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Diffusion of moisture into two-phase polymers 
Part 3 Clustering of water in polyester resins 

P. M. J A C O B S ,  F. R. JONES 
School of Materials, University of Sheffield, Elmfield, Northumberland Road, Sheffield, 
$10 2TZ, UK 

The equilibrium moisture absorption isotherm of a two-phase polyester resin system has been 
interpreted using both the dual mode sorption theory and an analysis proposed by Brown. 
Good agreement was found to exist between these two analyses as to the relative humidity at 
which clustering first occurs. The two-phase structure of the resin was found to have no sig- 
nificant effect on the equilibrium moisture isotherm. However, the average cluster number 
calculated for the resin is believed to result from larger clusters in the less dense phase of the 
resin and smaller clusters in the dense phase. 

I .  Introduction 
The water molecule is relatively small, and in the 
liquid and solid states is strongly associated by hydro- 
gen bond formation. This combination of character- 
istics distinguishes it from the majority of the organic 
penetrants. For polar polymers, strong localized 
interactions may develop between the water molecule 
and suitable polar groups. For relatively non-polar 
polymers, clustering or association of the absorbed 
water molecules may occur. 

It has been suggested [1] that clustering may be 
initiated at polar centres or in microcavities existing in 
the polymer matrix. Cluster growth within the polymer 
will be determined by the potential field and the rela- 
tive size of the microcavity in the surrounding polymer 
and because of steric factors, which effectively limit 
the size of a cluster to that of the microcavity. How- 
ever, in polymers of high segmental mobility, associa- 
tion of the water may occur in a completely random 
way throughout the polymer. 

Sorption isotherms can be used to obtain informa- 
tion on the interaction between a polymer and a pen- 
etrant. For water sorption by polymers, the exper- 
imental data is usually presented on the basis of some 
form of Henry's Law. That is, a measure of the quan- 
tity of water absorbed per unit quantity of substrate or 
substrate plus water, is p~otted against the activity of 
water in the environment. Since data for water rarely 
exhibits linearity over any appreciable range of sorp- 
tion, an alternative function is required. One of the 
most common approaches adopted for quantifying 
sorption isotherms has been the BET theory. Iso- 
therms of the BET type I[ classification have been 
found for hydrophilic polymers such as wool and silk, 
while type III isotherms, and even linear isotherms, 
have been observed for less hydrophilic polymers such 
as poly(methyl methacrylate) and polyethylene. 

In the BET theory the penetrant is localized at 
specific sites and it has been suggested that the dual 
mode sorption theory is a more realistic approach for 
characterizing the sorption isotherms of polymers [2]. 

This theory considers that the absorbed moisture in a 
glassy polymer exists in the form of mobile water and 
bound water. The mobile water is believed to be dis- 
tributed throughout the polymer and can be described 
by Henry's Law. The bound water is described by a 
Langmuir-type absorption at specific sites. The nature 
of these sites is unknown although microvoids or 
other, unknown immobilizing mechanisms have been 
suggested [3]. 

Brown [4] has proposed an alternative method of 
interpreting the sorption of water into certain polar 
polymers, in which conventional Flory-Huggins sol- 
ution theory and cluster theory are combined. In this 
paper both the dual mode sorption theory and the 
method proposed by Brown are employed in an 
attempt to interpret the sorption isotherm of Crystic 
272 polyester resin. 

2. Experimental details 
The resin used in this study was the isophthalic 
unsaturated polyester resin Crystic 272 (Scott Bader 
Co. Ltd). The resin was cold cured using 2phr (parts 
per hundred of resin) of a 50% methyl ethyl ketone 
peroxide solution (Catalyst M, Scott Bader Co. Ltd) 
and 0.3phr of a cobalt naphthenate solution 
(Accelerator E, Scott Bader Co. Ltd). 

Resin specimens suitable for accurate absorption 
measurements were prepared by casting the activated 
resin into polypropylene beakers. Cast resin discs were 
produced using this technique without the need for 
any release agents. The discs were ground to a thick- 
ness of approximately 12 mm and specimens 2 mm • 
10 mm x 30 mm were then cut from the discs using a 
water cooled diamond saw. All the faces of each speci- 
men were polished to a better than 1/~m finish using 
cerium oxide. 

After cutting and polishing the specimens were 
post-cured in an air circulating oven at 130~ for 
1.5 h. This schedule is considered to produce a fully 
post-cured structure, as further post-curing does 
not change the mechanical properties or the glass 
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TABLE I Relative humidities over saturated salt solutions at 
50 ~ C 

Saturated Relative 
salt humidity 
solution (%) 

LiCI �9 H20 11 

GaOl 2 �9 2H20 16.5 

MgCl 2 �9 6H20 31 

Mg(NO3) 2 �9 6H20 46 
NaCI 75 

K2SO 4 96 

transition temperature of  the resin. After slowly 
cooling from the post-curing temperature, specimens 
were placed in a vacuum oven at 50~ and dried to 
constant weight. This procedure ensures that the 
specimens are completely dry prior to testing. 

The specimens were conditioned either by immer- 
sion in distilled water or by exposure to a specific 
relative humidity. All conditioning took place at 50 ~ C 
as this increases the rate of  moisture uptake over that 
at room temperature, but is below the glass transition 
region of the resin (70-150 ~ C). 

Specific relative humidities were created by means 
of  saturated salt solutions. The reason for using satu- 
rated salt solutions is that they can liberate or absorb 
large quantities of  water without changing the equi- 
librium humidity. Several lists of  relative humidities 
over saturated salt solutions have been compiled [5-8]. 
From this data, salts whose equilibrium relative hum- 
idities have a low temperature dependence and a linear 
variation with temperature can be selected. From the 
relative humidity diagrams of Young [5], and other 
data from the literature, six saturated salt solutions, 
corresponding to six different relative humidities, were 
selected for use at the conditioning temperature of 
50 ~ C. The six salts selected are shown in Table I. 

Specimens to be conditioned by humidity were sus- 
pended over the saturated salt solutions on glass 
racks, inside insulated glass tanks with sealed lids. 
Specimens to be conditioned by immersion were 
placed in glass screw-lid jars filled with distilled 
water. To maintain the temperature at 50 ~ C both the 
humidity tanks and the jars were placed in an air 
circulating oven. Each specimen was exposed to a 
specific environment for a predetermined length of 
time, sufficient for the equilibrium moisture content 
(M~) to be reached, prior to weighing the specimens to 
determine M~. 

From this data (Table II) an absorption isotherm 
for moisture absorption into Crystic 272 polyester 
resin was constructed (Fig. 1). 
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Figure 1 Moisture absorption isotherm for Crystic 272 polyester 
resin at 50 ~ C. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  
The dual mode sorption theory of  Vieth et al. [3] is 
quantitatively described by the following equation: 

c;~bP 
C = CD + C~ = kDP + - -  (1) 

1 + b P  

where C is the total solubility (M~o), CD is the contribu- 
tion from Henry's Law mode, C~ is the contribution 
from Langmuir-type mode, k D is the Henry's Law 
dissolution constant, b is the hole affinity constant, C~ 
is the hole saturation constant, P is the pressure. 

It has been suggested [2] that at low relative humidi- 
ties experimental sorption isotherms can be described 
by the dual mode sorption theory. Using a curve 
fitting approach the best values for kD, C~, and b for 
a given system can be found. 

Specimens of  dry Crystic 272 polyester resin were 
exposed to a number of humid environments and 
allowed to reach their equilibrium moisture contents 
(M~). An absorption isotherm of  M~ against the 
vapour pressure of water to which the specimens had 
been exposed was plotted (Fig. 1). The low pressure 
(i.e. < 40% r.h.) portion of  the sorption isotherm was 
then characterized using the dual mode sorption 
theory (Table III). However, this theory cannot 
describe the entire BET type II isotherm which is 
produced from the experimental data. This can be 
seen by differentiating C with respect to P twice in 
Equation I, which gives: 

52 C 2C~ b; 
- (2) 

8 P  2 ( 1  + bP) 3 

This implies that there is no point of  inflection in a 
plot of M| against P since C~ and b are always posi- 
tive. It is, therefore, necessary to invoke a clustering 
model to describe the isotherm from the point at 

T A B LE I I Moisture absorption data for Crystic 272 polyester resin for a Zimm-type analysis of cluster function 

Relative a I P M~ ~ 1  al/(~1 Gn Iv] 
humidity (%) (mm Hg) (%) ( x 100) 

11 0.11 10.19 0.16 0.195 56.4 286.9 

16.5 0.165 15.28 0.18 0.220 75.0 286.7 
31 0.31 28.71 0.32 0.380 81.6 286.3 
46 0.46 42.60 0.44 0.537 85.7 285.9 

75 0.75 69.46 0.92 1. I 17 67.1 284.6 
96 0.96 88.91 1.42 1.715 56.0 282.5 

100 1.00 92.61 1.49 1.805 55.4 281.7 
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Figure 2 Plot of penetrant activity/volume 

.0  

fraction against 
penetrant activity for Crystic 272 polyester resin at 50 ~ C, ( - - )  best 
second order polynomial. 

which it begins to show a positive deviation from the 
dual mode sorption theory. 

Clustering is the mechanism which is commonly 
used to explain positive deviations from the dual mode 
sorption theory and involves the aggregation of the 
penetrant molecules. The clustering function was 
determined from an analysis of the equilibrium sorp- 
tion isotherm, and is described quantitatively by the 
equation proposed by Zimm [9]: 

G,,ir, = -(1 - r162 L & ,  J (3) T,P 

where G~/V~ is the clustering function, @~ is the 
volume fraction ofpenetrant, a~ is the penetrant activity 
(usually equated to r.h./100). 

The volume fraction of penetrant (r was calcu- 
lated using the manufacturer's value of 1.21 g cm -3 for 
the density of the resin [10]. 

For a random solution the activity (at) is propor- 
tional to the volume fraction (a#~) and so: 

G , , I K  = - 1  (4) 

The extent to which G~/V~ > - 1 indicates the extent 
of clustering in the solution. 

In order to perform the differentiation as required 
in Equation 3, a~/~ was plotted against a~ (Fig. 2). 
The experimental data was fitted to a second order 
polynomial and this was then differentiated. The re- 
suits of this analysis are shown in Table [It. It should 
be noted that in this analysis a small term involving 
compressibitilty for component 1 in a binary mixture 
is ignored. 

Zimm and Lundberg [11] have provided a more 
useful index in the quantity @~ G~/G. This quantity is 

T A B  LE I II Dual mode sorption parameters 

Resin k u C', D 

Crystic 272 
(polyester) 
15o o c] 
XD7342/TMAB 
(epoxy) 
145ocl 2 

8.5 x 10 3 0.07 0.5 

7.77 t.57 4.6 

k D in [cm ~ (STP)em- 3-cm Hg, C" H [cm3(STP)cm -3 ] and b [cm Hg- ']. 
See text for definitions 

the number of type 1 molecules in excess of the mean 
concentration of type 1 molecules in the vicinity of a 
given type 1 molecule, and is - ~ t  for a random 
solution (from Equation 4). This definition of O0~ G , /  
V~ specifies the excesss solvent molecules in the vicinity 
of the central solvent molecule, but does not include 
the central solvent molecule. Using this definition 
Starkweather [12] has suggested that the average num- 
ber of solvent molecules in a cluster, Nc (cluster num- 
ber), can be calculated from the equation: 

r 
Nc - + I (5) 

K 

For a random solution the activity coefficient, a t/~t is 
invariant with concentration, and from a combination 
of Equations 3 and 5, this would give: 

N = 1 - 4b, (6) 

for such a solution. As Brown [4] points out, there 
should be no clustering in this case and the cluster 
number should therefore, be 1. 

I f  the central solvent molecule is included then the 
cluster number should be given by the equation: 

Nc = cb, [(G,,/V,) + 1] + 1 (7) 

~c = - @ , ( l - r  ~(a~l~')] c~a~ + 1 (8) 

Values of N0 calculated from Equations 7 and 8 exceed 
those calculated from Equation 5 by the quantity @j. 
Now while this difference is negligible for glassy poly- 
mer systems it could become appreciable if this method 
were to be applied to other systems, for example dilute 
aqueous polymer solutions. This cluster number will 
be discussed again, in relation to the method proposed 
by Brown for the interpretation of sorption isotherms. 

This author has noted that for a large number of 
polymers, a plot of the reciprocal of water sorption 
against the reciprocal of partial pressure of water 
exhibits near linear behaviour, which can be described 
by the equation: 

11~, = (k, lP)  - k~ (9 )  

This equation represents Henry's Law sorption 
when k 2 = 0, a Langmuir or attenuated type of iso- 
therm when k2 is negative, and an enhanced or clus- 
tered isotherm when k2 is positive. The limiting, infi- 
nite dilution isotherm, as P approaches zero, is given 
by the inverse Henry's Law expression: 

1/@, = k~lP (10) 

Using this limiting (Henry's Law) approximation of 
the Flory-Huggins theory the interaction parameter Z 
can be found. 

p ~ qS~ exp (1 + Z) ~ kl([Pl (11) 

and 

Z "~ In k~ - 1 (12) 

At any relative pressur e the experimental sorption can 
be compared to that predicted for the Henry's Law 
isotherm to provide a ratio termed the enhancement 
number (N~). From Equations 9 and 10 Ne can be 

2 4 7 3  



calculated: 

N~ = , ~ , / , ~ ,  = k , / ( k ,  - k 2 P )  = 1 + k ~ * ,  (13) 

N~ is a measure of the extent to which the sorption of 
water is increased by the abnormalities of the sorption 
process which result from non-random mixing. 

Using the partial pressure of water (P) as an ade- 
quate approximation to the activity, it can be seen 
from Equation 9 that the derivative within the brackets 
in the equation used to calculate the cluster number 
(Equation 8) is equal to -k2 .  The cluster is, for this 
case, given by the equation: 

Nc = 1 -~- k21~ 1 - k 2 ~  (14) 

and comparing this to the enhancement number from 
equation 5: 

,'V c = No- k~*~ (15) 

The approach proposed by Brown [4] was applied to 
the experimental sorption data for the polyester 
resin. A plot of the reciprocal of water sorption 
against the reciprocal of the partial pressure of water 
(1/(r.h./100)) (Fig. 3) resulted in a curve which exhibited 
near-linear behaviour for the data obtained at high 
pressures (i.e. high relative humidities). However, the 
curve deviates from linearity at low pressures. The 
results of this analysis are shown in Table IV. 

A similar observation was made by Brown [4], for 
four acrylic polymers of varying hydrophilicity, where 
he concluded that at low relative pressures the water 
is distributed throughout the polymer, but probably 
preferentially where hydrogen bonding is possible. At 
higher pressures it was considered that clusters of 
water molecules on the hydrogen bonding sites pre- 
dominate. These conclusions are consistent with the 
BET type II isotherm observed in Fig. 1. 

The point of inflection in the sorption isotherm 
(Fig. 1) occurs at pressures above which the dual mode 
sorption theory does not apply, where the isotherm is 
considered to be clustered. This pressure is also the 
point at which the curve produced from the Brown 
analysis ceases to be linear (Fig. 3), and below which 
the isotherm is not considered to be clustered. There 
is, therefore, good agreement between the two analyses 
as to the pressure at which the isotherm becomes 
clustered. 

The dual mode sorption theory is temperature 
dependent, and kD, C~ and b should all decrease with 
increasing temperature [13]. This dependence is 
described by the equation: 

x = Xo exp ( - A H , . / R T )  (16) 

T A B L E  IV A comparison of the moisture absorption data for 
Crystic 272 polyester resin and poly(methyl methacrylate) using the 
Brown analysis 

Resin k~ k2 Z Values at P = 1 

q~ Ne N~ 

Crystic 272 112.7 58.8 3.7 0.018 2.1 2.0 
(polyester) 
Poly(methyl 119 80 3.8 0.025 3.0 2.9 
methacrylate) [4] 

See text for definitions 
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Figure 3 Inverse plot of absorption of moisture by Crystic 272 
polyester at 50~ 

where x is k~, C{~ or b, AHx is the appropriate enthalpy 
difference, R is the gas constant, T is the temperature, 
although in some instances b does not follow this 
relationship. Bearing this in mind, it is noted that the 
measured values of the Henry's Law dissolution con- 
stant (kD), the hole saturation constant (C~) and the 
hole affinity constant (b) for the polyester under inves- 
tigation are much lower than, for example, an epoxy 
resin (XD7342/TMAB), as shown in Table III. In 
particular the contribution to the total solubility from 
the mobile water, described by Henry's Law dissol- 
ution (CH), is much greater in the case of epoxy resin. 
This results from the readiness of the water molecules 
to cluster in the polyester resin. This is evidenced by 
the value of the interaction parameter (Z), which in- 
dicates that the polymer is not very hydrophilic. 

Using the Zimm approach [9], the cluster integral, 
calculated from the sorption isotherm, indicates a 
highly clustered isotherm (i.e. G l l / V  l 2 > > > -  l ) .  That 
the isotherm is clustered can also be seen from the 
analysis proposed by Brown. The positive value of k2 
in this analysis gives a clear indication that the iso- 
therm is clustered, and is comparable to a value quoted 
in the literature for poly(methyl methacrylate) [4]. 
However, the average cluster size (No) for the poly- 
ester is only 2.0 whereas for poly(methyl methacrylate) 
the cluster size is 2.9. A value of Nc calculated for the, 
relatively polar, epoxy resin (XD7342/TMAB) was 
1.23, and would tend to indicate that in this case the 
majority of the water is not clustered but hydrogen 
bonded at favourable sites on the polymer chain. 

In the analyses, the two-phase structure of the poly- 
ester resin [14-15] appears to have no effect on the 
equilibrium moisture absorption isotherm, whereas it 
does have a significant effect on the moisture diffusion 
characteristics of the resin [14]. However, this does not 
mean that the moisture is homogeneously distributed 
throughout the resin. It is more likely that larger 
clusters in the less dense phase and smaller clusters in 
the dense phase combine to give the calculated value 
of N~ as 2. 

4. Conclusions 
Clustering of water occurs in two-phase polyester 
resins, as can be seen by the highly clustered equi- 
librium moisture absorption isotherm. The equi- 
librium moisture absorption isotherm appears to be 
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unaffected by the two-phase structure of the resin. The 
point at which clustering first occurs can be identified 
by both the dual mode sorption theory and the Brown 
analysis, and there is good agreement between the two 
methods. In the resin system studied, clustering does 
not occur below 30% r.h. 
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