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Lactone Polymerization and Polymer Properties 

G. L. BRODE 

Re searc  h and Development Department 
Chemicals and Plastics 
Union Carbide Corporation 
Bound Brook, New Jersey  08805 
and 

J. V. KOLESKE 

Research and Development Department 
Chemicals and Plast ics  
Union Carbide Corporation 
South Charleston, West Virginia 25303 

A B S T R A C T  

The polymerization of lactones provides a facile route to  
polyesters that is unimpeded by the long reaction cycles and 
elevated temperatures inherent in the condensation of 
hydroxyl and acid functional groups. Depending on the 
structure of the lactone monomer, catalyst/initiator systems 
a r e  known which allow preparation of extremely high molec- 
ular weight polyesters of low polydispersity. In addition to  
obtaining high molecular weight polyesters in relatively short  
reaction cycles and at moderate temperature,  lactone polymer- 
ization allows careful control of polymer end groups through 
proper selection of the initiating species. The type of end 
group plays an important role in both the thermal stability 
and hydrolytic stability of the resulting polyester. 
This  study reviews and updates the field of lactone polymeriza- 
tion with specific emphasis on the chemistry and rheological 
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1110 BRODE AND KOLESKE 

properties of polyesters derived from c-caprolactone and 
related monomers. Consideration will be given to the 
effect of polymer end groups on polycaprolactone stability, 
to the modes by which polyesters may decompose, and to 
the factors influencing the possibility of monomer insertion 
into the metal hetero-atom bond of various catalyst systems. 
Poly-ecaprolactone appears unique in i ts  ability to blend 
with a variety of both amorphous and crystalline polymers 
over wide composition ranges. Studies show that three types 
of blends can be obtained with poly-c-caprolactone, wherein 
the polymer mixtures appear to be crystalline interaction 
products, truly compatible blends, or mechanically compat- 
ible blends. The physical and mechanical properties of 
selected blends a r e  presented and discussed. 

I N T R O D U C T I O N  

The polymerization of many lactone monomers represents a facile 
route to the corresponding polylactone or  polyester. Problems 
associated with condensation polymerization include by-product re- 
moval; the necessity for exact stoichiometry, especially with high 
molecular weight diols; high temperatures and long reaction cycles 
to obtain even moderate molecular weight products; side reactions 
such a s  etherification and dehydration to olefin; and end group 
control. In contrast, lactone polymerization, which proceeds by a 
ring-opening process, can lead to extremely high molecular weight 
polyester in comparatively rapid cycles and at lower reaction 
temperatures. Furthermore, depending on the catalyst/initiator 
system employed, such advantages can result while exact control of 
the terminal functions is maintained. This particular factor can be 
important in end-use applications for the polyester. The synthesis 
and polymerization of various lactone monomers has been recently 
reviewed [ 11 and will not be discussed in this article. Rather, some 
of the more recent observations in lactone chemistry will be 
presented. Major emphasis will be placed on e-caprolactone and the 
physicochemical aspects of the resulting polymer, on the methods of 
polymerizing lactones, and on the factors which affect the stability 
of polylactones. 

L A C T O N E  P O L Y M E R I Z A T I O N  S Y S T E M S  

Lactones can generally be polymerized by one or more of the 
three types of systems listed in Table 1. Numerous examples of each 
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LACTONE POLYMERIZATION AND POLYMER PROPERTZES 1111 

TABLE 1. Lactone Polymerization Systems 

Type System Examples 

1 Active hydrogen initiator, no ROH, RNH,, etc. 

2 

3 Active hydrogen initiator plus ROH + T i (  OR)4,  etc. 

catalyst 
Nonactive hydrogen initiator, 
OF catalyst only 

catalyst 

R, Zn, Sn( OR), , 4 ,  etc. 

type have been reported, and the examples given in Table 1 are used 
only for illustrative purposes. 

U n c a t a l y z e d ,  A c t i v e  H y d r o g e n - I n i t i a t e d  
P o l y m e r i z a t i o n s  

Uncatalyzed lactone polymerization (Type 1, Table 1) with conven- 
tional active hydrogen init iators such as alcohols, amines,  and car- 
boxylic acids are relatively slow reactions and are restr ic ted to the 
synthesis of low molecular weight polyesters. F o r  examole, the 
ethylene glycol-initiated polymerization of E-caprolactone [ 21 re- 
quires  a reaction cycle of 35  h r  at 19O'C for  quantitative conversion 
and for molecular weights of about 5000. Kinetic studies on the 
polymerization of 6-valerolactone, initiated ei ther  with ethylene 
glycol o r  ethanolamine, a t  temperatures  up t o  200°C showed that al- 
though a rapid reaction occurs  between monomer and the amino group, 
(Eq. l), this reaction is followed by a slow propagation reaction in- 
volving addition of monomer to the end hydroxyl group of the polymer 
chain (Eq. 2). 
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1112 BRODE AND KOLESKE 

An apparent exception to this rule that uncatalyzed lactone polymer- 
izations are relatively slow is the uncatalyzed polymerization of 
pivalolactone to high molecular weight and high conversion by using 
strained cyclic amines as initiators [ 41. In this rather unique 
polymerization scheme, a cyclic amine/pivalate betaine, I, i s  proposed 
as the initiating species (Eq. 4). Carboxylate attack on the cyclic 
ammonium ion is apparently a slow step and results in charge 
neutralization, with molecular weight build-up ( Eq. 5). Betaine 
formation has been previously reported [ 51 from the reaction of 
tert iary amines with P -propiolactone and, therefore, this particular 
type of uncatalyzed polymerization, illustrated in Eq. ( 3)-( 5) ,  is 
probably restricted to highly strained lactone systems and would not be 
expected to be characteristic of lactones of larger  ring size. 

\ /  L 

I 

I1 

J m 

N o n a c t i v e  H y d r o g e n - I n i t i a t e d  P o l y m e r i z a t i o n s  

High molecular weight polyesters can be prepared using anionic 
o r  cationic catalysts or  initiators (Type 2, Table l ) ,  a s  the case may 
be. Numerous examples of such systems have been described in the 
literature. While noMCtiVe hydrogen initiators have, on occasion, 
been referred to as catalysts, a clear distinction should be made 
between the two materials. Strictly speaking, a catalyst does not 
enter into the reaction in the sense that an initiator does and should 
only influence reaction rate. In contrast a nonactive hydrogen 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1113 

initiator, while it may also be a catalyst, does affect polymer 
molecular weight. One example of this latter system is the dibutyl- 
zinc- initiated polymerization of E-caprolactone, wherein polymer 
molecular weight was found to be inversely proportional to dibutyl 
zinc concentration [ 61. Organometallic catalysts such as stannous 
diacylate or  stannic tetracylate have been used without active 
hydrogen initiators to obtain poly-ecaprolactone of at least 100,000 
molecular weight [ 71. Dimethyl cadmium, methyl magnesium 
bromide, dibutyl zinc, etc., a r e  also effective catalysts (initiators ? )  
for preparing homopolymers and copolymers frcm 6 -valerolactone, 
E-caprolactone, and their respective alkyl substituted derivatives 
with average molecular weights as high as 250,000 [ 81 being ob- 
tained. Similarly, P-lactones have been polymerized to very high 
molecular weight polymers, without the use of active hydrogen 
initiators, using catalysts or initiators such a s  tert iary phosphines 
[ 91, butyllithium, naphthyl sodium, triethyl aluminum, and methyl 
zinc chloride [ lo]. The absence of active hydrogen initiators 
generally results in poor control of both molecular weight and 
polymer end groups. An exception to this generality may be in the 
use of dianions as in the preparation of styrene-pivalolactone block 
copolymers initiated with "living" polystyrene dianion [ 111. 

C a t a l y z e d ,  A c t i v e  H y d r o g e n - I n i t i a t e d  
P o l y m e r i z a t i o n s  

Molecular weight and end group control can be obtained by use of 
an active hydrogen initiator in conjunction with a catalyst (Type 3, 
Table 1). Polyols, polyamines, carboxylic acids, etc., have been 
used with catalyst systems such as zinc or  lead salts [ 121, alkyl 
titanates [ 121, stannous es te rs  [ 131, stannic esters [ 141, and 
phosphines [ 151 to control molecular weight and polymer end groups. 

MECHANISM O F  L A C T O N E  P O L Y M E R I Z A T I O N  

Detailed studies on the mechanism of lactone polymerization a re  
limited. However, studies by several workers suggest that anionic 
polymerization of lactones involves acyl-oxygen fission with prop- 
agation through an alkoxide anion [ 161 a s  described in Eq. (6). 

0 
II A '0 

J rfl l ?  Q 
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1114 BRODE AND KOLESKE 

Cationic catalysis, on the other hand, in the absence of active 
hydrogen initiators, is suggested to involve propagation through a 
carbonium ion (Eq. 7), with acyl-oxygen cleavage being the prime 
mode of ring opening [ 16, 171. Alkyl-oxygen fission does apparently 
take place in unique cases,  such as with P,P-dimethyl- 0-propiolactone, 
due to the increased stability of the resulting tert iary carbonium 
ion [ 171. 

In the presence of an active hydrogen compound, where a car-  
bonium ion intermediate would not be possible, cationic catalysts a r e  
postulated to aid in the acyl-oxygen fission process, although specific 
intermediate structures, e. g., carbonyl oxygen complexes vs  ether 
oxygen complexes, have not been proposed [ 3, 171. 

I n s e r t i o n  R e a c t i o n s  

Incorporation of catalyst residues, as polymer end groups, would 
be expected in many systems initiated with active hydrogen com- 
pounds. Of more fundamental importance, especially from the view- 
point of polymer stability, is the possibility of catalyst incorporation 
into the backbone of the polymer. Recent publications document the 
insertion reaction of lactone monomers into the metal hetero-atom 
of certain organometallic compounds and indicate that catalyst in- 
corporition into the polymer backbone may indeed take place. For 
example, propiolactone has been reported to  react with (trimethyl- 
germyl or trimethylsilyl) dialkylamines to yield the corresponding 
insertion products through selective alkyloxygen cleavage [ 181 
(Eq. 8). 

II 
0 M = Ge or  Si 

Trimethyltin methoxide, on the other hand, leads predominantly 
to acyl-oxygen fission, although the ratio of acyl-oxygen to alkyl- 
oxygen fission was found to be a function of the polarity of the 
medium, with solvents of low dielectric constant ( carbon tetrachlor- 
ide) producing exclusively the former [ 19, 201 product (Eq. 9). 
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LACTONE POLYMERIZATION AND POLYMER PROPERTTES 1115 

( 9) 
* (CH, ),SnOCH, CH, ! OR 

! (CH, ), SnOCH, + @ 
CH,OCH, CH, OSn( CH,), 

0 

Similar insertion reactions have also been observed with propio- 
lactone or other cyclic esters and zinc or aluminum compounds. 

takes place with (ethylzinc) methoxide or  (ethylzinc) diphenyl- 
amine [ 211. It is interesting to  note that the latter compound is re- 
ported to  exhibit poor thermal stability (Eq. 10). 

Acyl-oxygen cleavage appears t o  be the exclusive reaction that 

0 

C,H5ZnN(0), + 60 - C, H, ZnOCH, CH, I! CN( Q I2 --+ A 

9 

Furthermore,  evidence was presented [ 211 for  successive in- 
sertion of monomer units into the Zn-0 bond. This  suggests 
another mechanism by which lactone polymerization (and catalyst- 
initiator incorporation) can occur as shown in Eq. (11). 

9 
C, H, ZnOCH, CH, k N( Q 1, + Q=o - 

C,H, ZnOCH,CH, P OCH,CH, P N( Q), (11) 

Aluminum compounds were also found to  undergo insertion re- 
actions. ( Dimethyl aluminum) dimethylamine or  ethoxide reacted 
with propiolactone, o r  five-membered ring lactones, exclusively by 
acyl-oxygen fission (Eq. 12)  whereas (diethylaluminum) ethyl 

Q 

sulfide yielded acyl-oxygen or alkyl oxygen cleavage with propio- 
lactone [ 221. While the references cited to  this point have involved 
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1116 BRODE AND KOLESKE 

insertion into a metal hetero-atom, one reference was found involving 
insertion into a metal-alkyl bond. Trialkyl aluminum compounds were 
reported to react with a,a-disubstituted propiolactone to yield the 
corresponding aluminate es ter  in quantitative yield [ 231 (Eq.  13). 

Al(R), + R1fl(o R1 9 
kl 

+ R-CH, -C-COA~R, 

P O L Y M E R  S T A B I L I T Y  

Insertion into the polyester backbone with organometallic 
catalyzed o r  initiated lactone polymerizations can have serious 
ramifications with regard to polymer stability. Such linkages would 
be expected to convey both hydrolytic and thermal instability. A s  il- 
lustrated with propiolactone and ( ethylzinc) diphenylamine in Eqs. 
(10) and ( ll), chain growth by repetitive insertion of the lactone into 
the tin hetero-atom bond would be one method for incorporation of a 
hydrolytically and thermally unstable linkage into the polymer back- 
bone. Cataryst incorporation could also result from the reaction of 
an organometallic compound with an active hydrogen end group of a 
growing chain or  initiator molecule (Eq. 14). The latter type of 

incorporation would be even more deleterious in systems initiated 
with carboxylic acids as a result of the autocatalysis that would result 
in the hydrolysis of such a structure, i.e., regeneration of carboxylic 
acid groups. From work on hydrolysis of poly( ethylene terephthalate) 
[ 24, 251, the rate of hydrolysis is proportional to the acid content. 

Based on extensive investigations of the pyrolytic decomposition 
of simple esters, &elimination is a chief decomposition mechanism 
that occurs when a hydrogen atom occupies a position beta to the 
ether oxygen of the ester function [ 26-29] (Eq. 15). 

OCH2CH2R' OH + CH, = CHR 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1117 

Although polyesters appear to be somewhat more complex in their  
modes of decomposition, e. g., thermo-oxidation [ 301 vs  nonoxidative 
[ 31- 331 thermal decomposition, the classical  cyclic mechanism also 
appears  to be applicable. Decomposition by this mechanism takes 
place at  temperatures well above 200"C, with random degradation of 
a number of aliphatic polyesters beginning at around 275°C [ 321. 
Similar stability would be anticipated for many polyesters derived 
from lactone polymerization, provided catalyst insertion has not 
occurred, polymer terminal groups are of a stable variety, and the 
tendency for depolymerization to monomer is not excessive. Poly-e- 
caprolactone, for example, reportedly does not begin to  depolymerize 
to monomer up to temperatures in excess of 270°C [ 341, whereas 
poly- 6-valerolactone begins to depolymerize at temperatures of 180" C 
unless the hydroxyl end groups have been acetylated, in which case 
excellent stability is observed to at least 200°C. Low molecular 
weight, hydroxyl-terminated poly-ecaprolactone was found to de- 
polymerize to monomer, dilactone, trilactone, and minor amounts 
(-5%) of other products a t  250 to 300°C when tetrabutyl titanate, 
metal chlorides, and various other catalysts were employed [ 351. 
A significant aspect of this  work was the high yield ( -33%) of the 
macrocyclic, 14-membered dilactone of ecaprolactone that was 
obtained when the titanate catalyst was used. 

The catalyst ( initiator), catalyst concentration, and type of end 
group have been found to be extremely important insofar as the 
thermal and/or hydrolytic stability of poly-ecaprolactone is con- 
cerned. F o r  example, poly-ecaprolactone prepared with a 
dibutylzinc catalyst exhibits a rapid decrease in molecular weight 
when exposed to 120°C for  short  periods of t ime [ 361. Copolymers 
of ecaprolactone and emethyl-ecaprolactone exhibited s imilar  
thermal instability and also displayed a gradual molecular weight 
decrease over long periods a t  ambient temperatures [ 61. The 
reason( s) for molecular weight decrease with this  catalyst system, 
e. g., catalyst insertion into the polymer backbone, type of end 
group, o r  polyester reequilibration, is not clear. However, certain 
evidence that may suggest insertion of the lactone molecule into 
the metal-alkyl bond in this system is described in the Dilute 
Solution Properties section. 

Poly-r-caprolactone or  ecaprolactone copolymers prepared 
with phosphorous pentafluoride also exhibit instability. Further- 
more,  certain tin catalysts, e.g., stannous octanoate, can result 
in thermal instability as shown by the data in Table 2. The effect 
of catalyst concentration is clearly seen in these data [ 361. Car- 
boxylic acid end group concentration was held constant in these 
experiments (vide infra). 

The effect of stannous octanoate concentration on polymer 
molecular weight, as shown in Table 2 is noteworthy. Since 
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1118 BRODE AND KOLESKE 

TABLE 2. Thermal Stability of Poly-ecaprolactone/Stannous 
Octanoate Catalyst [ 361 

b Stannous Thermal 
Sample octanoate treatment Reduced viscositya Melt flow 
No. ( PPm) (OC/l h r )  Initial Final ratio 

~~ 

1 400 220 0. a4 0.74 1.9 

2 400 2 50 0.84 0.58 5.2 
3 2000 220 0.65 0.51 2.8 
4 2000 2 50 0.65 0.43 7.7 

k e a s u r e d  at 0.2 g/dl in benzene at 30°C. 
bMelt flow ratio = grams of polymer extruded at 100°C (constant 

pressure) initially divided by grams of polymer extruded at 100°C 
after exposure at T ( "C) for 1 hr. 

initiator concentration was held constant, this and similar molecular 
weight data suggested that stannous octanoate was behaving-as an 
initiator as well as a catalyst. Efforts to detect lactone insertion into 
stannous octanoate or trimethyl tin acetate (Eq. 16), using equivalent 

R' = CH, o r  CH, (CH, )B 

concentrations of caprolactone per tin ester function under a variety 
of experimental conditions ( solvents of various dielectric constant 
and neat reactions), failed to show any t race of such an insertion re- 
action either by alkyl-oxygen o r  acyl-oxygen cleavage. The con- 
clusion that insertion does not occur with stannous octanoate or with 
trimethyltin acetate is based on I R ,  mass  spectroscopy, andNMR 
analyses of the reaction mixtures [ 371. Particularly in the case of 
trimethyltin acetate, even slight changes in molecular structure 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1119 

would be expected to result in relatively large changes in the 
chemical shifts (at least  several  hundredths of a part per million) 
and multiplicities of the acetoxyl and methyl resonances as has 
been demonstrated with related systems [ 38, 391. In fact, no such 
changes were observed with the system. The data obtained indicate 
only the presence of unreacted tin es ter ,  caprolactone monomer, and 
a small  amount (20% or  less )  of poly-ecaprolactone. The NMR 
spectral  data are summarized in Table 3. Although it is not 
presented, the m a s s  spectroscopic analysis also failed t o  show any 
fragmentation patterns indicative of an insertion reaction. It was 
anticipated that the products from acyl-oxygen fission, Path B, 
would be unlikely, since a relatively high-energy anhydride bond 
would be formed in such a process. However, the complete absence 
of insertion products by alkyl-oxygen cleavage, Path A, was some- 
what surprising. 

The deleterious effect of carboxylic acid end groups on the thermal 
stability of poly-E-caprolactone i s  evident from the data in Table 4 
[ 361 Samples prepared with "high" acid numbers (polymers 2, 3, 
and 4, Table 4) display significantly reduced thermal stability. An 
acid number of 1.8, at a number-average molecular weight of 20,000, 
corresponds to -0.65 carboxyl groups/molecule. 

Carboxyl end groups also display a deleterious effect on polymer 
molecular weight at ambient temperatures over prolonged periods of 
time. This is shown by the data listed in Table 5. Once again, the 
effect is greatest a t  the higher acid numbers (cf. Sample 1 with 
Samples 3- 5 in Table 4). Unfortunately, there was not sufficient data 
to conclusively establish the  molecular weight decrease as an 
autocatalytic one. However, from other experiments the decrease 
was clearly related to a hydrolysis reaction. 

Based on these various considerations and factors, a proprietary 
system was developed for the preparation of poly-ecaprolactone 
and caprolactone copolymers. This system resul ts  in polymers with 
both excellent thermal stability and long-term ambient temperature 
stability as shown by the data in Tables 6 and 7. No attempt was made 
to exclude oxygen during the melt stability experiments, nor were 
antioxidants incorporated into the polymers. 

P R O P E R T I E S  O F  P O L Y - E - C A P R O L A C T O N E  

Poly-c- caprolactone is a partially crystalline polymer. Bittiger and 
co-workers [ 401 studied the crystal  structure of the polymer and 
found that it h a s  an extended planar zigzag chain conformation with the 
unit cell orthorhombic in character.  It h a s  a crystalline structure that 
bears  a close similari ty to that of polyethylene with the a and b dimen- 
sions of the two polymers being almost identical. Calculated polymer 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1121 

TABLE 4. Thermal Stability of Poly-ecaprolactone as Function of 
Carboxyl Content [ 361 

Acid No. Thermal 

polymer ) ( ' C/1 h r )  ratio a 
Sample - ( m g  KOH/g treatment M e l t  flow 
No. Mn 

1 20,000 0.40 220 2.2 
2 20,000 1.20 220 3.6 
3 20,000 1-80 220 5.3 

4 20,000 1.80 220 13.5 

a See footnote b of Table 2 for definition of melt flow ratio. 

TABLE 5. Ambient Temperature Stability of Poly-c-caprolactone 
as a Function of Carboxyl Content [ 361 

Time ( t )  
Acid No. Reduced at ambient Reduced Change in 

Sample ( m g  KOH/g viscositya temp viscositya reduced 
No. polymer) (initial) (months) at t viscosity 

1 0.9 0.67 1 2  0.65 0.02 
2 1*2 0.98 24 0.51 - 
3 1.9 0.75 10 0.64 0.11 
4 1.9 0.62 10 0.50 0.12 
5 2.2 0.64 12 0.52 0.12 

Reduced viscosity, 0.2 g/dl in benzene at 30" C. a 

density had a value of 1.17 g/cm3 which compares favorably with the 
measured value [ 411 of 1.146 g/cm3. Poly-ecaprolactone melts at  
63°C which is markedly less than the 136°C melting point of poly- 
ethylene. The large difference in these melting points has  been 
explained in t e r m s  of entropy [ 401. There is a greater degree of 
rotational freedom about the chain backbone in the case of the lactone 
polymer which leads to a significantly higher entropy of fusion com- 
pared to polyethylene. This effect apparently is more than sufficient 
to overcome the increased polarity of the polyester compared to 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1122 BRODE AND KOLESKE 

TABLE 6. E-Caprolactone Polymers and Copolymers of High Thermal 
Stability 

- 
Melt flow Mn o r  reduced 

No. viscosity C/1 h r  ratio 
Sample a 

Pol y- E- caprolactone 
1 5,000 2 50 1.2 

2 10,000 220 1.1 
3 10,000 2 50 1.0 
4 20,000 220 1.5 

5 0.30 2 50 1,3 
6 0.40 250 1.2 

E- Caprolactone- Et hylene Oxide Block Copolymer 

Reduced viscosity measured at  0.2% polymer in benzene at 30°C. a 
bsee footnote b of Table 2 for definition of melt flow ratio. 

TABLE 7. Ambient Temperature Stabilitya 

Reduced Time ( t )  at Reduced Change in 

( initial) (months) at  t viscosity 
- viscosity ambient temp viscosity reduced 
Mn 

-20,000 0.70 12 0.72 + 0.02 
-20,000 0.67 12 0.65 - 0.02 
-10,000 0.29 18 0.30 +0.01 

a G. L. Brode and L. A. Pilato, previously unreported data. 

polyethylene. Our studies have shown that both polymers crystallize 
very readily and cannot be quenched to glasses [ 421 whereas 
certain other lactone polymers can be glassified by a quenching 
process [ 431. 

classified a s  a tough, crystalline polymer of moderate melting 
point. Physical properties of the material are given in Table 8 [ 411. 

In general, high molecular weight poiy-c-caprolactone may be 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1123 

TABLE 8. Physical Propert ies  of High Molecular Weight Poly-E- 
caprolactone at Ambient Conditions [ 411 

- 
Mw (light scattering) 

1% Secant modulus (ps i )  

Elongation (9)  
Yield s t r e s s  (ps i )  
Tensile strength (based on initial cross-sectional 

a r e a )  (ps i )  

Melting Point ("C) [ 401 
Glass transition temperature, 1 Hz 

Partially crystalline ( ' C) 
Amorphous ("C) 1421 

Density ( g/cc) 20" C 
30°C 
62" C 

From 30 to  -30°C (add) 
From 62 t o  100°C (add) 

50% Relative humidity 
100% Relative humidity 

Equilibrium moisture content ( %) 

40,000 

50,000 
-750 
1,600 

3,500 
63 

- 60 
-71 
1.149 
1.143 
1.069 

-6.8 x 10" 
5.6 x 10-4 

0.07 
0.43 

At weight-average molecular weights of less than about 25,000 the 
polymer is hard and brittle and s imilar  tensile properties cannot be 
measured. 

The electrical  properties of the above-described, high molecular 
weight poly-ecaprolactone a r e  given in Table 9 [ 441. In a general 
sense these would be called good over-all electrical  properties. In 
particular, volume resistivity is about 10" n /cm,  which is about 
four orders  of magnitude lower than that of most other polymers and 
is comparable to  values found for nitrocellulose and phenol- 
formaldehyde polymers [ 451. 

D I L U T E  S O L U T I O N  P R O P E R T I E S  

The hydrodynamic properties and unperturbed dimensions of 
fractionated poly-ecaprolactone have been studied [ 461. The 
polymer used was prepared by a bulk process using dibutylzinc as 
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1124 BRODE AND KOLESME 

TABLE 9. Electrical Properties of Poly-c-caprolactone [ 441 

- Mw (light scattering) 

Dielectric strength (V/mil) 
Short time 
Step by step 

60 

lo6 

60 

lo6 

humidity) (n /cm)  

Dielectric constant (Hz) 

lo3 

Dissipation factor (Hz) 

lo3 

Volume resistivity (23"C, 50% relative 

Arc resistance ( t ime to carbonize) ( sec. ) 

40,000 

237 
237 

4.31 
4.28 
4.23 

0.0321 
0.003 5 
0.0050 

4.76 x 10" 
138 

the catalyst (Type 2, Table 1). Weight-average molecular weights 
were determined from sedimentation velocity experiments and cor- 
related with the intrinsic viscosity determined in dimethyl formamide 
and in benzene at 30°C. These data were expressed as follows: 

[771 = 1.91 x 10-~ ~ ~ 0 . 7 3  (DMF) 
and 

[ q ]  = 9.94 x lo-' Zw0.82 (Benzene) 

The average sedimentation coefficient So determined in benzene at 
30°C was described by 

S" = 3.58 x lo-" MwO. 39 ( 19) 

By using extrapolation techniques, it was found that the solution 
properties of the polymer under theta conditions could be described 
by 

= 1.1 x 1 0 - ~  ~ i ~ o . 5  
e 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1125 

The s ter ic  hindrance parameter a had the low value of 1.37. Since 
this  parameter,  which is the ratio of the unperturbed mean-square 
end-to-end distance calculated from KO to  the corresponding 
dimension calculated for the free  rotation model of a polymer chain, 
is low, it indicates the poly-ecaprolactone molecule is a very 
flexible coil. 

[ 461 appeared to be anomalous in certain characterist ics.  The 
thought was that the anomaly was due to  the presence of substantial 
amounts of catalyst residue, and elemental analysis confirmed that 
the catalyst was associated with this  fraction. A la ter  dialysis 
study [ 61 of a s imilar  polymer prepared with dibutylzinc indicated 
the presence (1.2%) of a low molecular weight fraction (a = 740) 
in the polymer. Elemental analysis of this  material  indicated that it 
contained about 15% of the zinc added to  the system as a catalyst, 
suggesting that much of the catalyst may be associated with a low 
molecular weight species. It was not known i f  this fraction had been 
terminated in the early stages of the polymerization or  i f  it 
represented a very slow rate  of polymerization in the ear ly  stages 
of the reaction. Although it is speculation, it is possible that the 
reason for the presence of the catalyst in this fraction is that it is 
part  of an insertion reaction product of the organometallic and 
E-caprolactone. Thus this material  could have been selectively pre- 
cipitated with the first fraction of the ear l ie r  study [ 461. 

It is interesting to note that the first fraction obtained in the study 

n 

POLY-E-CAPROLACTONE-POLYME R B L E N D S  

Poly-ecaprolactone is of major interest  because it has a unique 
ability t o  blend with a variety of other polymers over wide composi- 
tion ranges. The mater ia ls  that result  when such blends a r e  made 
have useful properties. The studies that have been made indicate that 
three types of blends result when poly-E-caprolactone is combined with 
other polymers. These types a r e  1) a crystalline interaction, 2)  a true 
compatibility in which the blend exhibits a single glass transition, and 
3 )  a mechanical compatibility, but also without a serious alteration of 
properties and often improvements in selected properties. The 
mechanically compatible systems exhibit two glass transitions. One 
of these glass transition is indicative of poly-E-caprolactone and the 
other is related to the other homopolymer in the blend. 

C r y s t a l l i n e  P o l y m e r  B l e n d s  

It has  been found that a crystalline interaction exists when poly-<- 
caprolactone is blended with a polyolefins such as polyethylene and 
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I 1 

3 
-200 -100 0 100 

TEMPERATURE ('C) 

FIG. 1. Dynamic mechanical properties of low-density polyethylene 
(-), quenched poly-6-caprolactone ( -  - )  [ 421 , and a 90/10 blend of 
these two polymers (. . .). 

polypropylene [ 471. Figure 1 is a plot of the dynamic mechanical 
properties of low-density polyethylene, poly-ecaprolactone, and a 
90/10 blend of the two polymers. Addition of the polylactone to 
polyethylene apparently has affected only the alpha relaxation of 
polyethylene. This transition is usually hypothesized as being re- 
lated to  vibrational or reorientational motion in the crystals of 
polyethylene [ 481. In this case, the blend has a relaxation maximum 
that is comparable to that of the alpha relaxation in polyethylene 
except that it occurs at a higher temperature and is larg2r in 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1127 

magnitude. Thus it would appear that the crystalline interaction that 
occurs between polyethylene and polycaprolactone restricts the 
motion within the polyethylene crystallites, for a higher temperature 
is required for the relaxation to take place. It is interesting to note 
that the lactone polymer does not give a visible glass transition in 
the blend. This may be due to the nature of t h e  crystalline interaction 
or  to the fact that the amount of amorphous polycaprolactone which 
would give r ise  to a glass transition temperature is small. 

C o m p a t i b l e  P o l y m e r  B l e n d s  

It is well known that it is difficult to blend polymers and obtain 
compatibility, For true compatibilization to take place, AF must be 
negative in the thermodynamic expression AF = AH - TAS. Mixing 
is usually an endothermic process, and the enthalpic change is ex- 
pected to be positive and not in favor of mixing. The entropic change 
would be positive, and it would be in favor of mixing. However, this 
change is small due to the relatively small number of molecules in- 
volved when one deals with polymers. In fact, it is these arguments 
that led Flory [ 491 to make the statement "incompatibility of chem- 
ically dissimilar polymers is observed to be the rule and compatibil- 
ity i s  the exception." Since polycaprolactone is truly compatible 
with a number of different polymers, it stands out as unique in 
blending ability. 

Po ly4  -caprolactone has been found to be compatible with 
poly( vinyl chloride), nitrocellulose, Union Carbide Corporation' s 
Phenoxy A [ poly( hydroxyether) from the condensation of bisphenol A 
and epichlorohydrin] , Hercules' Penton ( a  chlorinated polyether), 
styrene/acrylonitrile copolymer, and polyepichlorhydrin. In the 
case of poly(viny1 chloride), it has been shown [ 421 that these blends 
have glass transition temperatures ( T  ) that extrapolate to a value 
of -71°C for the  glass transition temperature of amorphous polyd-  
caprolactone. This value of T is 16 degrees lower than the value 
obtained for the polymer when it is molded and aged a few days at 
room temperature, and 11 degrees lower than is obtained for the 
polymer quenched from the melt into liquid nitrogen. The value of 
-71°C will be used a s  the basis for extrapolations made in these 
studies. 

As another example of a compatible system, blends of poly- 
caprolactone and nitrocellulose may be considered. In th i s  system 
the  lactone polymer acts as a polymeric plasticizer. As the poly- 
caprolactone content is increased the modulus decreases and the 
elongation increases. The change in elongation as a function of 
plasticizer content is  shown in Fig. 2 for an 11% nitrogen content 

g 
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I I t I 

I I 1 I 
0 20 40 60 80 

Weight Percent Nitrocellulose 

FIG. 2. Elongation of nitrocellulose/poly-< -caprolactone blends 
as a function of nitrocellulose content (1/2 sec nitrocellulose, 11% 
nitrogen, D.S. = 20). 

(D.S. -2.0) nitrocellulose. Films of the blends cast from isopro- 
panol and typical solvents such as 2-nitropropane are clear and 
have high gloss, improved reverse  impact resistance, and improved 
sunlight resistance Over nitrocellulose alone. When the blends con- 
tain less than 50% nitrocellulose, they become hazy after a time due 
to  crystallization of a portion of the polycaprolactone. 

complicated by crystallinity [ 501 
mechanical properties of these blends with a torsion pendulum [ 511 
at a frequency of about 1 Hz, a rather complicated behavior was 
found. Apparently this  behavior was due to crystallinity effects 
which were quite pronounced when more than 50% nitrocellulose was 
present. 

It is known that the behavior of plasticized nitrocellulose is 
Tn studying the dynamic 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1129 

An attempt to circumvent the crystallinity problem was made by 
studying blends in which the nitrocellulose content was less than 50% 
and studying the properties of such blends in the quenched state. The 
blends were made by dissolving a 12% nitrogen content (D.S. -2.3) 
nitrocellulose and polycaprolactone in a mixture of isopropanol and 
n-propyl acetate. Af te r  solvent removal, the films were compression 
molded into plaques. Then before the properties of the blends were 
examined, each specimen was warmed to about 120°C. This tempera- 
ture was well above the point at which the specimens became clear. 
Each blend was then quenched from the heated state into liquid 
nitrogen and loaded into the precooled (-190°C) chamber of the 
torsion pendulum. All blends remained transparent after this process. 

The real o r  storage component of the complex shear modulus G' 
is shown in Fig. 3. In each case at T or the point of marked modulus 
change increased as the nitrocellulose content increased, indicating 
the polycaprolactone was acting a s  a plasticizer. However, it is in- 
teresting to note that those blends containing 25% o r  less nitrocellu- 
lose underwent an increase in modulus above the glass transit ion 
For clarity the entire G' curve is shown only for the 90/10 blend. 
The arrow indicates that the 83/17 and 75/25 blends underwent a 
similar modulus increase. This modulus increase is due to a 
devitrification of the blend and a crystallization, presumably of the 
polycaprolactone. The imaginary or  loss component of the complex 
shear modulus for these blends is shown in Fig. 4. The relaxation 
maxima at -135°C a r e  due to the five-membered methylene sequence 
in polycaprolactone and the major peak is the T Another relaxa- 
tion peak or  shoulder is apparent at -80 to -90°C at the higher nitro- 
cellulose contents and may be ascribed to a secondary motion in the 
nitrocellulose. 

The values of T taken from G" and from mechanical loss Q" 
g 

are shown in Fig. 5. It is expected that the value of T from G" will 
be two to three degrees less than the value from Q-' [ 521. It is 
readily apparent tha t  this  is true only for the very low nitrocellulose 
content blends. For the 50/50 blend there is a 32-degree difference 
in T as measured by these two parameters. It is thought that this 

g 
difference is due to crystallinity of nitrocellulose and that the values 
of T taken from G" a re  more representative of the actual T [ 421. 

g g 
The values of T for these blends and for higher nitrocellulose 
content blends are tabulated in Table 10. In each case T was taken 
to be the  relaxation peak that was greatest in magnitude in the 
property-temperature spectrum. These figures show that both T 
and the difference in T as measured by G" and Q-' change in a 
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Weight Ratio of 
Poly-q-csprolac tone/ 
Aitrocellulose 
1 - 90/10 
2 - 83/17 
3 - 75/25 
4 - 70/30 
Z - 58/42 
6 - W/SO 

I '  
I 
I 
I1 
II 
II 
! 

10 - 130 -80 -3 0 20 70 
TEMPERATURE ('C) 

FIG. 3. Real component of the complex shear modulus G' for 
poly-ecaprolactone/nitrocelluiose blends. Tor clarity all curves 
except that for the 50/50 blend are displacsd vertically from each 
other. All specimens were warmed to 120°C and quenched into 
liquid nitrogen. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



LACTONE POLYMERIZATION AND POLYMER PROPERTIES 

Weight Xakio of 
mlp-€-a prolactone/  
H I  t t o c e  llu loee 

1 I 1 

1131 

- 180 - 130 -80 -30 20 70 

TEMPERATURE c C) 

FIG. 4. Loss component of the complex shea r  modulus G" €or 
poly-ecaprolactone/nitrocellulose blends. For clar i ty  a l l  curves  
except that for the 50/50 blend are displaced vertically from each 
other. All specimens were warmed to  120°C and quenched into 
liquid nitrogen. 
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FIG. 5. Glass transition temperature as a function of nitro- 
cellulose content for blends of poly-c-caprolactone and nitrocellulose. 

rather regular manner until more than 50% nitrocellulose is  in the 
blend. At higher nitrocellulose contents T from &'I has a fairly 
regular pattern, but T from G" decreases rather than increases in 
the 70-80% nitrocellulose range. No explanation can be given for 
this behavior. 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1133 

TABLE 10. Glass Transition Temperature of Nitrocellulose (12% 
Nitrogen )/Poly-f - caprolactone Blendsa 

Weight fraction 

Poly- Glass transition g relaxations 
capro- Nitro- temperature ( "C)  GV and Q-1 apparent in 
lactone cellulose GI' Q-' ( C " )  GI' ( ' C) 

Other Difference 
i n T  from 

- 
1-00 0.00 -71 [ 421 - - - 135 
0.90 0.10 - 58 - 55 3 -135 
0.83 0.17 - 50 -45 5 - 135 
0.75 0.25 - 37 -27 10 -95, -135 
0.70 0.30 - 28 -10 18 -85, -135 
0.58 0.42 -5 c12 17 -85, -135 
0.50 0.50 +12 4 5  33 -85, -135 
0.41 0.59 c17 +40 23 -85, -135 
0.30 0.70 c5 +65 60 -85, -135 
0.20 0.80 -5 +80 85 -90, -135 
0.10 0.90 72 +120 48 -15, -85, -135 
0.00 1.oob 115 +120 5 -10, -75, -110 

Specimens were quenched from 120" C into liquid nitrogen. a 
bData obtained on a cast film that was not quenched. 

Polycaprolactone and Phenoxy also form compatible polymer blends. 
Phenoxy is a poly( hydroxyether) prepared by the condensation of 
bisphenol-A and epichlorohydrin. Blends of these two polymers were 
prepared on a twp-roll mill, and plaques of the blends were prepared 
by compression molding the milled polymers. Those blends that con- 
tain more than 50% polycaprolactone will undergo a stiffening and 
hazing due to  polycaprolactone crystallinity after a few days at room 
temperature. For this reason such blends were studied in a quenched 
state. Figure 6 is a plot of blend T as a function of Phenoxy con- 

g 
centration. Here the glass transition temperature increases regularly 
as the Phenoxy content is increased. In addition, as shown by the  solid 
line in Fig. 6, when -71°C is taken as T of polycaprolactone [ 421 

and 103'C as the T 
g 

of Phenoxy, the data a r e  well fit by the Fox 
g 
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1134 BRODE AND KOLESKE 

FIG. 6. Glass transition temperature from G" as a function of 
phenoxy content for blends of poly-ecaprolactone and phenoxy. 
The solid line is the Fox equation, ( 1/T ) = (wL /T 1 + ( w2/T *). T = -71°C andT = 103°C. g192 g1 g 

g1 gz 
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LACTONE POLYMERIZATION AND POLYMER PROPERTIES 1135 

expression [ 531, (1/T 
pression, W is the weight fraction of a particular component, the sub- 
scr ipts  1 and 2 refer to  the two homopolymers, and 1,2 refer to the 
blend. Thus one cam conclude that these are compatible blends, 
though the blends containing more than 50% polycaprolactone are 
completely compatible only for the t ime scale necessary to  make 
measurements. 

Polyepichlorohydrin is also compatible with polycaprolactone. 
These blends show phase separation at high levels of polycaprolactone, 
but at the 20 to  30% polycaprolactone level these blends are 
compatible for extended periods of time. Figure 7 is a plot of G" 
as a function of temperature for  polyepichlorohydrin and for two 
blends of this  polymer with polycaprolactone. Here we find that the 
T decreases as the lactone polymer concentration is increased. 
To obtain these data, the blends were made by hot melt blending the 
polymers. But, they were not quenched into liquid nitrogen after 
compression molding. However, in the case of the 50/50 blend, the 
blend was prepared, a specimen was molded, and then within a few 
minutes it was loaded into the testing device. Since cooling is quite 
rapid in the instrument, the blend was given a minor quench. As 
can be seen in Fig. 8, the 50/50 blend exhibited a modulus increase 
due to  devitrification above the T 
not rapid, for the modulus increase is less sharp in comparison to  
that experienced with the nitrocellulose blends discussed above. 

The data given in Table 11 describe what happens when this 
system is aged. The experimental T values agree quite well with 
values calculated from the Fox expression when the value of -71°C 
of amorphous polycaprolactone is used. However, when the blends 
a r e  aged f o r  10 days at room temperature, there is no change in 
T of the 10% blend, but there  is a marked change in T of the 50% 

g g 
blend. This latter blend becomes translucent as time passes. The 
translucency is due to crystallization of a portion of the poly- 
caprolactone, since warming at  about 60°C (the melting point of this 
polymer) for  a few minutes returns the specimen to a transparent 
state. Of course, the polycaprolactone that has not crystallized re- 
mains compatible with the polyepichlorohydrin. 

) = (W1/Tgl) + (W /T ). In this ex- 
g1,2 2 g2 

g 

However, the devitrification was 
g' 

g 

M e c h a n i c a l l y  C o m  p a t i b l e  B l e n d s  

The next example is of an incompatible polymer blend in that two 
glass transition temperatures a r e  obtained. However, these blends 
would be classified as being mechanically compatible, for the 
mechanical properties of the materials a r e  not what would be 
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I 1 I 

Rltio of Polyepichlorohydrin  to 
Polyf -c8prolrc  tone 

100/0 

I I I 

-30 - 10 10 
Temper8 t u r s  to c) 

FIG. 7. Loss component of the complex shear modulus as a 
function of temperature for polyepichlorohydrin/poly-E- 
caprolactone blends. 
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FIG. 8. Storage component of the complex shea r  modulus as a 
function of temperature  for polyepichlorohydrin/poly-r- 
caprolactone blends. 
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TABLE 11. Glass Transition Temperatures for Polyepichlorohydrin/ 
Polycaprolactone Blends 

Glass transition temperature Per cent 
PCL Experimental, G" ( C) Calculateda ( C) 

0 
10 
50 

90 

0 
10 

50 

- 15 
123 
- 42 

- 52 

-22 
-47 
- 57 

Aged 10 Days at Room Temperature 

- 15 
- 23 
- 30 

expected of a truly incompatible system. Polycaprolactone and 
poly( vinyl acetate) were melt blended on a two-roll mill. As shown 
in Fig. 9, the glass transition temperature of each of the homopolymers 
is apparent in G". As the polycaprolactone content is increased, the 
magnitude of its relaxation maximum at about -60°C is increased. In 
addition, the relaxation maximum at 30 to 40" C due to the poly( vinyl 
acetate) is apparent in both blends. Thus, since the characteristic T 

peaks of each homopolymer do not disappear, it must be concluded 
that the domain size of each of the mixed polymers is greater than a 
10- 30 size [ 541 required for true compatibility. Yet, these blends 
and others do have good physical properties as shown in Table 12. The 
modulus and tensile strength decrease and the elongation increases 
as the polycaprolactone content is increased. Such behavior is in- 
dicative of a plasticized system. In addition, the tensile strengths of 
the blends are of sufficient magnitude to show that the blends have 
good mechanical properties. Thus one may conclude that although 
the blends are incompatible in the usual sense, there must be 
sufficient interaction of the polymers on a large domain size basis 
that good mechanical properties are obtained, Somewhat similar 

g 
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FIG. 9. Loss component of the complex shear modulus as a 
function of temperature for poly( vinyl acetate)/poly-c -caprolactone 
blends. 
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TABLE 12. Tensile Propertiesa of Polycaprolactone/Poly( vinyl 
Acetate) Blendsb 

Weight fraction 1% Secant Tensile 

Polycaprolactone Poly( vinyl acetate) (psi)  (ps i )  elongation 
modulus strength P e r  cent 

0.00 
0.01 

0.10 
0.20 
0.30 

0.40 

0.50 

0.90 

1-00 
0.99 
0.90 

0.80 

0.70 

0.40 

0.50 
0.10 

200,000 
190,000 
180,000 
67,000 
70,000 

60,000 

22,000 
22,000 

5,200 
4,500 
4,900 

3,300 
3,200 
3,000 

3,400 

6,100 

8 
8 
6 

670 
680 
740 

1,200 
1,600 

Properties were determined with an Instron tester on 1/4-in. a 
wide rectangular strips. Elongation was taken a s  measured extension 
rather than between fiduciary marks. 

bCompression molded test specimens. 

behavior has been shown for blends of polycaprolactone and either 
polystyrene or poly( methyl methacrylate). 

U T I L I T Y  O F  P O L Y - E - C A P R O L A C T O N E  

The ability of polycaprolactone to blend with other polymers can 
be used in several  ways [ 411. For example, when it is added to 
polypropylene or polyethylene, melt spun fibers that a r e  dyeable 
with disperse dyestuffs and with excellent physical properties a re  
produced. It can act as an adhesive for polymer films of the same or 
different composition. It is an excellent low-profile additive for 
fiber glass reinforced polyester systems. It improves the impact 
strength of ABS and of impact polystyrene. The polymer is an 
effective pigment dispersant. It has improved the gloss of extruded 
thermoplastics and the stress crack resistance of polyethylene. 

L O W  P r o f i l e  A d d i t i v e  

At fairly low levels, polycaprolactone produces excellent low 
profile surfaces in both "premix" and "preform" polyester resins. 
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TABLE 13. Properties of Preform Unsaturated Polyesters Contain- 
ing Various Low Profile Additives [ 41, 551 

~ ~~~ ~ ~~ 

Formulation (molded 2 min, 275"C, 500 psig) 
36.5 parts 3.0/1.0/4.4 mole ratio of maleic anhydride/phthalic 

12.0 parts low profile additive (40% styrene solution) 
20.8 par ts  filler (Al-Sil-Ate LO) 
30.2 parts glass mat 
0-15 parts Lapersol 256 
0.25 parts Zelec Un 

anhydride/propylene glycol plus 30% by weight styrene 

Reverse Mold 
 ow profile M C R ~  Paint impact release 
additive pin. /in. Glossb adhesion' resistanced characterb 

None 1200 Poor Excellent 2 Excellent 
Polycapro- 170 Excellent Excellent 12 Excellent 

Poly( vinyl 180 Good Poor 3 Poor 

Polyethylene 180 Good Poor 3 Fair 

Poly(methy1 170 Good Poor 3 Poor 

lactone 

chloride) 

methacrylate) 

k e a s u r e d  with a Microcorder, Bendix Corp. 
hisual observation. 
CCrosshatch adhesion. 
dDistance of drop (inches) required for a 1/2-lb steel ball to  cause 

failure in a 100-mil panel. 

A s  shown in Table 13, the preform system containing polycaprolactone 
is characterized by a low-profile surface (low MCR value), an 
excellent gloss, paint adhesion, and mold release, and a markedly 
improved reverse impact resistance [ 41, 551. Although the other low 
profile additives such a s  poly( vinyl chloride), polyethylene, and 
poly( methyl methacrylate) result in good surface smoothness, they 
do not provide the outstanding properties imparted by polycaprolactone. 
A d h e s i v e  

Polycaprolactone also acts a s  an adhesive polymer which can be 
used to bond various substrates to each other. Peel strengths of the 
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TABLE 14. Bond Strengths Obtained When Polycaprolactone is Used 
as an Adhesive for Various Substrates [ 441 
-~ 

Substrate 

Peel strength Bonding parameters 
Temperature Pressure  Time ( lb/in. ) 
( " C )  (psi)  (min)  ASTM-D 1876 

AES terpolymer 150 80 2 > 7  

Glass 200 1 15 5 

Glass reinforced 
epoxy board 150 20 2 >30 

Impact polystyrene 150 40 2 > 5  
Paperboard 100 10 1 Paper failure 
Plywood 180 20 3 2, Wood failure 
Polyurethane 185 20 2 8 

Poly( vinyl chloride) 170 20 3 >25 
70/30, Poly( vinyl 

chloride)/dioctyl- 
phthalate 165 30 3 >28 

adhesive bond formed by heat and pressure are listed in Table 14 [ 441. 
Since the polymer is soluble in a number of common solvents such a s  
benzene, toluene, chloroform, methylene chloride, 2-nitropropane9 
l,Cdioxane, and tetrahydrofuran, it should be possible to make adhesive 
solutions o r  printing inks from polycaprolactone or blends of poly- 
caprolactone with nitrocellulose on other polymers. Of course, the 
melting point of the polymer would represent the upper temperature 
use limit when it is used alone. 
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