
Sorption and Transport Studies of Water in 
Kapton* Polymide. I 

D. K. YANG, W. J. KOROS,+ H. B. HOPFENBERG, and V. T. 
STANNETT, Department of Chemical Engineering, North Carolina State 

University, Raleigh, North Carolina 27650 

Synopsis 

Sorption isotherms and diffusion coefficients of water in a 0.3-mil Kapton polyimide film 
at 30,45, and W C  are reported. The data are well described by the dual mode sorption and 
transport models at low activities. At high penetrant activities, clustering of water is suggested 
by a Zimm-Lundberg analysis of the sorption data and the fact that the diffusion coefficient 
for water decreases with increasing external vapor activity. The effect of temperature on the 
diffusion coefficients at infinite dilution and the dual mode sorption parameters kD, b, and 
Ch are presented and discussed. The magnitude of the activation energy of the diffusion 
coefficient at infinite dilution, 5.4 kcal/mol, is smaller than the corresponding activation 
energy in more flexible chain polymers, perhaps suggesting that rather small backbone motions 
are associated with diffusion of water through the Kapton matrix. The predictions for the 
isosteric enthalpy of sorption from the dual mode model are presented and compared with 
the values determined from graphical analysis of the sorption isotherms performed inde- 
pendently without reference to the dual mode sorption model. 

INTRODUCTION 

Surprising changes in polymer physical properties can occur as a result 
of the presence of relatively small quantities of sorbed water, especially for 
hydrogen bonding polymers. For example, the modulus of nylon increases 
with water content over the temperature range from 155 to 250 K,15 under 
which conditions water appears to hydrogen-bond with the amide groups 
of the nylon backbone and functions as mechanically stable bridges between 
chains in the amorphous reg i~n . l ,~>~J  At higher temperatures the thermally 
driven agitation of the water molecules and the chain segments tend to 
disrupt the hydrogen bonding. At higher water activities, the presence of 
sorbed water can lower the effective glass transition temperature of the 
sample and dramatic changes in'modulus may occur.1s The loss compliance 
of the material,8 impact strength, ductility, toughness, and the dielectric 
constant associated with the a - r e l axa t i~n~ ,~ .~  are increased with water con- 
tent. 

Kapton, which is the subject of the present paper, is a commercially 
important aromatic polyether diimide with the structure shown below. Kap- 
ton, like nylon shows antiplasticization at all temperatures below about 
300 K in the presence of water due to hydrogen bond formation1G16 and 
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hole filling. At room temperature and above, the modulus is almost inde- 
pendent of water content"J5J6. 
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Kapton polyimide 

Kapton's excellent thermal stability and good mechanical and insulation 
properties10 make it an important material in the aerospace and micro- 
electronic industries. Whereas previous investigators have focused on char- 
acterization of the water vapor permeability of Kapton,17-19 it was our 
objective to make direct gravimetric measurements of water sorption up- 
take and kinetics to corroborate the previous indirect values of water 
vapor solubility estimated from steady state permeation and transient 
time lag measurements. 

Due to the nature of the glassy state, nonequilibrium chain conformations 
exist and give rise to unrelaxed gaps between segments on neighboring 
polymer chains. This excess volume results in the presence of additional 
environments into which a penetrant can sorb compared to the situation 
pertaining to a truly densified equilibrium glass. During sorption, pene- 
trants sorb into both the densified polymer matrix and the preexisting 
microvoids. This physical phenomenon is referred to as "dual mode sorp- 
tion" and is modeled as a superposition of a Henry's law or Flory-Huggins 
dissolution term and a Langmuir term associated with saturation of the 
preexisting microvoid volume. 

A rather unusual form for the concentration dependent diffusion coef- 
ficient involving a maximum at an intermediate concentration was observed 
in our study of water interactions with polyacrylonitrile.m It was of interest 
to determine if a similar effect was observed with Kapton since the max- 
imum, while unusual, was easily explained in terms of combined dual mode 
sorption effects at low concentrations and clustering and/or plasticizing at 
higher sorbed concentrations. 

EXPERIMENTAL 

Materials 

m) thick Kapton polyimide films used in this 
study were uncoated amorphous samples which were kindly provided by 
the E. I. du Pont de Nemours and Company. The density of the film is 
reported to be 1.42 g/cc.'O DSC studies using a Perkin-Elmer Differential 
Scanning Calorimeter I1 failed to show a measurable glass transition21*22 
because the change of C, was not significant due to the subtle increase in 
motion of the Kapton chain at  T,. However, Tg is reported to be in the 
temperature range 350-450"C, which is confirmed by Wrasid10~~ by means 
of dynamic mechanical and dielectric methods. High purity distilled, deion- 

The 0.3 mil (7.62 X 
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ized water was subjected to three freeze/thaw cycles under vacuum to re- 
move any traces of dissolved gases prior to use in sorption experiments. 

Equipment and Procedures 

The design and operation of the McBain quartz spring balance used in 
this study have been described previously by our gr0up.20~21~24~25 With this 
system, a direct gravimetric measure of penetrant uptake by the polymer 
as a function of time can be determined by observing changes in spring 
extension. In the cell the polymer sample was hung at the base of the spring, 
and a glass reference fiber was hung parallel to the spring to compensate 
for small shifts in the spring support position. The sorption cell was main- 
tained at a constant temperature by circulating fluid such as deionized HzO 
from a bath through a fluid jacket surrounding a cell. 

The integral sorption4esorption method was used in this study. The 
system, excluding the sorption cell, was pressurized with penetrant to an 
empirically determined value that would give the desired sorption pressure 
when the stopcock to the sorption cell was opened. At time zero, the pen- 
etrant was admitted into the sorption cell, and the spring extension was 
measured as a function of time. To begin a desorption experiment, the valve 
connecting the sorption cell to the vacuum line was opened, and the con- 
traction of the spring was observed as a function of time. 

RESULTS AND DISCUSSION 

Sorption 

Sorption isotherms for water in the 0.3-mil Kapton film at 30"C, 45"C, 
and 60°C are shown in Figure 1. Based on these isotherms, small but dis- 

VAPOR PRESSURE p kmHd 

Fig. 1. Sorption isotherms for water in Kapton of 0.3 mil thickness at 30°C (O), 45°C (V), 
and 60°C (0) plotted vs. vapor pressure. 
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cernable dual mode sorption effects are apparent as concavity of the iso- 
therm with respect to the pressure axis at low vapor pressure. The most 
common interpretation given to isotherms which display such concavity is 
that there is a finite amount of unrelaxed volume which can be saturated 
as the vapor activity increases.26 ,An alternative physical interpretation 
might be to suppose that the apparent site saturation process which gives 
rise to the concavity is due to a strong hydrogen bonding. Mathematically, 
the two treatments are rather similar since both envision a saturation 
mechanism. The saturation capacity can be evaluated using the simple dual 
mode sorption formalism as described immediately below. 

At higher vapor activities, the sorption isotherms display curvature con- 
vex to the pressure axis. These effects will be discussed later in the context 
of the Zimm-Lundberg clustering analysis. 

Dual Mode Sorption at Low Activities. At low vapor activities, the 
sorption isotherms shown in Figure 1 are concave to the pressure axis and 
can be described analytically by the dual-mode sorption model given by 

where C [cc(STP)/cc polymer] is the equilibrium concentration of water in 
the polymer at a pressure p, kD [(cc(STP)/cc polymer - cm Hg)] is the Henry’s 
law solubility coefficient, b [(cm Hg)-’] is the affinity constant of the gas 
or vapor for the Langmuir sites, and Ch [cc(STP)/cc polymer)] is the max- 
imum capacity of the polymer for the penetrant in the unrelaxed gaps 
presumed to comprise the Langmuir environment in the polymer. 

The dual mode coefficients kD, Ch, and b, shown in Table I, were estimated 
using SAS nonlinear regression analysis program,27 based on the low ac- 
tivity sorption data in Figure 1. The Henry’s law constant kD characterizes 
the sorption of penetrant in a polymer by a mechanism which involves 
separation of the polymer chains to accommodate the penetrant molecule. 
A van ’t Hoff expression describes the temperature dependence of k,: 

where AH, is the enthalpy difference between the penetrant in the Henry’s 
law sorbed state and in the vapor. A similar van ’t Hoff relationship may 
be written for b, the affinity constant of penetrant for the Langmuir sorption 
sites: 

TABLE I 
Dual Mode Sorption Parameters k,,C&, and b at Different Temperatures 

T (“C) k [cc(STP)/cc polymer . cm Hg] CH [CC(sTp)/CC polymer1 b (cm Hg)-’] 

30 
45 
60 

11.209 
5.744 
3.071 

6.553 
3.389 
2.304 

26.466 
13.715 
8.757 
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Hg)-' and 

where AH, is the difference between the enthalpy of the penetrant in the 
Langmuir sorbed state and that in the vapor phase. 

Normally, one might anticipate that sorption into preexisting gaps would 
be more exothermic than the corresponding case in which energy must be 
supplied to prepare a place for the penetrant. The van 't Hoff plot in Figure 
2, however, gives AHD = -8.718 kcal/g. mol and AH, = -7.43 kcal/g 
mol. While this difference is rather small, we believe it is significant. Pre- 
vious measurementsz1 of SO, sorption in Kapton indicated that AH, ex- 
ceeded AH, by 2.1 kcal/g - mol, again, a rather surprising result. The 
presence of a residual solventz1 in Kapton has been verified, and it has been 
shown previously that a residual solvent can produce the somewhat anom- 
alous effects related to the relative magnitude of AH, and In the 
case of H,O sorption in polyacrylonitrile, the enthalpy of sorption, AH, 
changed from -10.1 to -11.7 kcal/g.mol following a rigorous solvent ex- 
change protocol to remove the trace solvent from this p ~ l y m e r . ~ . ~ ~  

The experimentally determined Langmuir capacities for both Kapton/ 
SO, and Kapton/H,O systems as a function of temperature are presented 
in Figure 3. The Langmuir capacities, based on the prediction by Koros and 
Paul?, should decrease with temperature and disappear around Tg. Two 
straight lines, as Figure 3 illustrates, approximate satisfactorily the two 
sets of experimental results over the range of experimental temperature. 
The extrapolation of the two straight lines to the temperature abscissa, 
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Fig. 3. Langmuir capacities for SOz (0) and H20  (0) in Kapton polyimide as a function of 
experimental temperature. 

however, yield the intercepts 73°C and 88°C for Kapton/H,O and Kaptonl 
SO, systems, respectively, while the T, of Kapton, reported by Wrasidl0,2~ 
is between 350°C and 450°C. Several papers12J3J5J6*23 indicate the presence 
of a P-transition temperature of Kapton in the temperature range 80-120°C. 
Possibly, the decline of CH is also related to small transitions such as P, y ,  
6, . - - in glassy polymer in addition to the a-transition temperature.,l This 
effect may cause a gradual elimination of frozen unrelaxed volume with 
Cg at the /3- and a-transitions. Due to experimental equipment constraints, 
it was not possible to perform measurements above the P-transition tem- 
perature to verify this suggestion. 

Cluster Formation at High Activities. The upturn in the sorption iso- 
therms presented in Figure 1 at high vapor activities, coupled with evidence 
to be discussed later that the effective local diffusion coefficient decreases 
with increasing concentration at high activities, suggests that penetrant 
clustering is occurring under these conditions. The so-called “clustering 
function”, Glllul,  as shown in eq. (41, was developed by Zimm and 
L~ndberg3~3~ based on the statistical mechanics of fluctuations. This func- 
tion was used to estimate the cluster size for a binary component system: 

where the subscript 1 refers to the penetrant, u1 is the partial molar volume 
of the penetrant, Gll is the clustering integral, +1 is the volume fraction 
of penetrant in the polymer film, a, is the activity of the penetrant, and 
al/cpl is the volume fraction activity coefficient. 
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Fig. 4. The average number of penetrant molecules in the neighborhood of a given pene- 
trant molecule in excess of the mean concentration of penetrant in the polymer Gll+l/uI 
plotted vs. relative pressure in 0.3 mil Kapton at 30°C (O), 45°C (O), and 60°C (0). 

The composite parameter &Gll/ul is equal to the average number of 
penetrant molecules in the neighborhood of a given penetrant molecule in 
excess of the mean concentration.% The activity dependence of and 
Gll/ul can be obtained by numerical differentiation of a polynomial fit of 
the sorption data or by graphical differentiation of the sorption data. For 
Gl,/ul > -1 clustering of the penetrant is likely. Zimm-Lundberg clus- 
tering parameters, calculated from the data by numerical differentiation 
of fourth order polynomial fit to the data in Figure 1, are presented in 
Figure 4. The data indicate that clustering is measurable (+lGll/ul > 0) 
for activities above 0.50-0.65 depending on the temperature studied. 

The cluster formation of H20 in rubbery polymers is generally exothermic 
owing to the ease of moving polymer chains above T, and the strong negative 
energies of interaction possible between two or more clustered water mol- 
e c u l e ~ . ~ ~  On the other hand, the net heat effect for clustering in the glassy 
polymer can be endothermic. This fact may be rationalized in terms of the 
extra energy required to separate the stiff chains to accommodate penetrant 
clusters. These arguments, of course, are consistent with the observation 
that the cluster formation tends to be initiated at lower activities at higher 
temperatures in Kapton and other 

Isosteric Sorption Enthalpy. The isosteric sorption e n t h a l ~ y ~ ~  AHI is a 
measure of the average difference in enthalpy between a molecule in the 
sorbed state and in the gaseous state measured at constant penetrant sorbed 
concentration. The isosteric sorption enthalpy is given by 
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where z is the compressibility factor, R is the gas constant, and p (cm Hg) 
is the water vapor pressure corresponding to concentration C at the tem- 
perature T selected for isosteric evaluation. The resultant experimental 
values of AH,, determined from the slope of plots of In p vs. 1 /T  at 45°C 
using z = 1, are plotted as the points in Figure 5 as a function of concen- 
tration C. 

The temperature dependence of the Langmuir capacity, CH, is believed 
to be due to variation in the unrelaxed volume in the glass rather than due 
to a true energetic effect, e.g., polymer-penetrant interaction. However, 
there is still considerable discussion concerning the nature of the temper- 
ature dependence of the sorption isotherms and the temperature depend- 
ence of Ck can be described phenomenologically be a van 't Hoff type 
expression such as eq. (2). The apparent sorption enthalpy AH* obtained 
from the slope of the van 't Hoff plot in Figure 2 is -7.0 kcal/g mol. The 
variation of AH1 with concentration can be predicted using the following 
equation for systems that obey dual-mode sorption theory37: 

0.3 mil Kaptodwater T=45'C 

Fig. 
water 

-20 
0 10 20 30 40 50 

c ~Cc(STP)/CC polymer) 

5. Isosteric enthalpies of sorption for H20 in 0.3 mil Kapton film plotted 
concentration: (-) predicted value; (0) experimental data. 

VB. sorbed 
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where AHT = AHb -I AH* and E = b / ( l  + bp) 
The solid line in Figure 5 was calculated using eq. (6) with dual mode 

parameters and p corresponding to C at 45°C. The agreement with exper- 
imental points is good for concentrations below 7.5 cc(STP)/cc polymer with 
a slight deviation between the calculated line and the experimental data 
at higher concentrations. Interestingly, the asymptotic value of the isosteric 
enthalpy is extremely close to that of the enthalpy of condensation of water 
vapor at 45°C (AHc = - 10.3 kcal/g - moll. This suggests a rather small heat 
of mixing at high concentration. 

Diffusion Coefficient. Diffusion coefficients D of water vapor in Kapton 
film were calculated using the long-time approximate solution to the infinite 
series solution for sorption-desorption kinetic data at different activities. 

For large fractional uptakes, i.e., > 0.6,% the long-time approximate 

sorption kinetic result is given by 

’ 

Mm 

MJM, = 1 - 8/.rr2exp(-D.rr2t/Z2) (7) 

where Mt and M ,  are the mass sorbed (or desorbed) at time t and at “in- 
finite” time, respectively, and Z is the film thickness. Plots of ln[l - Mt/  
M,] vs. t yielded the slope Da2/Z2. D values calculated in this way corre- 
spond to the average concentration dependent diffusion coefficient defined 
by 

where D, and Dd are diffusion coefficients obtained from the slope of the 
- above plots for sorption and desorption respectively. The average coefficient 
D, defined in Figure 6, may be approximated by eq. (9) over the concentra- 
tion interval Cinitial - Cfinal, chosen for study: 

The variation of diffusion coefficients with concentration calculated from 
eq. (8) at three different temperatures is presented in Figure 6. The lines 
in Figure 6 represent a fourth-order polynomial fit of the D(C) vs. C data 
and the circles represent the average experimental value for a large number 
of runs in each interval of activity. At 60”C, the sorption equilibrium were 
reached much more quickly than that at lower temperatures, particularly 
at low activities; therefore, less accuracy of the data at 60°C could be 
achieved. The range of variability of diffusion coefficient for each activity 
interval is given in the Table 11. The cause of larger variability of the 
diffusion coefficients in the lower activities at 60°C was never achieved. The 
average values of diffusion coefficient shown in Figure 6 are the results of 
a large number of sorption kinetic runs for the activity range of 04.1 and 
0.1-0.2. These average values appear to be consistent with the trend of low 
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C (cc(STP) /cc  polymor) 

Concentration dependent diffusion coefficient D(C) estimated from long time ap- 
proximation based on sorption kinetics data at 30°C (O), 45°C (O), and 60°C (0). The lines 
represent the fourth-order approximation fit and the circles represent the experimental data. 

Fig. 6. 

temperature runs presumably; therefore, the scattering observed at low 
activities for 60°C was simply due to difficulty in precisely measuring short 
sorption half-time and small mass uptake for this condition. 

For vapor activities above 0.5 only one point was measured due to much 
greater precision of the measurements in the higher activity ranges where 
sorption levels were more substantial. The data at all temperatures appear 
to show a well-defined trend of D(C) vs. C, which can be described reasonably 
well by the fourth-order polynomial form shown as the lines in Figure 6. 
The three lines indicate that D increases at low concentration and then 
decreases with concentration after D reaches the maximum. Similar be- 
havior has been observed for water diffusion in polyacrylonitrile (PAN).20 
The increase of diffusion coefficient with concentration can be explained 
in terms of the dual mode sorption The decrease of diffusion coef- 
ficient at high concentrations is consistent with the occurrence of clustering 
suggested by the isotherm shapes reported in Figure 1. 

TABLE I1 
Maximum Range of Variability of the Diffusion Coefficient as a Function of 

Activity at 60°C 
- 

a = p/p0  C [cc(STP)/cc polymer] D (cm2/s) 

0-0.1 
0.1-0.2 
0.2-0.3 
0.3-0.4 
0.4-0.5 

0-9.4 
9.4-13.3 

13.3-17.0 
17.0-20.5 
20.5-25.1 

5.04 x 10-'O-3.21 X 
9.25 x lO-*O-2.31 X lo-@ 
1.62 x 10-9-3.45 x 10-9 
1.42 x 10-9-3.87 x 10-9 
2.26 x 10-9-2.65 x 10-9 
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The maximum point in the D(C) vs. C curves in Figure 6 shifts to lower 
activities as the temperature increases, suggesting that clustering begins 
at lower activities at high temperature, again consistent with the Zimm- 
Lundberg analysis. Similar behavior in the PAN/H20 system was ob- 
served.39 An Arrhenius plot of the infinite dilution diffusion coefficient Do 
is presented in Figure 7. The effective activation energy for diffusion of 
water in Kapton at infinite dilution is found from the slope of this plot to 
be only +5.43 kcal/gmol. The rather small value of this activation energy 
suggests that the compact water molecule requires the localization of ex- 
tremely small packets of volume in the vicinity of a given penetrant to 
permit the execution of a diffusion jump. On the contrary, t+e considerably 
larger SO2, COP, and 0, molecule exhibited activation energies of 10.55,8.6, 
and 7.4 kcal/g.mol, r e s p e c t i ~ e l y . ~ ~ . ~ ~ ~ ~  This result is qualitatively consistant 
with one's expectations since the size of the transient gap that must open 
next to a given penetrant is larger for large molecules than for small ones 
like H20. 

CONCLUSION 

As in the polyacrylonitrile (PAN)/H20 system, the sorption isotherm and 
concentration dependent diffusion coefficient of water in Kapton can be 
well described by the dual mode sorption model at low concentrations. At 
higher sorbed concentrations clustering of water molecules appears to occur, 
based on both sorption and diffusion behavior. The maximum point of the 
D(C) vs. Ccurve, corresponding to the onset of clustering, is shifted to lower 
concentrations with increasing temperature. This suggests that the for- 
mation of water clusters in Kapton is an endothermic process. The analysis 
of the temperature dependence of dual mode parameters KD and b shows 
the same type of abnormal difference between AH, and AH, as was observed 
in as-received PAN films. These PAN films were found to contain small 

100 

50 

x 
0 
0 5  

1 

Fig. 7. Arrhenius plot of Do at infinite dilution in 0.3 mil Kapton/H,O system. 
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amounts of a low molecular weight residual. Evidence of a small amount 
of low molecular weight residual has been noted by previous authors work- 
ing with Kapton. The sorption enthalpy result is not surprising when viewed 
in the context of the dual mode sorption model. This model, in fact, predicts 
such behavior under certain conditions for low volatility residual solvents. 

The authors gratefully acknowledge the support of this work by the grant of the Army 
Research Office Grant DAAG 29-81-K-0039. We appreciate the assistance of Dr. An Wang in 
glassblowing and Mrs. Mary Wade and Miss Christy Beltz in typing. 
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