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ABSTRACT: The hydrolytic stability of both isotropic and oriented semicrystalline poly(ethy1ene 
naphthalene-2,6-dicarboxylate), PEN, films in saturated steam at  temperatures 120-160 "C is reported. 
The kinetics of hydrolytic degradation of the semicrystalline PEN samples, together with semicrystalline 
PET, was studied by determining the rates of formation of carboxyl ends using infrared spectroscopy. 
Water vapor diffusion rates and water vapor solubilities of PEN and PET samples a t  various temperatures 
were also measured. The water vapor diffusion rates of PEN were found to be 2-3 times slower than 
those of PET. However, the water vapor diffusion rates of both PEN and PET were 3-4 orders of 
magnitude greater than their hydrolytic degradation rates. The hydrolysis in all the cases is therefore 
believed to be a chemical reaction rate controlled process. PEN, especially when oriented, showed better 
hydrolytic stability than PET. A half-order autocatalytic reaction mechanism with the carboxyl end groups 
acting as the catalyst gave the best explanation of the experimentally measured degradation rates, and 
from this analysis hydrolytic degradation rate constants were derived for PEN and PET. 

Introduction diffusion to the hydrolytic degradation of the materials 
is discussed. Poly(ethy1ene naphthalene-2,6-dicarboxylate) (PEN) 

is attractLng increasing attention and larger scale 
commercialization, promoted by a major facility for 
producing dimethyl naphthalene-2,6-dicarboxylate, is 
underway. PEN is very similar to poly(ethy1ene tereph- 
thalate) (PET) in its structure but contains naphthalene 
rings which produce much stiffer molecular chains than 
those of PET, which contains benzene The 
rigidity of the polymer backbone elevates the glass 
transition temperature (120 "C compared with 70 "C), 
enhances mechanical properties such as tensile modulus 
and creep resistance, and lowers ~ h r i n k a g e . ~  Excellent 
barrier properties with respect to oxygen and carbon 
dioxide have also been r e p ~ r t e d . ~  

As a polyester, however, PEN hydrolyzes like PET 
under conditions of high humidity, where the ester 
functionality is vulnerable. The hydrolytic degradation 
of PET has been studied e~ tens ive ly .~ - l~  A systematic 
study by Ravens and co-workers in the early 1960s of 
the hydrolytic degradation of PET revealed that the 
hydrolytic scission of polyester chains above their glass 
transition temperature was an  autocatalytic reaction 
and the process was chemical reaction rate controlled.6-8 
Zimmerman and co-workers studied the hydrolytic 
degradation rate of samples of PET which had been 
polymerized using various  catalyst^.^ More recently, 
the effects of molecular weight and crystallinity on the 
hydrolytic degradation rate have been reported. 11-14 

The hydrolytic degradation of polyesters involves the 
chemical scission of an ester linkage by a water mol- 
ecule. Each chain scission uses up one water molecule 
and creates one carboxyl end group. Hence, the reaction 
can be followed by measuring the number of carboxyl 
ends present after various hydrolytic degradation times. 
In this study, the hydrolytic degradation of PEN at  
temperatures above its glass transition was investigated 
by using infrared end-group analysis. In particular, the 
hydrolytic degradation rates of PEN and PET were 
compared. The contribution of water sorption and 
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Experimental Section 
Sample Preparation. Amorphous and isotropic PEN and 

PET cast films (0.2-0.5 mm in thickness) were kindly supplied 
by Amoco Chemicals (Europe) SA, Geneva, Switzerland, and 
IC1 Films, Middlesborough, UK. Oriented PEN samples were 
obtained by uniaxial drawing of the films at  137 "C, with a 
draw ratio of 3.8 and a drawing speed of 6 m d s .  The draw 
ratio of 3.8 was slightly higher than the natural draw ratio 
for the sample at  the temperature and draw speed used to  
achieve uniform drawing. 

The drawn and the two isotropic films were annealed at  200 
"C for 20 min under slight tension (in order to keep the film 
flat). X-ray photographs (Figure 1) showed that all the 
annealed samples were highly crystalline. Their crystallinity 
was calculated from their densities, measured in a density 
column (potassium iodide solution), using the equation 

where p is the measured density value in g/cm3, and pa and pc 
are the amorphous and crystalline densities, respectively, 
taken from the literature. They are, for PET, pa = 1.333 and 
pc = 1.51516 and, for PEN, pa = 1.325 and pc = 1.4007.3 The 
results are summarized in Table 1. 

Hydrolysis. All the samples were hydrolyzed for various 
times in saturated steam at  120, 140, and 160 "C. For the 
hydrolytic degradation at 120 "C, a commercial portable 
autoclave was used. For higher temperatures, a modified 
chemical reactor was used. Both the autoclave and the reactor 
had valves fitted allowing for the discharge of air trapped in 
the container and in the distilled water used for hydrolysis. 
In this way an exact temperature-pressure correlation was 
established according to steam tables.I7 

Infrared End Group Analysis. Methods reported in the 
literature for quantifying the extent of hydrolytic degradation 
as a function of reaction time include solution viscometry, end 
group analysis by titration or infrared (IR) spectroscopy, and 
gel permeation chromatography. In this study, infrared (IR) 
spectroscopic analysis of the film samples was used to measure 
the change in the number of end groups of PEN and of PET, 
a similar method to that used in the early work by Ward.IB 
The details of this analysis are reported e l s e ~ h e r e . ' ~  A brief 
account is given here. 

0 1995 American Chemical Society 
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Table 1. Molecular Weight, Density and Crys td in i ty  of 
the Polyester Samnles Used in This Study 

Figure 1. Wide-angle X-ray diffraction patterns of (a)  an- 
nealed PET film, (b i  annealed PEN film, and (CJ uniaxally 
drawn and annealed PEN film The draw direction ofthe PEN 
film is perpendicular to the incident X-ray beam. 

number average density/ crystallinity/ 
SmDle molecular weiaht' a wt% - - 

PET annealed 14 400 1.386 32 
PEN annealed 13 400 1.349 33 
PEN drawn and 14 900 1.352 37 

annealed 
The values m based on the FT-IR end-group analysis. 

The method involves a reference film, modified by deutera- 
tion, which quantitatively replaces the end-group protons with 
deuterons without affecting the protons in the main chain. The 
deuterated sample defines the background absorption spec- 
trum for effectively zero end group content. Subtraction of 
this reference spectrum from the sample spectrum yields solely 
the absorption spectra of the end groups of the sample. 

Provided there is no chain branching in the material, each 
molecule of both PET and PEN has two end groups, each of 
which may be a hydroxyl end, OH, or a carboxyl end, COOH. 
The end group concentrations, [OH1 and [COOHI, can be 
calculated fmm their IR absorption based on the Beer-. 
Lambert law. A simple conversion gives 

io3 AcooH and [OHI=-A, io3 (2) [COOHI = - 
@COOH @OH 

where [COOHI and [OH] are the concentrations oftbe carbxyl 
and hydroxyl groups, respectively, in mole/106 g equiv; p is 
the sample density in g/cm3; / is the film thickness in em; 
&OOH and AOH are the absorbance of COOH and OH, respec- 
tively; and fcooH and Con are the IR extinction coefficients of 
COOH and OH, respectively, in liter L mol-' em-'. 

Values of the <COO" and con were calibrated using a series 
of PET and PEN samples with different molecular weights as  
measured by solution viscometry. Using the integral IR 
absorbance of OH stretching vibration in the carboxyl end 
groups and hydroxyl end groups, the corresponding IR extinc- 
tion coefficients were obtained as  

1 -- - (4.8 f 0.4) x and - = (9.2 f 0.4) x 

(3) 
% O H  (OH 

in L mol-' an-' for both PET and PEN samples. 
The number average molecnlar weight, M,, is 

2 x 106 
[COOHl+[OHl 

M" = (4) 

The FT-IR spectra were taken using a Bomem FT-IR 
spectrophotometer in the range 2500-4000 em2'. The samples, 
about 200 pm thick, were dried at 90 "C in a vacuum oven 
overnight before the spectrum was taken. The sample thick- 
ness was measured using an  electronic micrometer. The 
deuterated spectrum was subtracted from the sample spec- 
trum of the same material. The difference spectrum was then 
computer-fitted using Gaussian bands (which were found to 
give the best fit).19 A trpical difference spectrum and its fitting 
is shown in Figure 2. A hand centered a t  around 3290 cm-l 
is from the 0-H stretching vibration of the carboxyl ends and 
a broad band centered a t  about 3540 cm-' is assigned to the 
0-H stretching vibration of the hydroxyl ends. The integrated 
absorbances of the hydroxyl and carboxyl ends were then 
obtained and the end-group concentrations, as  well as number 
average molecular weight, of the samples were calculated 
using eqs 2-4. 

Water  Sorption Measurements. The equilibrium water 
sorption isotherms a t  25, 35, and 45 "C were measured for 
the above samples. Different relative humidities were ob- 
tained hy using sulphuric acid-water solutions?0 The film 
samples, about 2 g of each material, were thoroughly dried in 
a vacuum oven and weighed ("dry" weight) using a Mettler 
AF.240 electronic balance (to 0.01 mg). They were then hung 
above the solution in a sealed glass jar and left in a temper- 
ature-controlled oven. I t  was found that 3-4 days was enough 
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Figure 2. Difference FT-IR spectra of the hydroxyl ends 
(absorbance centered at 3540 cm-') and the carboxyl ends 
(absorbance centered at 3290 cm-'1 and the curve fitting using 
Gaussian bands. 

for the equilibrium at  various relative humidities to be 
reached. On removal, the samples were blotted and reweighed 
("wet" weight), the difference between the "dry" and "wet" 
weights giving the equilibrium water content. 

Water vapor permeabilities of these material a t  25,35, and 
45 "C and 100% relative humidity were also measured using 
a digital water vapor transmission rate meter. The details of 
this measurement can be found elsewhere.21 

The equilibrium water content in the polymers a t  100% 
relative humidity at high temperatures up to 170 "C was 
measured using a special technique. The main problem with 
the measurement of water sorption content a t  high tempera- 
tures was that, due to a high diffusion rate a t  high tempera- 
ture and a large difference in concentration of water inside 
and outside the polymer, in the process of the polymer cooling 
down to room temperature and being exposed to air when 
weighing, water vapor absorbed into the polymers at high 
temperature would diffuse out and evaporate very quickly. The 
water content measured afterward would then be less than it 
should be. If the sample can be cooled down very quickly while 
being maintained in water, however, most of the water 
absorbed into the polymer at  high temperature will be 
retained. This is due to the fact that a large concentration 
outside the polymer will greatly reduce the chance of the 
desorption during the cooling process. The desorption at  room 
temperature was found to be very slow and did not affect the 
measurements. 

For these measurements small stainless steel bombs were 
specifically designed. They had a volume of 80 mL and thin 
walls which permitted rapid heating and cooling. Valves were 
fitted to the bomb to discharge air trapped inside and also to  
release the pressure to permit fast cooling. More importantly, 
while the bomb was cooling, a pipe connected to the valve 
sucked cold water into the bomb to keep the samples immersed 
in water. 

The bombs, containing about 10 mL of water, were pre- 
heated on a temperature-controlled dry block. After the 
samples were loaded above the water surface the bombs were 
closed and air was discharged during heating so that a stream 
temperature-pressure equilibrium inside the bomb was es- 
tablished. After a predetermined time, the bombs were 
quenched in cold water with one valve open to release the 
pressure and the bomb temperature dropped to room temper- 
ature in a few seconds. Cold water was sucked into bombs 
through the valve by the vacuum created inside the bombs 
during cooling. The samples therefore remained immersed in 
the water. The samples were dried superficially and weighed 
as in the isothermal measurements. 

Results 
The end-group IR absorbances of t h e  samples hydro- 

lyzed at 120 "C are shown in Figure 3, a n d  differences 
in end-group IR absorption at different hydrolysis t imes 
can be seen. Figure 3a shows t h e  spectra of the 
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Figure 3. FT-IR spectra in the range 4000-3000 cm-l of the 
PEN and PET films samples hydrolyzed for various times at 
120 "C in saturated steam: (a) annealed PET, (b) annealed 
PEN, and (c) drawn and annealed PEN. The deuterated 
spectrum for each material, in which the absorbances of the 
hydroxyl and carboxyl ends were removed, is seen at  the 
bottom of each figure as the solid line. Key: (- - -1 original 
sample, (- -1 hydrolysed for 2 days, (... ...I hydrolyzed for 3 
days, - -1 hydrolyzed for 5 days, and (- - -1 hydrolyzed for 6 
days. 

annealed PET samples hydrolyzed at various times; 
Figure 3b shows the annealed P E N  and Figure 3c shows 
the drawn and annealed PEN. The deuterated spectra 
of the PET and PEN which give zero absorbance of 
hydroxyl ends and carboxyl ends  are included in each 
figure (solid line in t h e  figures) in order to  locate the 
position of the end group absorption band. The absorp- 
tion band of the carboxyl is seeri centered at about 3290 
cm-' a n d  the hydroxyl end absorption at about 3540 
cm-I. From the increase of the absorbances of t h e  end  
groups it can be seen that annealed PET is hydrolyzed 
much faster  than PEN. The drawing of PEN had a 
noticeable effect on the hydrolytic degradation behavior, 
as seen from comparison between par ts  b and  c of Figure 
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Table 2. Change in the Concentration of Hydroxyl Ends ([OH]) and Carboxyl Ends ([COOHI), in moYl@ g equiv and 
Number-Average Molecular Weight (M,) of the Polyester Samples with Hydrolysis Time at 120, 140, and 160 "C in 

Saturated Water Vapop 

0.8 

$ -  
- E 
g 0 . 6  

0 .  

0 

C 

u 

$) 0.4 

0 -  
\ - 
5 0.2 

CI : -  

140 

either in equilibrium water content (in weight) per 100 
g of polymer per unit relative humidity or in the 
standard unit used for gas solubility as (vapor volume 
at standard temperature and pressurd(po1ymer volume) 
per unit vapor pressure in Pa. These are listed in Table 
3, in which the water vapor permeabilities measured 
using a water vapor transmission rate meter at the 
same temperatures are also listed. Because the sorption 
behavior of these polymers obey Henry's law, the 
permeability (PI, the solubility (SI, and the diffusion 
coefficient (D) are related by 

,;A - ,, , ,,, ' 
1, 

,<, 
, y-5 ,C,' ' 

,,,, . 
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- 
,'* ' 

M l  ,',' 
,>,, , 

,$, - 

hydrolysis hydrolysis annealed PET annealed PEN drawn and annealed PEN 
tempPC timehours [OH] [COOHI Mn [OH] [COOHI M,, [OH] [COOHI Mn 

original sample 89 49 14400 11 38 13400 106 29 14900 
120 9 114 67 11100 121 45 12100 111 30 14200 

48 158 123 7100 142 55 10100 118 32 13300 
72 201 150 5700 148 65 9400 122 34 12800 

120 259 215 4200 127 41 12300 
144 154 87 8300 129 43 11900 
168 165 95 7700 132 46 11500 
10 127 109 8500 161 60 9100 120 33 13100 
14 185 136 6200 166 67 8600 130 36 12100 
24 237 177 4800 180 93 7300 135 43 11200 
38 217 122 5900 143 53 10300 
48 342 223 3500 270 143 4800 152 56 9600 
64 184 92 7200 

160 2 117 88 9800 126 64 10600 123 45 11900 
4 177 130 6500 139 74 9400 128 50 11200 
6 237 173 4900 160 9 1  8000 132 54 10700 
7 279 183 4300 171 101 7400 142 57 10100 
8 289 192 4200 211 104 6300 165 58 9000 

The values are based on FT-IR analysis. 

R.H.% 
Figure 4. Water vapor sorption isotherms at 25 "C for the 
annealed PET, annealed PEN, and drawn and annealed 
PEN: (+) PET; (A) PEN, and (0) drawn PEN. 

3. The drawn samples hydrolyzed much more slowly 
than the isotropic ones. The hydrolytic degradation was 
accelerated rapidly by increased temperature for both 
the PET and the PEN samples. As an example, the PET 
samples became rather brittle and difficult to handle 
after 120 h of hydrolytic degradation at  120 "C, but a t  
160 "C this stage was reached after only about 8 h. PEN 
samples survived much longer than PET and the drawn 
PEN was the most resistant to the hydrolytic degrada- 
tion across the whole temperature range investigated. 
The concentrations of the end groups and the corre- 
sponding number average molecular weights for the 
samples hydrolyzed at  120, 140, and 160 "C for various 
times were calculated. These results are summarized 
in Table 2. 

Water vapor sorption isotherms of the materials at 
25 "C are shown in Figure 4. The isotherms a t  35 and 
45 "C (not shown) had very similar characteristics. The 
isotherms of both PET and PEN can be represented by 
an  almost linear function of vapor pressure and be 
interpreted in terms of Henry's law. This behavior is 
typical of strong hydrophobic polymers where the in- 
teraction of the water vapour with the polymer is very 
weak and the water vapor transport behavior is similar 
to other simple gases.22 Similar results for PET have 
been reported by other  worker^.^^-^^ 

The solubilities of PET and PEN samples are calcu- 
lated from the best fit of the isotherms and expressed 

from which the diffusion coeficient, D, can be calcu- 
lated. The diffusion coefficients of the three samples 
are again listed in Table 3. 

The solubilities of water vapor in PET and PEN 
samples are similar in the temperature range 25-45 
"C. The difference in the permeability and therefore in 
the diffusion coefficient, however, is rather obvious. The 
diffusion coefficient of water in PEN is approximately 
one-third that of PET and drawn PEN has even lower 
values. Studies by Light and Seymour27 on PETPEN 
systems showed very similar results. They had sug- 
gested that the reduced segmental mobility due to  the 
naphthalene unit contributes mainly to the reduction 
of the diffusion coefficient. 

The equilibrium water contents a t  100% relative 
humidity at various temperatures up to 170 "C for the 
PET and PEN samples are shown in Figure 5. The 
equilibrium water sorption of these samples is seen to 
increase with temperature, especially a t  temperatures 
higher than 100 "C. The increase, however, is different 
for different materials. PET had the highest water 
content with a value of 1.9% at 160 "C and drawn PEN 
had the lowest, 1.3% at the same temperature. Both 
absorbed about 0.6% at  25 "C.  The temperature depen- 
dence of equilibrium water content is not a general 
phenomenon in polymers, but some polymers, e.g. 
polyarylate28 and p~lycarbonate,~g have been reported 
to show temperature dependent water vapor sorptivity. 
The formation of aqueous microcavities, which were 
observed by the naked eye during cooling, was suggested 
to be partly responsible for the temperature dependence 
of water sorptivities for polycarbonates. However, the 
PEN and PET samples were carefully examined using 
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Table 3. Water Vapour Solubilities, S,  from the Linear Fit of the Isotherms of PET and PEN Samples; Permeability, P, 
from the Water Vapor Transmission Rate Measurements; and the Diffusion Coefficients, D, Estimated from D = PIS, at 

25.35, and 45 "C 

0.8 ,/0 

~~ ~ 

saturated vapor 
pressure at S/(wt water/wt S/(cm3(STP)/ P x 1013/[cm3(STP)cd estimated 

material temp/"(= this t e m p m a  polymer)%/RH% cm3/Pa) (cm2 s Pa)] D x 109/(cm2/s) 

ann. PET 25 
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35 
45 
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Figure 5. Equilibrium water content at various temperature 
and 100% relative humidity. (+) PET, (A) PEN, and (0) drawn 
PEN. 

microscopy after the sorption experiments, and voids or 
cracks in the samples were not found. Repeated mea- 
surements on the same samples were in good agree- 
ment. 

The diffusion coefficients at high temperatures were 
estimated from the sorption data assuming that diffu- 
sion a t  high temperatures remains concentration inde- 
pendent. For the situation of MJM,  L 0.55, Fickian 
diffusion can be expressed as  

where Mt is the water content measured a t  time t ,  M ,  
the equilibrium water content, D the diffusion coef- 
ficient, and 2/ the thickness of the film sample. The 
error in using eq 6 for estimation of D is less than l%.30 
The Fickian plot for the PET and PEN samples at 120 
"C using eq 6 is shown in Figure 6 .  The water vapor 
diffusion coefficients of the PEN and PET samples were 
estimated from such plots and are listed in Table 4 for 
two temperatures, 100 and 120 "C. Compared with the 
estimated diffusion coefficients at low temperatures 
(25-45 "C) in Table 3, the values a t  high temperatures 
showed a much stronger temperature dependence (this 
can also be seen by Arrhenius plots at different tem- 
perature ranges). The difference in diffusion coefficients 
of different samples is again obvious. PET had the 
highest water vapor diffusion rate and drawn PEN had 
the lowest. The diffusion "half time", tv2, defined by M J  
M ,  = V2, is calculated as 
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Figure 6. Fickian plot of the water sorption at 120 "C of 
isotropic PET, PEN, and drawn PEN: (+) PET, (A) PEN, and 
(0) drawn PEN. The lines seen in the figure are the best fits 
using eq 6. 

Table 4. The Estimated Water Vapor Diffusion 
Coefficients, D, in cm2/s, and Diffusion Half Time, t1/2, in 
min, for PEN and PET Samples from the Sorption Data 

Measured in Saturated Steama 
annealed annealed drawn and annealed 

PET PEN PEN 

tempPC D x lo9 t l i z  D x lo9 t112 D x lo9 t v2 

100 30 3 8 10 5 16 
120 130 0.6 54 2 30 3 
The sample thickness used in the half-time calculation is 0.02 

cm . 

and the values are again listed in Table 4, using the 
film thickness 0.02 cm. 

Discussion 
It has been suggested that, in the hydrolytic degrada- 

tion of PET, the only reaction is the acid-catalyzed 
hydrolysis of the ester linkage: 

-COO- + H 2 0  - -OH + -COOH 

The back reaction can be neglected in the case of 
hydrolysis by saturated steame6 Ravens and Ward6 
showed, by taking PET samples covering a range of 
initial carboxyl end group concentration of 8-97 mol/ 
lo6 g equiv, that the rate of hydrolytic degradation of 
the PET can be expressed by 

0~ [EL] [H,Ol [COOHI u2 (8 )  
d[COOHl 

dt 

where [EL] is the concentration of ester linkages of the 
polymer and [HzO] the concentration of water molecules 
absorbed inside the polymer. The square root term of 
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Table 5. Equilibrium Water Content in the Samples in 
Saturated Steam (1OoCrO RH) from Sorption 

Measurements at the Hydrolysis Temperatures 

Kinetics of Hydrolytic Degradation of PEN 

~~ 

wt of water/wt of polymer, % 

drawn and 
water steam annealed annealed annealed 

tempPC pressurekpa PET PEN PEN 
120 198 1.34 i 0.03 1.23 i 0.03 0.95 f 0.03 
140 361 1.42 i 0.05 1.32 i 0.05 1.03 f 0.05 
160 618 1.91 i 0.05 1.63 f 0.05 1.29 f 0.05 

the carboxyl end group concentration, [COOH] 1/2, arises 
from the autocatalytic function of the carboxyl end group 
to the hydrolytic degradation due to its weak acidic 
nature and this hydrolysis was termed as a half-order 
autocatalytic reaction.8 

The concentration of ester linkages in PET and PEN 
can be estimated as follows. For linear polymers, the 
concentration of ester linkages is reduced as the car- 
boxyl ends increase during hydrolytic degradation. 
However, because the change in concentration of the 
ester linkages is very small compared with the initial 
value, [ELI,, as a first approximation we have 

[ELI, = [ELI, - [COOHI, x [ELI, (9) 

For PET, the concentration of the ester linkages is 

[ELI, [ELI, = 2 x 106/192 = 
10417 mo1/106 g equiv 

and for PEN it is 

[ELI, % [EL], = 2 x 106/242 = 8265 moV1O‘ g equiv 

The concentration of water molecules in the polymer 
does not vary with time in the saturated water steam 
and can be calculated from the values listed in Table 5 
for 120, 140, and 160 “C. Assuming that water only 
penetrates the amorphous fraction, the possibly affected 
ester linkage concentration therefore is only (1 - 
crystallinity)[ELl,. The water concentration, however, 
is increased to [HzOI/(l - crystallinity) if all the water 
molecules are confined to the amorphous region. Fur- 
thermore, our infrared end-group analysis suggested 
that all the polymer chain ends are in the amorphous 
region.lg The effective end group concentration in eq 8 
is then increased to [COOHl/(l - crystallinity). Note 
that the crystallinity here refers to the original crystal- 
linity of the samples. The effect of hydrolysis on sample 
~ r y s t a l l i n i t y l ~ - ~ ~  is irrelevant to our consideration here. 
Taking all these factors into consideration, eq 8 can be 
written as 

d[COOHl - - 
at 

[ELI [H201 [COOHI ‘I2 = k 
(1 - 

K[COOHl u2 (10) 

where k is the “true” chemical reaction constant and 

[ELI [HzOl (1 1) 
k 

(1 - crystallinity)” 
K =  

is the “apparent” reaction constant. Equation 10 can 

a 
120°C 

7627 

a 

,’ #.- 
I’ ,.a, 

0 - ,  I 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  

Time (hours) 

a 
160°C 

+ 

ob 
0 2 4 6 a 10 

Time (hours) 
Figure 7. Plots of the half-order autocatalytic reaction rates 
of annealed PET, annealed PEN, and drawn and annealed 
PEN film samples hydrolyzed in saturated steam for various 
times. Samples hydrolyzed at (a) 120 “C, (b) 140 “C, and (c) 
160 “C: (+) PET, (A) PEN, and (0) drawn PEN. 

then be integrated with time, which gives 

where [COOHI, is the concentration of the carboxyl ends 
at time t and [COOHI, is the initial concentration. 

The plots of [COOHlt1/2 as a function of time for the 
hydrolysis of PET and PEN samples are shown in 
Figure 7a, 7b, and 7c, for 120, 140, and 160 “C, 
respectively. The “apparent” half-order reaction rate 
constant, K, obtained as the slope of the best linear fit 
in the figures, is an overall indication of how fast the 
polymer would degrade in the hydrolysis reaction. 
These values are listed in Table 6. The higher the 
value, the faster the hydrolytic degradation of the 
sample. The hydrolytic degradation rate can also be 
expressed by the hydrolytic degradation half time, tll2, 
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Table 6. “Apparent” Chemical Reaction Rate Constant, 
K ,  and the Hydrolysis Reaction Half-Life Time, t l m ,  of 
PET and PEN Samples, Derived from the Half-Order 

Autocatalytic Reaction Mechanism 
drawn and 

annealed annealed annealed 
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would not alter this significantly. It is then concluded 
that, since the water vapor transport rate far exceeds 
that required to hydrolyze the polymer chains, the 
hydrolytic degradation of both PET and PEN at  high 
temperatures is chemical reaction rate determined. The 
difference in diffusion rates between the PEN and PET 
is not the reason for the better hydrolytic stability of 
PEN. 

The difference in molecular chain packing between 
PET and PEN may be a reason for the difference in their 
hydrolytic degradation rates. Campanelli et al.31 stud- 
ied the hydrolytic degradation rates of PET in the melt 
state and, using the Arrhenius equation, extrapolated 
the reaction rate constants to low temperatures. They 
found that the extrapolated values were orders of 
magnitude higher than the experimental values ob- 
tained at  low temperatures. The molecular chain pack- 
ing in the solid state was believed to have an obvious 
impact on the reduction of the hydrolytic degradation 
rate in the solid state. In our case, the naphthalene 
rings in the molecular chain produce a more extended 
chain configuration than that of PET.2 Drawing en- 
hances this orientation and makes it more extended. 
Such configurations result in smaller dielectric con- 
s t a n t ~ . ~ ~ , ~ ~  These might contribute to  a lower dissocia- 
tion constant for water molecules which have penetrated 
into the polymer and for the carboxyl ends to create a 
weak acid, which would reduce the chemical reaction 
rate.S4 

The temperature dependence of the hydrolysis reac- 
tion rate in the temperature range of 120-160 “C was 
found to  follow the Arrhenius relationship for the 
chemical reaction constant: 

hydrolysis PET PEN PEN 
temaPC K ti/& K t1/& K t1/& .- ._ _ _  

120 0.125 46 0.041 127 0.017 265 
140 0.56 11 0.24 22 0.12 39 
160 1.74 3 0.97 5 0.50 9 

apparent activation 94 i 5 113 i 6 117 i 5 
energykJ mole-’ 

defined as the time for the concentration of carboxyl 
ends to  increase during hydrolytic degradation t o  a 
value twice its original value. From eq 12, it follows 
that 

0.414[COOHl,”2 

(N2) 
(13) t112 = 

These tl/2 values are also listed in Table 6. 
Table 6 shows the difference in the hydrolytic degra- 

dation rate in saturated steam for different samples. 
From these results, PEN, especially in the drawn state, 
would be expected to have a much longer service life 
than PET. The lower concentration of the ester linkages 
in PEN and the lower water sorption content of PEN, 
especially drawn PEN, contributes greatly to the lower 
values of the ((apparent” hydrolytic degradation rate and 
longer life, as shown in eq 11. However, the “true” 
chemical reaction rates, k, of PEN samples, listed in 
Table 7, are still seen to be lower than those of PET. 
The difference between the oriented PEN sample and 
isotropic samples is again apparent. 

An important issue in studying the hydrolytic stabil- 
ity of polymers is to find which factor, diffusion or 
chemical reaction, dominates the hydrolytic degrada- 
tion. A way to determine whether the degradation is 
diffusion rate controlled or chemical reaction rate 
controlled is to compare diffusion rates with the chemi- 
cal degradation rate. The diffusion rate is generally 
characterized by the diffusion half time, t112, as defined 
in eq 7. The chemical reaction rate for polyester 
hydrolytic degradation can be illustrated by either the 
time required to double the carboxyl end group concen- 
tration, as  in eq 13, or by the time required for the 
molecular weight of the polymer to drop to half of its 
original value. Table 8 gives such a comparison using 
data seen in Tables 2, 4, and 6. The sample thickness 
used for all calculations was 0.2 mm. 

The comparison in Table 8 shows that the diffusion 
half time is on the order of minutes while the chemical 
reaction half time is on the order of 100 h. A similar 
conclusion was reported for crystalline PET by Davies 
et al.7 The difference between the water vapor diffusion 
rates and the hydrolytic degradation rates is so large 
that errors in the estimation of the diffusion coefficients 

where E is the activation energy of the hydrolytic 
reaction, R the gas constant, and T the absolute tem- 
perture. The plots of In K vs 1/T, shown in Figure 8, 
resulted in straight lines, and the slopes of the lines give 
the activation energies which are again listed in Table 
6. The apparent activation energy of 25 f 1 kcallmol 
or 94 f 5 kJ/mol for the annealed PET, obtained from 
this study, compares with a published value of 26.9 kcall 
mol for a PET sample with 50% crystallinity hydrolyzed 
at  a similar temperature.’ The “true” chemical reaction 
activation energy, obtained by using the “true” chemical 
reaction rate constants, are listed in Table 7. The 
activation energy of the “true” chemical reaction of PEN 
is apparently greater than that of PET. 

Conclusions 
Semicrystalline unoriented PEN films exhibit better 

resistance to hydrolytic degradation in saturated steam 
a t  temperatures in the range 120-160 “C than semi- 
crystalline unoriented PET films. A semicrystalline 
oriented PEN film exhibits still better resistance to 
hydrolytic degradation. Water vapor diffusion rates and 
water vapor sorptivity are lower in PEN, especially 

Table 7. “True” Chemical Reaction Rate Constants of PET and PENS Hydrolyzed at 120-160 “Ca 
hydrolysis tempPC annealed PET annealed PEN drawn and annealed PEN 

120 (1.2 f 0.1) x 10-8 (0.6 f 0.1) x (0.23 f 0.05) x 
140 (3.5 i 0.3) x (2.1 f 0.2) x 10-8 (1.2 i 0.1) x 10-8 
160 (10.2 i 0.9) x 10-8 (7.9 i 0.8) x lo-@ (5.0 f 0.3) x 

activation 75 i 5 92 f 7 109 i 6 
energy/kJ. mole-’ 

a The contributions of the concentration of ester linkages, the water contents, and the crystallinity of the polymer t o  the hydrolysis 
resistance have been excluded. A half-order autocatalytic reaction mechanism is used. 
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