures 
[24] or in the presence of a pore filling gas [6, 21, 23]). 
Such features are impossible to obtain by the most 
popular sorption methods. However, PALS limitations 
are less known than the limitations of sorption methods. 
Therefore investigating the porosity of various materials 
is required to verify the positron porosimetry reliability. 
A comparison of the PALS results with findings from 
other methods gives the ability to find the phenomena 
influencing positron annihilation lifetime spectra, which 
have to be taken into account in order to obtain cor-
rect results or their proper interpretation. One of such 
phenomena is positronium migration. 

Positron porosimetry consists in measurement of 
positronium lifetime. Positronium is a hydrogen-like 
bound state of a positron and an electron, which is 
formed randomly in the sample volume as a result of in-
teraction between a positron emitted from a radioactive 
source and one of the electrons present in the sample. 
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Because the positronium singlet state para-positronium 
(p-Ps) annihilates with an average lifetime of 125 ps al-
most without any dependance on the material, the probe 
used for pore size characterization is the positronium 
triplet state ortho-positronium (o-Ps). It annihilates 
with a lifetime up to 142 ns in vacuum, which can be 
shortened to even below 1 ns due to the pick-off process. 
Pick-off consists in an annihilation of the positron bound 
in o-Ps with an electron from the material, instead of an 
annihilation with the electron bound in o-Ps. Assuming 
that o-Ps is trapped in the free volume of a certain size, 
the relation between the o-Ps lifetime and the size of the 
free volume is described by the extended Tao-Eldrup 
(ETE) model [3]. Usually, there are several fractions 
of positrons trapped in free volumes of different sizes. 
The relation between the intensity of o-Ps annihilating 
with a particular lifetime and the total volume of free 
spaces with a particular size may be also found [5, 25]. 
These relations allow the reconstruction of the distribu-
tion of pore sizes. 

Unfortunately, o-Ps does not always annihilate in 
the free volume in which it was formed. If pores of dif-
ferent sizes are connected, it is possible that o-Ps forms 
in smaller pore and migrates to the larger one before 
it annihilates. In consequence, the o-Ps exists longer and 
annihilates with a lifetime characteristic of the size of 
the larger free volume. Whereas the intensity of the o-Ps 
fraction annihilating with this lifetime depends on the 
volume of smaller free pores (and the probability of the 
migration) instead of the volume of the larger pores, as 
it is assumed in the model described above. As a result, 
the apparent distribution of pore size is distorted. An 
opposite migration (i.e., from a larger pore to a smaller 
one) is also possible, but less probable, because it is 
energetically unfavourable; zero point energy level of 
o-Ps trapped in larger free volumes is lower than in the 
smaller ones. Therefore, it should play a significant role 
only at high temperatures, when excited levels occupa-
tion is significant. 

In order to investigate the influence of o-Ps migra-
tion on the PALS results at room temperature three 
materials: MCM-41, SBA-3 and MSF were investigated. 
In each of them there were particles consisting of a 
hexagonal (honeycomb-like) structure of cylindrical 
pores (primary pore structure). The diameter of primary 
pores is similar in all materials, but there is a difference 
in their length. There are also interparticle free spaces, 
several times larger than primary pores present in the 
materials. Their contribution to the total pore volume 
cannot be neglected due to the fine size of the material 
grains. The different lengths of primary pores results in 
different connectivity between the primary pores and 
interparticle spaces. Therefore, a different probability 
of o-Ps migration in each of the materials is expected. 

Experimental 

QuantaTM 3D FEG operating at 30.0 kV was used to 
obtain the scanning electron microscopy micrographs. 

Nitrogen adsorption and desorption isotherms at 
77 K were measured using the Quantachrome 1CMS 
Autosorb. The specific surface area (S) of the sample was 
determined using the Brunauer-Emmet-Teller (BET) 

method in the relative pressure p/p0 range 0.05–0.3. 
The total pore volume (V) was assumed to be equal to 
the volume of nitrogen adsorbed at a relative pressure 
of about 0.99. Porosity of the sample (P) was calculated 
assuming density of the walls equal to the density of amor-
phous silica 2.2 g/cm2 [19]. Pore size distributions were cal-
culated using the Barrett-Joyner-Halenda (BJH) method 
[1] by a Quantochrome Autosorb 1.51 software. 

A standard fast-slow delayed coincidence spec-
trometer equipped with BaF2 scintillators was used for 
the positron lifetime measurements. An 80 kBq 22Na 
isotope sealed between two 8 μm thick layers of Kap-
ton foil served as the positron source. The source was 
placed between two 2 mm thick layers of samples and 
such a “sandwich” was put inside a vacuum chamber. 
Initially, all samples were in the form of fine powder. 
In order to keep the same sample structure during 
PALS and nitrogen sorption measurements the sample 
was loosely put into the sample holder and closed by 
a gently twisted cap. The chamber was evacuated to 
10–3 Pa to avoid the positronium ortho-para conver-
sion caused by oxygen. Moreover, it allowed us to 
remove most of the adsorbed gases and water from the 
sample surface. PALS measurements for each sample 
were performed in a temperature range from 93 K to 
373 K with a 20 K step. Application of a Shimaden 
MR13 PID controller allowed us to obtain a stabil-
ity of temperature within an 0.2 K range. The rate 
of coincidence registration was about 1.5 × 106 per 
hour. The measurement at each temperature lasted 
for 10 h. The resolution curve was approximated by 
two Gaussians (83% and 17% contribution) with the 
resultant FWHM (full width at half maximum) equal 
to 0.31 ns. Numerical analyses of the spectra were 
performed using the MELT routine [16]. 

Materials 

Mesoporous silica MCM-41 was prepared using a 
cationic surfactant hexadecyltrimethylammonium 
bromide (CTAB, 98%, Sigma) as a template and tet-
raethyl orthosilicate (TEOS, 98%, Aldrich) as a silica 
source. The detailed synthesis was described elsewhere 
[7]. In brief, 2.4 g of the surfactant was dissolved in 
120 g of distilled water, and subsequently 9.5 g of 
25 wt.% NH4OH was introduced. Subsequently, 10 g of 
TEOS was dropped slowly into a surfactant solution. 
The preparation procedure of SBA-3-type mesoporous 
sieve followed the method described SBA-3 type in the 
literature [2, 9]. Briefly, 2.4 g of CTAB and 43 g of HCl 
(37 wt.%) were dissolved in 112 g of de-ionized water 
while stirring. Next, 10 g of TEOS was added dropwise 
to the CTAB solution. 

Mesoporous silica fibres MSF were prepared using 
tetrabutyl orthosilicate (TBOS, 97%, Aldrich) as a silica 
source. The MSF synthesis was based on the procedure 
described in Refs. [10, 13, 14]. The acidic surfactant 
solution was prepared by dissolving 5.61 g of CTAB 
and 181 g of HCl (37 wt.%) in 1123 g of de-ionized 
water. Then, 10 g of TBOS was added without stirring 
to form a thin layer on the top of the CTAB aqueous 
solution. The two-phase solution was aged for 10 days 
at room temperature. 
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The as-synthesized samples, i.e. MCM-41, SBA-3 
and MSF, were filtered, washed with 3 l of distilled water 
and dried at 100°C for 6 h. Finally, after calcination at 
550°C for 6 h, the resultant template-free silicas were 
obtained. The results of samples characterization by the 
nitrogen sorption method is given in Table 1. 

Results and discussion 

Scanning electron microscopy images (Fig. 1) show the 
structure of MCM-41, SBA-3 and MSF grains. These 
images allow us to estimate the length of the pores and 
their connectivity to interparticle spaces. The grains 
of MCM-41 are definitely the smallest. Their jagged 
shape suggests short primary pores (several hundred 
nanometers at most) and a high connectivity between 
them and the interparticle spaces. Particles of SBA-3 are 
much denser. Bundles of pores seem to have a length 
of several micrometers and are often bent instead of 
having an open end. Their connectivity with interpar-
ticle spaces seems to be much worse than in the case of 
MCM-41. MSF has an even more compact structure. 
Primary pores are usually toroidal and form fiber-like 
grains where the plane in which the toroids are formed 
is perpendicular to the fiber symmetry axis. In such a 
structure no connectivity between the primary pores 
and interparticle spaces is expected. However, one 
has to remember that during the template removal, 
products of thermal surfactant decomposition had 
to find or create their way outside the primary pores. 
Therefore, the existence of holes in the primary pore 
walls is suspected. 

However, nitrogen adsorption/desorption isotherms 
of MSF (Fig. 2) do not confirm a higher concentration 
of micropores than in other samples, which is suspected 

as a result of the template removal from closed pores. 
Moreover, it is very surprising that the shape of iso-
therms of all investigated samples is similar in the range 
of p/p0 < 0.2. Unlike other samples, MSF is character-
ized by the higher nitrogen adsorption in a p/p0 range 
of 0.2–0.3. This may suggest that the pores located in 
the pore walls are relatively large, comparable to the 
size of primary pores. The MCM-41 nitrogen isotherm 
is of type IV, according to the IUPAC nomenclature [17], 
indicating the presence of mesopores. A narrow step 
with a negligible hysteresis at p/p0 = 0.3, characteristic 
of equally sized primary pores, is visible. At the same 
time isotherms of both the SBA-3 and MSF materials 
do not exhibit any presence of a hysteresis loop, which 
is unexpected. However, it is rather the result of nitro-

Table 1. Total pore volume (V), specific surface area (S) and 
porosity (P) of MCM-41, MSF and SBA-3 samples calcu-
lated from results of low temperature nitrogen adsorption/
desorption 

V (cm3/g) S (m2/g) P (%)

MCM-41 0.95 1163 68
MSF 0.72 1234 61
SBA-3 0.59 1320 57

Fig. 2. Low-temperature nitrogen adsorption and desorption 
isotherms of MCM-41 (diamonds), SBA-3 (circles) and MSF 
(empty circles). 

Fig. 1. Scanning electron microscopy micrographs of MCM-41 (a), SBA-3 (b) and MSF (c). 

                              (a)                                                              (b)                                                              (c)
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gen being unable to access the mesopores due to a low 
connectivity between the primary pores and interpar-
ticle spaces, than the absence of the primary pores. As-
suming that the amount of nitrogen adsorbed at p/p0 > 
0.3, where it is almost constant, reflects the connectivity 
between the primary pores and interparticle spaces, we 
can estimate that the highest connectivity is present in 
MCM-41, and the lowest one in SBA-3. 

Analyses of PALS spectra performed using MELT re-
vealed six components in each sample. Their origins are 
p-Ps (0.12–0.15 ns), unbound positrons (0.5–0.6 ns) and 
four fractions of o-Ps (Table 2). Unfortunately, the form 
of results obtained by MELT (histogram of lifetimes) 
allow only to determine uncertainty of intensities. The 
lifetimes at the maximum given in Table 2 indicate only 
histogram maxima. Therefore, it has to be noticed that 
parameters (Fig. 3) of the third and fourth component 
are determined only approximately, because their in-
tensities are relatively low. Ortho-positronium fractions 
can be ascribed to annihilation in a silica skeleton (τ3), 
micropores (τ4), mesopores (τ5) and interparticle spaces 
(τ6). The lifetimes of particular components (τ3–τ6) and 
the intensities of the two short-lived o-Ps components (I3, 
I4) are close to each other in all samples. The only sig-
nificant differences between the samples are observed 
in intensities of the two long-lived o-Ps components (I5, 
I6). In MCM-41 the intensity of the interparticle spaces 
component I6 predominates over the intensity of the 
primary pores component I5, while in the other samples 
an opposite tendency is observed. The simplest explana-
tion is that in MCM-41 there exists a larger volume of 
interparticle spaces as compared to other investigated 
samples. However, a study of MCM-41 with the primary 
pores filled by template [29, 30] allows us to estimate 
the intensity of o-Ps formed in interparticle spaces only, 
which is three times smaller than after the template 
removal. Therefore, the most probable explanation of 
the small ratio of I5/I6 = 0.2 in MCM-41 is the migration 
of o-Ps formed in primary pores, which are very short, 
to the interparticle spaces. Whereas, such a process 
is less probable in MSF, where I5/I6 = 2.2, and even less 
probable in SBA-3 (I5/I6 = 4.8). 

In order to verify the idea of o-Ps migration, pore 
size distributions obtained from PALS spectra were 
compared to the ones derived from the low-tem-
perature nitrogen adsorption/desorption data using 
BJH calculations (Fig. 4). While there is a good agree-
ment between pore size distributions in a range of 
several nanometers (i.e., primary pores), there is a very 
small contribution of interparticle spaces in pore size 
distributions derived from nitrogen adsorption/desorp-
tion. Quantitative data are presented in Table 3, where 
the volume of primary pores Vp was calculated for pores 
with size D = 1.7–5 nm, and volume of interparticle 
spaces Vi – for pores with size D > 5 nm. The data have 
an approximate character, as both methods have hard 
to estimate uncertainty. The data shows that, accord-

Table 2. Lifetimes at the maximum of the distribution and component intensities for MCM-41, SBA-3 and MSF samples 

o-Ps lifetimes (ns)

τ3 τ4 τ5 τ6

MCM-41 2.7 11.1 35.7 120.1
MSF 1.9 10.7 40.5 123.4
SBA-3 3.5 14.4 32.5 118.8

o-Ps intensities (%)

I3 I4 I5 I6

MCM-41 0.9 ± 0.3 1.2 ± 0.2   4.5 ± 0.2 20.6 ± 0.2
MSF 1.2 ± 0.3 1.0 ± 0.2 17.3 ± 3.6   7.7 ± 3.5
SBA-3 1.2 ± 0.3 2.2 ± 1.1 24.8 ± 1.0   5.2 ± 0.2

Fig. 3. Intensity histograms for the two long-lived o-Ps compo-
nents obtained by the MELT analysis of positron annihilation 
lifetime spectra measured at 293 K for MCM-41 (a), MSF (b) 
and SBA-3 (c).
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ing to nitrogen adsorption/desorption, contribution 
of interparticle spaces does not exceed several percent 
of the total mesopore volume. The smallest contribution 
was found for MSF, which is quite reasonable because 
of the compact structure of this fibre-like material. In 
contrary, contributions of interparticle spaces calculated 
from pore size distributions obtained by PALS data are 
several times larger. These values are most likely dis-
torted due to the positronium migration, the probability 
of which is largest in MCM-41 and smallest in SBA-3. 
This result is in agreement with the previously presented 
estimations of connectivity between both kinds of free 

volumes based on nitrogen adsorption/desorption 
isotherms. Nevertheless, it should be noticed that the 
results of both methods, nitrogen sorption and PALS, 
may be distorted due to a different connectivity of the 
pores in an opposite way. Nitrogen does not penetrate 
some of the smaller pores if they are poorly connected 
to outer spaces, while positronium escapes from smaller 
pores if their connectivity is good. 

Another effect caused by positronium migration, 
which should be expected, is the shortening of τ5 (migra-
tion probability is added to the pick-off decay constant). 
It can be found in Fig. 4 that the pore size calculated from 
the fifth component lifetime distribution is smaller than 
expected from the BJH calculations only in MCM-41. 
In other distributions there is an opposite tendency. It 
may be the result of greater lifetime shortening due to 
a more probable o-Ps migration in MCM-41 in compari-
son to other samples. However, this does not explain the 
larger than expected lifetimes in MSF and SBA-3. In 
these cases pore sizes may be underestimated by liquid 
nitrogen sorption due to a poor accessibility of the pores. 
Unfortunately, the size of primary pores is close to the 
lower limit of BJH applicability and results of this method 
are not accurate. 

Conclusions 

Modern materials with tailored not only pore size but 
also pore length and their connectivity allow us to verify 
the results of techniques used for porosity characteriza-
tion. It is especially important in the case of positron 
porosimetry based on PALS. Development of the 
technique of pore characterization requires verification 
of the results and, as a consequence, improvement of 
calculation methods used for determination of pore 
size distribution. Presented findings show that one of 
the effects that has to be taken into account is the mi-
gration of o-Ps. Comparison of nitrogen sorption and 
PALS results shows a discrepancy in the derived ratio 
between the volume of primary pores and interparticle 
spaces between these techniques. It is the result of o-Ps 
migration, probability of which is different in each 
material. The differences between both methods may 
reveal a degree of connectivity between primary pores 
and interparticle spaces. The highest connectivity was 
found for MCM-41 and the lowest one – for SBA-3. 

The connectivity between primary pores and inter-
particle spaces influences not only the PALS results, but 
also the nitrogen sorption results. Nitrogen sorption is 
more reliable for short and open pores, while PALS 
results are more accurate for closed or at least very 
long pores. Moreover, for short pores, when migration 
is highly probable, the lifetime measured by PALS is 

Table 3. Relative volume of primary pores (Vp), interparticle spaces (Vi) and the ratio of interparticle spaces volume to total 
mesopore volume obtained from distributions calculated from nitrogen adsorption/desorption isotherms (left) and PALS 
spectra (right) for MCM-41, SBA-3 and MSF samples 

LN2 PALS

Vp (cm3/g) Vi (cm3/g) Vi/(Vp + Vi) (%) Vp (a.u.) Vi (a.u.) Vi/(Vp + Vi) (%)
MCM-41 0.88 0.063 7     0.046 ± 0.002     0.207 ± 0.002 82 ± 1
MSF 0.69 0.016 2 0.17 ± 0.04 0.07 ± 0.03   29 ± 14
SBA-3 0.33 0.024 7 0.25 ± 0.01     0.051 ± 0.002 17 ± 1

Fig. 4. Pore size distributions derived from low-temperature 
nitrogen adsorption/desorption data using the BJH calcula-
tions (dotted line) and from PALS spectra using the ETE 
model and the relation between the intensity and pore volume 
(solid line) for MCM-41 (a), MSF (b) and SBA-3 (c).
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shortened, distorting the pore size estimated using the 
ETE model. Because both PALS and nitrogen sorption 
are sensitive to pore connectivity in opposite ways, 
they can provide complementary results. Particularly 
interesting is the possibility to estimate pore connectiv-
ity or their length using these combined methods. 
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