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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, Dy 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
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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 3. A graph of
for PI/NMP systems.

n I Vs T Te)

yVi*

K =
Ky (Ky+Ti—Ty)

(12)

nEAte) WEBle] AR e gofe) oA
=9

Fo vz %«154 2 & Aod wet o 4
(13)el ofa) 7& & Ao,
&= Vl*/vz* = I}1"7‘41/?/2*/1121' (13)

A7) My &9} (NMP)e] b (=99.132)
. My 222 (PD) wHEGs)e] Baje)(=382)
UERA T gl

£, 1R FeHLE ofsq A
slolux), Ex okl 4 (14)9] 9I3je} te A4
2R} 4BUAE AT UAThE BRoN 7
A9 PIA GUBAANUAE Agse] A8 T
ggieh.

o o

ok

P

(?’I}z* S//U{lz)RT 2

E= K+ T-T,

(14)

Flory-Huggins %282, xo o&9 4
(15)¢} o] nE/LuiANA Fuje] HegruL
£, ¢ 7 LAY BAE 2on! o] BAYozR
H xo @& 229 42 7 5 Ao

X = —"5"”‘;{1“ b (15)

Fa| A249¥ A2E 20004 3Y

-
o
N

"
e
w
=

1.01

w1 <
£

2

S

1.00+ 40.32 'é

@

0.99} ©
Jo3a g

o.eeF g

g

©» 0.97 2
& 10345
E’ 0.96} 3
B 8
%5 0.95 a . . . Joas2
280 300 320 340 360 380 &

Temperature (K)

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
D, 0.0699 cm?/s
K, /y 0.0015976 cm®/g K
K,/ 0.0003064 cm®¥/g K
Ky -8.81873 K
Ky 51.6 K
Ty 140.98 K
Ty 650.15 K
7 0.773 cm®/g
125 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.
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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
(cm®/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)

Ty :second order glass transition temperature
of solvent (K)

T, :convenient reference temperature (K)
Ty :glass transition temperature of pure sol-
vent (K)

Z2|H Al24d A2z 200003 32

Ty :glass transition temperature of poly-
mer (K)

79(0) : molar volume of pure solvent at 0 K
(cm®/mol)

17‘2’(0) :molar volume of polymer jumping 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)

Vy «*: 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

Y :overlap factor which accounts for shared
free volume

m : viscosity of solvent (g/cm s)

n;  :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

@, :weight fraction of solvent

w,; :weight fraction of polymer

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