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Abstract 

Multiplicity of active-site in heterogeneous Ziegler-Natta catalysts and its correlation with polymer microstructure was studied through the

surface structure analysis of catalyst by computer simulation of X-ray Photoelectron Spectroscopy (XPS) data and microstructure investi-

gation of polypropylene chains based on the deconvolution of the molecular weight distribution curves by multiple Flory most probable dis-

tributions using Gel Permeation Chromatography (GPC) method. The number and relative intensities of these peaks were found correlated

to the distribution of multiple active sites. In this investigation, four individual categories of active sites were identified, each of which yields

polypropylene with unique properties of molecular weight and chain structure different from other active sites. The reason of the multiplic-

ity of active sites was determined by the presence of different locations of surface titanium species coordinated with other surface atoms or

molecules. These different surface complexes of active species determine the multiple active site nature of catalyst which replicates the

microtacticity, molecular weight and chain microstructure distribution of polymer.  
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Introduction

Since the discovery, Ziegler-Natta catalysts have been devel-

oped through several generations by the introduction of sup-

port materials (MgCl2) and various electron donors to

improve the catalytic performance relating to the activity and

isospecificity of active sites, respectively. The successive

development highly contributed to the progress of polyolefin

industry made the catalyst systems complicated. In order to

understand the interaction among the multiple catalytic com-

ponents, research efforts (Terano et al., 2001) have been

going on for a number of decades. Thus, many aspects

regarding the origin of the multiplicity of active sites and the

specific stereochemical roles of catalytic components such

as cocatalysts, support materials, electron donors are still

open for discussion (Galli et al., 1984). Various stereospecif-

ic active sites models namely, monometallic, bimetallic,

three-sites and modified three-sites have been proposed by

the researchers (Corradini et al., 1992; Corradini et al., 1993;

Corradini et al., 1994). Many scientists are still trying to

acquire information concerning the multiple nature of the

active sites, the origin of isospecificty and the mechanism of

stereospecific propylene polymerization (Busico et al.,
2001). 

We gathered a basic understanding (Hasan et al., 2005) con-

cerning the isospecific nature of active sites on TiCl33 based 

catalysts from catalyst preparation and microstructure analy-

sis of polypropylene (PP) produced. It was reported (Fan et
al., 2003) that the molecular weight distribution (MWD) of

polymer is strongly influenced by the polymerization condi-

tions such as temperature, reaction time and types of cocata-

lyst. Moreover, four types of active centers were identified.

The multiple nature of active sites was expected to be relat-

ing not only to the microstructure analysis of the PP but also

correlating with the catalyst surface structure. In this work,

X-ray Photoelectron Spectroscopy (XPS) was applied to

characterize the catalyst and Gel Permeation Chrom atogra-

phy (GPC) was applied for microstructure analysis through

molecular weight distribution (MWD) of polymer chains.

Heterogeneous Ziegler-Natta catalysts usually contain sever-

al types of active centers which differ one from another, as a

result, most polymers produced with these catalysts provide

much broader MWDs.  Resolution of the MWD chro-

matograms into components was developed over several

decades (Kissin et al., 1995) with nolinear, least-square com-

puter programs. Two simplest MWD function are referred to

as Schuzl-Flory distribution functions. 

To determine whether the Flory component resolution proce-

dure, which is easily applied to polymers with narrow

MWDs can be dependably used to analyze polymers with

broader MWDs, number of Flory components and their best
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fitting into the whole GPC curve are the most reasonable

approach. The ability to identify Flory components in a GPC

curve of a polymer with a broad MWD has only a limited

value by itself (Kissin et al., 1995). Thus, the simulation has

two goals: to identify the most reasonable approaches in

finding the number of Flory components constituting a given

GPC curve and to determine whether the computer program

finds the real Flory components in complex GPC curves.

When, during the peak-fitting procedure, the number of the

Flory components is set the same as in the simulation, the

computer program easily finds all correct values. If the num-

ber of Flory component is deliberately set at a lower or high-

er than their actual numbers in the simulated GPC curve (e.g.

two instead of three or three instead of two), the quality of

the fit will always be poor. All such situations can be easily

identified and the number of the Flory components can be

subsequently adjusted to achieve the better fit of calculated

GPC curve through computer simulation. Based on the vari-

ous active sites models and present findings, some plausible

structures of the surface active site species were designated.

Formation and transformation of such active species were

duly included in design in order to explore the origin of mul-

tiplicity of active sites in the heterogeneous Ziegler-Natta

catalysis.

Materials and Methods

Raw materials 

Research grade propylene (Chisso Corp.) was used without

further purification. Anhydrous AA-TiCl33 was supplied by

Toho Titanium Co. Ltd. Molecular sieves 4A and molecular

sieves 13X (Wako Pure Chemical Industries, Ltd.) were used

as moisture scavengers for solvent purification. Heptane and

toluene (Wako Pure Chemical Industries Ltd.) solvents were

purified by passing through molecular sieves 13X column.

Triethylaluminum (TEA) and diethylaluminumchloride

(DEAC) (Tosoh Akzo Corp.) and nitrogen (Uno Sanso

Corp.) were used without purification. TEA and DEAC were

used after dissolving in toluene solvent.

Catalyst preparation 

Wet ground (WG) processing of AA-TiCl33 catalyst was per-

formed by milling 36 grams of supplied catalyst in a ball mill

with 200 ml heptane. The grinding of catalyst was carried

out in a 1.2 L stainless steel pot containing 55 balls each of

25 mm diameter for 30 h at room temperature. This

processed catalyst was obtained as heptane slurry. The entire

process was performed under nitrogen atmosphere. Titanium

content in the catalyst slurry was determined by the redox

titration method. The catalyst slurry was then kept in a three-

necked round-bottomed flask equipped with a magnetic chip

under nitrogen atmosphere.

Surface characterization of the catalyst 

The ultra high vacuum (UHV) chamber used in this study

was equipped with a sputter ion gun for surface cleaning, an

X-ray source and a double pass cylindrical mirror analyzer

(CMA) with a coaxial electron gun for X-ray photoelectron

spectroscopy (XPS). The XPS data of the catalyst was taken

by Physical Electronics Perkin-Elmer (Model Phi-5600

ESCA) spectrometer with monochromated Al Kα radiation

(1486.6 eV) operated at 300W. It was carried out in a glove

bag under nitrogen atmosphere. The sample holder was then

put into a vacuum transfer vessel (Phi Model 04-110, Perkin-

Elmer Co., Ltd.), which is connected to the sample introduc-

tion chamber of the XPS instrument. The sample was

degassed up to 10-7 Torr. The main chamber vacuum was

kept above 5×10-9 Torr during XPS data acquisitions. A neu-

tralizer was used to reduce the charging effect in order to

obtain a better signal to noise ratio. All binding energies

(BE) were referenced to the Au 4f7/2 peak at 84 eV to correct

for the charging effect during data acquisition.

Computer simulation technique

Multiplet fittings of the Ti 2p XPS curves were carried out

by the Gaussian-Lorentzian method to determine the mixed

states of valences in all the samples. The binding energy

(BE) and the full width at half maximum (FWHM) values

from the Ti 2p XPS spectra was measured and used as crite-

ria for identification of the oxidation state, distribution state

and existing state of surface Ti species on catalyst surface.

The XPS spectra of Ti 2p in the following section have been

background subtracted and deconvoluted into a series of syn-

thetic peaks (67% Gaussian and 33% Lorentzian;

FWHM=2.3 eV) that represent the photoelectron emission

from different oxidation states (Kim and Somorjai, 2000).

The fitting for each curve was repeated to ensure a repro-

ducible result.

Propylene polymerization 

Polymerization experiments were carried out in a three-

necked 300 ml round-bottomed flask reactor equipped with

a magnetic chip. After nitrogen purging and heating, succes-

sive introduction of heptane solvent, Al-alkyl cocatalyst, cat-

alyst slurry and propylene monomer were done. The condi-

tions for polymerization were maintained as: 2 mmol Ti

(slurry 5.65ml), Al/Ti molar ratio 3, heptane volume

138.35ml, cocatalyst 6ml, total volume 150 ml, temperature

4oC and time 30 min. Polymerization was allowed to stop by

introducing ethanol-water after experimental time. The poly-

mer slurry was kept into ethanol-water for 12 h with stirring.

Then it was successively washed with deionized water, dried

at room temperature, dissolved in orthodichlorobenzene

(ODCB) with heating, and reprecipitated into ethanol-water
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and then followed by filtration and drying in the vacuum

dryer at 6o C until a constant weight was obtained.

Microstructure analysis of polymer 

The molecular weight (MW) and molecular weight distribu-

tion (MWD) of polypropylene samples produced were deter-

mined by gel permeation chromatography (GPC) method

(GPC, Senshu SSc-7100) with polystyrenes gel columns

(Tosoh TSK-GEL G3000HHR and TSK-GEL G5000HHR)

at 14oC using o-dichlorobenzene (ODCB) as a solvent. MW

was calculated with a universal calibration curve based on

polystyrene standards with narrow MWDs using appropriate

Mark-Houwink constants.  The resolution of GPC curves as

deconvolution into Flory components was performed with

the MicroMath Scientific computer programs software. 

Instantaneous MWD of polypropylene made with multiples

type catalyst as a superposition of four individual Flory most

probable MWDs were indicated by solid line of the whole

polymer and by dotted lines of the polymers made on distinct

active site types. 

Results and Discussion

Typical XPS spectra, shown in Figure 1, describe Ti2p region

of (a) AA-TiCl3, (b) AA-TiCl3/DEAC and (c) AA-

TiCl3/TEA catalysts.  The XPS data findings in terms of

binding energy (BE), full width and half maximum

(FWHM), oxidation states, and atomic percentage of surface

titanium species are listed in Table I. The constituent atoms

of the catalyst (Cl, Ti, C, Al) were observed on the XPS

measurable surface, approximately 2 nm in depth. To inves-

tigate the states of the titanium species in details, an XPS 

narrow scan of the Ti2p region was performed for each cata-

lyst. The doublet at 458.5 and 464.6 eV are reported to be

due to the Ti 2p3/2 and Ti 2p1/2 photoelectrons from titanium

atoms in it molecular states (Debuquoit et al., 1983;

Debuquoit et al., 1987). One of the Ti-species at a higher

binding energy is assigned to the lower coordinated titanium

species Ti3+(a) with higher coordination vacancies whereas

another at a lower binding energy is considered to be the

higher coordinated titanium species Ti3+(b) with lower coor-

dination vacancies (Terano et al., 1999). Shifts in BE have a

contribution from both the oxidation state and the charge on

the nearest neighbor atoms of the excited atom. The chemi-

cal shift and the FWHM of the 2p3/2 peak in XPS analysis of

Ziegler-Natta catalysts indicate the electron density of the

titanium species, namely the oxidation state and its distribu-

tion, respectively (Terano et al., 1999). Therefore, the active

sites with higher coordinated surface Ti3+(b) species, which

originated from the interaction with DEAC, show higher

isospecificity. It is also considered that the highly active Al-

alkyl cocatalyst causes a drastic change in the coordination

state of the titanium species, resulting in a decrease of the

higher coordinated titanium species into lower coordination

one. From the Table I, it can be seen that the value of the sur-

face Ti atomic percentage with a higher coordination state is

much higher in the case of DEAC than TEA. 

The doublet at two different binding energies (split between

two peaks with an intensity ratio of 2:1) is reported to be due

to spin-orbit coupling effects in the final state of the emitted

electron (Debuquoit et al., 1983; Debuquoit et al., 1987;

Terano et al., 1999). Thus, the doublet shown in the XPS

spectra is ascribed to the 2p3/2 and 2p1/2 photoelectrons from 

Table  I: The XPS data analyses from multiplet curve fitting of Ti 2p spectra with XPS

acquisition time from 10 min to 2h of AA-TiCl3 based catalysts.
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titanium atoms existing in the AA-TiCl3 catalyst. It is seen

that all catalyst systems indicate two computer-simulated

peaks in the region of Ti2p3/2 spectra, which can be ascribed

by the two kinds of Ti-species on the catalyst surface

depending on the different levels of the coordination states

of the surface titanium species. The plausible structures of

these two kinds of surface titanium species are displayed in

Scheme 1. A titanium species at a higher binding energy is

assigned to the lower coordinated titanium species Ti+3(a)

with higher coordination vacancies whereas another titanium

species at a lower binding energy is considered to be the

higher coordinated titanium species Ti+3(b)with lower coor-

dination vacancies. According to the literature (Arlman,

1966), at the surface of TiCl3 catalyst, two kinds of surface

sites are possible: the first type has one chlorine vacancy and

two loosely bound chlorine atoms and the second type con-

sist of two chlorine vacancies with one loosely bound chlo-

rine atom. Due to surface heterogeneity of the catalyst

(Terano et al., 1997; Terano et al., 2000), titanium species

may also remain on different surface locations and may

exhibit different tendencies in the formation of active sites.

Thus, low coordinated titanium species with two or three

vacant sites can be possibly present at the edges and corners

of the crystallites surface and highly coordinated titanium

species with one vacant site or no vacant site at all known as

the main plane, which forms 95% of the catalyst surface may

be considered passive from the point of view of the polymer-

ization process. An examination has been done (Kollar et al.,
1968) with a polymerization process microscopically and

found that two types of polymerization centers exist in TiCl3

catalyst and another investigation has (John Boor, 1967)

determined the coexistence of two different structures for

active centers to account for the formation of both isotactic

and atactic polymers.

From the Figure. 1, it can be seen that the used cocatalyst

induced a change of chemical shift in the binding energy

(BE) and a full width at half maximum (FWHM) intensity of

the Ti 2p3/2 peak related to the different coordination state and

atomic percentage. After interaction with the cocatalyst, the

peak intensity of the higher coordinated Ti3+(b) species has

drastically decreased in comparison to that of the titanium

species obtained from the AA-TiCl3 catalyst. TEA shows a

more drastic decrease of the peak intensity of the Ti3+(b)

species and at the same time increased the peak of Ti3+(a)

species (Figure 1c) but DEAC did not show a big change

(Figure 1b). From the XPS data analysis of these catalyst

systems (Table I), it can be seen that after interaction with

the cocatalyst the binding energy of the Ti3+(b) species has

decreased, which may be due to the association of the elec-

tron donating alkyl groups with the surface Ti-species

(Terano et al., 1999). It can also be speculated that the weak-

ly bonded surface chlorine atoms can be replaced by the

electron donating ethyl group of the cocatalyst. XPS data

analysis also shows that the atomic percentage of Ti3+(b)

species has decreased to about 70% after interaction with

TEA and to about 32% with DAEC. This explanation is that

TEA as a cocatalyst has remarkably transformed the higher

coordinated titanium species Ti3+(b) into a lower coordina-

tion state titanium species Ti3+(a) due to its stronger reactiv-

ity than that of DEAC. Moreover, another explanation can be

explored for the drastic decrease of surface atomic percent-

age of Ti3+(b) species, which may be due to the extraction of

surface dangling Cl by the effect of a cocatalyst. The extrac-

tion of surface dangling Cl is significantly affected by the

effect of TEA, which shows a lower percentage of Ti3+(b)

species (only 18.84%), while DEAC shows higher percent-

age of Ti3+(b) species (41.87%). 

Here, it is worth-while using XPS observation to detect the

difference in the titanium species in terms of coordination 

number produced by the reaction with various alkylalu-

minums (Terano et al., 1999) suggesting that the variation in

the coordination state of the titanium species is closely relat-

ed to the reactivity of the alkylaluminum. The binding ener-

gy (BE) decreased, indicating the progress of the reduction

of the titanium species on the catalyst. It is well known that

surface Ti-species of heterogeneous Ziegler-Natta catalysts

are first reduced and then alkylated by the effect of the cocat-

alyst. The FWHM of the Ti 2p3/2 peaks of both Ti-species

show different values after reacting with the cocatalyst, sug-

Scheme 1: Plausible structures of two types of titanium species on the catalyst surface.
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gesting the different chemical environment of the catalyst

surface. In fact, however, the alkylaluminum cocatalyst

interacts with the heterogeneous Ziegler-Natta catalyst

through the ligand change of the surface Ti-species (Terano

et al., 2002a; Terano et al., 2002b). 

Figure 2(a) and Figure 2(b) show the deconvolution of GPC

curves of polypropylene samples obtained from AA-TiCl3
catalyst using TEA as cocatalyst at 60o C and 40oC respec-

tively. Four types of Flory components (F1, F2, F3, and F4)

were identified to describe the different active sites correlat-

ing to the different molecular weight distribution of decon-

voluted GPC curves of polymer. It is notable that the

microstructure analysis of the polypropylene samples were

carried out by measuring the molecular weight and molecu-

lar weight distribution using GPC method and the curves

were fitted by multiple Flory most probable distributions.

The number of Flory peaks was correlated to the number of

active sites and changes in the relative intensities of the dif-

ferent peaks were used as an indicator of the changes in

active site distribution. It is well known that multiple active

sites exist in heterogeneous Ziegler-Natta catalysts (Keii,

1990), including the TiCl4/MgCl2 based high-yield support-

ed catalysts. In most cases, 3-6 types of active sites can be

identified (Kissin, 1993; Fan et al., 1996) and each of them

able to produce polymer with molecular weight and chain

structure in different. According to this, it can be said that

higher coordinated surface titanium species is considered to

be higher molecular weight Flory component of active sites,

which produces higher molecular weight polymer chain. The

average molecular weights of Flory components differ quite

significantly from site to site. As a result, different active

sites produce polymer molecules with molecular weight val-

ues in the broad ranges.

Figure 3(a) and Figure 3(b) show the GPC curves of

polypropylene samples produced with  AA-TiCl3 catalyst

using DEAC as cocatalyst at 60oC and 40oC, respectively

and their deconvolution results based on multiple peaks of

Flory components. It is seen that higher MW peaks are

assigned to the higher coordination surface Ti species with

higher isospecificity of active sites. The broad MWD of

polypropylene prepared with MgCl2/TiCl4/TEA catalysts

can be represented by several Flory components (Kissin,

2001). The procedure for the resolution of complex GPC

curves into those of the Flory components were required to

describe adequately the MWD.   Meanwhile, all the peaks

were shifted from lower MW to higher MW after replacing

TEA with DEAC. It is due to having higher number of

Ti+3(b) species. It means that different active sites respond to

the cocatalyst quite differently.       

Fig. 1: The Ti 2p region of the XPS spectra. (a) AA-TiCl3,

(b) WG AA-TiCl3-DEAC, (c) AA-TiCl3-TEA. Solid

line: instrumentally and dotted line : simulated

Fig. 2(a): GPC curves and Flory components of

polypropylene prepared with AA-TiCl3 cata-

lyst using TEA as cocatalyst at 60oC 

Fig. 2(b): GPC curves and Flory components of

polypropylene prepared with AA-TiCl3 cata-

lyst using TEA as cocatalyst at 40oC 
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The average molecular weight decrease, presumably because

of an increased probability of chain termination reactions at

higher temperature and types of cocatalysts. Therefore, the

replacement of TEA as a cocatalyst with DEAC usually

results in an increase in the polymer molecular weight. This

means that the molecular weights of all Flory components

are increased in the polymer with DEAC.  From the compar-

ison between Figure 2 and Figure 3, it can be said that the

reason for the broad molecular weight distribution of

polypropylene produced with TEA is mainly existence of

various active sites mainly higher number of Ti+3(a) species,

which indicate preferential rate of propagation, chain termi-

nation and chain transfer rate constants. The key concept to

interprete these phenomena in relation to the cocatalyst con-

centrations is assuming the existence of at least two kinds of

titanium species. The influence of deactivation of the active

sites due to the over reduction is the higher the reducing

power of the cocatlyst, the greater the deactivation (Terano

et al., 1998).  Thus it can be assumed that a part of the tita-

nium species might be activated easily by the reduction of

TEA to generate active sites having easy deactive feature.

On the other hand, the catalyst system with DEAC produces

narrow ranges molecular weight distribution of polypropy-

lene (Figure 3) due to the formation of active sites having

lower reduction power and chain termination and transfer

ability during polymerization.  It has been known for a long

time that the replacement of TEA as a cocatalyst with DEAC

usually depresses not only the activity but also results in an

increase in the polymer molecular weight (Busico et al.,
1997; McKnight and Waymouth, 1998; McKnight et al.,
1997). 

Figure 2 and Figure 3 show another comparison of GPC

deconvoluted curves at different temperatures with TEA and

DEAC respectively. Decreasing the temperature led to the

evolution of mutiple peaks toward the high molecular weight

region in the case of both TEA and DEAC. Lower tempera-

ture induces the formation of polypropylene with higher

molecular weight is a similar tendency as it was obtained

from the effect of cocatalyst types. It is suggested that the

active sites giving higher molecular weight polymer exist

preferentially and the chain transfer reaction is depressed at

lower temperature. It has been reported (Kissin, 2001) that

the fractions of Flory components with the highest molecu-

lar weight significantly decrease with the increase of temper-

ature, which enhances the probability of chain transfer reac-

tion and causes the decreases the average molecular weight

with temperature.  

Conclusion

The multiplicity of active site in Ti-based Ziegler-Natta cat-

alyst explains the correlation between the nature of active

sites and microstructure of polymer chains existing in the

polypropylene sample. The molecular weight distributions

of polypropylene obtained were sensitive to types of cocata-

lyst and polymerization temperature. Higher molecular

weight Flory components of active sites originated from the

higher coordinated surface titanium species resemble higher

isospecific active sites, which replicates the polymerization

and produced polymer with higher molecular weight. Lower

polymerization temperature and the use of DEAC as a cocat-

alyst resulted the higher molecular weight polymer due to

lower deactivating ability and a little chain transfer and ter-

mination reactions. A comparison of GPC deconvolution

results based on the molecular weight distribution of the

polymer with the simulation of XPS data based on the coor-

dination states of surface Ti-species provide complimentary

information on the multiplicity of active site on the hetero-

geneous Ziegler-Natta catalyst. Such an analysis has signifi-

Fig. 3(a): GPC curves and Flory components of

polypropylene prepared with AA-TiCl3 cata-

lyst using DEAC as cocatalyst at 60oC

Fig. 3(b): GPC curves and Flory components of

polypropylene prepared with AA-TiCl3 cata-

lyst using DEAC as cocatalyst at 40oC
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cantly improved our understanding of the catalyst behavior

and provides additional tools for catalyst and process con-

trol. 
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