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I. Summary

The positron annihilation lifetime spectroscopy (PALS) using a low energy
flux generator may provide a reasonably accurate technique for measuring
molecular weights of linear polymers and characterization of thin polyimide
films in terms of their dielectric constants and hydrophobity etc. Among the
tested samples are glassy poly arylene Ether Ketone films, epoxy and other
polyimide films. One of the proposed technique relates the free volume cell size
(V) with sample molecular weight (M) in a manner remarkably similar to that
obtained by Mark Houwink (M-H) between the inherent viscosity (1) and
molecular wieght of polymer solution. The PALS has also demonstrated that free-
volume cell size in thermoset is a versatile, useful parameter that relates directly
to the polymer segmental molecular weight, the cross-link density, and the
coefficient of thermal expansion. Thus, a determination of free volume cell size
provides a viable basis for complete microstructural characterization of
thermoset polyimides and also gives direct information about the cross-link
density and coefficient of expansion of the test samples. Seven areas of the
researches conducted are reported here.

II. Introduction

The work performed during the period from Oct 1, 1990 to Sept 30, 1996
under NASA grant (NAG1-1168) were mainly microstructural characterization
of polymeric materials, using a low energy positron flux generator and
conventional positron spectroscopy. Among many tasks performed at PALS of
Langley Research Center, we report here the following categories.

1.  Free volume model for molecular weights of polymers - 7 /7 wel

A free volume model has been developed for determining molecular
weights of linear polymers. It is based on the size of free volume cells in two
geometries poly (arlyene ether ketone)s. Free volume cell sizes in test sample
were measured using positron lifetime spectroscopy. The molecular weights
computed from cell sizes are in good agreement with the values measured by gel
permeation chromatography, with a low angle laser light scattering photometer as
the detector. The model has been further tested on two atactic polystyrene
samples, where it predicted the ratio of their molecular weights with reasonable
accuracy. Details of experiments and results are described in Ref. 1, 2 and
appendix 1 and 2, respectively.



2.  Free volume characteristics of glassy poly (arylene Ether Ketone)

Amorphous poly arylene ether keytons were examined in the glassy state
by Positron Annihilation Lifetime Spectroscopy (PALS) and in the melt by
standard rheological techniques. Specimens were well-characterized fractions of
two isomeric structures. PALS clearly shows the polymer with meta linkages in
the backbone contains large voids (>0.25 nm radius). Thus despite their similar
bulk densities, the two materials must pack very differently on a local scale. On
the other hand, free volumes inferred from the WLF treatment of melt viscosity
data are practically identical in both materials ca. 4% at glass transition
temperature (Tg). The comparison between techniques sheds some light on the
distribution of free volume. Details of experiments and results are described in
Ref. 3 and appendix 3.

3.  Free Volume Characteristics of Epoxies

Positron annihilation spectroscopy has been used to measure free-volume
characteristics of selected epoxies. Fluorene resins, a new family of high
temperature thermosetting resins, were selected as the test medium.
Experimental results indicate that the free-volume cell size Vr varies with the
molecular weight between the cross-linked M, according to an equation of the
form Vi = AMB.where A and B are structure constant. In two of the samples,
the concentration of bulky fluorene groups was increased in the network
backbone by replacement of some of the conventional bisphenol A epoxy resin
with the fluorene-derived epoxy resin. This resulted in an increase in their glassy
transition temperature for a given level of cross-linking. It has been found that,
in these samples, the Doppler broadening of the annihilation peak decreases with
the increasing fluorene content, presumably due to enhanced damping of the

chain motions. Details of experiments and results are described in Ref. 4 and
appendix 4.

4, Low Energy Positron Flux Generator for Microstructural Characterization
of Thin Films

A slow positron flux generator using well-annealed polycrystalline tungsten
moderators and a 22Na positron source has been developed for life time studies in
thin polymer films. A 250 pC source, deposited on a 2.54 pum thick aluminized
mylar film, is sandwitched between two 0.0127 cm thick 2.54x2.54 cm tungsten
strips. Two 2.54 cm by 2.54 cm test polymer films, whose thickness ranges from
0.00127 to 0.0127 cm, insulate the two tungsten moderator strips from the
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aluminized mylar source holder. A potential difference of 10-100 V, depending
on the test polymer film thickness, is applied between the tungsten strips and the
source holder. Thermalized positrons diffusing out of the moderator strips are
attracted to the source holder when it is at a negative potential. On the other
hand, they are prevented from entering the test polymer films when the source
holder is at a positive potential. The difference between the positron lifetime
spectrum with source at +V is strongly related to the test film spectrum. Details
of experimental technique and results are described in Ref. 5 and Appendix 5.

5.  Microstructural characterization of thin polyimide films by Positron
Lifetime Spectroscopy

Positron lifetime have been measured in series of thin aromatic polyimide
films for microstructural characterization. No evidence of positronium
formation was observed in any of the films investigated. All tests films exhibited
only two positron lifetime components, the longer component corresponding to
the positron annihilating at shallow traps. Based on these positron lifetimes, free
volume fractions have been calculated for all the films tested. The free volume
model has been developed to calculate the dielectric constants of thin polyimide
films. The experimental and the calculated values for the dielectric constants of
the films tested are in reasonably good agreement. It has been further noted that
the presence of bulky CF3 groups and meta linkages in the polyimide structure
results in the higher free volume fraction and, consequently, lower dielectric
constant values for the films studied. Details of experimental technique and
results are described in Ref. 6 and appendix 6.

6.  Positron Lifetime Spectroscopy for Investigation of thin Polymer Coatings

In the aerospace industry, applications for polymer coatings are increasing.
They are now used for thermal control on aerospace structures and for protective
insulating layers on optical and microelectronic components. However, the
effectiveness of polymer coatings depends strongly on their microstructure and
adhesion to the substrate. Currently no technique exists to adequately monitor the
quality of these coatings. We have adapted positron lifetime spectroscopy to
investigate the quality of thin coatings. Results of measurements on thin (25-pum)
polyurethane coatings on aluminum and steels have compared with measurements
on thicker (0.2-cm) self-standing polyurethane discs. We find the positron
lifetime groups centered around 560 psec, which corresponds to the presence of
0.9-A3 free volume cells. However, the number of these free-volume cells in
thin coating is larger than in thick discs. This suggests that some of these cells



may be located in the intefacial regions between the coatings and the substrates.
These results and their structural implications are described in Ref. 7 and
Appendix 7.

7.  Semi-Interpenetrating polymer networks

Thermoset and thermoplastic polyimides have complementary
physical/mechanical properties. Whereas thermoset polyimides are brittle and
generally easier to process, thermoplastic polyimides are strong but harder to
process. It is hoped that a combination of these two types of polyimides may help
produce polymers more suitable for aerospace applications.
Semi-Interpenetrating polymer networks (S-IPN) of thermoset LARCTM RP-46
and thermoplastics LARCTM A polyimides were prepared in weight percent
ratios ranging from 100:0 to 0:100. Positron lifetime measurements were made
in these samples to correct their free volume features with physical/mechanical
properties. As expected, positronium atoms are not formed in these samples.The
second lifetime component has been used to infer the positron trap dimensions.
The free volume goes through a minimum at about 50:50 ration, suggesting that S-
IPN samples are not merely solid solutions of the two polymer. Details of
experiments and the related result are described in Ref. 8
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Abstract

Free volume measurements have been made in
several molecular weight fractions of two different
geometries of poly(arylene ether ketone)s. Free vol-
umes were measured using positron lifetime spec-
troscopy. It has been observed that the free vol-
ume cell size Vy varies with the molecular weight
M of the test samples according to an equation of
the form Vy = AMB  where A and B are constants.
The molecular weights computed from the free vol-
ume cell sizes are in good agreement with the values
measured by gel permeation chromatography.

Introduction

All polymers generally have regions of low atomic
density (free volume cells) resulting from geometri-
cal mismatch among neighboring molecular chains/
segments. The sizes and concentrations of these free
volume cells depend on the polymer molecular archi-
tecture and affect many physical properties of high
polymers. For example, we have recently shown
(ref. 1) that both the solubility coefficient as well
as the diffusion coefficient for gaseous molecules are
modified by the presence of free volume cells in the
test polymers. As a result, the presence of free vol-
ume cells in the test polymers enhances the perme-
ation of gases through them. Similarly, the free vol-
ume cells in polymeric materials affect their other
thermodynamic properties. The free volume cell sizes
change markedly at the phase transition tempera-
tures of the test polymers. Thus, the large differences
in thermal expansion coefficients observed above and
below the glass transition temperatures arise from
the large free volume expansion at the glass tran-
sition temperatures. The rapid decrease of free vol-
ume cell size with increase in pressure above the glass
transition temperature also accounts for the observed
trends in the compressibility of polymeric materials
as a function of temperature. It is also noted that
positron lifetime spectroscopy separates free volume
compressibility from the compressibility of the ex-
cluded volume of the test polymers. Many conven-
tional techniques can yield (ref. 2) only a total com-
pressibility that includes both effects.

It thus appears that the free volume plays an
important role in determining physical properties
of the polymeric materials. ‘In the case of linear
polymers, a relationship between the free volume cell
size-and the molecular weight of the polymer can be
developed. Let the molecular weight of the polymer
be M. Then n moles of the polymer shall weigh
nM = M; and

My =pV (1)

where p is the density of the polymer and V is the
volume occupied by the polymer when it has zero free
volume.

If the polymer has a free volume AV then the
total volume occupied by the polymer is V + AV.
Then we have

Mi = pV + p'(AV) (2)

where ' is the density of the medium occupying AV .
Equation (2) can be rearranged as follows:

' AV
My=p + %

= pV (1 + a%) (3)

where a = p'/p = Constant for a polymer system.
Rewriting equation (3), we have

A
M+ AM; = M, <1+QTV>

aMy _ av

My TV

AM AV

A )
A

S =or ®)

where [ = Free volume fraction = CI3Vy, C is the
polyvmer structural constant, I3 is the intensity of
the third (longest) positron lifetime component, and
Vy is the free volume cell size. Thus, equation (5)
becomes

AM

— = (aC)I3V

= @)Yy
= (BI3)Vy (6)

where 8 = aC. Since I3 and V; are independent
variables, equation (6) can be written as follows:

Y1(M) = Dpa(Vy) (7)

where D = (I3 is a constant related to electron den-
sity/momentum distribution and the architecture of
the test polymer. It thus appears that the free vol-
ume cell size Vy is a function of M. The relationship

between Vy and M can be expressed as follows:!

V= AMB (8)

1 Preliminary results based on this formalism have been re-
ported previously. (See ref. 3.)



where A and B are constants for the test polymer
and are expected to be independent of its degree
of polymerization. However, they depend on the
temperature and pressure of the sample environment.

Equation (8) is quite similar in form to the
Mark-Houwink equation relating the intrinsic viscos-
ity [n] and the molecular weight M -of the polymer
in solution (ref. 4). It can be extended to cross-
linked polymers if M represents the weight of the
polymer sample between two adjacent cross links.
The purpose of this study is to make a system-
atic investigation of V; versus M in selected linear
polymers. Poly(arylene ether ketone)s (PAEK) of
variable molecular weights were selected as the test
polymers. The free volume V; values were mea-
sured using positron lifetime spectroscopy (PLS). All
measurements were made at room temperature and
atmospheric pressure.

Experimental Procedure
Sample Preparation

The structures of poly(arylene ether ketone)s cho-
sen for study are shown in figure 1. It was anticipated
that the different geometries of the two repeat units
might lead to different packing behaviors and hence
different free volumes. Details of their syntheses and
fractionation have been reported earlier (ref. 5). Sev-
eral molecular weight fractions were studied in an ef-
fort to discern possible effects of chain ends. Molec-
ular weights of the various fractions differed by over
a factor of 4, although, as nearly as could be deter-
mined, the specific volumes of both polymers were
practically independent of molecular weights in this
range (table I).

jcpoaclcacs

(a) Meta.
0
jopco¥oac¥on
1
4 0
(b) Para.’

Figure 1. Structure of meta- and para-poly(arylene ether
ketone)s.

Thin (30 um) films for the positron lifetime stud-
ies were prepared by casting them on glass plates
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from m-cresol solution. These films were air dried
for 2 days in a low-humidity enclosure, then gradually
heated in an air-circulating oven to 250°C, which is
well above the polymer glass transition temperature
T,. Finally, they were cooled rapidly to room tem-
perature by removing the plates from the oven and
placing them on a cool surface. Wide angle X-ray
scattering showed the films to be free of detectable
crystallinity.

Positron Lifetime Measurements

Positron lifetime measurements were made using
a standard fast-fast coincidence timing technique.
The coincidence system time resolution was of the
order of 225 psec. All measurements were made at
room temperature and atmospheric pressure. Typ-
ical spectrum accumulation time was =6 hr with a
50 uc Na?22 positron source. This accumulation time
provided excellent counting statistics—namely 10°
counts in the peak channel. Figure 2 shows a typ-
ical lifetime spectrum in para-PAEK films. Figure 3
shows a typical spectrum in meta-PAEK films. Life-
time spectra were analyzed using PAPLS (ref. 6) and
POSITRONFIT EXTENDED (ref. 7) computer pro-
grams. In all cases, three-component analyses gave
the best fits to the experimental spectra.

Experimental Results
Results in PAEK Films

The positron lifetime results in para-PAEK films
are summarized in table II; 71, I} and 79, I refer to
the lifetime and intensity of the first and second com-
ponents, respectively. The longest component life-
time (73) results from orthopositronium annihilation.
The lifetime (73) and its intensity (/3) are related to
the free volume cell size V; as follows (ref. 8):

1 R 1 2R
—_ =1 =4 — 9
where
73 longest component lifetime, nsec
R free volume cell radius, nm
R, =(R+ AR), nm

(The best fitted value of AR for all known data has
been reported to be 0.1659 nm. See ref. 8.)

“The free cell volume V; is given by %ﬂ'RS. The
V; values for various para-PAEK samples are sum-
marized in table III. The positron lifetime results in
meta-PAEK films are summarized in table IV. The
corresponding V values are summarized in table V.
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In addition to the values of Vf, measured values
of saturation moisture content v/o in the test films
have also been included in tables III and V.

The free volume fraction f in the test films can
be calculated as follows:

f=ClVy (10)

where Vfg is the free volume cell size associated with
the third lifetime component.

If one assumes that water enters the test films
physically, the values of C can be easily calculated by
equating f with the corresponding saturation mois-
ture content v/o. This, however, may not always be
the case. In some cases, the presence of hydrophobic
atoms in the polymer chains may inhibit water entry
in the free volume cells, as reported by Singh et al.
in a recent study of contact lens polymers (ref. 1). In
others, water may enter the polymer system chemi-
cally as well as physically, thus making the saturation
moisture content v/o exceed the free volume fraction
(ref. 9). A small concentration of microdefects above
the size of the PLS limit (R > 5 A) can also cause v/o
to exceed f. Nevertheless, v/o should often provide
a good first-order approximation for f.

Calculation of the Molecular Weights

In order to obtain the values of A and B in equa-
tion (8), experimental values of the molecular weights
(My) of the test films were determined using the
gel permeation chromatography/low angle laser light
scattering (GPC/LALLS) technique (ref. 5). There
were five para-PAEK samples and three meta-PAEK
samples of different molecular weights. We used ex-
perimental molecular weights of three para-PAEK
samples to determine the constants A and B by least-
squares method. These constants were then used
to predict the molecular weights of the remaining
two samples. Similarly, two experimental molecu-
lar weights of the meta-PAEK samples were used to
determine the structural constant A. The constant
B is expected to remain unchanged.? The meta A
and B combination of constants was then used to
predict the molecular weight of the third meta sam-
ple. Comparisons between the experimental and cal-
culated M, values for the two systems are summa-
rized in tables III and V, respectively. It is apparent
that the agreement is quite good for both polymer
systems. This indicates that equation (8) represents

2 By considering all five para-PAEK and all three meta-PAEK
samples, it has been determined that the constant B is the same
for all PAEK samples, as expected from the theoretical arguments
presented earlier
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the correct form of relationship between Vy and M.
The results are illustrated in figure 4.

Equation (8) should be applicable for the entire
range of orthopositronium lifetimes observed in linear
polymers—namely, 0.7-3.5 nsec. These lifetimes
correspond to molecular weights ranging from 4000
to 200000 g/mole.

Discussion

From the data presented above, it appears that
V¢ values track the M, values of the test polymers
quite well. As expected, a unique set of A and B
values predict the test polymer M, values as long
as their molecular structure remains unchanged. A
change in structure as we go from para-PAEK to
meta-PAEK necessitates a different set of constants.
A notable feature is the fact that V; values are much
larger in the meta geometry than the para geometry.
However, this is consistent with the different packing
behavior of the two geometries.

It has been reported (ref. 10) that as the molec-
ular weights of most linear polymers decrease, their
free volumes increase. The free volume fraction is
given by CI3Vy, as indicated in equation (10). It
would thus appear that I3V, would decrease with in-
creasing molecular weight of the test samples. This,
however, is not the case in the samples investigated.
Similarly, the trend in the change in the specific vol-
ume (1/p) with the molecular weight is also contrary
to the reported behavior (ref. 10). Thus, both the
I3Vy and 1/p values exhibit trends with increasing
molecular weights that are contrary to the reported
behavior in most linear polymers. The glass tran-
sition temperatures Ty, on the other hand, increase
with increasing molecular weights in agreement with
the reported trends (ref. 10). These results are quite
intriguing, though not inconsistent with the mor-
phologies of the test polymers.

A further corroboration of the validity of the Free
Volume Model was obtained by comparing the Mark-
Houwink (M-H) (ref. 3) and Free Volume Model
constants. The results are summarized in table VI.
Clearly, the M-H and Free Volume Model exponential
constants exhibit similar behavior when the repeat
unit geometries change.

Concluding Remarks

It has been demonstrated that positron lifetime
spectroscopy (PLS) may provide a reasonably accu-
rate technique for measuring molecular weights of
polymeric materials. However, the number of test
samples in the present study was rather limited. The
proposed model will have to be tested on a larger
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Figure 4. Comparison between molecular weights determined by GPC/LALLS and PLS methods.

number of a variety of samples before it becomes
accepted. The proposed technique relates the free vol-
ume cell size Vy with the sample molecular weight M
in a manner remarkably similar to that obtained by
Mark-Houwink (M-H) relating the inherent viscosity
[n] and the molecular weight of the polymer solu-
tion. However, the M-H procedure requires the sam-
ple to be in liquid form. The PLS technique has been
verified for two geometries of the poly(arylene ether
ketone)s, where it not only predicts, with reasonable
accuracy, the higher Vy values (i.e., looser packing)
for the meta geometry, but also verifies anticipated
structural change.

NASA Langley Research Center
Hampton, VA 23665-5225
December 20, 1991
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Table 1. Characteristics of Polymer Fractions (ref. 5)

P, Thnh» Tgv
Sample * My, t M, My g/cm3 dl/g °C
Para
Whole polymer 19.0 x 108 26.0 x 103 1.2058 0.50
Fraction A 29.6 x 103 47.0 51.0 1.2060 78 | 165
Fraction Bl 28.4 44.5 45.9 1.2041 70 | 163
Fraction C 15.4 ) 17.6 18.3 1.2052 37 159
Fraction D 17.8 16.3 16.9 1.2061 .38 160
Meta
Whole polymer 20.8 x 103 26.6 x 103 1.2072 0.39 148
Fraction AB1 47.3 x 103 60.8 66.0 1.2077 65 153
Fraction C 20.3 19.8 21.0 1.2074 35 148

*End group analysis.

tGel permeation chromatography/low angle laser light scattering technique. These values have an
error of 10 percent.

Table II. Positron Lifetime Parameters in Para-Poly(Arylene Ether Ketone) Films

Geometry T), psec I, % T9, psec Is, % 73, psec I35, %
Whole polymer 187 £ 12 37+3 409 + 16 59+ 3 905 £ 60 4+1
Fraction A 171 £ 09 44 £+ 3 407 £+ 16 5342 1069 + 70 3x1
Fraction Bl 139 £ 16 35+4 371+ 24 60 £ 2 1037 £ 70 641
Fraction C 196 + 08 41+ 2 416 + 20 56+ 3 869 £ 75 3x1
Fraction D 165 £ 17 33x5 390+ 24 633 850 £ 65 441

Table III. Summary of V; Values in Para-Poly(Arylene Ether Ketone) Films

Sample *Mp, Vi, A * My,
TWhole polymer 19.0 x 103 13.7+0.6 (21.3 £ 1.5) x 103
tFraction A 470 23.2 4+ 0.7 51.3 + 2.4
tFraction B1 4.5 21.3+0.6 43.2+£19
{Fraction C 17.6 12.1+0.8 175+ 1.9
tFraction D 16.3 112409 15.5 4 2.0

* My values were determined by gel permeation chromatography/low angle
laser light scattering technique. All values have an error of +10 percent.

**My, values are calculated by using the equation Vf = AM,IL_3 , where
A=270x10"2 and B = 0.625.

JrThese three samples were used to calculate the constants A and B.

! The molecular weights of these samples were calculated using the values of
A and B computed above.



Table IV. Positron Lifetime Parameters in Meta-Poly(Arylene Ether Ketone) Films

Geometry - T1, pSec I,% T9, psec L,% _ T3, psec I3, %
Whole polymer 183 + 4 51+2 442 + 8 43+1 1698 + 40 6+1
Fraction AB1 211 %3 59+ 1 516 + 23 361 2273 + 77 5+1
Fraction C 181+7 46 £ 3 433 + 12 47+ 2 1651 £ 52 7+£1

Table V. Summary of V; Values in Meta-Poly(Arylene Ether Ketone) Films

Sample My vy, A My,
{Whole polymer 20.8 x 103 70.8 + 0.4 (22.8 +0.2) x 103
tFraction ABI 60.8 130.2 + 0.4 60.3 + 0.3
tFraction C 19.8 66.2 + 0.6 20.4 £ 0.3

* M, values were determined by gel permeation chromatography/low angle
laser light scattering technique. All values have an error of %10 percent.

= AMB

»» where

**My values are calculated by using the equation V;
A =1.340 x 107! and B = 0.625.

fThese two samples were used to calculate the constant A.

{The molecular weight of this sample was calculated using the value of A
computed above.

Table VI. Summary of Mark-Houwink and Free-Volume Equation Constants

Mark-Houwink Equation: [n] = KM®
Free Volume Model: V; = AMB

Mark-Houwink equation Free-volume model

Sample K a A B
Para-PAEK 1.20 x 103 0.60 2.70 x 10~2 0.625
Meta-PAEK 9.00 x 10~4 0.60 1.34 x 107! 0.625
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Appendix 3

"Free Volume in Glassy Poly (arlene ether ketone)s", J. A. Hinkley, A. Eftekhari,
R. A. Cook, B. J. Jenson and J. J. Singh, J. Poly. Sci-Poly. Vol.30, pp. 1199-
1198, 1992.



Free Volume in Glassy Poly(arylene Ether Ketone)s

J. A. HINKLEY,' A. EFTEKHARL,? R. A. CROOK,’ B. |. JENSEN,' and }J. |. SINGH'

'NASA Langley Research Center, Hampton, Virginia 23665-5225; "Hampton University, Hampton, Virginia 23666;

‘Texas A&M University, College Station, Texas 77843

SYNOPSIS

Amorphous polyarylene ether ketones were examined in the glassy state by positron an-
nihilation lifetime spectroscopy { PALS) and in the melt by standard rheological techniques.
Specimens were well-characterized fractions of two isomeric structures. PALS clearly shows
that the polymer with meta linkages in its backbone contains larger voids (> 0.25 nm
radius). Thus despite their similar bulk densities, the two materials must pack very dif-
ferently on a local scale. On the other hand, the free volumes inferred from the WLF
treatment of melt viscosity data are practically identical in both materials ca. 4% at T,.
The comparison between techniques sheds some light on the distribution of free volume.

© 1992 John Wiley & Sons, Inc.

Keywords: free volume in glassy poly(arylene ether ketones)s « glassy polymers, free
volume in « poly(arylene ether ketone}s, free volume in

INTRODUCTION

The free volume concept has great intuitive appeal,
and arises quite naturally in light of the disconti-
nuity in expansion coefficient that occurs at T,. It
provides qualitative explanations for the dependence
of T, on molecular weight, diluent and pressure, and
the dependence of viscoelastic relaxation times on
temperature, pressure,’ static tensile strain,? and
antiplasticization.? It also is invoked in treatments
of densification and embrittlement (physical ag-
ing) .* Despite this utility, the free volume per gram,
vy, remains poorly defined operationally. Different
theories derive widely differing values. Furthermore,
some phenomena clearly require more than a single
volume parameter for their explanation.’

Positron annihilation lifetime spectroscopy
(PALS) was employed to probe the effects of de-
tailed chain architecture on free volume. The results
are compared with parameters derived from a stan-
dard treatment of viscoelasticity.

MATERIALS

The polyarylene ether ketones chosen for study are
shown in Figure 1. It was anticipated that the dif-

Journal of Polymer Science: Part BB: Polvmer Physics, Vol. 30, 1195-1198 (1992)
Not subject to copyright in the United States.
Published by John Wiley & Sons. Inc. CCC 0887-6266/92/01101195-04504.00

ferent geometries of the two repeat units might lead
to different packing behavior and hence different
free volumes. Details of their synthesis and frac-
tionation have been reported earlier.® Several mo-
lecular weight fractions were studied in an effort to
discern possible effects of chain ends. Molecular
weights of the various fractions differed by more
than a factor of 5.

EXPERIMENTAL

Characterization data for the various polymer frac-
tions are given in Table I. Number-average molec-
ular weights were determined by gel permeation
chromatography (GPC) light scattering; densities
were measured at 25°C using a flotation technique
in aqueous ZnCl,.

Dynamic mechanical data were obtained on
compression-molded discs using a Rheometrics
System IV rheometer in oscillatory parallel-plate
mode. Strain sweeps verified that data were obtained
in the linear range. Time-temperature shift factors
were obtained by horizontally shifting data from dif-
ferent temperatures on a log-log plot until they could
be superposed. Within the range T, < T < T, + 90°C
the shift factors as fit the WLF equation.'

log ar = —c(T ~ To)/(c3+ T~ To) (1)
1195
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Figure 1. Chemical structures of polymers studied. (a)
meta polymer, (b) para polymer.

In this equation, T, is an arbitrary reference tem-
perature within the measurement range and c$ and
¢y are constants at that temperature, derived from
a linear least-squares fit to a plot of (T — Ty)/log
ayversus T > Ty.

Thin (30 um) polymer films for positron anni-
hilation studies were prepared by casting on glass
plates from m-cresol solution. The films were air-
dried for 2 days in a low-humidity enclosure, then
gradually heated in an air-circulating oven to above
T,. After a brief exposure at 250°C to remove any
solvent residue, they were cooled rapidly to room
temperature by removing the plates from the oven
and placing them on a cool surface. Wide-angle x-
ray scattering showed the films to be free of detect-
able crystallinity. Glass transition temperatures
were determined by differential scanning calorim-
etry (DSC) at a heating rate of 20°C/min.

Positron lifetimes in single films were measured
at room temperature using a recently developed
slow-positron flux generator® and standard fast-fast

Table I. Polyarylene Ether Ketone Fractions

Film density

M, X 1072 (g/cm®)
meta
Fraction AB1 60 1.207,
Fraction C 20 1.207,
Fraction D 13 1.208,
Fraction F 8 —
Whole polymer 21 1.206,
para
Fraction A 47 1.206,
Fraction Bl 44 1.204,
Fraction C 16 1.205,
Fraction D 16 1.206,
Fraction F 9 —
Whole polymer 19 1.2054

coincidence timing technique. Lifetime spectra
were analyzed using PAPLS®? and POSFIT
EXTENDED?® computer programs. After correction
for the instrument response, the total intensity [/
was found to fit an expression of the form

[=B+ 3 Len

=1

with n = 3. The first two exponentials had lifetimes
of approximately 180 and 400 ps, respectively; the
third, much longer, component 73 was assigned to
annihilation of ortho-positronium residing in free
volume cells in the test film. The size of these cells
can be estimated using the equation of Nakanishi
et al.}®

RESULTS AND DISCUSSION

A typical set of rheological master curves is shown
in Figure 2; the corresponding shift factors and the
WLF fit to them are given in Figure 3. According to
an interpretation derived from the Doolittle equa-
tion for liquid viscosity,' the constants in the WLF
equation are given as

C()l = B/2.303 f()

Cg = fn/a/

Therefore, if a value is assumed for B, then f;, the
fractional free volume at the reference temperature
and «;, the expansion coeflicient of the free volume
may be obtained from these equations. Although
other choices are possible,!! we follow the usual
rather arbitrary practice of setting B = 1. Reference

log (G, G"
dyn/cm?)

2 1 L 1 1 1 1 | 1 1 1 J

2 -1 6 1 2 3 4 5 6 7 8 9
log (wat)

Figure 2. Master curves for para fraction Bl at refer-
ence temperature of 210°C.
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Figure 3. Shift factors derived from the data in Figure
2. Least-squares fit gives WLF constants according to eq.

(1).

temperatures may be adjusted from T, to T, using
the relationships

¢ =cleb{c + T, — Tw)

A=c3+ T, - T, (2)

The resulting values of the free-volume parameters
are collected in Table II.

The fractional free volume at 7\, designated f,,
is seen to be somewhat larger for our materials than
the figure (0.025) obtained using the “universal”
values of the WLF constants. That tigure is quoted
as characteristic of the majority of vinyl and diene
polymers;’ one could argue that the bulkiness of our
polymer may account for the slightly larger f,. The
thermal expansion coefficients «; inferred from eq.
(2) also are larger than those of most vinyl polymers;
however this probably is not too surprising either,
given the higher T's of our materials. Neither f, nor
ay shows a clear trend with regard to molecular
weight.

Of great interest is the fact that the average free
volumes, f,, calculated for meta and para polymers
are the same, within the experimental scatter. On
the basis of these results, then, one cannot attribute
the lower viscosity® of the meta polymer to a ditfer-
ence in packing between the two polymers. In fact,
the present results might support the noi_ion that
T, is an iso-free volume state.

Before proceeding to a discussion of the room
temperature positron lifetimes, we note that within
the framework of the WLF interpretation, the rel-
ative values in Table II should also characterize the
glassy state, even well below T,. This is because the
choice B = 1 implies that the change in expansion
coefficient at T, is due entirely to expansion of free
volume. In other words, the free volume is approx-
imately constant below T,.

The key results of the positron experiments are
assembled in Table III. We note first of all that for
both polymers, 7; seems to increase with molecular
weight. Although the reason for this is not clear, a
similar trend has been found in this laboratory for
other glassy polymers.'?

Comparing the results from the two isomeric
structures, we observe that at equivalent molecular
weights, 73 is approximately twice as large in the
meta polymer as in the para analog. This translates
to an effective hole radius about 1.7 times as large.
Since the volume associated with an individual free
volume “cell” is v, = (4/3)7R?, the quantity ¢,/
given in the last column of Table III should be pro-
portional to the total free volume. Unfortunately,
the proportionality constant is unknown, and it may
well be different for different polymers. Neverthe-
less, it appears that the total void volume as well as
the average void size probed by the positronium may
be considerably larger in the meta polymer. One
might have anticipated that the meta structure

Table II. WLF Parameters with T, as Reference Temperature

Fraction T, cf c§ fe X 10° a X 10
Meta-AB1 153 10.81 21.67 4.02 18.5
C 148 11.07 42.25 3.92 9.3
D 146 10.11 23.36 4.29 18.4
F 138 11.18 34.74 3.88 11.2
4.03 £ .18 144 + 48
Para-A 165 10.28 25.67 4.22 16.5
B1 163 11.26 21.40 3.86 18.0
D 160 10.10 25.74 4.30 16.7
F 151 10.13 36.99 4.29 11.6
4.18 + .20 157+ 28
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Table [II. Summary of o-Positronium Pick-off Results
T4 13 R ty,
(ps) (%) (nm) {nm") Uoly > 107
meta
Fraction ABI 2273 + 77 51 309 123 6.2
Fraction C 1651 + 52 7+1 251 .066 4.6
Whole polymer 1698 + 40 61 .256 070 4.2
para
Fraction A 1069 + 70 3x1 177 .023 0.7
Fraction Bl 1037 = 70 6+1 172 021 1.3
Fraction C 869 + 75 3+1 142 012 0.4
Fraction D 850 + 65 4+1 139 011 0.4
Whole polymer 905 + 60 4+ 1 .150 014 0.6

would be harder to pack because of its irregularity,
but the magnitude of the difference 1s quite striking.
The inescapable conclusion is that on a scale of a
few Angstroms, the local structure of the glass is
directly influenced by the chain architecture.

This localized effect may be reconciled with the
rheological results by comparing the measured hole
sizes v, with characteristic molecular dimensions.
In a polymer melt, rearrangement of a chain contour
occurs by the motion of a segment consisting of sev-
eral rotatable bonds. In our resins, such a segment
would correspond in size to several benzene rings.
The average size of the holes sampled by the positron
experiment, on the other hand, is smaller than the
0.08 nm* van der Waals volume of benzene." It is
clear therefore that most of the holes sampled by
PALS are not accessible for main-chain motion.

CONCLUSION

It is easy to show'*!* that the empty or unoccupied

volume in polymer glasses amounts to about 30% of
the total volume, almost without regard to differ-
ences in the chemical structures of the chains. A
knowledge of how this volume is distributed is im-
portant to the understanding of mechanical and
transport properties. The present results indicate
that local packing, on the scale of 0.1-0.3 nm, is
quite sensitive to the regularity of the chain back-
bone in aromatic polymers. Although these local
fluctuations are relatively unimportant to large-scale
motions at T, they would probably affect other
properties, such as permeation by small molecules.

Thanks are due to Carol Gautreaux for the wide-angle x-
ray scans.
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Chapter 38

Microstructural Characterization of Thin
Polyimide Films by Positron Lifetime
Spectroscopy

A. Eftekharil, A. K. St. Clair?, D. M. Stoakley?, Danny R. Sprinkle?, and
J. J. Singh?

IDepartment of Physics, Hampton University, Hampton, VA 23668
ZNational Aeronautics and Space Administration, Langley Research Center,
M/S 235, Hampton, VA 23665—-5225

Positron lifetimes have been measured in a series of thin aromatic polyimide
films. No evidence of positronium formation was observed in any of the films
investigated. All test films exhibited only two positron lifetime components,
the longer component corresponding to the positrons annihilating at shallow
traps. Based on these trapped positron lifetimes, free volume fractions have
been calculated for all the films tested. A free volume model has been
developed to calculate the dielectric constants of thin polyimide films. The
experimental and the calculated values for the dielectric constants of the films
tested are in reasonably good agreement. It has been further noted that the
presence of bulky CF; groups and meta linkages in the polyimide structure
results in higher free volume fraction and, consequently, lower dielectric
constant values for the films studied.

Polyimides are an important class of polymers for high temperature aerospace
applications. Thin polyimide films are ideal candidates for protective coatings on
antenna reflectors and other electronic applications. Their properties, both
physical and electrical, are expected to be strongly influenced by their morphol-
ogy. We have developed a novel technique for monitoring microstructural
characteristics of thin polymer films. It is based on the sensitivity of the positron
lifetimes to the molecular architecture of the polymers. Specifically, positron
lifetimes can be used to calculate free volume hole radii and free volume
fractions in the test polymers. A free volume model has been developed to
calculate dielectric constants of thin polyimide films. It has been tested on a
series of special purpose polyimide films developed for acrospace communica-
tion networks. The results are described in the following sections.

EXPERIMENTAL TECHNIQUES
Materials

The aromatic polyimide films (1-3) used in this study are listed in Table L
The dianhydride monomers 2,2-bis(3,4-dicarboxy-phenyhexafluoropropanedian-

0097—6156/94/0537-0535%06.00/0
© 1994 American Chemical Society
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Table I. Physical and Electrical Properties of the Test Films

Sample Density Sat. Moist Dielectric Constant
(gms /cc) Content, £(at 10 GHz)
volume %
(V/o)*!
Kapton (Reference) 1.431 2.02 3.20 + 0.03
BFDA + ODA 1.384 0.74 2.63 + 0.03
BFDA + 4-BDAF 1.400 1.38 2.44 + 0.03
6FDA + DDSO, 1.486 0.74 2.86 + 0.03
BFDA + DABTF 1.440 0.49 2.55 + 0.03
6FDA + APB 1.434 0.53 2.71 4 0.03
BTDA + ODA 1.380 1.21 3.15 £ 0.03

(*)Saturation Moisture Volume Percent = V/0O
=100 (Saturation Moisture Fraction by Vol-
ume)
100p(W/0)
100 + p(W/0)
where W /O =Saturation Moisture Weight Percent

hydride (6FDA) and 3,3,4,4-benzophenone tetracarboxylic dianhydride (BTDA)
were also obtained from commercial sources. The diamine monomers 4,4-
oxydianiline (ODA), 3,3'-diaminodiphenylsulfone (DDSO,) and 1,3-bis(amino-
phenoxy)benzene (APB) were also obtained commercially . The bis[4-(3,4-di-
carboxy-phenoxy) phenyl] hexafluoropropane dianhydride (BFDA) was an exper-
imental material obtained from TRW Inc. The 2,2-bis[4(4-
aminophenoxy)phenyl]hexafluoropropane (4-BDAF) and 3,5-diaminobenzotri-
fluoride (DABTF) were experimental monomers synthesized by Ethyl Corpora-
tion and NASA Langley Research Center, respectively. Kapton H film was
obtained from duPont de N’emours and used for comparison. Figures 1(a) and
1(b) show the chemical structure of the dianhydride and diamine monomers
investigated.

Pelymer and Film Synthesis

Polyamic acid precursor solutions were prepared in closed vessels at ambi-
ent temperature by reacting stoichiometric amounts of diamine and dianhydride
in dimethylacetamide at a concentration of 15-20% solids by weight. The
resulting high viscosity polyamic acid solutions were cast onto glass plates in a
dust-free chamber at a relative humidity of 10%. Solutions were spread with a
doctor blade and gaps were set so as to produce a 25 pm thick film. The
polyamic acid films were thermally converted to the corresponding polyimide
films by heating in a forced air oven for one hour each at 100, 200 and 300 °C.
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Figure 1. (a) Chemical structure of dianhydride monomers. (b) Chemical struc-
ture of diamine monomers.
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Density and Dielectric Measurements

Densities were determined for the fully cured polyimide films in a density
gradient tube prepared with aqueous ZnCl, solutions according to ASTM
D1505-60T. Dielectric constants of the polyimide films were determined using a
Hewlett Packard 8510 Automated Network Analyzer over the frequency range of
8-12 GHz. All films were desiccated in a heated vacuum oven prior to positron
lifetime measurements.

Saturation Moisture Content Measurements

The samples were first desiccated by heating them to 120 °C in a vacuum
oven till their weights became constant. They were then submerged in water at
90 °C till their weights stabilized. The saturation moisture content by weight was
determined as (saturated sample weight- desiccated sample weight) /(desiccated
sample weight). The saturation moisture fraction by volume was then calculated
from the measured weight fraction as follows:

(Saturation Moisture Fraction by Volume)

p(Saturation Moisture Fraction by Weight)
" 1 + p(Saturation Moisture Fraction by Weight)

where p is the density of the polymer sample.
Positron Lifetime Measurements

Positron lifetimes in the test films were measured using a recently devel-
oped low energy positron flux generation scheme (4). Briefly, the procedure
involves the use of a thin aluminized mylar film as the positron source holder
sandwiched between two well-annealed polycrystalline, high purity, tungsten
moderator strips. The test films are introduced between the source holder and
the moderator strips, thus serving an additional purpose of electrically insulating
the source holder from the moderator strips. When a small negative potential
(V) is applied between the source holder and the moderator strips, the
thermalized positrons diffusing out of the moderators are attracted to the source
holder thus forcing them to enter and annihilate in the test films. A positive
potential, (+ V), on the other hand, forces the outdiffusing positrons back into
the moderator strips. The difference between the positron lifetime spectra with
the source at FV volts with respect to the moderator strips is thus entirely due
to the positrons annihilating in the test films. The lifetime data were acquired
using a 250 microcuries Na* positron source and a standard fast-fast coinci-
dence measurement system with a time resolution of approximately 225 picosec-
onds. Attempts were made to analyze the lifetime spectra into 2- and 3-compo-
nents using POSITRONFIT-EXTENDED (5) program. The best least squares
fit to the data were obtained with 2-component analysis. Typical positron
lifetime spectra are shown in Figure 2(a) and 2(b). It required about 6 hours to
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Figure 2. (a) Comparison between positive and negative source bias lifetime
spectra in Kapton films. (b) Positron lifetime spectrum in Kapton films obtained
by subtracting normalized positive bias spectrum from negative spectrum
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obtain 106 counts in the total spectrum in each case. The measurements were
made at room temperature and ambient pressure.

RESULTS AND DISCUSSION

The physical and electrical properties of the films investigated are summarized
in Table I. The positron lifetime component values, their respective intensities,
and the microvoid volumes are summarized in Table IL

The longer positron lifetime in each test film corresponds to the positrons
trapped in the potential defects (microvoids) in the test films. These microvoids
result from fluctuations in the packing density of the macromolecular chains.
The sizes of these microvoids are too small for the formation and localization of
positronium atoms. However, free positrons can be trapped at these sites with
subsequent annihilation. The radii of the microvoids (R) in nanometers and the
trapped positron lifetime (7,) in nanoseconds are related as follows:

1|, R_ 1 2uR
25, ' R+aR  2Zr "R+AR

0

where AR = 0.1659 nanometers.

This equation differs from the conventional model (6) for positronium-for-
ming media in having 1/2.57 instead of 1/27 as the left hand side term. This
form has been dictated by the following considerations: (a) The positron annihi-
lation in polyimides reportedly (7) differs considerably from that observed in
most polymers. It proceeds from the free or trapped positron states without the
formation of positronium atoms; (b) Positron lifetime spectra in all of the
polyimides (PMDA, BFDA, BTDA and 6FDA-based polyimides etc.) investi-
gated in this laboratory exhibit only two lifetime components. The shorter
lifetime (7,) ranges from 100 to 300 picoseconds and arises from free positron

Table II. Positron Lifetimes and the Free Volume Fractions in the Test Films
(%)

Positron Lifetime values'

Microvoid

/L /1, Volume Free Volume

Sample (ps/%) (ps/%) V(A») Fraction (%)
Kapton (Ref) 114 +£3/653 + 1. 471 £ 6/347 £ 1. 1.54 + 0.19 202 + 0.27
BFDA + ODA: 223 4+£4/732+ 1. 699+ 177268 + 1. 1226 £ 1.10 1243 +1.09
BFDA + 4-BDAF 131 +2/71.8+1. 790+ 127282+ 1. 1836 +£0.85 19.56 + 0.91
6FDA +DDSO, 170+3/725+1. 623 +14/27.5+1. 794+ 075 8.26 + 0.79
BFDA + DABTF 135 +4/68.6 + 1. 653+ 15/314+ 1. 957+096 1141+ 114
6FDA + APB 254 +4/862 + 1. 867 £39/138+1. 2393 +2.83 125 + 1.48
BTDA + ODA 124 £3/609+1. 531+£7/39.1 %1 3.7+025 5.48 + 037

("), and 7, are the lifetimes in picoseconds of positrons annihilating promptly and after
trapping in microvoids, respectively. I, and I, are their respective intensities in percent.
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annihilation. The longer lifetime (7,), whose value ranges from 400 to 900
picoseconds, has been reportedly (8, 9) associated with positrons trapped at
defect sites (microvoids). Recently, Deng et al. (10) have reported that 1/27,
for localized positronium can be paralleled by 1/n7, for localized positrons for
determining the microvoid radius. The maximum value of 1/nr,, which corre-
sponds to the minimum radius of the free volume hole, is = 1. Thus for 7, > 0.4
nanoseconds, 1/2.5r, becomes the appropriate form. It implies that the radius
of the smallest free volume hole (microvoid) in polyimides corresponds to a
trapped positron lifetime of 400 picoseconds. The microvoid volume (V;) is given
by 4/37R>3. The free volume fractions in the test films were calculated as
follows:

f=cLy, (@)

where C is a structural constant and I, is the intensity of the trapped positron
lifetime component. The structural constant was calculated by equating the free
volume fraction in Kapton with its saturation moisture fraction by volume. This
is justifiable since Kapton has no hydrophobic atoms in its molecular structure.
If, however, the space accessible to positrons is not identical to the volume
accessible to water, the value of the structural constant C would be slightly
different. It has been assumed that the structural constant C has the same value
for all of polyimide films tested. The free volume fractions of all the films tested
are summarized in Table II.

Even though the chemical structures of the films investigated are not
identical, their polarizabilities are not expected to be significantly different.
Recently, Misra et al. (1) have reported similar conclusions about the effects of
fluorine substitutions on the dielectric constants of similar aromatic polyimides.
Thus, the differences in the dielectric constants are expected to arise mainly
from the differences in the free volume fractions of the films studied. The effect
of free volume fraction (f) on the dielectric constant (e) of the films can be
calculated as follows. As illustrated in Figure 3, the aggregate of the free volume
cells in the film of thickness d can be represented by an empty(air) strip of
thickness df. The effect of the air strip on the dielectric constant of the film can
be calculated by considering a parallel plate condenser with the test film as its
dielectric medium. The dielectric medium is thus made up of a resin strip of
thickness of d(1-f) and an airstrip of thickness df in series. The capacitance (C)
of such a parallel plate condenser can be written as:

1 1

—_—+ — 3
c G (3)

ol -

where C = (A /47 d)
C, = ex(A/47d(1-D)
C, = €4, (A/4mdf)
and A = Area of the condenser plates.
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Figure 3. Cross sectional view of the test film. (a) Randomly distributed free
volume cells. (b) Equivalent free volume strip.

Substituting the values of C, C,, and C, in equation 3, we obtain:

it A @)
&p Eqir

o |-

The value of &g, which corresponds to the value of & for zero free volume
fraction, was obtained from the £ vs f data illustrated in Figure 4 and has been
found to be 3.55. It should be emphasized that e; = 3.55 is the predicted value
of the dielectric constant of a free-volume-hole-free polyimide film. This value
should not be compared with experimental values of ep for any polyimide film
unless it is known to have zero free volume fraction. Furthermore, if the
saturation moisture content of Kapton is not equal to its free volume fraction,
the value of ¢ may be slightly different. The measured and calculated values of
the dielectric constants for various test films are summarized in Table III and
illustrated in Figure 5. It is noted that the test samples with the largest free
volume fractions have the lowest values of dielectric constants as suggested by
equation 4. The large free volumes in these samples are due to the presence of
meta linkages and bulky CF, in their molecular architecture. A comparison of
the saturation moisture data in Table I and the free volume fraction values in
Table II shows that the saturation moisture fractions are much less than the free
volume fractions in all samples, except Kapton in which they have been assumed
to be_equal. This is presumably the result of hydrophobicity of fluorine atoms
present in high concentration in the backbones of the test samples other than
Kapton. ’

CONCLUSIONS

Positron lifetime spectroscopy provides a sensitive technique for characterizing
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Figure 4. Experimental dielectric constant vs. free-volume fraction.

Table III. Comparison Between the Experimental and Calculated Values
of the Dielectric Constants

Sample (%) &(Expt) &(calc)

Kapton (Ref) 2.02 + 0.27 3.20 £ 0.03 331 £0.03
BFDA + ODA 12.43 + 1.09 2.63 + 0.03 2.69 + 0.05
BFDA + 4-BDAF 19.56 + 0.91 2.44 + 0.03 237 £ 0.04

6FDA + DDSO, 8.26 + 0.79 2.86 + 0.03 293 £ 0.05
BFDA + DABTF 1141 + 1.14 2.55 £ 0.03 2.74 + 0.06
6FDA + APB 12.5 + 1.48 271 £ 0.03 2.70 £ 0.07

BTDA + ODA 548 + 0.37 3.15 + 0.03 3.12 £ 0.03
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Figure 5. Comparison between the experimental and theoretical dielectric
constants.

thin polymer films in terms of their free volumes and dielectric constants. When
combined with saturation moisture determination, it also provides useful infor-
mation about their moisture susceptibility. It is apparent that the presence of
fluorine atoms in the polymer architecture reduces their moisture pick up, and
hence the moisture-induced degradation in their physical and electrical proper-
ties. Also, the bulky CF, groups and meta linkages in their structure enhance
their inter-molecular spacing resulting in higher free volume fraction and,
consequently, lower dielectric constant.
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Appendix 7

"Positron Lifetime Spectroscopy for Investigation of thin Polymer
Coatings" Jag. J. Singh, Abe Eftekhari and Danny R. Sprinkle, NASA Tech,
Memo 4421 Feb. (1993).



