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SYNOPSIS 

The ketalization reaction of poly (vinyl alcohol) (PVAL) by cyclic ketones, with dimethyl 
sulfoxide (DMSO) as solvent, in the presence of an acidic catalyst in homogeneous system, 
was carried out. The synthesis of poly (vinyl ketals) was thus successfully performed, except 
for the case of poly (vinyl ketal) highly ketalized by cyclohexanone; these poly (vinyl ketals) 
with a ketalization degree of more than 60 mol % were insoluble in DMSO, and, thus, the 
reaction could not be carried out in a homogeneous system. The equilibrium constant a t  
40°C was ca. 0.50 in the case of cyclohexanone and ca. 0.35 in the case of cyclopentanone, 
some 10-50 times higher compared with the case of aliphatic ketones. Because the heat of 
reaction is 7.5 kcal/mol in all ketones, all ketalization reactions are considered to proceed 
by the same reaction mechanism. Films prepared from the poly (vinyl ketals) were soaked 
in water, and hydrolysis, degree of swell, and solubility were measured. The dissolution 
time of films is affected by the kind of the ketones, ketalization degree, and the pH of 
water, which reveals that deketalization reaction proceeds proportionally to the proton 
concentration. I t  is more difficult to dissolve poly (vinyl ketal) obtained by cyclohexanone 
than that by cyclopentanone. The rate of hydrolysis of poly(viny1 ketal) film obtained by 
cyclohexanone is nearly equal to that by methyl butyl ketone, and that by cyclopentanone 
is nearly equal to that by methyl propyl ketone. The contact angle, surface free energy, 
moisture regain, and water permeability of poly( vinyl ketal) films were measured. All the 
results show that poly (vinyl ketal) obtained from cyclohexanone is a more hydrophobic 
polymer than that from cyclopentanone. The hydrophobicity seems to depend upon the 
kind of the original ketones and the flexibility of the ring. 0 1993 John Wiley & Sons, Inc. 

I NTRODUCTI 0 N 

As described in the previous reports, 1-3 poly (vinyl 
ketals) (PVKL) with any ketalization degree can 
be successfully obtained from poly (vinyl alcohol) 
(PVAL) and aliphatic ketones in a homogeneous 
system. The values of the equilibrium constant of 
ketalization ( K )  at 4OoC are ca. 0.07 for acetone, 
methyl ethyl ketone (MEK) , methyl n-propyl ke- 
tone ( n P K ) ,  and methyl n-butyl ketone (nBK) ,  
ca. 0.05 for methyl i-propyl ketone ( iPK),  and ca. 
0.01 for methyl i-butyl ketone (iBK) and methyl t- 
butyl ketone (tBK). Steric hindrance by a bulky 
side chain of ketones seems to affect the equilibrium. 

Journal of Applied Polymer Science, Vol. 47, 1653-1664 (1993) 
0 1993 John Wiley & Sons, Inc. CCC 0021-8995/93/091653-12 

Maximum ketalization degrees of PVKL were ca. 
70 mol % for acetone, ca. 60 mol % for nPK and 
nBK, ca. 50 mol % for iPK, and ca. 35 mol % for 
iBK and tBK. The heat of reaction for all cases is 
7.5 kcal/mol including the acetalization reaction, 
and all reactions are considered to proceed by an 
identical reaction mechanism. It becomes clear that 
PVKL films are deketalized easily and dissolved in 
acidic water,4 and the hydrolysis of PVKL films 
proceeds in the following order: 

acetone > MEK > nPK > iPK 

= nBK > iBK > tBK 

This order seems to be affected by the hydropho- 
bicity of the film surface, which depends upon the 
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kind of the original  ketone^.^ The hydrophobicity of 
the film surface was made clear by measurements 
of the contact angle, the moisture regain, and the 
water vapor ~ermeability.~ 

On the other hand, reports on ketalization by 
cyclic ketones are not known outside of an old patent 
by I.G. Farben AG6 and by Noma and K o u , ~  re- 
porting successful results with only cyclohexanone. 
However, in such methods, maintaining the reaction 
system from the beginning to the end in a homo- 
geneous system is difficult; therefore, neither a ki- 
netic study nor a study of the physical properties of 
the PVKL was made. 

This paper is concerned with the acid-catalyzed 
synthesis of PVKL from cyclic ketones, such as cy- 
clohexanone (Hex) and cyclopentanone (Pent) in 
a homogeneous system. The values of K and solu- 
bilities in various solvents for the PVKLs were de- 
termined. To confirm the difference between these 
cyclic ketones, studies of the degree of swell, solu- 
bility, and deketalization degree with PVKL films 
soaked in water of several pH values were made, and 
the contact angle, moisture regain, and the water- 
vapor permeability were studied. Also, these behav- 
iors were compared with those of PVKL from ali- 
phatic ketones. 

\ 

EXPERIMENTAL 

Samples and Reagents 

PVAL of an average degree of polymerization, 1800, 
saponification degree above 99.4% (NH-18 from 
Nihon Gohsei Co.) was used. DMSO (water content 
0.05%), p-toluene sulfonic acid (PTS) ,  and guar- 
anteed reagent ( Nacalai Tesque Inc.) were used 
without further purification. Cyclohexanone (Hex) 
and cyclopentanone (Pent) (guaranteed reagent, 
Nacalai Tesque Inc.) were dried over anhydrous so- 
dium sulfate and distilled before use. 

Synthesis Method 

PVAL dried at  105°C for more than 2 h was dis- 
solved in DMSO (4-5 wt % ) . Then, the prescribed 
amounts of PTS and ketones were added, and the 
mixture was kept at the prescribed temperature un- 
der vigorous shaking. The reaction from the begin- 
ning to the end proceeds in homogeneous system, 
except when a large amount of Hex is used. Pre- 
scribed hours later, the reaction mixture was neu- 
tralized by 1N aqueous NaOH and then the reaction 

product was precipitated with ethyl acetate. The 
polymer thus obtained was purified by extraction 
with ethyl acetate for 4 days, using a Soxlet ex- 
tractor. 

Analysis Method 

The ketalization degree of PVKL was determined 
by dissolving the sample in N/10 aqueous HC1 at 
6OoC, which was accompanied by complete hydro- 
lysis. The cyclic ketone thus obtained was quanti- 
tatively determined by steam gas chromatography 
using an Ohkurariken SSC-1. In the case of Hex, 
the following conditions were used injection tem- 
perature 180"C, column temperature 150"C, steam 
speed 10 pL/min, column composition A-1-3 (chro- 
mosorb P-AW), and n-butyl alcohol as internal 
standard. The conditions of Pent were as follows: 
column composition F-0 (Tenax GC ) , dioxane as 
internal standard, and the other conditions the same 
as those for Hex. 

Solubility in Organic Solvents 

In 3 mL solvent, 10 mg PVKL was introduced and 
kept at a given temperature for 1 day, and the state 
of dissolution was observed. 

Film Preparation Method 

To obtain transparent film, PVKL dissolved in 50% 
aqueous ethanol or DMF (5 wt % ) was gradually 
allowed to dry on a glass plate at room temperature 
(refer to Table 11) .4 

Behavior of PVKL in Water 

Samples were soaked in water of various pH's kept 
a t  the prescribed temperature. A prescribed number 
of hours later, the film was removed from the water 
and the degree of swell, solubility, deketalization 
degree, and the time needed for complete dissolution 
of the film were measured according to the method 
previously de~cribed.~ 

Measurement of Contact Angle 

As previously reported, the contact angle by water 
and methylene iodide (MI) were measured by the 
droplet method. From these data, surface free energy 
ys (hydrophobic component: 7:; hydrophilic com- 
ponent: 7:) were calculated. 
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Measurement of Moisture Regain 

As previously r e p ~ r t e d , ~  after hanging the film at 
25°C in a desiccator with relative humidity (RH)  
of loo%, moisture regain was measured. 

Measurement of Water Vapor Permeability 

As previously r e p ~ r t e d , ~  the film was put on the top 
of a glass vessel and this vessel was kept in a des- 
iccator at RH 100% and 25°C; then, the timewise 
variation of weight was measured. From these data, 
water vapor permeability was calculated. 

RESULTS AND DISCUSSION 

Mechanism of Ketalization Reaction between 
PVAL and Ketones 

The reaction between PVAL and Hex proceeds as 
follows: 

0 OH 
I 

I I  

CH2 

I I 

/C\OH 

CH2 CH2 

CH2 CH2 
\ /  

-CH2-CH-CH2-CH- 

CH2 CH2 
\ /  

CHZ 

A similar reaction takes place for Pent. The ke- 
talization reaction between PVAL and ketones was 
carried out in a homogeneous system in DMSO. The 
ketalization reaction proceeded rather rapidly, and 
it was found that in 24 h equilibrium was reached. 
The reactions were further carried out for an addi- 
tional 24 h, reaction equilibrium was confirmed, and 
the equilibrium ketalization degrees were deter- 
mined. When Hex concentration was three times 
more than the ketone equivalent, the reaction could 
not be carried out in a homogeneous system and 

Table I 
Reaction by Cyclic Ketones' 

Equilibrium Constants of Ketalization 

Ketalizationb 
Temp Ketone Degree 
("C) Ketone Equivalent (mol %) K 

40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

30 
30 

50 
50 

Hex 
Hex 
Hex 
Hex 
Hex 
Hex 
Hex 
Hex 
Pent 
Pent 
Pent 
Pent 
Pent 
Pent 
Pent 

Hex 
Pent 

Hex 
Pent 

0.06 
0.12 
0.25 
0.50 
1.00 
1.50 
3.00 
6.00 
0.25 
0.50 
1.00 
1.50 
3.00 
6.00 

12.00 

1.50 
1 .oo 
1.50 
1.00 

5.4 
9.8 

17.2 
28.5 
41.4 
50.0 
59.gc 
70.7" 
16.3 
25.4 
35.9 
45.1 
56.3 
56.9 
61.5 

55.6 
40.6 

44.6 
32.5 

0.51 
0.48 
0.46 
0.53 
0.50 
0.50 

(0.37) 
(0.32) 
0.36 
0.35 
0.31 
0.35 
0.30 

(0.14) 
(0.08) 

0.74 
0.47 

0.34 
0.23 

a PVAL initial concentration 0.35-0.6 mol/L; PTS concen- 
tration = 2.5 g/L. 

Equilibrium ketalization degree. 
' Precipitation during reaction. 

PVKL was precipitated during the ketalization re- 
action. This depends upon the solubility of PVKL 
(Hex) in organic solvents (refer to Table 11). From 
the values, in accordance with eq. (2 ) , equilibrium 
constant K was calculated (results obtained are 
listed in Table I )  : 

( 2 )  
A - K =  - 

( a  - x ) ( b  - X )  (1 - X ) ( E  - X )  

where a (mol/L) = PVAL initial concentration 
(value obtained against 2 basic PVAL mol) , b (mol/ 
L )  = ketone initial concentration, x (mol/L) 
= PVKL concentration, X = x / a  = ketalization 
degree, and E = b / a  = ketone equivalent (mol ratio 
ketone against 2 basic PVAL mol) . 

The value of K for Hex is ca. 0.50 at  40°C, except 
for highly ketalized PVKL (ketalization degree more 
than 60 mol % ) . This value is higher than the values 
for aliphatic ketones 0.01-0.07.3 Since the ring of 
Hex is flexible, it seems not to interfere with the 
ketalization. The value of K for Pent is ca. 0.35, 
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which is a little lower than that for Hex, perhaps 
due to the interference of the rigid ring with the 
ketalization reaction. 

To confirm this explanation, a ketalization re- 
action by Pent was carried out at 25OC with a ketone 
equivalent of 36.00 for 100 h, and PVKL with the 
ketalization degree of 65.4 mol % was obtained. This 
value is the maximum ketalization degree for Pent 
and is lower than the reported value for Hex attain- 
able as the maximum ketalization degree (ca. 80 mol 
% ) .7 This result shows the effect of ring flexibility 
as described above. 

Clearly, the values of K for cyclic ketones are 
roughly 10-50 times higher than for aliphatic ke- 
tones. This shows that the ketalization reaction 
proceeds in the presence of a small amount of water. 
In fact, Kanzlein revealed that the ketalization re- 
action with Hex proceeded smoothly in the presence 
of water.6 He did not measure the ketalization degree 
of the PVKL (Hex), but the value is assumed to be 
a few mol % due to the solubility in organic solvents. 
Figure 1 shows the temperature dependence of the 
equilibrium constant. The heat of reaction deter- 
mined from the slope of line is 7.5 kcal/mol, which 
is same as that of aliphatic ketones or various al- 

3.0 - 

2.8 - 

2.6 . - 
- 
3 2.4 - 
Y, 

2 2.2 - 

X 

0, 

Acetone 2.0 - 

1.8 . 

1.6 

3.0 3.1 3.2 3.3 3.4 

1/T 40' , deg-' 

Temperature dependency of equilibrium con- Figure 1 
stant, K :  (.) Hex; ( A )  Pent; (0 )  acetone. 

dehydes. It can be assumed that the ketalization re- 
action of cyclic ketones proceeds by an identical 
mechanism with the ketalization reaction of ali- 
phatic ketones and acetalization reactions of various 
aldehydes.' 

Based on 'H- and 13C-NMR measurement, as 
previously described, ' the structure of these ketal- 
ization products were confirmed to be [ 1 ] in eq. ( 1). 

Solubility in Various Solvents 

The solubilities of various PVKL in various solvents 
are listed in Table 11. The solubilities of PVKL 
(cyclic ketones) were different from those of PVKL 
(aliphatic ketones), and there are some differences 
between PVKL (Hex) and PVKL (Pent), as is clear 
in Table 11: 

1 

2. 

3. 

4. 

5. 

6. 

Methanol and ethanol gave identical results; 
therefore, these will be expressed as alcohol 
in the following. PVKL (cyclic ketones) of 
ketalization degree above 5 mol % dissolved 
in 25% alcohol; above 10 mol %, in 50% al- 
cohol; and of 30-40 mol %, in 80% alcohol. 
This behavior is nearly equal to that of PVKL 
(aliphatic ketones). 
But when the ketalization degree is above 40 
mol %, PVKL (Hex) did not dissolve in 100% 
alcohol, while PVKL (Pent) dissolved in 
100% alcohol. 
PVKL (cyclic ketones) of ketalization degree 
above 50 mol % did not dissolve in 100% al- 
cohol. There is a difference between PVKL 
(cyclic ketones) and PVKL (aliphatic ke- 
tones). In THF and dioxane, PVKL (Hex) 
dissolved, while PVKL (Pent) did not dis- 
solve. 
PVKL (Pent) of ketalization degree above 
60 mol % dissolved also in THF and dioxane. 
PVKL (Hex) dissolved in benzene and 
methylene chloride, while PVKL (Pent) did 
not dissolve. 
The largest difference in solubility between 
PVKL (Hex) and PVKL (Pent) is as follows: 
PVKL (Hex) of ketalization degree above 60 
mol % did not dissolve in DMSO and precip- 
itated during the ketalization reaction. But 
the PVKL (Hex) of ketalization degree above 
70 mol % dissolved in Hex; thus, the reaction 
mixture becomes homogeneous at the end of 
the reaction when a large amount of Hex is 
used.7 
In nonpolar solvents such as acetone, ether, 
ethyl acetate, etc., all samples are insoluble. 
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Table I1 Solubilities of Various PVKLs 

Kind of PVKL 

Hex Pent 

Ketalization Degree (mol %) 
Temp 

Solvent ("C) 5.4 9.8 17.2 28.5 41.1 50.0 59.9 70.7 16.3 25.4 35.9 45.1 51.5 56.9 61.5 

100% ROH 

80% ROH 

50% ROH 

25% ROH 

DMSO 

DMF 

T H F  

Dioxane 

Benzene 

Methylene 
chloride 

20 
60 
20 
60 
20 
60 
20 
60 
20 
60 
20 
60 
20 
60 
20 
60 
20 
60 

20 

X X X  A A A A  X A A A A A A A  
X X A  A A  A A X A A  A O A A  A 
A A A  A A  X X X A A  A A A A A 

A A A X  X X X X A  X X X X X X 
O O A A X  X X X O A X  X X X X 
A A A  X X X X X A X X X X X X 
O A A  X X X X X A X X X X X X 
0 0 0  0 0 0 A X 0 0 0 0  0 0 0 
0 0 0  0 0 0 A A 0 0 0 0 0  0 0 
A A A  A 0 0 0 A A A 0 0 0 0 0  
A A O  0 0  0 0  0 0 0 0  0 0 0  0 
X X X  X A 0 0  0 X X X X A A A 
X X X  A A O O O X  X X A A A O  
X X X  X A A 0 0  X X X X X A A 
X X X  A A 0 0 0  X X X A A A 0 
X X X  X X A A 0  X X X X X A A 
X X X  A A A O O  X X X X X A A  

A 0 0 0 A X X X 0 0 0 0 A* A A 

X X X  X A A 0 0 X X X A A A A 

ROH, alcohol; 0, soluble; A, swelling; X, insoluble. 

Effect of Acidity on Hydrolysis of PVKL 

The relationship between the time needed for the 
complete dissolution of PVKL film due to hydrolysis 
and pH value of water was examined. The results 
of PVKL (Hex) are listed in Table I11 and those of 
PVKL (Pent) are listed in Table IV. 

In Figures 2 and 3, in accordance with the results 
in Tables I11 and IV, respectively, the logarithm of 
dissolution time is plotted against pH values, as re- 
ported 

For all samples, linear lines of the slope = 1 are 
obtained and can be expressed as 

Table I11 
Time and pH with Various PVKLs (Hex) at 37°C 

Relation between Complete Dissolution 

PH 

Sample 2 3 3.5 4 

5.4 t 19.8 72.0 365.0 985.0 
X 5.4 5.6 5.4 5.3 

9.8 t 45.2 364.0 986.0 5,820.0 
X 9.8 10.3 10.4 10.4 

17.2 t 139.3 1,424.0 7,435.0 18,715.0 
X 17.1 17.8 17.5 16.4 

28.5 t 1,339.0 11,347.0 51,740.0 0 

log t = pH + const X 28.2 32.3 33.0 
41.4 t 7,140.0 129,780.0 0 ( 3 )  

X 41.9 43.7 
50.0 t 138,420.0 

X 46.9 
70.7 t A 

A 
These linearities indicate that the deketalization 
reaction rate is proportional to hydrogen ion con- 
centration [ H + ]  , in a manner similar to that of ali- 

PVKL (Pent) proceeds more easily than that of 
phatic ketones. The deketalization reaction of X 

PVKL ( Hex), and PVKL (Hex) of ketalization de- 
gree 70.7 mol % are not hydrolyzed in water of pH 

t, dissolution time (min); X, deketalization degree (mol %); 
0, no complete dissolution; A, insoluble. 
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5.0 

4.0 

3.0 
Ol 
0 
a 

2.0 

Table IV Relation between Complete Dissolution 
Time and pH with Various PVKLs (Pent) at 37°C . 

' 

' 

PH 

Sample 2 3 3.5 4 

16.3 t 
X 

25.4 t 
X 

35.9 t 
X 

45.1 t 
X 

51.5 t 
X 

56.9 t 
X 

61.5 t 
X 

28.5 
15.3 
75.3 
28.3 

240.0 
34.4 

562.0 
45.3 

3010.0 
52.0 

4320.0 
59.9 

6840.0 
63.8 

166.0 
18.0 

780.0 
28.6 

2,400.0 
35.7 

6780.0 
45.7 

31,920.0 
51.1 

48,810.0 
58.7 

85,140.0 
62.6 

960.0 2540.0 
16.5 14.1 

2,950.0 
27.8 

6,750.0 
37.6 

44.9 
25,980.0 0 

0 

0 

0 

t, dissolution time (min); X, deketalization degree (mol %); 
0, no complete dissolution. 

2.00 even after 100 days. To confirm the difference 
of hydrolysis of various PVKL films, the logarithm 
of dissolution time, log t (apparent hydrolysis rate 
constant) at pH 2.00 is plotted against the ketali- 
zation degree of various PVKL, as shown in Figure 4. 

5.0 

4.0 

t 3.0 
Ol 
0 
2 

2.0 

1.0 

1.0 2.0 3.0 4.0 5.0 6.0 

PH 
Figure 2 Dependency of hydrolysis rate in the case of 
PVKL (Hex) on various pH at 37OC: ( 0 )  5.4 mol %; (A) 
9.8 mol %; (0 )  17.2 mol %; ( A )  28.5 mol %; (0) 41.4 mol 
%; ( 0 )  50.0 mol %. 

t 
J 

1.0 2.0 3.0 4.0 5.0 6.0 

PH 
Figure 3 Dependency of hydrolysis rate in the case of 
PVKL (Pent) on various pH at 37OC: ( 0 )  16.3 mol %; 
(0) 25.4 rnol %; (A) 35.9 mol %; ( A )  45.1 mol %; ( W )  
51.5 mol %; (0) 56.7 mol %; (0) 61.5 rnol %. 

For each PVKL, linear lines of slope = a were 
obtained, which can be expressed as 

log t = a X  + const ( 4 )  

where X = ketalization degree, a = hydrophobicity 
factor, and const = logarithm of dissolution time of 
ideal complete amorphous PVAL. These linearities 
indicate that the deketalization reaction rate is pro- 
portional to hydrophobicity of ketones; a seems to 
represent hydrophobicity of ketones. All linear lines 
come across each other to point A, which indicates 
the logarithm of dissolution time of ideal complete 
amorphous PVAL film. The a values are listed in 
Table V. The hydrolysis of PVKL film proceeds in 
the following order: 

acetone > MEK > nPK > Pent > iPK 

= nBK > iBK > Hex > tBK 

As described previously, in a heterogeneous re- 
action such as deketalization of the film, it can be 
understood to take a long time for water to penetrate 
into film due to hydrophobicity of the film surface, 
which depends upon the kind of ketones. The hy- 
drolysis reaction of the film proceeds slowly. 

The hydrophobicity of hydrocarbon is evaluated 
in terms of transfer of hydrocarbon molecules from 
water to a purely hydrocarbon solvent.' In Figure 5, 
in accordance with the results in Table V, hydro- 
phobicity factor a is plotted against pHC O - pW ' 
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0 10 20 30 40 50 60 70 

Ketalizotion degree (mo1%) 

Figure 4 
(0) Hex; ( A )  Pent. 

Reaction between hydrolysis rate and ketalization degree at pH 2 and 37OC: 

(difference between the free energy of interactions 
with the solvent for the corresponding alkanes and 
cyclic hydrocarbons ) .' 

neglected in all aliphatic ketones. Since there is the 
difference of -880 cal/mol between 2.4-dimethyl 
pentane and 2-methyl pentane and between methyl 
cyclopentane and cyclopentane as reported by Tan- 
ford, ' -880 cal/ mol can be taken as a value of CH3. 

Then, using this value, pHC O - p W "  of aliphatic 
ketones were calculated again to compare them with 
cyclic ketone. The values for - CH2 - were used 

instead of the values for - CH- and - c -. The 

values -6730 cal/mol and -6000 cal/mol were used 
for Hex and Pent, respectively.8 

As was expected, for all aliphatic ketones and 

As reported previ~usly,~ the value for CH3 were I 

I I 

10 - 

8 -  

6 -  

4 -  

2 -  

0 1 1 

-2 -3 -4 -5 -6 -7 -8 -9 -10 -2 -3 -4 -5 -6 -7 -8 -9 -10 

PHCo-PWo (Kcal) 

Relation between hydrophobicity factor a and difference between the free energy Figure 5 
of interactions with the solvents for the corresponding alkanes and cyclic hydrocarbons. 
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Table V (Y Value of Various PVKLs 

Ketones Hex Pent Acetone3 MEK3 nPK3 iPK3 nBK3 iBK3 tBK3 

ff x 102 9.0 5.4 1.1 2.6 4.7 6.2 6.2 7.5 11.7 

Pent, a linear line was obtained. This linearity in- 
dicates that Q! values are proportional to hydropho- 
bicity of ketones. However, for Hex, a linear line 
was not obtained and the (Y value was higher than 
that of the value expected for pHC O - p W o ,  which 
means that PVKL (Hex) is not hydrolyzed easily. 
This is well explained by taking into account that 
the cyclohexane ring is more flexible than the cy- 
clopentane ring, and the ketal ring for PVKL (Hex) 
is protected against the attack of [ H'] . 

Behavior in Neutral Water 

As reported previously, 2-4 PVKL are dissolved in 
water close to neutral with accompanying hydrolysis. 
To confirm this phenomenon, PVKL (cyclic ke- 
tones) were soaked in neutral water at  37 and 0°C 
for 100 h and deketalization degree, solubility, and 
degree of swell were determined. The results are 
listed in Table VI. 

Table VI Behavior in Neutral Water (pH 5.7) 

The deketalization ratio, solubility, and degree of 
swell decreased proportionally to the ketalization 
degree. But all samples did not dissolve completely 
within 100 h. PVKL (Hex) of ketalization degree 
above 40 mol % is not hydrolyzed at  all at  OOC. On 
the contrary, all samples of PVKL (Pent) are hy- 
drolyzed under the same conditions, and the solu- 
bility and the degree of swell are higher than those 
of PVKL (Hex). Clearly, the rate of the deketali- 
zation reaction in a heterogeneous system becomes 
high at  high temperatures, while the solubility and 
the degree of swell are high at low temperatures. 
PVKL (Hex) is a more hydrophobic polymer than 
is PVKL (Pent).  

Contact Angle of Film Surface 

The contact angle of the film surface by water 
( BH20) and MI ( OM1 ) were measured. From 8H20 
and BMI, surface free energy ys (hydrophobic com- 

Ketalization Deketalization Deketalization 
Kind of Degree Temp Degree Ratio Degree Solubility 
PVKL (mol %) ("(2) (mol %) (%I of Swell (%o) 

Hex 
Hex 
Hex 
Hex 
Hex 
Pent 
Pent 
Pent 
Pent 
Pent 

Hex 
Hex 
Hex 
Hex 
Hex 
Pent 
Pent 
Pent 
Pent 
Pent 

17.2 
28.5 
41.4 
50.0 
70.7 
16.3 
25.4 
45.1 
51.5 
61.5 

17.2 
28.5 
41.4 
50.0 
70.7 
16.3 
25.4 
45.1 
51.5 
61.5 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

5.2 
1.2 
0.0 
0.0 
0.0 
4.9 
5.4 
3.4 
3.5 
1.2 

0.0 
0.0 
0.0 
0.0 
0.0 
2.0 
2.1 
1.4 
1.3 
0.6 

30.2 
4.2 
0.0 
0.0 
0.0 

30.1 
21.3 
7.5 
6.5 
2.0 

0.0 
0.0 
0.0 
0.0 
0.0 

12.3 
8.3 
3.1 
2.5 
0.1 

3.26 
1.31 
1.13 
1.15 
1.04 
4.85 
1.95 
1.24 
1.17 
1.14 

4.62 
1.44 
1.25 
1.12 
1.07 

32.30 
4.04 
1.31 
1.19 
1.14 

11.1 
4.3 
2.6 
0.0 
0.0 

24.4 
8.5 
2.7 
0.0 
0.0 

27.6 
7.4 
3.1 
0.0 
0.0 

68.2 
15.4 
1.7 
0.0 
0.0 
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Table VII Contact Angle and Surface Free Energy (erg cm-') of Various PVKLs at 25°C 

Kind of Ketalization Degree 
Ketone (mol %) 0 (H2O) 0 (MI) 7: 3 Y S  

PVAL 
Hex 
Hex 
Hex 
Hex 
Hex 
Hex 
Hex 
Hex 

Pent 
Pent 
Pent 
Pent 
Pent 
Pent 
Pent 

0.0 
5.4 
9.8 

17.2 
28.5 
41.1 
50.0 
59.9 
70.7 

16.3 
25.4 
35.9 
45.1 
51.5 
56.9 
61.5 

40.7 
42.4 
46.5 
53.7 
57.2 
61.5 
66.2 
70.1 
72.9 

52.8 
56.8 
59.8 
63.8 
65.0 
66.4 
66.2 

31.9 
44.2 
43.9 
34.8 
33.2 
33.2 
33.4 
34.9 
36.2 

46.0 
41.4 
42.5 
42.6 
43.8 
44.1 
45.5 

31.2 
25.5 
26.3 
32.3 
33.8 
34.8 
35.8 
36.1 
36.1 

26.3 
29.6 
29.6 
30.4 
29.8 
30.2 
29.3 

28.1 
30.9 
27.6 
19.3 
16.4 
13.5 
10.5 
8.4 
7.1 

23.3 
18.8 
16.8 
14.3 
14.1 
12.6 
13.0 

59.3 
56.4 
53.9 
51.7 
50.3 
48.3 
46.3 
44.5 
43.2 

49.6 
48.4 
46.5 
44.6 
44.0 
42.8 
42.4 

ponent: 7:; hydrophilic component: 7:) were cal- 
culated. Results obtained are listed in Table VII. 

The relationships between ketalization degree 
and BH20 are shown in Figure 6 and values ys and 
yf are shown in Figure 7. For comparison with 
PVKL (aliphatic ketones), the values for PVKL 
(tBK) are also plotted. 

The BH20 of PVKL (cyclic ketones) increased 
proportionally to the ketalization degree. Clearly, 
the PVKL (Hex) is a more hydrophobic polymer 
than is PVKL (Pent) ,  as was expected. 

ys decreased gradually as ketalization degree in- 
creased. yf showed the same tendency except the 
ketalization degree of ca. 5 mol %, as above, and 
y r s  at  same ketalization degree is in the following 
order: 

Pent > Hex > tBK 

The maximum ketalization degree of PVKL 
(tBK) is, however, ca. 35 mol %,3 whereas that of 
PVKL (Hex) is ca. 80 mol %; therefore, PVKL 

0 10 20 30 40 50 60 70 

Ketalization degree (mol%) 

Figure 6 Contact angle ( H 2 0 )  of various PVKLs at 25°C: (0) Hex; ( A )  Pent; ( 0 )  tBK. 
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60 
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40 

30 

20 

10 

0 

Figure 7 

0 10 20 30 40 50 60 70 80 

Ketalization degree (mol%) 

yB and 7: of various PVKLs at 25OC: (0 )  Hex; ( A )  Pent; ( 0 )  tBK. 

(Hex) with more than a 70 mol % ketalization degree 
is a highly hydrophobic polymer. 

Moisture Regain PVKL (acetone,MEK).5 
The moisture regain of various PVKL (cyclic ke- 
tones) at RH 100% and 25°C is plotted against ke- 
talization degree in Figure 8. The moisture regain 

of PVKL with ketalization degree of ca. 5 mol % is 
higher than that of PVAL. This is consistent with 
that for PVKL (aliphatic ketones), except for 

The moisture regain of PVKL (Hex) is nearly 
equal to that of PVKL (nBK) and PVKL (iBK). 
The moisture regain of PVKL (Pent) is nearly equal 

150 

h 100 
E 
c 
0 ol 
W 

._ 

a: 
0) L 

3 t 
In 
.- 50 9 

0 '  
0 10 20 30 40 50 60 70 

Ketalization degree (mol%) 

Figure 8 Moisture regain of various PVKLs at 25OC: (0 )  Hex; ( A )  Pent; ( 0 )  tBK. 
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I -  
I I 

50 100 150 0 

Moisture Regain (%) 

Figure 9 Relation between moisture regain and 7:: (0) Hex; ( A )  Pent; ( 0 )  tBK. 

to that of PVKL ( n P K )  . These results are consis- 
tent with the relationships for hydrophobicity factor 
a as shown in Figure 5 and the results obtained pre- 
viously for contact angle.5 

As previously r e p ~ r t e d , ~  the values for moisture 
regain of various PVKL are plotted against 7: in 
Figure 9. The relationship between yf and moisture 

regain is represented by a straight line irrespective 
of the kind of PVKL and ketalization degree. 
Clearly, yf decreases as the hydrophobicity of poly- 
mer increases. Almost the same tendency has been 
obtained for ys. This suggests that the molecular 
structure of surface of the film is the same as that 
inside of the film. 

8.0 - 

7.0 - 

6.0 . - 
m 
I 
E 5.0 - 
E 
t 
'? 
NE 4.0 - 
0 
\ 
E x 3.0 - 

0, 

v 

0 

L? 
x 2.0 - 
a 

1.0 . 

0 10 20 3 0  40 50 60 70 

Ketalization degree (ma\%) 

Figure 10 
Pent; ( 0 )  tBK. 

Water vapor permeability coefficient ( P )  of various PVKLs: (0) Hex; ( A )  
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Water Vapor Permeability 

The water permeabilities are listed in Figure 10. 
The P values of both PVKLs with low ketaliza- 

tion degree are higher than that of PVAL, which is 
consistent with the fact that the moisture regains 
of those PVKLs are higher than that of PVAL and 
support the forecast mentioned above. As expected, 
the water vapor permeability became lower as ke- 
talization degree increased. 

Although the P values of PVKL (Hex) is nearly 
equal to that of PVKL (tBK) , the P values of PVKL 
(Pent) is higher than that of PVKL (Hex). This is 
explained by the water molecules being able to pen- 
etrate easily into PVKL (Pent) film, since the Pent 
ring does not protect nearest-neighbor OH groups 
for the penetration of the water molecules. This is 
in accordance with the rigidity of the Pent ring. 
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