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Abstract  Positron annihilation lifetime spectros-
copy (PALS) was employed to study the water-
dependent free volume characteristics of wood cell 
walls in earlywood and latewood of loblolly pine 
(Pinus taeda). Measurements were conducted across 
relative humidity levels (1–80% RH) at room tem-
perature, demonstrating good reproducibility and 
consistency with polymer science principles. The 
Tao-Eldrup model was applied to the measured 

ortho-positronium lifetimes to estimate the mean 
sizes of free volume elements in wood cell walls. At 
low relative humidity (below ~ 11%), water absorp-
tion resulted in antiplasticization, evidenced by a 
decrease in mean free volume element sizes. As 
relative humidity increased, water started acting as 
a plasticizer, causing the free volume elements to 
expand. While dry cell walls showed no significant 
differences in free volume element sizes between 
earlywood and latewood, earlywood exhibited larger 
mean free volume element sizes at all higher relative 
humidity levels. At higher relative humidity levels 
(above ~ 70% RH), the ortho-positronium lifetimes 
of cell wall free volume elements overlapped with 
those of liquid water, indicating PALS cannot provide 
reliable free volume information at higher cell wall 
moisture contents. Interpreting the intensity of ortho-
positronium annihilation was complicated by the pos-
sibility of water inhibiting ortho-positronium forma-
tion in wood cell walls.

Keywords  Positron annihilation · Free volume · 
Wood · Cell wall · Water · Biopolymer

Introduction

Water within the wood cell wall structure (Fig.  1) 
has a major influence on the physical properties of 
wood and the performance of wood-based materi-
als. Water molecules can plasticize the cell wall 
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polymers, i.e., amorphous cellulose, hemicelluloses, 
and lignin, and break inter-polymer chain hydrogen 
bonds, resulting in swelling of the polymer struc-
ture (Arzola-Villegas et  al. 2019). In hydrophilic 
polymers, such as those making up the wood cell 
walls, the water-induced swelling is generally asso-
ciated with an increase in polymer free volume, 
i.e., the volume of the polymer matrix not occu-
pied by matter (Hodge et al. 1996). In other words, 
the small plasticizing water molecules create more 
empty space within the amorphous cell wall poly-
mer regions than they occupy. These changes in cell 
wall free volume caused by water sorption affect the 
mobility of polymer chain segments, as shown by 
the various wood polymer thermal transitions that 
are affected by moisture content (Lenth and Kamke 
2001).  Many important wood properties are con-
trolled by these molecular motions and thermal 
transitions. Under high enough moisture and tem-
perature, lignin goes through a glass transition, and 
bulk wood mechanically softens (Jakes et al. 2019). 
Other wood cell wall properties dependent on free 
volume include water sorption (Thybring et  al. 
2019) and moisture-dependent molecular diffusion 
(Jakes et  al. 2019). Water sorption causes swell-
ing and shrinking in wood, leading to cracking, 

warping, and wood-adhesive bondline failures in 
wood composites (Glass and Zelinka 2010; Hunt 
et al. 2018). Molecular diffusion through wood cell 
walls is essential for industrial processes involv-
ing chemical diffusion into wood cell walls (e.g., 
biorefinery pretreatments and wood chemical modi-
fications) and has also been linked to degradation 
caused by decay fungi (Ringman et al., 2019)

Despite the aforementioned importance of free 
volume in wood and wood-based materials, there is 
a lack of experimental studies describing the  water-
dependent free volume of intact wood or other ligno-
cellulosic cell walls. This is primarily due to the lim-
ited availability of the equipment capable of probing 
both length (10–10 m) and time scales (as low as 10–9 s 
above glass transition) relevant to polymer molecu-
lar structure and its dynamics. Furthermore, precise 
control of relative humidity (RH) around the wood, 
essential for reliable studies of water-dependent wood 
properties, is challenging and sometimes impossible 
with certain methods. These experimental limita-
tions have led to the application of atomistic mode-
ling approaches to study the moisture-dependent free 
volume of cell wall polymers and associated mecha-
nisms (Kulasinski et al. 2015; Kulasinski and Guyer 
2016; Youssefian et al. 2017; Chen et al. 2018; Zhang 

Fig. 1   Breakdown of softwood structure representative of the 
loblolly pine samples used in this study. a Anisotropic cel-
lular structure with tangential and radial directions defining 
the transverse plane and the longitudinal direction parallel to 
the wood grain. Earlywood has thinner cell walls and larger 
lumina, whereas latewood is a denser material with thicker 
cell walls and smaller lumina (Wiedenhoeft and Miller 2005). 
b Tracheid walls consist of three secondary cell wall layers 

(S1, S2, and S3), and the thin primary cell wall layer. Second-
ary cell walls are  fiber-reinforced composite structures with 
cellulose microfibrils wound helically around the tracheid. 
Tracheids are held together by the lignin-rich middle lamella 
(Rowell et  al. 2012). c Within secondary cell walls, cellulose 
microfibrils are composed of semi-crystalline elementary 
fibrils and embedded in an organized matrix of hemicelluloses 
and lignin (Terashima et al. 2009)
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et al. 2021). While these studies provide valuable new 
insights into the cell wall ultrastructure, they often 
rely on simplified cell wall models and assumptions 
to reduce computational complexity and would ben-
efit from further experimental validation.

The purpose of this brief report is to assess the 
suitability of positron annihilation lifetime spectros-
copy (PALS) for water-dependent free volume meas-
urements of wood. PALS is a radiation-based spec-
troscopy technique that uses positrons (antiparticles 
of electrons (e+)) as subatomic probes to investigate 
defects within the material down to the atomic level 
(Schrader and Jean 1988; Hautojärvi 2012). Dur-
ing the experiment, positrons are generated by the 
radioactive decay of neutron-deficient nuclides (most 
commonly 22Na) and are subsequently injected into 
the studied material. Once injected, the positron 
reaches thermal equilibrium almost instantly and 
continues to diffuse within the material with a diffu-
sion length of approximately 200  nm in the case of 
polymers (Suzuki et  al. 2010). During its residence 
within a low free electron density material having 
free volume elements of at least ~ 0.2 nm, e.g., poly-
mers (Zgardzińska and Goworek 2013), the thermal-
ized positron exists either as a free positron (e+) or 
forms a positron–electron hydrogen-like bound state, 
i.e., a positronium (Ps) (Ruark 1945). Depending on 
the relative spin orientations of the positron and elec-
tron, the Ps can form either in para (p-Ps) or ortho 
(o-Ps) states, which differ in their lifetimes in vacuum 
(125 ps and 142 ns, respectively).

While the lifetime of p-Ps is not significantly 
affected by the material´s structure, o-Ps tends to get 
trapped in regions of reduced electron densities, such 
as voids, which substantially shortens its lifetime. In 
polymers, these voids represent individual free vol-
ume elements arising from irregular chain packing 
and molecular motions of polymer chain segments. 
Once trapped within a free volume element, the o-Ps 
will eventually annihilate due to its wavefunction 
overlapping with the surrounding electrons of the 
polymer. The wavefunction overlap is high in smaller 
free volume elements, leading to a shorter o-Ps life-
time. Conversely, larger free volume elements will 
result in longer o-Ps lifetimes. In other words, the 
o-Ps lifetime is directly related to the size of the free 
volume element in which o-Ps annihilation occurs.

Since positron generation and subsequent o-Ps 
annihilation in free volume elements are associated 

with defined gamma radiation in source-based PALS 
measurements, o-Ps lifetimes can be measured 
directly. This is achieved using photomultiplier tubes 
coupled with scintillation crystals (e.g., CeBr3) con-
nected to a digital signal acquisition setup capable of 
resolving these events occurring picoseconds apart. 
PALS experiments typically involve measuring tens 
of millions of positron annihilation events, generating 
a positron annihilation lifetime spectrum that contains 
information about the lifetimes (decay rate) of both 
free positrons (e+) and positronium (p-Ps and o-Ps). 
Since only the o-Ps provides information about the 
polymer free volume, its lifetimes and corresponding 
intensities must be extracted from the PALS spec-
trum. Subsequently, the measured o-Ps lifetimes (in 
ns) can be converted into free volume element sizes 
and their distribution (in nm) using the quantum 
mechanical Tao-Eldrup model (Tao 1972; Eldrup 
et  al. 1981). Furthermore, the intensity of the o-Ps 
annihilation is associated with the relative number 
of the probed free volume elements compared to an 
initial state (in the absence of any chemical reactions, 
e.g., spin conversion or spin flip).

Despite demonstrating the ability to provide use-
ful data related to the free volume characteristics 
of polymers (Jean et al. 2013) and their composites 
(Sharma and Pujari 2017), most PALS studies so 
far have been focused on synthetic polymers. The 
small fraction of PALS literature covering poly-
mers derived from natural resources is primarily 
based on polysaccharide matrices (De Yao et  al. 
1998; Kilburn et  al. 2005; Sharma et  al. 2011; 
Fukuzumi et  al. 2011; Edlund et  al. 2012; Rousse-
nova and Alam 2013; Torstensen et  al. 2018) and 
paper (Resch et  al. 2022), which are much simpler 
than the wood cell wall in terms of their physical 
and chemical structure. We believe PALS can be a 
viable alternative to traditional probe-based tech-
niques such as gas sorption solute exclusion meth-
ods. The important advantage of the o-Ps probe is 
its subatomic size, which can measure free volume 
elements as small as 0.2 nm (Goworek 2015). Fur-
thermore, its short lifetime in polymers (~ 1–5  ns) 
allows the measurement of dynamic and transient 
free volume elements arising from polymer chain 
segmental motions. This is especially relevant for 
higher cell wall moisture contents (> 10%), where 
polymer mobility is enhanced due to a high degree 
of plasticization degree, and some regions of the 
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cell wall undergo glass transition (Jakes 2019). 
Beyond favorable length and time scales, PALS 
does not require specific sample preparation pro-
cedures like grinding or cutting into thin sections, 
thereby preserving the cell wall structure. Based on 
these advantages, PALS can potentially offer new 
information related to wood cell wall nanostructure 
that has so far not been possible with the commonly 
applied experimental techniques in the  wood sci-
ence community.

In this brief report, we present the first water-
dependent PALS measurements performed on intact 
softwood cell walls. We describe our experimental 
approach, address data reproducibility, and pro-
vide an interpretation of the results. The discussion 
includes comparisons with previously published 
work using atomistic modeling and experimental 
methods, highlighting both similarities and differ-
ences in the data.

Materials and methods

Materials

Earlywood (EW) and latewood (LW) samples were 
extracted from the single growth ring of mature, 
compression-wood free loblolly pine (P. taeda), 
as utilized in a previous study (Arzola-Villegas 
2022). The specimens were 10  mm in the longitu-
dinal direction, 10  mm in the tangential direction, 
and 2  mm in the radial direction. The width and 
the length of the samples were chosen based on 
the designed sample holders, whereas the sample 
thickness was limited by the width of EW and LW 
bands within the growth ring. Based on the sample 
thickness (2 mm), density, and average implantation 
energy of positrons generated by 22Na (0.215 MeV), 
it was estimated that approximately 99.9% of all 
positrons were stopped and annihilated in both EW 
and LW samples (calculation details can be found in 
Supplementary Information, S.1.).

The chemical composition and sorption iso-
therms of the samples originating from the same 
growth ring were previously published (Arzola-
Villegas 2022). In summary, EW had approxi-
mately 3% higher lignin content than LW, while 
LW showed about 1% higher glucan and 2% higher 

mannan content. There were no observable dif-
ferences between EW and LW equilibrium mois-
ture contents between 0 and 95% relative humidity 
(RH). Samples were stored above silica gel (~ 1% 
RH) before PALS measurements.

Relative humidity equilibration

In-situ RH control was achieved using a custom-made 
sample chamber (chamber design details can be found 
in (Attallah et  al. 2023)) in combination with silica 
gel or saturated salt solutions. Two identical sam-
ples, separated by a 22Na positron source, were posi-
tioned in the center of the sample chamber, whereas 
the silica gel or saturated salt solution corresponding 
to a specific RH step was placed in the outer ring of 
the chamber. RH values within the sample chamber 
were measured using BME280 (Bosch, Gerlingen, 
Germany) humidity sensor with an RH accuracy tol-
erance of ± 3%. SiO2, LiCl, MgCl2, Mg(NO3)2, and 
NaCl were used to achieve RH ranges between ~ 1 and 
80% RH. The samples were kept in the controlled cli-
mate for at least 24 h before initiating PALS measure-
ment. This was estimated as sufficient time to achieve 
stable wood moisture content based on previous sorp-
tion studies of loblolly pine (Glass et al. 2018). Fur-
thermore, statistical errors of o-Ps lifetimes and cor-
responding intensities were lower than 0.5 and 0.3% 
during data collection (Supplementary Information, 
S.6.), indicating free volume equilibrium. Time series 
of relative humidity data were continuously moni-
tored throughout the experiments using InfluxDB 
(InfluxData, San Francisco, California).

It should be noted that measurements using MgCl2, 
Mg(NO3)2, and NaCl resulted in discrepancies, 
including RH values not corresponding to theoreti-
cal values found in the literature and variations in RH 
values between different sample measurements using 
the same salt. These discrepancies were likely due 
to suboptimal airtightness of the developed sample 
chamber and/or its design, which limited the amount 
of saturated salt solution that could be placed within 
the chamber. Nonetheless, RH values stabilized after 
an equilibration period between the salt solution and 
the sample chamber environment. RH values for each 
sample and RH steps can be found in Supplementary 
Information (S.1).

Additionally, during the LW sample measurements 
using NaCl, the salt solution came into contact with 



2783Cellulose (2025) 32:2779–2791	

Vol.: (0123456789)

the positron source, necessitating the immediate ter-
mination of the experiment to avoid further contami-
nation risks. As a result, the results associated with 
LW samples at the  highest measured RH are not 
reported.

PALS measurements

PALS experiments were performed using a digitizer 
(Teledyne SP-Devices, ADQ14DC-2X-MTCA) with 
four photomultiplier tubes (Hamamatsu R13089, 
Model 265) coupled to cylindrical CeBr3 scintilla-
tors (5.08  cm diameter and 2.54  cm thickness) for 
detecting gamma radiation associated with positron 
annihilation. Prior to PALS measurements on wood 
samples, reference samples (Ti, Ta, Al) were used 
to determine the source contribution (i.e., positrons 
annihilating in the source material) and the instru-
ment resolution function. These reference materials 
exhibit a single positron lifetime component in addi-
tion to the source components, resulting in constant 
values for both resolution function and source cor-
rection (Supplementary Information, S.3.) (Robles 
et al. 2007). While source components are commonly 
used as source correction in PALS analysis, we ana-
lyzed these components as part of the main lifetime 
components. We chose this approach due to dis-
crepancies between the source correction method in 
PALSFit and the inclusion of two additional compo-
nents in the normal fit. Mathematically, there should 
be no difference. The source correction for different 
RH levels was determined by individual reference 
measurements. At higher RH levels (above 40%), 
the long component becomes more dominant (with 
increased intensity), while the Kapton component 
remains constant. We opted to use the additional 
component approach to maintain full control over the 
source parameters for each RH step, as in the source 
correction method, the individual ratio could not be 
adapted.

Following the reference measurements, the EW 
and LW samples at specific RH were measured by 
placing a 22Na positron source (source activity of 
1.69 MBq), covered with a 5 μm DuPont™ Kapton® 
foil, between two EW or LW samples (described in 
Materials section). The assembled wood-source-wood 
sandwiches were subsequently placed in a PALS sam-
ple chamber together with the saturated salt solution. 
The reason for using two samples per measurement is 

to maximize the solid angle of sample material sur-
rounding the positron source, thereby reducing the 
measurement time. The wood-source-wood sandwich 
was kept in the sample chamber for at least 24 h to 
allow wood cell walls to reach equilibrium moisture 
content. Afterward, PALS measurements were initi-
ated, each lasting approximately 5 h to collect 5 × 106 
positron annihilation events.

PALS spectra were analyzed by fitting the meas-
ured exponential decay curves to the recorded time 
differences histograms using the  PALSFit routine 
(Olsen et al. 2007). More details regarding data analy-
sis can be found in Supplementary Information (S.4.). 
The sizes of the cell wall free volume elements were 
based on recorded positron lifetimes (ns) using the 
general Tao-Eldrup model, which assumes a spherical 
shape for the free volume element (Supplementary 
Information, S.5.).

Results and discussion

Since positron annihilation adheres to the princi-
ples of radioactive decay, the measured PALS spec-
tra represent the sum of different exponential decay 

Fig. 2   Example of PALS spectra (EW 1–2 sample at 1% and 
81% RH) convoluted with instrumental resolution function 
of the measurement system and subject to background noise. 
X-axis represents the time between the start signal of a posi-
tron and its annihilation signal with a shifted peak maximum 
at 0 ns. Y-axis represents the number of positron annihilation 
events (with 5 ps channel dispersion)
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components, i.e., free positrons, p-Ps and o-Ps, each 
characterized by distinct lifetimes (reciprocals of the 
slopes of the decay curve) and intensities (areas under 
the component) (Fig. 2). Consequently, isolating the 
information related to the cell wall free volume (i.e., 
o-Ps lifetimes and intensities) requires deconvolution 
of the experimental decay curve into separate posi-
tron lifetime components.

The analysis of the experimental decay curve 
revealed five positron lifetime components (τ) for 
all samples and levels of RH (details in Supplemen-
tary Information, S.6.). Of these, the components 
τ2 (0.382 ns) and τ5 (2.52 ns) were attributed to the 
source correction (positrons annihilating in the 5 µm 
DuPont™ Kapton® foil covering the 22Na source) 
and were fixed for the analysis (Supplementary Infor-
mation, S.3.). The components τ1 (0.269 and 0.247 ns 
for EW and LW, respectively) is attributed to a mix-
ture of p-Ps annihilation events and annihilation in the 
wood bulk material. Separation of these two annihila-
tion modes is not possible due to the resolution of the 
spectrometer. The component τ3 (0.460 and 0.434 ns 
for EW and LW, respectively) was assigned to the 
annihilation of free positrons (e+) and was fixed for 
the analysis together with τ1 to reduce the variation 
in corresponding intensities. The lifetime component 
τ4 (~ 1.6–1.9 ns depending on the RH), characteristic 
of o-Ps annihilation in the free volume elements of 
amorphous polymers (Hagiwara et  al. 2000; Dlubek 

et al. 2004), was assigned to the free volume elements 
of amorphous cell wall polymer regions.

In semicrystalline polymers, an additional shorter 
τ component associated with o-Ps annihilation in 
the crystalline phase can sometimes be observed due 
to denser and more uniform chain packing, resulting 
in smaller free volume elements (Dlubek et al. 1998, 
2002b). In wood cell walls, the regions of amorphous 
and crystalline cellulose, amorphous hemicelluloses, 
and lignin are also likely to exhibit distinct free vol-
ume characteristics. However, the presence of a sin-
gle o-Ps component suggests that the differences in 
o-Ps lifetimes (free volume element sizes) between 
individual cell wall polymers are not large enough to 
resolve into multiple components. In other words, the 
lifetimes and corresponding intensities of the τ4 com-
ponent at specific RH levels represent mean values 
of all measured o-Ps annihilation events in the wood 
cell wall polymers. The o-Ps distribution measure-
ment is possible by using MELT analysis (Zaleski 
2006). However, this approach requires measuring 
a  significantly higher number of annihilation events 
(i.e., higher statistics), which was not done in this 
preliminary study since our focus was on determining 
whether PALS could reproducibly measure humidity-
dependent changes in the cell wall free volume. In 
future studies, MELT analysis could be performed to 
gain more insight into the distribution of the free vol-
ume of wood cell walls at equilibrium conditions.

Fig. 3   Relationship 
between measured o-Ps 
lifetimes and spherical/
cylindrical diameters of free 
volume elements obtained 
by Tao-Eldrup model. The 
red frame shows the values 
corresponding to measured 
o-Ps lifetimes in wood 
samples
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Figure 3 shows the relationship between the meas-
ured o-Ps lifetimes and free volume element diam-
eters based on the semi-empirical model proposed 
by Tao (Tao 1972) and Eldrup (Eldrup et  al. 1981). 
In short, the model assumes that the o-Ps resides in 
a simple infinite potential well (in this case, a spheri-
cal well with radius r) (calculation details in Supple-
mentary Information, S.5.). Although the free volume 
elements of amorphous polymers are realistically 
characterized by irregular geometrical shapes, the 
spherical shape assumption has been widely adopted 
due to its simplicity (Goworek et al. 1997; Śniegocka 
et al. 2005) and is also included here for comparison 
to spherical diameters measured by PALS in other 
polymers.

The calculated free volume spherical diameter 
values for wood samples (~ 5.4–6.0  Å depending 
on the RH level) are approximately 15–35% higher 
than those reported in the PALS literature discuss-
ing swelling of the polysaccharide matrices (Edlund 
et al. 2012; Roussenova and Alam 2013; Torstensen 
et al. 2018). This discrepancy may result from a more 
heterogeneous structural arrangement of the cell wall 
polymers, including polymer–polymer interfaces 
and interphases characterized by lower chain pack-
ing density. Furthermore, similar values were found 
in a PALS study investigating the moisture-induced 
plasticization of polyvinyl alcohol (spherical diam-
eters of approximately 4 and 5.5 Å for dry and water-
saturated state, respectively) (Hodge et  al. 1996), 
which is structurally much simpler than the wood cell 
wall. Comparable values were also measured in pine 
by Li and Zhao (Li and Zhao 2020) using moisture-
dependent time-domain nuclear magnetic resonance 
to evaluate cell wall porosity, although the pore sizes 
were only affected above ~ 70% RH. These authors 
also reported ~ 2.2 times higher average cell wall pore 
sizes in poplar than in pine, suggesting that the free 
volume might be significantly influenced by varia-
tions in cell wall polymer structures and their relative 
amounts in different wood species.

Free volume elements in wood cell walls, some-
times referred to as micropores or nanopores in wood 
science literature, have also been assumed to be cylin-
drical in shape (Shi and Avramidis 2017). Therefore, 
cylindrical diameters of the free volume elements cal-
culated from the adapted Tao-Eldrup equation (Olson 
et al. 2002) are also plotted in Fig. 3.

The calculated cylindrical diameters are smaller 
than the spherical values, but this depends on the 
assumed cylinder length (here L = 2R was assumed) 
(Olson et  al. 2002). Whether spherical or cylindri-
cal models are more applicable for free volume 
elements in lignocellulosic materials like wood 
remains uncertain. However, they are the two most 
likely geometries, and both are included here for 
potential comparisons in future PALS experiments.

In addition to providing information related to the 
polymer free volume, PALS can also detect larger 
voids up to approximately 100  nm in diameter. In 
voids above this size, the o-Ps lifetime approaches 
that of annihilation in vacuum (142 ns) and, hence, 
cannot provide useful information related to mate-
rial structure anymore. Based on this, one would 
expect the presence of additional o-Ps components 
related to voids other than polymer free volume 
(e.g., meso- and macropores) under ~ 100 nm  to be 
present in the PALS spectra. The absence of addi-
tional o-Ps components annihilating in larger voids 
is in contradiction with numerous gas adsorption 
(Kojiro et al. 2010; Yin et al. 2015; Shi and Avra-
midis 2018) and NMR-based cryoporometry (Gao, 
X., Zhuang, S., Jin, J., and Cao, P. 2015; Cao et al. 
2021) studies performed on wood. While these 
studies report the presence of voids as large as 
30 nm in the wood cell wall structure, a recent study 
suggests these results likely originate from meth-
odological issues (Nopens et  al. 2020). Further-
more, inadequate sample preparation approaches 
(e.g., wood milling) have been shown to introduce 
additional porosity not present in the native wood 
cell walls (Zelinka et al. 2012). From this perspec-
tive, the advantage of PALS lies in the high initial 
kinetic energy of generated positrons, resulting in 
o-Ps annihilation in the bulk of the wood samples. 
In other words, the cell walls on the sample surface, 
which may have been damaged during sample prep-
aration, are not probed.

One of the main advantages of PALS is the abil-
ity to probe the polymer free volume in a controlled 
climate. The evolution of o-Ps lifetimes (τ4), corre-
sponding free volume element sizes, and intensities 
(Int4) of EW and LW samples with RH is shown in 
Fig. 4. Since two identical wood samples were used 
in PALS measurements, the numbers in the legend, 
i.e., 1–2 or 3–4, correspond to these samples. To 
demonstrate the reproducibility of measured data, 
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both sample sets for EW and LW have been plotted 
individually on the graph. Figure 4a illustrates that τ4 
and corresponding free volume element sizes (right 
axis) are consistent between the two sample sets at 
each RH level. Similarly, Fig. 4b shows that the o-Ps 
intensities show comparable values for both EW and 
LW samples across all tested RH levels, underscoring 
good data reproducibility of PALS.

We will first discuss the data related to o-Ps life-
times (τ4) and corresponding free volume element 
sizes (Figure  4a) calculated via the Tao-Eldrup 
model. The first observation that can be made is 
the sharp decrease of the free volume element sizes 
occurring between ~ 1 and 11% RH. The initial 
decrease of the polymer free volume at low RH, also 

known as antiplasticization, due to water absorption 
has already been extensively discussed in polymer 
science literature (Guo 1993; Dlubek et  al. 2002a; 
Kilburn et  al. 2005; Roussenova et  al. 2010). While 
there is no clear consensus regarding the exact mech-
anisms responsible for water-induced antiplasticiza-
tion, it is most often interpreted in terms of strong 
hydrogen bonding interactions between polymer 
functional groups and water, which lead to partial 
filling of the free volume elements present in the dry 
polymer matrix. Considering the volume of a water 
molecule in liquid water (30 Å3) and the estimated 
mean free volume sizes of dry EW and LW cell walls 
(94–98 Å3), the mechanism of free volume filling by 
water molecules can certainly be envisaged. Our data 

Fig. 4   Mean o-Ps lifetimes 
(τ4) and free volume ele-
ment sizes (derived from 
Tao-Eldrup model) (a), and 
mean o-Ps intensities (Int4) 
(b). The error bars represent 
standard errors
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provides experimental evidence to previous simu-
lation-based studies speculating the decrease of cell 
wall porosity due to initial water sorption (Kulasinski 
et  al. 2015; Shi and Avramidis 2019). Furthermore, 
antiplasticization can likely explain the commonly 
observed increase in wood mechanical properties 
(Gerhards 1982; Obataya et al. 1998; Youssefian et al. 
2017) and swelling lag (Mantanis et al. 1994) at low 
wood moisture contents (< 5%).

While there is no significant difference in the free 
volume element sizes of EW and LW samples at 
dry conditions, the initial antiplasticization-induced 
decrease in free volume is more pronounced in LW 
samples. Given that the chemical composition and 
cell wall moisture content at a given RH are similar 
for EW and LW samples (Arzola-Villegas 2022), the 
observed differences in τ4 at low RH likely stem from 
variations in the free volume characteristics inherent 
to EW and LW cell walls. However, assuming o-Ps 
annihilations are evenly distributed within the amor-
phous polymer matrix of the cell walls, identifying 
the exact cell wall regions associated with the dif-
ferences in τ4 between EW and LW is difficult. One 
potential explanation could be related to the differ-
ences in the thickness of individual cell wall layers 
in EW and LW. Specifically, it has been reported that 
the LW of loblolly pine has a significantly thicker S2 
layer (80% of the overall cell wall material fraction) 
compared to EW (Saka, S, RJ Thomas, and JS Gratzl 
1981). Conversely, EW has a thinner S2 layer (com-
prising 60% of the overall cell wall material fraction) 
and thicker S1, S3, and compound middle lamella 
layers. As a consequence of the differing relative vol-
ume fractions of individual cell wall layers, and hence 
minor chemical composition differences as described 
in the Materials  section, it is possible that the relative 
amount of free volume elements in dry EW and LW 
cell walls contributing to antiplasticization during ini-
tial water absorption differ.

After the initial antiplasticization stage, water 
starts to act as a plasticizer, i.e., polymer chain seg-
ments gain mobility, and the mean free volume ele-
ment sizes increase. As a result of the initial antiplas-
ticization stage, the mean free volume element sizes 
of EW remain higher than those of LW at all subse-
quent RH levels above 11%. However, there are no 
clearly observable differences in trends between both 
sample types during this stage. Interestingly, it takes 
a significant amount of water acting as a plasticizer 

to recover the mean free volume element size (i.e., 
volume not occupied by polymers and water) that 
was initially lost during the antiplasticization. Specifi-
cally, the mean free volume element sizes reach those 
of dry cell walls at approximately 40 and 60% RH 
for EW and LW, respectively. These RH levels cor-
respond to 8–11% moisture content (Arzola-Villegas 
2022), which is well above the low moisture contents 
(< 5%) in which a lag in bulk swelling is observed. 
This indicates that bulk swelling in wood is not 
directly proportional to just the measured mean free 
volume element sizes. Swelling is expected to also 
depend on the number of free volume elements and 
the volume of the absorbed water molecules.

Another notable observation is the τ4 of EW sam-
ples reaching ~ 1.85  ns at approximately 70% RH, 
corresponding to the o-Ps lifetime observed in liquid 
water at 20 °C (Kotera et al. 2005). This implies that 
1) water molecules within cell walls behave similarly 
to liquid water at higher cell wall moisture contents, 
likely forming clusters, 2) the cell wall moisture con-
tent at which free volume is predominantly filled by 
water is lower for EW than LW, and 3) the o-Ps life-
time of ~ 1.85 ns cannot reliably estimate free volume 
element sizes due to overlap with the o-Ps lifetime of 
water. The last point was confirmed by an additional 
PALS experiment conducted on LW samples dur-
ing desorption at 95, 85 and 75% RH, starting from 
water-saturated sample states (Supplementary Infor-
mation, S.2). In each case, τ4 was approximately 
1.85 ns, i.e., the majority of the measured o-Ps anni-
hilations originated from liquid-like water.

The intensity of o-Ps (Int) (Fig. 4b) is a measure of 
how many positrons form o-Ps and undergo annihila-
tion in the material. Therefore, it is commonly used to 
estimate the relative number of free volume elements 
in polymers (Kobayashi et al. 1989). That being said, 
the interpretation of Int becomes more complicated in 
the presence of water within materials, as it has been 
shown to inhibit o-Ps formation (Ito and Tabata 1972; 
Jean et al. 2003). This can be explained by consider-
ing the  solvation of o-Ps precursors (i.e., free posi-
trons and electrons) by clusters of water molecules. 
In polymers, Int is typically observed to decrease 
with increasing concentration of water in the matrix, 
which has also been discussed from the perspective of 
water-induced inhibition of o-Ps formation (Ito et al. 
1993; Sánchez et al. 1995; Dlubek et al. 1999).
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In our study, Int4 is observed to decrease exponen-
tially, eventually leveling off at approximately 60% 
RH. During the initial antiplasticization stage, a more 
pronounced reduction in Int4 is observed. While o-Ps 
inhibition possibly contributes to the Int4 reduction, 
it is also important to consider that water molecules 
mostly fill the free volume elements at this stage of 
water absorption, thereby reducing the sizes and 
possibly the numbers of free volume elements. This 
reduction in free volume likely contributes more sig-
nificantly to the observed decrease in Int4, as water 
clustering, which is mainly responsible for o-Ps inhi-
bition, is not expected to be substantial at such low 
water concentrations (Sánchez et al. 1995). The more 
pronounced decrease in Int4 observed for LW com-
pared to EW suggests that LW has a higher propor-
tion of free volume elements susceptible to water 
filling (i.e., antiplasticization), which aligns with the 
observations previously made for τ4 (Fig. 4a).

During the plasticization stage of water absorp-
tion, segmental motions of polymer chains are facil-
itated, resulting in an increase in the polymer’s free 
volume. From this perspective, one might initially 
expect that a further reduction in Int4 during cell wall 
plasticization indicates the merging of individual free 
volume elements, leading to fewer o-Ps localization 
spots. However, o-Ps inhibition is also anticipated 
to become more dominant as the cell wall moisture 
content increases due to gradually increasing water 
cluster sizes (Kulasinski et al. 2014). It is likely that 
both mechanisms take place simultaneously, further 
complicating the interpretation. The eventual stabili-
zation of Int4 around 60% RH indicates that all voids 
within the cell walls are predominantly saturated with 
water, leading to no further reduction in o-Ps forma-
tion probability. This observation aligns with previ-
ous findings for τ4, suggesting that the majority of 
o-Ps annihilate in water clusters at high RH.

Conclusion

In this work, we explored the applicability of positron 
annihilation lifetime spectroscopy (PALS) to study 
the water-dependent free volume properties of wood 
cell walls. The data collected for earlywood and late-
wood samples of loblolly pine has shown reproduc-
ibility at all measured relative humidities (RH) and 
aligned with polymer science principles. Specifically, 

water can act as both an antiplasticizer (decreas-
ing free volume below 11% RH) and a plasticizer 
(increasing free volume above 11% RH) in wood cell 
walls. Although no observable differences were found 
between free volume characteristics of dry earlywood 
and latewood cell walls, latewood exhibited a more 
substantial decrease in free volume element sizes dur-
ing the initial stage of water absorption, suggesting 
a higher degree of antiplasticization. At higher RH 
levels, the ortho-positronium lifetimes (indicative of 
free volume element sizes) in earlywood overlapped 
with those measured in liquid water, indicating that 
the majority of the voids within cell walls were occu-
pied by water clusters. The possibility of water clus-
ters inhibiting ortho-positronium formation in the cell 
wall free volume complicated the interpretation of 
ortho-positronium annihilation intensities.
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S.1. Calculation of the minimum sample thickness 

Positrons lose their kinetic energy through various processes involving atomic nuclei, plasmons, 

and phonons on their way into the material. In order to describe the penetration depth or implantation profile of 

these processes for source-based experiments, an implantation model for positrons from radioisotopes was 

developed based on empirical experiments on electrons (Brandt and Paulin 1977). Based on this, the following 

equation can be applied to calculate the appropriate sample thickness for PALS measurements: 

 

𝑧 = ln (
1

1−𝑃
)

𝐸𝑎𝑣𝑔
𝛾

𝐶+𝑍𝛽𝜌
                                                       (1) 

z - Implantation depth in cm 

P - Probably of residence 

Eavg – Average implantation energy in MeV 

Z - Atomic number 

ρ - Density in g cm-3 

C+, γ, β - Empirical parameters (C+=12.6, γ=1.28, β=0.17) 

 

The formula above was used to calculate the probability of positron residence in the sample (P) based on the 

sample thickness (0.2 cm) of EW and LW samples. For all samples, carbon was taken as a representative atom of 

wood structure (Z=6). ρ values of 0.3 and 0.8 g cm-3 were taken for EW and LW, respectively. These values 

were based on minimum density values observed in the sample batch. Average implantation energy (Eavg) of 

positrons was 0.215 MeV based on the Na-22 positron source used in the PALS experiment (Chong et al. 2019).  

Based on the above parameters, the sample thickness of both EW and LW samples was sufficient to stop 99.9% 

of the positrons during PALS measurements. 

S.2. Relative Humidity During PALS Measurements 

mailto:filip.majstorovic@wki.fraunhofer.de


Table 1 and Figure 1 below show RH values with standard deviations (in parentheses) associated with sample 

equilibration times and subsequent PALS measurement.   

Table S.1 RH values during PALS measurements 

Sample SiO2 LiCl MgCl2 Mg(NO3)2 NaCl 

EW 1-2 1.3 (0.3) 12.5 (0.5) 39.3 (0.3) 54.9 (2.6) 80.9 (1.1) 

EW 3-4 1.9 (0.5) 12.1 (0.1) 38 (2.4) 56.6 (1.6) 75.2 (1.2) 

LW 1-2 0.8 (0.2) 12.0 (0.1) 39.8 (1.4) 67.5 (1.9) / 

LW 3-4 1.0 (0.2) 12.0 (0.1) 40.4 (1.4) 70.9 (1.3) / 

 

 

Fig S.1 Relative humidity values during PALS measurements for EW (left) and LW (right) samples. Dashed lines 

represent the theoretical RH values corresponding to different saturated salt solutions. 

 

S.3. Reference Materials for PALS Measurements 

In order to obtain a well-founded determination of the resolution function and source correction, various 

reference materials were investigated. These have the property that only one lifetime component is measured in 

addition to the source components. Consequently, for all reference materials, both the resolution function and the 

source correction should assume a constant value, since these have not been changed, see Table S.2. The 

reference materials used can be found in Table S.3. 

 

Table S.2. Analysis parameters 

FWHMG
1 I G

1 µ G
1 FWHMG

2 I G
2 µ G

2 τSC
1 τSC

2 

231 ps 90% 0 ps 400 ps 10 % -10 ps 382 ps 2520 ps 

*Full width at half maxima (FWHM), Gaussian function (G), Source correction (SC) 

 

Description Value 

Background range 900 to 1900 ns 

Fit range -3 to 34 ns 

 

Under this condition, the values from Table S.3. could be determined. These show sufficient accuracy to the 

literature values. 

 



Table S.3. Reference materials 

Name Symbol Z Density (cm-3) τExp (ps) τLit (ps) ISC (%) 

Aluminium Al 13 2.7 165 165 11.4 

Titanium Ti 22 4.5 148 147 11.5 

Tantalum Ta 73 16.7 121 120 15.6 

 

Z – atomic number 

τExp – experimentally determined positron lifetime 

τLit – literature positron lifetimes (Robles et al. 2007) 

ISC – source correction intensity 

S.4. PALS Analysis 

In PALS experiment, the measured positron lifetimes are stored in a histogram. It results for the absolute values 

of the time derivative in the positron annihilation lifetime spectrum N[t]. Each positron lifetime component 

corresponds to a specific annihilation state in the sample. Not all of these annihilation states are relevant to 

structural information of the studied material. Thus, the decomposition of the positron annihilation lifetime 

spectrum into individual components is crucial for isolating the data describing material defects, e.g., polymer 

free volume. The experimentally recorded time distribution is, due to the errors of the instrumentation, 

convoluted with the resolution function R[t − t0] and has to be corrected additionally by the uncorrelated 

background b. It results in: 

𝑁[𝑡] = 𝐵𝐺 + 𝑁𝑡𝑜𝑡 ∑
𝐼𝑖

𝑃

τ𝑖

𝐾𝑃
𝑖=1 exp (−

𝑡−𝑡0

𝜏𝑖
) 𝑅[𝑡 − 𝑡0]                    (2) 

with 

𝑅[𝑡 − 𝑡0] =  ∑
𝐼𝑗

𝐺

√2𝜋𝜎𝑗

𝐾𝐺
𝑗=1 exp (−

(𝑡−𝜇𝑗)2

2𝜎𝑗
2 )                                         (3) 

 

Ntot – Histogram overall statistics 

BG – Background 

t0 – time shift of the spectrum 

R[t- t0] – Resolution function 

KG – Number of Gaussian functions 

 𝐼𝑗
𝐺 – Intensities of the Gaussian function 

µj – Time shift of the Gaussian function 

σj – Resolution of the system 

 

The time resolution of the spectrometer is described by two Gaussian functions which were determined by a 

reference measurement. 

 



S.5. Tao Eldrup Model  

The general TE model can be used to estimate the sizes of material voids (e.g., polymer free volume elements) 

based on the experimentally measured positron lifetimes based on the semiempirical equation below: 

 

𝜏 =
1

2
 [1 −  

𝑅

𝑅+𝑑
+ 

1

2𝜋
sin (

2𝜋𝑟

𝑅+𝑑
)]               (4) 

 

τ – positronium lifetime (ns) 

R – radius of the free volume elements (nm) 

d – electron layer thickness (0.1656 nm) 

 

 

S.6. Positron Lifetime Components 

Table S.4. Positron lifetimes (τ) and lifetime intensities (I) for EW and LW samples. 

EW 1-2           

RH (%) τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) τ5 (ns) I1 (%) I2 (%) I3 (%) I4 (%) I5 (%) 

1.3 0.269 0.382 0.460 1.745 

(0.01) 

2.52 35.11 

(0.35) 

8.0 40.15 

(0.47) 

16.24 

(0.29) 

0.5 

12.5 0.269 0.382 0.460 1.682 

(0.01) 

2.52 35.21 

(0.26) 

8.0 43.00 

(0.33) 

13.29 

(0.24) 

0.5 

39.3 0.269 0.382 0.460 1.733 

(0.01) 

2.52 35.04 

(0.28) 

8.0 44.93 

(0.37) 

11.53 

(0.12) 

0.5 

54.9 0.269 0.382 0.460 1.826 

(0.01) 

2.52 34.55 

(0.22) 

8.0 45.85 

(0.27) 

11.10 

(0.07) 

0.5 

80.9 0.269 0.382 0.460 1.877 

(0.01) 

2.52 34.13 

(0.24) 

8.0 46.05 

(0.29) 

11.30 

(0.10) 

0.5 

 

EW 3-4           

RH (%) τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) τ5 (ns) I1 (%) I2 (%) I3 (%) I4 (%) I5 (%) 

1.9 0.269 0.382 0.460 1.757 

(0.01) 

2.52 35.10 

(0.80) 

8.0 40.25 

(0.80) 

16.14 

(0.27) 

0.5 

12.1 0.269 0.382 0.460 1.691 

(0.01) 

2.52 35.22 

(0.36) 

8.0 42.98 

(0.36) 

13.30 

(0.16) 

0.5 

38 0.269 0.382 0.460 1.739 

(0.01) 

2.52 34.93 

(0.33) 

8.0 45.09 

(0.33) 

11.47 

(0.10) 

0.5 

56.6 0.269 0.382 0.460 1.820 

(0.01) 

2.52 34.86 

(0.38) 

8.0 45.61 

(0.38) 

11.03 

(0.11) 

0.5 

75.2 0.269 0.382 0.460 1.857 

(0.01) 

2.52 34.34 

(0.35) 

8.0 45.62 

(0.35) 

11.54 

(0.10) 

0.5 

 

LW 1-2           

RH (%) τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) τ5 (ns) I1 (%) I2 (%) I3 (%) I4 (%) I5 (%) 

0.8 0.247 0.382 0.434 1.739 

(0.01) 

2.52 26.55 

(0.16) 

8.0 48.52 

(0.24) 

16.42 

(0.11) 

0.5 



12 0.247 0.382 0.434 1.611 

(0.01) 

2.52 26.91 

(0.26) 

8.0 51.77 

(0.35) 

12.81 

(0.13) 

0.5 

39.8 0.247 0.382 0.434 1.668 

(0.01) 

2.52 26.70 

(0.24) 

8.0 53.81 

(0.29) 

10.99 

(0.10) 

0.5 

67.5 0.247 0.382 0.434 1.742 

(0.01) 

2.52 26.07 

(0.26) 

8.0 54.89 

(0.32) 

10.54 

(0.08) 

0.5 

 

LW 3-4           

RH (%) τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) τ5 (ns) I1 (%) I2 (%) I3 (%) I4 (%) I5 (%) 

1 0.247 0.382 0.434 1.723 

(0.01) 

2.52 26.77 

(0.23) 

8.0 48.13 

(0.30) 

16.60 

(0.10) 

0.5 

12 0.247 0.382 0.434 1.612 

(0.01) 

2.52 27.07 

(0.27) 

8.0 51.72 

(0.34) 

12.70 

(0.11) 

0.5 

40.4 0.247 0.382 0.434 1.674 

(0.01) 

2.52 26.48 

(0.32) 

8.0 54.14 

(0.34) 

10.88 

(0.06) 

0.5 

70.9 0.247 0.382 0.434 1.767 

(0.01) 

2.52 26.00 

(0.31) 

8.0 54.92 

(0.38) 

10.57 

(0.10) 

0.5 

 

S.7. PALS Desorption Experiment 

In addition to the experiment described in the study, we performed kinetic PALS measurements in desorption, 

starting from water-saturated sample states. The measurements were performed at 95, 85, and 75% RH.  

The figure S.2 displays τ4 kinetic data measured after the sample equilibrium was assumed, i.e., 24 hours after 

the PALS measurement was started. It can be seen that τ4 values correspond to o-Ps annihilation in liquid water 

at room temperature at all measured RHs. In other words, o-Ps annihilation signal likely originates primarily 

from water clusters present in the cell walls at high cell wall moisture content. The figure S.3 displays 

corresponding Int4 values. 



 

Fig. S.2 Kinetic measurements of mean τ4 lifetime at 75, 85 and 95% RH. 



 

Fig. S.3 Kinetic measurements of mean I4 lifetime at 75, 85 and 95% RH. 
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