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ABSTRACT A MgCldTHF/TiC4 bimetallic complex catalyst waa prepared by reacting magnesium chloride 
with titanium tetrachloride in tetrahydrofuran, followed by precipitation with exceaa n-hexane. The products 
formed during the thermal treatment of the MgCldTHFITiCL bimetallic complex catalyst were THF and 
l,4-dichlorobutane as identified by MS, FTIR, and '8c NMR. The amount of 1,4-dichlorobutane formed 
during thermal treatment decreased with an increaw of the MglTi ratio. It was suggested that some of THF 
coordinated to Ti reacted with adjacent C1 to form 1,ddichlorobutane. Ethylene polymerization was performed 
at 70 O C  with bimetallic complex catalysta thermally pretreated at variow temperatures. When the temperature 
of the thermal treatment of the MgCldTHF/TiC& bimetallic complex catalyst (Mg/Ti = 5.2) was below 108 
"C, the catalytic activity increased, while the activity decreased above la0 O C .  However, the catalytic activity 
of the MgCldTHF/TiCL bimetallic complex catalyst (Mg/Ti = 16.5) heated above 80 O C  decreased. This 
indicated that the thermal stability of the catalyst decreased with an increase of the Mg/Ti ratio. 

Introduction 
The bimetallic complex catalyst prepared by the reaction 

of magnesium chloride with titanium tetrachloride in 
tetrahydrofuran (THF) show high catalytic activity in 
ethylene polymerization when combined with an alumi- 
num alkyl cocatalyst.'"' In this catalyst system MgCl2 
plays an important role in dispersing and stabilizing 
catalytically active Ti species by the formation of discrete 
chemical complexes between MgCl2 and Reaction 
between MgC12(THF)2 and TiC4(THF)2 in THF yields 
three different bimetallic complexes depending on the 
molar ratio of Mg to Ti in the 

When the MgC12/THF/TiC4 bimetalliccomplex catalyst 
is heated, some of the weakly coordinated THF is removed. 
The changes in the structure of the catalyst after thermal 
treatment wil l  affect the catalytic activity of polymeri- 
zation. The site and strength of coordination of THF to 
T i c 4  and MgCl2 will affect the catalyst performance. 
Temperature-programmed decompoeition (TPD) of THF 
from the complex may provide some information which 
leads to the understanding of the structure of active species 
in ethylene polymerization. Hence, TPD study of MgCld 
THF/TiC4 bimetallic complexes having various molar 
ratios of Mg to Ti was performed. The decomposed 
gaseous products during TPD were collected and analyzed 
with gas chromatography, FTIR, MS, and 13C NMR. The 
effect of temperature and duration of thermal treatment 
on the ethylene polymerization rate was also investigated. 
The change in the coordination of THF after thermal 
treatment was followed with FTIR measurements. 

Experimental Section 
The polymerization grades of ethylene (Yukong Ltd., Korea) 

and nitrogen of extra pure grade were further purified with the 
columns of Fisher RIDOX and molecular sieve 5N13X. n-Hex- 
m e  (Duksan Ltd., Korea) of extra pure grade waa further purif i i  
by refluxing over sodium metal in a nitrogen atmosphere. T h e  
analytic grade of tetrahydrofuran (J. T. Baker Chemical Co., 
Phillipaburg,NJ) waspurified byrefluxingwithL~forseveral 
hours. Anhydrous magnesium chloride (Aldrich), aluminum 
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trialkyl (Aldrich), and Tic4 (Kanto Chemical Co., Japan) were 
ueed without further purification. The MgCldTHF/TiC& bi- 
metallic complex catalyst was prepared by the reaction of 
magneaium chloride with titanium tetrachloride in tetrahydro. 
furan, followed by precipitation with excB88 n-hexane. Slurry 
polymerization waa carried out in a 1-L autoclave under a constant 
preeeure of ethylene. The detailed procedures for catalyst 
synthwia and polymerization were described eleewhere.u The 
TPD experiment wan conducted under a nitrogen flow at a heating 
rate of 10 OC/min. The temperature waa raieed from room 
temperature to 300 O C .  When the complexes were themally 
decompoeed, the amounta of the product gaeee formed during 
TPD were monitored by gaa chromatography. The gaees evolved 
during TPDof the MgCldTHF/TiC4 bimehlliccomplexcatalyet 
were identified by maas spectroscopy, FTIFt, and NMR. Maw 
spedrawereobtainedwithaVGSX300quedrupolespectnunetnr 
during W D  of the catalysta under a nitrogen flow at a heating 
rate of 10 OC/min. The heating temperature waa raised from 
room temperature to 300 O C .  The FTIR spectrum of a liquid 
sample collected at -196 O C  during TPD of the catalyst (Mg/Ti 
= 5.2) waaobtainedwithETIR (BomemMB-102). FTIRspectra 
of the thermally treated catalysta were recorded on an instrument 
with a 2bmm NaCl window using a mull technique. The ample 
for l8c NMR wae prepared by condensing the gaseous products 
in CDCb at -196 O C  formed during TPD of the catalyst (Mg/Ti 
= 5.2). Thie Bample was heated at 70 O C  to evaporate THF. 
Tetramethyleilane CTMS) waa ueed as an intarnal reference. The 
W-NMR spectrum waa recorded on a Varian FT-8OA spec- 
trometer operating at 20 MHz with proton noiee decoupling in 
Fourier transform mode at 26 "C. 

Results and Discussion 
In Figure 1 is shown the TPD spectrum of the MgCla/ 

THF/TiCL bimetallic complex catalyst (Mg/Ti = 5.2) 
monitored by GC. The catalyst was decompoeed at 108, 
140, and 242 OC. The MS, FTIR, and 13C-NMR exper- 
iments were conducted to identify the producte formed 
during thermal decomposition aa shown in Figures 2-4. 

Figure 2 ahow the mess spectra of the gaaeoue products 
formed during thermaldecomposition of the MgCla/THF/ 
TiCL bimetallic complex catalyst (Mg/Ti = 5.2) at 80 and 
210 OC, respectively. The mess-*charge ratioe ( d e )  and 
intensities of THF and 1,6dichlorobutane in the cracking 
pattern are shown in Table I.* When the catalyst waa 
thermallydecomposedat8O0C,thepeakofmaee-*charge 
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MgaN 1. Temperature-prognunmed decomposition spectrum 
of the MgClJTHF/TiCL bimetallic complex catalyst (hfg/Ti = 
5.2). Experimental conditione heating rate = 10 OC/miq NS 
flow rate = 45 cma//min, catalyst weight = 0.5 g. 
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MgaN 2. Maae spectra of the gaseous products formed during 
thermal decomposition of the MgCl$THF/TiCL bimetallic 
complex catalyst (Mg/Ti = 5.2) at 80 (a) and 210 O C  (b). 

Table I 
Mucto-chargo Ratioa ( d e )  and Intanritier of THF and 

l,&DSahlorobutane in the Cracking P a t t e d  
THF 1,4dichlorobutaue 

intsdtiss loo, 52,33,29, 100,42,41,21, 
27,25,22,22 19,18,18,14 

maas-to-charge 42,41,27,72, 65,27,41,90, 
ratim (m/e) 71,39,29,43 64,62,28,49 

ratio of 55 which was later assigned to l,4-dichlorobutane 
was not observed and the peak of mass-to-charge ratio of 
42 which w a  aeaigned to THF was observed. When the 
catalyst was decompoeed at 210 OC, the peaks of THF and 
1,Cdichlorobutane were observed. 

Figure 3 shows the FTlR spectrum of the liquid sample 
obtained by condensing the gaseous products at -196 OC 
formed during the thermal decomposition of the MgCW 
THF/TiC4 bimetallic complex catalyst (Mg/Ti = 5.2) a t  
210 OC. The band at 652 cm-l is assigned to the C-Cl 
stretching band and the band at 1295 cm-l to the CH2 
wagging band of CH2C1.lo The band a t  1065 cm-' is 
aseigned to the asymmetrical C-DG band of THF, and 
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Figure 3. FTIR spectrum of the liquid sample obtained by 
condensing the gaseous products at -196 O C  formed during 
thermal decomposition of the MgCUTHF/TiCL bimetallic 
complex catalyst (Mg/Ti = 5.2) at 210 O C .  
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Figure 4. W-NMR spectrum of the liquid sample prepared by 
condensing the gaeeous products in a CDCh solution at -196 O C  

formed during thermal decomposition of the MgCl$THF/TiC4 
bimetallic complex catalyst (&/Ti = 5.2) at 210 O C .  

the bands at 910 and 872 cm-l are migned to the 
symmetrical C-OC bands of THF.2pg 
In Figure 4 is shown the 13C-NMFt spectrum of the liquid 

sample. This liquid sample was prepared by condensing 
the gaseous products in a CDCb solution formed during 
thermaldecomposition of the MgCldTHF/TiCb bimetallic 
complex catalyst (Mg/Ti = 5.2) at 210 OC. THF was 
distilled off at 70 OC. In this spectrum three weak peaks 
appear around 80 ppm and two strong peaks appear at 
31.7 and 46.0 ppm. Three small peaks around 80 ppm are 
ascribed to CDCb.11J2 The peaks of 31.7 and 46.0 ppm 
are arising from carbon a and carbon b of l,4-dichloro- 
butane, respecti~ely.~~ 

From the results of mass spectroscopy, FTIR, and 13C 
NMR it can be concluded that THF and 1,a-dichloro- 
butane are produced during thermal decompoeition of the 
MgCldTHF/TiCL bimetallic complex catalyst (Mg/Ti - 
5.2) at 210 OC. 

In Figure 5 are shown the TPD spectra of MgCldTHF/ 
Tic4 bimetallic complex catalysts having various mole 
ratios of Mg/Ti obtained by measuring the amount of THF 
formed during decomposition. The TiC&(THF)2 complex 
was decomposed a t  125,164, and 264 OC as shown in Figure 
Sa, whereas the MgCMTHFh complex was decompod 
a t  86,166, and 199 OC as shown in Figure 5f. When the 
Mg/Ti ratio increased, the TPD spectrum of the Mg-Ti 
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Figure 5. Temperature-programmed decomposition spectra of 
MgCldTHF/TiC4 bimetallic complex catalysts. Ehperimental 
conditions: heating rate = 10 "C/min; N2 flow rate = 45 cma/ 
min; catalyst weight = 0.5 g: (a) Mg/Ti = 0, (b) Mg/Ti = 1.0, (c) 
Mg/Ti = 2.1, (d) Mg/Ti = 5.2, (e) Mg/Ti = 16.5, (0 Mg/Ti = m. 

0 100 200 300 100 200 300 

T e m p e r a t u r e ,  'C 

Figure 6. Temperature-programmed maaa spectra for THF (-) 
and 1,rl-dichlorobutane (- - -1 formed during thermal treatment 
of MgCldTHF/TiCL bimetallic complex catalysts: (a) Mg/Ti = 
0, (b) Mg/Ti = 1.0, (c) Mg/Ti = 2.1, (d) Mg/Ti = 5.2, (e) hfg/Ti 
= 16.5, (0 Mg/Ti = m. 

bimetallic complex became similar to that of the MgC12- 
(THF)2 complex. When the Mg/Ti ratio decreased, the 
TPD spectrum of the bimetallic complex became similar 
to that of the TiCL(THF)2 complex. THF coordinated to 
MgClz and Tic4 decomposed below 199 and 254 OC, 
respectively, indicating that THF coordinates to Tic4 
more strongly than to MgCl2. 

Temperature-programmed formation spectra of THF 
and 1,4-dichlorobutane are shown in Figure 6. Mass-to- 
charge ratioe of 42 and 55 are selected to measure the 
relative amounta of THF and 1,4-dichlorobutane, respec- 
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Figure 7. Ethylene polymericetisn rate profha after thermal 
treatment of the MgCld'l"ITiC4 bimetallic complem cetalyet 
(Me/Ti = 5.2). Thermal treatment conditione: (a) none; (b) 80 
"C, 5 min; (c) 108 O C ,  5 min,(d) 140 OC, 6 min, (e) 242 O C ,  6 min. 
Polymerization conditions: P a  = 3 kgJcm*; T = 70 O C ;  [AN&]/ 
[TiCLl = 128. 

tively, based on the highest intensity of mass cracking 
peaks of THF and 1,4-dichlorobutane as shown in Table 
L8 When the Mg/Ti ratio increased, the amount of 1,4- 
dichlorobutane formed during thermal decomposition 
decreased. l,4-Dichlorobutane was not formed during the 
thermal decomposition of the MgC12(THF)2 complex. 
These results indicate that some of THF coordinated to 
Ti is decomposed by thermal treatment and reacted with 
adjacent C1 to form 1,4dichlorobutane, THF decomposed 
above 200 OC is the THF coordinated to Ti because Tic4 
is more Lewis acidic than MgC12. 

Figure 7 shows ethylene polymerization rate profiles 
after thermal treatment of the MgCldTHF/TiC& bime- 
tallic complex catalyst (Mg/Ti = 5.2) a t  various temper- 
atures. When the temperature of thermal treatment 
increased from 80 to 108 OC, the polymerization rate 
increased. This might be due to the formation of new 
active site after decoordination of THF which cannot be 
removed by AlEQ. However, when the temperature of 
thermal treatment increased above 140 OC, the catalytic 
activity of polymerization decreased, indicating that 
titanium active s i b  startad to decompose above 140 OC. 
When the catalyst was heated at 242 OC, ethylene was not 
polymerized. A TiCLcontaining precursor having the 
formula MgSTiCllo(THF)s was prepared and heated in N2 
at 130 OC for 5 h by Karol et al." Productivity d d  
to 433 g/(mmol of Ti-h-100 psi C 2 U  as compared to 2200 
g/(mmol of Ti*h*100 psi C2Hd for unheated TiC4- 
containing precursor. Therefore, our result agrees with 
Karol's result. 

Figure 8 shows ethylene polymerization rate prof ib  
affectad by the thermal treatment time of the W l d  
THF/TiC4 bimetallic complex catalyst (Mg/Ti = 5.2) at 
80 OC. The treatment times were varied between 6 and 
240 min. The thermal treatment a t  80 O C  for 5 min 
increased the polymerization rate. The longer thermal 
treatment (60 and 240 min) slightly decreaoed the po- 
lymerization rate. This indicated that the stability of the 
active site wata hardly a f f d  by the t h d  treetment 
time at 80 OC and that thermal stability was maintained. 

Figure 9 chows ethylene polyEnerisetion rote profilee 
after thermal treatment of the A&CldTHF/TiC4 bime- 
tallic complex catalyst (Mg/Ti = 6.2) at 108 OC for 6 min 
and 1 h, respectively. When the time of thermal trerrtanent 
increased, the activity of polymerization increemd. Thia 
fact indicatee that more active eitee are formed after the 
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Figure 8. Ethylene polymerization rata profiles after thermal 
treatment of the MgCWTHF/TiC4 bimetallic complex catalyst 
(Mg/Ti = 5.2) at 80 O C :  (a) 0 min, (b) 5 min, (c) 60 min, (d) 240 
min. Polymerization conditions: P m  = 3 kgdcmz; T = 70 O C ;  

[A1Et~l/[TiC41 = 128. 
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Figure 9. Ethylene polymerization rate profides after thermal 
treatment of the MgCldTHF/TiC4 bimetallic complex catalyst 
(Mg/Ti = 5.2) at 108 OC: (a) 0 min, (b) 5 min, (c) 60 min. 
Polymerization conditions: P m  = 3 kgdcmz; T = 70 O C ;  [A1Et31/ 
[Tic41 = 128. 

Table I1 
Infrcued Bands of MgCldTHF/”iC4 Bimetallic Complex 

Catalysts after Thermal Treatments 
Mg/Ti treatment temp treatment time diagnostic IR bands 
( O M )  ( O C )  b i n )  (cm-1) 

5.2 1034,964,921,885 
5.2 80 5 1034,964,920,885 
5.2 108 5 1033,962,919,884 
5.2 140 5 1024,980,920,879 
5.2 242 5 1022 
5.2 80 60 1033,961,919,884 
5.2 108 60 1031,963,919,884 
5.2 140 30 1023,959,920,878 
5.2 140 60 1022,958,919,878 

16.5 1036,957,919,885 
16.5 80 5 1035,963,921,885 
16.5 140 5 1034,958,921,884 

more strongly coordinated THF which can be detached at 
108 OC is separated. The thermal stability of the catalyst 
was maintained at 108 “C. 

Table I1 shows the diagnostic infrared bands of MgCW 
THF/TiC4 bimetallic complex catalysts after various 
thermal treatments. The infrared spectrum of the MgCld 
THF/TiCL bimetallic complex catalyst (Mg/Ti = 5.2) has 
an asymmetrical C-0-C stretching band at 1034 cm-’ and 
a symmetrical C-0-C stretching band of THF at 885 
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Figure 10. Plausible change in the structure of the MgCldTHF/ 
Tic4 bimetallic complex catalyst (Mg/Ti = 5.2) during thermal 
treatment. 
cm-1.2J’ These asymmetrical and symmetrical C-0-C 
stretching bands of THF were not shifted after thermal 
treatment at 80 “C for 5 min. When the thermal treatment 
temperature of the catalyst increased above 140 “C, these 
bonds were shiftad to lower frequencies. This red-shift 
might be due to the decoordination of THF weakly 
coordinated to MgC12 or TiC4. After thermal treatment 
at 140 OC, the remaining THF is strongly coordinated to 
TiC4, resulting in lower C-0-C stretching bands because 
more electrons are transferred from the oxygen atom of 
THF to Lewis acidic TiCL The catalytic activity of the 
MgCldTHF/TiC4 bimetallic complex catalyst (Mg/Ti = 
5.2) after thermal treatment at  140 OC decreased eignif- 
icantly as shown in Figure 7. There are two plausible 
explanations for this fact. The MgCldTHF/TiCh bime- 
tallic complex containing strongly coordinated THF either 
is less active or cannot be activated by A1Etg. Furthermore, 
the formation of 1,ddichlorobutane above 140 O C  indicates 
that the catalytic Tic4 species start to decompose. 

In Figure 10 is suggested the plausible change in the 
structure of the MgCldTHF/TiCb bimetallic complex 
catalyst (Mg/Ti = 5.2) during thermal treatment. When 
the Mg/Ti ratio of this catalyst is 5.2, thie catalyst is a 
mixture of the ionic salt [Mgz(r-Cl)s(THF)s]+[TiCb- 
(THF)l- and MgC12(THF)2, which was elucidated by 
Sobota et aleb Therefore, structure I is only used in thie 
model because MgC12 is not an active site. When thie 
complex is heated below 108 OC, THF is the only product 
as shown in Figure 6 and the activity of polymerization 
increases as shown in Figure 7. Therefore, structure 11 is 
suggeated. In this case it is s u p p a d  that someprehhary 
active sites are activated because THF coordinated to the 
catalytic active site is separated during thermal treatment. 
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Fwre 11. Ethylene polymerization rata profiles after thermal 
treatment of the MgCldTHF/TiC& bimetallic complex catalyst 
(Mg/Ti = 16.5). Thermal treatment conditione: (a) none; (b) 80 
O C ,  5 min; (c) 140 OC, 5 min. Polymerization conditions: P q h  
= 3 kgt/cm2; T = 70 O C ;  [ALEt31/1TiC&1 = 128. 

After thermal treatment at 140 OC, THF is decoordinated 
but the activity of polymerization decreases because the 
thermal stability of the catalytic active site is not main- 
tained. Therefore, structure I11 which has double vacancy 
is suggested. It is supposed that when the catalyst is heated 
above 140 OC, the ionic salt of structure 111 starts to 
decompose, resulting in the formation of 1,4-dichlorob- 
utane and inactive species IV. 

Figure 11 shows ethylene polymerization rate profiles 
after thermal treatment of the MgCldTHF/TiC4 bime- 
tallic complex catalyst (Mg/Ti = 16.5) at various tem- 
peratures for 5 min. The activity of this catalyst decreases 
even after heating at 80 OC for 5 min. It is suppoeed that 
the thermal stability of the catalytic active site is not 
maintained after thermal treatment because of destruction 
of the catalyst structure. The infrared spectrum of the 
catalyst is characterized by the asymmetrical C-0-C 
stretching band a t  1036 cm-' and the symmetrical C-0-c 
stretching band of THF a t  885 cm-l as shown in Table 
IL290 The asymmeMcal and symmetrical C-OC stretch- 
ing bands of THF are hardly shifted after thermal 
treatment. As shown in Figure 6e, most of THF is 
coordinated to MgCh and 1,4dichlorobutane is formed 
at a small amount, indicating that amount of THF 
remaining after thermal treatment coordinated to Tic4  
is small. Hence, the C-0-c stretching band was not 
changed very much after thermal treatment. 

Conclusions 
THF and 1,kdichlorobutane were produced during the 

thermal treatment of the MgCldTHF/TiC& bimetallic 
complex catalyst. THF coordinated to the different sites 
of this catalyst was decomposed a t  different temperatures 

depending on the Mg/Ti ratios. The amount of 1,4- 
dichlorobutane formed during thermal treatment de- 
creased with an increase in the Mg/Ti ratio. 1,4- 
Dichlorobutane was not observed during the thermal 
treatment of the MgClz(THF)z complex, indicating that 
THF coordinated to Mg was simply decoordmated during 
thermal treatment. THF coordinated to Tic4 was de- 
coordinated at temperatures higher than THF coordinated 
to MgC12 because of the Lewis acidity of Tic4 being 
stronger than that of MgC12. Some of THF coordinated 
to Ti was decomposed by thermal treatment and reacted 
with adjacent C1 from TiC4, resulting in the formation of 
1,4-dichlorobutane. When the temperature of thermal 
treatment of the MgC12/THF/TiC4 bimetallic complex 
catalyst (Mg/Ti = 5.2) was below 108 OC, the catalytic 
activity of polymerization increased, while it decreased 
above 140 OC. However, thecataIyticactivityoftheMgCld 
THF/TiC4 bimetallic complex catalyst (Mg/Ti = 16.5) 
decreased after thermal treatment at 80 OC, indicating 
that the thermal stability of the MgCldTHF/TiC4 bi- 
metallic complex catalyst at the higher ratio of Mg/Ti 
decreased. 
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