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ABSTRACT : Mass transfer behavior during the drying process of solvent-absorbed polyimide films was investi
gated. Unsteady state mass balances were developed with a modified Fickian diffusion model involving temperature and 
concentration dependent diffusion coefficient, founded on Vrentas and Duda's hole free volume theory. Concentration 
profiles, solvent mass residue, and film thickness changes were obtained from numerical solution of mass transfer equa
tions with moving boundary conditions. An interferometer system was used to measure the variation of film thickness 
during the drying process. Temperature and concentration dependence of diffusion coefficient and mass transfer coeffi
cient were obtained from comparison of experimental observation and theoretical calculation. 
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Thin polymer films have been applied in a variety of 
fields1

•
2 such as corrosion protective coatings, mi

crolithography, packaging of semiconducting devices, 
membranes, and controlled drug delivery systems. One 
of the most common preparation techniques is the sol
vent casting method in which the solvent evaporates 
from polymer solution coated onto the substrate. The 
amount of solvent in the polymer films has significant 
influence on the final performance of films, sometimes 
leading to the deterioration of films due to cracking and 
delamination as well as unsatisfactory mechanical and 
thermal properties. 

The continuous removal of solvent during the drying 
process of polymer films leads to the variation of solvent 
concentration distributions and solvent amount inside 
films, followed by variation of film thickness. In the ac
tual film preparation processes, this behavior is mostly 
affected by thermal treatment schedules such as drying 
temperature, ramping rate, and aging process. 

Diffusion and mass transfer coefficients are two major 
properties describing the mass transfer behavior in dry
ing process. In polymer-solvent systems, diffusion coeffi
cient is dependent on the concentration and tempera
ture, and their dependence has been well described by 
free volume theory. Mass transfer coefficient is funda
mentally not constant either, but dependent on the mass 
transfer rate.3 The constant mass transfer coefficient is 
defined for the convenience in the limit of zero mass 
transfer rate. Researchers usually assume or determine 
the constant value of mass transfer coefficient from 
analogies between heat and mass transfer, i.e., Chilton
Colburn analogy, and use it to describe the drying proc
ess along with diffusion coefficient. As the mass transfer 
coefficient determined by this way might involve a few 
restrictive assumptions such as constant physical prop
erties, fixed (small or high) rate of mass transfer, and no 
viscous dissipation, we determined the mass transfer co
efficient from the actual drying behavior. 

Theoretical analysis is represented with an appropri-

ate model to describe the experimentally observed film 
thickness change during the isothermal drying process. 
Diffusion and mass transfer coefficients were extracted 
from the best fit of theoretical calculation to experimen
tal data. 

Polyimide films 4
~

6 were used here. The temperature 
dependence of diffusion coefficient and the mass transfer 
coefficient properly determined from the present isother
mal analysis is the fundamental to the prediction of 
mass transfer behavior in N-methylpyrrolidone (NMP)/ 
Polyimide (Pl) systems for non-isothermal curing and 
drying. 

THEORY 

Solvent evaporation during film drying changes sol
vent concentration distributions inside films. As shown 
in Figure 1 where the x axis indicates the normal direc-
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Figure 1. Representation of concentration profiles and boundary 
positions for one dimensional diffusion in thin polymer film. 
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tion from the polymer/substrate interface to film surface, 
the film thickness reduces as the solvent removes from 
the film. When the polymer film is very thin compared to 
width and length, the solvent diffusion and evaporation 
processes are assumed to take place in only one direction 
of x axis. A simple model to describe this diffusion proc
ess is Fick's model7 where the solvent concentration of 
Cs inside film is expressed as a function of time, t and x 
as in eq 1. 

acs = _a_ (n acs ) _ dCs v (1) 
at ax ax dx 

where v is the velocity of film/solvent bulk system and D 
is the mutual diffusion coefficient. 

Temperature and concentration dependence of diffu
sion coefficient is represented by the hole free volume 
theory of Vrentas and Duda.8- 13 They provided free vol
ume eq 2-4 in which eq 2 and 3 were applied to above 
Tg and eq 4 below Tg of solvent absorbed polymeric sys
tems, respectively. 

(4) 

Here, D0 is pre-exponential factor, Vf specific critical 
hole free volume of pure solvent, v; specific critical hole 
free volume of polymer, Tg, glass transition temperature 
of component i, Kn and K21 are free volume parameters 
for the solvent and K12 and K22 free volume parameters 
for the polymer, critical molar volume ratio of polymer 
to solvent, mi weight fraction of component i, </1 1 volume 
fraction of solvent, X Flory-Huggins interaction pa
rameter, and ..:l volume contraction parameter attributed 
to glass transition. 

The solution of eq 1 requires an initial and two bound
ary conditions. As the solvent concentration in the poly
mer film just after the casting process is uniform as C0 

through all film directions, the initial condition may be 
described by eq 5. 

C.(x,O)=C0 (5) 

The boundary conditions are described by eq 6 and 7. 
Equation 6 represents no concentration gradient at the 
polymer film/substrate interface, and eq 7 the diffu
sional mass flux from the polymer film surface is the 
same as mass flux driven by the vapor phase concentra
tion difference in the boundary layer. As the mass flux at 
the film surface(x = L1) is equivalent to the rate of total 
solvent mass reduction in the film due to the negligible 
solvent evaporation toy and z directions, eq 7 may be re
placed by eq 8. 
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acs 
a;-(O,t)=O atx = 0 (6) 

acs 1 dMst D--=---ax A dt 

atx=Li 

atx=L1 

(7) 

(8) 

In eq 7 k 0 is the mass transfer coefficient in the bound
ary layer of vapor phase, Pi is the equilibrium partial 
pressure of solvent in the film surface, and Pb the partial 
pressure of solvent in the bulk atmosphere. 

Once the variation behavior of solvent amount in the 
film during drying has been experimentally obtained, 
the right hand side of eq 8, dM81 /dt, can be expressed as 
an appropriate functional form. In this case, the time 
and position dependence of solvent concentration in 
polymer films can be calculated using the governing eq 1 
and an initial and two boundary conditions of eq 5, 6, 
and 8, respectively. 

The time dependence of solvent amount(mass) in the 
film, Mst can be theoretically calculated from the inte
gration of solvent concentration distribution at each 
time over the total film volume as in eq 9. The evolving 
film thickness, L1 can be calculated from eq 10, as the 
change of film thickness during the drying process is 
proportional to the change of residual solvent content in
side the film. 

Li _,. +,. Mst 
- - '1'20 '1'10--
Lo Mso 

(9) 

(10) 

where A is the film surface area, M80 and L 0 are the in
itial solvent mass uptake in the system and initial film 
thickness, respectively, and ¢20 and <ho the initial vol
ume fraction of polymer and solvent, respectively. The 
best fit of film thickness theoretically calculated to the 
one experimentally observed leads to the determination 
of diffusion coefficient. The mass transfer coefficient can 
be obtained from eq 7. 

EXPERIMENTAL 

Film Preparation 
Polyimide (PI) films were prepared on a silicon wafer 

using the precursor of PI, poly(amic acid) (PAA) with the 
chemical structure shown in Figure 2. <100> type silicon 
wafer in the thickness of 360 µm was provided by Hyun
dai Electronics Company and PAA (13.8 wt%) was pur
chased from Du Pont Chemical Company. PAA was 
coated onto the silicon wafer using a spin coater (model 
1-EC101DT-R485, Headway, USA) at the revolution 
speed of 1800 rpm for 30 s. Film-coated substrates were 

Figure 2. Chemical structure ofpoly(amic acid). 
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Figure 3. Schematic apparatus for measuring the thickness 
change of the polymer films using the interferometer system. 

pre-baked at 8°C for 60 min to remove excess amount of 
NMP absorbed in films. Curing was performed by rais
ing temperature from room temperature to 400°C at the 
ramping rate of 4 °C min -l in the nitrogen environment. 
Curing kinetics was investigated monitoring the charac
teristic IR band using FT-IR spectroscopy during the 
heating process. After curing, PI films were swollen in 
the NMP at 30, 60, and 80°C, respectively. Film-coated 
substrates were periodically weighed until no weight 
change was observed to make sure the uniform concen
tration distribution in films. The equilibrium solvent 
mass uptake measured at the three different tempera
tures was used to determine the temperature depend
ence of x value. Films swollen at 60°C were used for the 
film thickness measurement in the drying process. 

Film Thickness Measurement 
NMP-absorbed PI films were clamped vertically in a 

temperature controllable heating box with nitrogen gas 
purge line after the temperature had been stabilized by 
a temperature controller (Model 3000, LFE Instru
ments). Film thickness was measured under the slowly 
purged nitrogen gas atmosphere using an interferometer 
apparatus as shown in Figure 3. The beam generated by 
1 mW He-Ne laser with 632.8 wavelength (model 1507-
0, Uniphase, USA) was focused on a fixed spot of poly
mer film surface which is located in just above the clamp 
to neglect the beam bending effect caused by variation of 
film concentration. The intensity of laser beam reflected 
from the film was detected by a Silicone photodiode 
(model S2386-8 K, Hamamatsu, USA). Interfered sinu
soidal intensity was monitored through a personal com
puter after digitalization by an AID converting multime
ter (model Fluke45, Fluke, Germany). All instruments 
were placed on the optical table (Edmund Scientific Co.) 
to reduce environmental noise. Film thickness measure
ments were isothermally performed in the black box to 
minimize the surrounding light effect at the three differ
ent drying temperatures of 30, 60, and 80°C, respec
tively. 
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Figure 4. FT-IR spectra of PI films during the curing processe at 
the ramping rate of 4°C min-,_ 
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Figure 5. Voltage trace during the drying process of NMP
absorbed PI films at 30°C. 

RESULTS AND DISCUSSION 

Curing Process of PI Films 
Figure 4 shows variation of FT-IR spectra of PI films 

during curing. The characteristic band observed at 1776 
cm -l was attributed to the symmetric carbonyl stretch
ing in imide group. This band appeared at temperatures 
above l00°C and its intensity increased with tempera
ture. The band area at 1776 cm -l was compared with 
the invariant (reference) one at 1012 cm -l originating 
from aromatic vibration. Completion of curing process 
was assured from no further increase (change) in the 
band area ratio at 1776 cm- 1 to at 1012 cm- 1

. 

Experimentally Measured Film Thickness Change 
Figure 5 shows the interfered beam intensity during 

the drying process of polymer films. Each interval be
tween the consecutive maximum peaks corresponds to 
the reduction of film thickness of 0.216 µm, because it is 
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Figure 6. Variation of solvent film thickness during the drying 
process at different temperatures of 30(.), 60(e), and 80°C(.A.), 
respectively. 

related with the wavelength ( = 632.8 nm) of laser beam 
by eq 1114 when the refractive index of the film com
posed of binary mixture of polymer and solvent is as
sumed to be the volume-weighted average of the indices 
of its components. 

(11) 

where U 1 is the change of film thickness, Abeam the 
wavelength oflaser beam, and n801 the refractive index of 
the solvent (NMP). 

Figure 6 shows variation of the normalized solvent 
film thickness, obtained by dividing the film thickness 
difference at time t (L81 = L1 - L0) by the total film 
thickness (L80 = Loo - L0). Film thickness reduced more 
rapidly with increasing temperatures. 

For reference the total film thickness change during 
the drying process measured by this interferometric 
method was in good agreement with that obtained from 
weighing measurements performed before and after dry
ing experiment. 

Polymer-Solvent Interaction Parameter 
The polymer-solvent interaction parameter, x was de

termined from swelling experiments. The equilibrium 
concentration was obtained from the equilibrium mass 
uptake at different temperatures, and x was calculated 
from the relationship with the solvent equilibrium vol
ume fraction, ¢100, by eq 12 suggested by Flory and Hug
gins.15 Figure 7 shows the resulting temperature de
pendence of equilibrium solvent mass uptake and x. 

X 
¢100 -1- ln¢1oo 

(1- ¢100)2 

Free-Volume Parameters in Diffusion Coefficient 

(12) 

Generally glass transition temperature of plasticized 
polymeric materials increases with decreasing solvent 
concentration. From the swelling experiment the equi
librium (maximum) NMP concentration absorbed in the 
cured PI film was about 20 wt%. Thus, the glass transi
tion temperatures of NMP/PI systems used in the drying 
experiments were higher than the experimental tem
peratures of 30, 60, and 80°C, because the precursor of 
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Figure 7. Temperature dependence of equilibrium solvent con
centration and Flory-Huggins interaction parameter. 

Table I. Free-volume parameters in the Vrentas-Duda's 
diffusion coefficient for the NMP/PI system 

Parameters Values 

Do 20.4 786 cm2 s -- i 

K11lr 0.0015976 cm3 g- 1 K- 1 

K12lr 0.0003064 cm3 g- 1 K- 1 

K12 -8.81873 K 

K22 51.6 K 

Tg, 140.98 K 

Tftl. 650.15 K -. V1 0.773 cm3 g- 1 -. Y2 0.635 cm3 g- 1 

,1. 0.0634 

0.3245 

PI, PAA, was reported to have the glass transition tem
perature of 119.5°C 16 when the NMP concentration was 
28.5 wt%. In this case, the diffusion coefficient could be 
expressed by eq 4 according to the Vrentas and Duda's 
free volume theory. The diffusion coefficient at the glass 
transition temperature of polymer, D (Tg2), in eq 4 could 
be determined by substitution ofTg2 for Tin eq 2 and 3. 

Several free volume parameters included in eq 2-4 
were determined. Tg1 was determined from the tempera
ture dependent viscosity behavior ofNMP solvent.17 Tg2 
was obtained from the value reported by other investiga
tors. 18 V{ was determined by the extrapolation of the 
specific volume of NMP solvent to O K,19 and Vi from 
the equivalence to 1.3 Vw, where van der Waals volume 
of Vw was determined from the group contribution the
ory20. K 22 and yV{IK12 were determined from the Wil
liams-Landel-Ferry relationship, 10 and K21 and K11 
from the relationship10 between (T-Tg1) and (T-T1)/ln 
[17 1(T1)/17 1(T)]. A were determined from the relationship 
between activation energy and free-volume parame
ters10·11 and g was obtained from its definition12 of V{ 
M 1/Vi M 2 . The values of all parameters except D0 are 
summarized in Table I. 

Numerical Solution 
Variation in concentration in films during the drying 

process was predicted from numerical solution of eq 1-6 
and 8. In order to simplify equations and their computa-
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Figure 8. Comparison between the experimental observation 
(symbols) and the theoretical calculation (curves) for the time de
pendence of normalized film thickness. at varying temperatures of 
30(.), 60(e), and S0'C(A), respectively. 

tions, Cs, t, and x are normalized with C0, t0 ( = L5/D0), 

and L 0• Solvent concentration at the film surface at each 
time step was determined using the boundary condition 
of eq 8. For its determination the variation rate of sol
vent amount in the film given by the right hand side eq 8 
was obtained from the experimentally measured film 
thickness change shown in Figure 6. The numerical so
lution of governing eq 1 with a initial condition given by 
eq 5 and two boundary conditions given by eq 6 and 8 us
ing the Crank-Nicholson's finite difference method21 led 
to time and position dependence of solvent concentration 
inside the film. The inward solvent concentrations from 
the film surface to substrate were successively calcu
lated using the Gauss-Jordan elimination in which all 
finite difference equations involving position dependent 
concentrations were solved simultaneously with reduc
tion in subdiagonal elements.21 The solvent mass resi
due in the film described by eq 9 was numerically solved 
using the Gaussian-Laguerre integration method. 21 Fi
nally, film thickness was calculated from the fractional 
solvent mass residue in films according to eq 10. In these 
calculations, total film thickness was divided into 100 
sections and the time interval was 10-5 s. These divi
sions were chosen, as no divergence in numerical compu
tation was assured in case M/~x 2 <0.5 with computation 
time efficiency. 

Diffusion Coefficient 
Variation in film thickness theoretically calculated 

was fitted to the one experimentally observed by varying 
the pre-exponential factor, D0• There should be a good 
accordance between the experimental and theoretical re
sults when an appropriate value of diffusion coefficient 
is applied. As shown in Figure 8, the best fitting value of 
D0 to adjust all experimental data measured at different 
temperatures was determined as 0.4768 cm2 s- 1. The re
sulting temperature dependence of diffusion coefficient 
with this D0 is shown in Figure 9 for a trace amount of 
solvent. Figure 10 shows the concentration profiles in
side the polymer film, when the diffusion coefficient rep
resented by Figure 9 was applied. The film surface 
moved to the substrate direction and the surface concen
tration reduced with drying time. 
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Figure 9. Temperature dependence of diffusion coefficient in the 
NMP/PI system. Dashed curve represents the diffusion coefficient 
above Tg. 
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Figure 10. Solvent concentration profiles inside PI films during 
the drying process at 30'C. The time interval between consecutive 
curves was 1500 s. 

Mass Transfer Coefficient 
Mass flux dependence of mass transfer coefficient was 

obtained during drying. As the solvent partial pressure 
difference between the film surface and bulk phase, the 
driving force for the mass transfer in gas phase, is given 
by the solvent concentration at the film surface, the 
mass transfer coefficient also depends on the surface 
concentration. The equilibrium partial pressure of sol
vent at the film surface, Pi, is related to the vapor pres
sure of solvent, Pvap,

22 and solvent concentration at the 
film surface, ¢1 according to the Flory-Huggins theory15 

as in eq 13. Solvent partial pressure at the bulk phase, 
Pb, is actually nearly zero in the present analysis be
cause the drying experiments were performed under ni
trogen gas environment. 

(13) 

where ¢2 is the volume fraction of polymer. 
The solvent partial pressure change in the surface 

boundary layer is shown in Figure 11. Solvent partial 
pressure decreased with decreasing solvent volume frac
tion at the film surface, and the dependence was more 
significant at higher temperatures. The temperature 
and surface concentration dependence of mass transfer 
coefficient and mass transfer rate was obtained from eq 
7 and shown in Figure 12. The magnitude of mass trans-
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Figure 11. Surface concentration dependence of solvent partial 
pressure in the film surface boundary layer during the drying proc
ess at varying temperatures of 30, 60, and S0°C (from bottom to 
top). 
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Figure 12. Surface concentration dependence of mass transfer 
coefficient and mass transfer rate in the NMP/PI system at 30, 60, 
and80°C. 

fer coefficient decreased from about 10- 10 to 10- 12 s 
cm -l with decreasing solvent concentration at the film 
surface. 

Mass transfer coefficient calculated by this method 
has finite values, until the driving force of gas phase 
mass transfer, /';,P ( = P; - Pb), given by the right hand 
side of eq 7 decreases to near zero, because the mass 
transfer rate at film surface given by the left-hand side 
of eq 7 also drops to nearly zero. The mass transfer coef
ficient illustrated deviations from the finite values when 
t,F or film surface concentration is very close to zero, due 
to decimal place limitations, i.e., round-off error. 

Figure 13 summarizes computations for diffusion and 
mass transfer coefficients from theoretical equations 
and experimental data. 

CONCLUSIONS 

The film thickness change during drying of the swol
len PI films was observed using interferometer system 
and its behavior was theoretically analyzed with the 
modified Fickian diffusion model. The rate of film thick
ness change decreased with increasing drying tempera
ture. The diffusion coefficient extracted from this analy
sis increased from 6. 7 X 10- 11 to 5. 7 X 10- 10 cm2 s -l with 
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Figure 13. Overall computation procedure for determination of 
diffusion and mass transfer coefficients. 

temperature from 30 to 80°C. As drying in this system 
proceeded below glass transition temperature, solvent 
concentration effect on the diffusion coefficient was not 
significant. Mass transfer coefficient was from 10- 12 to 
10- 10 s cm - l in this experimental range, depending on 
the mass transfer rate or solvent concentration at the 
film surface. 
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LIST OF SYMBOLS 

Symbols : 
A, Film surface area [cm21 
Cs, Solvent concentration inside film [g cm - 31 
C80, Initial solvent concentration inside film [g cm - 31 
D, Mutual diffusion coefficient [cm2 s- 11 
D0 , Pre-exponential factor [cm2 s- 1] 

K11 , Solvent free-volume parameter [cm3 g- 1 K- 11 
K12, Polymer free-volume parameter [cm3 g- 1 K- 11 
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Lo, 
Lst, 

llsol, 

Pb, 

Pi, 

Patm, 

Pvap, 

R, 
T, 
T1, 
Tg1, 
Tg2, 
t, 
'* V1, 

Vw, 
YFH, 
v, 
X, 

X, 
</J1, 
¢2, 
¢10, 
¢20, 
¢100, 
y, 

T/ 1, 

l, 

Solvent free-volume parameter [Kl 
Polymer free-volume parameter [Kl 
Mass transfer coefficient in the gas phase bound
ary layer [s cm - l] 
Initial film thickness [µml 
Film thickness attributed to the presence of sol
vent at arbitrary drying time, t [µm] 
Film thickness at arbitrary drying time, t [µm] 
Film thickness at infinite drying time [µml 
Molecular weight of solvent [g mol - 1

] 

Molecular weight of polymer jumping unit [g 
mol- 1] 

Mass uptake of solvent in swollen film at arbi
trary drying time, t [g] 
Initial mass uptake of solvent in swollen film [g] 
Refractive index of the solvent 
Partial pressure of solvent in the bulk atmosphere 
[Pa] 
Equilibrium partial pressure of solvent at the film 
surface [Pa] 
Atmospheric pressure [Pa] 
Vapor pressure of solvent [Pa] 
Gas constant [kJ mol- 1 K- 1] 

Temperature [Kl 
Convenient reference temperature [Kl 
Glass transition temperature of pure solvent [Kl 
Glass transition temperature of polymer [Kl 
Time [s] 
Specific critical hole free volume of pure solvent 
required for jump [cm3 g- 1] 

Specific critical hole free volume of polymer re
quired for jump [cm3 g- 1] 

van der Waals volume [cm3 g- 1] 

Average hole free volume of mixture [cm3 g- 1] 

Velocity of film/solvent bulk system [cm s - il 
Distance from the substrate/film interface to film 
surface [µm] 
Flory-Huggins interaction parameter 
Volume fraction of solvent 
Volume fraction of polymer 
Initial volume fraction of solvent 
Initial volume fraction of polymer 
Equlibrium volume fraction of solvent 
Overlap factor which accounts for shared free vol
ume 
Viscosity of solvent [g cm- 1 s- 1] 

Parameter to characterize the volume contraction 
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change attributed to the glass transition 
Abeam, Wavelength oflaser [µm] 
w1, Weight fraction of solvent 
w2 , Weight fraction of polymer 
~' Ratio of critical molar volume of solvent jumping 

unit to that of polymer jumping unit 
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