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INTRODUCTION

As a part of continuing research on structure-property relationships
in polyimides, we have been studying the properties of PMDA/ODA and
ODPA-p-PDA (isomeric polymers) and their mixtures. These studies have
indicated that the properties of blends and copolymers incorporating
these isomers are not just the sum of their constituents. To begin
with, both PMDA-ODA and ODPA-p-PDA are semi-crystalline, whereas their
blends and copolymers have considerably less crystallinity. The sat-
uration moisture content of the blends and copolymers are considerably
higher than those of the constituent isomers. It was discovered that
ODPA-p-PDA isomer had the lowest saturation moisture content, even
though it has the largest size microvoids. This novel property of
ODPA-p-PDA prompted us to study this polyimide in detail, including
its lower molecular weight versions with phthalimide endcaps. The
results of these studies are described in the following sections.

Polymer Preparation

The polymer that is the subject of this study is an isomeric form of
the commercial polyimide film Kapton™. The chemical structure of

Kapton* is
? 0
]
0 O

n

PMDA/ODA

where PMDA/ODA are acronyms for pyromellitic dianhydride/oxydianiline,
the two monomers from which it is prepared.

The isomeric form of PMDA/ODA in this study has the following chemical
structure:

*Kapton is a registered trademark of DuPont.



ODPA/p-PDA

where ODPA/p-PDA 1ie”acronyms for oxydiphtﬁaiic anhydride/
p-phenylenediamine. The ODPA monomer was purchased from OxyChem and

was used as received. The p-PDA was a maximum purity monomer that was =~

used as received from Fluka. Phthalic anhydride (Eastman) was uti-
lized as an endcap when stoichlometry was offset in favor of the
p-PDA, SIEE LS e e

All polymers were prepared at 15% solids in N, N-dimethylacetamide
(DMAc) at room temperature. Molar offsets in stoichiometries (excess
p-PDA) were made at 0.5, 1.0, and 2.0% in order to systematically
lower the molecular weight of the ODPA/p-PDA. The excess aminé groups
that resulted due to the offset were reacted with phthalic anhydride
in order to prevent chain extension reaction during film preparation. '~

Inherent viscositles were determined at O 5% SOlldS in DMAc at 35 °C]7 o

‘M

Films were prepared by doctorlng the viscous polymer solutions onto
sodalime plate glass, allowing the films to dry overnight in a
nitrogen-purged box to a tack-free form, and curing them 1 hour each
at 100, 200, and 300 °C, successively. The cured films were removed
from the glass plates by immersing them in hot water.

Experimental Procedure

The major parameter of interest in the present study has been the free
volume fraction in the test polyimide samples since all physical
properties are ostensibly related to it. If the entry of water in the
test material is entirely physical, the free volume can be calculated
from a measurement of its saturation moisture content. However, this
is not always the case. Sometimes the invading water molecules get
adsorbed in the surface states or attach to the chemical backbone of
the polymers, thereby further impacting their physical
characteristics.

We have developed(1'3) a Positron Annihilation Spectroscopy (PAS)
technique for measuring the free volume cell size and total free vol-
ume fraction in polymer materials, It involves the injection of ener-
getic positrons in the test sample. The incident positrons are
quickly thermalized. After thermalization, they may either annihilate
as free positrons or be trapped in defects/microvoids before eventual
annihilation. 1In the latter case, the positrons may form positronium
(Ps) atoms before annihilation with the surrounding electrons. The
lifetime of the Ps atoms is a very strong function 4-3) of the physi-
cal size of the microvoids (Vg):




1/21 = (1-R/Ry + A Sin 27 R/R,) (1)

where T = Ps lifetime in nanoseconds

R, = R + 0.1656 in nanometers and

(o]

A is constant (l—_ > 1).
2n

The microvoid volume (Vg) is given by 4/37 R3. In the present study,
we find that the experimental results are more consistently explained
if a=1/7.

It is anticipated that the dielectric constant of the test polymers
will be intimately related to their free volume. For example, if the
free volume fraction in the dry test polymer is £*, its dielectric
constant € 1is given by:

/e = (1-f)/eg + £/5¢ (2)

where ®R is dielectric constant of the resin and “c is the
dielectric constant of the medium inside the free volume cell

(ec =] for dry sample and 80 for sample saturated with water). Thus a
measurement of dielectric constant under various experimental condi-
tions should also provide useful information about free volume and
vice versa.

EXPERIMENTAL RESULTS AND DISCUSSION

The first phase of this study involved investigation of physical
properties of PMDA/ODA and OPDA-p-PDA isomers and their mixztures.
Table 1 summarizes their saturation moisture contents as well as
positron lifetime data. These results are illustrated in figure 1.

From these data, it is evident that ODPA-p-PDA has the lowest satura-
tion moisture content and should therefore be most appropriate for
aerospace applications. It was therefore decided to examine the
behavior of ODPA-p-PDA films in detail, including different molecular
weight versions which have stoichiometries offset to lower molecular
weight. The results of positron lifetime measurements in various
forms of ODPA-p-PDA films are summarized in Table II and illustrated
in figure 2.

(*) f can be obtained using the following relations{®):

f=~C1IVg (3)

where C 1is constant, I 1is intensity of the longest component in
the positron lifetime spectrum.



From the data summarized in Table II, it is noted that a significant
morphological change occurs at 1% offset level. The microvoid size
goes down by almost a factor of 2 compared with its value at

0.5% offset. It will be intriguing to explore if there is a possible
correlation between free volume cell size (V§) and the number average
molecular weight (M) of the polymer film. It is well known that the
viscosity (n) and the number average molecular weight (M) of the
polymers in solution are related by the Mark-Houwink relation(7):

n=a@mP’ %)

Following the arguments given by Flory et al(S), we can expect a
similar relation between Vy and M , i.e.,

Ve = a' (P’ . (5)

Using the M-values from M-H relation, we obtained initial estimates of
constants a' and b’ in equation 5. These estimates were then used
as initial inputs to obtain their final values by minimizing the dif-
ferences between M-H values and our prediction for the molecular
weights. The M-values for these films have also been calculated using
statistical analysis of the effects of offsetting stoichiometries.

The comparison between the M- values calculated using M-H expression,
statistical analysis, and our expression (equation 5) are summarized
in Table II1 and illustrated in figure 3. It is apparent that the
statistical analysis results are closer to our values than the pre-
dictions of the M-H equation,

A natural corcllary of the above arguments will be to check if there
is any relationship between the dielectric constant and the free vol-
ume fraction in the test films. We have measured the dielectric con-
stant values of these films using a standard parallel-plate condensér
bridge technique at 1 MHz. These results are summarized in Tables IV
and V.

Table V summarizes the comparison between the €(experimental) and
€(calculated) values for these samples. These results are illus-
trated in figure 4. Clearly, the agreement is quite good, supporting
the essential accuracy of the physical model.

Another feature of interest in these films is their saturation mois-
ture content. These values were measured using the standard procedure
of immersing them in hot distilled water till their weights became
constant. These measurements are summarized in Table VI. Also
included in this table are the free volume fractions determined from
positron lifetime values in these samples. Figure 5 illustrates these
results.

It is obvious that the saturation moisture level (V/0) is higher than
the microvoid volume fraction determined by PAS technique. This
suggests that part of the moisture (water) may be adsorbed in the



surface states. This fraction appears to incredasc as the molecular
weight decreases.

CONCLUDING REMARKS

On the basis of the data discussced in the preceding pages, scveral
interesting deductions can be made: (1) The average microvoid size in
polyimides is strongly related to their molecular weight. Similarity
of the relations between (N wvs. M) and (Vg ¥vs. M) indicates that the
viscosity of the polymer solution and free volume cell size in the
solid phase are intimately related to the chain dynamics; (2) as the
free volume in the test sample decreases its molecular weight also
decreases; and (3) the dielectric constants of the polyimide samples
are intimately related to their molecular architecture, i.e., their
free volume fractions impact their dielectric constants strongly. Of
these three findings, the first one constitutes a major achievement
since it enables us to estimate the molecular weight of an intractable
polymer in solid state.
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TABLE 1

Summary of Saturation Moisture Values and Positron Lifetime

Data
No. Sample Saturation Moisture Lifetime/Intensity
Content
1 PMDA-ODA 3.2 Weight % 535 ps/32%
2 ODPA-p-PDA 1.79 Weight % 849 ps/197%
3 PMDA~-ODA/ODPA-p-PDA 3.97 Weight % 472 ps/22%
(Blend)
4 PMDA-ODA/ODPA-p-PDA 3.61 Weight % 436 ps/39%
(Copolymer) ,
TABLE 11
Summary of Positron Lifetime Data in Various Molecular
Weight Forms of ODPA-p-PDA
Positron Lifetime Data
No. Sample T/1 o Ve
{Calculated
- _ From T/1)
1 ODPA-p-PDA (Ref.) 849 ps/19% 14.6 A°
2 ODPA-p-PDA (0.5% Offset) 815 ps/16% 10.8 A>
3 ODPA-p-PDA (1.0% Offset) 619 ps/28% 5.5 A3
3
4 ODPA-p-PDA (2.0% Offset) 523 ps/34% 2.5 A




TABLE ITI

Comparison Betweeen M-Values Calculated by Various Methods

+ * *%
n( ) M(++) Vf M( ) M(Cal.)( ) R
(d1/gm) (a3)
ODPA-p-PDA (Ref.) 1.3 88000 14.6 88399 (80 - 100)
x1000 ;

ODPA-p-PDA 0.5 18000  10.8 60208 76400

(0.5% Offset) |
ODPA-p-PDA 0.4 13000 5.5 25585 38200 )

(1% Offset)
ODPA-p-PDA 0.35 10000 2.54 9591 19100

(+)

These values were obtained by using Cannon-Fenske viscometer at 0.5 gm/dl
concentration in N, N-dimethylacetamide (DMAc) at 35 ©C (see page 2).

(++)These values have been calculated from(g)
n=1.4x 1070 ap°-® (44)
*
(V)These valuegiDgygmﬁgggigalqulated from:
Ve = 1.86 x 1073 (M)O'787 (54)
(**) o : : : .
These values have been calculated using the following equation:
Degree of Polymerization (N) = 1/(1-p) (5B)
where p 1s the stiochiometry after the offset
M(Cal) = 382 N (5C)

(A good approximation for p = 0 is 80,000 - 100,000 Amu)



TABLE IV

Summary of Dielectric Constant Values
of the Test Films

No. Sample Thickness Dielectric Constant (g)
(Nominal, mills) (Dry Sample)
1 ODPA-p-PDA (Ref) 1.68 2.62 + 0.02
2 ODPA-p-PDA (0.5% Offset) 1.36 2,91 + 0.02
3 ODPA-p-PDA (1.0% Offset) 1.44 2.97 + 0.02
4 ODPA-p-PDA (2.07% Offset) 2.06 2.99 + 0.02
TABLE V
Comparison Between the Experimental and Calculated
Values of Dielectric Constants
No. Sample €(Dry) £ (Dry)
Experimental Calculated
1 ODPA-p-PDA (Ref) 2.62 + 0.02 2.62 + 0.02
2 ODPA-p-PDA (0.5% Offset) 2,91 + 0.02 2.85 + 0.02
3 ODPA-p-PDA (1.0% Offset) 2,97 + 0.02 2.92 + 0.02
(*) (**)
4 ODPA-p-PDA (2.0% Offset) 2.99 + 0.02 3.00 + 0.02

* -
( )This value was calculated from C(ambient) (50% saturation) using

equation 2.

(**)

This value was calculated from e(saturated) using equation 2.



TABLE VI

Summary of Saturation Moisture Content of the Test Films

No. Sample Saturation Free Volume Fraction
Moisture Content From PAS Study

(Weight) (Volume) (f %)

1 ODPA-p-PDA (Ref) 1.79 2.57 2.57
2 ODPA-p-PDA (0.5% Offset) 1.86 2.63 ' 1.96
3 ODPA-p-PDA (1.0% Offéet) 1.77 2.54 ‘ 1.43:;1,
4 ODPA-p-PDA (2.0% Offset) 1.61 2.32 0.80
(*)These values were obtained using the equation 3:
f=C1IV_

f e

The constant C was obtained by equating f with the saturation moisture
content (V/0) 1in the ODPA-p-PDA (Reference) sample, i.e., - ——-r—-m—n

0.0257 = C (19) V,
= C (19) (4/3 7 R%)
= ¢ (19) (14.6)
o079t =¢

10




(%) @4nisioN uoljeinjeg

*

‘2JN}XIW 418y}

pue siowos! Ydd-d-vadO ‘VddO-VAWd ul
SjuUSsWaINSEaW BWildii] B JuUdjuod ainisioN ‘L 8inbi4

(HINWATOdOD) (ON319)
vad-d-vdao vad-d-vdao
/VddO-VaWd /vaoO-vand Vvdd-d-vdao VvVaO-VvaWd
o ] 1 1 ] O

S 0001

+ ¢ (pu029s-001d) awiNaj!T

11



ORIGINAL PAGE IS
OF POOR QUALITY

198310 Anawolydiors 4o soalbap 3juaid}}ip
UM vad-d-vdao ul eyep awisyiq uoliisod ‘g 3inbid

vdd-d-vdao
19510 % Z  138JJ0 % | 13§40 % g/L 9oudldjeY

o“ li ] f - - .||wo
2t %
o y L |
o
S |
o i + _
o ww -
» |
I +
> Ol - - 009
_® ~
“x 2l |
. - 008
vl - ol |
.
ol )

4+ (puodses -0o1d) awliia}in



ORIGINAL PAGE IS
OF POCR QUALITY

‘'uolje|nojed |esnsiiels pue ‘poylsw
SVd ‘uoissaidxe H-W wolj swilj vad-d-vddo io
siyblom Jejnoasjow paje|nojed usamilag uosiiedwod ‘g 9:9“_

195310 A118WOIYDI0IS

. - 250U9.19}9Y
130 % 02 15410 % O} “om:o % G0 2
ol
| Z
<0z 5
3
ioe 2
,, &
- 0¥
W 2
~ — om —
) Q
11 S M =4
) . 409
00161 1656 0000} L e I P
0028€ 68552 000€} _ Q
00¥9. 80209 0008} — N g S
00058 66€88 00088 — 08T
m " _ T#pg

13



~ORIGINAL PAGE iS
OF POOR QUALITY

‘Sw|l} vad-d-vdaO 10} Sjuejsuod 214109slp

|lejuswiiadxa pue paje|ndojed ussmi}aq uosiledwod "¢y ainbidg

ST

o

® w

M .

O 9¢-

=1 |

O

O .

S L2+

Jun

a

g

....o.@Nl

o

= |

....A X
6¢ -

@)

D

O

c

» €

-

D

)
*1'g

vad-d-vdao
195}J0 % 2 19S}JO % | 19S}J0 % g/L 90UdJ9j8Yy

S — Y ﬁ — T T R ~ m-N

|

|
-9

* |

|
lug

|
.L_ 82
162

S+
éo

™
+¢ (leluswiiadx3 ‘AiQ) iueisuod dl108|8lq

14



Report Documentation Page

Natonal Aeronautics and
Space Adminstaon

1. Report No. 2. Government Accession No. ) ' 3. Recipient’s Catalog No.

NASA TM-102625

4. Title and Subtitle . 5. Report Date

A Study of Physical Properties of ODPA-p-PDA March 1990

Polyimide Films

6. Performing Organization Code

7. Authorl(s} 1s. Performing Organization Report No.

Jag J. Singh, Abe Eftekhari, and Terry L. St. Clair

10. Work Unit No.

506-43-21-05

9. Performing Organization Name and Address

|11, Contract or Grant No.

NASA Langley Research Center
Hampton, VA 23665

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address
Technical Memorandum

National Aeronautics and Space Administration

14. 5 ing A Code
Washington, DC 20546 ponsoring Agency

15. Supplementary Notes
Jag J. Singh and Terry L. St. Clair: Langley Research Center, Hampton, Virginia.
Abe Eftekhari: Analytical Services and Materials, Inc., Hampton, Virginia.

16. Abstract

We have investigated physical properties of ODPA-p-PDA polyimide films,
including their lower molecular weight versions with phthalimide endcaps. Free
volume, determined by low energy positron annihilation in the test films, was the
major parameter of interest since all other physical properties are ostensibly
related to it. It affects the dielectric constant as well as the saturation
moisture pickup of the test films. We also developed an empirical relation
between the free volume and molecular weight of the test films, comparable to
the Mark-Houwink relation between the polymer solution viscosity and the
molecular weight. Development of such a relation constitutes a unique achievement
since it enables researchers to estimate the molecular weight of an intractable
polymer in solid state for the first time.

17. Key Words (Suggested by Authoris)} 18. Distribution Statement
Positron Lifetime, Free Volume
Free Volume Versus Molecular Weight UNCLASSIFIED - UNLIMITED
Viscosity
Mark-Houwink Relation Subject Category: 24
Dielectric Constant
19. Security Classif. (of this report} 20. Security Classif. (of this page} 21. No. of pages 22. Price
UNCLASSIFIED UNCLASSTFIED 16 AO3

NASA FORM 1626 OCT 86



| "Swl}
vad-d-vdgo 404 Uuoljoelj SWNJOA 981} pue judjuod
ainjsiow uoljein}es ay} uaamiaq uosiedwod G ainbi 4

N D=
w5 vad-d-vdao
w.mm. 19S8}J0 % 2 19S)J0 % | 13S}j0 % C/I 90U313}8Y
wd 0 T 1 . T
=3
Ga
&% . |
e SO0
o®
S |
c b -
3
®
n . * i
m Sl +
o)
sl
nOu 2L =¥ -
\...GI
» + -
2 52 n . N
T #
e+ B

S0

gL

N

0
o

3

+¢(% ‘'O/A) 1Usjuod ainisioN uoljelnieg

15



