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ABSTRACT: The effect of cross-linking on the free-volume properties of poly(diethylene glycol bis(allyl
carbonate)) networks was studied using a series of networks with progressively decreasing density of
cross-links. The networks were prepared by bulk copolymerization of ethylene glycol bis(allyl carbonate)
with an increasing amount of allyl ethoxyethyl carbonate. The mean free-volume hole radius (r) and the
hole volume (v) as well as the hole radius and hole volume density distributions were estimated from
positron lifetime measurements. It was found that with increasing concentration of monoallyl comonomer,
the mean hole size increases from r = 0.250 nm (v = 0.066 nm?) for the pure diallyl component to 0.300
nm (0.114 nm?3) for the 75% concentration of the monoallyl comonomer. Similarly, the hole size
distributions shift to larger values. The local free-volume properties were correlated with the glass
transition temperature and the specific volume. The comparison of the hole volume with the specific
volume allowed us to estimate the number density of holes of ~1 x 10?2 m~2 and a free-volume hole

fraction which increases with the concentration of the monoallyl from 0.066 to 0.113.

Introduction

Recently, Stejny? has studied the relationship be-
tween the change in specific volume and cross-linking
in the networks of the polymer poly(diethylene glycol
bis(allyl carbonate)). He concludes that the observed
change in the specific volume as a function of the degree
of cross-linking in this system is dominated by a change
in the free volume in these materials. In this paper,
we investigate the free-volume properties of this poly-
mer through positron annihilation lifetime (PAL)
spectroscopy?~* with a view to understanding the nature
and distribution of local free volumes and its correlation
with the degree of cross-linking. In recent years, PAL
has been extensively utilized in the studies of free-
volume characteristics in polymers.>~ Here, we esti-
mate the mean size and the size distribution of free-
volume holes via analysis of positron lifetime spectra
and discuss them in conjunction with previously pub-
lished measurements of specific volumes (bulk density)
and the glass transition temperatures on the same
samples.t

Experimental Section

The poly(diethylene glycol bis(allyl carbonate)) networks
with a predetermined density of cross-links were prepared by
bulk copolymerization of diethylene glycol bis(allyl carbonate),
commonly known as CR-39 monomer, with different amounts
of allyl ethoxyethyl carbonate as described by Stejny.! We
investigated these copolymers in a range of composition
containing a concentration fraction (c) between 0 and 75 wt %
of the comomoner allyl ethoxyethyl carbonate, which gave a
network with a corresponding Ty range from 112 °C to below
room temperature.

The positron lifetime experiments were carried out at room
temperature using a fast—fast coincidence system with a time
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resolution of 235 ps (full width at half-maximum, fwhm, of a
Gaussian resolution function) and a channel width of 12.5 ps.
The specimens were platelets of 8 x 8 mm? in area and 1.5
mm in thickness. As a reference material, well-annealed
aluminum platelets of similar dimensions were studied. For
each experiment, two identical samples were sandwiched
around a 5 x 108 Bq positron source (**Na), prepared by
evaporating carrier-free 22NacCl solution on a capton foil of
8 um thickness. Thirty-four measurements, each lasting 1200
s, were performed for each of the specimens and also for the
reference materials. In a preliminary inspection, the time zero
of each 1200-s spectrum was determined. The counts of those
spectra where the time zero did not differ by more than one
channel were summed to a final spectrum which contained a
total number of ~ 7 x 108 coincidence counts. There was no
evidence of positron irradiation effects on the polymers under
investigation in our experiments.

Results and Discussion

Analysis of the Positron Lifetime Spectra. While
the lifetime of an individual positron may vary between
0 and o, the lifetime spectrum of an ensemble of
positrons annihilating from a solitary state is a single
exponential exp(—t/t). t denotes the mean lifetime of
the positrons, which respond inversely to the electron
density at the positron site. In molecular materials,
such as polymers, a fraction of the injected positrons
form and annihilate from a bound state called a positro-
nium (Ps).2=* The Ps appears either as a para positro-
nium (p-Ps, singlet spin state) or as a ortho positronium
(0-Ps, triplet spin state) with a relative abundance of
1:3. In avacuum, an o-Ps has a relatively long lifetime
of 142 ns. In matter, during collisions with molecules,
the positron of the Ps may annihilate with an electron
other than its bound partner and with opposite spin
(pick-off annihilation). The result is a sharply reduced
0-Ps lifetime depending on the frequency of collisions.
In the presence of a sufficient concentration of small
cavities in the sample, the Ps density is largely confined
within these open volumes and their extent is reflected
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Figure 1. Positron lifetime spectra in pure poly(diethylene
glycol bis(allyl carbonate)) and in the copolymer containing
75% monoallyl comonomer. Shown are the number of an-
nihilation events (N;) in channel i as a function of the time
delay (t) between birth and annihilation of positrons. The
experimental data are displayed after subtraction of the
background and source components. For clarity, the content
of five channels was added to get each data point. Each of the
spectra consists of three components with lifetimes and
intensities 7i/l; of 175 ps/23.1% (component 1), 406 ps/50.2%
(component 2), 1640 ps/26.7% (component 3, ¢ = 0 wt %), and
180 ps/23.0%, 410 ps/56.2%, and 2145 ps/20.7% (c = 75 wt %).

in the o-Ps pick-off lifetimes lying in the nanosecond-
range. Typical positron lifetime spectra for amorphous
polymers consist of three components. Two shorter ones
arise from the annihilation of the p-Ps, of (free) positrons,
and a long-lived component arises from the o-Ps
annihilation.4~11

As an example, the lifetime spectra of two samples
with different degrees of cross-linking are plotted in
Figure 1. It clearly demonstrates that, in addition to
two shorter positron lifetimes, it contains a long-lived
component. For a detailed analysis of the lifetime
spectra, we used the conventional discrete-term analysis
using the routine LIFSPECFIT!? and the Laplace inver-
sion program CONTIN—PALS2,13 which provides a
continuous distribution of lifetimes in given intervals.

In the discrete-term model, the positron lifetime
spectrum is assumed to be represented by a sum of
negative exponentials,2—*

s() = 3 Ail; exp(—0) (1)

where 4; is the annihilation rate in the ith state with a
relative intensity Ii; Y1 = 1. The positron lifetime,
which is usually under discussion, is the inverse of the
annihilation rate, 7 = 1/4;. The analysis involves least-
squares fitting of eq 1 following convolution with the
experimental resolution. During the fitting, the usual
correction procedure for positrons annihilating within
the source and the containing materials is followed (380
ps/4%, NaCl and capton foil; 2500 ps/0.5%, surface
effects). In keeping with visual indications in Figure
1, three lifetime components are resolved in the lifetime
spectra arising from annihilation of p-Ps (71 = 161-182
ps), free positrons (z; = 390—415 ps), and a 73 in the
nanosecond range due to 0-Ps pick-off. Only the longest-
lived component (z3) is sensitive to the physical and
chemical structures within the specimen and shows a
variation in the lifetime value and the component
intensity with changing environment. In the copolymer
containing between ¢ = 0 and 75 wt % monoallyl
comonomer, the o-Ps lifetime z3 increases from 1.640 to
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Figure 2. Positron lifetime intensity distribution I(z) in pure
poly(diethylene glycol bis(allyl carbonate)) (empty symbols)
and in the copolymer containing 75 wt % monoallyl comonomer
(filled symbols).

2.145(0.012) ns, while the relative intensity of this
component, I3, decreases from 26.7% to 20.7% (0.2).

Instead of a sum of discrete exponentials, the CON-
TIN routine assumes a continuous decay form:13

s(t) = [2 ad) exp(—at) dAi = L{Z o)}  (2)

Here, the annihilation decay integral is a Laplace
transformation of 14(4). The fraction of positrons an-
nihilating with rates between A and 1 +dA is a(4) d4 and
Jo(d) dA = 1 (integration from O to »). The program
CONTIN—PALS213 allows the evaluation of the distri-
bution function Aa(4) from the experimental positron
lifetime spectrum via a numerical Laplace inversion
technique. The procedure also includes the deconvolu-
tion of the experimental resolution using a well-
characterized reference spectrum. No assumption with
respect to the shape of distribution a(1) or to the width
and shape of the resolution function has to be made.

The result of the CONTIN analysis of the two lifetime
spectra of Figure 1 (c = 0 and 75 wt %) is plotted in
Figure 2 in the form of the intensity distribution (I(7)
of the positron lifetimes. I(z) relates to a(4) via I(7) =
A2 a(A), A = 1/r. During preliminary assesments, the
intensity distribution was inspected over 90 grid points
over the ranges of 0.01 to 33 ns and of 0.01 to 8 ns. No
lifetime intensity below 0.1 ns and above 3 ns was
observed. In the final analysis, the time interval was
fixed at 0.08 < t < 3.33 ns, within which the solutions
of the numerical Laplace inversion were constrained to
be positive. A second-order regularizer was employed
to penalize deviations from smoothness. The result
displayed in Figure 2 is the solution of eq 2 with a
regularization parameter of 2.4 x 1075 Three well-
separated peaks appear in the lifetime distribution
which are related to the annihilation of p-Ps, free
positrons, and o-Ps identified in the discrete-term
analysis. The first moment and the relative area of the
individual peaks agree within the error limits with the
lifetime parameters 7; and I; obtained from the discrete-
three-term analysis. Both Figures 1 and 2 clearly
indicate that 7; and 7, remain almost unchanged, while
73 increases with increasing concentration of the monoal-
lyl comonomer.

Mean Free-Volume Hole Size and Fractional
Hole Volume. Due to the repulsive-exchange interac-
tion between the electron in the Ps atom and the
electrons of the molecules surrounding the positronium,
Ps population tends to be confined in any available open
spaces. It is a well-established view that in the amor-
phous phase in a polymer, the sites of Ps localization
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Figure 3. Dependence of the mean free-volume hole radius r
(left axis) on the weight concentration c of the monoallyl

comonomer. r was calculated by using eq 3 from the o-Ps
lifetime 73, which is indicated in the right axis of the figure.

are local holes of the free volume.*~1* A simple model
incorporating quantum mechanical and empirical argu-
ments provides an analytic expression relating the hole
(assumed spherical) radius (r) to the observed o-Ps pick-
off lifetime,%—°

T3 = Ty, = 0.5(Ns)[1 —

r 1 . [ 2xnr \]1?
r+6r+ﬂsm(r+ér)] (3)

The premultiplicative factor of 0.5 ns is the spin-
averaged Ps annihilation lifetime which is also observed
in densely packed molecular crystals.® dr represents the
extent of the penetration of the Ps wave function into
the walls of the hole which is modeled by a square well
potential of infinite depth and radius r. A widely used
value of 6r = 0.166 nm is obtained by fitting eq 3 to the
observed o-Ps lifetime of the known mean hole radii in
porous materials.”® Equation 3 allows the evaluation
of either an average hole radius via a single 73 obtained
from discrete-term analysis or, under the right condi-
tions, a distribution of hole radii via a distribution of 73
given by the Laplace inversion technique.

In Figure 3, we present 73 (right-hand scale) for the
copolymers as a function of the weight concentration of
the monoallyl comonomer. Also displayed (in the left-
hand scale) are the corresponding mean hole radii,
calculated from 73 via eq 3. The 73 values were taken
from the results of the discrete-three-term analysis of
the lifetime spectra. These lifetimes have smaller
statistical errors than those obtained by taking the first
moment of the lifetime distributions of the longest
component derived from the CONTIN analysis. This
is due to the lowering of the degree of freedom in the
fitting procedure by assuming a number of discrete
lifetime terms.

The variation of 73 between 1.640 and 2.145(0.012)
ns corresponds to a change in the mean hole radius from
0.250 to 0.300(0.0015) nm. The corresponding mean
hole volume (v) varying between 0.066 and 0.113(0.001)
nm3 is shown in Figure 4. Considering the structures
of the polymers, the estimated mean free-volume hole
size lies in a plausible range. The separation of
neighboring carbon atoms in the hydrocarbons is 0.15
nm; bifunctional CH, and CsH,4 groups occupy van der
Waals volumes of 0.017 and 0.072 nm?, respectively.1415
Mean hole sizes between 0.06 and 0.14 nm? depending
on the resin and curing conditions have been observed
in various cross-linked epoxy resins.1671° |In glassy
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Figure 4. Dependence of the mean hole volume v (left axis)
and of the fractional hole volume h (right axis) on the weight
concentration c of the monoallyl comonomer. v was calculated
from v = 4r%/3 and h from h = Nv, where N is the number
density of holes estimated to ~1 x 10?7 m~3 (see text).
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Figure 5. Dependence of the mean hole volume v (filled
symbols, left axis) and of the macroscopic specific volume V
(empty symbols, right axis) on the concentration c of the
monoallyl comonomer. On the top axis, the glass transition
temperature Ty is given which is related to ¢ of the bottom
axis via Tg (°C) = 111 — 1.428c (wt %). (For the estimation of
V and Ty as a function of c, see Stejny.1)

polycarbonate and polystyrene, typical hole sizes of 0.1
nm? are observed (see, for example, Dlubek et al.?° and
references given therein).

The plots in Figures 3 and 4 show that the free-
volume hole size increases progressively from its mini-
mum for the pure CR-39 to the value for the copolymer
containing 75 wt % monoallyl comonomer. In a recent
study, Stejny! found a gradual decrease in T, from 112
°C in the pure CR-39 to 40 °C in the copolymer
containing 50 wt % monoallyl comonomer. The increase
in the hole size with increasing c is consistent with a
decrease in Ty4. Decreasing Tq indicates an increase in
the specific volume and, therefore, larger hole volumes,
which leads to the increase in 7s.

In Figure 5, we have plotted the dependence of v and
of the specific volume (V) (taken from Stejny?) on the
concentration of the monoallyl comonomer. On the top
axis, the Ty corresponding to c is also shown. Stejny
obtained a good fit of the experimental points for the
specific volume to a parabolic distribution V (cm3/g) =
9.105 x 1076¢? 4 3.229 x 1075¢ + 0.766 (c given in wt
%) with a correlation coefficient y? = 0.99954. It has to
be noted that the density measurements were performed
at 25 °C, which is below the glass transition tempera-
ture of all but two samples (see Figure 5). The struc-
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tures of polymers are metastable below their glass
transition temperatures. Thus, the values of the specific
volume obtained below Ty are likely to be higher than
those which correspond to the thermodynamic equilib-
rium. One may obtain the equilibrium specific volume
by fitting a straight line to the data points of the
samples which are in the rubbery phase (or sufficiently
close to it) at the measuring temperature of 25 °C and
extrapolating the line down to the glassy phase. Such
a fit gives the equation Veq (cm®/g) = 1.17 x 1073c +
0.732. The difference between the measured specific
volume and its equilibrium value increases with the
difference between the Ty and the temperature of
measurement.

We derive an equivalent expression for the equilib-
rium mean hole volume, veq(1073° m3) = 1.04c + 35, by
treating the mean hole volume data in the same fashion.
The equilibrium hole volume for ¢ = 0% (pure CR-39:
lowest specific volume, closest packing), veq(0) = 0.035
nm3, corresponds to a hole radius of req(0) = 0.204 nm.
According to eq 3, this hole size would correspond to an
0-Ps lifetime of 73 = 1.25 ns. Lifetimes around this value
appear often as an extra component in addition to a
2—4-ns 0-Ps lifetime in semicrystalline polymers and are
attributed to o-Ps annihilation in the crystalline
phase.2122 Since the crystalline phase may be consid-
ered as the most densely packed structure of the given
polymer at a given temperature, we may interpret
2req(0) to be closely related to the mean separation of
molecular chains in the most densely packed structure
(pure CR-39). The difference between the radius in the
glassy phase, r(0), and its extrapolated equilibrium
value, req(0) (and corresponding v(0) and veq(0)), reflects
the increased separations of molecular chains on local
sites and, in that way, the appearance of local free
volumes in the metastable glassy phase of the polymer.

While plotting the hole and the specific volumes, v
and V, versus the monoallyl monomer concentration in
Figure 5, we have chosen the scales such that v and V
coincide for the lower and upper boundary points, ¢ =
0% and ¢ = 75%. It is interesting to observe that the
variation in v correlates, within the error limits of the
estimation, exactly with the behavior of V. For a
semiquantitative discussion of this behavior, let us
assume that the total specific volume is given by V =
Vo + Vh = Vo + N'v. Here, V, is the total volume
occupied by molecules, Vy, is the free volume due to the
holes, and N ' and v denote the number of holes per
gram and the mean hole volume. V, (which may also
be called the bulk volume) consists of the van der Waals
volume (Vy) and of an interstitial empty volume. Vj
may be considered as an excess free volume appearing
due to the disorder in the amorphous phase in addition
to V,. If we assume that V, and N ' are independent of
the ¢ of the monoallyl comonomer, we obtain the relation
(V(e) = V(O)/I(V(75) — V(0)) = (v(c) — v(0))/(v(75) — v(0)).
The coincidence of the two curves in Figure 5 validates
the derived relationship and therefore adds credence to
the underlying assumptions that V, and N " are largely
independent of c. That V, is independent of concentra-
tion in our case is a reasonable presumption. According
to Bondi,** V, may be approximated as V, = 1.3 Vy at
T = 0 K. Since the CR39-monomer and the added
comonomer are close in their chemical structures, Vy
is likely to remain the same as a function of c. The
assumption of constancy of N ' throughout the concen-
tration range may well be controversial. However, a fit
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of the ratio (V(c) — V(0))/(V(75) — V(0)) assuming a
linear increase of N ' as a function of ¢ indicates that
the possible increase is less than 10%. We shall return
to this point toward the end of this section.

In the following, we provide a more detailed discus-
sion about the type of holes or local free volumes
detected by the Ps probe and the possible ways of
estimating the number of such holes and the fractional
hole volume occupied by them. In amorphous polymers,
an excess free volume appears due to the irregular
molecular packing.?3-2%> This excess free volume may
be considered to consist of irregularly shaped holes of
varying size. The diffusion of gaseous or liquid mol-
ecules, for example, occurs across these holes.?® Ps may
be formed at any empty site in the sample. The
thermalized Ps may migrate through the empty volume
(the interstitial free volume) between the molecules and
get trapped in a hole. Trapping occurs in a hole as the
potential energy of the Ps inside a hole is lower than
that outside due to the missing molecule which would
repel the Ps. Finally, the Ps annihilates from a state
inside a hole and its lifetime relates to the hole size
according to eq 3. Following Simha and Boyer,?” the
fractional hole volume, denoted by h, may be defined
as the relative volume in the amorphous phase being
in excess to a hypothetical occupied volume V, = Vo (1
+ agT), h = (V — VoIV, where V is the total volume.
Vo, is the equilibrium volume of the amorphous polymer
at 0 K. Assuming that the equilibrium volume at a
given temperature behaves like Veq = Vo,/(1 + o, T), one
may estimate Vy ( by extrapolating linearly the temper-
ature dependence of the total volume from the rubbery
phase to 0 K. og and o, denote the (cubic) coefficients
of thermal expansion in the glassy and rubbery phases.
From this, the following expression for the fractional
hole volume at a given temperature can be derived:?” h
=(V — Vo,r(1 + agT))/V. For T =0 K, we have

h(0) = (V4(0) = Vo )IVy(0) =1 =V, /V((0)  (4)

Here, V4(0) is the total volume of the glassy polymer at
T = 0 K. h can be expected to increase slightly with
the temperature in the range below Ty due to the
anharmonicity of atomic oscillations. Above T4, how-
ever, h will increase strongly due to the relaxation
motion among the molecular chains. By applying this
philosophy to our data, we may identify Vy(0) with the
specific volume of the pure CR-39 (¢ = 0%) which is, at
25 °C, in a state well below the glass transition tem-
perature of Tqg = 112 °C. We may obtain the volume
representing Vo by extrapolating the V versus c de-
pendence from the rubbery phase (c > 50%) linearly to
the intercept with the vertical axis at c = 0% (see Figure
5). The experimental value of the specific volume is
0.766 cm®/g for ¢ = 0%; the extrapolated equilibrium
volume amounts to 0.732 cm®/g. From these values, we
estimate a fractional hole volume h = 0.0448 at ¢ = 0%.

As the next step, we estimate the number of holes
per m3, N, from h and v for ¢ = 0% using the relation

h = Nv (5)

This yields a value of N = h/v = 0.0448/0.066 nm3 =
(0.68 £ 0.2) x 10%” m~3. Using a relation analogous to
eq 4, a number density of holes of 0.4 x 102" m~2 has
been recently estimated for glassy polycarbonate from
thermal expansion experiments.2?6 Positron annihilation
studies®? during thermal expansion in the amorphous



4578 Dlubek et al.

phases of PE and PTFE have yielded N values of 0.73
x 10%7 and 0.36 x 102 m~3. Thus, our value for the
number of holes per unit volume falls within a narrow
range observed for different polymers. It has to be
noted, however, that the ratio Vo,/V4(0) in eq 4 is only
approximated by the ratio Veq(0)/V(0), which does not
correspond to a true extrapolation of V, and V, to
absolute zero temperature. Since o, > 04,'>?7 the values
of h and N estimated from the data in Figure 5 may be
considered as lower limits of the true values.

For a further confirmation of the conclusion that the
number density of holes in our samples is largely
unaffected by the concentration of the comonomer, we
use another approach to estimate N. Again we assume
that the change in the specific volume, V(c), with
increasing c of the monoallyl comonomer is controlled
exclusively by the change in the total hole volume, V(c)
= Vh(c) + Vo(0). The total hole volume per gram is given
by Vn(c) = N'(c) v(c), where N' and v denote, as
previously, the number of holes per gram and the mean
hole volume. For c = 0, we have V,(0) = N '(0) v(0) and
V,(0) = V(0) — N '(0) v(0). With V,(c) = V,(0),

V() =N'(c) v(c) + [V(0) = N'(0) v(0)]  (6)

follows. To take into account a possible variation of N’
with ¢, we assume that N '(c) changes as

N’ =N'(0)(1 + Ac) @)

Equations 6 and 7 may be now fitted to the experimen-
tal points using N '(0) and A as the fitting parameters.
From a least-squares fitting procedure we got N '(0) =
(1 £0.2) x 10?1 g~ (corresponding to (1.3 £ 0.3) x 10%
m~3) and A = 0.1 & 0.1. These results, although based
on a different approach, are in sufficient agreement with
our previous number of N(0) = 0.68 x 102" m~3, which
we have considered as a lower limit of the true N(0).
By using N'(0) = 1 x 10%! g%, v(0) = 0.066 nm?3, and
V(0) = 0.766 cmdg, we find V,(c = 0) = V(0) — N '(0)
v(0) = 0.700 £ 0.013 cm?/g, a value very close to that
estimated for the pure CR-39 from Bondis approxima-
tion Vo(T = 0 K) = 1.3V = 0.682 cm®(g. Due to the
thermal expansion of the interstitial free volume (0.3Vy
at T = 0 K), V, expands with increasing temperature
approximately like the glassy polymer, V, = Vo (1 +
agT).1527 Since V(300 K) > Vo(0 K) ~ Vy(c = 0), the
above estimation of N = (1.3 £ 0.3) 102’ m—3 may be
considered as an upper limit of the true number density
of holes. When we take into consideration the estimated
upper and lower limits, N = (1.0 & 0.4) x 10?7 holes/m3
may be accepted as a realistic value.

As shown in Figure 6, the o-Ps intensity I3 decreases
from 26.7% to 20. 7% when the concentration of the
comonomer increases from 0 to 75%. In the litera-
ture, 2173032 |5 js often interpreted as a measure of the
number of holes per unit volume, viz. N(c) = Cl3(c) and
h(c) = Cls(c) v(c), where C is assumed to be a constant.
Between ¢ = 0% and ¢ = 75%, the value of |5 decreases
by a factor of 0.775, while, accepting our previous
approximations (6) and (7), N is constant within a range
of +£10%. This discrepancy may be understood as
follows. 13 is a measure of the Ps yield (P), 13 = 3P/4,
assuming no Ps quenching channels others than pick-
off annihilation. The Ps yield may be controlled by
various factors, such as electron and positron mobilities
and the presence of “scavengers”, for example.* The
number of holes is only one of these factors. Evidently,

Macromolecules, Vol. 31, No. 14, 1998

0-Ps intensity |5 (%)

0 20 40 60 80
concentration ¢ (wt.-%)

Figure 6. Dependence of the 0-Ps intensity I3 on the weight
concentration c of the monoallyl comonomer.

the Ps yield decreases in our samples with increasing
concentration of comonomer due to reasons yet to be
ascertained. It has been observed, for example, that in
PE (PTFE) the o-Ps intensity increases in the temper-
ature range between 80 and 200 K (150 K) but decreases
after that range due reasons which cannot be attributed
to a corresponding variation in the number of free-
volume holes.??

The fractional hole volume as sampled by the Ps
probe, h, may then be estimated from eq 5 using a
constant N = 1 x 10" m~3 and the mean hole volume
given in Figure 4. The values obtained in this manner
are indicated in the right-hand scale of Figure 4. The
fractional hole volume changes, of course, in a fashion
similar to v, from 0.066 for ¢ = 0% to 0.113 for ¢ = 75%.
Our estimates of the fractional hole volume at T = Ty
= 25 °C, h(60%) = 0.093, are significantly larger than
the often accepted value?® of h(Ty) = 0.025. We note,
however, that the value of 0.025 is estimated from
viscosity experiments via the WLF theory.?82° Such a
procedure may only involve larger local free volumes
needed for the transportation of larger molecular seg-
ments and a significant fraction of the free volume may
not contribute to the viscosity. For amorphous polymers
such as polystyrene, polycarbonate, poly(vinyl acetate),
and poly(methyl methacrylate), h(Tgy) values of 0.06—
0.09 have been estimated from a combination of positron
lifetime and thermal expansion experiments.17:30-34
Using a similar approach, h(Ty) values of 0.045 and
0.057 were estimated for the amorphous phases of
polyethylene and poly(tetrafluoroethylene) (Ty = 195
K)_22

Hole Size Probability Density Function. Having
discussed various aspects of the average hole within our
samples, we now turn to aspects of the possible size
distributions of the holes. As stated earlier, the con-
tinuous lifetime analysis of positron annihilation spectra
in amorphous polymers here and by others provides
three well-separated peaks of finite widths (Figure 2).
If the unique correspondence of the o-Ps lifetime and
the free-volume hole radius given by eq 3 are assumed
to be valid, the lifetime distribution may be transformed
into a hole radii distribution. An expression for the
probability density function (pdf) of the hole radii f(r)
is derived as a(4) dA/dr

f(r) = —3.32{cos[2zr/(r + or] — 1} a()/(r + or)* (8)
where r is the radius of an individual local hole of the

free volume, A = 1/r, and r = 0.166 nm.3536 The fraction
of 0-Ps annihilation in the holes with radii between r
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f(r) (10" m™)

r(107'% m)

Figure 7. Hole radius probability distribution function f(r)
as a function of the weight concentration c of the monoallyl
comonomer. The distributions which were calculated according
to eq 8 from the o-Ps lifetime distributions shift to higher
values with increasing ¢ (wt %) = 0, 12.5, 25, 37.5, 50, 62.5,
and 75. The distributions are normalized so that ff(r) dr = 1.
The smooth curves represent single Gaussians least-squares-
fitted to each of the distributions.

20 40 60 80 100 120 140 1é0 180
v (1030 md)

Figure 8. Hole volume probability distribution function g(v)
as a function of the weight concentration c of the monoallyl
comonomer. The distributions were calculated according to eq
9 from the data shown in Figure 7. The distributions are
normalized so that fg(v) dv = 1. The smooth curves represent

single Gaussians least-squares-fitted to each of the distribu-
tions.

and r + dr is f(r) dr. The hole radius pdf given by eq 6
may be converted into a hole volume probability density
distribution via

g(v) = f(r)/ar® C)

The volume fraction of holes as determined by o-Ps
annihilation in holes with volume between v and v +
dvisg(v) dv. By multiplying eq 9 with an appropriately
chosen constant, the probability density function may
be normalized so that fg(v) dv =1 or h (integration from
0 to o, where h denotes the total volume fraction of the
free-volume holes in the specimen.

The hole radius and the hole volume pdf’s f(r) and g(v)
estimated via egs 8 and 9 are plotted in Figures 7 and
8 for the copolymers with different concentrations of
monoallyl comonomer. The distributions were normal-
ized such that fg(v) dv=1. We observe a gradual shift
of the hole size distributions to larger values with
increasing c. In each case, the first moment of the hole
size distributions agrees well with the mean hole radius
and volume estimated from the discrete t3 values
discussed in the pervious section (Figures 3 and 4). The
hole radius probability density functions presented in
Figure 6 appear to be perfectly symmetric and are well
approximated by Gaussians centered between 0.249 and
0.299 nm and a fwhm around 0.028 nm. The hole
volume pdf for each sample can also be fitted with
sufficient accuracy by a Gaussian with centers between
0.0665 and 0.113 nm?® and a fwhm around 0.025 nms.

Diethylene Glycol Bis(allyl carbonate) Polymer Networks 4579

This type of distribution has been predicted by the free-
volume theory of Bueche®” and has also been observed
in other glassy polymers such as polycarbonate and
polystyrene.20

Conclusion

The mean size of the free-volume holes in poly-
(diethylene glycol bis(allyl carbonate)) networks pre-
pared by bulk copolymerization of ethylene glycol bis-
(allyl carbonate) with an increasing amount of allyl
ethoxyethyl carbonate increases with increasing con-
centration of the monoallyl comonomer from r = 0.250
nm (v = 0.066 nm?3, ¢ = 0%) to 0.300 nm (0.113 nm3, ¢
= 75%).

The relative change of the mean hole volume agrees
exactly with the relative change of the specific volume.
From this, it is concluded that the number of holes does
not change as a function of c.

From a comparison of v and V, a number density of
holes of (1.0 £+ 0.4) x 102” m~3, i.e., 1 hole/nm?, and a
free-volume hole fraction increasing with ¢ from 0.066
10 0.113, hg = h(60%) = 0.093, were estimated. The o-Ps
intensity was found to decrease from 26.7% to 20.7%
when the concentration of the comonomer increases
from 0 to 75%. This behavior was attributed to a
decreasing Ps yield.

The hole radius and the hole volume distributions
shift with increasing concentration to larger values, in
good correlation with the mean hole size.
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