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1. INTRODUCTION

Organic�inorganic nanohybrid materials have attracted con-
siderable attention for their potential applications in many fields
due to their extraordinary multifunctional properties, such as
increased mechanical strength, improved gas permselectivity,
and enhanced thermal and electrical properties.1�11 The direct
mixing of the inorganic micro- or nanosized fillers into a polymer
matrix is the most simple and extensive method used. However,
important aspects when introducing high-surface-area fillers into
a polymer matrix are the limited dispersion of the filler particles
and the closely linked interfacial interaction between filler and
polymer matrix.12�15 Weak interfacial interaction can lead to the
formation or preservation of filler aggregates. Alternatively, in the
past decades much effort has been devoted to developing new
composite materials produced by modifying polymers via the
incorporation of a variety of inorganic additives by a sol�gel
method. The composites can be generated by reacting an
inorganic alkoxide directly with an organic polymer or an
oligomer which have the appropriate functional groups, thus
providing covalent linkages between the organic segment and the
inorganic network.16�25 Especially, in-situ polymerization of an
alkoxide within a swollen polymer network can be used to form

organic�inorganic hybrid materials without covalent cross-
links.26�36 The size and dispersion of the inorganic phase depend
on the specific sol�gel conditions, the type of alkoxide, and the
nature of molecular interactions between the polymer and the
inorganic oxide. Excellent dispersion can be achieved on a nano
scale, particularly with polymers containing functional groups
such as carbonyls, hydroxyls, or ether oxygens, which can form
hydrogen bonds with the inorganic network.30�34

In recent years, electrospun fibers have gained a growing
interest in applications such as alternative nanotemplates for
fabricating nanostructures, filters, catalysis, and chemical and
biological sensors. Owing to their low dimensions, large surface
areas, and small pore sizes, the fibers can be used as nonwoven
fabrics.37�47 Electrospinning combined with a sol�gel method
has been employed to prepare nanohybrid fibers containing
inorganic nanoparticles due to its versatility and easy process
control.48�55 Recently, for the first time, TiO2 nanoparticles with a
mean diameter of 5 nmwere in-situ generated in one-dimensional
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ABSTRACT: Positron annihilation lifetime spectroscopy
(PALS) has been performed on a series of PMMA nanohy-
brids containing nanometric TiO2, which were produced by
means of different preparation methods, i.e., melt mixing,
electrospinning combined with solution mixing, or in-situ
sol�gel growth methods, to study the effect of filler content
and constituents on the free volume properties. The PMMA
nanocomposites containing titania precursor or in-situ-
formed TiO2 additives exhibit altered free volume proper-
ties compared to adding commercial TiO2 P25 fillers. The orthopositronium (o-Ps) lifetime (τ3) (free volume cavity size)
was constant with composition in P25/PMMA nanohybrids due to the absence of interfacial interaction. However, in TiO2

precursor/PMMA composite fibers the free volume cavity size decreased substantially with hydroxyl group concentration
and recovered after hydrothermal treatment. Additionally, a strong correlation between the glass transition temperature
and the o-Ps lifetime in the nanohybrids was observed. These effects are caused by the hydrogen-bonding interaction
between hydroxyl groups in the inorganic phase and carbonyl groups in the PMMA matrix, which concentration is
dependent on the hydrothermal treatment, leading to differences in the packing of the polymer chains and a changed
polymer segmental flexibility. The results also show a clear linear decrease in the o-Ps yield (I3) with increasing P25 content
of the composites. A dominant inhibition effect was observed in the TiO2 precursor/PMMA systems, caused by inhibition
of positronium formation by the hydroxyl group in the titania precursor. In addition to the pronounced negative deviations
of the o-Ps intensity with the concentration of hydroxyl groups in in-situ TiO2/PMMA nanohybrid fibers, a stronger
inhibition efficiency of hydroxyl groups was observed than in the precursor/PMMA nanocomposite fibers.
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PMMA nanohybrid fibers with excellent dispersion by using a
suitable mixture of solvents with the combined technique, fol-
lowed by a mild hydrothermal treatment that avoids high-tem-
perature treatments and therefore does not affect negatively the
properties of the polymer.56

The structure and morphologies have been investigated by
means of FTIR, XPS, TGA, and DSC. The acid cosolvent
trifluoracetic acid (TFA) and the fast electrospinning process
induced stable titania precursor/PMMA nanocomposite fibers
owing to the hydrogen-bonding interaction between the con-
stituents. The fibrous nanoscale template facilitated the homo-
geneous growth of TiO2 in the PMMA matrix. As a result, the
phase separation of the nanohybrids was restrained by the
hydrogen-bonding interaction between residual hydroxyl groups
on the surface of titania and carbonyl groups in PMMA.

Using techniques such as nuclear magnetic resonance,57�59

dielectric spectroscopy,60,61 differential scanning calorimetry,62�64

and positron annihilation lifetime spectroscopy,65�70 it has been
observed that the interactions between polymer segments and
surfaces of inorganic fillers may induce altered chain dynamics and
glass transition temperatures. The changes in chain dynamics and
glass transition temperature are most probably related to the
conformational changes, changes in segmental mobility, and
therefore also changes in free volume structure of the polymer.
The free volume sites of a polymer form the space available for
segmental motions, such as the large-scale motions associatedwith
the glass transition.

At present, positron annihilation lifetime spectroscopy
(PALS) has become an increasingly important technique to
detect atomic-scale free volume holes of polymers, which
probes the size of the free volume cavities of the polymer by
measuring the mean lifetime of orthopositronium (o-Ps) before
annihilation in the free volume regions of the polymer. The
lifetime of o-Ps (usually 1�5 ns) is a direct measure of the free
volume cavity size. When a positron emitted from a radio-
active source enters a polymer sample, it may take part in three
different annihilation processes. A positron can annihilate
directly with an electron in ∼0.4 ns. It can also form a
metastable “atom” with a free electron, which is called posi-
tronium (Ps). Depending on the spins of the positron and
electron, para- or orthopositronium is formed. In parapositro-
nium (p-Ps), the spins of the electron�positron pair are
antiparallel and p-Ps annihilates in 0.125 ns, whereas the
lifetime of orthopositronium (o-Ps), in which the spins are
parallel, is 142 ns in vacuum. In polymers, o-Ps is formed or
diffuses to low electron dense free volume sites. The vacuum
o-Ps lifetime is then reduced to 1�5 ns, due to the pick-off
process of the positron with an electron of opposite spin at the
free volume cavity wall. This process is called “pick-off”
annihilation. The pick-off annihilation lifetime is inversely
proportional to the overlap of the positron and electron wave
functions and can thus be related to the size of the low-electron-
density site at which the annihilation takes place.71 A semi-
empirical equation, the Tao�Eldrup equation, is used to
calculate the mean free volume hole radius from the measured
mean o-Ps lifetime (τ3):

72,73

τ3 ¼ 0:5 1� R
R þΔR

þ 1
2π

sin
2πR

RþΔR

� ��1

ð1Þ

This model assumes spherical cavities of radius R with an
electron layer thickness of ΔR. Nakanishi et al.74 derived a ΔR

value of 0.166 nm for materials, such as polymers, containing
simple covalent bonds.

The o-Ps formation probability is called o-Ps intensity I3 and is
primarily determined by the availability of electrons with which a
positron can combine to form positronium. The formation of
positronium in liquids and solids can be explained by the spur
model,75,76 in which a positron spur in the last part of the positron
track is created as a result of the slowing down of the positron. In
the spur, reactive species such as cations and free electrons are
formed. Positronium is the result of a combination of the
thermalized positron with one of the available free electrons.
The formation of positroniummust competewith other processes,
such as electron�cation recombination, the diffusion of positrons
and electrons out of the spur, and electron or positron scavenging.
The o-Ps intensity I3 is very sensitive to inhibition reactions taking
place in the positron spur,76,77 source exposure time,78�81 ex-
posure to visible light,82 exposure to electric fields76,83,84 and
magnetic fields,85 and the chemical structure of the materials
under study.86 This implies that changes in the o-Ps intensity I3
cannot be accounted for on the basis of free volume theories. The
o-Ps intensity can therefore not be considered a measure of the
free volume cavity concentration.87

Generally, the free volume properties of glassy polymers are
determined by the macromolecular conformation, thermal his-
tory, pressure, temperature, and chemical structure. Free volume
properties of poly(methyl methacrylate) (PMMA) as a function
of temperature and pressure history, measured in the glassy state
and at temperatures above the glass transition by PALS, have
been extensively studied and reported in the literature. Schmidt
et al.88�91observed a direct correlation between the free volume
fraction and the free volume cavity size for a number of pressure-
densified polymer glasses, indicating the size of free volume
cavities to be a controlling factor of the temperature
(thermodynamic formation history, pressure densification) de-
pendence of the specific volume. The o-Ps formation probability
in glassy polymers shows large variations with temperature,
thermal history, and measuring time.80

Several PALS studies on polymers filled with micro- or
nanosized rigid fillers, such as silicas, ZnO, clay, or carbon blacks,
which are introduced into polymers by directly mixing them,
have been published.65,70,92�106 In most cases, the o-Ps lifetime
τ3 was not significantly affected by the presence of the different
additives, which implies that thermalized Ps atoms do not react
with the additives and that the change in free volume caused by
the additives is rather small.70,96 On the other hand, for the
composites with the functional modification, the o-Ps lifetime
decrease was observed with increasing filler concentration.70

This was ascribed to the special interfacial interactions between
the surface of nanoparticles and polymers. In addition to the
mean free volume hole sizes V(τ3), the o-Ps formation prob-
ability (I3), originated from o-Ps annihilation in the polymer
phase, shows a systematic decrease in systems with increasing
weight fraction of inorganic fillers, which is directly related to the
decrease of polymer weight fraction accessible to o-Ps.107,108

Apart from the data of composites from the direct mixing
methods, there are, to the best of our knowledge, no PALS
studies of o-Ps lifetime and intensity of organic�inorganic
nanocomposites and their nanohybrid fibers created by means
of the in-situ sol�gel method in the literature.

In light of the recent research showing promising but not
fully understood changes of properties in glassy polymers upon
incorporating nonporous nanosized fillers, it is of importance to
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gain deeper insight into the changes in free volume structure of
these composites prepared by using the different preparation
technologies, such as blending, extruding, electrospinning, or
in-situ generation of hybrids using the combined method. The
aim of the present study is to investigate the effect of nanosized
nonporous TiO2, incorporated into a PMMA matrix by simple
mixing or in-situ generating, on the polymer free volume sizes
and o-Ps intensity with positron annihilation lifetime spectros-
copy (PALS). In addition, the thermal properties of nanohy-
brids were investigated by using differential scanning
calorimetry (DSC).

2. EXPERIMENTAL METHODS

2.1. Materials and Sample Preparation. Poly(methyl metha-
crylate) (PMMA molar mass Mw = 75 kg/mol, density F = 1.20 g/cm3)
was obtained from Scientific Polymer Products Inc. Commercial TiO2

powder (P25) with a mean diameter of 21 nm was obtained from Degussa,
Germany. Tetrabutyl titanate (TBT) was purchased from Beijing Chemical
ReagentsCo.Trifluoroacetic acid (TFA) anddichloromethane (DCM)were
used as solventmixture (v:v = 1:1, densityFmix = 1.3 g/mL). All solvents were
used without further purification.

Prior tomixing, the PMMA and P25 powder were dried at 80 �C for at
least 60 h under vacuum. Extruded composite samples were prepared by
melt-mixing PMMA and P25 at different weight ratios in a DSM Midi
2000 corotating twin screw extruder with a chamber capacity of 15 cm3,
operated at 200 �C and 6 rpm for 10 min. The extruded composites and
powder mixed composites with different weight ratios were compres-
sion-molded in a press at 190 �C into 2 mm thick samples. The
procedure for compression molding was as following: the blends were
preheated at 190 �C for 3 min and then pressed at lower pressure 1 ton
for 1 min followed by pressing at a pressure of 10 ton for 2 min. The
extruded samples are referred to as PM0PEB, PM2PEB, and PM4PEB.
The pressed mixed powder samples are referred to as PM0PB, PM2PB,
PM4PB, and so on in the following text. In addition, PMMA and P25/
PMMA nanohybrid fibers were prepared by electrospinning of a TFA/
DCM solution with P25 nanospheres and PMMA at different weight
ratios. The samples are referred to as PM0F, PM2PF, PM4PF, PM6PF,
PM8PF, and PM10PF in the following text. The actual P25 content in
the nanohybrids was determined by thermogravimetric analysis (TGA)
and is listed in Table 1. The fiber mats were dried at 80 �C under vacuum
for 16 h to evaporate residual solvent before further pressing.

The in-situ-grown TiO2/PMMA hybrid fibers were prepared as the
following: The hydrolyzed TBT solution was added dropwise into the
PMMA/TFA/DCM solution, followed by magnetic stirring for 1 h in an
ice bath (T < 10 �C). The solution containing the desired TiO2

precursor content was transferred to a glass syringe capped with a
9-gauge blunt end needle for electrospinning. As a result of the high
voltage applied, the TiO2 precursor/PMMA hybrid fibers were collected
on the grounded aluminum foil and are designated as PM8F, PM15F,
PM20F, PM25F, and PM30F in the following text. After spinning, the
titania precursor/PMMA fiber mats were dried for 2 days under vacuum
at 30 �C to allow the residual solvent to evaporate before post-treatment
for in-situ formation of TiO2. Afterward, the nanohybrid fiber mats were
treated in a hot water container at different temperatures (70, 80, 90, and
100 �C) for 24 h. All the samples were subsequently washed by using
distilled water and dried at 70 �C for 3 h. The exact compositions of in-
situ grown TiO2/PMMA nanohybrid fibers were deduced from TGA
measurements and are listed in Table 1.

All the fiber mats samples used for the PALS measurements were cut
in two equal parts and were folded into 2� 2 cm pieces each and pressed
into 2�3mm thick samples at room temperature for 1min at 5 ton. Two
equal samples are necessary for one PALS measurement.

2.2. DSC Measurements. The thermal properties of the materials
were studied using a DSC Q1000 from TA Instruments during a second
scan. The samples of 2�3 mg were contained in aluminum pans, and the
analysis was performed from 30 to 170 �C at a heating rate of 20 �C/min
under nitrogen purge with the flow rate of 50 mL/min. The first scan was
run to 170 �C to erase previous thermal history, and then the sampleswere
cooled to 30 �C at a cooling rate of 20 �C/min to start the second scan.
2.3. Thermogravimetric Analysis. The components of hybrid

materials were evaluated using a TGAQ500 fromTA Instruments with a
heating rate of 20 �C/min under a nitrogen flow rate of 60 mL/min. The
sample weight was 3�4 mg for TGA measurements. The actual
inorganic P25 filler content in the composites was determined by the
residue content in the TGA scan. The total content of hydroxyl groups in
the precursor/PMMA composite fibers was deduced from the weight
loss between 100 and 295 �C and above 420 �C.However, for the TiO2/
PMMA hybrid fibers produced by the in-situ method, the content of
unreacted hydroxyl groups was calculated from the weight loss above
420 �C and the last residue content was the actual formed TiO2

concentration.56

2.4. Positron Annihilation Lifetime Spectroscopy. All PALS
measurements were performed at 23 �C using a fast�fast coincidence
system. The two identical γ-ray detectors, placed at∼160� to each other
and at least 2.5 cm apart to minimize backscattering, consist of CsF
crystals mounted on Hamamatsu photomultiplier tubes. The samples
were placed in a sandwich configuration with a sodium 22 radioactive
source contained in Kapton foils. Samples used were pressed plates or
nanohybrid fiber mats, pressed with the procedure as described above.

Five positron lifetime spectra, each containing 2.3 million counts,
were collected for each sample at 23 �C and evaluated with PALSFIT
1.54 software using no source correction and one fixed lifetime of 260 ps.
This evaluation method extracts lifetime and intensity values from the
spectra with a model function consisting of a sum of decaying exponen-
tials convoluted with the resolution function of the lifetime spectrometer
plus a constant background. All spectra were evaluated using three
lifetimes. Trials to fit the spectra with four lifetimes were unsuccessful.
The PALSmeasurements were all performed within 4�8 weeks after the
preparation of the samples.

3. THEORETICAL BACKGROUND: FORMATION OF TIO2

IN ELECTROSPUN PMMA FIBERS VIA AN IN-SITU
SOL�GEL METHOD

Sol�gel processing provides for excellent chemical homoge-
neity and the possibility of deriving unique metastable structures
at low reaction temperatures. It involves the hydrolysis and
condensation reactions of molecular precursors such as metal
alkoxides or metal salts as shown in the following:

hydrolysis:

Ti�OR þH2O f Ti�OHþ R�OH

condensation :

Ti�OHþ Ti�OR f Ti�O�Tiþ R�OH

Ti�OHþ Ti�OH f Ti�O�TiþH2O

R ¼ organic group

The relative rates of hydrolysis and condensation strongly influ-
ence the structure and properties of the resulting metal oxides.
Factors affecting the sol�gel process include the reactivity ofmetal
alkoxides, pH of the reaction medium, water:alkoxide ratio,
reaction temperature, and nature of solvent and additives.109,110
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By varying these processing parameters, materials with different
microstructure and surface chemistry can be obtained. In the case
of polymer matrices, the final structure of the inorganic network

and morphology of the composite are further influenced by the
relative rates of vitrification and the rate of inorganic network
formation.111,112

In the preparation of nanosized TiO2/PMMA hybrid fibers by
using electrospinning combined with the sol�gel method, the
hydrolysis of TBT in a solvent mixture of TFA and DCM was
accelerated by acid TFA to form a relatively stable titania
precursor solution, in which the condensation reaction would
be intentionally delayed. The structure Ti(OH)6 3 2H2O of the
titania precursor has been verified by FTIR and TGA
measurements,56 in which the hydrolyzed Ti(OH)6 was the
basic unit containing six hydroxyl groups in each unit, which
can be linked by molecular water as hydrogen-bonding interac-
tion. This results in the formation of the inorganic precursor
network, as illustrated in Figure 1. After incorporating the
inorganic precursor solution into the PMMA solution, followed
by fast electrospinning to produce the stable titania precursor/
PMMA fibers, the condensation of prehydrolyzed precursor
could be retarded by the fast evaporation of solvent in this
process. In addition, the homogeneous dispersion of the pre-
cursor in the composite fibers has been facilitated due to the rapid
vitrification of PMMA in the electrospinning process. Impor-
tantly, the interaction between the hydroxyl groups in TiO2

precursor and carbonyl groups in PMMA matrix by forming the
strong hydrogen bonds contributes to the stability of precursor in
the polymer fiber matrices as proved by FTIR analysis.56 Subse-
quently, the mild hydrothermal treatment in the temperature
range from 70 to 100 �C induces the in-situ formation of TiO2

nanoparticles, in which condensation of the precursor initiates a
loss of a large amount of hydroxyl groups. It is worth noting that
the one-dimensional fiber structure of the polymer provides a
practical tool for inducing the homogeneous formation of TiO2

nanoparticles with a mean diameter of 5 nm in the PMMAmatrix
during the postsynthesis treatment in hot water. Themild neutral
hydrothermal treatment below the glass transition temperature
(Tg) of PMMA prevented the decomposition of the polymer
matrix. Furthermore, the phase separation of organic and inor-
ganic constituents has been restrained through the hydrogen-
bonding interaction between residual hydroxyl groups on the
surface of in-situ-grown titania and carbonyl groups in PMMA.

4. RESULTS AND DISCUSSION

4.1. Free Volume Properties of PMMA Hybrids Filled with
P25 Particles.Figure 2 shows the o-Ps lifetime in P25 filled PMMA
composites as a function of filler content, which were prepared by
means of the extruding, blending, and electrospinning of P25/
PMMAmixtures. Themean o-Ps lifetime in PMMA is about 1.88 ns
and does not show any significant dependence on filler content

Table 1. Composition and Properties of the Prepared
Materials

sample

TH
a

(�C)
C�OH

b

(wt %)

CTiO2
b

(wt %)

τ3
(ns)

I3
(%)

Tg

(�C)

PM0F 0 0 1.87 25.0 109.2

PM8F 13.6 0 1.84 15.0 118.2

PM15F 17.8 0 1.77 10.4 120.1

PM20F 22.3 0 1.68 9.3 123.6

PM25F 25.2 0 1.65 7.7 127.3

PM30F 27.0 0 1.55 6.3 135.1

PM0-70F 70 0 0 1.90 25.0 109.2

PM8-70F 70 3.1 3.4 1.85 17.3 116.5

PM15-70F 70 5.7 4.9 1.83 14.9 117.3

PM20-70F 70 6.4 6.2 1.81 13.6 119.2

PM25-70F 70 6.3 8.8 1.83 12.9 120.0

PM30-70F 70 7.4 9.7 1.79 12.5 120.7

PM0-80F 80 0 0 1.91 25.0 109.1

PM8-80F 80 2.8 2.6 1.88 18.8 114.0

PM15-80F 80 4.0 4.9 1.86 17.1 114.2

PM20-80F 80 4.3 6.1 1.84 16.2 116.4

PM25-80F 80 5.2 7.8 1.83 15.7 116.4

PM30-80F 80 5.7 9.5 1.85 14.8 118.5

PM0-90F 90 0 0 1.91 24.7 110.5

PM8-90F 90 1.9 2.3 1.91 21.2 112.2

PM15-90F 90 2.3 4.5 1.90 20.2 113.7

PM20-90F 90 2.3 6.0 1.89 19.8 114.6

PM25-90F 90 2.7 7.7 1.87 19.0 114.6

PM30-90F 90 2.4 9.6 1.89 18.6 114.8

PM0-100F 100 0 0 1.92 23.0 110.6

PM8-100F 100 0.9 2.4 1.92 22.9 111.9

PM15-100F 100 0.9 4.1 1.91 21.8 112.8

PM20-100F 100 1.8 6.0 1.88 21.5 113.2

PM25-100F 100 2.1 7.5 1.91 20.6 113.3

PM30-100F 100 2.3 9.2 1.89 20.6 113.3

TiO2 precursor 52.0c 39.0c 0

PM2PF 0 2.8 1.88 24.0 110.6

PM4PF 0 4.6 1.88 22.4 109.0

PM6PF 0 6.2 1.87 23.4 109.5

PM8PF 0 8.5 1.88 23.1 111.4

PM10PF 0 9.7 1.87 22.2 110.5

PM0PB 0 0 1.87 25.2 111.2

PM2PB 0 2.1 1.87 24.6 110.0

PM4PB 0 3.1 1.86 24.2 109.7

PM6PB 0 4.0 1.86 24.0 111.2

PM8PB 0 5.9 1.86 23.6 111.0

PM10PB 0 7.1 1.86 23.3 112.0

PM0PEB 0 0 1.88 25.2 109.2

PM2PEB 0 2.6 1.88 24.9 109.0

PM4PEB 0 4.5 1.87 24.6 109.7
aTemperature of hydrothermal treatment. bContents from TGA re-
sults. cExperimental content on the assumption that the precursor has
fully reacted under TGA scan in nitrogen.

Figure 1. Structure of hydrolyzed titania precursor of Ti(OH)6 3 2H2O.
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within the accuracy of the experiment for all samples prepared by the
differentmixingmethods.Meanwhile, no o-Ps lifetimewas observed
in pure P25 nanoparticles, which shows that inorganic particles
would not contribute to the o-Ps lifetime in the PALS spectrum.
These results are ascribed to the absence of a functional interface
between P25 particles and the polymermatrix. As shown in Table 1,
the P25 particles have a negligible number of surface hydroxyl
groups available for interaction, which does not lead to any
observable change in free volume cavity size of the PMMA matrix.
Additionally, the glass transition temperatures (Tg) of the com-

posites were investigated byDSC. Figure 3 shows the glass transition

temperatures (Tg) of P25 filled composites as a function of filler
content. TheTg’s of the nanosized P25 filled PMMA composites are
independent of filler loading for all three processing procedures.
Figure 4 displays the o-Ps intensities in PMMA/P25 compo-

sites corresponding to the formation probability of o-Ps in the
free volume cavities of the samples prepared by using the
extruding, blending, and electrospinning methods. For the dif-
ferent preparation methods, the pressed PMMA fibers have
about 1% lower intensity values of I3 in comparison to the
blended and extruded samples. The reason may be that there is
still a minor content of larger empty voids in the pressed fiber
samples which reduce slightly the amount of matrix material
accessible for the positrons. By mixing of P25 nanoparticles to
PMMA, the measured decrease of the o-Ps intensity with
increasing content of nanosized P25 is clearly observed. This
behavior of I3 is in accordance with eq 2a. A linear relationship
exists between the weight fraction of the constituents and the
total o-Ps, p-Ps, and free positron intensity for conventional
polymer composites with micrometer-sized filler particles and
polymer blends with micrometer-sized grains,107,108 where c, p,
and m indicate composite, particle, and matrix, respectively.

I3c ¼ wpI3p þ ð1� wpÞI3m ð2aÞ
In this study, we simultaneously investigated the o-Ps formation in
pure P25 nanoparticles at 100% filler content. No long o-Ps
lifetime was detectable. As a result, the linear relationship between
the weight fraction of the constituents and the o-Ps intensity in
P25 filled PMMA composites can be represented by eq 2b

I3 ¼ I03ð1� wpÞ ð2bÞ
4.2. Free VolumeProperties of TiO2 Precursor/PMMANano-

composite Fibers. Figure 5 shows the o-Ps lifetime in TiO2

precursor/PMMA composite fibers as a function of hydroxyl group
content. The o-Ps lifetime reduces with increasing the �OH

Figure 2. o-Ps lifetime in P25/PMMA nanohybrids at 23 �C as a
function of P25 content: (a) extruded discs, (b) blended discs, and (c)
pressed electrospun fibers.

Figure 3. Glass transition temperature in P25/PMMA nanohybrids
as a function of P25 content measured by DSC: (a) extruded discs,
(b) blended discs, and (c) pressed electrospun fibers.

Figure 4. Intensities of o-Ps formation in P25/PMMA nanohybrids at
23 �C as a function of P25 content: (a) extruded discs, (b) blended discs,
and (c) pressed electrospun fibers. Dotted lines represent the predic-
tions according to eq 2b based on the experimental annihiliation data of
PMMA and P25.
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content from 1.87 ns in pure PMMA fibers to 1.55 ns in PM30F, in
which the hydroxyl group content increased to about 27.0 wt % as
shown in Table 1. This observation indicates that the o-Ps lifetime
and free volume cavity size are strongly dependent on the weight
fraction of hydroxyl groups in the titania precursor/PMMA
nanocomposite fibers. The decrease in free volume can be ex-
plained by the interfacial interaction between the constituents.
Previous research has established the existence of strong hydrogen-
bonding interactions between the hydroxyl groups in Ti-
(OH)6 3 2H2O precursor and the carbonyl groups in PMMA
chains.56 Moreover, the effect of interfacial interaction was
strengthened by the increasing amount of hydroxyl groups in
precursor/PMMA composite fibers. This increased interaction,
unlike the P25/PMMA composites, reduces the mobility of the
polymer segments. A similar decrease in o-Ps lifetime can be
observed by hydrogen bonding in the amorphous phase of poly-
amides as a function of amide content.78

Such diminished free volume size originated from the
molecular interaction between inorganic moiety and the poly-
mer matrix molecules can be expected to strongly affect the
physical properties of the resulting composites. It is therefore,
also from an application point of view, of great interest to
investigate the thermal properties of the titania precursor/
PMMA composite fibers.
Figure 6 shows the relation between the glass transition

temperatures in titania precursor/PMMA composite fibers and
the o-Ps lifetime in precursor filled and unfilled fibers, respec-
tively. The pure PMMA fibers exhibit a Tg value around 109 �C.
Significantly, all the precursor composite fibers show an in-
creased Tg compared to pure PMMA, from 118.2 �C in PM8F
to 135.1 �C in PM30F. It confirms the existence of strong
molecular interactions between the precursor and PMMA which
affects both Tg and o-Ps lifetime.
Figure 7 shows the o-Ps intensity in titania precursor/PMMA

composite fibers as a function of hydroxyl group content. The I3
value of pure PMMA fibers is close to 25.0%, but the o-Ps yield
decreases dramatically with increasing amount of hydroxyl groups
in the precursor/PMMA composites. o-Ps formation was addi-
tionally not found in the pure precursor indicated as a 100% filler
content as shown in Table 1. The large negative change in I3 shows
that the o-Ps yield is strongly dependent on the hydroxyl group
content, which appears to inhibit Ps formation. From what is

known earlier, a marked reduction in the o-Ps intensity would be
expected owing to the stronger inhibiting effects caused by the
presence of a larger number of high electron affinity groups as an
electron acceptor, like nitro and halogen, which can reduce
electron availability and positronium yield.71,108,113 Herein, the
hydroxyl group acts as electron scavenger, whereas PMMA has a
much lower probability of recombining with free electrons, which
can be demonstrated by the high o-Ps intensity (∼25.0%) in pure
PMMA. This means that Ps formation is strongly inhibited in the
parts of the spur where�OH is situated, whereas the Ps formation
probability is much higher in the PMMA-rich parts of the spur.
The o-Ps formation probability will then obviously depend on the
concentration of the electron-scavenging groups, which in this case
are represented by the concentration of hydroxyl groups. An
equation describing the decrease in I3 with increasing �OH
concentration is proposed here as follows:

I3 ¼ I03
1þ A
1þ C

� A

� �
ð3Þ

where C is the concentration of scavenger hydroxyl group in units
of weight concentration, I3

0 is the o-Ps yield at C = 0, and A is a
constant related to the inhibition efficiency of hydroxyl groups.
The best-fit values of I3

0 andA aswell as the lowest concentration of
hydroxyl group inducing zero o-Ps formation, given as 1/A, are
listed in Table 2. It is seen that the hydroxyl groups completely
inhibit Ps formation when its concentration attains 39.8 wt % in
the precursor/PMMA nanocomposites.
4.3. Free Volume Properties of in-Situ Grown TiO2/PMMA

Hybrid Fibers.Figure 8 shows the o-Ps lifetimes of in-situ-grown
TiO2/PMMA nanohybrid fibers as a function of treatment
temperature in water. The pure PMMA fibers exhibit a slightly
increased o-Ps lifetime with increasing treatment temperature
from 70 to 100 �C. Figure 8 shows strong effects dependent on
the treatment temperature, for example, a large increase of o-Ps
lifetime was observed in PM30-70F to 1.79 ns, compared to 1.55
ns in the untreated PM30F as shown in Table 1. Subsequently,
with increasing the hydrothermal treatment temperature, the
lifetime of o-Ps increases significantly and systematically from
1.79 ns in PM30-70F to 1.89 ns in PM30-100F, which is 0.03 ns
shorter than PM0-100F and close to the original lifetime of
unfilled PMMA treated at 100 �C hot water. The similar
tendency was observed in other precursor/PMMA fibers samples

Figure 5. o-Ps lifetime in titania precursor/PMMA composite fibers at
23 �C as a function of hydroxyl group content.

Figure 6. Relation between the glass transition temperature of titania
precursor/PMMA composite fibers and the o-Ps lifetime.
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as well, which were all treated in hot water in the range
70�100 �C. These results illustrate that the treatment tempera-
ture has an influence on the free volume cavity size of the PMMA
in the composites. In addition, Figure 9 shows the residual
hydroxyl group content as a function of treatment temperature.
For every series of samples, a decrease of the amount of
unreacted hydroxyl groups was observed with increasing the
treatment temperature from 70 to 100 �C, comparing with the
untreated precursor/PMMA composite fibers. Contrary to
the decrease of o-Ps lifetime in precursor/PMMA fibers due to
the strong interaction of PMMA matrix with the precursor by
forming the hydrogen bonds, a lower probability for interactions
between the unreacted hydroxyl groups on the surface of the
grown TiO2 and PMMAmatrix can be expected as the amount of
�OH decreased in the composite fibers. These findings encou-
rage the further exploration of a correlation between thermal
properties and o-Ps lifetime (free volume cavity size) in TiO2/
PMMA hybrid fibers generated by the in-situ method.
Figure 10 illustrates the dependence of Tg on o-Ps lifetime in

composites with different treating conditions. Interestingly, for
example, the decrease of Tg was observed at 120.7 �C in PM30-
70F compared with 135.1 �C in untreated PM30F; accordingly,
the o-Ps lifetime was increased from 1.55 to 1.79 ns. A significant
decrease after treatment was believed to result from the incre-
ment of free volume in polymer, which makes it easier for the
mobility of polymer segments. Further decrease of Tg was
substantially observed to 113.3 �C in PM30-100F, in which
o-Ps lifetime increased to 1.89 ns. For this particular system,
treating the sample at elevated temperatures for a sufficient
amount of time induces to the recovery of free volume cavity
size in composites and leads to a value of Tg which approaches
the Tg of pure PMMA treated at the same condition. Similar
phenomena were observed for the other samples as well. These

results confirm a strong interaction between the polymer and
titania surfaces by in-situ methods for the samples treated at
lower temperatures, where the concentration of residual hydro-
xyl groups acting as physical cross-links is higher than that treated
at higher temperatures.
Figure 11 shows the intensity of o-Ps formation in TiO2/

PMMA nanohybrid fibers as a function of treatment tempera-
ture. Interestingly, for example, I3 was increased from 6.3% in
PM30F to 12.5% in PM30-70F. The significant and linear
increment was observed as increasing the treatment temperature
from 70 to 100 �C. Similarly, a consecutive increment of I3 was
observed for other series of samples, which were treated at the
elevated temperature as well. It is interesting to note that, in the
samples treated in hot water at 100 �C for 24 h, the intensity of
o-Ps formation in the nanohybrid fibers with different weight
fraction of in-situ-generated TiO2 was very close to the I3 value in
PMMA filled with inorganic TiO2 calculated by using eq 2b. For
the in-situ generation, it means the full conversion of precursor
into the TiO2 is independent of the amount of precursor present
under hydrothermal treatment, which can be assumed to be
reached at the maximum treatment temperature Tmax, equal or

Figure 7. Intensities of o-Ps formation in titania precursor/PMMA
composite fibers 23 �C as a function of hydroxyl group content. Solid
line represents the best fit of eq 3 to experimental data.

Table 2. Best-Fit Values of I3
0 and A in eq 2b and the Lowest

Value of C When I3 = 0

sample I3
0 (%) A C0 (wt %)

precursor/PMMA fibers 24.9 1/0.398 39.8

in-situ-formed TiO2/PMMA fibers 24.0 1/0.157 15.7

Figure 8. o-Ps lifetime in TiO2/PMMA hybrid fibers at room at 23 �C
as a function of treatment temperature.

Figure 9. Content of unreacted hydroxyl groups in in-situ-grownTiO2/
PMMA hybrid fibers as a function of treatment temperature measured
by TGA.
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close to the glass transition temperature (Tg) of PMMA. On the
basis of above analysis, a linear relationship between the intensity
of o-Ps formation and the treatment temperature could be fitted
as follows:

I3c ¼ I03ð1� wp,TmaxÞ½1� ðTmax � TÞ=ðTmax � T0Þ� ð4Þ
I3
0 is the o-Ps yield in pure PMMA, wp,Tmax is the weight content
of inorganic fillers under the full conversion at the treatment
temperature Tmax, Tmax is the maximum treatment temperature
where all precursor is transferred into TiO2 without the un-
reacted �OH, and T0 is a fictive temperature, where I3 is zero.
Equation 4 is valid only for intensity > I3 at Tc. I3 at Tc is a
function of �OH concentration in precursor/PMMA compo-
sites as described in eq 3, where Tc is a critical temperature, only
above which the condensation of precursor could start. The best-
fit values of wp,Tmax, T0, and Tc are listed in Table 3.
It has been shown that the treatment temperature can

influence the dehydration of hydroxyl groups of the precursor,
considering that the inorganic fillers have a negative linear
influence on I3 in composites and that the effect of hydroxyl

groups on I3 has been observed in the precursor composites as
well. It is of interest to investigate the effects of in-situ-grown
TiO2 and residual hydroxyl groups on the I3 in the in-situ-
generated TiO2/PMMA nanohybrids. Figure 12a displays the
experimental o-Ps intensity and theoretical intensity estimated
with eq 2b for in-situ-generated TiO2/PMMA fibers as a function
of nanosized titania content. In the case of nanosized titania
generation in PMMA, I3 decreased with increasing TiO2 content
at the same treatment conditions but does not follow the linear
weight averaging relationship (eq 2b). A negative deviation
between the experimental o-Ps intensity and the theoretical

Figure 10. Relation between the glass transition temperature of in-situ-
grown TiO2/PMMA hybrid fibers and the o-Ps lifetime before and after
the different temperature treatments.

Figure 11. Intensities of o-Ps formation in in-situ-grown TiO2/PMMA
hybrid fibers at 23 �C as a function of treatment temperature. Solid lines
represent the predictions according to eq 4.

Table 3. Best-Fit Values of wp,Tmax, T0 and Tc in eq 3

sample wp,Tmax (wt %) T0 (�C) Tc (�C)

PM8F 1.48 �28.03 57.95

PM15F 2.76 4.84 51.52

PM20F 4.48 8.63 50.21

PM25F 7.00 16.59 47.93

PM30F 8.24 19.51 45.98

Figure 12. Intensities of o-Ps formation in TiO2/PMMA nanohybrid
fibers at room temperature as a function of in-situ-formed TiO2 content
(a) and as a function of unreacted hydroxyl group content (b). Symbols
represent experimental data, solid lines represent the predictions
according to eq 2b (a) and eq 3 (b), and dotted lines represent the
isothermal lines of treatment temperature.
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o-Ps intensity is present, although the experimental lines were
gradually close to the theoretical prediction with increasing the
treatment temperature. It appears that the o-Ps formation in the
polymer is extensively decreased when nanosized titania is
formed by means of the in-situ method, in comparison with
PMMA filled with P25 nanospheres. It has been shown that the
unreacted hydroxyl groups remain on the surface of the in-situ-
formed TiO2. Moreover, the truth verified that the inhibition
effect of hydroxyl groups on the formation probability of o-Ps in
polymer. On the basis of above analysis, it is possible that the
deviation of I3 is caused by the presence of residual hydroxyl
groups in nanohybrid fibers.
The experimental o-Ps intensity for hybrid fibers as a function

of residual hydroxyl group content is shown in Figure 12b. It can
be observed that the I3 values of all the hybrid fibers containing
unreacted hydroxyl groups are clearly lower than that of pure
PMMA fibers. The effect of hydroxyl groups could be explained
by using the similar mechanism as in precursor/PMMA compo-
site fibers. In addition to the conventional linear reduction of
intensity by inorganic fillers as has been reported, the residual
hydroxyl groups in the composite fibers remain as electron
scavenger to inhibit the formation of o-Ps as illustrated in the
precursor/PMMA fibers. The measured o-Ps intensity with
increasing content of unreacted hydroxyl groups was reduced
and can be fitted to a linear relationship represented by eq 3,
which had been observed in PMMA nanocomposite fibers
containing the precursor Ti(OH)6 3 2H2O. Herein, the best-fit
values of I3

0 and A are listed in Table 2. It is found that the I3
0 of

24.0% in in-situ TiO2/PMMA fibers is slightly lower than the I3
0

with 24.9% in the precursor composite fibers. This result can be
explained by the in-situ-formed TiO2 effect on the composites, in
which I3

0 is actually the intensity of o-Ps in PMMA hybrids filled
with in-situ TiO2 nanoparticles with the content in the range
from 0 to 10 wt % under the situation of the full conversion of
precursor without unreacted �OH. Meanwhile, it is also clear
that the value of A in in-situ TiO2/PMMA nanohybrids is higher
than its value in precursor/PMMA nanocomposites. As men-
tioned earlier, A represents the inhibition efficiency of hydroxyl
groups on the Ps formation. This result shows a stronger
inhibition effect of �OH in in-situ TiO2/PMMA nanohybrids
than in precursor/PMMA nanocomposites. For the TiO2/
PMMA hybrid fibers prepared by the in-situ method, in fact,
the large effect on I3 could be explained by considering that the
unreacted hydroxyl groups were mainly located at the surface of
the in-situ-formed TiO2. This increases the probability of inter-
action of hydroxyl groups with the polymer segments compared
to the hydroxyl groups which are located in the precursor clusters
in precursor/PMMA composite fibers. As a result, the stronger
inhibition effect of �OH in in-situ TiO2/PMMA hybrid fibers
can be found with the same content of hydroxyl groups. This
would explain the value of 15.7 wt % of hydroxyl group content,
which induced zero o-Ps yield in in-situ TiO2/PMMA fibers, is
appreciable lower than the value of 39.8 wt % in the precursor/
PMMA fibers.

5. CONCLUSIONS

The o-Ps lifetime in composites filled with P25 nanoparticles
was constant, whereas a strong decrease was observed in the titania
precursor/PMMA composite fibers, in which a large amount of
hydroxyl groups present in titania precursor could form strong
hydrogen-bonding interaction with the carbonyl groups in the

PMMA matrix, leading to shorter intersegmental distances be-
tween the polymer chains. DSC results showed a substantial
increase of glass transition temperature when the titania precursor
was added.

A linear dependence of I3 with inorganic filler content was
observed for P25 filled nanocomposites. For the titania precur-
sor/PMMA composites, the o-Ps intensity I3 exhibits a signifi-
cant linear decrease with increasing hydroxyl group content,
which is interpreted as a strong inhibition effect of the hydroxyl
groups on the o-Ps formation. This effect is probably related to
electron or positron scavenging in the positron spur.

However, the situation is changed after hydrothermal treat-
ment for 24 h, which facilitates the formation of TiO2. TGA
results showed a decreased hydroxyl group content as the
treatment temperature increased, and a reduced interaction
between inorganic and organic segments, thus resulting in an
increase of o-Ps lifetime, o-Ps intensity, and a decrease in glass
transition temperature. A linear relationship between I3 and
treatment temperature below Tg was also observed.

The reduction of o-Ps intensity due to the formation of TiO2,
however, in the case of the nanosized TiO2 particles/PMMA
hybrid fibers, does not follow a linear relationship with filler
content, which was observed for the P25 fillers. It can be
explained by the presence of unreacted hydroxyl groups in
TiO2/PMMA hybrid fibers. Moreover, since the residual hydro-
xyl groups were mainly located at the surface of the formed TiO2,
it can more easier interact with the polymer matrix, as electron
scavenger, inducing to the higher inhibition efficiency on the o-Ps
formation compared to the hydroxyl groups in titania precursor/
PMMA fibers.
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