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Synthesis of Polymers by Using Divalent 
Metal Salts of Mono(hydroxyethy1) Phthalate: 
Metal-Containing Three-Dimensional Polyesters 
from Metal Salts, Pyromellitic Dianhydride, 
and Epoxides 

HIDEAKI MATSUDA 

Research Laboratory 
Okura Industrial Co., Ltd. 
Marugame, Kagawa-ken 763, Japan 

A B S T R A C T  

Syntheses of metal- containing three- dimensional polyesters 
were investigated by the reactions of divalent metal sal ts  of 
mono(hydroxyethy1) phthalate-pyromellitic dianhydrideepoxide 
in DMF at 90" C. The metal carboxylate groups of these metal 
salts  catalyzed the reactions. Systems with low metal salt 
content gelled during reaction. The yield of the products ob- 
tained by precipitating or washing with water increased with 
decreasing metal salt content in the feed. The products were 
metal-containing, three-dimensional polyesters containing ionic 
links; they were slightly yellow powdery materials. Hydroxyl 
values of the products were much higher than the values of 
acidity. Inherent viscosities (in DMF a t  30" C) of the products 
obtained from the systems which did not gel were low, ranging 
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432 MATSUDA 

from 0.031 to 0.083. The thermal stability of the products 
showed a tendency to increase with decreasing metal salt 
content in the feed. 

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

Syntheses of a number of ionic polymers by using divalent metal 
salts  of mono(hydroxyethy1) phthalate (HEP), that is, (HEP-)2M 
(where HEP- denotes HEP residue and M is divalent metal) have 
been reported previously [ 1-71, These compounds a re  considered 
to be of interest in that they contain an ionic bond formed between 
-COO- and M"' and also two hydroxyl groups. Previously, it was 
shown [ 51 that metal-containing polyesters containing ionic links in 
the main chain were synthesized by the (HEP-)zM-phthalic anhydride 
(PApepoxide reaction, as shown by Eq. ( l) ,  where M denotes a di- 
valent metal (Mg or Ca). 

When dianhydride such as pyromellitic dianhydride (PMDA) is 
subjected to the above synthetic route, it is expected that three- 
dimensional polymers could be obtained. Therefore, in the present 
study, the syntheses of novel metal-containing three-dimensional 
polyesters by the (HEP-)zM-PMDA-epoxide reaction were investi- 
gated. Phenyl glycidyl ether (PGE), 1,2-butylene oxide (BO), and 
propylene oxide (PO) were used as the epoxides. 
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METAL-CONTAINING POLYESTERS 433 

E X P E R I M E N T A L  

M a t e r i a l s  

(HEP-)zM salts were synthesized according to the method reported 
in a previous paper 1 11. PMDA was purified by washing with diethyl 
ether. PGE and dimethylformamide (DMF) were purified by distilla- 
tion. BO, PO, and isopropyl alcohol (i-PrOH) were of extra pure 
grade and were used a s  received. Diethyl pyromellitate (DEP) was 
synthesized by the reaction of PMDA with ethanol (1:2). The Ca salt 
of monoethyl phthalate (EP), (EP-)2Ca, was synthesized by a reported 
method [ 21. Diethylene glycol (DEG) and N,N-dimethylbenzylamine 
(DMBA) were purified by distillation under reduced pressure. 

M o d e l  R e a c t i o n s  

A s  model reactions, the reactions between DEP and PGE, i-PrOH 
and PMDA, PMDA and PGE, and DEP and i-PrOH were carried out 
with (EP-)ZCa in DMF solvent a t  90” C. 

equipped with a s t i r rer ,  a thermometer, and a condenser were placed 
the given amounts of reactants, (EP-)Xa,  and DMF as a solvent; the 
mixture was s t i r red at  90°C for a given time. Aliquots were removed 
during the reaction for analyses of acid and/or epoxide. 

The general procedure was as follows. Into a 100-ml flask 

( H E P - ) z  M-PMDA-PGE R e a c t i o n s  

Into a 100-ml flask of the same type as above, were placed given 
amounts of (HEP-)zM, PMDA, PGE, and DMF, and the mixture was  
st irred at  90°C for 7 hr. Aliquots were taken during the reaction for 
analyses of acid and epoxide. After the reaction, small quantities of 
DMF were added to the mixture, and the solution was slowly poured 
into 1 liter of vigorously st irred water to precipitate the product 
(polyester). The product was further washed with water and dried in 
vacuo. In a few cases, the products were obtained by precipitating 
with acetone. In the case where the reaction mixture gelled, the 
gelled mixture was kept at  90°C without stirring. After the total 
reaction time of 7 hr, the mixture was broken up into small particles 
and thoroughly washed with water; the crosslinked product which was 
obtained was dried in vacuo. 

In case of the DEGPMDA-PGE reactions which were carried out 
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434 MATSUDA 

for comparison, the same procedure was  applied. In this case, DMBA 
(0.2 mole-% referred to the quantity of DEG) was used a s  a catalyst. 

( H E P - ) 2  M-PMDA-BO o r  P O  R e a c t i o n s  

Into a 100-ml flask equipped with a s t i r rer ,  a thermometer, a 
condenser, and a dropping funnel were placed given amounts of 
(HEP-)aM, PMDA, and DMF, and the mixture was stirred at  90' C 
for 15 min, giving a homogeneous solution. Next, a fixed amount of 
BO or PO was added dropwise over about 10 min. After the addition, 
the reaction was continued a t  this temperature for 7 hr. The prod- 
ucts were obtained by the same procedure as above. 

A n a l y t i c a l  M e t h o d s  

Acidity 

Acidities of the reaction systems were determined in the same 
manner a s  in the previous study [ 51. 

Alternatively, acidities of products were determined a s  follows. 
A 0.1-0.3-g portion of sample which had been broken up into small 
particles was weighed to the nearest milligram into a flask, and 10 ml 
of DMF was added. The mixture was heated at  70'C for 3 hr. When 
the mixture was cooled to room temperature, 2 ml of water was added. 
It was titrated with 0.1 - N methanolic potassium hydroxide. 

Epoxide Value 

to the method reported in the previous paper [ 51. 
Epoxide values of reaction systems were determined according 

OH Value 

portion of sample which had been broken up into small particles was 
weighed to the nearest milligram into a flask, and 10 ml of acetic 
anhydride-pyridine (1  : 7) was added by pipet. The mixture was 
heated a t  70" C for 3 hr. When the mixture was cooled to room tem- 
perature, 10 ml of DMF was added and then 10 ml of water was  
further added. This solution was titrated with 0.5 5 methanolic 
potassium hydroxide. 

was also run. OH values were obtained by calculating by usual 
method. 

OH values of products were determined a s  follows. A 0.3-0.5-g 

A blank experiment including all reagents, but omitting the sample, 
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METAL-CONTAINING POLYESTERS 435 

Ester Value 
Ester values of products were determined as follows. About 0.3 g 

of sample in the form of small particles was weighed to the nearest 
milligram into a flask, and 10 ml of 0.5 5 KOH was added. The mix- 
ture was heated at 90" C for 2 hr. When the mixture was cooled to 
room temperature, 10 ml of 0.5 N HC1 was added by pipet and the 
resultant solution titrated with 0 3  N KOH. A blank experiment was 
also run. Ester values were obtained by calculating by usual method. 

Infrared Spectra 

ment. 
Infrared spectra were determined with a Shimazu IR-400 instru- 

Inherent Viscosity 

polymer/lO ml of DMF at 30" C by use of an Ubbelohde viscometer. 
Inherent viscosities were determined a t  a concentration of 0.05 g 

Thermogravimetric Analyses (TGA) 

balance at a heating rate of 10' C/min. 
TGA were carried out in air in Shimazu TGA-20 microthermo- 

Differential Thermal Analyses (DTA) 

analyzer at a heating rate of lO"C/min. 
DTA were carried out in air in a Shimazu DT-20 B thermal 

R E S U L T S  AND DISCUSSION 

( H E P - 1 2  M-PMDA-EDoxide  R e a c t i o n s  

The (HEP-)zM-PMDA-epoxide reactions were carried out, in the 
same manner as in the reactions of previous study [ 51, in DMF at 
90" C. In other solvents, such as dioxane, chloroform, benzene, or 
toluene, the reactions did not proceed smoothly because of poor 
solubility of (HEP-)*M and PMDA. It is known that such an aprotic 
dipolar solvent a s  DMF, owing to its high polarity, ass is ts  in dissoci- 
ation of the metal carboxylate groups and easily solvates the releasing 
cations, keeping the carboxylate anions in an unsolvated and, therefore, 
highly reactive state. 

For this type of reaction, generally, the following reactions are 
f i rs t  theoretically anticipated: (1) reaction of carboxyl group with 
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436 MATSUDA 

epoxide group to produce hydroxyl group; (2) reaction of the hydroxyl 
group with acid anhydride group to form terminal carboxyl group; 
(3) reaction of acid anhydride group with epoxide group to form ester  
linkage; (4) polymerization of epoxide group; (5) reaction of the 
hydroxyl group with epoxide group to form ether linkage; (6) reaction 
of the hydroxyl group with carboxyl group to produce ester linkage. 

To obtain information on the above elementary reactions, some 
model reactions were conducted with the use of (EP- )Ka  in DMF a t  
9O’C. DEP, i-PrOH, and PGE were chosen as model carboxylic acid, 
secondary alcohol, and epoxide, respectively. Figures 1-3 show the 
result 8. 

the reaction of (HEP-)zM with a large excess of PMDA to form 
adducts containing carboxyl and acid anhydride groups must occur. 
Therefore, the reactions of the carboxyl group with epoxide group, 
that is, reaction (1) is considered to be important. As the model 
reaction for this, DEP-PGE reactions were carried out. As is clear 
from Fig. 1, the reaction in the presence of (EP-)zCa proceeded 
more rapidly than that without (EP-)zCa, indicating that (EP-)zCa 
catalyzes the reaction. Moreover, the fact that the conversion of 

At the initial stage of the (HEP-)Z M-PMDA-epoxide reactions, 

“ 0  1 2 3 4  5 6  

Time (hr) 

FIG. 1. Effect of (EP-)zCa on ( 0 ) acidity and ( ) epoxide conver- 
sion in DEP-PGE ( 1  : 2) reaction in DMF a t  9O’C: (--) without (EP-)Xa;  
(-) mole ratio of (EP-)2Ca:DEP:PGE = 1:5:10. 
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1 

C 
0 

aJ > 
C 
0 u 

.- 
!! 

0 1 2 3 
T i m e ( h r )  

FIG. 2. Effect of (EP-)z Ca on reaction of PMDA with i-PrOH 
(1:2) in DMF a t  9O'C: ( 0 ) without (EP-)2 Ca; ( a ) mole ratio of 
(EP-)z Ca:PMDA:i-PrOH = 1 : 20 : 40; ( ) mole ratio of (EP-)z Ca: 
PMDA:i-PrOH = 1 : 10 : 20. Initial [ PMDA] = 0.75 mole/&; [ i-PrOH] 
= 1.5 mole/kg. 

1.5 

9, 

K 
0.5 x 

W 

0 1 2 
0 

T i m e ( h r )  

FIG. 3. Effect of (EP-)2 Ca on PMDA-PGE (1:2) reaction in DMF 
at 9 0  C: ( 0 ) without (EP-)z Ca; ( 6) mole ratio of (EP-)z Ca:PMDA: 
PGE = 1:20:40;( 0 )  mole ratio of (EP-)z Ca:PMDAPGE = 1:10:20. 
G denotes the gelation point. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



438 MATSUDA 

epoxide was consistently greater than that of acid suggests that etheri- 
fication of epoxide occurred as a side reaction. From Fig. 1, it is 
apparent that reaction (1) readily occurs in the (HEP-)2 M-PMDA- 
epoxide reactions. 

the reaction of the hydroxyl group so produced with acid anhydride 
group, that is, reaction (2) is considered to occur. Figure 2 shows 
the results of the model reaction (PMDA-i-PrOH reaction) for this; 
the reaction proceeded very rapidly and was catalyzed by (EP-)2 Ca. 
In the (HEP- )2 M-PMDA-epoxide system, reaction (2) will occur as 
soon as  a new hydroxyl group is formed. Meanwhile, the carboxyl 
group produced by reaction (2) is considered to enter into reaction 
(11, thus providing ample opportunity for further growth of three- 
dimensional polymer. 

carried out. Figure 3 shows the epoxide data; the reaction is catal- 
yzed by (EP-)2 Ca; however, the systems gelled when epoxide value 
decreased to 63-70%. Meanwhile, the decrease of acidity a t  the gel 
point was 12-16% lower than that of epoxide value, suggesting that 
etherification occurred to some degree. Also, the fact that gelation 
occurred during reaction suggests that both of the acid anhydride 
groups in PMDA took part in the reaction and that crosslinking 
occurred randomly. It has been reported [ 81 that, when the reactions 
of PMDA with cyclic ethers such as PGE and epichlorohydrin were 
carried out in dilute solution with DMBA as catalyst to obtain copoly- 
mers  having mainly a ladder structure, etherification of cyclic ether 
also occurred to some extent, in addition to copolymerization of acid 
anhydride group with cyclic ether group. Since the concentration of 
acid anhydride group is high in the initial stages of the (HEP-)2 M- 
PMDA-epoxide reactions, reaction (3) is considered to occur. 

On comparing Figs. 1, 2, and 3 with each other, the following may 
be inferred. In the (HEP-)2 M-PMDA-epoxide reactions, reaction (1) 
would proceed much more rapidly than reaction (3); similarly, reac- 
tion (2) is considered to proceed much more rapidly than reaction (3). 
With progress of the reaction, the concentration of acid anhydride 
group decreases and unreacted anhydride groups enter into reaction 
(2)  rather than into reaction (3) because of higher rate of reaction (2). 

As stated above, etherification occurs to some extent as a side 
reaction. This etherification has been found [ 51 to be due to reaction 
(4) rather than to reaction (5). In the (HEP- 12 M-PMDA-epoxide 
reactions, a new hydroxyl group formed is considered to react much 
more easily with acid anhydride group than with epoxide group. 
Therefore, reaction ( 5 )  is not considered to be important. 

Reaction (1) results in formation of a new hydroxyl group. Hence, 

A s  the model reaction for reaction (3), PMDA-PGE reactions were 

The possibility of reaction (6) can be omitted from the results of 
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METAL- CONTAINING POLYESTERS 439 

the model reaction (DEP-i-PrOH reaction), where there was no reac- 
tion at all. 

The above observations lead to the following conclusion: in the 
(HEP-)2 M-PMDA-epoxide reactions, reactions (l), (2), and (3) are 
the main reactions. This i s  consistent with that obtained from our 
previous investigations devoted to the (HEP-)z M-PA-epoxide re-  
actions [ 51. 

Figure 4 shows, a s  the typical example, results of the (HEP-)2 Ca- 
PMDA-PGE reactions at mole ratios of 1:1.2:2.4 and 1:2:4. The re- 
actions were carried out by adding all reactants to the reaction system 
a t  the beginning of the reaction. The acidity determined by non- 
aqueous titration is due to acid anhydride and carboxyl groups. The 
reaction rate increased with increasing content of (HEP-)Z Ca, indi- 
cating that (HEP-)z Ca catalyzes the reaction. Further, the decrease 
of epoxide value was consistently greater than that of acidity. This 
tendency agrees with the consistently greater conversion of epoxide 
observed in the model reactions, also suggesting that etherification 
of epoxide occurred a s  side reaction. Figure 4 indicates that about 
86% of the epoxide groups react with carboxyl and acid anhydride 
groups rather than with each other. 

were conducted at DEG:PMDA:PGE mole ratios of 1:1.2:2.4 and 
On the other hand, for comparison, DEGPMDA-PGE reactions 

h 1.51 

FIG, 4. (HEP-)z Ca-PMDA-PGE reaction at  mole ratios of (-) 
1:1.2:2.4 and ( - - )  1:2:4 at  SO" C in DMF: ( 0 ) acidity; ( 0 ) epoxide 
conversion. 
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440 MATSUDA 

1:2:4 with DMBA a s  catalyst in DMF a t  90°C. When the mole ratio 
was 1:1.2:2.4, the result obtained was similar to that obtained with 
the (HEP-)z Ca-PMDA-PGE reaction at  a mole ratio of 1:1.2:2.4. 
Theoretically, the reaction system a t  the mole ratio of 1:2:4 should 
gel when crosslinking occurs randomly. Indeed, when the ratio was 
1:2:4, the system gelled during reaction. Therefore, thefactthat the sys 
tem (HEP-)zCa-PMDA-PGE at the mole ratio of 1:2:4 was apparently 
homogeneous during reaction is considered to be due to the dissoci- 
ation in DMF solution of ionic links introduced into the resulting 
three-dimensional polymers. 

However, in case of the systems with lower (HEP-h Ca content, 
that is, in the systems of (HEP-)z Ca-PMDA-PGE a t  the mole ratios 
of 1:3:6, 1:4:8, 1:6:12, and 1: 10:20, gelation occurred during reaction. 
In this case, the time for gelation to occur became shorter with in- 
creasing (HEP-)z Ca content. The decrease of epoxide value a t  the 
gel point was to 47-63%. Similar tendencies were observed also in 
case of the (HEP-)z Mg-PMDA-PGE reactions. 

When BO or PO was used as the epoxide, BO or PO was added 
dropwise to the reaction system over about 10 min. The reactions 
proceeded smoothly, with tendencies similar to those observed in 
the above reactions. 

P r o d u c t s  

Table 1 summarizes the results of syntheses of metal-containing 
three-dimensional polyesters by the (HEP- ) Z  M-PMDA-epoxide re- 
actions in DMF at 90°C. Reaction time was 7 hr. Initial concentra- 
tions of PMDA and epoxide were [acid anhydride group] = [ epoxide 
group] = 1.5 equiv/kg. The products were obtained by precipitating 
or washing with water, except in a few cases where the products were 
obtained by precipitating with acetone. 

A s  stated earlier, the systems with low (HEP-)z M content gelled 
during reaction. For the same molar ratio of (HEP-)z M-PMDA- 
epoxide in the feed, the gelation times of the systems containing Ca 
were a little shorter than those of the systems containing Mg; further, 
the gelation time showed a tendency to become shorter, depending on 
the epoxide, in the order PGE > BO > PO. The yields of the products 
obtained by precipitating or washing with water increased with decreas- 
ing (HEP-)z M content in the feed. 

The products from the (HEP-)z M-PMDA-PGE systems were 
generally obtained in good yield, while the BO or PO-containing sys- 
tems with high (HEP-)z M content gave products in poor yield; these 
products, except for that obtained by precipitating with acetone, 
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showed considerably lower metal content than calculated value, indi- 
cating that the portions which a re  rich in metal were washed away by 
water. 

Ester value and elementary analyses show that the products con- 
tain ester linkages and metal. The OH values of the products were 
much higher than the values of acidity, indicating that hydroxyl termi- 
nation predominates. The concentrations of these terminal groups 
generally decrease with decreasing (HEP-)zM content in the feed. It 
is considered that with decrease in the (HEP-)zM content in feed the 
crosslinking density of the products increases. The products obtained 
from the systems which did not gel showed higher values of acidity 
than the values (0.3-0.55 equiv/kg) anticipated from the final acidities 
(0.2-0.3 equiv/kg) of the reaction systems. On the other hand, the 
products obtained by precipitating with acetone, although the yields 
were not good, showed acidity values almost corresponding to the 
values anticipated from the final acidities of the reaction systems. 
Moreover, the total concentrations of terminal groups of the latter 
products a re  lower than those of the former products. From the above 
observations it would be inferred that, at  the time of precipitation with 
water, some of the ester  linkages of the resulting polyesters were 
hydrolyzed by the catalytic effect of the metal carboxylate groups. 
However, it is considered that the gelled products which have high 
crosslinking density a r e  stable to the hydrolysis. 

Inherent viscosities (in DMF at 30’C) of the products obtained 
from the systems which did not gel were low, ranging from 0.031 to 
0.083, tending to increase slightly with a decrease in the (HEP-)2M 
content in the feed. Moreover, it is considered that in a polar solvent 
such a s  DMF the ionic links in the polyester dissociate into low mo- 
lecular weight polymer when the concentration is very low. 

The epoxides used a re  unsymmetrical, and undirected opening of 
the ring is considered to have occurred. The products obtained are 
slightly yellow, powdery materials. Among them, those from the 
systems which did not gel showed a broad endothermic peak a t  50- 
60’ C in DTA in air. Meanwhile, no such peak was observed in the 
gelled products or in the products obtained by precipitating with 
acetone. All the products showed exothermic peaks above 340” C, 
probably due to degradation occurring via oxidative modes. Gener- 
ally, the 10% weight loss temperatures show a tendency to increase 
with decreasing (HEP-)pM content in the feed, that is, with an in- 
crease in crosslinking density of the polyester. Moreover, the poly- 
es ters  containing Ca are, in general, thermally more stable than those 
containing Mg. 

In Fig. 5 a re  shown the infrared spectra of representative metal- 
containing three-dimensional polyesters. They a re  essentially 
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FIG. 5. Infrared spectra of metal-containing three-dimensional 
polyesters from (a) (HEP-)2Ca-PMDA-PGE (1:3:6); (b) (HEP-)zMg- 
PMDA-PGE (1:3:6); (c)  (HEP-)zCa-PMDA-PO (1:3:6); (d) (HEP-)ZMg- 
PMDA-PO (1:3:6). 
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FIG. 6. TGA curves of metal-containing three-dimensional poly- 
esters: (-) from (HEP-)zCa-PMDA-PGE (1:3:6); ( - - )  from (HEP-)zMg- 
PMDA-PO (1:3:6). 
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identical, having absorption bands at  3400 cm- ' (OH stretching), 1730 
cm- 
and 1400 cm- '  (carboxylate group). Further, the sharp bands attrib- 
utable to ether linkage (aliphatic ether) appear a t  1070- 1130 cm-' .  
From this it is apparent that the polyesters have ionic links in the 
molecule. 

Figure 6 shows the TGA curves of representative metal-containing 
three-dimensional polyesters. Gradual weight loss begins about 200" C, 
and destruction proceeds rapidly above 280-310" C. At 350-370" C the 
residual weight approaches 50%. Between 380 and 480°C the weight 
loss i s  gradual, and above 500°C marked degradation proceeds again. 
The plateau observed about 600°C corresponds to the formation of 
MgO in case of the Mg salt  and to the formation of CaC03 in the case 
of the Ca salt. 

(C=O stretching), 1570-1600 cm- I (carboxylate and phenyl ring), 
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