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ACID-BASE AND CATALYTIC PROPERTIES OF
METAL COMPOUNDS IN THE PREPARATION OF
POLY(ETHYLENE TEREPHTHALATE)

JONG SHIK CHUNG

Department of Chemical Engineering
Pohang Institute of Science and Technology
Pohang 790-600, South Korea

ABSTRACT

Catalytic activity of a metal complex for both the transesterification of DMT
(dimethy! terephthalate) and the polycondensation of BHET (bis(2-hy-
droxyethyl terephthalate)) is described in terms of an acidity function form-
ulated from the physical properties of the metal ion. Catalytic activity for
both reactions is governed by the acidity of the metal ion, not by the type
of anionic ligand. Maximum catalytic activity is observed with optimum
bond strength between the metal ion and the double-bonded oxygen in the
ester carbonyl group of DMT or BHET. Thus, a basic (less acidic) metal ion
exhibits high catalytic activity for a more basic oxygen in the ester carbonyl
of DMT, while a more acidic metal ions exhibits high catalytic activity for
a less basic oxygen in the ester carbonyl of BHET. In the polycondensation
reaction, a semiconductor metal ion shows higher activity than an insulator
metal ion when compared at the same acidity value, but the former also
catalyzes side reactions which can cause discoloration of the final poly(ethy-
lene terephthalate) polymer. Discoloration is enhanced when a semicon-
ductor metal ion has a redox couple during polycondensation.

INTRODUCTION
For the preparation of poly(ethylene terephthalate), DMT (dimethyl tere-

phthalate) or TPA (terephthalic acid) was first esterified into BHET (bis(2-hy-
droxyethyl) terephthalate). Then subsequent polycondensation was carried out
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using BHET and its oligomer under vacuum. The esterification of TPA is usually
carried out in the absence of any catalyst. However, the presence of a suitable
metal complex greatly enhances the reaction rates of the transesterification of DMT
and the polycondensation of BHET. Acetates of such metals such as Zn, Mn, and
Mg were employed as catalysts for the transesterification reaction of DMT, while
oxides of such metals as Sb and Ge were used for the polycondensation of BHET.

It is suggested that the catalytic activity of a metal complex is attributed to the
ability for its metal ion to form a reaction intermediate with the ester carbonyl
group in DMT or BHET, and that the reaction proceeds by nucleophilic attack of
hydroxyl end groups upon ester carbonyl groups [1]. It has also been observed that
for several metal salts the effect of the anionic species on catalytic activity is
negligible [2, 3], probably because of the transformation of a metal salt into a
stable metal complex in the reaction medium. In this case, the catalytic activity
will be affected by the acidity (electronic state) of the metal ion for a given reactant
{ester carbonyl group in DMT or BHET).

Attempts have been made to correlate the catalytic activity with the physical
properties of a metal ion such as cation radius [5], electronegativity of the metal
[6, 7], and the metal-oxygen bond strength [8]. No satisfactory result has been
obtained, probably because there is no good measurement of the acidity of a metal
ion with its physical properties.

In the present study the author reports a parameter which can be representative
of the acidity of a metal ion, and which can be easily formulated from the physical
properties of a metal ion. The correlation made between the catalytic activity and
the acidity parameter of a metal ion yields some insight into the mode of catalysis
in polyester synthesis reactions.

EXPERIMENTAL

Reagents

BHET was obtained from Polyscience Inc. and used without further purifica-
tion. All catalysts were commercial products (guaranteed reagent grade) and used
without further purification. Antimony trioxide, antimony pentachloride, and ger-
manium(V) oxide were high purity grade from Aesar Co.. Ethoxides of aluminum,
antimony, silicon, and magnesium, and isopropoxides of titanium and zirconium
were products of Kojundo Chemical in Japan. Other metal ions were used in the
acetate form and obtained from Aldrich.
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Polycondensation

The polycondensation reaction was carried out in a semibatch open system with
stirring at constant speed (80 rpm) under vacuum (0.3-0.4 torr). The reactor was
equipped with nitrogen purge, stirrer with vacuum seal, and suction apparatus
which consisted of condenser, cold trap, and vacuum pump. The reaction was
carried out at 285°C with 0.8 mol BHET and 1 x 10* mol metal ion. The
molecular weight of the product was monitored as a function of the reaction time
by measuring the torque of the stirrer, since good correlation was obtained be-
tween motor torque and viscosity of PET polymer.

Measurement of Catalytic Activity

In order to measure the rate constant for polycondensation, the reaction rate was
assumed to be second order with respect to the 2-hydroxyethyl ester group. The
degree of polymerization has a linear relationship as a function of time [7];

DP =1+ 2[EJkt = 1 + kgt )

where [E] represents the initial concentration of the 2-hydroxyethyl ester group
in the BHET monomer. A plot of DP vs t with experimental data gives a straight
line except at the final stage of the reaction where the decomposition of polymer
product and side reactions may be prominent.

Determination of Degree of Polymerization

The intrinsic viscosity was measured with o-chlorophenol as a solvent at 25°C
with a Ubbelohde-type viscometer. This was converted to molecular weight by the
Mark-Houwink equation [9];

[m] = 3.0 x 10~ M*7 2
The degree of polymerization was obtained from
M =192DP + 62 €

Melting Point

The melting point was measured by using a differential scanning calorimeter
(Perkin-Elmer DSC-7).
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RESULTS AND DISCUSSION

Acidity of Metal lon

Tomita [2, 7], by using the stability constant (f3,) of dibenzoyl methane complex
for metal species, found volcano-shaped correlations between log B3, and catalytic

activity for both transesterification and polycondensation reactions. However, it is
not easy to obtain the stability constant for every metal ion, and it is more

reasonable to use the acidity of a metal ion (Lewis acidity, tendency to accept an
electron) for the reaction intermediate formed between a metal ion and the carbon-
vl oxygen in DMT or BHET.

Electronegativity is generally used to represent the acidity of a metal. However,
it cannot follow the change of valency of a metal ion. There are several parameters
that can follow the change of valency of metal ion:

lonization potential, IP (+)
Valency of cation, Z (+)
Radius of cation, R (-)

where a plus sign indicates that the acidity increases with an increase in the value
of the corresponding parameter. Because acidity is a tendency to attract electrons
to form a covalent bond, a more acidic metal ion may increase its electron-
withdrawing power or its ionization potential. As the valency of metal ion in-
creases, it is more difficult to withdraw electrons (easier to accept electrons or
more acidic). A smaller cation attracts electrons more strongly and becomes more
acidic. Rather than using these parameters independently, it would be proper to
combine them to represent the acidity of a metal ion. For simplicity, a linear
combination of these parameters is used to define an acidity function, ¢, for a metal
ion:

¢ = log (IPXZ)/(R)) 4

where the unit of IP is the volt, and that of R is the Angstrom.

Correlation of Acidity with Catalytic Activity

In Fig. 1, Tomita’s rate constant data for various metal acetates in the trans-
esterification of DMT with EG (ethylene glycol) are plotted as a function of ¢. A
curve similar to Tomita’s volcano-shaped plot was obtained. Therefore, in addi-
tion to the complexing ability of dibenzoyl methane, the acidity function, ¢, can
also be used as a correlation factor for the catalytic activity of a metal ion in the
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FIG. 1. Plot of catalytic activity with acidity function for the transesterification of DMT. Data were
obtained from Tomita [2].

transesterification reaction. A group of metal ions having ¢ of about 1.6 is most
active in the reaction.

For the polycondensation reaction of BHET, several sets of activity data are
available as shown in Table 1. Because of different experimental conditions
among investigators, the relative value of catalytic activity is obtained by setting
the rate constant of antimony(IIT) to be 1.0. When only relative viscosity was
measured as in the case of Maerov’s data, the rate constant was assumed to be
roughly proportional to v)'3. The above relationship between rate constant and
relative viscosity was obtained from Egs. (1)-(3).

Maerov [4], who used antimony compounds with various numbers of hydroxy-
ethoxy ligands, observed that catalytic activity was dependent on the number of
hydroxyethoxy ligands in an antimony compound, and suggested the importance
of the ligand geometric effect on catalytic activity. However, it should be noted
that the change in the number of hydroxyethoxy ligand in an antimony compound
also changes the effective charge of the remaining antimony cation complex. His
results indicate that the phenyl ligand attached to an antimony ion is inactive for
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TABLE 1. Relative Activities of Various Metal lons in the Polycondensation Reaction

Pre-
Metal Energy band sent
ion gap, eV Maerov [4]° Rafler 5] Tomita {7]  work
Sb>* 0.92 1.15
Sb* 3.2-33 1.0 1.0 1.0 1.0°
Sb* 0.60°
Sb* 0.49°
Ti* 32-35 2.76 1.53¢
Sn%* 24-37 1.17 1.41¢
Mo®* 2.8-35 0.69
Ge* 5.6-6.0 1.03 0.65
cet 5.5 0.85
Zn?* 3.2-34 0.72 0.73
Co** 0.5-0.7 0.67 0.67 0.64
Zr* 4.99 0.72
AP+ 7.0-9.0 0.83 0.62 0.66
Sit 8.0-11.0 0.45
Pb%* 26-3.6 0.55 0.52
Muo?* 1.8-2.6 0.67 0.46 0.64
Mg> 7.8-7.4 0.46 0.40
Ca?* 6.1-7.7 0.38 033 0.36
Ag* 1.2-1.5 0.48
Na* 7.8 0.32
None 0.25 0.27

“The relative activity is based on the same amount of antimony.

bCorresponds to the effective charge of an antimony cation with a phenyl group attached
to the antimony.

“Anion types tested for activity measurement are oxide, acetate, and ethoxide forms of
antimony(111); and isopropoxide and acetate forms of titanium(1V) and tin(lI). Data scattering
was less than 15% arnong various anion saits for a metal ion.

exchange with the ester carbonyl group in BHET. In this case, the antimony
valency of Maerov’s data in Table 1 corresponds to the effective charge of the
antimony cation complex, and is equal to the number of the hydroxyethoxy ligand
in the antimony compound in Maerov’s original data. The activity value of 0.6 for
antimony(II) in Maerov’s data is the average value calculated from four sets of
relative activity data in Maerov’s original data; 0.69 with monophenylantimony
bis(2-hydroxyethoxide), 0.47 with triphenylantimonyoxide, and 0.62 with two sets
of monophenylantimony bis(2-hydroxyethoxide).

Figure 2 shows a plot of the catalytic activities in Table 1 with the acidity
function, ¢. A good correlation between the logarithmic rate constant and ¢ exists,
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FIG. 2. Plot of catalytic activity with acidity function for the polycondensation of BHET. (| 1)
Maerov [4]); (A) Rafler [5]; (O ) Tomita [7]; (O) present work.

except for Sn(HI). The author tested more than two different forms of anionic salt
for antimony(Ill), titanium(IV), and tin(I) as shown in Table 1, and it was
confirmed that metal ions with a different anionic salt gave almost the same
activity. Therefore, activity change in the series of antimony ions tested by Maerov
may be attributed to acidity changes due to the change in the charge of antimony
cation complex, not to the ligand geometric effect. This is proved by the results
in Fig. 2, where good correlation is observed between catalytic activity and acidity
of the series of antimony ions. The result also supports the belief that the phenyl
group attached to antimony is not involved in the exchange with the ester carbonyl
group of BHET during the polycondensation reaction.

Among various metal compounds studied, only tin(Il) showed a deviation from
the plot. Tin(II) behaves as if it is oxidized into tin(IV) during the reaction since
its activity, log k, corresponds to a ¢ value of about 2.1 which approaches the ¢
value of 2.35 of tin(IV). Although the polycondensation reaction occurs under
high vacuum, trace of oxygen or water remaining in the reaction mixture may be
involved in the oxidation. The unusual behavior of tin(Il) is understandable if we
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TABLE 2. Standard Electrochemical Potential of
Some Metal lIons

Redox couple Reduction potential, V
Ce**/Ced 144

Sb3*/Sb3+ 0.75

Sn**/Sn** 0.07

Ti*/Ti* 0.04

Mo%*/Mo® 0.0

Nizt/Ni° -0.28

cetert -0.41

Zn?*/Zn° -0.76

Ca**/Ca® -2.76

compare the standard electrochemical potential of tin(Il) with those of other metal
ions. Table 2 shows the standard reduction potential for selected metal ions. From
the table it can be seen that Sn(Il) can be more easily oxidized into Sn(IV) than
Ce(II) is oxidized into Ce(IV) or Sb(Ill) into Sb(V).

The results in Fig. 2 shows that metal ions can be classified into two groups:
one shows lower activity and the other shows higher activity when compared at
the same acidity. Each group shows activity maximum at the same value of ¢,
about 2.4, in the polycondensation reaction of BHET.

The difference in the optimum value of ¢ between the transesterification of
DMT and the polycondensation of BHET results from the difference in the
basicity of oxygen in the ester carbonyl group. The electron density of ester
carbonyl is lower with the 2-hydroxyethyl group than with the methyl group
because of electron withdrawing and hydrogen bonding of terminal hydroxy! in
the 2-hydroxyethyl group [7]. In other words, the double-bonded oxygen in the
ester carbonyl group of BHET is less basic than that of DMT. The highest catalytic
activity can be exhibited when bond strength between the carbonyl oxygen and the
metal ion becomes optimum (neither too strong nor too weak). Therefore, high
catalytic activity is observed with a more acidic metal ion for less basic carbonyl
oxygen in BHET while a basic (less acidic) metal ion is needed for the more basic
carbonyl oxygen in DMT.

Hovenkamp [10] observed that an esterification catalyst was poisoned by an
acid end group such as benzoic acid but not poisoned by a hydroxyl group. This
is reasonable in terms of the acid-base properties of a catalyst since the basic
catalyst used for the transesterification of DMT can be poisoned by an acidic
substance in the reaction mixture. Therefore, the direct esterification of TPA with
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EG does not usually employ any catalyst because the basic catalyst can be
poisoned by the acidic nature of TPA itself. In similar fashion, basic substance
such as the hydroxyl group can poison the acidic catalyst used in the polycon-
densation of BHET, and this has been observed by Hovenkamp [10].

Effect of Semiconducting Properties on Polycondensation

Metal ions which show two different patterns of activity in Fig. 2 can be
classified according to the semiconducting properties of the metal ions. In Table
1, the energy band gap for the corresponding metal oxide is shown. A material
with an energy band gap in the 0-3 range or 4 ¢V is regarded as a semiconductor,
while a material with a value larger than 4 eV is regarded as an insulator [11].

From the band gap data in Table 1 it is concluded that, when metal ions are
compared at the same acidity value, the metal ions which show higher activities
in Fig. 2 are semiconductors and the group of metal ions with lower activities are
insulators. The activity difference between a semiconductor and an insulator can
be explained if we consider the tendency of metal ions to form metal oxides. As
shown in Fig. 3, the heat of formation of a metal oxide is generally higher in the

400} OAP*
300 084
Qo
200
oms’
osa’
100
0 .0 . N N N -
0.5 1.0 1.5 2.0 2.5 3.0

LOG ({IPZ/R)

FIG. 3. Plot of heat of formation of oxide with acidity function. Data were obtained from Ref. 15.
[(@)] Insulator, ([ |) semiconductor.



17: 46 24 January 2011

Downl oaded At:

488 CHUNG

insulator group than in the semiconductor group. The high heat of formation of a
metal oxide in the insulator group may promote the transformation of a metal ion
into its corresponding oxide or hydroxide form, depressing the formation of an
active reaction intermediate, the metal—ester carbony! complex. Therefore, even in
the case where the metal-oxygen bond strength (acidity value) in the metal
ion—ester carbonyl complex is the same between semiconductor and insulator
metal ions, the insulator will exhibit less activity than the semiconductor since the
insulator metal ion forms a smaller number of active reaction intermediate than
does the semiconductor metal ion.

The semiconducting properties of a metal species also affect the color charac-
teristics of the final polymer. In general, the insulator group which shows lower
activity in Fig. 2 does not induce any color formation in the final PET polymer.
However, the semiconductor group results in discoloration of the PET polymer as
shown in Table 3. Discoloration is more prominent when a metal ion has a variable
valency, as in the cases of molybdenum, titanium, and tin.

It is known that discoloration results from the formation of polyacetylene from
the vinyl group in PET polymer [12]. The vinyl group can be formed by the
decomposition of PET polymer during the polycondensation reaction:

~¢COOC,H,00C¢~ — ~¢COOCH=CH, + ~pCOOH 6)

Then free radical polymerization of the acetylene group proceeds in the presence
of oxygen:

n(~¢COOCH=CH,) + 30, — (C=CH), + nH,0 (6)
00C¢~
The initiator for free radical polymerization can be supplied by the carboxyl group:
~pCOOH — ~¢CO- + ‘OH (7)
Reaction (7) can be catalyzed in the presence of a metal ion which has the ability
to vary its valency and to form a redox couple, M™/M"* [13].

~¢COOH + M™ — ~¢pCO- + -OH + M™ (m < n) (8)

Otherwise, free radical polymerization can itself be a catalytic process if the
metal ion has a redox couple and if the reaction proceeds by the formation of an
ethylene oxide intermediate, as proposed for the decomposition of PET [14]. In
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this case, a semiconducting metal ion, which is able to chemisorb and dissociate
dioxygen, will be effective for the reaction.

~$COOC,H,00CH~ + OM™ —~$COOCH-CH, + HOOC$ ~ (9)
)
E
Mm+
n~¢(COOC\H—/CH2) — (CH=CH,)" + nH,0 + nM" + 2ne- (10)
OM 00Co~
M + 2e- + 10, — OM=* (11)

Therefore, the formation of color in the final PET polymer requires the presence
of both oxygen and a semiconducting metal ion which is able to chemisorb
oxygen. Moreover, the presence of a redox couple can accelerate discoloration
either by creating more initiator for free radical polymerization or by catalyzing
the discoloration reaction itself. In order to form a redox couple, a change of
valency between higher value and lower one should be relatively easy, and this
condition can be satisfied when the standard potential is near zero. Table 2 shows
that the standard potentials for Mo, Ti, and Sn are near zero, and the results in
Table 3 shows that the three compounds result in more severe discoloration of the
final polymer than do others.

TABLE 3. Example of Semiconductor Metal lons Which Produce Dis-
colored PET Polymer

Relative mp,
Catalyst* activity °C Color
Mo(CH;CO0),  0.69 249 Dark brown
Sn(CH,COQ), 145 — Brown
Ti(i-C;H,0), 153 259 Yellow
$b,0,° 1.25 256 Yellowish-white
Co(CH,COO0), 0.64 259 Greyish-white
Ni(CH;C00), 0.60 259 "
Zn(CH,CO0), 0.73 260 ”

2Amount of catalyst used was 1 x 10~ mol at 285°C, and the activity of
Sb(IIl) was taken as 1.0.
PCatalyst concentration increased to 8 x 10~* mol.
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