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Preface 

 

The present dissertation is the result of the studies under the direction of Professor Dr. Minoru 

Terano during 2011-2014. The purpose of this dissertation is to develop new type of Ziegler-Natta 

model catalyst based on active sites and support structural design.  The first chapter is a general 

introduction according to the object of this research. Chapter 2 describes the control of active site 

structure and polymerization properties of MgCl2-supported titanocene catalysts.  Chapter 3 

describes the UHV preparation of MgCl2 active surface for Ziegler-Natta model catalyst.  The last 

chapter summarizes the conclusive items of this dissertation. 
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1.1 Introduction   

The market for polyolefin is one of the biggest chemical business field in the world.  The 

amount of production of polyolefin has been increasing each year with the enlargement in a demand 

of that.  The world’s total annual production of polyolefin reached over one hundred million tons 

in 2005, and an average annual growth rate in production of polyolefin is expected to be 5% by 

2011.  It was also suggested that the growth rate would be likely to maintain even in a distant 

future [1].  This huge market based on the various technologies for polymer synthesis including 

catalyst chemistry.  Isotactic polypropylene is produced by heterogeneous Ziegler-Natta catalysts 

and homogeneous organic metal complexes, especially IV group metallocene catalysts.  

MgCl2-supported Ziegler-Natta catalyst consists of TiCl4, MgCl2, donors, triethylaluminum and H2.  

Ziegler-Natta catalysts are characterized with multiple active sites to produce polydisperse polymer. 

On the other hand, organometallic polymerization catalysts have the single-site nature to give 

monodisperse polymer, allowing a clear correlation between structure of active site and structure of 

PP.  However, industrial production of PP has been performed with Ziegler-Natta catalysts, owing 

to its high stability and capability of producing PP with a higher melting point, easier processability, 

and better morphology.   

 

1.2 Chemistry of MgCl2-Supported Ziegler-Natta Catalyst 

The industrial process of stereospecific polymerization of propylene is performed with 

heterogeneous Ziegler-Natta catalysts, in which the active site consists of titanium atoms, bonded to 
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the growing polymer chain, placed on the sides of structural layers of TiCl3 or MgCl2 layer 

compounds [2].  The finding that MgCl2, mechanically or chemically activated, behaves as an 

ideal support for the fixation of titanium chlorides opened a new era in the field of Ziegler-Natta 

catalysed polymerization, both from an industrial standpoint and from a scientific point of view. 

The key to the success of MgCl2 as a support is the crystal structure, which is very similar to that 

of TiCl3 with respect to interatomic distances and crystal forms.  Anhydrous MgCl2 is a solid, 

which possesses a typical layer structure (Fig 1.1).  The atoms are organized in two-dimensional 

hexagonal arrays (with repetition periods a = b = 3.64 Å, γ = 120° for MgCl2), which constitute 

“structural (triple) layers” [3].  In these structural layers, the magnesium atoms are sandwiched 

between two layers of chorine atoms, to which the magnesium atoms are octahedrally coordinated 

and strongly bonded.  Regarding the structure of MgCl2 it has been indicated by Giannini [4] that 

the MgCl2 crystallites are made of lateral cleavage surfaces where magnesium atoms are 

coordinated by 4 or 5 chlorine atoms, in place of 6 chlorine atoms in the bulk of the crystal.  These 

tetra and pentacoordinate Mg atoms are present on the (110) and (100) lateral cuts of MgCl2.  

Upon addition of the cocatalyst (AlR3), Ti
4+

 species (TiCl4) coordinated such unsaturated surfaces is 

reduced to Ti
3+

 and a Ti–C bond is formed that is essential for the insertion of the monomer.   
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Figure 1.1.  Model of MgCl2 layer showing the (100) and (110) cuts 

 

A fundamental question which arises in Ziegler-Natta catalysis is which crystallite face is most 

effective for coordination of the active site precursor, TiCl4, and where the active species are located.  

In spite of numerous efforts, the exact nature of the various active species is still a subject of debate.  

For example, it has been suggested that dimeric species (Ti2Cl8) epitactically coordinated to the 

(100) lateral cut could lead to the formation of stereospecific active sites [5,6].  whereas recent 
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studies using FT-Raman spectroscopy have provided evidence for strong adsorption of TiCl4 on the 

(110) lateral cut of MgCl2, which gives a monomeric species with octahedrally coordinated titanium 

that can be the precursor for active and stereospecific sites [7,8].   

After the discovery of high-activity MgCl2-supported catalysts, it was soon realized that the 

internal donors and external donors must be used to improve their stereospecificity.  Currently, as 

mentioned above, mmmm value of PP produced with the most widely used catalyst in which a 

phthalate and an alkoxysilane are used as the internal and external donors, respectively, reaches 

97-99 wt.%.  Donors strongly affect the catalytic properties such as the stereospecificity, the 

activity, the molecular weight distribution (MWD) of polymers, and the hydrogen response.  The 

typical performance of combinations of internal donor and external donor is shown in Table 1.1 [9].  

Even though a much efforts have been spent finding new donor systems to develop Ziegler-Natta 

catalyst system, precise understanding of the mechanism of the donors are still unclear.  Busico et 

al. gave a explanation on the mechanism for donors to improve the isospecificity, donors have been 

considered to selectively adsorb on the (110) surface, resulting in an increase of the ratio of TiCl4 

dinuclear species on the (100) surface [10].  However, it has recently become more plausible that 

donors adsorb to the proximity of Ti species and act as a part of the active site [10-13].   
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Table 1.1.  General performance of different electron-donor classes   

 

1.3 Active sites of Ziegler-Natta Catalysts 

Conventionally, the developments of the Ziegler-Natta catalysts have been done exhaustive and 

empirical method.  Even this catalyst system have been widely applied in the industrial scene for 

more than 30 years (when the TiCl3-AlEt2Cl system is included, it’s over 50 years), the crucial 

factors governing the catalytic performance have not been amply clarified yet.  To understand 

catalytic performance of each active site in Ziegler-Natta catalyst is vitally important to achieve 

desired polyolefin properties.   

In the coordinative olefin polymerization field, a polymerization mechanism that proposed by 
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Cossee [14] have been assumed to be reliable, since it seems the best representation of what is 

happening at the active center (Figure 1.2).  The titanium atom is in an octahedral coordination 

environment with one site vacant and an adjacent coordination site bonded to an alkyl group 

(polymer chain).  For supported catalysts this structure is created when bound TiCl4 reacts with 

aluminum alkyls such as AlEt3 

Figure 1.2.  Cossee Mechanism. R and X indicate a growing chain and chlorine atom respectively.   

Two-step mechanism for propagation involves p-coordination of an incoming monomer by the 

titanium atom at its vacant coordination site, followed by insertion, via a four-center transition state, 

into the titanium-alkyl (polymer) bond.  It should be noted that for stereospecific polymerization, 

the growing polymer chain must migrate back to its original position after each insertion in order to 

maintain sterically identical propagation steps.   

The insertion of an α-olefin in the metal-carbon bond may take place in two different ways: 
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Mt-P + CH2=CH-CH3

Mt-CH2-CH(CH3)-P

Mt-CH(CH3)-CH2-P

(1,2 insertion)

(2,1 insertion)

Mt-P + CH2=CH-CH3

Mt-CH2-CH(CH3)-P

Mt-CH(CH3)-CH2-P

(1,2 insertion)

(2,1 insertion)
 

It is clearly proved, by chain-end group analysis, that the 1,2 insertion mode is working in 

isospecific polymerization of olefins with heterogeneous catalysts [15, 16]. 

Regioselectivity is extremely high in isotactic polymers obtained by heterogeneous catalysts [17]; 

head-to-head or tail-to-tail enchainments are sufficiently few as to be undetectable by IR and NMR 

spectroscopy.  However, n-butyl end groups have been detected in propylene oligomers obtained 

with γ-TiCl3/DEAC catalyst at high hydrogen concentration and in oligomers [18], and high 

molecular weight PP [19] prepared in the presence of hydrogen with 

MgCl2/TiCl4/dialkylphthalate-AlEt3-alkoxysilane catalyst system.  The proportion of isotactic 

polymer chains terminated by chain transfer with hydrogen after 2,1 insertion, leading to a n-butyl 

rather than to a i-propyl group, according to the following scheme, 
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Ti-CH(CH3)-CH2-CH2-CH(CH3)-P + H2

Ti-H + CH3-(CH2)3- CH(CH3)- P

Ti-CH2-CH(CH3)-CH2-CH(CH3)-P + H2

Ti-H + CH3-CH(CH3)-CH2-CH(CH3)-P

Ti-CH(CH3)-CH2-CH2-CH(CH3)-P + H2

Ti-H + CH3-(CH2)3- CH(CH3)- P

Ti-CH2-CH(CH3)-CH2-CH(CH3)-P + H2

Ti-H + CH3-CH(CH3)-CH2-CH(CH3)-P  

is 12 to 28 %, depending on the kind of alkoxysilane used.  We can conclude, therefore, that an 

occasional 2,1 insertion is possible at isotactic centers in heterogeneous catalyst but this irregular 

placement precludes any further monomer insertion. 

Considering that α-olefin are prochiral, that is, they have two different sides (the two R,S 

enantiofaces are shown in Figure 1.3), the absolute configuration of the tertiary carbon atoms of the 

main chain (R) or (S) is dictated by the enantioface undergoing the insertion, the insertion mode, 

and the stereochemistry (cis or trans) of the insertion [20]. 

 

Ti

Pn

C

C

R

Ti

Pn

C

C

R

Ti

Pn

C

C

R

Ti

Pn

C

C

R

RS R S

1,2−olefin coordination 2,1−olefin coordination
 

Figure 1.3.  The different enantiofaces of the olefin and their ossible coordination mode to the 
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active center. 

 

If regioselectivity is high and insertion occurs only with cis stereochemistry, multiple insertions 

of the same enantioface produce a polymer chain with chiral centers of the same configuration (i.e., 

an isotactic polymer); multiple insertions of alternating enantiofaces produce a polymer chain with 

chiral centers alternating configuration (i.e., a syndiotactic polymer); random enantioface insertion 

produce a polymer chain with no configuration regurality (i.e., an atactic polymer). 

To discriminate between two prochiral faces of the olefin, the catalyst system must possess at 

least one chirality center.  A chiral carbon atom is present in the growing chain in beta or alpha 

position with respect to the metal atom, depending on the 1,2 or respectively 2,1 insertion mode.  

The mechanism of stereochemistry determined by chiral induction by the last unit is referred to as 

chain end control.  A second possible element of chirality is the asymmetry of the initiating site; in 

this case, the stereoselection mechanism is referred to as enantiomorphic site control (Figure 1.4).   
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Figure 1.4.  The two possible sources of enantioface selectivity. 

 

Steric errors during the chain growth lead to different chain microstructures which are therefore 

diagnostic of the stereoselection mechanism (Figure 1.5).   

chain-end control

error propagation  

site control

error correction  

m m m m r r m m m

r r r r m m r r r

m m m m r m m m m

r r r r m r r r r

m m m m r r m m m

r r r r m m r r r

m m m m r m m m m

r r r r m r r r r

isospecific

syndiospecific

isospecific

syndiospecific

A

B

C

D

 

Figure 1.5.  The four possible stereospecific mechanisms leading to ordered polymer structures.  

A chain segment with the diagnostic isolated insertion of mistake is shown in ites modified Fisher 
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projection for each case. 

 

The following experimental data are consistent with an enantiomorphic site control of the 

reaction in the isospecific polymerization of α-olefins. 

1. Stereoirregularities in isotactic polymers consist of pairs of syndiotactic racemic (r) dyads 

connecting stereosequences of isotactic meso (m) dyads of the type mmmrrmmm, 

corresponding to the idealized structure A of Figure 1.5; that is, the formation of a configuration 

error does not affect the configuration of the following monomer unit [21].   

2. The retention of the configuration in the growing chain is preserved after the insertion of an 

ethylene unit [22].   

3. Isospecific catalytic sites show stereoselectivity in racemic α-olefins polymerization [23]. 

4. A straightforward evidence against chain end stereochemical control in isospecific 

polymerization is given by end-groups 
13

C NMR analysis of isotactic polybutene obtained with 

TiCl3/AlEt3 enriched with 
13

C at the methylene carbons.  The end groups resulting from 

insertion of two monomer unites into a Ti-
13

CH2-CH3 bond are stereoregular, despite the 

absence of asymmetry in the original ethyl group and in the alkyl group resulting after the first 
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insertion [15, 24]. 

 

TiCl3 Catalyst Models 

A great number of models for catalytic centers have been proposed to interpret the isospecific 

polymerization of olefins with Ziegler-Natta catalysts.  

Arlman and Cossee proposed that the active sites in γ-TiCl3 are located on lateral crystal surfaces 

which corresponds to (110) planes [25].  Titanium atoms present on the planes have a vacant 

octahedral site and are bonded to five chlorine atoms.  One chloride ligand protrudes from the 

surface, the other four are bridged to further Ti atoms and are more strongly bound; neighboring Ti 

atoms have opposite chilarity [26,27].  By reaction with the cocatalyst, the single bonded Cl atom 

should be easily substituted by an alkyl group, giving the active Ti-C bond.  

 

: Ti

: Cl

: Ti

: Cl

 

Figure 1.6.  Schematic drawing of a lateral cut of a TiCl3 layer.  The chirality of two titanium 
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atoms is indicated.   

 

The surface model proposed by Allegra obviates the necessity of the back skip step to assure the 

stereoselectivity because a C2 symmetry axis locally relates the atoms relevant to the non-bonded 

interactions with the monomer and the growing chain [28].  Therefore, the two situations resulting 

by exchanging in the coordination step, the relative positions of the growing chain and of the 

incoming monomer are identical.   

 

 

Figure 1.7.  The TiCl3 layer termination proposed by Allegra; the arrows indicate the two 

equivalent coordination positions related by a two fold axis. 

 

Corradini et al. suggest that the chiral environment of the metal atom imposes a chiral orientation 
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of the first C-C bond of the chain, and this orientation has been identified as a crucial factor in 

determining the stereospecificity.  They evaluated non-bonding interaction by calculation, which 

will be discussed later.  Three sites model of active sites in TiCl3 was proposed [29].   

 

 

Figure 1.8.  Schematic drawing of the local environment of a 

catalytic site located at a relief of the lateral surface of TiCl3 

 

MgCl2-Supported Catalyst Models 

Busico et al. showed that reduced TiCl4 on the (1 0 0) MgCl2 crystal face has two vacancies and 

the (1 1 0) face has only one [30,31].  Dimerized TiCl3 on the (100) face are believed to be 

stereospecific sites since they are in a chiral environment.   
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Figure 1.9.  Possible models of Ti(IV) complexes coordinated to the (100) faces (A and 

B), (110) faces (C) of MgCl2; the same after activation by Al-Alkyl (catalytic sites A’, B’ 

and C’, respectively). The position of non-bridge chlorine atoms is only indicative. 

 

Vacant sites are necessary for polymerization, but sites with more than one vacancy are aspecific, 

as shown Sun and Soga [32].  Then, Soga et al. and Kuroda et al. proposed site poisoning 

mechanism as shown in Figure 1.10 [33, 34].   
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Ti
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Donor

( :D )

  

Figure 1.10.  Models for the active sites on MgCl2 supported Ti catalyst 

and the effect of an electron donor   

 

Based on 
13

C NMR data, Doi et al. [35] proposed an active site model where there is a strictly 

stereospecific site and a second site which can be converted between stereospecific and aspecific by 

reversible AlEt3 migration as shown in Figure 1.11.   
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Figure 1.11.  Model of bimetallic active site proposed by Doi et al 

 

Recently, Corradini and Busico et al. proposed a three-sites model [36] on the basis of the 

stereosequence distribution of the atactic and isotactic fractions of PP obtained with a 

MgCl2-supported catalyst determined by high-resolution 
13

C NMR analysis [37-40].  These 

fractions comprise the same three building blocks (highly isotactic, weakly isotactic, and 
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syndiotactic sequences) and differ only in their relative amounts.  The stereoblock nature implies 

the presence of three sites, namely, highly isospecific site, weakly isotactic (isotactoid) site, and 

syndiospecific site, and reversible switches between them.  They suggested that these switches are 

caused by ligand exchanges at position L1 and L2 in Figure 1.12. 

 

= Ti 

= Ti or Mg

= Cl

= Cl or donor

= Ti 

= Ti or Mg

= Cl

= Cl or donor

(a) (b) (c)

L1

L2

  

Figure 1.12  Possible models of active species for (a) highly isotactic, (b) isotactoid, (c) 

syndiotactic propagation. 

 

Terano et al. proposed the further modification of three-sites model based on the detailed analysis of 

PPs obtained with a donor-free MgCl2/TiCl4 catalyst [41].   
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Figure 1.13.  Modified three-sites model proposed by Terano et al. 
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1.4 Model Catalysts for MgCl2-Supported Ziegler-Natta Catalysts 

For understanding this complex catalyst system, it is supposed to be effective to apply model 

catalyst.  A much effort has been paid in this subject.  Some of them will be introduced in this 

section.   

Busico et al. reported homogeneous C2-Symmetric Octahedral Zr(IV) Complexes for 

Ziegler-Natta model[42].  They concluded that, as far as the regio- and enantioselectivity of 

propylene insertion and the processes of chain transfer are concerned, the two investigated catalysts 

are good models of Ziegler-Natta active species.  On the other hand, compared with the latter, the 

absolute rates of chain propagation and transfer are much lower.  

 

Figure 1.14.  Schematic drawing of the two tetradentate [ONNO] ligands, and of the 
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corresponding Zr(IV) complexes. 

 

Groppo et al. investigated the structural, vibrational, and optical properties of Ti and Mg chloride 

tetrahydrofuranates as precursors of heterogeneous Ziegler–Natta catalysts by X-ray powder 

diffraction(XRPD), Infrared, Raman, and UV/Vis spectroscopy[43].  Those presented are among 

the first direct experimental data on the structure of the active Ti sites in Ziegler–Natta catalysts, 

and can be used to validate the many computational studies that have been increasing exponentially 

in the last few decades.   

 

 

Figure 1.15.  Molecular units constituting the crystal structures of the three tetrahydrofuranate 
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precursors of Ziegler–Natta catalysts and of the bimetallic salt. 

 

Terano et al. reported relationship between Ti dispersion state and propylene polymerization 

properties with MgCl2-supported TiCl3 model catalyst prepared using TiCl3∙3Pyridine complex [44].  

This model catalyst can control the dispersion state of Ti species by changing the Ti content, and 

can reduce active sites heterogeneity.  However produced PPs still exhibited polydispersity. 

 

Figure 1.16.  Stereoregularity (○) and Mn (□) of the PPs vs. Ti content 

 

They also investigated to develop core–shell MgO/MgCl2/TiCl4 model catalysts [45].  The MgO 
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nanoparticles were utilized as a non-fragmentable core material to prepare novel core–shell 

MgO/MgCl2/TiCl4 catalysts for olefin polymerization.  With these model catalysts, 

structure–performance relationship between the catalyst surface area and propylene polymerization 

activity was successfully obtained. 

 

Figure 1.16.  Relationship between the catalyst surface area and propylene polymerization 

activity.  

 

Andoni et al. reported new surface science model for Ziegler-Natta catalyst [46,47].  In that 

reports, a method for the preparation of well-defined crystallites of MgCl2-supported Ziegler-Natta 
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catalysts on Si wafers has been developed.  The growth of the crystallites on the flat silica 

facilitates their characterization using electron and scanning probe microscopy.  The relative 

proportions of 120º and 90º edge angles indicate the preference for the formation of a particular 

crystallite face for the MgCl2 (Figure 1.17).   

 

 

Figure 1.17.  SEM image (left) and SEM-EDX mapping of C Ka (right) of polyethylene obtained 

after 3 min polymerization on silica wafer.  The polymer growth at the edges of the crystallites 

clearly indicates the presence of the active site precursor, TiCl4 or TiCln(OEt)4·n.   
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1.6 Objective of This Study 

Polyolefin such as polypropylene and polyethylene produced with Ziegler-Natta catalysts is one 

of the largest markets.  Research about the nature of Ziegler-Natta catalysts is ongoing because of 

the industrial importance for development of new grades of PP.  However, despite extensive efforts, 

there is still limited understanding of the nature of Ziegler-Natta catalysts, especially this is because 

the nature of active sites.  Molecular-level understanding of surface events, a prerequisite for 

tailor-made design of heterogeneous catalysis, is usually highly challenging for powder catalysts 

because their surfaces are (more or less) chemically and structurally heterogeneous as well as 

dynamic.  The heterogeneity has inhibited the direct characterization of active sites, the evaluation 

of the catalytic performance of each active site, and the understanding of molecular-level behaviors 

of the catalysts.  One of the helpful ways to address problems of the multisite nature is to employ 

using model catalysts which can reduce heterogeneity.   

The object of this dissertation is to develop novel Ziegler-Natta model catalysts which are useful 

to clarify active site natures.  In Chapter 2, single-site Ti-based polymerization catalysts such as 

titanocenes were immobilized on MgCl2 to develop single-site Ziegler-Natta model catalysts.  The 

single-site nature of these complexes enables to suppress the formation of Ti clusters by bulky 
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ligands, to change steric and electronic environments of the Ti center by using various ligands and 

to clarify effects of immobilization on MgCl2.  In Chapter 3, a realistic synthetic route for the 

active MgCl2 surfaces has discovered by donor-induced reconstruction under UHV conditions.  

Finally, general conclusion is described in chapter 4.   
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Chapter 2 

 

Control of Active Site Structure and Propylene Polymerization 

Properties of MgCl2-Supported Titanocene Catalysts 
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2.1 Introduction  

In the production of isotactic polypropylene, the design of active site structure is one of the major 

targets for the development of new catalysts, since they dominate stereoregularity, molecular weight, 

and chemical composition of resulting polymer.  Though both heterogeneous Ziegler-Natta 

catalysts and homogeneous organometallic complexes (especially IV group metallocene catalysts) 

have an ability to produce polypropylene which can be classified as isotactic polypropylene, the 

resulting polymer structures are largely different between the two catalysts due to the different 

active site natures.  Ziegler-Natta catalysts produce polydisperse isotactic polypropylene with 

concentrated stereoerrors and high regioregularity, generally resulting in a higher melting point.[1]  

On the other hand, typical ansa-metallocene catalysts produce monodisperse polypropylene with 

stereoerrors randomly distributed over the backbone as well as lower regioregularity.[2]   

Industrial heterogeneous Ziegler-Natta catalysts consist of TiCl4 supported on MgCl2 combined 

with Lewis base compounds (called as donors) and trialkylaluminum.  Their active species are 

regarded as neutral Ti(III)-alkyl species, situated in a pseudo octahedral symmetry.  It is well 

accepted within a three site model that the isospecificity is originated from ligands coordinated at 

metal ions adjacent to an active Ti center.[3,4]  Further details on the active sites such as the 
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placement of TiCl4 on MgCl2 surfaces and the identity of stereo-regulating ligands are still 

ambiguous, mainly due to difficulties in the characterization of active sites and the polydispersity 

itself in polymer structures.  Consequently, the structures of isotactic polypropylene have been 

empirically controlled in its industrial production, based on different combinations of internal and 

external donors.   

Active species of C2 metallocene catalysts of group IV metals are cationic M(IV)-alkyl with a 

pseudo tetrahedral symmetry, where the isospecificity results from bulky bis-cyclopentadienyl 

derivatives.[5,6]  Since metallocene complexes exhibit a single-site nature, a clear relationship 

between the structures of the active site and resultant polymer has been established.   

On the other hand, commercialization of metallocene catalysts necessarily requires their 

immobilization onto a suitable support from a viewpoint of morphology control of produced 

polymer.  A variety of immobilization techniques have been developed, which can be roughly 

classified into i) direct impregnation of complexes on supports mostly pre-treated with 

alkylaluminum,[7,8] ii) impregnation of activators such as methylaluminoxane (MAO) (called as 

supported activators),[9,10] and iii) tethering complexes on support surfaces through covalent link 

between supports and ancillary ligand frameworks.[11-14]  A key issue in the immobilization is to 
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suppress unfavorable interaction and reaction between complexes and supports and to keep their 

original active site natures, where SiO2 is the most widely studied support.   

In contrast, several researchers have attempted to facilitate strong interaction between complexes 

and MgCl2 support for improved catalyst performances, as is the case for heterogeneous 

Ziegler-Natta catalysts, where the immobilization of TiCl4 on MgCl2 results in progressive 

enlargements in the propagation rate constant and the number of active sites.[15-18]   

The majority of these researches studied ethylene (co)polymerization while only a few reported 

for propylene polymerization.[19-30]  For example, Sivaram et al. reported that active species 

derived from titanocene dichloride were stabilized by MgCl2 during ethylene polymerization.[19]  

Soga et al. reported that a zirconocene catalyst supported on MgCl2 pre-treated with alkylaluminum 

was activatable with alkylaluminum, and gave polydisperse polypropylene.[20]  The same authors 

found that the addition of external donor improved the stereoregularity of isotactic polypropylene 

produced by MgCl2-supported half-titanocene.[21]  Ishihara et al. also reported that 

half-titanocene catalysts ground with MgCl2 in the presence of alkylaluminum and borate produced 

isotactic polypropylene, unlike the homogeneous catalysts.[22]  On the other hand, titanocene 

complexes impregnated on MgCl2/AlRm(OEt)3-m supports kept the single-site nature of the 
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complexes in ethylene polymerization, while the supported complexes were activatable only with 

alkylaluminum.[23,24]  Thus, metallocene catalysts supported on MgCl2 have exhibited catalytic 

aspects quite similar to those of heterogeneous Ziegler-Natta catalysts.  However, the active site 

natures of MgCl2-supported metallocene catalysts have not been systematically and sufficiently 

examined in comparison with those of Ziegler-Natta catalysts to explore for model system of 

traditional Ziegler-Natta catalysts.  Furthermore, it is significant in developing synergized 

supported metallocene catalysts to examine effects of variables such as the immobilization method 

as well as the kinds of metallocene complexes and activators on the active site natures.   

In this study, various MgCl2-supported Cp2TiCl2, CpTiCl3 and TiCl4 catalysts were synthesized 

based on different immobilization procedures, and the resultant active site natures in propylene 

polymerization using alkylaluminum or MAO were systematically compared to find a possibility of 

synergetic metallocene-support interaction.  According to the immobilization procedure and the 

kind of activators, two classes of active sites were formed: active sites typical for Ziegler-Natta 

catalysts to produce isotactic polypropylene, whose stereoregularity was improved by the addition 

of external donors, and those typical for titanocene catalysts to produce rather atactic polypropylene, 

whose activities were greatly enhanced by using polar solvents as polymerization medium.  This 
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diversity of the active site natures plausibly originated from the oxidation state of supported 

titanocene during polymerization.   
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2.2 Experimental Section  

2.2.1 Materials  

Propylene of research grade was used without further purification.  Toluene and 

dichloromethane (purchased from Kanto Chemical Co., Inc.) for polymerization solvent were dried 

by passing through a column with the molecular sieve 4A.  Toluene for catalyst preparation was 

purified by refluxing over sodium followed by distillation.  Modified methylaluminoxane 

(MMAO-3A) and triethylaluminum (TEA) were donated by Tosoh Finechem Co.  

Cyclohexylmethyldimethoxysilane (CMDMS, purchased from Sigma-Aldrich Co. LLC) was 

purified by distillation.  Anhydrous magnesium dichloride with a specific surface area of 65.1 

m
2
·g

−1
 (MgCl2, donated by Toho Titanium Co., Ltd.), bis(cyclopentadienyl)titanium dichloride 

(Cp2TiCl2) and cyclopentadienyl titanium trichloride (CpTiCl3, both purchased from Gelest, Inc.), 

and titanium tetrachloride (TiCl4, purchased from Wako Pure Chemical Industries, Ltd.) were used 

as delivered. 
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2.2.2 Catalyst preparation 

Supported catalysts were prepared based on the following two methods. 

Physical method: MgCl2 (4.0 g) was ground with toluene (30 mL) solution containing CpxTiCl4−x 

(x = 2 or 1) or TiCl4 (0.3 mmol) at room temperature using rotary ball mill for 40 h under nitrogen 

atmosphere.  The synthesized catalysts were designated as Cp2TiCl2/MgCl2(P), CpTiCl3/MgCl2(P), 

and TiCl4/MgCl2(P).  

Chemical method[20]: MgCl2 10.4 g and 1.18 mmol of CpxTiCl4−x (x = 2-0) or LTiCL3 (L = 

Pentamethylcyclopentadienyl, Indenyl)were contacted in the presence of 42 mmol of TEA in 371 

mL of toluene at room temperature for 10 min (named as Cp2TiCl2/MgCl2(C), CpTiCl3/MgCl2(C), 

TiCl4/MgCl2(C), IndTiCl3/MgCl2(C), Cp*TiCl3/MgCl2(C)). 

All supported catalysts were repeatedly washed with distillated toluene until unsupported 

complexes in supernatant liquid were not detected by UV-vis spectroscopy (JASCO V-670).  The 

Ti contents were measured after dissolving catalysts in aqueous H2SO4/HCl/H2O2 by UV-vis 

spectroscopy (Table 1).   
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Table 1.  Titanium content of the catalysts
 

Catalyst Ti content 

 (wt.%) 

Cp2TiCl2/MgCl2(P) 0.085 

CpTiCl3/MgCl2(P) 0.076 

TiCl4/MgCl2(P) 0.64 

Cp2TiCl2/MgCl2(C) 0.067 

CpTiCl3/MgCl2(C) 0.28 

TiCl4/MgCl2(C) 0.54 

 

 

2.2.3 Polymerization 

Propylene polymerization was conducted in a 1 L stainless steel reactor equipped with an 

agitating blade.  Toluene or dichloromethane (200 mL) was introduced into the reactor under 

nitrogen atmosphere and then propylene gas was saturated at 5 atm for 30 min.  After propylene 

saturation, activator (4.0 mmol of MMAO or 2.0 mmol of TEA) was introduced into the reactor.  

To start the polymerization, a measured amount of a catalyst was added to make the Al/Ti molar 

ratio 500 mol·mol
−1

.  Propylene was continuously supplied to keep constant pressure during 
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polymerization.  Polymerization was terminated after 30 min by adding ethanol.  For reference, 

polymerization with unsupported Cp2TiCl2 and CpTiCl3 complexes was conducted under the 

completely same conditions.  In polymerization with donor (CMDMS), donor (Al/donor = 20 for 

MMAO and 10 for TEA mol·mol
−1

) was added to the reactor after injection of activator, followed 

by the catalyst slurry injection to start the polymerization.  Obtained polymer was then washed 

with distilled water three times and dried in vacuo at 60ºC for 6 h.  Thereafter, polymer was 

dissolved in xylene containing 0.03 wt.% 2,6-t-butyl-4-methylphenol and precipitated by an excess 

amount of cold acetone.  The polymer was finally filtered and dried in vacuo at 60ºC for 6 h. 

 

2.2.4 Polymer characterization 

The molecular weight (Mn) and molecular weight distribution (Mw/Mn) of polypropylene was 

measured by gel permeation chromatography (Waters Associates, ALC/GPC 150C) with 

polystyrene columns (Showa Denko K. K., AD806M/S) at 140ºC using o-dichlorobenzene (ODCB) 

as a solvent.  The stereostructure of polypropylene was determined by 
13

C NMR (Bruker 400 

MHz) at 120ºC using 1,2,4-trichlorobenzene as a diluent and 1,1,2,2-tetrachloroethane-d2 as an 

internal lock and reference. 
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2.2.5 Statistical analysis of polymer 

The stereostructure of polypropylene was analyzed based on a two-sites model, where chain-end 

control[31] and enantiomorphic-site control statistics were assumed.[32]  Even though a three-sites 

model gives more rigorous interpretation for the streostructure of polypropylene, this model 

requires information of longer stereo sequences, i.e. higher magnetic field in NMR.
[3]

  For usual 

pentad sequences, the two-sites model was rather suitable.[32]  In the two-sites model, mmmm is 

expressed as follows, 

mmmm = ω{σ
5
  (1 – σ)

5
}  (1 – ω)Pm

4 

Here, σ is the probability to select a d-unit in the enantiomorphic-site model.  Pm is the 

probability to select a meso diad configuration in the chain-end control model.  ω is the weight 

ratio between the chain-end control model and enantiomorphic-site model.  The other pentad 

sequences were similarly derived.  The three parameters (σ, Pm, ω) were numerically optimized in 

order to fit experimental pentad sequences of polypropylene. 
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2.2.6 UV-vis diffuse reflectance spectroscopy (DRS) of catalyst 

UV-vis DR spectra of the catalysts were acquired on a JASCO V-670 spectrophotometer 

equipped with integrating sphere.  Catalyst powder was put into a quartz cell under nitrogen 

atmosphere.  The DR spectra were recorded between 350 and 650 nm with a resolution of 1 nm 

and BaSO4 was used as a background. 
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2.3 Results and Discussion 

The prepared catalysts were characterized by UV-vis DRS as shown in Figure 1, together with 

the reference spectra of the homogeneous complexes diluted in toluene.  Cp2TiCl2 in toluene 

exhibited two absorption bands (Figure 1(a)), where the higher and lower energy bands are 

respectively assigned as ligand-to-metal charge transfer (LMCT) for Cp  Ti and Cl  Ti.
[33]

  On 

the other hand, CpTiCl3 in toluene showed a single absorption band at 406 nm.  Though Hamar et 

al. reported the presence of a weak shoulder at 475 nm (in dichloromethane),[34] we could not 

observe it probably due to its small oscillation strength.  Upon physical immobilization, the lower 

energy band of Cp2TiCl2 (Cp  Ti) shifted hypsochromically, while the higher energy band was 

hardly shifted though its intensity was greatly reduced in immobilization.  A hypsochromic shift 

usually occurs when the electron density of a metal center increases.[35,36]  Electron withdrawal 

upon immobilization on MgCl2 arises from the coordination of Cl ligands of a complex to surface 

Lewis acidic Mg sites (while electron donation arises from the coordination of electron-rich Cl of 

MgCl2 to a metal center).[37]  On the contrary, the spectrum of CpTiCl3/MgCl2(P) was rather 

complicated: the strongest absorption appeared at 485 nm, whose position was completely different 

from the original one, and two weak shoulders were also observed at around 410 and 450 nm.  
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Although the origins of these bands are unclear yet, the spectral variations upon immobilization 

suggest stronger interaction of CpTiCl3 with MgCl2 than that of Cp2TiCl2.  The direct 

characterization of the electron density of the Ti center using X-ray photoemission  

spectroscopy was unsuccessful for the scare Ti concentrations.  The chemical immobilization 

of the two complexes in the presence of TEA has brought about the intensification of absorption 

below 400 nm, which is known as a result of alkylation.[38-40]   
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Figure 1.  UV-vis spectra of non-supported and supported CpxTiCl4-x.  (a) Cp2TiCl2 and 

CpTiCl3 in toluene; (b) Cp2TiCl2/MgCl2; (c) CpTiCl3/MgCl2.   
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Propylene homopolymerization was conducted with the prepared CpxTiCl4−x/MgCl2 catalysts 

combined with MMAO or TEA activator.  Table 2 summarizes the polymerization results together 

with the results for the homogeneous CpxTiCl4−x and heterogeneous TiCl4/MgCl2 catalysts.   
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Table 2.  Propylene polymerization results
a
 

Catalyst Activator Activity mmmm rrrr Mn x 10−4 Mw/Mn 

  (kg-PP·mol-Ti−1·atm−1·h−1) (mol%) (mol%) (g·mol−1)  

Cp2TiCl2/MgCl2(P) MMAO 77.7 1.8 10.5 1.7 4.4 

 TEA 9.1 48.8 3.7 2.0 5.1 

CpTiCl3/MgCl2(P) MMAO 76.3 2.1 10.5 3.3 3.3 

 TEA 6.0 43.9 5.3 1.9 6.9 

TiCl4/MgCl2(P) MMAO 670.0 42.0 5.7 2.4 8.4 

 TEA 824.0 45.6 6.9 2.3 8.6 

Cp2TiCl2/MgCl2(C) MMAO 42.6 3.1 10.2 1.4 4.7 

 TEA 33.8 48.2 4.2 2.0 4.6 

CpTiCl3/MgCl2(C) MMAO 74.4 41.6 6.4 3.1 9.8 

 TEA 61.2 49.5 6.1 2.4 9.1 

TiCl4/MgCl2(C) MMAO 142.2 41.5 7.4 3.4 12.4 

 TEA 98.4 39.2 7.8 1.9 10.3 

Cp2TiCl2 MMAO 56.9 1.5 11.2 0.9 5.3 

CpTiCl3 MMAO 11.7 1.4 9.6 4.1 2.6 

a
 Solvent: 200 mL of toluene, activator: MMAO (20 mmol·L

−1
) or TEA (10 mmol·L

−1
), Al/Ti 

molar ratio: 500, propylene pressure: 5 atm, temperature: 40°C, and polymerization time: 30 min. 
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CpxTiCl4−x physically supported on MgCl2 had higher activities than the corresponding 

homogeneous complexes when activated by MMAO.  The degree of the activation induced by the 

immobilization on MgCl2 was much larger for CpTiCl3.  Reduction and subsequent dimerization 

of Ti(IV) to inactive species represents the most probable explanation for rapid deactivation and 

low activities of homogeneous CpxTiCl4−x.[41]  The stabilization of active species upon 

immobilization on MgCl2 accounts for the observed activity enhancements.  On the other hand, the 

activities of CpxTiCl4−x/MgCl2(P) were much lower than that of TiCl4/MgCl2(P).  The leaching of 

Ti components actually happened when the catalysts were treated with MMAO in the absence of 

donors.  However, typical leaching amounts corresponding to 10-25% of the Ti contents in the 

catalysts were too low to explain the observed activities.  Polypropylene made by 

CpxTiCl4−x/MgCl2(P) was atactic, as in homogeneous CpxTiCl4−x.  Such a stereostructure is 

generally obtained under chain-end controlled polymerization under negligible steric restriction 

from an active site,[42,43] as was affirmed by the insensitivity of the polypropylene stereostructure 

to the number of Cp ligands (Table 2).  TEA as an activator led to much lower activities of 

CpxTiCl4−x/MgCl2(P) compared with MMAO, producing moderately isotactic polypropylene 

bearing non-negligible rrrr fractions.  Such a stereostructure of polypropylene is typical for 
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traditional Ziegler-Natta catalysts without donor.[44]  The stereostructures of polypropylene 

produced with CpxTiCl4−x/MgC2(P) were completely different between TEA and MMAO, which 

clearly indicates that the kind of activator affected the kind of active sites formed.   

The chemically supported Cp2TiCl2 and CpTiCl3 catalysts activated with MMAO respectively 

had lower and higher activities than the corresponding homogeneous complexes.  The obtained 

polypropylene was atactic for Cp2TiCl2/MgCl2(C), while moderately isotactic for 

CpTiCl3/MgCl2(C).  When TEA was used as an activator, CpxTiCl4−x/MgCl2(C) had much higher 

activities than CpxTiCl4−x/MgCl2(P), producing similarly isotactic polymer.  These results 

indicated that the preparation method also affected the kind of active sites and the chemical 

treatment with TEA upon immobilization led to an environment in which isospecific active sites 

were more easily formed (whose origin is described later).   

The molecular weight (Mn) and molecular weight distribution (Mw/Mn) of the obtained 

polypropylene are listed in Table 2.  Mn of moderately isotactic polypropylene ranged from 1.9-3.4 

x 10
4
 g/mol without a clear tendency.  On the other hand, Mw/Mn became narrower with the 

increase in the number of Cp ligands for both of the preparation methods.  The bulky Cp ligand is 

likely to suppress the formation of agglomerated Ti species on MgCl2 during polymerization and 
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consequently reduce the expansion of the active site heterogeneity.[45]  Moderately isotactic 

polypropylene produced from CpxTiCl4−x/MgCl2(C) had broader Mw/Mn compared with 

CpxTiCl4−x/MgCl2(P) except Cp2TiCl2/MgCl2.  It was inferred that supported Cp2TiCl2/MgCl2 is 

more tolerant to the heterogenization (reduction as well as agglomeration) induced by TEA during 

catalyst preparation.   

The stereostructure of polypropylene was analyzed based on the two-sites model in order to 

examine mechanisms of stereoselective polymerization of propylene with the different catalysts.  

The results of the fitting are shown in Table 3.  In the case of moderately isotactic polypropylene, 

the calculated pentad values coincided well with the experimental values.  The  values were 

around 0.9 and not dependent on the kinds of activators, preparation methods, and precursor 

structures.  This fact indicates that all the moderately isotactic polymers were formed at active 

sites with very similar steric environments.  The active site structure in traditional Ziegler-Natta 

catalysts is well known as trivalent neutral Ti species situated in a pseudo octahedral symmetry 

having one vacant site for monomer coordination.[3,4,46-49]  Accordingly, it is natural to assume 

that trivalent neutral active species were formed during polymerization when the moderately 

isotactic polymers were obtained.  It means that supported CpxTiCl4−x might be converted into 
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trivalent neutral species upon the contact with an activator either during catalyst synthesis or during 

polymerization.  On the contrary, Pm decreased (i.e. the syndiospecificity of the chain-end 

controlled model increased) when the number of Cp ligands decreased and when the chemical 

preparation method was used.  It seemed that Pm became lower for a condition in which the 

reduction of titanium chloride was more facile: a smaller number of Cp ligands leads to easier 

reduction of the Ti center, the chemical preparation method includes treatment with TEA, and TEA 

as an activator is a stronger reducing agent than MMAO.  All these factors led to lower Pm values.  

In the case of atactic polypropylene produced from supported CpxTiCl4−x, the fitting based on the 

two-sites model automatically gave  = 0, indicating that polymerization totally obeys the 

chain-end controlled mechanism.  However, as shown in the large 
2
 values, the fitting degrees 

were much lower for the atactic polypropylene.  The fitting degrees were never improved by 

adding another chain-end controlled model, indicating that a multisite nature of active sites could 

not account for the deviation.  It is believed that either the enantiomorph of active sites or the 

stereo configuration before the last insertion exerts a secondary influence on the chain-end 

controlled polymerization.  The values of Pm became almost the same as those for the unsupported 

catalysts, resulting in a hypothesis that active sites giving atactic polypropylene might be identical 
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to those for the unsupported metallocene catalysts, i.e. tetravalent cationic Ti species in a pseudo 

tetrahedral symmetry.   

Table 3.  Fitting results for the stereostructure of polypropylene using the two-sites model 

Catalyst Activator σ Pm Ω χ2 a Calc. mmmmb Calc. rrrr b 

      (mol%) (mol%) 

Cp2TiCl2/MgCl2(P) MMAO - 0.40 0 94 2.7 12.7 

 TEA 0.91 0.38 0.79 21 48.9 3.8 

CpTiCl3/MgCl2(P) MMAO - 0.40 0 78 2.6 13.0 

 TEA 0.91 0.36 0.71 9.1 44.0 5.4 

TiCl4/MgCl2(P) MMAO 0.89 0.33 0.75 8.3 42.1 5.7 

 TEA 0.91 0.30 0.74 14 45.7 6.9 

Cp2TiCl2/MgCl2(C) MMAO - 0.41 0 51 2.9 12.0 

 TEA 0.90 0.32 0.84 8.4 48.3 4.2 

CpTiCl3/MgCl2(C) MMAO 0.90 0.34 0.70 7.3 41.7 6.4 

 TEA 0.91 0.27 0.80 21 49.6 6.2 

TiCl4/MgCl2(C) MMAO 0.89 0.28 0.75 8.1 41.6 7.4 

 TEA 0.87 0.25 0.78 22 39.3 8.0 

Cp2TiCl2 MMAO - 0.41 0 119 2.7 12.4 

CpTiCl3 MMAO - 0.40 0 162 2.58 12.89 

 a
 χ

2
 = ∑{(exp.−calc.)

2
·error

−2
} 

 b
 Calculated based on the optimized parameters. 
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In order to further examine the nature of active sites, CMDMS was added as a probe in propylene 

polymerization.  An external donor would improve the isospecificity of Ziegler-Natta type active 

sites (trivalent neutral Ti species), while it would not affect the stereospecificity of metallocene type 

active sites (tetravalent cationic Ti species).  Results of polymerization are shown in Table 4.   
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Table 4.  Results of propylene polymerization with external donor a 

Catalyst Activator Al/CMDMS Activity mmmm 

  (mol·mol−1) (kg-PP·mol-Ti−1·atm−1·h−1) (mol%) 

Cp2TiCl2/MgCl2(P) MMAO 20 11.7 1.8 

 TEA 10 3.5 72.8 

CpTiCl3/MgCl2(P) MMAO 20 1.2 4.9 

 TEA 10 None 

TiCl4/MgCl2(P) MMAO 20 3.3 61.2 

 TEA 10 409.8 79.8 

Cp2TiCl2/MgCl2(C) MMAO 20 3.2 3.4 

 TEA 10 19.6 72.4 

CpTiCl3/MgCl2(C) TEA 10 31.2 74.7 

TiCl4/MgCl2(C) TEA 10 34.5 66.0 

a
 Solvent: 200 mL of toluene, activator: MMAO (20 mmol·L

−1
) or TEA (10 mmol·L

−1
), Al/Ti 

molar ratio: 500, propylene pressure: 5 atm, temperature: 40ºC, polymerization time: 30 min. 

 

The addition of CMDMS decreased the catalyst activities, which was much more prominent for 

MMAO due to strong Lewis acid-base interaction.  When CMDMS was added under conditions 

which had produced moderately isotactic polypropylene in the absence of donors (see Table 2), the 

isotacticity of polypropylene was improved, irrespective of the kinds of the precursors and 
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preparation methods.  On the contrary, the stereoregularity of polypropylene was not changed by 

the addition of CMDMS for aspecific active sites.  These results are consistent with our hypothesis 

mentioned above.  From a viewpoint of the charge state of active sites, the activity of metallocene 

type active sites should increase in polar solvents.[50]  Propylene polymerization activities were 

compared in less polar toluene and in more polar dichloromethane (Table 5).   
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Table 5.  Effects of solvent on polymerization activity
a
 

Catalyst Activator Solvent Activity 

   (kg-PP·mol-Ti−1·atm−1·h−1) 

Cp2TiCl2/MgCl2(C) MMAO Toluene 42.6 

 MMAO Dichloromethane 429.1 

 TEA Toluene 33.8 

 TEA Dichloromethane 38.2 

TiCl4/MgCl2(P) MMAO Toluene 670.2 

 MMAO Dichloromethane 267.2 

 TEA Toluene 824.0 

 TEA Dichloromethane 59.1 

Cp2TiCl2 MMAO Toluene 56.9 

 MMAO Dichloromethane 456.6 

a
 Solvent: 200 mL of toluene or dichloromethane, activator: MMAO (20 mmol·L

−1
) or TEA (10 

mmol·L
−1

), Al/Ti molar ratio: 500, propylene pressure: 5 atm, temperature: 40ºC, and 

polymerization time: 30 min. 

As expected, the activities of the homogeneous catalysts became much higher in dichloromethane.  

On the contrary, the activities of heterogeneous TiCl4/MgCl2(P) decreased regardless of the 

activators in dichloromethane.  The activity of Cp2TiCl2/MgCl2(C) increased in dichloromethane 

when activated by MMAO, while this was not the case for TEA.  This result is highly consistent 
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with our hypothesis that the isospecific active sites are trivalent neutral species and the aspecific 

active sites are tetravalent cationic species.  However, it is not clear how isospecific active sites of 

trivalent neutral species were formed.  Considering that the stereospecificity of isospecific active 

sites was almost the same for the different precursors, Cp ligands might be removed to form 

trivalent neutral species.  In order to clarify the mechanism of active sites formation and structure 

of active sites, further analysis is required.   

Based on the results and discussion, we propose that the reduction of CpxTiCl4−x supported on 

MgCl2 by alkylaluminum leads to the formation of Ziegler-Natta type isospecific active sites, and 

that the ease of the reduction depends on the type of homogeneous precursors, the catalyst 

preparation method and the kind of activators.  Since these isospecific active sites are never 

formed for homogeneous CpxTiCl4−x, it can be concluded that a role of MgCl2 is to stabilize 

reduced CpxTiCl4−x as isospecific active sites.   
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Propylene polymerization results using LTiCl3/MgCl2(C) were shown in Table 6. 

 

 

 

Cp*TiCl3/MgCl2(C) produced mostly atactic PP in the presence of MMAO. However, 

CpTiCl3/MgCl2(C) and IndTiCl3/MgCl2(C) produced relatively isotactic PP by MMAO. When TEA 

was used, the activity was increased in the order of Cp*TiCl3/MgCl2(C)  IndTiCl3/MgCl2(C)  

CpTiCl3/MgCl2(C). This activity trend was opposite to homogeneous catalyst systems. From these 

results, the reduction of titanocene during catalyst preparation and/or polymerization by 

Table 6.  Propylene polymerization resultsa 

Catalyst Activator 

Activity mmmm rrrr 

(kg-PP·mol-Ti−1·atm−

1·h−1) 

mol% mol% 

CpTiCl3/MgCl2(C) MMAO 74.4 41.6 6.4 

 TEA 61.2 49.5 6.1 

IndTiCl3/MgCl2(C) MMAO 79.6 42.6 6.6 

 TEA 43.5 48.3 6.5 

Cp*TiCl3/MgCl2(C) MMAO 53.5 2.8 14.3 

 TEA 14.0 44.7 5.5 

IndTiCl3 MMAO 231.2 2.8 10.0 

Cp*TiCl3 MMAO 663.4 2.0 15.3 
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alkylaluminum leads to the formation of Ziegler-Natta type isospecific active sites. The ease of the 

reduction depended on the type of precursors, the catalyst preparation method and the kind of 

activators. 
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2.4 Conclusion 

The active site natures of MgCl2-supported Cp2TiCl2 and CpTiCl3 catalysts were investigated for 

propylene polymerization and compared with those of non-supported complexes and traditional 

Ziegler-Natta catalysts.  It was found that the catalyst preparation method and the kind of 

activators affect the formation of different types of active sites.  Cp2TiCl2/MgCl2 and CpTiCl3/ 

MgCl2 catalysts formed active sites identical to those of a TiCl4/MgCl2 catalyst when activated by 

TEA, and produced isotactic polypropylene, whose stereoregularity was enhanced by the addition 

of a donor.  On the other hand, the usage of MMAO tended to form aspecific active sites similar to 

those of the non-supported complexes, whose activities were dramatically improved in polar 

dichloromethane.  The isospecific active sites were assigned as neutral Ti(III) stabilized by a 

MgCl2 support, while aspecific active sites were cationic Ti(IV).  Thus, we found novel dual active 

site natures of MgCl2-supported titanocene catalysts, which can be switched by the kind of 

activator.   
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Chapter 3 

 

UHV Preparation of MgCl2 Active Surface for  

Ziegler-Natta Model Catalyst 
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3.1 Introduction   

Solid catalysts are widely used in industrial processes.  Since reaction takes place on surface of 

solid catalysts, understanding for several phenomena of solid surface is important.  Ziegler-Natta 

catalyst is one of the most important solid catalysts, and is responsible for the production of more 

than 99% of the polypropylene in particular.  MgCl2-supported Ziegler-Natta catalysts consist of 

TiCl4, MgCl2, donors, triethylaluminum and H2.  The design of the structure of active sites is very 

important because active sites determine stereoregularity of polypropylene, molecular weight and 

molecular weight distribution.  However, despite extensive efforts, there is still limited 

understanding of the nature of Ziegler-Natta catalysts, especially this is because of the nature of 

active sites.  The multisite nature has inhibited the direct characterization of active sites, the 

evaluation of the catalytic performance of each active site, and the understanding of molecular-level 

behaviors of the catalysts.  These heterogeneities are based on structure of MgCl2. 

In Ziegler-Natta catalysts, MgCl2 is used as a support because MgCl2 was found to show the highest 

activity among various solid carriers.  The importance of the similarities in the crystal structures 

and ionic radii of MgCl2 and TiC14 was pointed out by Kashiwa and Galli et al.  Such a dramatic 

increase in activity was revealed to be caused by marked increases in the number of active species 
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(C*) as in well as the propagation rate constant (kp).  Improvements of C* and kp were mainly 

based on high dispersion of the active titanium species on the large surface of MgCl2 and increasing 

in the electron density on the active transition metal ion, which stabilizes the coordination of olefin 

monomer by back donation of an electron, respectively.   

Bulk MgCl2 exists as a two crystalline forms: the first one is -MgCl2 with the chloride anions 

organized in a face-centered cubic arrangement and the Mg cations in the octahedral interstices.  It 

is more stable than -MgCl2 with the chloride anions organized in a hcp arrangement.  Difference 

between two forms was only by the stacking of hexagonal layers: ABC BCA CAB    or ABC 

ABC ABC    for the -MgCl2 and -MgCl2, respectively.  As for the support structure, the 

primary particles of activated MgCl2 are composed of a few irregularly stacked Cl-Mg-Cl 

sandwiches.  Terano et al. showed copresence of (100) and (110) lateral cuts by HR-TEM.  For 

electroneutrality reasons, these two lateral cuts contain coordinatively unsaturated Mg
2+

 ions with 

coordination number 4 and 5 on the (110) and (100) cuts, respectively.  TiCl4 adsorbs on the 

MgCl2 (110) surface only as saturated mononuclear species, while it can dimerize on the (100) 

surface.  Busico et al. proposed that such dinuclear species was highly isospecific and 

mononuclear species was aspecific.  Active sites of Ziegler-Natta catalysts are generally expressed 



70 

 

by Ti species situated in an octahedral symmetry as a result of adsorption on unsaturated MgCl2 

surfaces,[1] most plausibly on the (110) surface.[2-4]  The internal donor plays an important role 

in controlling the amount and the distribution of Ti species on MgCl2 surface.  Donors interact 

with the Ti species in a non-bonded manner through coadsorption on MgCl2 surfaces, so as to 

modulate the catalytic nature of the Ti species.[3,5,6]  The catalytic nature of Ti species can be 

changed even during the elongation of one polymer chain due to ligand removal or exchange.[5]  

Molecular-level understandings have been gradually established as a result of huge knowledge 

accumulation.  However, these understandings are inferred from the average data of the analysis 

results of polydispersity polymer and spectroscopic observations of heterogeneous catalyst surfaces.  

A number of solid catalysts more or less have similar problems relating to heterogeneity of catalyst 

surfaces.   

One of the helpful ways to overcome these problems is surface science approach under ultra-high 

vacuum (UHV) condition.  UHV surface science on metal substrates is such a way to directly 

obtain atomic-level information on surfaces.  UHV studies on single crystal surfaces revealed a 

number of important surface phenomena, leading to new concepts in surface science.  The 

instrumentation techniques developed for surface studies [12] include X-ray photoelectron 
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spectroscopy (XPS), low energy electron diffraction (LEED), auger electron spectroscopy (AES), 

secondary ion mass spectrometry (SIMS) and inelastic ion surface scattering (ISS) techniques.   

For the Ziegler-Natta catalyst, Groups of Prof. Somorjai and Prof. Freund attempted to prepare 

well-defined Ziegler-Natta model surfaces under UHV condition.[9-11]  However, the sublimation 

deposition of MgCl2 on various metal substrates exhibited the dominant exposure of the 

chlorine-terminated (001) plane, which is known as inert for TiCl4 and donor adsorption.  Various 

reductive processes using Mg or electron bombardment were applied to enable TiCl4 adsorption, 

such a reduction process is never implemented in usual preparation procedures of powder catalysts.  

However, chemical composition of prepared catalyst was TiCl4/TiCl2/MgCl2 which was far from 

real catalyst. 

Recent DFT calculations revealed that coordination of donors on unsaturated surfaces of MgCl2 

promotes the exposure of active surfaces, compared with the chlorine-terminated (001) surface.[8]  

It has been increasingly accepted that MgCl2 support dynamically changes according to a given 

environment in the presence of coordinative molecules.  This is relevant to the activation of MgCl2 

support for powder catalysts, which usually accompanies high-temperature treatment with a donor.  

It is also important that un-activated MgCl2 hardly accepts the TiCl4 adsorption.  Based on all of 
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these backgrounds, objective of this section is that synthesis and characterization of MgCl2 active 

surfaces which can be a precursor of Ziegler-Natta model surface having uniform structure prepared 

by donor-induced surface reconstruction.  The model catalyst makes it possible to obtain 

molecular-level information on the surfaces of the Ziegler-Natta catalyst with direct experimental 

observation. 
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3.2 Experimental Section 

Materials 

Ar of G3 grade was used without further purification.  Cu(110, diameter: 8 mm, thickness: 1 mm, 

0.5acc) and Au(111, diameter: 8 mm, thickness: 1 mm, 0.5acc) were used as substrate.  Pyridine, 

Tetrahydrofuran, and Ethyl benzoate (purchased from Kanto Chemical Co., Inc.) were dried using 

sodium.  Spherical magnesium dichloride was used. 

 

Instramental setup of Ultra-high vacuum (UHV) system 

An UHV system is shown in Figure 3.1. 

 

Figure 3.1.  Picture and illustration of UHV system 
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The apparatus consisted of a preparation chamber, an analysis chamber, an evaporation chamber 

and an organic chamber maintained at background pressure of 1 x 10
-9

 Torr by turbo molecular 

pump.  The sample under study was transferred from one chamber of the apparatus to the others 

through a series of gate valves and transfer arms.  

 

Preparation chamber 

 The preparation chamber equipped with ISE 5 ion sputtering gun is used for surface cleaning.  

Figure 3.3 shows the designed heating system.  A substrate was hung by a filament using a dip on 

its side face (Figure 3.2a), and attached to electrodes placed on the side parts of the holder (Figure 

3.2b, c).  A thermocouple connected to another set of electrodes (Figure 3.2b) was placed between 

the back face of the substrate and an alumina spacer (Figure 3.2c).  These heating system achieve 

not only direct heating of the substrate through the filament but also direct measurement of the 

substrate temperature, thus leading to an accurate and quick temperature control, as shown in Figure 

3.3.  Stable ramping at a constant rate of 120 C/min was easily achieved in the new system.  

This heating system was installed in two chambers for substrate cleaning and for MgCl2 deposition 

& TPD experiments.   
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Figure 3.2.  Pictures of the heating system 
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Figure. 3.3.  Temperature ramping controlled at 120 C/min in the new system 

 

Evaporation chamber 

UHV evaporator with integral flux monitor is equipped in the evaporation chamber. Graphite 

crucible is mounted inside the cell and the evaporation is achieved by mean of electron 

bombardment heating. Temperature of the source can be adjusted from the filament current and 
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electron energy, however we cannot measure the temperature directly.  MgCl2 bead is used as the 

deposition source.  It is filled to the crucible under N2 flow to prevent from moisture.  

A sample translation system and a quadruple mass spectrometer (QMS) were also installed in the 

chamber for MgCl2 deposition & TPD experiments (Figure 3.4 and 3.5).  The translation system 

enables a sample to flip at 90
o
 for the MgCl2 deposition and TPD experiments (Figure 3.5).  The 

system enables to appropriately face the substrate surface toward the QMS detector at the closest 

position.   

 

 

Figure 3.4.  Pictures of the translation system 
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Figure 3.5.  Illustrations of translation system 

 

Analysis chamber 

In the analysis chamber, electron analyzers (Low Energy Electron Diffraction: LEED and Auger 

Electron Spectroscopy: AES) were operated at fixed energy resolution.   
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Figure 3.6.  Illustrations of analysis chamber 

 

Organic chamber 

Organic chamber was connected to the preparation chamber across a gate valve.  The organic 

chamber equips a line to dose organic molecules, a turbo molecular pump (TMP) which can operate 

at a relatively high pressure, a bypassing line to directly evacuate a great amount of dosed organic 

molecules with a rotary pump (RP), and a load-lock port for sample exchange or sample transfer to 



79 

 

outer instruments.  It enables not only high-pressure dosing but also quick recovery to an UHV 

condition (~ 10
-8

 Torr) after dosing experiments.   
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Figure 3.7.  New chamber for introduction of organic molecules at saturated vapor pressure 
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3.3 Results and Discussion 

3.3.1 Cleaning condition for Cu substrate 

After setting up UHV system, Cu (110) substrate (1 cm
2
 surface area) was set inside the chamber.  

The substrate was initially analyzed by AES and the spectrum is shown in Figure 3.7.  The 

dominant peak at 270 eV indicates the carbon containing compound as the main contaminant.  The 

surface cleaning condition was optimized by varying the Ar pressure from 510
-6

 Torr to 210
-5

 

Torr at the energy range of 0.3 to 1.0 keV for sputtering time up to 30 min.  At each condition, the 

cycle of Ar
+
 sputtering and annealing at 500C for 30 min was repeated 2 times before transferring 

the substrate to analyze the remaining carbon impurity in analysis chamber.  AES analysis was 

conducted over several positions of the sample surface to confirm the cleanness.  The effective 

cleaning was achieved at the conditions using Ar pressure 210
-5

 Torr at the energy of 1.0 keV for 

sputtering time 30 min.  At this conditions, AES spectrum exhibits intense Cu MVV peak at 61 eV 

with no other contamination peak (as shown in blue line in Figure 3.7).  LEED analysis was 

performed using low energy electron beam.  The clear pattern of clean Cu substrate in Figure 3.8 

indicates the absence of adatom of a well-ordered fcc (110) surface structure.   



81 

 

35 75 115 155 195 235 275 315 355 395

Energy (eV)

In
te

n
s
it
y
 

Before cleaning

After cleaning

 

Figure 3.7.  AES spectra of Cu (110) substrate before and after optimization of the cleaning 

condition 

 

 

Figure 3.8.  LEED pattern of clean Cu (110) substrate 
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3.3.2 Effects of deposition condition on MgCl2 thickness 

After obtaining the clean and ordered surface of Cu (110), the parameters for controlling film 

deposition such as deposition time, substrate temperature as well as kinetic energy of electron for 

bombardment heating of the MgCl2 source were initially optimized.  

As the thickness of the film is directly correlated to the deposition time, the deposition was carried 

out for 15 min by keeping the Cu (110) substrate surface at 40C.  The energy of electron for 

bombardment heating was kept at 900 eV in order to maintain identical MgCl2 flux.  After the 

deposition, MgCl2 films were annealed at 300C for 15 min in order to flatten the surface before 

analyzing the deposited film by AES and LEED.  

Figure 3.9 exhibits the AES spectra of MgCl2 film synthesized at 15 min deposition time.  The 

peaks at 44 eV and 180 eV correspond to Mg LMM and Cl LVV, respectively.  This indicates that 

the incident electrons have sufficient energy to generate heat allowing the sublimation of MgCl2 

source. 
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Figure 3.9.  Auger electron spectroscopy of MgCl2 film grown on Cu(110) at the deposition time 

20 min. 

  

The influence of substrate temperature and deposition time on the controlling of film growth was 

investigated as essential information to the subsequent experiments using donors.  AES analysis 

was carried out in a short scan range (35-300 eV) with minimal acquisition time to minimize the 

damage of film.  The AES spectra in Figure 3.10 showed that all MgCl2 films deposited at the 

substrate temperature 60°C, 300°C and 350°C for the deposition time 10 min exhibited the presence 

of Mg at 44 eV, Cl at 180 eV and underlying Cu substrate at 61 eV.   
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Figure 3.10.  AES of MgCl2 film obtained from 10 min deposition time on Cu(110) substrate held 

at (a) 60°C; (b) 300°C; and (c) 350°C  The spectra were recorded using 1.5 keV primary beam 

energy. 

 

The film thickness calculated using the following equation was 8.5, 4.4 and 2.8 Å for substrate 

temperature held at 60°C, 300°C and 350°C, respectively.  

 

Where 

d: Over layer thickness (Å) 

Cu: Electron mean free path (Å) 
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CuMgCl2, CuClean: Intensity of Cu peak 

To increase the deposition time from 2 min to 80 min with the substrate temperature held at 60°C 

led to the decrease of Cu intensity and eventually it disappeared at 80 min.  The thickness of film 

increased with the increase of time as shown in Figure 3.11.  In contrast, AES spectrum of MgCl2 

film deposited at the substrate temperature held at 350°C remained unchanged after extending the 

deposition time, which suggests that there is a maximum coverage or thickness of MgCl2 at the high 

substrate temperature.  Somorjai et al. [13] reported a similar phenomenon for the deposition of 

MgCl2 at an elevated substrate temperature.  They concluded that the maximum coverage 

corresponded to the monolayer and excess MgCl2 desorbed without getting sufficient interaction 

with the substrate.   
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Figure 3.11.  Relationship between MgCl2 film thickness and deposition time at the substrate 

temperature 60°C. 

 

In LEED analysis, clear hexagonal pattern can be obtained for the film deposited for 2 min (Figure 

3.12b).  Clear hexagonal patterns from LEED analysis indicated the formation of MgCl2 films 

exposing the (001) basal plane.  The thickness of film was estimated to be 2.5 Å, probably less 

than the value for perfect monolayer of MgCl2.  This suggested that the synthesis of MgCl2 film 

within one monolayer coverage can be achieved by controlling the deposition time.  As the 

coverage increased, diffuse spots appeared (Figure 3.12c) and at 5 min deposition time, LEED 

pattern exhibited 12 diffused spots surrounding the central (00)-spot due to the superposition of two 

90° rotated hexagonal domains (Figure 3.13b).  No change in LEED pattern was observed after 

annealing this film to 225°C and 275°C.  Increasing the annealing temperature to 300°C led to the 
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decrease of film thickness from 6.4 Å (before annealing) to 3.1 Å and the higher ordered pattern 

was obtained (Figure 3.12e).  The ratio between Mg intensity and Cl intensity from AES analysis 

remained unchanged within the experimental error range, indicating molecular desorption of MgCl2 

in the temperature range between 275-300°C.  MgCl2 film deposited for the deposition time above 

10 min yielded no ordered structure (Figure 3.12d).  The result that increase in the film thickness 

caused a rotational disorder in LEED images is consistent with the way of Van der Waals stacking 

of bulk MgCl2 in the [001] direction; the ordered hexagonal pattern is a proof of a monolayer film, 

while the other LEED images came from multilayer films, which is in agreement with the estimated 

film thickness from AES analysis.   
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Figure 3.12.  LEED patterns of (a) Cu(110) and MgCl2 film deposited for (b) 2 min; (c) 5 min; (d) 10 

min; and (e) after annealing MgCl2 film deposited for 5 min at 300°C. 

 

 

 

 

 

 

Figure 3.13.  Illustration of LEED patterns of (a) monolayer MgCl2 film and (b) bilayer MgCl2 

film. 
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3.3.3 Effects of geometric and chemical differences of the underlying substrates  

The lattice constant of an MgCl2 film estimated from a LEED pattern, 3.1 Å, was found to be 

abnormally smaller than that of the bulk, 3.64 Å, plausibly due to non-conformity of instrumental 

parameters.  In order to solve this problem, a number of LEED patterns of monolayer MgCl2 films 

on Cu(110) were systematically analyzed.  As a result, the lattice constant of MgCl2 monolayer 

films was calculated to be 3.41±0.06 Å.  The reduction of the lattice constant from the bulk value 

is about 6%, which is frequently observed for atomically thin films.  For example, Somorjai et al. 

have reported reduced lattice constants of MgCl2 films.  The compression depends on the 

underlying substrate and coverage, e.g. a monolayer MgCl2 film deposited on Pt(111) gave the 

lattice constant of 3.34 Å due to strong influences of the substrate structure, while a multilayer film 

recovered back in the range of 3.6-3.7 Å [1].   

In parallel to Cu(110), we have newly introduced Au(111) substrate for the comparative study.  On 

the contrary to one-dimensional Cu (110), Au(111) is hexagonal, thus being suitable to compare the 

importance of the lattice structure on the synthesis of MgCl2 films.  The main contaminants on this 

surface are carbon and sulfur.  The effective cleaning was achieved at the conditions using Ar 

pressure 2x10
-6

 Torr at the energy of 0.5 keV for sputtering time 15 min and annealing at 500C for 
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30 min.  After sufficient cycles of Ar
+ 

sputtering and annealing, these contaminants were 

completely removed, giving a blur hexagonal LEED pattern.  The sharpness of the LEED pattern 

was hardly improved in spite of a variety of cleaning conditions tested.   Au(111) is known to 

necessarily undergo a peculiar reconstruction during annealing, resulting in a blur hexagonal pattern.  

According to the imperfectness of the substrate, MgCl2 films grown on Au (111) showed less clear 

LEED patterns than those on Cu (110).  It is notable that Somorjai et al. did not report any LEED 

patterns for MgCl2 films grown on polycrystalline Au.  The thickness of MgCl2 films on Au(111) 

kept at 303 K was calibrated for the deposition time with the evaporation flux fixed at 20 nA.  The 

film thickness was calculated from the peak attenuation of Au in AES as a function of the 

deposition time.  As shown in Figure 3.14, the film thickness almost linearly increased for the 

deposition time up to 14 Å, indicating that the sticking probability of impinging MgCl2 molecules is 

insensitive to the surface coverage.  However, the further increase of the thickness caused a severe 

charging-up problem and the thickness was no longer estimated by AES.  The monolayer 

thickness corresponding to 5.9 Å was achieved approximately at 5.7 min of the deposition.   
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Figure 3.14.  The thickness of the MgCl2 film deposited on Au(111) as a function of the deposition 

time.  The flux current was set to 20 nA, and the substrate temperature was held at 303 K.   

 

After careful optimization of the film thickness, a relatively clear hexagonal pattern (corresponding 

to the appearance of the usual (001) basal plane) was successfully obtained for a monolayer MgCl2 

film, as shown in Figure 3.15.  The lattice constant estimated from the picture is around 3.6 Å, 

similar to the monolayer MgCl2 films on Cu (110).   
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Figure 3.15.  LEED pattern of a monolayer MgCl2 film deposited on Au(111) 

The packing of MgCl2 units is dominated by MgCl2-MgCl2 interaction to expose the most stable 

(001) surface.  The rotation and lattice constant of the MgCl2(001) surface are decided by the 

symmetry of underlying substrates.   
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Figure 3.16.  Plausible illustrations of the observed LEED patterns of monolayer MgCl2 on 

substrates 
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3.3.4 TPD experiments for as-deposited MgCl2 films 

Thermal desorption profile of MgCl2 films on Cu(110) substrate was recorded with QMS, 

monitored at 59 a.m.u (MgCl
+
).  A series of MgCl2 films with different thicknesses were prepared 

by varying the deposition time from 2.5 min to 40 min at the constant flux of 20 nA.  Figure 3.17 

shows TPD profiles of the prepared MgCl2 films, where the ramping rate was set at 60 
o
C/min.  

The desorption of the MgCl2 films always started at around 360 
o
C (leading edge) irrespectively of 

the film thickness, while the peak-top temperature increased as the film thickness increased (from 

404 
o
C for 2.5 min to 457 

o
C for 40 min.  The observed desorption temperatures were slightly 

higher than 380-400 
o
C reported for MgCl2 films over Pt(111), Pd(111), Pd (100) and Rh(111),[1] 

while lower than 550 
o
C reported for MgCl2 films over polycrystalline Au.[2]  Repetitive TPD 

experiments for the MgCl2 film deposited for 20 min proved good reproducibility in the present 

TPD/QMS system.   

The peak area of the MgCl2 desorption was found to be well proportional to the deposition time and 

to the film thickness measured by Auger electron spectroscopy (AES) (Figure 3.18).  This fact 

enabled us to estimate the film thickness over 20 Å with TPD/QMS, while AES failed to estimate 

the correct film thickness over 20 Å due to the charge-up problem.   
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Figure 3.17.  TPD profiles at 60 
o
C/min for MgCl2 films with various thicknesses deposited over 

Cu(110) substrate.   
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Figure 3.18.  Dependence of the film thickness (determined by AES) and the desorption amount 

(determined by TPD) on the MgCl2 deposition time   
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3.3.5 TPD experiments for MgCl2 films exposed to Pyridine at different conditions   

In order for us to repeatedly investigate the effects of organic molecules using well-controlled 

MgCl2 films, Pyridine (Py) was chosen for the test organic molecule, not only due to its versatility 

in surface science study, but also due to its strong coordination ability (~ 30 kcal/mol) to active 

MgCl2 surfaces.  Purified pyridine was degassed using Freeze-Pump-Thaw cycles prior to the 

introduction to the system.  QMS scan over the range of 1 to 100 a.m.u. showed the presence of 

pyridine-originated mass fragments (such as 26, 39, 52 and 79), whose intensities were proportional 

to the dose pressure (Figure 3.19).   

 

Figure 3.19.  Mass spectrum during the introduction of pyridine 

 

First, the Py desorption from Cu(110) substrate was confirmed.  The Cu(110) substrate kept at 

room temperature was exposed to Py at 2.9 Torr (the saturation vapor pressure) for 100 min, and 
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then subjected to a TPD/QMS experiment.  In Figure 3.20, a broad desorption peak of Py was 

observed over 300 
o
C.  Since Py never adsorbs on metal surfaces under UHV over room 

temperature and the desorption peak extended above the decomposition temperature of organic 

moieties, it was concluded that the observed desorption came from Py molecules adsorbed at a part 

of the holder, whose temperature was gradually raised as a result of irradiation from the substrate.  

However, the desorption was not only small enough in intensity but also located sufficiently above 

the desorption temperature from MgCl2 to neglect it in subsequent experiments.   

P
a

r
ti

a
l 

p
r
es

su
re

 /
T

o
r
r

Substrate temperature / ºC

C5H5N
+

 

Figure 3.20.  TPD profile at 60 
o
C/min for Cu(110) substrate exposed to Py at 2.9 Torr for 100 min.  

Note that the dull desorption peak over 300 
o
C is not originated from Cu(110) but from the holder 

which is indirectly heated by irradiation from the substrate.   
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Second, MgCl2 films with the thickness of ca. 4 nm (corresponding to the deposition time of 20 

min) deposited on Cu(110) was exposed to Py vapor at different pressures for 100 min, where the 

temperature of the substrate was maintained at 100 
o
C.  The resultant TPD profiles summarized in 

Figure 3.21 indicated the significance of the Py pressure on the reconstruction of the MgCl2 film.  

At the Py pressure of 2 x 10
–2

 Torr, no Py desorption peak was observed, as is the case for previous 

experiments by Somorjai et al. for the TiCl4 pressure at 10
–9

-10
–8

 Torr.  As-deposited MgCl2 films 

already exposed the Cl-terminated (001) basal plane over Cu(110) substrate, and these films were 

chemically and structurally inert.  The inertness of the (001) basal plane (against TiCl4) was 

already known in previous UHV experiments by the other researchers.[15,16]  On the other hand, 

coordinative molecules often make adduct compounds with MgCl2 and can eventually dissolve 

MgCl2 in powder experiments.  We considered that this discrepancy may arise from significantly 

different concentrations of coordinative molecules between UHV and powder experiments.  

Therefore, the introduction of coordinative molecules at their saturation vapor pressure was 

conducted.  A Py desorption peak at ca. 150 
o
C appeared only when Py pressure was increased 

above 1.0 Torr.  This new desorption peak was assigned to Py species chemisorbed on and/or in 

the MgCl2 film.  The appearance of the Py desorption peak necessarily indicates the reconstruction 
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of the MgCl2 (001) basal plane for the as-deposited MgCl2 film, since the (001) plane does not 

expose any Lewis acidic sites.  A significant difference in the Py desorption amount between at 1.0 

Torr and at 2.9 Torr might be attributed to the fact that the reconstruction of MgCl2 is a 

multi-molecular process.   
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Figure 3.21.  TPD profiles at 60 
o
C/min for MgCl2 films with the thickness of ca. 4 nm exposed to 

Py vapor at various pressures for 100 min.   

 

We have also examined the time dependence of the Py adsorption and resultant MgCl2 

reconstruction by changing the exposure time at the Py pressure of 2.9 Torr.  TPD profiles in 

Figure 3.22 showed that the Py adsorption and MgCl2 reconstruction was already equilibrated after 

10 min of the exposure.   
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Figure 3.22.  TPD profiles at 60 
o
C/min for MgCl2 films with the thickness of ca. 4 nm exposed to 

Py vapor at 2.9 Torr for different durations.   

 

MgCl2 films with three different thicknesses were exposed to Py vapor at the pressure of 2.9 Torr 

for 100 min.  The Py desorption peak appeared at the same position irrespectively of the film 

thickness, but the desorption amount was proportional to the film thickness.  These results suggest 

that the Py chemisorption and film reconstruction occurred in the bulk rather than on the film 

surface, which let us presume the formation of MgCl2·(Py)n adduct.   
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Figure 3.23.  TPD profiles at 60 
o
C/min for MgCl2 films with different thicknesses exposed to Py 

vapor at 2.9 Torr for 100 min.   

 

3.3.6 LEED experiments for monolayer MgCl2 films exposed to Py  

A MgCl2 film with a monolayer-level thickness (11.2 Å) was deposited on the Cu(110) substrate 

and exposed to Py vapor at 2.9 Torr for 50 min.  Figure 3.24 summarizes the alternation of the 

LEED pattern.  The LEED pattern of the as-synthesized MgCl2 film was hexagonal, indicating the 

exposure of the MgCl2 (001) basal plane Figure 3.24b).  After the adsorption of Py and film 

reconstruction, the LEED pattern changed into a c(2 x 1) pattern (Figure 3.24c), which can be 

explained by a distorted hexagonal Cl placement extended along the [11
-
0] direction of the substrate 

(illustrated in Figure 3.24).  In this way, the structure of the monolayer Py/MgCl2 film followed 
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the symmetry of the substrate.  However, it must be mentioned that a multi-layer Py/MgCl2 film 

does not necessarily have the same structure, since the contribution of the substrate-adsorbate 

interaction becomes negligible.   

Next, the monolayer film exposed to Py was annealed at 60 
o
C/min up to 180 

o
C and then held at 

180 
o
C for 10 min.  As can be seen from Figure 3.26a, the same desorption peak of Py appeared at 

150 
o
C, even though the MgCl2 film was as thin as monolayer.  A separate TPD experiment for the 

annealed film (Figure 3.24b) confirmed the complete Py removal as a result of the annealing at 180 

o
C for 10 min.  Interestingly, the LEED pattern of the annealed film still retained the c(2 x 1) 

pattern (Figure 3.24d), even though the Py molecules which had caused the reconstruction did not 

exist in the film anymore.  It is expected that the annealed film remains coordinative vacancies for 

the adsorption of other molecules such as TiCl4.  On the other hand, when the film was annealed at 

300 
o
C for 10 min rather close to the desorption temperature of MgCl2, the original hexagonal 

pattern for the (001) basal plane was recovered (Figure 3.24e).   
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b) MgCl2 (65.7 eV)

d) MgCl2 annealed 

at 180 oC (74.4 eV)

a) Cu(110) (66.0 eV)

180 oC

10 min

c) MgCl2 exposed 

to Py (65.7 eV)

300 oC
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e) MgCl2 further annealed 

at 300 oC (71.2 eV)  

Figure 3.24.  LEED patterns of a) Cu(110) substrate, b) as-synthesized monolayer MgCl2 film, c) 

MgCl2 film after being exposed to Py vapor at 2.9 Torr for 50 min at 100 
o
C, d) MgCl2 film after 

being annealed at 180 
o
C for 10 min, and e) MgCl2 film after being further annealed at 300 

o
C for 

10 min.   
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Figure 3.25.  Plausible illustration of the observed c(2 x 1) structure.   
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Figure 3.26.  TPD profiles at 60 
o
C/min for a monolayer MgCl2 film exposed to Py vapor at 2.9 

Torr for 50 min (up to 180 
o
C), and for the film pre-annealed at 180 

o
C for 10 min.   
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3.3.7 Calculation of desorption energy of Py from MgCl2 films 

TPD profiles of MgCl2 films with three different thicknesses exposed to Py vapor at the pressure of 

2.9 Torr for 100 min are shown in Figure 3.23.  The temperature of peak maximum, Tmax, is almost 

constant with coverage indicating that the desorption of Py from MgCl2 film takes place with the 

first order.  Three methods have been applied to calculate the desorption energy of Py from the 

MgCl2 films: Redhead method, Chan-Aris-Weinberg (CAW) method, and leading edge analysis 

developed by Habenschaden and Kupper, so-called HK method.   

The Redhead method is the simplest and most popular method, which calculates desorption energy 

from only the Tmax as shown in equation (1).[20]  The pre-exponential factor ν was chosen to be 

10
13

 s
-1

, a typical value of choice.  In the second popular CAW method, desorption energy is 

calculated from the Tmax and the peak width at haft of maximum intensity (W) as shown in equation 

(2).[21]  In the leading edge analysis based on Arrhenius plot of desorption spectrum in a small 

temperature interval at low-temperature side, where the variation of temperature and coverage are 

slightly small.  It is easily derived from Polanyi-Wigner equation that ‒Edes(θ)/R is the slop of this 

strait line.[22]  Results of Py desorption energy from MgCl2 films calculated with three methods 

are summarized in Table 1.   
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Table 1.  desorption energy of Py from MgCl2 films calculated with three methods 

Film thickness (Å) 

Edes  (kcal·mol‒
1
) 

Redhead CAW HK 

1.1 27.2 19.4 8.8 

4 27.3 24.4 10.7 

8 27.4 23.1 12.2 

 

Desorption energy calculated by Redhead and CAW methods, which are coverage independent, are 

reasonable for the existence of Py under UHV conditions.  The lower desorption energy of the 1.1 

Å film calculated with CAW method comes from the low quality of TPD result.  It is interesting 

that the desorption energy values obtained with the Redhead method are comparable with 

adsorption energy of Py on different MgCl2 faces calculated by DFT calculation.  The leading 

edge analysis gave small desorption energy values, which are not suitable for the existence of Py 

under UHV conditions.  Increase of the desorption energy with coverage indicates this method is 

not suitable for calculating desorption energy of Py from MgCl2 film.      
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3.3.7 Calculation of desorption energy of Py from MgCl2 films 

MgCl2 was deposited on the clean Cu(110) substrate for 20 min at the emission current of 10 mA, 

which corresponded to the MgCl2 film thickness of ca. 4 nm.  The reproduction of the MgCl2 

deposition was confirmed by the temperature programmed desorption (TPD).  The prepared 

MgCl2 film kept at 100°C was exposed to pyridine (Py) at 1.0 or 2.9 Torr for 100 min in a separate 

chamber equipped with a Py dosing line and liquid N2 trap.  The resultant films were subjected to 

TPD experiments at the ramping rate of 60°C/min (Figure 3.27).  A desorption peak for Py 

appeared around 150°C only in the presence of a MgCl2 film, whose intensity was sensitive to the 

Py pressure (and proportional to the MgCl2 film thickness).  The broad peak indicates 

coverage-dependent desorption energy and the average desorption energy was estimated to be 24-27 

kcal/mol.  On the other hand, the desorption peak for MgCl2 was unaffected by Py in its position 

and intensity.  This is because the film structure is reconstructed into that of the original (001) 

surface at least at 300°C.  Thus, most of our findings were successfully reproduced after repairing 

the electron gun.  However, TPD experiments shown in Figure 3.24 pose one difference from the 

Figure 3.23 data, that is, the peak intensity for C5H5N
+
 (m/z = 79) was several times smaller than 

those reported in Figure 3.23.  Instead, the peak intensity for C4H4
+
 (m/z = 59), the main fragment, 
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became much higher than that for C5H5N
+
.  In general, fragments are formed as a result of 

decomposition of a main mass on the filament.  Though it was thought that the status of the 

filament might be changed.   
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Figure 3.27.  TPD profiles at 60 
o
C/min for MgCl2 films with the thickness of ca. 4 nm 

exposed to Py vapor at 1.0 and 2.9 Torr for 100 min. 

 

3.3.8 Re-adsorption of Py on a 4 nm-thick MgCl2 film 

We had reported that when a 1-nm-thick MgCl2 film was exposed to 2.9 Torr of Py, the low energy 

electron diffraction (LEED) pattern of the film transformed from hexagonal to c(2x1), while the 

c(2x1) pattern remained even after the removal of Py at 180C.  It had been supposed that the 

MgCl2 film left after the Py removal might keep some active structure, which might allow the 

adsorption of molecules even at a low pressure.  To answer this hypothesis, the following 
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experiments were conducted.  Firstly, a 4-nm-thick MgCl2 film was prepared on Cu(110) by the 

MgCl2 deposition for 20 min.  The film was then exposed to 2.9 Torr of Py for 20 min at 100C, 

followed by the Py removal at 180C with the TPD apparatus.  Thereafter, the film was again 

exposed to 500 mTorr of Py for 20 min at 100C.  Finally, the amount of Py re-adsorbed in the 

film at the reduced pressure was examined with the TPD experiment.   

Figure 3.28 summarizes the results of the re-adsorption experiments.  When as-deposited films 

were exposed to Py, the Py pressure was critically important for the amount of adsorbed Py 

(compare 2.9 Torr, 1st with 500 mTorr, 1st).  Unfortunately the same conclusion held for the 2nd 

adsorption: The amount of re-adsorbed Py was almost the same as that for the direct exposure at the 

same pressure (500 mTorr, 2nd vs. 500 mTorr, 1st).  In this way, the 4-nm-thick MgCl2 film 

exhibited the repeatable adsorption and desorption of Py molecules, rather than keeping an active 

structure after the removal of Py at 180C.   
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Figure 3.28.  TPD spectra for Py re-adsorption experiments on a 4-nm-thick MgCl2 film.  The 

film once exposed to 2.9 Torr of Py was subjected to an TPD experiment up to 180C (2.9 Torr, 

1st), and then re-exposed to 500 mTorr of Py (500m Torr, 2nd).  For comparison, the TPD 

spectrum for a film exposed to 500 m Torr of Py (500 mTorr, 1st) is also shown.   

 

It was envisaged that the above-mentioned hypothesis might hold only for a monolayer-level film, 

whose structure might be fixed by the Cu(110) substrate.  On the other hand, a thick MgCl2 film 

might not have a driving force to keep a defective structure left after the Py removal.  Therefore, 

the same experiments are now ongoing for a 1-nm-thick film.   
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3.3.9 Re-adsorption of Py on a 1 nm-thick MgCl2 film 

The same re-adsorption experiment for 1 nm-thick MgCl2 film was conducted (Figure 3.29). 

Monolayer-level film might retain coordinative vacancies even after the Py desorption. In detail, 1 

nm-thick MgCl2 film deposited on clean Cu(110) was exposed to 2.9 Torr of Py at 100C for 20 

min to prepare Py/MgCl2 film.  Adsorbed Py was removed by heating the substrate at 180C for 

10 min.  In our previous LEED study, the film left after the Py desorption kept a c(2x1) surface 

structure.  The film was re-exposed to 500 mTorr of Py at 100C for 20 min, and then subjected to 

an TPD experiment at 60 C/min.  As was concluded for 4 nm-thick MgCl2 film, it was found that 

the Py adsorption amount was invariant between the reconstructed film (left after the Py removal) 

and the as-deposited film at a given pressure (500 mTorr).  Busico has mentioned that MgCl2 

behaves like a living material, readily adapting its structure to a given environment.  Our findings 

are exactly in the same line with this idea: MgCl2 film adapted its structure to the environment of 

500 mTorr of Py at 100C, while the film kept the reconstructed c(2x1) structure in the absence of 

Py.  Thus, a new aspect can be added to the Busico’s idea that the presence of strong Lewis bases 

kinetically accelerates the structural equilibration of MgCl2.  
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Figure 3.29.  TPD spectra for Py re-adsorption experiments on 1 nm-thick MgCl2 film.  The film 

once exposed to 2.9 Torr of Py was subjected to an TPD experiment up to 180C (2.9 Torr, 1st), 

and then re-exposed to 500 mTorr of Py (500m Torr, 2nd).  For comparison, the TPD spectrum for 

a film exposed to 500 m Torr of Py (500 mTorr, 1st) is also shown.   

 

3.3.10 Adsorption of other donors 

4 nm-thick MgCl2 film was exposed to tetrahydrofuran (THF) or ethylbenzoate (EB) at different 

conditions.  THF was purified over Na and then with pump-and-thaw cycles.  EB was purified 

over molecular sieve 4A and then with intensive pump-and-thaw cycles.  Figure 3.30 summarizes 

TPD profiles obtained from 4 nm-thick MgCl2 film exposed to 2.9 or 4.2 Torr of THF at 50
o
C for 

20 min, where C3H6
+
 (m/z=42) was tracked as the main fragment of THF.  Interestingly, THF 



114 

 

hardly adsorbed onto the MgCl2 film at 2.9 Torr, while a large amount adsorbed at the same 

pressure in the case of Py.  The pressure required to promote the THF adsorption was 4.2 Torr, 

nearly its saturated vapor pressure.  Judging from the least pressures to enable significant 

adsorption of Py and THF, it was concluded that the reconstruction of (001)-terminated MgCl2 film 

necessitates the presence of donors at their own saturated vapor pressure.  
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Figure 3.30.  TPD profiles of 4 nm-thick MgCl2 film after being exposed to 2.9 or 4.2 Torr of THF 

at 50
o
C for 20 min 

 

Next, 4 nm-thick MgCl2 film was similarly exposed to 400 mTorr of EB (the saturated pressure) at 

90C for 6 h.  As can be seen in Figure 3.31, we could not observe any adsorption of EB.  The 

situation was unchanged irrespective of the substrate temperature and exposure time.  In powder 

experiments, EB can dissolve MgCl2 much less compared with Py and THF.  Since the adsorption 
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strength of EB on MgCl2 is more or less similar to those of Py and THF, the observed difference in 

reconstructing MgCl2 film and in dissolving MgCl2 powder must be attributed to the bulkiness of 

EB, which not only decelerates the molecular penetration but also lowers the maximum number of 

molecules that can coordinate per MgCl2.  
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+
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Figure 3.31.  TPD profiles of 4 nm-thick MgCl2 film after being exposed to 400 mTorr of EB at 

90
o
C for 6 h  
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3.4 Conclusion 

We have clarified that MgCl2 readily adapts its structure to the environment in the presence of 

strong Lewis bases, the saturated vapor pressure of a donor is essential to cause the reconstruction 

of (001)-terminated MgCl2 film, and the ability of a donor to reconstruct MgCl2 film can be 

considered in relation to the ability of the donor to dissolve MgCl2 powder.  Obtained MgCl2 film 

is a promising precursor toward the preparation of realistic Ziegler-Natta model surfaces in UHV. 
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4.1 General Summary 

This dissertation discussed about development Ziegler-Natta model catalyst The results obtained 

are summarized as below.   

In Chapter 1, polyolefin polymerization catalysts, structure and chemistry of MgCl2-supported 

catalysts, current understanding of Ziegler-Natta (model) catalysts were introduced as general 

introduction for the purpose of leading the objective this dissertation.   

In Chapter 2, the active site natures of various MgCl2-supported cyclopentadienyl Ti chloride 

catalysts were systematically investigated and compared with traditional catalysts.  Polymerization 

properties and active site formation of these catalysts were investigated.  The supported titanocene 

catalysts offered both metallocene-type and Ziegler-Natta-type active site natures according to the 

details of the preparation and the activation procedures.  The observed dual active site natures 

were plausibly correlated with the valence and charge states of the Ti center. 

In Chapter 3, the purpose is that UHV Synthesis and characterization of MgCl2 active surfaces 

prepared by donor-induced surface reconstruction.  MgCl2 film deposited on single-crystal metal 

substrates always exposes the (001) surface irrespective of their surface symmetry, which does not 

allow the adsorption of donors under usual UHV conditions.  MgCl2·donor adducts are formed 
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when MgCl2 film is exposed to the vapor of a donor at a nearly saturated vapor pressure.  While 

the desorption of a donor at a mild temperature leaves coordinative vacancies for MgCl2 film, the 

introduction of a donor readily reconstruct the film structure into equilibrated one at a given 

environment (temperature, pressure).  Thus, MgCl2 structure is highly flexible in the presence of 

coordinating molecules, which seems to kinetically accelerate the reconstruction of MgCl2.   

 

4.2 General conclusion 

Research about the nature of Ziegler-Natta catalysts is ongoing because of the industrial 

importance for development of new grades of PP.  However, despite extensive efforts, there is still 

limited understanding of the nature of Ziegler-Natta catalysts, especially this is because the nature 

of active sites.  Using model catalysts which can reduce heterogeneity is one of the helpful ways to 

address problems of the multisite nature.  In this study, we found novel dual active site natures of 

MgCl2-supported titanocene catalysts, which can be switched by the kind of activator.  The role of 

MgCl2 is to stabilize the reduced Ti species as isospecific active sites.  Moreover, a synthetic route 

for active MgCl2 surfaces has been established by donor-induced reconstruction in UHV 

experiments.  Obtained MgCl2 film is a promising precursor toward the preparation of realistic 

Ziegler-Natta model surfaces in UHV.  The results in this study are remarkably important for 
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development of useful model catalyst.  The knowledge obtained in this study will contribute to the 

further development of the MgCl2-supported Ziegler-Natta catalysts and the unique materials with 

improved properties. 
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