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ABSTRACT: The diffusion coefficients in polyimide/ N-methyl-2-pyrrolidone (NMP) systems
were proposed using the Vrentas-Duda's hole free volume theory. Several free volume para-
meters included in the diffusion coefficients were obtained from the fundamental physical
properties of polyimide and NMP and group contribution theory, and the pre-exponential dif-
fusion coefficient, D, was also determined from the dynamic swelling behavior of polyimide
in NMP solution. The experimental swelling behavior of polyimide films in NMP was well de-
scribed by the theoretical one using the proposed diffusion coefficient.

Keywords: swelling behavior, diffusion coefficient, hole free volume theory, polyimide/NMP
system.
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Figure 1 Temperature dependence of the solvent

viscosity; reference data(symbols) and equation
(curve).
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Figure 2. Temperature dependence of the solvent
specific volume.
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Figure 4. Temperature dependence of equilibrium
volume fraction of solvent and Flory-Huggins interac-
tion parameter for PI/NMP systems;, experimental
data (symbols) and equation (curve).
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Table 1. Free-volume Parameters in the Vrentas-
Duda’s Diffusion Coefficient

parameters values in PI/NMP system
Dy 0.0699 cm?/s
K. /r 0.0015976 cm®/g K
K, /r 0.0003064 cm®/g K
K, -8.81873 K
K,, 516 K
Ty 14098 K
Ty 650.15 K
v, 0.773 cm’/g
v, 0.635 cm®/g
A 0.0634
§ 0.3245
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Figure 5. Time dependence of the NMP mass up-
take in PI film at varying temperatures of 23, 50, and
100 ¢C.
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Figure 6. Temperature dependence of the mutual
diffusion coefficient obtained from the drying experi-
ment (dashed curve) and the dynamic swelling experi-
ment (solid curve) for PI/NMP systems.

vh g3 & 4PUANA NMPe] o3
e EEER
EEPEREEE

ALE u B

—
B

2
oknmlm.._qm
T

1T s 1)

o T ogx o oo
2
b

to El o Mo &t

o
&

t}. Figure 69N Hajld& Az A
Aol Az vg—arezfa%
olth. Wz} WEUHO
A4 olujol A %Am}% o
Bdg A, A9 93
Tgol sl e 1 o] ol

deres AE ¢ 5 AU
e

DERA N B SE eEo
2 woul 2 ey sy

23~100 C dd9d A= NMPo =

ol% olst Hulz EAsine 9

PR S EPE!
%H o] dBe A FolEtin
FAAE feAUolE olstol
EASY exoleds 5

Y AEAFE SR AR S o] g8l &}
sBgellsE AR ?}E,QEMJ Vrentas-Duda4l 0.5
BEY F Ui B A7} g yHow oA

Polymer(Korea) Vol 24, No. 2, March 2000




§el "ol &xo]slol 49 Polvimide/ N-Methyl-2-PyrrolidoneA] ¢] & 4HA} 5=

o BWAFE TE 4¥e B T FAF
vz & A3 2 Aol & UEkhA wgton oz
H & 97dne B34e 938 + YU Pl

S
AAzA 29, A8, A% 5 498 34ol
S % A% oal o)l Yrk o]
Ase dysted HEY B4XAT ¥ F 3
WASE felHol LR olsl M 2N Hol
79 o7t Avkn @ 4 Yk

Al 2 Q7E 19989 BRTegel o
AREHA ATAA 2 FARLeH ol ZAE
Yueh

7|5 dH

A :empirical constant (g/cm s)

B’ :empirical constant (Kg/cm s)

C,, :polymer WLF parameter

C,; :polymer WLF parameter (K)

D :mutual diffusion coefficient (cm®/s)
D, :pre-exponential coefficient (cm*/s)

E : diffusional activation energy (kJ/mol)

K;, :solvent free-volume parameter
(cm¥/g K)

K, :polymer free-volume-parameter
(cm3/g K)

K;  :solvent free-volume parameter (K)

K,, :polymer free-volume parameter (K)

K;  :dimensionless solvent free-volume
parameter

M, : molecular weight of solvent (g/mol)

:molecular weight of polymer jumping

unit (g/mol)

R : gas constant (kJ/mol K)

T  :temperature (K)

T, :second order glass transition temperature
of solvent (K)

T, :convenient reference temperature (K)

Ta :glass transition temperature of pure sol-
vent (K)

&0y A24Y A2z 2000 3¢

T,» :glass transition temperature of poly-
mer (K)

I;?(O) : molar volume of pure solvent at 0 K
(cm®/mol) .

178(0) :molar volume of polymer jurnping unit
at 0 K (¢cm®/mol) :

V,* :specific critical hole free volume of pure
solvent required for jump (cm?/g)

V* :specific critical hole free volume of poly-
mer required for jump (cm?®/g)

V\* :critical volume of solvent per mole of sol-
vent (cm®/mol)

V,* :critical volume of polymer per mole of
polymer (cm®/mol)

V, o« : van der Waals volume of polymer
(cm¥/g)

Ven :average specific hole free volume of mix-

ture (cm?¥/g)
X : Flory-Huggins interaction parameter
& : volume fraction of solvent
¢#,  :volume fraction of polymer
7 :overlap factor which accounts for shared

free volume

71 . viscosity of soivent (g/cm s) »

7y :viscosity of polymer (g/cm s)

A : parameter to describe the character of
the change of the volume contraction at-
tributed to the glass transition

o,  :weight fraction of solvent

w, :weight fraction of polymer

3 :ratio of critical molar volume of solvent
jumping unit to that of polymer jumping
unit

oot

]

o
rat

1. J. L Duda J. S. Vrentas, S. T. Ju, and H. T. Liu,
AICKE ]., 28, 279 (1982).

2. J. M. Zielinski and J. L.. Duda, AIChE ], 38, 405 (1992).

3. S. U. Hong, J. Appl. Polym. Sci., 61, 833 (1996).

199



4.

usl

— o

D. Kim, J. M. Caruthers, N. A. Peppas, and E. V.,
Meerwall, /. Appl. Polym. Sci., 51, 661 (1994).

. J. Klein and B. J. Briscoe, Polymer, 17, 481 (1976).
. J. Klein, Contemp. Phys., 20, 611, (1979).

7. J. Klein and B. J. Briscoe, Proc. R. Soc. Lond. Ser. A,

10.
11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

200

365, 534 (1979).

. H. Hervet, W. Urbach, and F. Rondelez, Macromole-

cules, 14, 1732 (1982).

. L. Leger, H. Hervet, and F. Rondelez, /. Chem. Phys.,

68, 2725 (1978).

R. Pecora, /. Chem. Phys., 43, 1562 (1965).

R. Pecora and Y. Tagami, J Chem. Phys.. 51, 3298
(1969).

B. J. Berne and R. Pecora, “Dynamic Light Scat-
tering”, Wiley, New York, 1976.

W. J. Huang, T. S. Frick, M. R. Landry, J. A. Lee, T.
P. Lodge, and M. Tirrel, AICKE J.. 33, 573 (1987).

R. S. Moore and J. D. Ferry, J. Phys. Chem.. 66, 2639
(1962).

S. P. Chen and J. D. Ferry, Macromolecules. 1, 270
(1968).

C. P. Wong, J. L. Schrag, and J. D. Ferry, J. Polym. Sci.
Part A-2, 8, 991 (1970).

C. K Rhee, ]. D. Ferry, and L. ]. Fetters. /. Appl.
Polym. Sci., 21, 467 (1977).

C. K Rhee, J. D. Ferry, and L. J. Fetters. /. Appl.
Polym. Sci., 21 (1977).

C. A Barson and Y. M. Dong, Eur. Polym. ].. 26, 329
(1990).

H. Y. Carr and E. M. Purcell, Phys. Rev.. 94, 630
(1954).

D. C. Douglass and D. W. McCall, /. Phys. Chem., 62,
1102 (1958).

E. O. Stejskal and J. E. Tanner, J Chem. Phxs.. 42, 288
(1965).

M. L Horvat and C. G. Wade, /. Magn. Reson.. 44, 62
(1981).

E. von Meerwall, Rubber Chem. Tech., 58, 527 (1985).
E. von Meerwall, R. D. Burgan, and R. D. Ferguson, /.
Magn. Reson., 34, 339 (1979).

o>

o
i)
ey

26

27

28.
29.

30.

31

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. E. von Meerwall and R. D. Ferguson, Comp. Phys.
Commun., 21, 421 (1981).

. J. S. Vrentas, J. L. Duda, H. C. Ling, and A. C. Hou, /.

Polym. Sci., Polym. Phys. Ed., 23, 289 (1985).

J. S. Vrentas, J. Polym. Sci.. Polym. Phys. Ed., 15, 403

(1977). ’

1. S. Vrentas, /. Appl. Polym. Sci., 2571297 (1980).

H. Satou and D. Makino, “Polyimides for Electric Ap-

plications”, Hitachi Chemical Co., Ltd. Ibaraki, Japan,

1993.

J. C. Coburn and M. T. Pottiger, “Thermal Curing in

Polyimide Films and Coatings”, “Polyimide : Funda-

mentals and Applications”, eds, by M. K. Ghosh and K.

L. Mittal, p. 207, Marcel Dekker, Inc., New York, 1996.

K. Sato, K. Mukai, S. Harada, A. Saeki, T. Kimura, T.

Okubo, L Ishi, and 1. Shimizu, JEEE Trans. on Hybird

and Packaging, PHP-9, 173 (1973).

A. J. Barlow, J. Lamb, and A. ]. Matheson, Proc. Roy.

Soc. A. 292, 322 (1966).

. C. L. Yaw, “"Handbook of Vapor Pressure”, vol 2, p 39,

Gulf Publishing, Houston, Texas, 1994.

M. I Bessonv, M. M. Koton, V. V. Kudryavtsev, and L.

A. Laius (eds.), “Polyimide, Thermally Stable Poly-

mers”, Consultants Bureau, New York, 1987.

J. S. Vrentas, J Appl. Polym. Sci., 22, 2325 (1978).

D. W. van Krevelen, “Properties of Polymers”, 3rd Ed.,

Elservier Science, Netherland, 1990.

J. S. Vrentas and C. M. Vrentas, J. Polym. Sci.. Polym.

Phys. Ed., 32, 187 (1994).

E. Gattiglia and T. P. Russel, /. Polym. Sci.. Polym.

Phys. Ed., 27, 2131 (1989).

H. M. Tong and K. L. Saenger, /. Polym. Sci.. Polym.

Phys. Ed.. 27, 689 (1989)

P. J. Flory, “Principles of Polymer Chemistry”, p. 511,

Cornell University Press, Ithaca, New York, 1953.

P. Neogi, “Diffusion in Polymers”, pp. 173, Marcer

Dekker, Inc., New York, 1996.

K. S. Park and D. Kim, J. Polym. Sci.. Polym. Phys. Ed.,

submited (1999).

Polymer(Korea) Vol 24, No. 2, March 2000



