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A positron-annihilation lifetime technique was applied to four kinds of epoxy resin (cresol novolac, tris- 
hydroxy-phenyl-methane (THPM), tetra-methyl-biphenol and bis-phenol A) in order to study the relation 
between the intermolecular-space holes and water absorption. The sizes of the holes were measured, based 
on the life-time (T3) of the ortho-positronium. Since THPM has a larger T3 value (hence, a larger 
intermolecular-space hole) and absorption rate than that of the other samples, a correlation between T3 and 
the absorption rate has been shown to be evident. Assuming a very simplified model, the shapes of the holes 
for the smallest unit cell were calculated using a computer code of molecular dynamics; the shape for THPM 
was found to be different from those of the other three samples. Copyright © 1996 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

In order to develop new polymers, it is necessary to test 
their characteristics. At present there are many standard 
tests, such as mechanical, electrical, chemical and 
thermomechanical analyses, which give macroscopic 
characteristics. For  advanced polymers, since these 
methods are often not sufficient, it is desirable to 
establish a method to investigate the microscopic 
structure of  the polymers. When measurements of the 
free volumes of  polymers are required, there are few 
methods to probe directly using a simple apparatus. One 
is positron annihilation (PA). 

During the last decade, PA has been applied to 
polymers, and has been recognized to be a useful 
technique for investigation of  the free volumes or 
intermolecular-space holes in the order of 
nanometres 1-3. In PA experiments, the radioisotope 
22Na is commonly used as a positron source, from which 
positrons with average energies of  210 keV are emitted. 
These energetic positrons loose their energy in sub- 
stances, through inelastic collisions, and finally annihilate 
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with electrons, while emitting 0.511 MeV gamma rays. In 
polymers, part of the positrons form a positronium (Ps), 
which is a hydrogen-like bound state consisting of a 
positron and an electron having two spin states (ortho-Ps 
(o-Ps) and para-Ps (p-Ps)) with lifetimes of 142 and 
0.125 ns, respectively, in vacuo, o-Ps seeks intermolecular- 
space holes and can remain inside them until it picks up 
electrons (the so-called pick-off annihilation) from the 
walls of the holes. From the PA lifetime spectra, three 
components can be commonly deduced: two short-lifetime 
components (lifetime 7-1, intensity 11) and (7-2, 12), are 
normally assigned to self-annihilation of  p-Ps and free 
positron annihilation, respectively; a longest lifetime 
component (T3, 13) is due to the annihilation of o-Ps. 7- 3 is 
considered to be related to the size of intermolecular- 
space holes, and a clear semi-empirical relationship 
between r3 and the size of holes for Ps localized in 
spherical holes 4 has been used to estimate the volume 
created among polymer chains. 13 is often treated as a 
measure of the number of holes 5. In this work, 7-3 and 13 
have been employed for discussions. 

Novolac epoxy resins have been used in many 
engineering fields, and even in daily life. One of  the 
extensive uses of novolac epoxy resins can be found in 

POLYMER Volume 37 Number 14 1996 3025 



Positron annihilation: T. Suzuki et al. 

integrated circuits (ICs) as encapsulating materials to 
protect circuits from moisture, dust, shock, and other 
external obstructions as well as to secure electrical 
insulation, because they have a large mechanical strength 
and a high glass transition temperature (Tg). Although 
novolac epoxy resins have shown these characteristics, 
the characteristics vary with the combination of resins 
and their curing agents. 

One of the important factors for encapsulation 
materials is the diffusion coefficient of moisture, which 
affects the reliability of long term operation. We have 
shown by PA that this is strongly related to the size and 
structures of the intermolecular-space holes 2. Micro- 
scopic information concerning PAL was compared with 
the macroscopic characteristics, such as TgS, thermal- 
expansion coefficient, mechanical strength and water- 
absorption rate, which were obtained by standard 
methods. 

In this work, the intensities (•3) and lifetimes 0-3) of the 
long-lived component of Ps were obtained for samples 
showing different water absorption. Also, the lifetime 
distributions were calculated for dry and wet samples, 
which were kept in a heat bath and a pressure cooker for 
many months, and compared with the three-dimensional 
hole structures calculated with a code of molecular 
dynamics. A correlation between the lifetimes of the 
long-lived component (i.e. the size of intermolecular- 
space holes) and the water absorption is discussed from 
the point of view of the three-dimensional hole structures. 

EXPERIMENTAL 

The PA experiments were conducted with a conventional 
fast-fast coincidence system with a time resolution of 
0.27 ns full width at half maximum (FWHM). The details 
concerning PA can be found elsewhere 2'6. 

Four kinds of epoxy resins (cresol novolac (CR), tris- 
hydroxyphenylmethane (THPM), tetra-methylbiphenol 
(TMB) and bisphenol-A (BA)) were cured with phenol 
novolac, adding triphenylphosphine. The details con- 
cerning sample preparations have already been 
reported 2. The molecular structures of the major resins 
are presented in Figure 1. 

For measurements of water absorption, three kinds of 
groups of samples with different water absorption were 
prepared: (1) First group: for measuring the relations 
between the absorption and lifetimes and/or intensities 
of o-Ps, the samples were immersed in a water bath, kept 
at about 100°C under 1 atm. The weights were then 
measured after a suitable time: every several tens of 
minutes at the beginning and then every several hours. 
For these samples, PA measurements were conducted. 
The results of the weight increase for four kinds of 
samples are shown in Figure 2. The increase is defined by 
(Mw - Mo)/Mo, where M0 is the original mass and Mw 
is the mass after water absorption. (2) Second group: for 
an analysis of the lifetime distribution, the samples were 
immersed for 5 months in a water bath, kept at nearly 
100°C under 1 atm; absorption rates of 2.8, 2.9, 2.7 and 
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Figure 1 Chemical structures of epoxy resins: CR, cresol novolac; THPM, tris-hydroxyphenylmethane; TMB, tetra-methylbiphenol; BA, bisphenol-A; 
PH, phenol novolac 
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Figure 2 Water absorption v e r s u s  time 

2.2% for CR, THPM, TMB, and BA, respectively, were 
obtained. (3) Third group: in order to force moisture into 
samples for measuring the lifetime distribution, the 
different samples were treated in a pressure cooker at 
150°C under ca. 3 atm to increase the water absorption; 
absorption rates of 4.0, 4.4, 3.2 and 2.6% for CR, 
THPM, TMB, and BA, respectively, were obtained. 

PA data for the first group were collected for 1 h to 
obtain about two million events for analysing the PAL 
spectra. For the second and the third groups, PA data 
were collected for 6-7 h to obtain more than ten million 
events, which was necessary to calculate the lifetime 
distributions. The PAL spectra were analysed by 
POSITRONFIT 7, and lifetime distributions were 
obtained by CONTIN s. 

RESULTS AND DISCUSSION 

Water absorption 
The water absorption rate is defined by the weight 

increase versus time. The results of the weight increase 
due to the water absorption after 1 h are as follows 
(Figure 2): 0.47, 0.88, 0.46, and 0.45% for CR, THPM, 
TMB and BA, respectively. These results indicate that 
three samples (CR, TMB and BA) show almost similar 
absorption rates, while THPM absorbs water twice as 
fast as others. 

Figure 2 suggests that the beginning water is absorbed 
at a rapid rate, and is then absorbed slowly, resulting in a 
very slow absorption rate after 1 day. It is useful to 
calculate the diffusion constant (D) for the case of 
Figure 2. The diffusion constants based on the weight 
increase are calculated from the diffusion equation 
dC/dt = D.d2C/dX 2, using the simple model with 
boundary conditions Cx=0 = Cx=L = Co, where L is 
the thickness of samples and Co is the water concentra- 
tion at both surfaces of the samplesg: 

D = (L/Tr) 2. {ln(8/Tr 2) - ln(1 - Q(t)/Qo)}/t 

where Q0 is the saturation value of the weight increase 
and Q(t) is the weight increase at time t. Applying this 
equation to Figure 2, the time dependence of D is shown 
as Figure 3, which implies that, in the short period, D has 
large values and, after 300rain, D becomes almost 
constant. This may suggest that at the beginning water 
is absorbed quickly in the surface region and places 

where water can easily reach, and then slowly penetrates 
into difficult places for the access of water molecules. 

The water absorption is affected by both the tempera- 
ture and the pressure of the heat bath. The total water 
absorption of the first and second groups immersed in 
the heat bath at nearly 100°C under 1 atm reaches almost 
the same order after 10 days (Figure 2), and even after 5 
months. The water absorbed in samples is considered to 
be attached to hydrophilic radicals. Hence, the result that 
the water absorption was almost similar at 100°C under 
1 atm suggests that the four kinds of epoxy samples used 
in this experiment have almost the same number of 
hydrophilic radicals, such as hydroxyl groups, ether, and 
epoxy groups. However, samples kept in a pressure 
cooker achieved a larger water absorption for CR and 
THPM than for TM and BA. This difference may be due 
to the treatment temperature (150°C). Since Tgs for CR, 
THPM, TMB, and BA measured by a thermomechanical 
analysis (t.m.a.) were 192, 204, 139 and 140°C, 
respectively 2, Tgs for CR and THPM are higher than 
the treatment temperature, while Tgs for TMB and BA 
are lower than the treatment temperature. 

Water absorption and positron-annihilation results of I3 
and "0 
The relationship between the weight increase and/3 (%) 
is shown in Figure 4 (Figure 5): 13 and % were deduced 
from lifetime spectra using POSITRONFIT, in which 
three-component fitting was employed. % obtained in the 
analysis is considered to be a mean lifetime. 
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The decrease in/3 can be seen for all the samples, as 
shown in Figure 4. The decrementation rate of TH P M is 
smaller than of the other three samples. 13 in dry samples 
can be presented in the following order: THPM (19.1%) 
< CR (21.4%) < TMB (22.9%) < BA (23.7%)(Figure 4). 
This order can be explained as follows: THPM and CR 
have different polymer structures from TMB and BA and 
the former epoxy group has a higher density of epoxy 
groups than the latter group, resulting in a higher density 
of crosslinkings after curing; comparing THPM with 
CR, THPM is expected to have a higher density of epoxy 
groups (i.e. higher density of crosslinkings) than that of 
CR; similarly, TMB has a higher density than does BA; 
hence, the density of crosslinkings is expected to be in the 
following order, THPM > CR > TMB > BA. Thus, it 
can be pointed out that there is a clear relation between 
the order of 13 and the crosslinking density: the larger is 
the density of crosslinkings, the smaller is the 13 obtained. 

Figure 5 shows that THPM has a larger T 3 value (i.e. 
larger intermolecular-space holes) than do the other 
three samples. Hence, it seems that there is a correlation 
between ~ and the absorption rate. 
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Figure 6 Distribution of r3 in CR for dry and wet samples. The wet 
sample of 2.8% (4.0%) was prepared after immersing it in a water bath 
(a pressure cooker) for about 4 months 
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Figure 7 Distribution of ~ in THPM for dry and wet samples. The wet 
sample was prepared in the same way as CR in the caption of Figure 6 

Lifetime distribution and water absorption 
In an analysis of the lifetime spectra using POSITRON- 
FIT, the number of lifetime components must be given as 
input data. On the other hand, using the computer code 
CONTIN,  the lifetime spectra can be resolved into a 
smooth solution without knowing the number of lifetime 
components. The distribution of the lifetimes of the long- 
lived component is thought to be a hole size distribution, 
and offers additional useful information concerning 
intermolecular-space holes in polymers. 

CONTIN was applied to the lifetime spectra for four 
kinds of novolac epoxy resins with and without water 
absorption. Normally, to obtain the proper lifetime 
resolution more than 107 counts are required; for a 
spectrum with many components and closely spaced 
peaks, more than ( 3 - 4 ) x  |07 counts are required l°. 
In our spectra, about 1.5 x 107 events were collected. 

From an analysis using CONTIN,  three distributions 
were obtained, which correspond to three lifetime 
components obtained by POSITRONFIT.  Figure 6 
shows only the distribution of the long-lifetime compo- 
nent for one dry and two wet samples of CR; the area of 

the distribution is proportional to 13 and the distribution 
shows the spread of ~3, which is considered to be the 
distribution of the hole size created inside the samples. 
The dry sample was prepared in a vacuum oven kept at 
nearly 100°C for 4 months. 

Figure 6 indicates that the shift of the peak position is 
very small for three samples with different water 
absorption and that the area of the peaks is reduced 
with increasing water absorption, i,e. the decrease in ~-3 is 
very small and I3 changes with the absorption. Similar 
results of CONTIN were also obtained for TMB and BA. 

CONTIN results for THPM (Figure 7) show that the 
peak positions of the lifetime distribution shifted by 
about 0.1 ns after water absorption, while the area of a 
dry sample and a sample with 2.9% water absorption are 
quite similar. This indicates that, although T3 decreases, 
the change in 13 is very small, even after water 
absorption. This result is consistent with the POSI- 
TRO N F IT  results, as shown in Figure 4. For samples 
which experienced enforced water absorption, the area 
decreased while keeping the peak position. 
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Simplified model calculation of holes and r 3 
There are two distinct differences between THPM and 
the other three resins. (1) The result that 7- 3 of THPM is 
larger than that of the other samples (Figure 5) indicates 
that there are large intermolecular-space holes in the 
polymer structure of THPM. (2) The shift in the lifetime 
distribution of wet samples towards shorter lifetimes for 
THPM suggests a decrease in the average hole sizes as a 
result of the water absorption (Figure 7). On the other 
hand the shifts for CR, TMB and BA were very small, i.e. 
no change in the average hole size was observed. 

Since THPM and CR have similar chemical structure, 
these differences for THPM and CR are considered to be 
due to the molecular structure, itself: THPM has a large 
molecule tertiary butyl (tBu) as its component, and a 
short distance between aromatic rings, which are 
considered to hinder the motion of the molecular 
structures; CR has -CH2- groups between aromatic 
rings, which allows rotation of the structures. It currently 
seems quite impossible to analyse the polymer structures 
of the three-dimensional networks of epoxy resins in a 
real system by any calculation methods; hence, the 
difference in the hole structures between THPM and CR 
is hard to calculate for a real system. However, assuming 
the simple unit to constitute one ring under the condition 
of no effect from the surrounding molecular structures, 
several computer codes of the molecular-dynamics 
method are available to calculate the ring structure 
with minimum energies. Even though the ring structure 
may be different from the real structures created in epoxy 
resins, the calculated structures for a simple unit may be 
helpful in discussions of how the molecular structures 
affect the hole structure. 

In order to investigate the ring structures, a program 
(CSC-Chem3D) 11 was applied for THPM (Figure 8), CR 
(Figure 9) and TMB at 0 K. The results show that the 
hole is elliptical in shape for THPM and CR, and that 
THPM has a much longer shape than does CR; the short 
distance in the holes for the two samples is about 0.6 nm 
and the long distances for THPM and CR are about 1.8 
and 1.0nm, respectively. This calculation was also 
applied to TMB; the shape was shown to be much 

O H 

0 0.5nrn 
~ 0  q i 

Figure 8 Three-dimensional hole structure for THPM obtained for a 
unit cell at 0 K 

Figure 9 Three-dimensional hole structure for CR obtained for a unit 
cell at 0 K 

closer to a circle. Since TMB and BA have similar 
structures concerning epoxy groups, the hole structure of 
BA is expected to be the same as that of TMB. 

T3 is related to the volume of the intermolecular-space 
holes in which Pss are trapped. Assuming that the holes 
are spheres, the relationship between 73 and the radius 
(R) is described as 4'12'13 

T3 = 0.5 × {1 -- R/Ro + 1/(270 × sin(27r × R/Ro)} I 

where an electron layer has a thickness (AR) of 0.166 nm 
and the radius of the finite spherical potential (R0) is 
R + A R .  

The lifetimes obtained from POSITRONFIT for dry 
samples of THPM and CR are 2.024 and 1.739 ns, which 
correspond to 0.58 and 0.52 nm in diameter, respectively. 
From Figures 8 and 9, the short distance in the holes for 
the two samples is about 0.6 nm and the long distances 
for THPM and CR are about 1.8nm and 1.0nm, 
respectively. There should be many types of holes created 
among polymer networks. If Ps is trapped in a hole like 
the unit structures, it is expected to annihilate within a 
short distance through pick-off annihilation. It has been 
shown that the mean hole size obtained by PA is roughly 
in accordance with the short distance of the calculated 
hole structure. 

The main difference between THPM and CR is in the 
molecular structures; the other factors, like the chemical 
elements, are almost the same. Hence, if any difference is 
observed in PA, the molecular structures are considered 
to be the cause. The main differences observed in PA 
between THPM and CR are as follows. (1) A shift in the 
~-3 distribution to a shorter lifetime (Figure 7) is observed 
only for THPM after absorbing water. (2) Although I 3 
for THPM does not change much, even after absorbing 
water (Figure 4) under 1 atm, it decreases for CR by 
absorbing water. Hence, it is suggested that THPM has 
holes with a longer shape and, even after water 
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absorption in one side of the hole, there is still enough 
space for PS in the other side of the hole. 

In the case of THPM, the former result has suggested 
that the hole size became smaller after water absorption, 
and the latter that there was no clear reduction in the 
number of holes. In the case of CR (also TMB and BA), 
once water molecules were absorbed, the number of 
holes for Ps decreased, and no change in the hole size was 
observed. These results may indicate the following: once 
water molecules occupy the holes of CR (also TMB and 
BA) there is not enough space for Ps, resulting in a 
reduction of/.3; for THPM, even water molecules occupy 
the holes, although there is still enough space left for Ps 
(which is connected with the small change in/3), the size 
becomes smaller (which is reflected in the shift of ~3). 

CONCLUSIONS 

A PA lifetime technique has been applied to study water 
absorption in novolac epoxy resins, and has been proven 
to be a useful method. It has been shown that intensities 
(•3) of the long-lived component of o-Ps are related to the 
density of the crosslinkings of novolac epoxy resins: 
the larger is the density, the smaller is 13 obtained. The 
lifetimes (~), i.e. intermolecular hole size, are related to 
the absorption rate: the larger is the hole, the larger is the 
absorption rate obtained. 

A shift in the lifetime distribution after water 
absorption was observed only for THPM. The shift 
indicates a decrease in the hole size, suggesting that, even 
when water molecules occupy the holes created in 
THPM, there is still enough space for Ps, resulting in a 
reduction of ~ and in little change in 13. On the other 
hand, for CR, TMB and BA, once water molecules 
occupy the holes, there is not enough space left for Ps, 
resulting in a decrease in 13 and in little change in T 3. A 
molecular-dynamics code was applied to the simplified 
model; the result suggests that THPM may have longer 

hole structures, due to its molecular structures, than 
those of CR, TMB and BA. 
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