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5.1. Catalyst characterization

5.1.1. Characterization of [ๆ5-(indenyl)]titaniumtrichloride by NMR technique

The nuclear magnetic resonance spectroscopy is a method for 
elucidating the structure of organic and inorganic species. The prepared IndTiCh 
catalyst is characterized by *H NMR and I3C NMR spectroscopy.

Figure 5.1. The chemical structure of [ๆ5-(indenyl)]titaniumtrichloride 

Table 5.1 'h  NMR data of [ๆ5-(indenyl)]titaniumtrichloride

chemical shift 
(8 , ppm)

multiplicity position of 
protons

number of 
protons

coupling constant 
(J, Hz)

7.11 triplet a 1 o o r  o ■  ๆ rว.JO, ว.JO
7.21 doublet b 2 3.05
7.53 multiplet c 2 -
7.83 multiplet d 2 -
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'h NMR spectroscopy of the synthesized IndTiCb catalyst was shown 
in Figure 5.2-5.4. The identification of 'h NMR spectrum of the prepared catalyst is 
assigned to the set of protons, referred to Figure 5.1, as summarized in Table 1.1. The 
chemical shift (ร) 7.11 ppm is the position of protons a, Ha. The signal of Ha is split 
into a triplet by coupling with two equivalents nearby protons, Hb- The intensities 
pattern of this triplet is 1:2:1. The coupling constants, Jab and Jbc, are the same at 3.36 
Hz as shown in Figure 5.2. The 1:1 doublet of Hb is due to successive splitting by Ha 
at the chemical shift 7.21 ppm and the coupling constant, Jab is 3.05 Hz. Signal of Hc 
and Hd appears as a multiplet due to coupling between Hc and Hd. The chemical shift 
of He and Hd are 7.53 and 7.83 ppm, respectively. The number of Ha, Hb, Hc and Hd 
are 1 , 2 , 2  and 2 , respectively, as indicated by the sizes of absorption peaks.

Table 5.2 13c  NMR data of [ๆ5-(indenyl)]titaniumtrichloride

chemical shift 
(ร, ppm)

position of 
carbons

number of 
carbons

117.034 b 2

123.367 a 1

127.168 d 2

129.964 c 2

130.951 e 2

In the 13c  NMR spectrum as shown in Figure 5.5, the chemical shift 
values of each carbon for the prepared catalyst are following: Cb, 117.034 ppm; Ca, 
123.367 ppm; Cd, 127.168 ppm; Cc, 129.964 ppm; c e, 130.951. The sizes of 
absorption peaks are related to the number of carbons in the catalyst molecule as 
shown in Table 5.2.

The 'h NMR and 13c  NMR data of the synthesized IndTiCf catalyst
in Table 5.1 and 5.2, respectively, shows nearly the same values in the literature[44].
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5.2. Polym erization  o f styrene w ith prepared and com m ercial
m ethylalum inoxane (M A O ) as cocatalyst w ithout catalyst

From the study of styrene polymerization by using prepared MAO without the 
catalyst (blank test), polystyrene was produced at any condition as shown in Table
5.3. Whereas replacing prepared MAO by commercial MAO, it were the opposite 
results, polystyrene was not produced. It was expected that trimethylaluminum 
(TMA) which is a reactant for the synthesis of prepared MAO was presented in the 
prepared MAO solution and styrene polymerization may be caused by the residual 
TMA. From this result, the role of TMA on styrene polymerization was studied in the 
following section.

Table 5.3 Blank test with prepared MAOa

Polymerization temperature (°C) PS yield (g)
50 1.2058
70 1.1596
90 1.1593

P o ly m e r iz a t io n  c o n d it io n s  : [M A O ]  0 .28  m oi/1 , [s ty re n e ] 0 .87  m ol/1 , to lu e n e  38 m l,
p o lym e riza tio n  tim e  60 m in .
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5.3. Polym erization of styrene w ith trim ethylalum inum  (TM A)

5.3.1. The effect of polymerization time

The effect of various polymerization times on styrene polymerization 
using TMA initiator was investigated. The polymerization conditions were conducted 
in toluene 21.75 ml., [styrene] 1.2889 mol/1., [TMA] 0.4148 mol/1 and polymerization 
temperature at 50°c with five different polymerization times viz., 10, 30, 60, 90, and 
120 min. The experimental results and the relationship between % yield of 
polystyrene and polymerization time are shown in Table 5.4 and Figure 5.6, 
respectively.

Table 5.4 Yield of polystyrene produced at different polymerization timesb

polymerization time, 
min.

yield,
g

PS yield, 
wt.%

1 0 1.3635 30.0993
30 1.4128 31.1876
60 1.4185 31.3135
90 1.4200 31.3466

1 2 0 1.4223 31.3974
b P o ly m e riz a tio n  cond itions: 50°c, [styrene] -  1.2889 mol/1., [ T M A ]  = 0.4148 mol/1.,

to luene = 21.75 m l.

As shown in Figure 5.6, % yield of polystyrene rapidly increases at the 
early polymerization time and then % yield of polystyrene begins to get constant after 
60 min. until terminal time at 120 min. According to a slight increase of % PS yield 
after 60 min, It was expected that the carbocation active species formed by the 
reaction of TMA and styrene monomer were shielded with the produced polystyrene. 
Flence, the polymerization time about 60 min. is the sufficient suitable time for the 
styrene polymerization, and a standard condition with using in further experiment.
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Y ie ld  o f polystyrene produced at d iffe re n t po lym eriza tion  times

0 20 40 60 80 100 120 140

Polym n. tim e (m in.)

Figure 5.6. Yield of polystyrene produced at different polymerization times

5.3.2. The effect of polymerization temperature

Styrene polymerization using TMA initiator was performed at various 
polymerization temperatures in toluene. Polymerization was carried out in toluene 
21.75 ml, [styrene] 1.2889 mol/1, [TMA] 0.4148 mol/1 and polymerization time was 
60 min. with four different polymerization temperatures viz., 30, 50, 70 and 90°c. 
The results are summarized in Table 5.5. The relation of % yield of polystyrene and 
the polymerization temperature is shown in Figure 5.7.

From Figure 5.7, % yield of polystyrene decreased with an increase in 
polymerization temperature (Tp) in the range between 30 and 90°c. The highest of 
catalytic activity, within the range of temperature varied, appeared at 30°c. It was 
known that TMA is lewis acid and a good electron withdrawing [284, 285]. 
Therefore, it could be effectively used as initiator for the cationic polymerization of 
styrene. The mechanism of the polymerization is probably proposed as the following 
(Scheme 5.1).
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Initiation

2 A1(CH3)3 H 3c p  ^ - ' C H 3 x C H ,

= = =  „  > kHX ^ C H 3 CH3

Propagation

A1(CH3)3 + H3CN0HjC - ’ai-
HjC

Termination PJ Co;
CH30-CHr CH-€H2-CHfCHr CH t  CHtCH-OCHj

Schem e 5.1. The cationic styrene polymerization
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T able 5.5 Y i e l d  o f  p o l y s t y r e n e  p r o d u c e d  a t  d i f f e r e n t  p o l y m e r i z a t i o n  t e m p e r a t u r e s 0

p o l y m e r i z a t i o n  

t e m p e r a t u r e ,  °c.
y i e l d ,

g
P S  y i e l d ,  

w t . %

3 0 1 . 4 1 3 4 3 1 . 2 0 0 9

5 0 1 . 3 4 6 4 2 9 . 7 2 1 9

7 0 1 . 1 5 5 7 2 5 . 5 1 2 1

9 0 1 . 0 7 3 0 2 3 . 6 8 6 5

c P o ly m e riz a tio n  cond itions : tim e  60 m ins ., [styrene] = 1.2889 m ol/1., [ T M A ]  = 0.4148 mol/1.,
to luene = 21 .75  m l.

Figure 5 . 7 .  Y i e l d  o f  p o l y s t y r e n e  p r o d u c e d  a t  d i f f e r e n t  p o l y m e r i z a t i o n  t e m p e r a t u r e s

F r o m  t h e  a b o v e  e x p e r i m e n t a l  r e s u l t s ,  i t  w a s  f o u n d  t h a t  t h e  c a t a l y t i c  

a c t i v i t y  g r a d u a l l y  d e c r e a s e d  a t  h i g h e r  t e m p e r a t u r e .  H e n c e ,  i t  i s  e x p e c t e d  t h a t  t h e  

r a d i c a l  p o l y m e r i z a t i o n  c o i n c i d e  w i t h  c a t i o n i c  p o l y m e r i z a t i o n .  A t  h i g h e r  t e m p e r a t u r e ,  

s t y r e n e  c a n  b e  d i s s o c i a t e d  w i t h o u t  a  c h e m i c a l  i n i t i a t o r  t o  r a d i c a l  s p e c i e s  b y  h e a t i n g  

a n d  t h e s e  r a d i c a l  s p e c i e s  c a n  p o l y m e r i z e  s t y r e n e  a s  s h o w n  i n  S c h e m e  5 . 2 .  T h e  r a d i c a l
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Styrene polymerization significantly leads to several side reactions, which are shown 
in the below  Scheme 5.3.

a x ia l- l -pheny lte tra lin  
e qua to r i al -1 -pheny lte  tr al in

Schem e 5.2. The radical styrene polymerization [277]
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Schem e 5.3. The side reactions in radical styrene polymerization [277]

The produced side reactions may decrease the amount o f  styrene 
monomer by converting then to the other by-products such as 1,2- 
diphenylcyclobutane. From the previous reason, % yield o f  polystyrene reduced with 
the increasing temperature. At low temperature, the radical polymerization might be 
hard to occur whereas at high temperature showed the contradictory result.

5.3.3. The effect o f  trimethylaluminium concentration

The styrene polymerization using various TM A concentrations was 
studied. The polymerization was performed in toluene 21.75 ml, styrene 0.0435 mol, 
polymerization time 120 min. and polymerization temperature at 50 °c  with five 
different TM A concentrations viz., 0.1391 mol/1, 0.4148 mol/1, 0.5442 mol/1, 0.7186  
mo 1/1, and 0.9662 mol/1. The experimental results are summarized in Table 5.6 and % 
yield o f  polystyrene versus the concentration o f  TMA is shown in Figure 5.8.
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T able 5.6 Yield o f  polystyrene produced with different concentrations o f  TM Ad

TM A volume, 
ml.

TM A concentration, 
mol/1.

yield,
g

PS yield, 
wt.%

2 0.1391 0.0000 0.0000
7 0.4148 1.1614 25.6380
10 0.5442 1.7832 39.3642
15 0.7186 2.6282 58.0177
25 0.9662 3.9000 86.0927

d P o ly m e riz a tio n  cond itions : tim e  120 m ins ., 50 °c , styrene = 0.0435 m o l,
to luene = 21.75 m l.

Y ie ld  o f p o lys ty rene  produced w ith  d if fe re n t con cen tra tio ns  o f  T M A

Figure 5.8. Y ield o f  polystyrene produced with different concentrations o f  TMA



81

As shown in Figure 5.8, it was not found polystyrene at TMA 
concentration below 0.1391 mol/1. % Yield o f polystyrene increased linearly with the 
increment o f  TMA concentration exceeding 0.1391 mol/1. At higher 
trimethylaluminum concentration, it is reasonable to suggest that the active 
carbocations for the styrene polymerization can be more introduced. These 
carbocations at high trimethylaluminum concentration had the higher chance to react 
with styrene monomer than that at low  trimethylaluminum concentration. Hence, % 
yield o f  polystyrene with the higher trimethylaluminum concentration was on the 
increase.

In the section 5.2, it was observed that there was polystyrene formation 
in the blank test with prepared MAO. Consequently, it is assumed that the residual 
amount o f  TM A in prepared MAO more than 0.1391 mol/1.
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5.4. Polym erization  o f styrene w ith IndT iC b catalyst

5.4.1. The effect of concentration of titanium on catalytic activity

The effect of IndTiCls catalyst concentration on activity was tested at 
the polymerization conditions of toluene 21.75 ml., Al/Ti mole ratio of 900, 
Styrene/Ti mole ratio of 4000, temperature 50 °c  and polymerization time 2 hrs. The 
results are listed in Table 5.7 and the catalytic activity of different IndTiCF catalyst 
concentrations is shown in Figure 5.9.

T able 5.7 Catalytic activity of different catalyst concentrations®

catalyst concentration 
mole Ti/1.

catalytic activity, 
gPS/mmol Ti.hr

4.96x10° 24831
1.01x1 O' 4 24940
1.99x1 O' 4 49220
2.65xl0’4 57270
3.09x10^ 38715

p o ly m e r iz a t io n  cond itions: cata lyst = In d T iC f ,  cocata lyst = M A O , [A l] / [ T i]  = 900,
[s ty re n e ]/[T i]  = 400, tim e  120 m ins., 50 °c, T o lu e n e  21.75 m l.

C a ta ly t ic  a c t iv i ty  o f  d i f fe r e n t  c a ta ly s t c o n c e n tra t io n s

Figure 5.9. Catalytic activity of different catalyst concentrations
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Figure 5.9 shows the catalytic activity strongly affected from the 
concentration of catalyst. It is found that at the concentration of Ti less than 2.65x1 O' 4 

mol/1, the catalytic activity increased with increasing Ti concentration. The maximum 
activity appears at Ti concentration of 2.65x1 O' 4 mol/1 and then the catalytic activity 
obviously decreases with the increment of Ti concentration. The rise of activity at 
low concentration of Ti could be attributed to the increase of active species [C*] [282, 
286]. The decrease of activity with higher Ti concentration might be caused by the 
decline of [C ] due to the dimerization of c* forming inactive species and/or due to 
the excessive MAO-C complexation [Scheme5.6; deactivation]. For the MAO-C* 
complexation at high Ti concentration, the absolute concentration of MAO in the 
reaction system was increased to keep the constant Al/Ti mole ratio[282],

5.4.2. The effect of polymerization temperature on catalytic activity

Styrene polymerization was conducted in 21.75 ml. of toluene using 
IndTiCh and MAO as catalyst and cocatalyst, respectively, at different 
polymerization temperatures. Polymerization was carried out at Al/Ti mole ratio of 
900, styrene concentration as 1.06 mol/1, polymerization time as 2 hrs. with three 
different polymerization temperatures viz., 30, 50 and 70 °c. The results for the 
influence of temperature on catalytic activity using the IndTiCh/MAO catalyst system 
are presented in Table 5.8 and Figure 5.10.

T able 5.8 Catalytic activity of different polymerization temperatures (Tp)f

polymerization catalyic activity,
temperature, Tp, °c gPS/mmol Ti.hr

30 32430
50 57270
70 54855

f p o ly m e riz a tio n  cond itions : cata lyst = In d T iC h , cocata lyst = M A O ,[T i]  = 2 .6 5 x l0 '4 mol/1, 
[A l]  = 0.2386 mol/1, [styrene] = 1.06 mol/1, tim e  = 120 m ins ., to luene 21.75 m l.
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Figure 5.10. Catalytic activity o f  different polymerization temperature (Tp)

Figure 5.10 shows the catalytic activity o f  various polymerization 
temperatures for styrene polymerization catalyzed with IndTiCft/MAO catalyst 
system. The catalytic activity increases with the increasing polymerization 
temperature (Tp) until maximum catalytic activity is reached at 5 0 °c  and slow ly  
decreases later.

The variation o f catalytic activity versus Tp catalyzed by the 
IndTiCb/M AO catalyst system for styrene polymerization is a convex curve(Figure. 
5.10) as same as that catalyzed by the C4H8S i(p 5-Ind)2ZrCl2/M AO catalyst system for 
propylene polymerization reported by Tsai&Chien (Figure 5.11). According to 
Tsai&Chien [283] in the low  temperature range, the activity increases with the rise o f  
Tp. This might be reasonably attributed to the process o f  activated insertion. The 
subsequent decrease o f  activity with increasing Tp in the high temperature range 
indicated som e kind o f  deactivation o f the propagation species due to a shift o f  an 
equilibrium in the process.

It is postulated in the Cossee mechanism for Ziegler-Natta catalyst 
[289] that the formation o f  a TT-complex o f  an olefin with a transition metal site was 
the prerequisite for the olefin insertion. The propagation process could be written as
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Zr+- R n + C3H6 < •  >  [tïC3H6 ^ Z r +- R n] ------- >  Zr -R n+1 (eq .l)
(C*) (M) ■' (C*M) (C*)

From the above mention, it was explained in the case o f  
IndTiCl3/M AO catalyst system that the activity increased with the rise o f  Tp because 
o f  the activated insertion process. Subsequently, in the decrease o f  the activity with 
the increase o f  Tp in the high temperature range indicated som e type o f the 
propagation species deactivation because o f the dissociation o f  the Tt-olefin complex. 
Therefore, the decline o f  activity with the increase o f  Tp might be due to a backward 
shift o f  equilibrium (see in eq.2).

Ti+- R n + CnH2n < -^ ... >  [7rCnH2n- > T i +- R n] - ^ T i +- R n+1 (eq.2)

Likewise, the Cossee mechanism for Ziegler-Natta catalysis could be 
also applied to metallocene catalyst systems for olefin polymerization. Therefore, the 
mechanism o f  IndTiCl3/M AO catalyst system for styrene coordination polymerization 
could be written as shown in Scheme 5.4.

Figure 5.11. Variation o f  log (A) versus Tp’1 for propylene polymerizations catalyzed 
by C4HgSi(ๆ 5-Ind^ZrCL/MAO catalyst system [283]
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Initiation

f A ' - W n
?  î Hî-AI-O-f-Al-O-เ-ท.,

CH.

H ,c  ท  0_?H3
4-AhO^A I - 0 ^ n

Propagation
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Termination

a) By P-H elimination

b) By p elimination with H transfer to monomer

d) quenching by HCI/CH3 OH

Schem e 5.4. The Cossee mechanism for (ๆ 5-Indenyl)titaniumtrichloride catalyst
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5.4.3. The effect of Al/Ti mole ratio on catalytic activity

Styrene polymerization conducted in toluene using IndTiCl3 as catalyst 
and MAO as cocatalyst at different Al/Ti mole ratios was studied. In a typical 
polymerization experiment, the appropriate amount of cocatalyst was injected into a 
known constant volume of styrene monomer in 21.75 ml of toluene and the reaction 
was started by catalyst injection. Polymerization was carried out at 50°c, styrene 
monomer 0.0345 mole, Ti 8.615x 10"6 mol, and polymerization time as 2 hrs. with four 
different mole ratios of Al/Ti viz., 900, 2000, 4000, and 6000. The results were 
summarized in Table 5.9. The relation between the catalytic activity and Al/Ti mole 
ratio is shown in Figure 5.12. The catalytic activity was referred to gram of produced 
polystyrene per millimole of titanium per unit hour of polymerization time, 
[gPS/mmol Ti.xhr],

T able 5.9 Catalytic activity of different Al/Ti mole ratios8

Al/Ti catalytic activity,
mole ratio (gPS/mmol Tixhr)

900 57270
2 0 0 0 116265
4000 208035
6000 198950

8 p o ly m e riz a tio n  con d itions : cata lyst = In d T iC f ,  cocata lyst = M A O , T i  = 8 .6 1 5 x1 0'6 m o l, 
styrene = 0.0345 m o l, p o lym e riza tio n  tem perature = 50 °c , 120 m ins., T o lu e n e  21.75 m l.
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Catalytic activity o f different Al/Ti mole ratios

—

*-wVC3

ไรฺ
Ç3ü

0 2000 4000 6000 8000
Al/Ti mole ratio

Figure 5.12. Catalytic activity o f  different A l/Ti mole ratios

Figure 5.12 clearly shows that maximum activity appears at Al/Ti mole 
ratio o f  4000. At mole ratio less than 4000, activity increases nearly linear with an 
increase o f  [MAO] in the reaction system. However, at m ole ratio more than 4000, 
the catalytic activity gradually decreases with a further increase o f  [MAO],

For Et(H4lnd)2ZrCl2/M AO catalyst system  in propyrene 
polymerization, a bell-shaped A -log ([Al]/[Zr]) curve with a maximum activity 
between [Al]/[Zr] = 3000 and 4000 was reported by Chein and Sugimoto as shown in 
Figure 5.13 [234, 282], It was explained that the linear increase o f  A with [MAO] at 
low  [Al]/[Zr] is a reflection o f  the formation o f  active species (C*) and the decrease o f  
A with very large amounts o f  MAO might be attributed to excessive complexation o f  
MAO to active sites.

It is known that the reactions o f  metallocene with MAO besides 
complexation, méthylation and activation, alpha-hydrogen transfer between MAO and 
metallocene are side reactions such as the side reaction in Cp2ZrCl2/'MAO catalyst 
system  for ethylene polymerization as shown in Scheme 5.5.[286], Similarly, it is 
reasonable to note that these reactions also occur in IndTiCh/M AO catalyst system  
for styrene polymerization as shown in Scheme 5.6.
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This side reaction is responsible for the production o f  methane. The 
condensation o f  metallocene and MAO causes the formation o f  Ti-CH2-Al which has 
been known to be inactive [281] and to be a significant cause to the metallocene 
catalyst deactivation.

So, it could be explained that the increasing activity o f  IndTiCb/MAO  
catalyst system at low  Al/Ti mole ratio was a reflection o f  the active species Ti-CH3 

formation and the decreasing activity with varying the large amount o f  MAO (high 
[Al]/[Ti]) might be attributed to the formation o f  inactive species by the deactivation 
o f  active Ti species.

According to the experimental result o f  this research and Huang et al. 
[282], it could be concluded that MAO might exert two types o f  conflicting effects on 
activity: 1) positive effects, which include creating and stabilizing catalytically active 
species as w ell as scavenging impurities, and 2) negative effects, which include an 
excessive com plexation o f  MAO to active sites and probably som e extent o f  activity 
reduction caused by chain transfer to MAO.

Figure 5.13. Variation o f  propylene polymerization activity with [Al]/[Zr] ratio using 
Et(H4Ïnd)2ZrCl2/M AO catalyst system [234]
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ç h 3 ç h 3
Cp2ZrCl2 + - f A l — O i r  ^ = ^  [Cp2ZrCl2] [-(- Al----a t ]

MAO

Méthylation
ç h 3 ç h 3

[Cp2ZrCl2][-fAl— O f ]  ^ C{̂ Zr(CH3)Cl + -f-Al— 0-เ7

C o m p le x a t io n

Activation

Cp2Zr(CH3)Cl + MAO — "  CgZr(CH3)ClMAO
A

/
[Cp2Zr(CH3)]+ + [MAO-C1]-

Deactivation

H+ ICp2Z r-C -H
H

ç h 3

tA i— o r -

Reactivation

Cp2Zr-ÇH 2 + 
- f A l - O t

- Cp,Zr—CH2 + CH,

Al----O t “

- f A l - O t -
[CRZr(CH3)]+ + CB,

- f A l - O t -

Schem e 5.5. Reaction o f  zirconocene with M AO[286]
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C H 3 c h 3

I n d T iC l3 +  — [-A 1 — 0 - } p p  ^ [ In d T iC L ]  [ ( " A l— 0 “ )7n]

Méthylation
c h 3 C l ç h 3

[ I n d T i C y  [ - t A l - O - V l  —  -  I n d T i( C H 3) C l2 +  — - A I - O - h  A l - O - f r ,

ÇHj Cl ๓ 3

[ In d T i( C H 3) C l2] [— h A l - 0 - ) ï ï - ]  ^  I n d T i^ H j ) 2C l H---------- A l - O —I— A l - O i r n

Complexation

Activation

๒dTi(CH3)2Cl + MAO ■ - ^

Deactivation c h 3
IndTi -Ç  HH + —E“A1— 0  "dir

c h 3 h

® / CH3 
IndTi +

X CH3

© / CH 
IndTi

^ C H .
Reactivation

ch3
IndTi — CH2 + —f-Al- 0  "hr

CH3 TA1-0 h

IndTi(CH3)2Cl • MAO 
A

Y
[IndTi(CH3)2]+ + [MAO-CI]"

--------->- IndTi— CjH2 + CH4
CH3 f A l - 0 ) - n

----------> Ind-ThCHj-THnd
CH3 c h 3

- t M - Q h
------- -- [IndTi(CH3)2] + + ÇH,

A A l-O h

Schem e 5.6. Proposed mechanism o f  IndTiCh catalyst with MAO
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5.5. C haracterization o f  active species o f the catalyst in polym erization

I n  t h e  E S R  s t u d y ,  a l l  o p e r a t i o n s  w e r e  p e r f o r m e d  i n  t h e  n i t r o g e n  a t m o s p h e r e  

b e c a u s e  c o c a t a l y s t  a n d  c a t a l y s t  u s e d  i n  t h e  s t y r e n e  p o l y m e r i z a t i o n  w e r e  s e n s i t i v e  t o  

m o i s t u r e  a n d  o x y g e n  a n d  t h e n  c o c a t a l y s t  a n d  c a t a l y s t  w e r e  c o n v e r t e d  i n t o  n e w  

i n a c t i v e  f o r m s ,  e s p e c i a l l y  t o  o x i d a t i o n  s t a t e  o f  t r a n s i t i o n  m e t a l  i n  c a t a l y s t .  I n  t h i s  

r e s e a r c h ,  E S R  s p e c t r o s c o p y  w a s  u s e d  t o  e x a m i n e  t h e  o x i d a t i o n  s t a t e  o f  a c t i v e  s p e c i e s  

i n  t h e  s t y r e n e  p o l y m e r i z a t i o n .

I n i t i a l l y ,  f o r  I n d T i C b / s t y r e n e / t o l u e n e  s y s t e m ,  a c t i v e  s p e c i e s  o f  t h e  c a t a l y s t  

w e r e  i n v e s t i g a t e d  a n d  t h i s  e x p e r i m e n t  w a s  c a l l e d  t h e  b l a n k  t e s t  b y  u s i n g  T i  

c o n c e n t r a t i o n  o f  1 . 9 5 x 1 0 ^ 0 1 / 1 . ,  s t y r e n e  c o n c e n t r a t i o n  o f  2 . 6 6 x 1  O '4 m o  1/1. T h e

o b t a i n e d  E S R .  r e s u l t  c a n  n o t  b e  d e t e c t e d  s i g n a l s .  H e n c e ,  i t  i s  e x p l a i n e d  t h a t  t h e r e  i s  n o  

o x i d a t i o n  s t a t e  c h a n g i n g  o f  c a t a l y s t .

I n  c a s e  o f  s a m p l e  t e s t  w h i c h  c o n s i s t  o f  t o l u e n e ,  s t y r e n e ,  M A O ,  a n d  I n d T i C L  

c a t a l y s t ,  i t  w a s  m e a s u r e d  s i g n a l  a t  v a r i o u s  A l / T i  m o l e  r a t i o s ,  [ A l ] / [ T i ]  =  2 , 0 0 0 ;  4 , 0 0 0 ,  

a n d  v a r i o u s  I n d T i C L  c a t a l y s t  c o n c e n t r a t i o n  v i z . ,  1 . 8 6  x 1 0 '4 m o l / L ,  2 . 2 9  x 1 0 " 4 m o l / L .  

I t  w a s  o b s e r v e d  t h a t  t h e  o b t a i n e d  E S R  s i g n a l  w a s  s h o w n  i n  F i g u r e  5 . 1 4 - 5 . 1 6 .  T h e  g  

v a l u e  o f  E S R  p a t t e r n  o f  e x p e r i m e n t  w e r e  2 . 0 1 8 1 ,  2 . 0 0 4 6  a t  [ A l ] / [ T i ]  9 0 0  a n d  

[ I n d T i C y  2 . 2 9  x i o - 4 m o l / 1 ;  2 . 0 1 6 3 ,  2 . 0 0 5 0  a t  [ A l ] / [ T i ]  2 0 0 0 ;  2 . 0 1 8 5 ,  2 . 0 0 4 6  a t  

[ I n d T i C y  1 . 8 6 x 1  O '4 m o l / 1  s l i g h t l y  d i f f e r e n t .

F r o m  r e f e r e n c e  [ 2 7 8 ] ,  t h e  s y s t e m  w a s  c o m p o s e d  o f  t o l u e n e ,  s t y r e n e ,  M A O  a n d  

C p T i C h  c a t a l y s t .  A n d  t h e n  i t  w a s  m e a s u r e d  a t  50 °c  w i t h  a  c a t a l y s t  c o n c e n t r a t i o n  10-4 
m o l / L .  a n d  [ A l ] / [ T i ]  r a t i o  o f  5 0 0 .  T h e  p o l y m e r i z a t i o n  c o n d i t i o n  w a s  c o n d u c t e d  a t  

m i c r o w a v e  f r e q u e n c y  9 . 4  G H z ,  m a g n e t i c  m o d u l a t i o n  f r e q u e n c y  1 0 0  k H z ,  i n t e n s i t y  

1 0 - 3 0  d B ,  c e n t r a l  m a g n e t i c  f i e l d :  3 3 9 0 ,  s w i f t  r a n g e :  1 0 0  G ,  G a i n :  2 x l 0 4 a n d  

m o d u l a t i o n  a m p l i t u d e :  4 .  E S R  s i g n a l  w a s  a p p e a r e d  a t  g  v a l u e  1 . 9 9 6  a n d  1 . 9 8 1 .  T h e  

E S R  s i g n a l  c o u l d  b e  a s c r i b e d  t o  t h e  o x i d a t i o n  s t a t e  c h a n g i n g  o f  t h e  c a t a l y s t  a n d  i t  w a s  

c l a i m e d  t h a t  t h i s  s i g n a l  w a s  t h e  T i 3+ , a c t i v e  s p e c i e s  i n  t h e  s t y r e n e  p o l y m e r i z a t i o n .
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C o m p a r e d  w i t h  t h e  s i g n a l  s h a p e  a n d  g  v a l u e  o f  E S R  p a t t e r n  t o  t h e  r e f e r e n c e  

[ 2 7 8 ] ,  t h e s e  o f  E S R  p a t t e r n  o f  e x p e r i m e n t  w e r e  s l i g h t l y  d i f f e r e n t  b e c a u s e  o f  t h e  

d i f f e r e n c e s  o f  c a t a l y s t  s y s t e m s ,  p o l y m e r i z a t i o n  c o n d i t i o n s  a n d  E S R  m e a s u r e m e n t  

c o n d i t i o n s .  C o n s e q u e n t l y ,  t h e  s i g n a l  o b t a i n e d  f r o m  t h e  e x p e r i m e n t  s e e m e d  t o  b e  T i 3+ 

w h i c h  w a s  t h e  a c t i v e  s p e c i e s .
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5.6. C haracterization  o f polystyrene

5 . 6 . 1 .  S y n d i o t a c t i c i t y

A n a l y s i s  o f  s y n d i o t a c t i c i t y  o f  p o l y s t y r e n e  p r o d u c t s  i n  t h i s  w o r k  w a s  

d i v i d e d  i n t o  t w o  c a s e s :  ( 1 )  t h e  p o l y s t y r e n e s  s y n t h e s i z e d  w i t h  u s i n g

t r i m e t h y l a l u m i n u m ( T M A )  a s  i n i t i a t o r ,  ( 2 )  t h e  p o l y s t y r e n e s  p o l y m e r i z e d  b y  u s i n g  

I n d T i C h / M A O  s y s t e m  c a t a l y s t .  T h e  r e s u l t s  o f  t h e  a n a l y s i s  w e r e  d i s c u s s e d  b e l o w .

5 . 6 . 1 . 1 .  T r i m e t h y l a l u m i n u m / s t y r e n e  s y s t e m .

1 . T h e  e f f e c t  o f  t r i m e t h y l a l u m i n u m ( T M A )  c o n c e n t r a t i o n

S y n d i o t a c t i c i t y  o f  p r o d u c e d  p o l y s t y r e n e s  w i t h  v a r i o u s  

t r i m e t h y l a l u m i n u m  c o n c e n t r a t i o n s  a r e  s h o w n  i n  T a b l e  5 . 1 0  a n d  F i g u r e  5 . 1 7 .

T able 5.10 S y n d i o t a c t i c i t y  o f  p o l y s t y r e n e  p r o d u c t s  a t  v a r i o u s  t r i m e t h y l a l u m i n u m  

c o n c e n t r a t i o n s ' 1

T M A  c o n c e n t r a t i o n ,  m o  1/1. s y n d i o t a c t i c i t y ,  % s P S

0 . 1 3 9 1 -

0 . 4 1 4 8 7 9 . 0 3

0 . 5 4 4 2 7 8 . 7 8

0 . 7 1 8 6 8 0 . 8 8

0 . 9 6 6 2 7 9 . 5 3

h p o ly m e r iz a t io n  c o n d i t io n s :  s ty re n e  =  0 .0 4 3 5  m o l, t im e  =  120 m in s ., 5 0 ° c ,  to lu e n e  2 1 .7 5  m l.

A l l  p o l y s t y r e n e  p r o d u c t s  w i t h  v a r i o u s  t h e  c o n c e n t r a t i o n  o f  T M A  h a v e  

n e a r l y  t h e  s a m e  s y n d i o t a c t i c i t y  a s  s h o w n  i n  F i g u r e  5 . 1 7 .
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Syncfiotacticity o f  polystyrene with various I M A  
concentrations

£  100

0.1391 0.4148 0.5442 0.7186 0.9662

T M A  concentration, mol/1.

Figure 5.17. S y n d i o t a c t i c i t y  o f  p o l y s t y r e n e  p r o d u c t s  a t  v a r i o u s  t r i m e t h y l a l u m i n u m  

c o n c e n t r a t i o n

2 .  T h e  e f f e c t  o f  p o l y m e r i z a t i o n  t i m e

S y n d i o t a c t i c i t y  o f  p o l y s t y r e n e  p r o d u c t s  w i t h  v a r i a t i o n  o f  

p o l y m e r i z a t i o n  t i m e  b y  u s i n g  T M A  a s  i n i t i a t o r  a r e  p r e s e n t e d  i n  T a b l e  5 . 1 1  a n d  F i g u r e  

5 . 1 8 .

T able 5.11 S y n d i o t a c t i c i t y  o f  p o l y s t y r e n e  p r o d u c t s  a t  v a r i o u s  p o l y m e r i z a t i o n  t i m e s '

p o l y m e r i z a t i o n  t i m e ,  m i n . s y n d i o t a c t i c i t y ,  % s P S

1 0 7 8 . 6 3

3 0 7 8 . 0 4

6 0 8 0 . 1 4

9 0 7 9 . 5 1

1 2 0 7 9 . 3 7

p o ly m e r iz a t io n  c o n d i t io n s :  [ s ty re n e ]  =  1 .2 8 8 5  m ol/1 ., [T M A ] =  0 .4 1 4 8 ,  5 0 ° c ,  to lu e n e  2 1 .7 5  m l.
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Syndiotacticity o f  polystyrene with various 
polymerization times

Figure 5.18. Syndiotacticity of polystyrene products at various polymerization times

The Figure 5.18 showed that syndiotacticity of polystyrenes has 
not the great difference in every polymerization time.

3. The effect of Polymerization temperature
Determination of syndiotacticity of prepared polystyrene with 

various polymerization temperature by using TMA as initiator are shown in Table
5.12 and Figure 5.19.
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T a b le  5 .12 Syndiotacticity of polystyrene products at various polymerization 
temperatures'

polymerization temperature, ° c syndiotacticity, %sPS
30 81.05
50 79.93
70 80.57
90 79.82

'p o ly m e r iz a t io n  c o n d i t io n s :  [ s ty re n e ]= l  .2 8 8 5  m ol/1 ., [T M A ]= 0 .4 1 4 8 , t im e  6 0  m in s .,  to lu e n e  2 1 .7 5  m l.

Syndiotacticity o f  polystyrene with various 
polymerization tem peratures

1 u u
CZ3
Ch o nC/5 C$0J
' ร  4 0

H
' 2  -2

W SgÊm

||||f
i;2 w 2 »

;5§ ^ รู่'?พ่

o
'’ป ี 9 กc  z u  >-1CZ5

0

30 50 70  90
Polymerization temperature, ° c

F ig u re  5 .19 . Syndiotacticity of polystyrene products with various polymerization
temperatures
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From Figure 5.19, all polystyrene products with the different 
polymerization temperature have closely the same syndiotacticity.

According to the syndiotacticity results o f  prepared 
polystyrenes as shown in Figure 5.17-5.19, all polystyrene products with various the 
TM A concentration, polymerization time, and polymerization temperature have not 
the great difference in syndiotacticity. The results indicated that TM A has not an 
effect on the syndiotacticity o f  polystyrene products.
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5.6.1.2. IndTiCb/MAO/styrene system

1. The effect o f  IndTiCb concentration
Syndiotacticity o f  polystyrene products with various IndTiCb 

concentrations are shown in Table 5.13 and Figure 5.20.

The results from the Figure 5.20 showed that the syndiotacticity 
o f polystyrene slightly increased with the increase o f  IndTiCb catalyst concentration 
from the range o f  4 .96x10"5 to 2.65x1 O'4 mol/1. The maximum syndiotacticity o f  
polystyrene stood at IndTiCh catalyst concentration o f  2 .6 5 xlO ”4 mol/1 and then 
syndiotacticity decreased with the increment o f  IndTiCb concentration.

Table 5.13 Syndiotacticity o f  polystyrene products with different IndTiCb  
concentrationsk

catalyst concentration, mol/1. syndiotacticity, %sPS
4 .9 6 x l0 '5 89.36
1.01x1 o*4 89.55
1.99x10'4 91.24
2.65x1 O’4 93.75
3 .0 9 x l0 ‘4 92.07

k p o ly m e r iz a t io n  c o n d it io n s :  c a ta ly s t  =  I n d T i C f ,  c o c a ta ly s t  =  M A O , [A l] /[T i]  =  500,
[s ty re n e ] /[T i]  =  400, t im e  120 m in s .,  50 °c, to lu e n e  21.75 m l.

A. Kucht et al.[31] studied styrene polymerization catalyzed by 
( ๆ 5-tetramethycyclopentadienyl)triisopropoxytitanium;(ๆ 5-C5HM e4)Ti(o-i-Pr)3/MAO. 
It was observed that the catalyst concentration influenced on the syndiotacticity o f 
produced polystyrene at constant [Al]/[Ti] ratio. The highest syndiotacticity o f  
polystyrene is reached at [Ti] =  0.3 mM; polymerization condition: [Al]/[Ti] ratio = 
500; Tp = 25 °c . This result corresponded to the case o f  styrene polymerization with 
IndTiCh catalyst. Therefore, the catalyst concentration had an effect on the 
syndiotacticity o f  polystyrene.
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S yn d io tactic ity  o f  p o lystyren e with d ifferen t ca ta ly st  
concentrations

4.96E-05 1.01E-04 1.99E-04 2.65E-04

C a ta ly st con cen tration , mol/1.

3.09E-04

Figure 5.20. Syndiotacticity o f  polystyrene products with different IndTiCE 
concentrations

2. The effect o f  Al/Ti mole ratio
Table 5.14 and Figure 5.21 presented the syndiotacticity results 

o f polystyrene with the different Al/Ti mole ratios.

Table 5.14 Syndiotacticity o f  polystyrene products with the different Al/Ti 
mole ratios1

[Al]/[Ti] m ole ratio syndiotacticity, %sPS
900 93.75

2000 93.86
4000 94.03
6000 93.50

p o ly m e r iz a t io n  c o n d it io n s :  c a ta ly s t  =  I n d T iC b ,  c o c a ta ly s t  =  M A O , [T i]  =  8 .6 1 5 x 1 0 “ m ol/1 .,
s ty re n e  =  0 .0 3 4 5  m o l, t im e  120  m in s .,  5 0  ° c ,  to lu e n e  2 1 .7 5  m l.
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From the Figure 5.21, the syndiotacticity o f  polystyrenes has 
marginal difference in every testing Al/Ti mole ratios.

น

พc
v/5

S yn d io tactic ity  o f  p o ly sty ren e  w ith d ifferen t A l/T i 
m ole ratios

A l/T i m ole ratio

Figure 5.21. Syndiotacticity o f polystyrene products with the different Al/Ti 
m ole ratios

According to the work o f  A. Kutch et al.[31], the 
(ri5-cyclopentadienyl)triisopropoxytitanium; (ๆ 5-C5H5)Ti(o-i-Pr)3/M AO catalyst
system could polymerized styrene monomer. It was discovered that the mole ratio o f  
Al/Ti had an effect on the polystyrene syndiotacticity at constant Ti concentration. 
The obtained result with (ๆ 5-C5Fl5)Ti(o-i-Pr)3 catalyst was similar to that with 
IndTiCl3 catalyst for styrene polymerization. Consequently, the Al/Ti mole ratio 
influenced on the polystyrene syndiotacticity.

3. The effect o f polymerization temperature
The testing o f  syndiotacticity o f  polystyrene products with 

various polymerization temperatures was presented in Table 5.14 and Figure 5.20.

The Figure 5.22 clearly showed that the syndiotacticity of  
polystyrene obtained with various temperatures had the slight difference. The
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maximum syndiotacticity o f  polystyrene occurred at Tp 50 °c . This above result was 
similar to the case o f styrene polymerization with cyclopentadienyltribenzyloxy- 
titanium; CpTi(OBz)3/M AO catalyst system [42] in which the syndiotacticity o f  
polystyrene depended on the polymerization temperature. The syndiospecificity o f  
this catalyst remained high up to 70 ° c  and decreased with further increase o f  
polymerization temperature. Hence, it was concluded that the polymerization 
temperature affected on polystyrene syndiotacticity.

T able 5.15 Syndiotacticity o f polystyrene products with different polymerization 
temperatures111

polymerization temperature, °c syndiotacticity, %sPS
30 TO oo OJ
50 93.75
70 92.16

m p o ly m e r i z a t i o n  c o n d i t io n s :  c a t a ly s t  =  I n d T i C h ,  c o c a t a ly s t  =  M A O , [T i]  =  2 .6 5 x 1  O' 4 m o l/1 .,
[A l]= 0 .2 3 8 6  m ol/1 ., [ s ty re n e ]  =  1 .06  m o l/1 .,tim e  =  120 m in s . ,to lu e n e  2 1 .7 5  m l.

Syndiotacticity of polystyrene with different polymerization 
temperatures

100
I 80I «

0  201 »
Polymerization temperature, °c

Figure 5.22. Syndiotacticity o f  polystyrene products with different polymerization
temperatures
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For the syndiotacticity results o f  produced polystyrenes as 
shown in Figure 5.20-5.22. It could be noted that the syndiotacticity o f  the produced 
polystyrenes by using IndTiCh/MAO catalyst system with various Al/Ti mole ratios 
polymerization temperature and [IndTiCh] catalyst is slightly different. Therefore, 
the syndiotacticity was slightly sensitive to polymerization conditions.

From the comparison between the syndiotacticity results in 
Figure 5.17-5.19 and in Figure 5.20-5.22, the polystyrene products with using 
IndTiCh/MAO catalyst system showed higher the syndiotacticity than that with using 
TMA initiator. This might be attributed to the constrain geometry o f  IndTiCh catalyst. 
The constrain geometry o f  IndTiCfj can control the stereoregularity o f  polystyrene by 
forcing styrene monomer to interact the active site identically, whereas the active 
species o f  TM A is carbocation that can react with styrene monomer unidentically.
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5.6.2. Infrared Spectroscopy

The infrared spectroscopy is the effective method to determine the 
microstructure o f  polymer. It is sufficient to characterize the functional groups o f  
polystyrene in the wave number o f  4000-400 cm '1.

T able 5.16 IR Spectrum data o f  polystyrene [287, 288]

wave number range, cm '1 assignment
3100-3000 =C-H stretching aromatic rings
2960-2850 -C-H stretching aliphatic

1600 c = c  aromatics
1500 c = c  aromatics

1470-1350 -c h 2-,-c h 3
1000-970 CH=CH2 vinylidine
860-670 =C-H bending aromatic rings

The infrared spectra o f  polystyrene produced from TM A initiator or 
IndTiC f/M A O  catalyst system was the same pattern as shown in Figure 5.21 and 
5.23, respectively. The identification o f  polystyrene infrared spectrum was assigned 
to the functional groups as summarized in Table 5.16.

An aromatic ring shows C-H stretching at 3000-3100 cm '1 and there 
are c = c  stretching at 1500 and 1600 cm '1 and C-H out-of-plane bending in the 860- 
670 cm '1 region. The wave number range in 2960-2850 cm '1 indicates C-H stretching 
o f  an aliphatic hydrocarbon. There is -CH2-, -CH3 bending o f  aliphatic hydrocarbon 
between 1350 and 1470 cm '1. The peaks in the wave number between 970 and 1000 
cm '1 were the vinylidene chain end o f  polystyrene. When the produced polystyrene 
infrared spectrum was compared to the reference polystyrene spectrum (Figure 5.23), 
it was found that both spectrums were mostly similar pattern. Therefore, it was 
confirmed that polymers produced with TM A initiation or IndTiC f/M A O  catalyst 
system were polystyrene.
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670 cm '1 region. The wave number range in 2960-2850 cm '1 indicates C-H stretching 
o f  an aliphatic hydrocarbon. There is -CHo-, -CH3 bending o f  aliphatic hydrocarbon 
between 1350 and 1470 cm '1. The peaks in the wave number between 970 and 1000 
cm"1 were the vinylidene chain end o f  polystyrene. When the produced polystyrene 
infrared spectrum was compared to the reference polystyrene spectrum (Figure 5.23), 
it was found that both spectrums were mostly similar pattern. Therefore, it was 
confirmed that polymers produced with TM A initiation or IndTiC f/M A O  catalyst 
system were polystyrene.



Figure 5.23. IR spectrum o f the obtained polystyrene with TMA initiator 109



Figure 5.24. IR spectrum o f  the obtained polystyrene with IndTiCh/M AO  catalyst system
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Figure 5.25. IR spectrum o f  the standard polystyrene (Reference)
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