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ABSTRACT :

Alteration of the solubility of 4,4"-Hexafluoroisopropylidene diphtalic anhydride-4,4-oxydianline poly-

imide was investigated through experimental (the solubility experiments and equilibrium swelling) and theoretical
(group contribution method by Fedors). In solubility experiments, total solubility obtained by a two dimensional repre-

sentation (6, vs. &, diagram) was 21.23 (J cm™ )2

. The range of total solubility determined from the equilibrium swel-

ling method was between 22.71 and 22.99 (J cm™*)"*. The total solubility of 6FDA-4,4'ODA polyimide calculated from

the group contributions was 22.22 (J cm %)%

theoretical method, but showed very good agreement.
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Polyimides have outstanding properties : as thermal
stability, high mechanical strength, high modulus, and
superior chemical resistance. Generally, most polyim-
ides are processed in the form of their poly amic acid as
precursor of polyimide, which are then thermally or
chemically converted to the imide structure. However,
several polyimides soluble in organic solvents have been
produced.’? Most results of organic soluble polyimides
indicate only the physical properties, but little informa-
tion is available on solubility. In researching of solubility
behavior, solubility has helped to solve various specific
considerations related to ternary or binary phase inter-
actions. Recently, polyimides have been used in mem-
brane materials with various structure types.> % In the
porous membrane preparation, one physical property is
the solubility difference in the ternary phase system :
the polymer-solvent, the polymernonsolvent, and the
solvent-nonsolvent interaction.” 1°

Hilderbrand and Scott!' developed the solubility pa-
rameter theory, in which the solubility of a component i
for the liquid of low molecular weight, J;, is defined as
follows :

5i:( Ecoél,i )1/2:( AU(\)I,i )I/ZS(CED)I/Z
Vi Vi
where E¢g; is the cohesive energy of a component i and
AUy ;/V? is the energy of vaporization (AU) per unit vol-
ume of i [Jem™®], or cohesive energy density (CED).
Therefore, solubility can be calculated from the heat of
evaporation (i.e., cohesive energy). This theory only ac-
counts for the contributions of the mixing enthalpy to
the free energy of mixing, and predicts that how a poly-
mer is soluble according to the solubility difference be-
tween a polymer and a solvent. For many liquids and
polymers, the cohesive energy is dependent on interac-
tions between the polar forces, the dispersion forces, and
hydrogen bonding. In these cases, solubility can be de-

. The difference of solubility is slightly existed between experimental and
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fined as the total cohesive energy. The following equa-
tion gives solubility.

53=6%+6%+6%

where &4, 8, and &y, are contribution of the dispersion
forces, polar forces, and hydrogen bonding forces toward
solubility, respectively. For a substance of low molecular
weight, Ec,, was considered as an additive property by
Dunkel,'? who derived group contributions for the cohe-
sive energy of liquids at room temperature. Hayes,'® Di
Benedetto,!* Hoftyzer,'® and Fedors'® applied Dunkel’s
method to polymer characterization.

Beerbower et al.'” expressed hydrogen bonding energy
by the hydrogen bonding number Av. This quantity was
defined by Gordy and Stanford'® as the shift of the infra-
red absorption band in the 4 um range when a given liq-
uid is added to a solution of deuterated methanol in ben-
zene. Hansen!® determined experimentally the solubility
of a number of polymers using various solvents. d4 of a
solvent was assumed equal to that of a non-polar sub-
stance of about the same chemical structure. This as-
sumption permitted calculation of & Zp +8%=6%2-6%=
5%). However, Hansen’s method has the disadvantage
that three-dimensional structures are necessary for
graphical representation of the interaction between
polymers and solvents. This method is not efficient in
comparison to two-dimensional method for practical ap-
plications. Bagley et al.?’ concluded that the effects of &g
and &, show close similarity, while the effect of & is
quite different in thermodynamic consideration. Accord-
ingly, they introduced the parameter.

8,=,/ 64+8%

This leads to a diagram in which &, and 6, are plotted
on the axes, which seems most efficient to represent the
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polymer—solvent interaction.

Experimental determinations of total solubility in-
clude the viscosity and equilibrium swelling method.
Mangaraj et al.?! plotted the intrinsic viscosity against
total solubility of solvents. This method requires some
soluble solvents close in solubility. Chapiro et al.?®> and
Fuehrer?? used the equilibrium swelling method to de-
termine the total solubility parameter.

In this paper, the solubility behavior of 6FDA-4,4'ODA
polyimide film widely used as a innovative material is
investigated through solubility measurements. Solubil-
ity experiments and equilibrium swelling method were
used to determine total solubility. Theoretically, the to-
tal solubility of 6FDA-4,4'ODA polyimide film was calcu-
lated by the group contributions of Fedors.

EXPERIMENTAL

Materials

4,4"-Hexafluoroisopropylidene diphtalic anhydride
(6FDA, CHRISKEV) and 4,4-oxydianline (4,4'ODA,
Aldrich) were purified by vacuum sublimation before use
in polymerization. The solvent N, N-dimethylacetamide
(DMAc, 99.8% anhydrous, Aldrich) was used without
further purification. All liquids used in solubility experi-
ments were of reagent grade without further purifica-
tion.

Preparation of 6FDA-4,4 ODA Polyimide Film

The poly(amic acid) (PAA, 15 wt%) was prepared by
solution polymerization of 4,4 ODA with stoichiometric
amounts of 6FDA in DMAc at room temperature for
12 h. PAA solution was coated on a glass substrate by a
spin coater. The coated PAA was dried at 70C in vac-
uum oven, and then final 6FDA-4,4'ODA polyimide was
obtained by thermal imidization at 350°C for 3 h. The
synthetic scheme of 6FDA-4,40ODA polyimide is shown
in Figure 1.

Imidization and Inherent Viscosity

The infrared spectra of the PAA and polyimide were
taken by a GENESIS FT-IR spectrophotometer. The in-
herent viscosity of PAA solution was measured at a con-
centration of 0.5 g dL ™! in DMAc at 25C by ubbelohde
viscometer.

Solubility Parameters

Solubility Experiments. 0.3 g of 6FDA-4,4'ODA poly-
imides were immersed in 5 mL of different liquids in
sealed glass tubes at 25°C for 5 days. According to liquid
ability to dissolve or swell the prepared polyimide, the
solubility extent of the liquid was divided into four
groups : solvent (S), good swelling liquid (GSL), poor
swelling liquid(PSL), and nonsolvent (NS). The analyti-
cal total solubility of 6FDA-4,4'ODA polyimide was ob-
tained from §,(=,/ 63+8 2}, , contribution of dispersion
and polar forces to the solubility parameter) vs. Jd,(con-
tribution of hydrogen bonding to solubility) space dia-
gram by Bagley et al.®°

Equilibrium Swelling Method. Homogeneous 6FDA-
4,4'0DA polyimide films with thickness of 7—10 yum
were dried in vacuum oven at 130T for several days,
and after that weight of films was measured using a
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Figure 1. Synthetic scheme of 6FDA-4,4’ODA polyimide.

digital balance. The films were immersed into a glass
tube containing different ratios of water/acetone and
water/acetic acid mixtures at 25°C. The films were taken
from the liquid mixtures after equilibrium swelling was
reached (about 2 day), and wiped with filter paper. Fi-
nally, swelling was determined by measuring the weight
increase between dry weight and swelling weight. The
equilibrium swelling ratio expressed in percent was cal-
culated according to the following equation.?

(W, — Wo)/ Wy X 100%

where W, is the weight of the swollen film and W, is the
dry weight of the film.

Group Contributions Method by Fedors. Theoretical
methods could be used to evaluate solubility as well as
experimental methods. The group contribution method
was widely used. Based on an examination of many data
on liquids, Fedors found that a general system for esti-
mating both the cohesive energy and the molar volume
could be set up simply. Therefore, the theoretical solubil-
ity of liquids and 6FDA-4,4'0ODA polyimide was easily
obtained from Hansen table?* and Fedors method,'® re-
spectively.

RESULTS AND DISCUSSION

IR Spectra Analysis

The infrared spectra of 6FDA-4,40ODA polyimide and
PAA solution are shown in Figure 2. In the IR spectra of
PAA, the absorbance band at 1660 cm ! refers to the
secondary amide group. In the IR spectra of 6FDA-4,4’
ODA polyimide, the band near 1780 cm ! is attributed
to the symmetric stretch of C=0 of the imide group. Ab-
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Figure 2. Infrared spectra of 6FDA-4,4'ODA polyimide and poly-
(amic acid).

sorbance near 720 cm ! and 1370 cm ™! is attributed to
the C-N stretch and to deformation of the imide ring or
the imide carbonyl groups, respectively. Complete imidi-
zation was confirmed by comparison to the infrared spec-
tra between the PAA solution and the polyimide. The in-
herent viscosity of PAA is 0.68 dL g ! in DMAc.

Total Solubility from Solubility Experiments

Table I shows solubility** and solubility extent of vari-
ous liquids. As shown in Table I, six liquids are capable
of completely dissolving 6FDA-4,4ODA polyimide film.
The Hansen method has the disadvantage that three-
dimensional structures are necessary for a graphical
representation of the interaction between polymers and
solvents. Therefore, the Bagley method representing a
two-dimensional dimension is to be preferred for practi-
cal applications. Thus, in this study, each liquid used for
the solubility experiments was represented as a point on
a two-dimensional plot with §,(=,/ §3+6 2p , contribu-
tion of dispersion and polar forces to the solubility pa-
rameter) and dy(contribution of hydrogen bonding to the
solubility parameter) as axes. For each axis a limited re-
gion has been considered by minimum and maximum
values of the two components which are solvents and
good swelling liquids. Numerical solubility in the two-
dimensional of §, and &}, diagram was obtained by a
computer iteration based on the least squares method
using the Lingo 5 (Lindo system Inc.) as the optimum
program.

The solubility of 6FDA-4,4ODA polyimide in various
liquids in the 8,~6) diagram is shown in Figure 3. The
solubility region in the two-dimensional space is repre-
sented by a circle, best fitted by following equation :

(64— 8y p)* +(S8p— 8 ,)?=4.87

For calculation of the optimized solubility region, initial
condition were assumed as follows. First, 5v,p and Oy p are
larger than zero. The radius of a circle is small compari-
son to the maximum value of 6, , and &}, ;. The radius of
a circle is larger than zero.

The solubility of 6FDA-4,4'ODA polyimide was evalu-
ated as follows : &,, = 20.14 (J cm *)"? and §y, = 6.84
(J ecm )2 Total solubility, Sypis 21.23(J cm Y2 after
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Table I. Solubility [(J cm ™ *)"?] of liquids and solubility
extent of 6FDA-4,4'ODA polyimide

Liquids 5 6 4 8 8 SOl
Acetone 156 123 199 70 211 NS
Acetic acid 14.5 80 166 135 214 NS
Acetic anhydride 100 11.3 151 157 218 PSL
Acetaldehyde 14.7 8.0 16.7 113 202 PSL
Acetonitrile 153 180 236 6.1 244 NS
Acrylic acid 135 128 186 179 259 NS
Acrylonitrile 164 174 239 6.8 249 PSL
Aniline 19.4 51 201 102 226 S
Benzene 18.4 0 18.4 21 186 NS
1-Butanol 16.0 57 170 158 23.1 NS
Chloroform 178 31 181 5.7 19.0 PSL
Cychlohexane 16.7 0.0 16.7 00 167 PSL
Cychlohexanol 174 41 179 135 221 PSL
m-Cresol 180 51 187 129 227 GSL

N, N-Dimethyl acetamide 16.8 11.5 204 102 227 GSL
N, N-Dimethyl formamide 17.4 13.7 221 11.3 248 S
Dimethyl sulfoxide 184 164 247 102 267 S

Ethanol 158 88 181 194 26,5 NS
Ethyl acetate 15.8 53 16.7 7.2 181 PSL
Ethanol amine 172 156 232 21.3 316 GSL
Ethylene dichloride 18.8 5.3 195 41 19.6 GSL
Ethylene glycol 170 111 203 260 33.0 NS
Diethyl ether 145 29 148 51 158 NS
Dioctyl phtalate 16.6 7.0 180 3.1 183 PSL
Glycerol 174 121 212 293 362 NS
Methanol 151 123 195 223 296 NS

N-Methyl-2-pyrrolidone 18.0 12.3 21.8 72 229 S
Methylene chloride 182 64 193 62 203 S

Nitrobenzene 176 123 215 41 219 PSL
1-Propanol 16.0 6.8 174 174 246 NS
Propylene carbonate 20.1 18.0 27.0 4.1 273 GSL
Propylene glycol 16.8 94 193 233 195 NS
Pyridine 190 88 209 59 218 S
2-Pyrrolidone 195 174 261 11.3 285 GSL
Styrene 18.6 1.6 187 41 191 NS
Toluene 18.0 1.4 181 2.1 182 NS
Triethylene glycol 160 104 191 186 275 NS
o-Xylene 178 1.0 178 31 181 PSL
Water 122 228 259 404 480 NS

S : Solvent, GSL : Good swelling liquid, PSL : Poor swelling
liquid, NS : Nonsolvent

calculation according to the following equation :

Sip=y/ Oup°t Shp’
Total Solubility by Equilibrium Swelling Method

The equilibrium swelling ratios of 6FDA-4,40DA
polyimide in mixtures of water/acetone and water/acetic
acid at 25°C are shown in Table II. The solubility of lig-
uid mixtures was calculated as follows :
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Figure 3. Solubility of 6FDA-4,4'ODA polyimide in various lig-
uids in the §,~6, diagram.

Table II. Equilibrium swelling ratios of 6FDA-4,4'ODA polyimide
film in mixtures of water/acetone and water/acetic acid

Solvent (v/v)

Water/acetic acid (v/v%)

\&wws
Values 3/97 6/94 9/91 12/88 3/97 6/94 9/91 12/88

Water/acetone (v/v%)

Equilibrium
swellingratio 3.0 34 31 28 29 30 28 26
(%)

Solubility
&WJem™)

2 21.91 2271 2352 24.33 22.2 22.99 23.79 24.59

o :Zi;j¢i5

where j, is the volume fraction of i species and is is the
solubility parameter of i species.

The highest equilibrium swelling ratios are reached in
6% v/v water in acetone and 6% v/v in acetic acid, which
correspond to total solubility of 22.71 and 22.99
(J em )2, respectively. These results indicate that the
8y,p is between 22.71 and 22.99 (J cm 32,

Solubility of 6FDA-4,4 ODA by Fedors Method

Several calculation methods using group contributions
were applied to estimate the solubility parameters of
polymer : the methods of Van Krevelen,?® Hoftyzer,'
Hoy,? Small,?® and Fedors.!®?® Because accurate infor-
mations of 6FDA-4,40DA polyimide are contained the
Fedors table, the solubility of 6FDA-4,4°0ODA polyimide
is estimated by Fedors method. The solubility parameter
of high molecular weight polymer can be rewritten as,

s :( 2Aecohi )1/2:< AE con,i )1/2
ZAUi AVI

where Aec,y,; is additive atomic and group contributions
of the cohesive energy and Av; is additive atomic and
group contributions for the molar volume. The group
contributions of Aecen; and Av; were taken from Fedors
method.?® The evaluation of 6FDA-4,40DA polyimide
solubility is shown in Table III. The total solubility pa-
rameter is 22.22 (J em ™ ®)V2, A comparison of experimen-

Polym. 1., Vol. 32, No. 5, 2000

Table III. Evaluation of solubility of 6FDA-4,4’ODA polyimide
by Fedors’s group contributions

o
|

o o
| CF - CF, c|

/Ij/ ‘ N

N N

4\ c c/
I |
[0
6FDA-4,4'ODA Polyimide
Structure AE o A
1 —0— 3350 3.8
1 N 1470 ~19.2
/N
2 — CF, 4270 57.5
2 I@F 31940 33.4
2 <O 31490 52.4
4 — CO— 17370 10.8
2 —( 4190 ~9.0
6 Ring closure 5 1050 16
or more atoms
32 Skeletal atoms — 2
SUM 225280 456.4

ABgy: \2 ;
5:(A) = (225280/456.4)"2 = 22.22 (J cm “%)?
AV,

i

Table IV. Comparison of the solubility [(J cm ~*)"?) of
6FDA-4,4'ODA polyimide by experimental and
theoretical methods

Method Sap Op Oy Oy S
Solubility — 2014 684 2123
experiments
Experimental —
Equilibrium __ - _22.71—
swelling method 22.99
Theoretical Fedors — — - — 2222

group contributions

tal and calculated solubility parameters of 6FDA-4,4-
ODA polyimide is represented in Table IV. The results of
the Fedors and equilibrium swelling methods are in very
good agreement, but the solubility of solubility experi-
ments was a little higher than that of the solubility ex-
periments. This is explained by the limited choice of sol-
vents in solubility experiments. According to the sol-
vents and good swelling liquids, the solubility of polymer
changes and solubility is flexible. In this solubility ex-
periment, it can be obtained more accurately if more sol-
vents are allowed in Hansen data. Therefore, to obtain
more accurately the solubility of a polymer, it should be
determined by several methods through the theoretical
and experimental procedures, and comparison of the
data.

409



K.-Y. CHUN et al.

CONCLUSIONS

Alteration of the solubility of 6FDA-4,4'0ODA polyim-
ide was investigated through experimental (solubility
experiments and equilibrium swelling method) and theo-
retical (group contribution method by Fedors) methods.
From the 8,(=,/ 63+ 6% , contribution of dispersion
and polar forces to the solubility parameter) vs. p(con-
tribution of hydrogen bonding to the solubility parame-
ter) diagram, the total solubility of 6FDA-4,4'ODA poly-
imide was found to be 21.23 (J em )2, Total solubility
determined from the equilibrium swelling method was
between 22.71 and 22.99 (J cm )2, Total solubility of a
6FDA-4,4'ODA polyimide calculated from the Fedors
method by group contributions was 22.22 (J cm *)Y2, To-
tal solubility according to the experimental methods
showed little discrepancy from theoretical values. To ob-
tain more accurately the solubility of a polymer, it
should be determined by several methods through theo-
retical and experimental procedures, a comparison of the
results.
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APPENDIX : VARIABLES AND ABBREVIATION

94 Contribution of dispersion force to the solubility
(J1/2 (Cm—S)l/Z)

Od,p Contribution of dispersion force to the solubility
of polymer (JV2 (ecm™%)V?)

N Contribution of hydrogen bonding force to the

solubility (J¥2 (cm %)¥?)
Onp Contribution of hydrogen bonding force to the

solubility of polymer (J2 (cm~3)"2)

Sp Contribution of polar force to the solubility (J¥2
(Cm—3)1/2)

Op,p contribution of polar force to the solubility of
polymer (JV2 (cm™3)2)

S, 54+6 2p , Contribution of dispersion and po-
lar force to the solubility (J*2 (cm ™ 3)Y?)

Av Hydrogen bonding number

Aeconi Additive atomic and group contributions of the
cohesive energy (J)

E.ni  Cohesive energy of component i (J V2em™3)

is Solubility of i species (JV2 (cm™%)V2)

Jo Volume fraction of i species (%)

AUy;  Energy of vaporization (AU) unit volume of i (J)

Av; Additive atomic and group contributions for the
molar volume (cm?)

V9 Unit volume of i (cm®)

W, Weight of the swollen film (g)

Wo Dry weight of the film (g)

S Solvent

GSL Good swelling liquid
PSL Poor swelling liquid
NS Nonsolvent
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