
Studies on the Formation of PEN. 2. Bull, Korean Chem. Soc. 1995, Vol. 16, No. 11 1099

Polymer 1984, 25, 1333.

9. Park, S. S.; Im, S. S.; Kim, D. K. J. Polym. Sci., Polym. 

Chem. Ed. 1994, 32, 2873.

10. Van Uitert, L. G.; Fernelius, W. C.; Douglas, B. E. J.

Am. Chem. Soc. 1953, 75t 2736.

11. Ravense, D. S. A.; Ward, I. M. Trans. Faraday Soc. 1961, 
57, 150.

12. Pohl, H. A. Anal. Chem. 1954, 26, 1614.

Studies on the Polycondensation Rate of Poly(ethylene 
2,6-naphthalate). 2. Polycondensation by Antimony Catalysts

Sang Soon Park and Seung Soon Im*

*To whom correspondence should be addressed

Department of Textile Engineering, College of Engineering, Hanyang University, Seoul 133-791, Korea 

Received August 5, 1995

The catalyzed polycondensations of bis(2-hydroxyethyl) naphthalate were kinetically investigated in the presence of 

various antimony compounds as a catalyst. The polymerization were investigated with various ligand types of antimony 

oxides, various concentrations of antimony triacetate and titanium/antimony mixed catalysts. The time to reach the 

maximum molecular weight was remarkably changed in each case. With increasing the concentration of antimony 

acetate, the propagation rate was largely increased, while the degradation rate was slightly decreased. It also can 

be seen that the propagation and degradation rate were larger influenced by the equimolecular titanium/antimony 

mixed catalyst than other mixed catalysts. The temperature dependence of bis(2-hydroxyethyl) naphthalate with anti­

mony triacetate also has been studied. From the results, it was found that the propagation rate was less influenced 

by a temperature change than the degradation rate.

Introduction

The inform가ion concerning the role of the metal com­

pounds as catalysts in the poly(ethylene 2,6-naphthalate) 

(PEN)1~3 polymeriz가ion is very important to understand the 

catalytic activity. The authors4,5 reported the ordering of ca­

talytic activity on the formation of PEN with various metal 

compounds as catalysts. In the previous paper,5 it was found 

that the more effective catalyst in the polycondensation reac­

tion were titanium derivatives. However, titanium catalyst 

was caused the yellow formation of the polymer formed.

Considering this point, we tried to search the antimony 

compounds having an effective catalytic acivity except tita­

nium catalyst. In the study of poly(ethylene terephthalate), 

many workers6'10 have suggested the effect of the side reac­

tion on the propagation reaction in the presence of antimony 

trioxide as a catalyst.

Maerov11 studied the effectiveness of antimony catalyst 

with different numbers of hydroxyethyl ligands and found 

that the catalytic activity changed by the ligand numbers. 

However, the catalytic activity by which antimony compounds 

act as polycondensation catalysts for the formation of PEN 

polymer is 동till obscure.

In this paper, kinetic aspects for the catalyzed polyconden­

sation of BHEN in the presence of antimony compounds as 

various catalysts were 앙tudied.

Experimental

bis(2-Hydroxyethyl)naphthalate (BHEN)4 from the reaction 

of dimethyl 2,6-naphthalate with ethylene glycol was pre­

pared. Antimony catalysts, such as antimony triacetate, anti­

mony trioxide, antimony tetroxide and antimony pentoxide, 

were of commercial products and were used without further 

purification. BHEN (200 g) was introduced into 500 mL poly­

merization tube. After BHEN had melted, the antimony cata­

lyst was added. The reaction temperature at a full pressure 

(about 0.2 mmHg) was kept on at 295 t during the required 

period of time. The polymer formed was then extruded into 

cold water (~5 t). The intrinsic viscosity was measured 

at 25 t using o-chlorophenol as a solvent.12

Results and Discussion

Effect of Concentration with Antimony Catalyst.
The dependence of the rate of polycondensation reaction of 

BHEN on the catalyst concentration using antimony triace­

tate as a catalyst forms the subject of this part of investiga­

tion.

Syntheses of PEN polymer were carried out by three kinds 

of concentrations (range from 1.0X10-6 mol/g BHEN to 2.0 

X10-6 mol/g BHEN) at 295 as represented in Figure 

1. The intrinsic viscosity of polymer formed wa옹 increased 

with the progress of reaction and reached the high molecular 

weight at a given time. As the catalyst concentration also 

was increased, the intrinsic viscosity were increased.

The values of maximum intrinsic viscosities with the con­

centrations of antimony triacetate were as follows; 1.0 X10-6 

mol/g BHEN; 0.76 dL/g at 95 minutes, 1.5X10-6 mol/g 

BHEN; 0.83 dL/g at 95 minutes and 2.0 X10-6 mol/g BHEN; 

0.87 dL/g at 98 minutes.
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Hgure 1. Effect of catalyst concentrations (cone; 1.0-2.0X10 6 

m시/응 BEEN) with antimony triacetate on the polycondensation 

of BHEN at 295 t.

Table 1. Comparison of rate constants, with Ko, for the poly­

condensation of BHEN depending on the concentration of anyi- 

mony triacetate at 295 °C

Catalyst cone.

(X10-6, mol/ 

용 BHEN)

Propagation rate 

constant

Degradation rate 

constant

(爲，mol-1 min-1) (KdXIO-5, mol min* 1)

1.0 2.17 5.05

1.5 2.41 4.55

2.0 2.45 4.22

After the maximum viscosity appeared, we can observe 

that the viscosity value begin to slow down. This fact sug­

gests that side reactions such as the thermal degradation 

(e.g. random p-scission etc.) of PEN occured during the reac­

tion. The side reactions, in the previous paper,5 was com- 

firmed by the formation of carboxyl acid end group. We also 

concluded that the variation of viscosity was caused by the 

relationship between the propagation rate and the degrada­

tion rate on the catalyzed polycondensation of BHEN.

In order to discuss the catalytic activity of antimony cata­

lyst, the following kinetic equation was proposed in a pre­

vious paper.5 From the kinetic treatment, the mole number, 

n (a reciprocal of degree of polymerization), was thought 

to be composed of two components, np and n” a옹 expressed 

by equation (1).

n=np+nD (1)

where np is the propagation mole number, nP=l/(l^~Kp 

t) and nD is the degradation mole number, nD~KD t. Here, 

the value of Kp and Kd al옹。is apparent rate constant for 

the propagation and degradation reaction.

Using the kinetic equation (1) to data in Figure 1, the

(C)

Figure 2. Analysis of propagation and degradation path on the 

polycondensation of BHEN with the concentration of antimony 

catalyst.

values of propagation-degradation path were obtained and 

then drawn separately as shown in Figure 2. From the slope 

of propagation/degradation path, the apparent rate constants 

(Kp and Kd) of the propagation and the degradation reaction 

were calculated and were listed in Table 1.

The values, Kp and &, obtained were logarhimically plot­

ted as represented in Figure 3. The propagation rate con­

stant, 1 + log Kp, was slightly increased as catalyst concentra­

tion increased. On the contrast, the degradation rate cons­

tant, 5+log Kd, decreased very slightly.

In order to investigate the dependency of the propagation 

rate to the degradation rate, the ratio of the propagation 

rate to the degradation rate was estimated as shown in Fig­

ure 4. It can be seen that the catalytic activity of antimony 

triacetate was largely increased with increasing of the con­

centration of catalyst. From these interesting phenomenon, 

we can recognize that catalytic activity significantly depends 

on the concentration of catalyst.

Effect of AnSnic Species for Antimony Oxides. In
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(a)

Hgure 3. Plot of propagation and degradation rate constants 

against antimony triacetate as a catalyst.

Figure 4. Effect of propagation rate to degradation rate with 

the concentration of antimony triacetate.

a series of metal compounds as catalysts, the catalyzed reac­

tions on the polycondensation are largely influenced by the 

mutual relation between the metal compound of catalyst and
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Hgure 5. Effect of anionic species of antimony oxides as cata­

lysts (cone; 1.5 X IO-6 mol/g BHEN) on the polycondensation of 

BHEN 간 295 t.

Table 2. Comparison of rate constants, K? with KD, for the poly­

condensation of BHEN depending on the oxygen numbers of 

anyimony oxides at 295 W

Type*

Propagation rate 

constant

Degradation rate 

constant

㈤，mol-1 min-1) (KdXIO-5, mol min-1)

Trioxide 2.20 4.50

Tetroxide 1.45 4.11

Pentoxide 1.31 4.82

•Trioxide: antimony trioxide, Tetroxide: antimony tetroxide and 

Pentoxide: antimony pentoxide.

the negatively charged carbonyl oxygen of the ester group.

In the previous work, Maerov11 studied the effectiveness 

of antimony catalyst on the polycondensation reaction of 

BHET with varying numbers of hydroxy ethoxy ligands and 

found that the effectiveness change with the ligand number. 

Syntheses of PEN polymer were carried out by the ligand 

numbers of antimony-oxygen (Sb-O) in antimony catalysts 

(cone.; 1.5X10-6 mol/g BHEN) at 295 and the results 

are plotted in Figure 5. The time to reach the maximum 

molecular weight were changed by the Sb-0 employed. The 

maximum intrinsic viscosity values with ligands in antimony 

catalysts were as Allows; antimony trioxide 0.805 dL/g at 

100 minutes, antimony tetroxide 0.70 dL/g at 129 minutes 

and antimony pentoxide 0.63 dL/g at 125 minutes.

The results of kinetic treatment in Figure 5 were listed 

in Table 2. Table 2 shows the values of rate constant, KP 

and Kd, for the propagation rate and the degradation rate. 

It can be seen that the propagation and the degradation rates 

are more influenced by antimony trioxide than only other 

catalysts. Of course, it can be seen that the catalytic activity 

of antimony triacetate is very similar to that of antimony
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4.8 f Table 3. Comparison of rate constants, Kp with K〃，for the poly­

condensation of BHEN with the concentration of titanium cata­

lysts in antimony based catalysts (cone.; 1.5X10 6 mol/g BHEN) 

at 295 t

Type of*  

catalyst

Propagation rate 

constant

Degradation rate 

constant

(Kp, mol 1 min ') (Kp X10 5, mol min 】)

Ti : Sb = (1/3): 1 2.56 4.04

Ti:Sb=(2/3):l 3.00 3.91

Ti: Sb= 1:1 3.51 3.66

*Ti:Sb=(l/3):l：:titanium isopropoxide (cone.; 0.5X10 & mol/g

BHEN), Ti: Sb=(2/3): 1 : titanium isopropoxide (cone.; 1.0X 

10 6 mol/g BHEN) and Ti: Sb = 1: 1: titanium isopropoxide 

(cone.; 1.5X10-6 mol/g BHEN).

3 4 5
Numbers of antimony oxides (Sb2 OJ

Figure 6. Effect of propagation rate to degradation rate with 

the anionic species of antimony oxides.

Figure 7. Effect of titanium concentration in the Ti/Sb mixed 

cat旬y아s (cone.; 1.5 X10~6 mol/g BHEN) on the polycondensation 

of BHEN at 295 °C.

0 TVSb드 (1/3g1 m히 

• Ti/Sb= (2/3)/1 mol 
■ Ti/Sb= IM m헤

tnoxide. From this result, we could suggest that the catalytic 

activity was influenced on the ligands as well as the metal 

species in the same catalyst.

In order to appear the catalytic activity, we also investi­

gated the ratio of the propagation rate to the degradation 

rate, as shown in Figure 6. It can be seen that the catalytic 

activities was largely decreased, when the ligand number 

of anionic species in antimony oxides as catalysts was increa­

sed.

Catalytic Activity for Antimony/Titanium Catalysts.
In order to investigate the catalytic activity of antimony/ti- 

tanium catalysts on the polycondensation reaction, the time 

dependences on the polycondensation with the titanium/anti-
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Figure 8. Effect of propagation rate to degradation rate with 

the titanium concentration in the Ti/Sb mixed catalysts.

mony (Ti/Sb) mixed catalyst were carried out at 295 °C, and 

the results of these experiments were plotted in Figure 7. 

The maxium intrinsic viscosity with the Ti/Sb mixed cata­

lysts were as f이lows ; Ti: Sb=(1/3): 1; 0.90 dL/g at 98 min­

utes, Ti: Sb =(2/3): 1; 0.97 dL/g at 92 minutes and Ti: Sb= 

1:1; 1.06 dL/g at 88 minutes.

When the mixed catalysts were compared with single tita­

nium or antimony catalyst, the times to reach the maxium 

values were more extended. In the case of equimolecular 

mixed catalyst, the high intrinsic viscosity was obtained.

The kinetic treatment to data in Figure 7 was performed 

as listed in Table 3. Table 3 shows the values of rate con­

stant, Kp and Kd, for the propagation and the degradation 

rate with the concentrations of titanium/antimony catalysts.

From this result, it also can be seen that the complex 

gives a greater catalytic influence than individual catalysts. 

When the ratio of titanium in the Ti/Sb mixed catalyst was 

increased, the propagation rate was gradually increased, but 

the degradation rate was rather decreased. The equimolecu-
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Figure 9. Effect of time dependence of BHEN with antimony 

triacetate (cone.; 1.5X10"6 mol/g BHEN).

4.70 
265

(b)

Figure 11. Arrherius plots of antimony triacetate as a catalyst 

in the temperature dependence of BHEN in Table 4.

275 285 295 305
Temperature (t)

Rgure 10. Effect of propagation rate to degradation rate with 

the change of temperature.

Table 4. Comparison of rate constants, KP with KDr for the poly­

condensation of BHEN in the temperature dependences of anti­

mony triacetate as catalysts (cone.; 1.5X10-6 mol/g BHEN) at 

295t

Temp, 

condition

Propagation rate 

constant

Degradation rate 

constant

㈤，mol-1 min-1) (KdXIO-5, mol min-1)

275 t 0.77 1.20

285 t 1.22 2.23

295 t 2.41 4.55
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lar Ti/Sb mixed catalyst also was larger influenced on the 

propagation and degradation rate than another mixed cata­

lysts.

In order to appear the catalytic activity, the ratio of the 

propagation rate to the degradation rate was represented 

in Figure 8. It can be seen that the catalytic activities was 

largely increased, when the ratio of titanium in the Ti/Sb 

mixed catalyst was increased.

Temperature Dependence with Antimony Triace*  
tate. The temperature dependences of the intrinsic viscos­

ity of the polymer were investigated with antimony triacetate 

(1.5X10-6 mol/g BHEN) used as a catalyst.

Figure 9 exhibits that raising the polymerization tempera­

ture shortens the reaction time to reach the maximum value 

of the intrinsic viscosity of the formed polymer; i.e., 328 min 

(0.90 dL/g) at 275 t, 191 min (0.85 dL/g) at 285 t and 

95 min (0.83 dL/g) at 295 t. The applications of P-D kinetic 

equations to data in Figure 11 were performed, as listed 

in Table 4.

Table 4 shows the values of rate constant, KP and KD, 

for the propagation and real degradation rate with the 

changes of reaction temperatures. In order to discuss the 

catalytic activity, the ratio of propagation rate to degradation 

rate was shown in Figure 10. It can be seen that the catalytic 

activities was largely decreased with raising the reaction 

temperature.
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The Arrhenius plot was obtained by plotting both In Kp 

and In KD against 1/T as shown in Figure 11. From these 

plots we obtained two apparent activation energies, Ep and 

% of propagation and degradation, and their values were 

£p=148 KJ/mol and Ed— 173 KJ/mol, respectively. The ap­

parent activation energy of determined by degradation rate 

is higher than that determined by the propagation rate. From 

this phenomenon, it can be seen that the degradation reac­

tion is much more influenced by a temperature change than 

the propagation rate.

Concluding Remarks

The antimony catalyzed polycondensation on the formation 

of poly(ethylene 2,6-naphthalate) was investigated. The cata­

lytic activities of antimony compounds were significantly in­

fluenced by the concentration of catalyst and the oxygen 

numbers of the antimony oxides as well as the metal species. 

Temperature was one of the most important factor to reduce 

the reaction time to reach the maximum value of the intrin­

sic viscosity of the formed polymer; the higher the tempera­

ture was, the faster the reaction rates were.
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A measure of stabilities (—zVf1) and resonance delocalization (—△q(C</)) for some carbocations has been estimated 

using the semiempirical AMI method. The stability (—AHW) of carbocations can be correlated with the sensitivity 

伽)of localized cations to the solvent ionizing power scale Y, whereas the extent of resonance delocalization (— 

(Ca+)) can be correlated with the sensitivity (h) of delocalized cations to the solvent ionizing power scale I. It has 

been shown that two solvent ionizing power scales Y and I have in general opposite signs so that effects of electrostatic 

solvation are opposite for the localized and delocalized cationic charges. The use of two different solvent scales for 

a substrate with delocalizable cationic charge is not only prerequisite to the proper correlation of solvolysis rates 

but also is justified.

Introduction

Isolated carbocations, as those in the gas phase, are in 

general unstable unless the cationic charges are well delocal­

ized; thus the instability of a carbocation in a given environ­

ment and at a given temperature is directly related to the 

degree to which the charge is localized. The unstable carbo­

cations are stabilized either (i) by electrostatic solvation in 

solution or (ii) by delocalization of the cationic charge over 

relatively wide range as involved in resonance delocalization 

of c가ionic charge into a benzene ring. The restive stability 

of a carbocation R+ can be conveniently represented by the 

heat of formation (AH°) of 나is아ated ion pair2 R+ +X-, 

as shown in eq (la). By keeping

心 = △孩 R+) + WX-)-사队 RX) (la)

K
for RXQR++X- (lb)

the anion X constant, the relative stability of R+ can be 

compared. An unstable carbocation is characterized by a la-


