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ABSTRACT: An organic soluble benzophenone-containing polyimide (BCPI) was synthesized via solution
polycondensation of 3,3',4,4’-benzophenonetetracarboxylic dianhydride with 2,3,5,6-tetramethyl-p-phenyl-
enediamine. The dissolution characteristics were studied by using a dissolution apparatus. Experimental
data showed that the normalized thickness of the gel layer (5), the position of the rubbery/solvent inter-
face S, and the position of the rubbery/glassy interface R were linear and proportional to the square root
of the diffusion time at an early stage of dissolution process. As experimental time proceeded, dissolution
became more apparent and the linear relationship would no longer exist. Mathematical models to describe
the dissolution behavior of BCPI in N-methyl-2-pyrrolidone (NMP) were proposed. Discrepancies between
experimental data and theoretical values were within an acceptable range. Activation energies of the dif-
fusion coefficient (D,) and the dissolution/mass transfer coefficient (k) were found to be 1.2 and 1.84 keal/
mol, respectively. Effects of the diffusion coefficient (D,), the difference between polymer volume frac-
tions at two interfaces (c* - c4), and the dissolution/mass transfer coefficient (k) on the normalized thick-

ness of the gel layer () were also discussed.

Introduction

Polyimide is used in the manufacture of integrated cir-
cuits for passivation coatings, interlayer dielectrics, a-
particle barriers, and insulating layers in a variety of other
applications. Because of their insolubility, combined with
their high glass transition temperatures, they are diffi-
cult to fabricate. In fact, most polyimides are processed
in the form of their poly(amic acid) precursors, which
are then thermally or chemically converted to the imide
structure. Harris et al.! had found that several ther-
mally stable polyimides were soluble in organic solvents.
Recently, reports of an organic-soluble photosensitive poly-
imide appeared in the literature. Pfeifer and Rhode? dis-
covered that fully imidized organic-soluble polyimides car-
rying the following structural unit
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were intrinsically photosensitive when R stands for an
aliphatic group and R’ represents an optional aliphatic
substituent, which may or may not be identical with R.
Lin and co-workers,® on the other hand, studied the cross-
linking mechanism of these polylmlde systems.
Nakano?* developed photosensmve and nonphotosensi-
tive polyimides that were soluble in N-methyl-2-pyrroli-
done (NMP). These organic-soluble polyimides had been
prepared from biphenyltetracarboxylic dianhydride and
various aromatic diamine compounds. Photosensitive poly-
imide becomes attractive because it provides both insu-
lative and photoresist functions; consequently the num-
ber of steps can be reduced in the process of image for-
mation. The formation of these images in a film can be
accomplished by the use of particular exposure patterns
and then selective dissolution of the exposed or unex-
posed regions according to positive- or negative-type pho-
toresists. One of the important characteristics of candi-
date materials for these applications is their dissoluiton
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behavior in organic solvents. The process of dissolution
is rather complex. At an early stage of the solvent con-
tacting the glassy polymer, the solvent molecules inter-
act thermodynamically with the macromolecular chains
according to the principles of the Flory-Huggins
theory.® Thus, individual chains change from their unper-
turbed state to a new solvated state. Their end-to-end
distance increases by an expansion factor that depends
on the polymer/solvent Flory interaction parameter x
or on their respective solubility parameters 6, and §,. The
transport mechanism may be Fickian or non- ‘i“wklan dur-
ing the early stage of solvent transport. However, the
solvent-transport mechanism becomes purely Fickian in
samples of thicknesses greater than a few micrometers.
Beyond the swelling stage, the macromolecular chains
pass through a region where the high solvent concentra-
tion leads to dissolution.® The solvent dissolution pro-
cess of a polymer slab is shown in Figure 1. Two differ-
ent fronts are formed at the solvent/glassy interface as
soon as solvent contacts with polymer. During the swell-
ing stage (Figure 1b), a rubbery/glassy interface R moves
inward and a rubbery/solvent interface S moves out-
ward gradually. The movements of interfaces R and S
are due to volume expansion. During the dissolution step
(Figure 1c), the front R continues to move inward. In
the meantime, the front S continues to move outwardly
but the expansion rate is slower than that during the
initial swelling step. The cause is that the effect of dis-
solution becomes important. In the next step (Figure
1d) the front R continues to move inward until two sym-
metrical fronts meet in the center of the film, i.e., the
polymer is totally swollen, and front S starts moving inward
because dissolution becomes more evident. After fronts
R at both sides of the slab have met in the center of the
film, only front S remains for the diffusion/dissolution
process (Figure 1). The front S continues to move inward
until all of the polymer sample has been dissolved.

Studies on dissolution phenomena of glassy polymers
have appeared in the literature only occasionally. Ueber-
reiter and Asmussen”® gave a description of an appara-
tus for measuring the dissolution behavior of a polymer
and the mathematical treatment of dissolution data. They
also suggested that the dependences of the thickness of
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Figure 1. Schematic representation of the dissolution phenom-
enon of a polymer slab: (a) initial slab thickness 2a; (b) initial
swelling step showing the increasing position of the rubbery/
solvent interface S and the decreasing position of the rubbery/
glassy interface R; (c) continuous swelling and beginning of dis-
solution step showing that interface S moves outward slower
than step b and interface R moves inward continuously; (d) dis-
solution step showing that interfaces R and S move inward; (e)
final dissolution step showing that interfaces R at two sides of
the slab have met in the center of the polymer slab and inter-
face S moves inward continuously; photomicrographs of BCPI
in NMP at 51.0 °C; (f) experimental observation for t = 0 min;
(g) experimental observation for ¢ = 12.5 min; (h) experimen-
tal observation for ¢ = 113 min.

a swollen gel layer and the dissolution rate on tempera-
ture were exponential functions. Quano and Caro-
thers®'® studied the dissolution rate of irradiated PMMA
and found that the increase in the dissolution rate of
irradiated PMMA could be attributed to the reduction
in the molecular weight and the formation of nonpoly-
meric volatile fragments by radiation exposure as well as
the increase in the “excess free volume” due to the vola-
tilization of low molecular weight fragments. Cooper et
al.!* used a laser interferometer to measure in situ the
dissolution rates of thin films of PMMA and found that
solvent mixtures containing small amounts of a low molec-
ular weight nonsolvent and a higher molecular weight
good solvent had an increased dissolution rate. Parson-
age and Peppas!? also studied the dissolution character-
istics of irradiated PMMA and poly(methyl methacrylate-
co-maleic anhydride). Greeneich'®!* had studied the devel-
oper characteristics and solubility rate of PMMA. Soane
et al.!® used a single-element rotating-polarizer ellipsom-
eter (psi meter) to study the influence of processing and
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the molecular parameter on the dissolution rate of a
PMMA thin film (<1 um) in methyl isobutyl ketone.
Recent interest in photoresist development leads to a
need to reexamine the polymer dissolution kinetics. How-
ever, mathematical modeling of the polymer dissolution
process has not been undertaken except for the works of
Ueberreiter and Asmussen,” Tu and Ouano,'®!” and
Parsonage!'? et al. In our previous work,'® a benzophe-
none-containing polyimide (BCPI) with structural unit
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was found to be organic soluble. In this paper, we con-
tinued to study the dissolution process of BCPI in NMP
in detail. In addition to temperature effects, mathemat-
ical models that can effectively analyze the data at the
early stage of our dissolution process were also pro-
posed.

Experimental Section

Materials. 3,3',4,4’-Benzophenonetetracarboxylic dianhy-
dride (BTDA) (Polyscience) was recrystallized from acetic anhy-
dride and dried under reduced pressure at 200 °C before use.
2,3,5,6-Tetramethyl-p-phenylenediamine (TMPD) (Fluka) was
recrystallized from alcohol and dried under reduced pressure.
N—Met.hyl-2-Kyrrolidone (NMP) (Merck) was distilled before being
stored in 4-A molecular sieves.

Preparation and Characterization of Polyimide. TMPD,
dissolved in NMP at room temperature, was taken in a reac-
tion flask fitted with a nitrogen purge system. The solution
was cooled to 0 °C when equivalent moles of BTDA were added
to the solution with stirring. Afterward, the temperature of
the solution with 20% solid content was raised to room tem-
perature and allowed to react for 24 h. Thus, poly(amic acid)
was obtained. Chemical imidazation was carried out by treat-
ing the poly(amic acid) in NMP with a mixed solvent of acetic
anhydride and pyridine (mole ratio of acetic anhydride:pyri-
dine = 4:3.5 mol per mol of poly(amid acid)'® at 60 °C for 8 h.
The final solution was added to methanol dropwise so as to
allow the polyimide to precipitate. The intrinsic viscosity run
at a concentration of 5 g/dL in NMP at 30 °C was 1.04 dL./g.
The powder form of polyimide was transformed into films by
the following procedures. A concentrated solution (20 wt %
polyimide in NMP) was first cast at room temperature on a
cleaned glass plate and then placed in a forced-ventilation oven
at 80 °C for 30 min, 100 °C for 30 min, and finally 200 °C for
2 h to allow gentle and complete evaporation of the solvent.
The above procedures were repeated so as to obtain a desirable
final thickness. After cooling to room temperature, these films
were extracted with water overnight in a Soxhlet apparatus,
vacuum dried, and cut into slabs for dissolution studies. The
dimensions of the polyimide slabs were 40 X 2 X 0.2 mm?3.

Infrared spectra of the poly(amic acid) and polyimide were
taken by using a Perkin-Elmer 842 IR spectrophotometer and
are given in Figure 3. In spectrum a, which corresponds to
poly(amic acid), the absorption band in the range of 3100-3300
cm”! is due to the stretching of O-H, and the absorption band
at 1660 cm™ is due to secondary amide groups. In spectrum b,
which represents BCPI structure, the absorption bands at 1780
and 1730 cm™ are related to symmetrical and asymmetrical
stretching of C=0 of imide group, respectively, while the absorp-
tion bands at 1100 and 720 cm™ are the vibrations of the imide
structure.

NMR spectrum was run by Bruker AM-400 and given in Fig-
ure 4. The NMR spectrum is in agreement with the proposed
structure. BCPI shows a singlet at 2.08 ppm for the protons of
the methyl groups and a doublet, centered at 8.35 ppm (J =
8.0 Hz), a singlet at 8.31 ppm, and a doublet, centered at 8.26
ppm (J = 8.0 Hz), for the protons on the benzene ring.
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Figure 2, Schematic apparatus for dissolution measurements:
(a) the whole set up; (b) interior of the dissolution cell viewed
from the top.
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Figure 3. Infrared spectra of poly(amic acid) and BCPI: (a)
polyamic acid; (b) BCPI. a, 3100-3300 cm™; b, 1660 cm™; c,
1780 cm™; d, 1730 em™%; ¢, 1100 em™%; f, 720 cm™L.

The density of BCPI was measured by a pycnometric method
and determined to be 1.35 g/cm® The determinations of glass
transition temperature and TGA curve were made by a SEIKO
1 SSC-5000 thermal analyzer with a heating rate of 10 °C/min
in N,.

Measurements of Dissolution. Measurements of dissolu-
tion were performed in NMP at 20-60 °C by using a polarized
microscope and the dissolution apparatus shown in Figure 2.
The dissolution cell was composed of two glass slices and two
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Figure 4. 'H NMR spectrum of BCPI in DMSO-d,.

Table I
Characteristics of BCPI

T 421.1°C

density 1.35 g/cm®

M. 4.2 X 10*

intrinsic viscosity® 1.04 dL/g

good solvents m-cresol
N,N-dimethylacetamide
N,N-dimethylformamide

hexamethylphosphoramide
N-methyl-2-pyrrolidone
tetramethylurea

¢ Value in the literature? is 439 °C. ® Measured on a light scat-
tering apparatus. © Measured in NMP at 30 °C.

glass strips with thicknesses of 18 um. The glass strips were
set between the slices along the edges so as to form a cell with
constant spacing between the slices. Epoxy resin was used to
seal the edges to avoid leakage. A sample film was put inside
the cell before sealing. Since the thickness of the sample film
(around 20 um) was larger than that of the glass strip (18 um),
the sample film was supported in the cell by compression. The
flow rate of solvent was set to be 1 cm3/min. The positions of
the rubbery/glassy interface R and rubbery/solvent interface
S could be viewed on a microscope and pictured at various exper-
imental time. Thus, interfaces R and S could be measured inde-
pendent if the original position at ¢ = 0 was fixed.

The diffusion coefficients of BCPI in NMP at various tem-
peratures were measured by using a DLS-700 light scattering
apparatus (Japan Otsuka Electric Co.)?*2* at the concentra-
tion of 0.01 g/mL in NMP.

Results and Discussion

Characteristics of BCPI. Characteristic properties
of BCPI are listed in Table I. It was found that good
solvents for BCPI were mostly amides. The three-
dimensional solubilitzy parameters of BCPI were found
to be dg,, = 10.6 cal'/? cm™/2, 5, , = 5.3 cal/? em™/2, 5, ,
= 5.3 cal/? em™®/2, while the total solubility parameter
8, was 12.98 cal'/2 cm™/218

On inspection of spectra a and b in Figure 3, the dis-
appearance of absorption bands at 3100-3300 and 1660
em™ and the appearance of absorption bands at 1780,
1730, 1100, and 720 cm ™' indicate a rather complete imidi-
zation. The imide structure can be further proven by
NMR spectroscopy. Figure 4 shows the NMR spectrum
of BCPI in dimethyl-dq sulfoxide (DMSO-d¢). No char-
acteristic peaks of a carboxylic group (>10 ppm) were
observed. The thermal stability of BCPI was evaluated
from the thermogravimetric curve shown in Figure 5. The
initial decomposition temperature was 300 °C, at which
the methyl groups of BCPI started to dissociate. The
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Figure 5. Thermogravimetric curve of BCPI. Heating rate =
10 °C/min in N,

16% weight loss of BCPI at 510 °C is considered to be
the decomposition of methyl groups of BCPI, the theo-
retical value of which is 12% weight loss. The maxi-
mum decomposition temperature occurs at 546 °C, at
which a primary scission process occurs at the imide bonds
(C—N), followed by second cleavage (C—C) resulting in
the elimination of C=0 groups.?> The 46% weight loss
of BCPI at 651 °C is thought to be the decomposition of
imide structures and ketone groups of BCPI, the theo-
retical value of which is 35% weight loss.

Simplified Model for Dissolution. Before analyz-
ing the experimental data of BCPI dissolved in NMP, a
model to describe the swelling and dissolution phenom-
enon of a polymer was developed. Three assumptions
were made during derivation of the model. The first is
that the volume-based polymer diffusion coefficient (D,)
is independent of concentration. The second is that the
value of D, at interface R is the same as D, at interface
S. The third is the assumption of a pseudo-steady-state
condition; i.e., the time-dependent term of eq 1 can be
neglected. The Fickian diffusion equation shown in eq
1 characterizes the solvent transport into a thin polymer
slab (Figure 1), where D, is the volume-based polymer

2
602 6( 302) 302
Z2-9{p=2) =2 1
ot ox Dy 12, oY

diffusion coefficient in the solvent, ¢, is the polymer vol-
ume fraction, x is position, and ¢ is diffusion time. Because
the movements of solvent and polymer are simulta-
neous, the volume fractions of solvent and polymer are
expressed as ¢, and c,, respectively. Thus

ctey=1 (2)

Equation 1 can be solved by the following set of ini-
tial and boundary conditions described by eq 3-7.

At the initial time of the experiment, the rubbery/
glassy interface R and solvent/rubbery interface S are
at the same position, which is set to be the origin, i.e.

t=0, R=8=0 (3)

The interfaces R and S separate as soon as the exper-

iment starts. The polymer volume fraction c* at the inter-

face R is controlled only by the thermodynamic charac-

teristics of the transport problem, which can be calcu-
lated and will be shown later. Thus

t>0, -a<x=R<0, ¢cy=c* 4)

where a is half the original thickness of the BCPI sam-
ple, i.e., 2a = 0.2 cm in our experimental conditions.
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When the interface R moves toward the center of the
slab, the solvent passes through the interface R due to
the volume expansion of the slab, i.e.

oR
at )

During the experiment, the interface S is assumed to
have a polymer volume fraction ¢y, at which the macro-
molecular chains begin to disentangle and start to dis-
solve, i.e.

acy
£>0, -a<x=R<0, Dla = (1-c)>

t>0, x=8>0, c;=¢4 6

Finally, the movement of interface S is the result of
both penetrant transport and polymer dissolution. Thus

t>0, x=8>0, 23

Dl—— de (1 02) (7)
where k is the dissolution/mass transfer coefflclent and
¢4 is the polymer volume fraction at interface S. The
exact solution of eq 1 is rather cumbersome and required
a more detailed analysis, which will be shown later. How-
ever, a simpler solution can be obtained by assuming the
pseudo-steady-state condition; i.e., the solution may be
solved by neglecting the time-dependent term of eq 1.
Thus, eq 5 and 7 can be transformed to eq 8 and 9, respec-
tively:

Q- =——F—5 )

where ¢* is the polymer volume fraction at interface R
and

dS Dl(c*‘cd)
I-cdq =—5-F ®)

To solve the problem, a normalized thickness of the
gel layer is introduced, according to
§=(S-R)/a (10)
Then, eq 8 and 9 can be solved to give

¢ (1-cg)8 Dy(1-cy?(c*- Cd)( 1 1 )
o - +——) %
(akcg)? l-cg 1-c

oo 21

In [1 akcd/[DI(c* —cg)(1- cd)(
(11)

The logarithmic function of the second term on the right
side of eq 11 can be expanded into a polynomial and only
the first- and second-order terms are kept. The final result
is

2D(c*—cd{ 1 1 )]1/2
BN ] w

Equations 12 and 10 are substituted into eq 8. The inter-
face R at any time can be calculated and is given as

R=- 2Dy(e* — cglt (13)
a- c*)2(1 j

The approximate pseudo- steady state solution suggests
that the normalized gel layer thickness é and interface
R increase linearly with respect to t'/2 at the early stage
of the dissolution process. Because eq 12 is indepen-
dent of &, the influence of dissolution can be neglected
at an early stage of the dissolution process. Therefore
the second term of the right side of eq 9 may be omit-
ted. Thus, the position of interface S at an early stage
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Figure 6. Normalized gel layer thickness § (@), position of the
rubbery/solvent interface S (A), and position of the rubbery/
glassy interface R (@) plotted against the square root of time.
Temperature = 27.8 °C.

of the dissolution process can be described by

- 1/2
22D1(C; Cd)t : (14)
(1-c (l—cd+ l—c*)

The position of interface S also increases linearly with
respect to t*/2 at an early stage of the dissolution pro-
cess just as the literature has described.!’
Experimental Dissolution Results. Dissolution stud-
ies of BCPI were performed in NMP at various temper-
atures. In general, the dissolution process was expected
to start with the formation of a thin gel layer and to be
accompanied by considerable swelling. Indeed, two fronts
were observed as shown in Figure 1g,h; front S separates
the solvent from the rubbery-like material, and front R
separates the rubbery-like material from the glassy poly-
mer. During the experiment, the solvent transported into
the glassy polymer until the volume fraction of solvent
at the interface became large enough to disentangle the
glassy polymer. In other words, as the polymer volume
fraction at the interface reached c*, two fronts began to
separate. The thickness of gel layer increased due to the
transportation of the solvent, which totally disentangled
the swollen macromolecular chains. At this point, true
dissolution was observed. Beyond this point, the disso-
lution rate was faster than the swelling rate. Therefore,
although the interface R receded, the gel layer thickness
decreased. One set of dissolution data containing the nor-
malized gel layer thickness (8), the rubbery/glassy inter-
face R, and the solvent/rubbery interface S are plotted
as a function of the square root of time in Figure 6. There
is a linear increase of each thickness or position (5, R, S)
with respect to t'/? at the early stage of the dissolution
process. Figures 7 and 8 show the temperature effect on
the normalized thickness of the gel layer and positions
of two interfaces, respectively. As expected, higher tem-
peratures result in faster swelling and dissolution rate.
Figures 7 and 8 also illustrate that the normalized thick-
ness of the gel layer (8), interface R, and interface S increase
with ¢t1/2 linearly at an early stage of the dissolution pro-
cess. However, at the latter stage of the dissolution pro-
cess, the linear relationship between the normalized thick-
ness of the gel layer (8), interface R, or interface S with
t'/2 does not exist anymore. This is because the effect

S =
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Figure 8. Positions of the interfaces R and S plotted against
the square root of time at various temperatures.

of dissolution can no longer be neglected at this stage.
Clearly, the simplified model is valid at the initial stage
but inadequate to describe the whole dissolution pro-
cess.

Determinations of Polymer Volume Fractions at
Two Interfaces and Dissolution/Mass Transfer Coef-
ficients at Various Temperatures. In order to ana-
lyze further the dissolution process, two important param-
eters need to be determined beforehand. One is the value
of critical solvent concentration for a polymer transition
from the glass state to the rubbery state, c*,, and it is
determined according to?

T,-T
c*y =
8/ ap)

where T, is the value of the glass transition temperature
of BCPf and T is the experimental temperature. The
linear expansion coefficient is estimated by*’

2.303c,lc,”

where B, has usually been set arbitrarily equal to unity,
while c,! and ¢,2 are estimated to be 17.44 and 51.6, respec-
tively. B is a parameter representing the contribution of
the given diluent to the increase of free volume. Fujita
and Kishimoto® yielded values of 3 within the range 0.08-
0.3 for different polymers. Here, the value of 3 is taken
to be 0.2. From these values, c*, (grams of solvent/
gram of polymer) was calculated and then transformed

(15)

2] (16)
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Table 11
Values of ¢*, D,, ¢;, and k at Varjous Temperatures
temp, °C c*° 10’D,, cm?/s® e’ 10%k, cm/s?
22.0 0.44 1.5 0.402 0.95
27.8 0.45 2.1 0.407 1.05
51.0 0.46 3.5 0.418 2.90
60.4 0.46 4.5 0.415 4.00

@ Polymer volume fraction at interface R. ?Diffusion co-
efficient measured by the dynamic lgght scattering method. ° Poly-
mer volume fraction at interface S. ¢ Dissolution/mass transfer co-
efficient.

In{ Dy/{em2.s7)]

—1 _x0?
T(°K) 0

Figure 9. Logarithmic diffusion coefficients (D,) versus recip-
rocal temperatures.

to the polymer volume fraction ¢* according to

* -1
ot = l(c—‘-’ + l) a7
Pp\Pp Py

where p,, and p, are the densities of dry BCPI and NMP,
respectively (o, = 1.03 g/cm®). The other parameter is
the value of the diffusion coefficient, which can be mea-
sured by a dynamic light scattering method.?>2* The
values of ¢* and D, at various temperatures are listed in
Table II. Since the T, of BCPI is very high (421.1 °C),
the changes of c* wit% experimental temperatures are
not significant; nevertheless, an increase of ¢* with ris-
ing temperature is observed. The plot of logarithmic D,
versus reciprocal temperature is shown in Figure 9, from
which the activation energy is calculated to be 1.2 keal/
mol.

Generalized Model for Dissolution. The pseudo-
steady-state solution has been solved and is given in eq
11. The solution of eq 1 without making the pseudo-
steady-state assumption will be given here. Before solv-
ing the problem, the following dimensionless variables
are defined

t' =t/(a’/Dy) (18)
¥ =x/a (19)
¢ = (cg—c*)/(cq—c*) (20)
R'=R/a @1)
S'=S/a (22)
Then, substituting eq 18-20 into eq 1 gives
ac/ot’ = o’c/ox’ * (23)

From the dimensionless variables, the initial and bound-
ary conditions of eq 3-7 become

=0, R=8=0 (24)
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/>0, x'=R, ¢=0 (25)
7 ! o 14 é& - _a£

v>0, ¥=R, °3 A(ac’) (26)
>0, x=8, c=1 27)

’ = 4 a_g - ic.. —-—
v>0, x=8, 2= B(ax,) E (29

where

A=(cg-c®)/(1-c¥) (29)
B= (Cd_C*)/(l“Cd) (30)
E = (akcy)/[(1 - cy)D,] (31)

Here the origin is set at the center of the polymer slab
for a more convenient calculation. By subtraction of eq
28 from eq 26, it follows that

- EA—"‘;'—{ (32)
x'=5 ac’ |x'=R’

Equation 23 can be solved by the separation of vari-
ables method, and the final solution of eq 23 is

30 _ poc

at’ ax’

= 2 . ok E
c= ,Z; ;;r(—l)" sin (A\,&)e™ " 3 (33)
where ¥ = x’ - R’ and A, = nn/d. Differentiating the
concentration distribution in eq 33 with respect to x’ and
taking the values of x’ = R’ and x’ = §’ respectively give

ac 1 9 At

e —1)"e™t + 1

e 5[2_22( ye ] (34)
ac 1, %
X =2 w4 ]
lems = 3log 2 ] (35)

Equations 34 and 35 can also be used to obtain R’ and
S’ by employing the Runge~Kutta method.

Substituting eq 34 and 35 into eq 32 gives

]. d52 - = n 'ant

e Z 9(B + (-1)"AJe™t - (A + B) - E5 (36)
Because eq 36 is a kind of first-order time-dependent
nonlinear ordinary differential equation, numerical anal-
ysis by the Runge—~Kutta fourth-order method is used to
calculated the normalized thickness of the gel layer (5)
as a function of time with the initial condition t =0, § =
0.

The right side of eq 36 has three terms: the first term
is the transition state term; the second term is the steady-
state term; and the third term is the dissolution term.
The order of magnitude of the second term is larger than
those of the first and third terms at small £. Therefore,
the first and third terms can be neglected at the early
stage of the dissolution process. Thus, the solution of
eq 36 with only the steady-state term remaining is the
same as eq 11, which we have developed previously. As
the experimental time proceeds, the third term can no
longer be neglected and becomes more and more impor-
tant for the normalized thickness of the gel layer.

Experimental determination of the value of cg4, the poly-
mer volume fraction at which the polymer begins to dis-
entangle and starts to dissolve, is appropriate here. From
eq 36, ¢4 can be determined from Figure 6 at the initial
time of the experiments. The values of ¢4 thus obtained
are listed in Table II. It is seen that cq4 is not very sen-
sitive to temperature. Nevertheless, a higher tempera-
ture results in a higher c4. The dissolution/mass trans-
fer coefficient (k) can also be obtained by fitting eq 36
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Figure 10. Logarithmic dissolution/mass transfer coefficients
(k) versus reciprocal temperatures.
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Figure 11. Comparison of the normalized thickness of the gel
layer (6) between experimental data and theoretical values at
various temperatures. Points are experimental data and lines
represent theoretical results.
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Figure 12. Comparisons between experimental data and the-
oretical values of interfaces R and S at 22.0 °C. Points are
experimental data and lines represent the theoretical resuits.

with experimental data and the results are listed in Table
II. The plot of logarithmic k versus reciprocal tempera-
tures is shown in Figure 10, from which the activation
energy is found to be 1.84 kcal/mol.

Comparisons between experimental data and theoret-
ical values obtained by eq 36 are shown in Figure 11.
Reasonable agreements are observed. Figure 12 shows
the values of interfaces R and S measured experimen-
tally and calculated from eq 34 and 35, respectively. Devi-
ations were probably caused by the assumptions that D,
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Figure 13. Effects of diffusion coefficients (D,) on the normal-
ized thickness of the gel layer (6). Values of the polymer vol-
ume fraction at the interface R(c*), the polymer volume frac-
tion at the interface S(cy), and dissolution/mass transfer coef-
ficient (k) are 0.43, 0.392, and 9.5 X 1077 cm/s, respectively.
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Figure 14. Effects of the difference of polymer volume frac-
tions at two interfaces (c* — c¢y) on the normalized thickness of
the gel layer (6). c* and cy are polymer volume fractions at
interfaces R and S, respectively. Values of the diffusion coef-
ficient (D,) and the dissolution/mass transfer coefficient (k)
are 1.5 X 1077 and 9.5 X 1077 cm/s, respectively.

was constant and concentration independent at a prese-
lected temperature.

By use of the model we have developed, the effects of
the diffusion coefficient (D,), the difference of polymer
volume fractions at two interfaces (c* ~ c4), and the
dissolution/mass transfer coefficient (k) on the normal-
ized thickness of the gel layer () are discussed by simu-
lation. The normalized thickness of the gel layer (6) ver-
sus the square root of time is plotted at various D, as
shown in Figure 13. Higher D results in larger é because
the flux of the polymer or solvent through the interface
increases. The effect of (c* - cy4) is shown in Figure 14.
Larger (c* - cg4) results in large flux and a higher value
of 5. Different dissolution/mass transfer coefficients (k)
also influence § very much and the result is shown in
Figure 15. Higher &k causes a larger deviation in the lin-
ear relationship between & and t'/2, Physically, & repre-
sents the dissolution behavior. Higher k means a higher
dissolution rate and dissolution occurs at a earlier dur-
ing the process. As we have stated before, the linear rela-
tionship between & and t/2 only exists at the early stage
of the dissolution process, when true dissolution is neg-
ligible. This behavior can also be explained by statisti-
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Figure 15. Effects of dissolution/mass transfer coefficients (k)
on the normalized thickness of the gel layer (5). Values of the
polymer volume fraction at interface R(c*), the polymer vol-
ume fraction at the interface S(c,), and the diffusion coeffi-
cient (D)) are 0.43, 0.392, and 1.5 X 1077 cm?/s, respectively.

cal physics, which states the motion of the moment is a
function of t}/%2 j.e., if no dissolution occurs at inter-
face S, the motion of macromolecules is a linear function
of t/2. Once the effect of dissolution is obvious, the lin-
ear relationship of § and ¢/2 will not exist.

Conclusions

The dissolution behavior of BCPI in NMP was stud-
ied in detail. It was found that the relationship between
the normalized thickness of the gel layer (8), the posi-
tion of interface S, or the position of interface R and the
square root of time was linear at an early stage of the
dissolution process. However, these curves of §, R, and
S versus t'/2leveled off because dissolution/mass trans-+fer
effects became important as experimental time pro-
ceeded. Mathematical models with and without making
pseudo-steady-state assumptions were presented. Mod-
els were supported by a series of experimental data. The
concentrations at two interfaces R and S were not sensi-
tive to temperature under our experimental conditions.
The diffusion coefficient (D,) and dissolution/mass trans-
fer coefficient (k) were sensitive to temperature and had
immense influence on dissolution characteristics. A larger
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diffusion coefficient, difference of polymer volume frac-
tions at two interfaces (c* - cg), or dissolution/mass trans-
fer coefficient resulted in a larger normalized thickness
of the gel layer (6). Finally, if the dissolution/mass trans-
fer coefficient (k) was set equal to zero in the models,
the normalized thickness of the gel layer (), the posi-
tion of front S, and the position of front R would be lin-
ear with the square root of time. This was consistent
with the experimental observation.
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