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Surface Science Studies of Zie~er-Natta Olefin Pob~erization System: 
Correlations between Pobanerization Kinetics, Pobaner Structures, 

and Active Site Structures on Model Catalysts 
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Abslract-The surface composition mad structure of model Ziegler-Natta catalysts, pol)~nerifing cc-olefms to produce 
polyolefins, have been studied using modem surface science techniques and compared with their polymerization be- 
haviors. Two types of thin films - TiC12%4gCI2 and TiC~,/Au - were fabricated on an inert gold substrate, using chemical 
vapor deposition methods, to model the high-yield catalysts of  MgC12-supported TIC14 and TiC13-based catalysts, 
respectively. The model catalysts could be activated by exposure to triethylaluminum (A1Et~) vapor. Once activated,, 
both catalysts were active for polymerization of ethylene and propylene in the absence of excess AIEt3 during poly- 
merization. The model catalysts had pol?merization activities compaable to the high-surface-area industrial cata- 
lysts, Though both catalysts were terminated with chlorine at the surface, each catalyst assumed different surface struc- 
tures. The TiCI~/MgC12 film surface was composed of two stmctm-es: the (001) basal plane of these halide cD, stallites 
and a non-basal plane structure. The TiC~,/Au film surface assumed only the non-basal plane structure. These structural 
differences resulted in different tacticity of the polypropylene produced with these catalysts. The TiC1JMgCI2 catalyst 
produced both atactic and isotactic polypropylene, while the TiGflAu catalyst without the MgC12 support p~oduced 
exclusively isotactic polb~ropylene. The titanium oxidation state distribution did not have a critical role in determining 
the tacticity of the polypropylene. 

Key words: Ziegler-Natta, Polymerization Catalyst, Active Sites, Stereochemistty 

INTRODUCTION 

The strface smlcture of polymerization sites of the titanium chlo- 
ride catalysts are one of the most important - but least understood - 
parameters in heterogeneous Ziegler-Natta pobanerization systems 
procklcing poly-0~-olefins because they determine the stereochem- 
is~" of the polymerization process as well as the pols,melization 
rate [Boo1; 1979; Keii, 1972; Kissin, 1985; Fit~k et al., 1994; Barb~ 
et al., 1986; Dusseault and Hsu, 1993; Xie et al., 1994; Soga and 
Shiono, 1997]. For this reason, a great number of expemnental stud- 
ies have been canied out to understand and conlrol the s~face pro- 
penes of the Ziegler-Natta catalysts. Most of these conventional 
studies reported in literature focused on bulk analyses of the cata- 
lysts produced by different pret~ation methods and product analy- 
ses of the l:ol~mers produced by these catalysts [Boor, 1979; Keii, 
1972; Kissin, 1985; Fink et al., 1994; Barbe et al., 1986; Dtssea~lt 
and Hsu, 1993; Xie et al., 1994; Soga and Shiono, 1997]. How- 
ever, these analyses could not provide an unambiguous description 
of the nature of active sites on the catalyst s~face. The molecular- 
level understanding of the heterogeneous Zieglar-Natta catalysts 
could be possible only tl~ough direct characterization of the sur- 
face propeNes of the catalyst at various stages of polymerization 
using state-of-the-art surface science tectmiques. 
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Surface science studies of the Ziegler-Natta polymerization sys- 
tem can be done for model systems fabricated in ultra,high vac- 
u~n (UHV) conditions [Magtfi and Somoijai, 1995a, b, c, 1996a, 
b, 1997, 1998; Kim and Somorjai, 2000a, b, c, 2001; Kim et al,, 
2000a, b, 2001]. Thin f~ns of magnesium cNotide, titanium chlo- 
ride, and their mLx~es were produced, as model catalysts for the 
Ziegler-Natta pols~aefization, via modified chemical vatx)r @osi-  
tion methods. These model catalysts can be analyzed using x-ray 
photcelecaon Sl:ectroscopy (X~S), temperature progranmaed de- 
soiption (TPD), iota scattering spectroscopy (ISS), low enelgy elec- 
~on diffraction (LEED), Auger electron spectroscopy ( ~ S ) ,  and 
UV Raman speca-oscopy for characterization of stat'ace composi- 
tions and sttrface structures. Polymerization kinetics of the model 
catalysts can be studied by laser reflection intefferometry (LRF). 
These studies showed that the thin-film model catalysts have poly- 
merization activities comparable to high-surface-area catalysts in 
ethylene and propylene polymerizatiort The produced polymers 
can be malyzed with IR mad Raman spectroscopy, solvent fizc- 
tionatiorg mad atomic force microscopy (AFIVl) to determine stere- 
ochemislry of the polymerization process. These surface science 
approaches in our laboratory made it possible to fred coirelations 
between the surface properties of the catalyst and its pol?~neriza, 
tion behaviors. 

This review describes recent progress that resulted from our sur- 
face science studies on model Ziegler-Nat~ pol3,xnerization cata- 
lysts: (1) the surface stmcttu-e of the MgC12 subsb-ate, (2) the chlo- 
rine termination of the catalyst surface, (3) the maportance of the 
unsaturated Mg sites at the JVIgC12 s~face for TiCL adsorptiotl, (4) 
the adsorption site distribution on the catalyst st,-face, (5) the Ti 
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oxidation state distxibution before and after the A1Et~ activation, (6) 
propylene polymerization with the catalyst containing mostly Ti > 
and Ti ~+, (7) polymer morphology during the polymerization and 
its possible role in the catalyst deactivation, and (8)the correlation 
between the surface rite distribution mdthe stereoregular~y in tlo- 
pylene polymerization. We also developed newteclliques: halide 
film deposition methods in UHV to fabricate model catalysts, mesi- 
tylene thermal desorption to study the catalytically active adsorp- 
tion rites, laser reflection interferomelry to measure polymerization 
kinetics on aflat catalyst sample and IYV Raman spectroscopy that 
can be applied to microporous catalysts [Tewell et al., submitted]. 

SURFACE SCIENCE APPROACHES 

Many surface science techniques utilize eleclrons or ions as a 
surface probe [Somoijal. 1994: W o o ~ f f  and Delchar, 1994]. Be- 
cause of their high cross-sections in interactions with the condensed 
phase, eleclrons and ions interact mostly with species in the first 
few layers at the solid surfac~ Thus, any information they carry 
originates fixan the surface region. Diect applications of these sur- 
face-sensitive techniques to non-conductive materials, however, are 
limited due to surface charging. This limitation could be overcome 
by preparing the catalyst in thin film form on a conducting sub- 
str~e [Gunter et al., 199"7: Rainer and Goocknan, 1998]. Thermal 
evaporation and modified chemical vapor deposition methods were 
used to produce aMgC12 multilayer film, a titminm chloride layer 
chemisorbed on a MgC12 multilayer film (TiC1/MgCLk and a tita- 
nium chloride multilayer film (TiCI,/Au) on apolycrystalline gold 
subsWate. These chloride thin films could be fabricated reproduc- 
ibly in UHV and studied in situ without my significant charging 
problems (see Section fir). 

Spectroscopic techniques used for surface characterization were 
LEED, AES, ISS, and X~S. Details about these techniques can be 
found elsewhere [Somorjal, 1994: W o o d n ~  and Ddchar, 1994]. 
LEED, a two-dimensional version of x-ray ~ i o n ,  was used to 
obtain hfonnation on the ~ugure ffthe MgCl: f~n. AES gave in- 
fonnation on the nea:-surface chemical composition and film growth 
mechanians of the model catalyst s The chemical composition 
of the outermost atrface yeas determined by ISS. One &~vback of 
the LEED, AES, and ISS techniques was that the incident electron 
and ions iwadiation c~ ld  damage the halide film surfaces. Infor- 
mation an the chemical environment of the atoms in the near-sur- 
face region, such as demental oxidation states, was obtained with 
~ S .  The photoelectron spectnan in the binding energy region of 
5-40 eV was used for identification of  the polymer in the surface 
region because each polymer has a chnmcte~ic valence band spec- 
tram. 

TPD provided information on thermal decomposition and subli- 
matian of  the model catalyst fill. The f i l l  was heated at a linear 
rate, and the desorbing species were detected with a quadvupole 
mass speclrometer (QMS). In TPD of the mesitylene-covered cat- 
alyst strface, the heat ofmesitylene desorption provided information 
about the alts structare of the model catalyst f i l l  [Kim and So- 
morjak 2000a, 2001: Kim et al., 2001]. 

The polymerization me  on the model catalyst was measured with 
LRI. This technique is based on the refi-active index difference be- 
tween the polymer and the catalyst [Zuiker et al,, 1995]. The poly- 
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Fig. 1. Schematic views o f U H V  chmnbers used hi mlface sdence 
~udies  of mode l  Ziegler-Natta polymerization system. 

mer f i l l  thickness was obtained by solving the Fresuels equations 
for light reflection, md the polymer a ra ra t  was calculated by mul- 
tiplying the polymer thi&ness with the catalyst smface area and 
the polymer density. The morphology and mechanical properties 
of the polymer, produced with the model catalyst~ w~e studied with 
AFM. 

In this study, two UHV chmnbers equipped with high-pressure 
reaction cells w~e used in the surface science studies of the model 
Ziegler-Natta catalyst system. Fig. 1 shows their schematic views. 
The base pressures of both chambers were maintained at about 1 �9 
10~ Torr. One chamber (Fig. la) was equipped with a sputter ion 
gun for surface cleming, an x-ray source and a doable-pass cylin- 
drical mirror analyzer (CMA) with a co-sxial elecaxm gun for ~ S  
and AES, a QMS for residual gas analysis and TPD. A commer- 
dally available sanple manipulator provided three-dimensional iraas- 
lation and 360 ~ rotation of  the sample. This chamber also hadthree 
leak valves for gas ex-posu~ aKnudsen cell forMg dosing, an dec- 
tron flood gun for model catalyst preparmion, and an internal high- 
presmre reaction cell (HP) for in-situ polymerization. The other 
chamber (Fig. lb) consisted of  a preparation chamber, an analysis 
chamber, and a high-pressn-e reaction cell. The preparation cham- 
ber was equipped x~h an Ar ion sputter gun, a Mg source (Knud- 
sen cell), an electron gun, and leak valves. The analysis chamber 
housed aPHI 5400 ESCA system for ,-x3~ S and ISS. The reaction 
cell was equipped ~ h  a temperature-controlled diode laser (~,= 
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675 rim) and a photodetector for in sire LRI measurements of pol- 
ymer film growth. The model caY_alyst sample under study was bans- 
ferred from one section of the apl~ratus to the others without ex- 
posure to air. Further details of these chambers were given else- 
where [Kim and Somorjai, 21X~0a, b; Kim et al., 2000b]. 

UV Raman spectroscopy was utilized to study MgC1, and etha- 
nol (F, tOH ) complexes that are used for preparation of nficroporous 
supports for Ziegler-Natta polymerization catalysts. ~ c t e r i z a -  
tion of these supports is important because it is known that fabrica- 
tion conditions markedly affect the polymerization process, the mol- 
ecular weight distribution, the isotacticity of polyprowlene, and the 
mechanical properties of polymers. The use of UV as an excitation 
source can avoid fluorescence interference from the catalyst that 

often overwhelms the Raman signal of the species of interest in the 
visible spectmln. More details can be found in Ref. 31. 

F A B R I C A T I O N  AND C H A R A C T E R I Z A T I O N  O F  
MODEL CATALYSTS 

1. Model Supports 
1-1. MgCI_~ Thin Film in UHV 

MgCI~ films were grown by thermal evaporation of MgCI~ on 
goM. AES and XPS analyses showed that the fihn grows via a layer- 
by-layer mechanism [Magni and Somorjai, 1995a, b]. INS ex-peri- 
merls revealed that the film is C1 terminated at the strface. LEED 
studies of multilayer MgCI~ films, deposited in similar conditions 
on Pd ( 1111, Pd (100) Pt ( 1111, Pt ( 100)-hex and Rh ( 111 ), indi- 
cated that these flhns expose the Cl-tem~ir~ted (IXI11 basal plane 
of the a-MgCl~ bulk stmc~lre at the solid-vacuurn interthce [Fair- 
brother et al., 1997, 1998; Roberts et al., 1998]. 

TiCL did not chemisorb on these films by simple exposure to 
the TiCL vapor at 300 K in UHV [Magni and Somorjai, 1995a]. The 
g r o ~ h  of titanium chloride layers was achieved by Mg-induced or 
electron-induced TiCL deposition as described in Section IlI-2a. 
1-2. MgC1,-EtOH Complexes 

The samples were synthesized by addition of pure EtOH to crys- 
talline 0~-MgCI~ in precise stoichiometric amounts, folloed by heat- 
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ing to 18(])~ and slow cooling to room tempera~are [Tewell et al., 
submilIed]. This entire procedure was pcrfcmled in an inert, dry 
atmosphere. 

Fig. 2 shows the Raman s~ctm of a series MgC12:EtOH~ adducts 
with x 0.5, 2, and 6. The A~ mode of MgCI~ at 240 cm 1 is ob- 
served for x<2. This mode is no longer present for the x=2 ad- 
duct, indica~lg a complete loss of the D~ symmetry of MgCI~. For 
x>3.5, a peak at 683 cm ~ is observed which is not found in liquid 
ethanol. Based on the stmc~re of MgC12:EtOH~ determined from 
x-iay diffi-action [VaUe et al., 1989], the 683 cm ~ p ~ k  was assigned 
to the A~.~ mode of Mg-O octahedra. In addition, the position of the 
O-H stretch shifts from 3,480 to 3,230 m -z as x increases from 0 
to 6 relative to MgC1, (data not shownl. This O-H peak shift resulted 
from hydrogen bond- ing of the OH groups with chlorine atoms 
and could be utilized to inonitor [tie MgCI,:E1DH mole  ratio clu~ag 
sample preparation. 
2. Model Catalysts 

In case of high-surface-area cNalysts, MgCle powders are mech- 
anically ground for TiCI4 fL-,:ation. But~ mechanical grinding is not 
suitable in UHV condidans. We developed two chemical vapor de- 
position schemes for fabrication of model catalysts in U H ~  reac- 

(a) (Mg + TiC14) on Au (b) (e" + TiCl 4) on Au 

Au substrate l 

. ?  
TiCl~_ __  

MgCI2 

Au substrate ] 

TiCI~ 

TiC1 v 

Mg = 6x10 Iz atoms/cmZs 
P(TiCI 4) = 2x10 -7 Torr 

T(Au) = 300K, time = 10rain 

e-flux (500eV) = txl0  t~ c-/cm2s 
P(TiC14) = txl0  "7 Torr 

T(Au) = 100K, time -- 10rain 

Fig. 3. Deposition of model eatalysls via (a) reactions of Mg and 
TiCI4 and (b) dissociation of TiCl4 by electrons. 
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Fig. 2. [IV Raman speclra of powered MgCI::EIOHx adducts wilh 
x=0.5, 2, and 6. The peaks above 800 cnf  1 originate from 
vibrations of EtOH. In spectrum (a~ file peaks circa 1250- 
1,400 cm -1 are due to air, not EtOH. 

Fig. 4. (a) XPS and Co) TPD of a TiCIA1VIgC[ film fabricated by 
co-deposition of Mg and TiCI4. Heating l~te--2 K/sec. De- 

P(TiCI4)---2xl0- Torr; lime position conditions: T~=600 I~ 7 
=5 mill. 
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lions of Mg with TiCI4 (Fig. 3a) and dissociation of TIC14 with elec- 
trons {Fig. 3b). The former produced a thin film modeling MgC12- 
supported TiC14 and tile latter produced one modeling TiCl~-based 
catalysts. Each case is described m detail below. 
2-1. TiClfMgC12 Film as a Model System for the MgCle-Supported 
TiCL Catalysts 

Reduction-oxidation reactions of metallic Mg and TiCh, depos- 
ited simultaneously fi~in tile vapor pt~se onto a Au substmte~ prod- 
uced tile model catalyst filln of TiCI~MgCle (Fig. 3a) [Magni and 
Somorjai, 1998; Kiln and Somorjai, 2000b]. The low solubility of 
TiCI~ m MgCI: led to tile fonnalion of a TiCI~ inonolayer on top of  
MgCle inultilayez-s dim-acterislic of tile supported ca/talysts. XPS 
revealed that tile Ti oxidation states had a distiibution of 4--, 3+, 
and 2+ (Fig. 4a). Tile TiCL/Mg flux ratio dta-ing tile deposition con- 
trolled the oxidation state distribution and strface coverage of TiCI:: 
s~des  of tile deposited flhn. Tile surface TiCI~ species desorb as 
TiCL upm heating tile co-deposited flhn at temp~-atures higher t i~i  
430 K (Fig. 4b). 

Tile reaction of a pre-deposited Mg film with tile TIC14 vapor also 
produced the TiClfMgCI: model catalyst [Kim and Somorj~ 2(~[~)b]. 
In tim case, tile Mg atoms m tile underlayer were not converted to 
MgCle due to a kinetic bamer for d~lorine diffusiozz Upon heating 
this sequentially deposited film, the chlorine ions near the surface 
region diffused and reacted with metaUic Mg atoms m underlayers 
to COlnplete tile redox reaction. 

The MgCI: film surface could be activated for TiCL ft-mtion by 
inadialion of high-flux electrons of 1 keV [Magni and Somoljai, 
1996a]. ISS showed that under-coordinated Mg atoms were left on 
tile flhn surface after tile pref~-ential desolptim of C1 atolns by elec- 
tron in-adialioz~ Tile fomlation of und~-coordinated Mg atolns at 
the MgCI~ film surface allowed for the chemisorption of TiCI4 near 
room temperahn-e. 
2-2. TiCI~ Multilayer Film as a Model System for the TiCl~-based 
Catalysts 

Tile multilayer TiCI~ fllin was prepared by electron-induced de- 
position of TiCL on Au (Fig. 3b ) [Magni and Somorj~ 1996a; Kim 
and Somoljai, submitted]. In d~ metho& tile substrate was in-adi- 
ated by a tigh-energy electron beam (50(M,0(X) eV) during tile TiCI~ 
exposure. Upon collision with the substrate, the incident electrons 
produced sca~ered and secondary electrons ti~t had higher cross 

sections for dissociation of TiCh. A faster growth rate and larger 
strface roughness of the film was achieved for deposition at a cry- 
ogenic temperature (100 K) compared to deposition at rooln tem- 
peratta-e (3(X)K). Tile oxidaIion state dist~ibutim of litaman ions 
in the film could be controlled with deposition temperature, post- 
deposition electron in-adiatioi~ and anncaling [Kiln and Solnoijai, 
submitted]. The low temperature deposition produced a film con- 
taitm]g more Ti 4§ species-chemisorbed TiCL-at tile film surface (Fig. 
5 ). Tile post-deposilion elec- Iron ilradiatim reduced tile high oxi- 
dation-state Ti ions to lower o:ddation states. Upon heating the TiC~ 
Au films, tile surface Ti 4§ species desorbed as TIC14 at tile tempera- 
tta-es higher than N)0 K. After annealing at 580 K, tile film remained 
on Au showed mostly Ti e+ with a small amount of  Ti 4+ m xPS. 

with file electon-induced TIC14 deposition method, a mullilayer 
film of TiC~. could grow on top of the MgC1, film [Magni and So- 
moljai, 19960]. Tile TiC~/IgC12 film grown at 3(x) K had file Ti oxi- 
dation state distlibution similar to that of TiC~Au grown at 30) K. 
Angle-resolved XPS analysis indicated that both TiCI~. films con- 
sist of a monolayer of Ti 4+ species on top of  TIC12 layers. 

SURFACE ADSORPT ION SITES ON TiCI#IVIgCL AND 
TiCly/Au M O D E L  CATALYSTS 

1. TiCUMgCI2 Films and MgCI2 Films 
The adsolption site distribution on the model Ziegler-Natta cata- 

lyst surfaces was measured with TPD of mesitylene as a probe mol- 
ecule [Kim and Somoijai, 20)0a; Kim et al., 2(X)l]. Though tiffs 
method could not distinguish the metal composition (Ti vs. Mg ) 
and oxidalic~l state ( Ti 4+ vs. Ti -'+) clue to chlolme temlination of tile 
catalyst surface, it could diffelmltiate various adsozplion sites which 
have different slrucbares of surface chlorine [Kim et al., 2001 ]. 

Comparison of weakly bound mesitylene desozplion profiles for 
TiC{JMgCI~ and MgC1, idezNfied tile presence of two types of sur- 
face adsorption site structtues on tile model catalyst fihn (Fig. 61: a 
site producing mesitylene desolplion peak at ~2(XI K and a site pro- 
ducing mesitylene desorption peak at ~250 K). Annealing at 640 K 
did not change the distribution of  these two sites. 

Since ttie exact surface structure of the active site was not 1,mom~, 
the mesitylene TPD data were interpreted on basis of  crystallo- 
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graphic data [Allegra, 1995], sGface s tm~re  [Fairbrother et al., 
1998], surface compositions [Magni and Sonlorjai, 1995a b], the 
shape of micro-crystals [Rodriguez et al., 1966; Gutlman and Gull- 
let. 1968], and thermodynamics [Lin and Catlow, 1993; Colboum 
et al., 1994] of the tita]ium dllOlide and magnesium ctflcdde films 
or crystals obtained by other techniques. X-ray ditS-action (XRD I 
found that these halide Clystals have a layered structure, each layer 
consisting of two monoatomic layers of chlorine ions octahedmlly 
coordinated to intercalating metal ions [Allegl-a, 1995]. The low- 
energy elecb-on diffi-aclic~l (LEED) study of a MgCI~ film, depos- 
ited by thermal evaporation in UHV, showed that the film grows 
layer-by-lalyer and the film sGface was composed of small domains 
of the (0011 l:~sal plane, the most stable crystallographic plane [Fair- 
brother et al., 1998; Lin and Caflow, 1993; Colboum et al., 1994]. 
The He + ion scattering Sl:ectroscopy (ISS I studies of the model Zie- 
gler-Natta catalyst films found that the surfaces of these films are 
terminated with chlorine ions and no metal ions are exposed to vac- 
uum [Magni and Sonloljai, 1995b, c, 1996'0]. The SEM pictures 
described that the TiCI~ micro-crystallites, produced by a sublima- 
fion-recrystallization metho& possess a very till, hexagonal plate- 
let shape [Rodriguez et al., 1966; Guttman and Guillet, 1968]. The 
he:,~agonal symmetry of the TIC13 trait cell suggested that the platelet 
surface assume the ((X)I) basal plane sb-ucture and only one crystal- 
lographic plane is dominant for the sides of the crystals. This plane 
is most likely to be the ( 1001 plane, the second most stable plane of 
the crystal [Lin and Catlow, 1993; Colbourn et aL 1994]. 

Assuming this stmcku-al information is applicable to the model 
catalyst films, we could a~ibute the dominant mesitylene desorp- 
tion peak at ~Q(X) K for TiCI~AgC1, to a h~sal plane s~ucture where 
the chlorine ions at the outermost layer are close packed and the 
metal ions under the chlolme layer are coordinated to six chlorine 
atoms [Kim et al., 2001 ]. In this circumstance, the high-tempera- 
~]re desorption peak at 246K could tentatively be attributed to a 
non-b~sal plane where the sGface chlorine ions are not close packed 
and the metal ions under the chlorine layer are under-coordinated 
[Kim et al., 2(~)1]. The possible candidates would be the crystallo- 
graphic dislocations on the basal plane or other crystallographic 
planes atthe boundaries of the ((~)1 I basal plane (see refs. 3, 6, 7, 
or 37 for crystallograptfic models I. 

The m~al composition I Ti versus Mg I could not be differenti- 
ated clue to the dflorine tenninafion of tile catalyst surface [Magm 
and Somorjai, 19955; Kim et al., 2(~)1 ]. Other crystallographic planes 
such as ( 1001 and I 1101 could not be distinguished with mesitylene 
TPD. Tt~ could be aWibuted to the higher surface energies of these 
planes coml:ared to the ((~)11 h~sal plane [Lin and Catlow, 1993]. 
If these planes were ex-posed at the surface, they would reconslruct 
or react with TiC14 and/or residual gas (HC11 to lower sGface energy 

The mesitylene TPD technique also found diffusion of the bulk 
ctflorine atoms to file surface to lower file flhn surface energy [Kim 
et al., 2001]. When the chlorine-deficient defect sites were gener- 
ated to a concentration higher than thermodynamic equilibrium by 
electron in-adiation or metaUic Mg dose, the bulk ctflcdne atoms 
diffused to the surface and reacted with the defect sites even at tem- 
peratures lower than roam teraperature. At room teln1:)erature, the 
diffusion process was remarkably fast. 
2. TiCI/Au Films 

The surface structu-e of TiC~Au differed from those of TIC1] 
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TiCI/Au deposited at 100K 

(a) as-deposited 

(b) annealed at 580K 
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Fig. 7. Mesitylene TPD of a multilayer film of TiCI/Au deposited 
at 100 IC Mesitylene exposure=0.2, 0.6, 1.0, 1.4 L. 

MgCla and MgCla, as revealed by mesitylene TPD (Fig. 7 ). The 
TiC1]Au fihn deposited at 100K was almost completely covered 
with chemisorbed TiCI4 from which mesitylene desorbed at r-220 
K. After removal of the chemisorbed species by annealing at 580 K, 
the TiC1/Au f•  showed raostly the coordinatively unsatui-ated 
sites Imesitylene desorption=~250 K I. The absence of the mesity- 
lene desoiption at ~200 K for TiCly catalyst implied that the TiCly 
film surface was dominantly composed of the non-basal plane s~uc- 
ture containing under-coordinated metal-ions [Kim and Somorjai, 
2(~)1, submitted]. The electron bombardment during the deposi- 
tion process appeared to be responsible for the s~ucmml deviation 
of TiC~Au [Kiln et al., 21Xil, submitted]. Electrons of high kinetic 
energy induced chlorine desorption from the surface. The TiC~Au 
film deposited at 3(~) K show a mesitylene desorption peak at ~Q~) 
K and no peak at ~200 K [Kim and Somoij ai, in press]. These results 
indicated that the TiC~Au film deposited by electron irradiation 
has only the coordinatively unsaturated sites at the surface. 

ACTIVATION OF TIlE MODEL CATALYSTS W I T H  
THE AIEt 3 CO-CATALYST 

The reduction and alkTlation of the TiCI4 chemisorbed at the mod- 
el catalyst surface have be~l raonitored by XPS [Magni and So- 
morjai, 1997; Kim et al., 2001; Kim and Somorjai, 2(~)1]. Large 
exposures of A1Et~ (1(~-10 a L ) were required to reduce and alky- 
late the TiCI:/MgC1, and TiC1/Au films at 3(~) K. In XPS, the de- 
crease of the Ti 4+ peak was accoml:anied by the increase of Ti -'+ peak 
(Fig. 81. The Ti 3+ species was not observed as a main product of 
the AIEt~ activation in XPS. The absence of the A1 peak in XPS 
suggested that the A1 containing species were not chemically bonded 
to tile catalyst surface and desorbed into vacuum. 

Ariel- the catalyst activation by reaction with the A1Et~ co-cat- 
alyst, the raesitylene desolption profiles were shifted to lower tem- 
peratures (Fig. 9) [Kim et al., 2001; Km~ and Son~oljai, 2(X)l ]. The 
basal plane sites showed a decrease of 4-5 K in the peak desorp- 
tion t~npel-ata-e ofraesitylene, while tile coordinatively uusatumted 
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Fig. 8. Ti 2p region of the XPS spectra o fa  TiCI/MgCL. s as a 
function of AIEt~ exposure at 300 K (ref. 13). 

man and Cossee, 1964; Ro&iguez et al., 1966]. Tiffs would induce 
only a minor change in the mesitylene-surfaoe interactions (only 
2 K st~ff in the leak deso~ption temperature). For the n o n - b ~  plane 
sites of TiC1]MgCl,and TiCt~ the alkylation by A1Et~ would occur 
by addition of one Q,H.: group to the under-coordinated metal ions 
[Arhnan m~d Cossee, 1%=I; Rcdriguez et al., 1%6]. So, the alky- 
lated non-basal plane sties would assune a more close packed struc- 
tta-e that would have weaker interactions with mesitylme, causing 
a lalger decrease (about 15 K) in the lnesitylene deso~ption tem- 
perah~re. This was consistent with the effects of the aluminum alkyl 
reaction on the adsorption isotherm of allene, a molecule poison- 
ing the catalytic activity, reported by Petts and Whugh [Pe~s and 
Whugh, 1982]�9 The heat of allene adsorption showed a lalger de- 
crease for the high-tem~rature sites after the activation of a high- 
surface-area catalyst with Nmethyl aluminum. Both catalysts retained 
their original distribution of the surface adsorption sites�9 

Once activated with AlErt, the model catalysts were active for 
both ethylene and propylene Folymefization, regardless of the pres- 
ence of the gas-phase A1Eh in the reaction cell [Magni and Somor- 
jai, 1995c; Kiln et al., 2000b; Kim and Sormorjai, 2000c]. 

POL3W[ERIZATION W I T H  M O D E L  CATALYSTS 

(a) TiClx/MgCI 2 (b) TICly/Au 
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Fig. 9. Mesitylene TPD prordes of (a) TiCIJMgCL. and (b) TiC[J 
Au catalysts before and alter AIEt3 activation. The catalyst 
activation process was exposure to 1 Ton" of AIEt~ vapor 
for I rain. M~itylene exposure=02, 0.6, 1.0, 1.4 L (1 L=I x 
10 -~ Tort-s). 

sites showed a larger decrmse of-45 K. If  one accepts the existing 
model for catalyst alkylation [Arlman and Cossee, 1%4; Rodriguez 
et al., 1966], the changes m the lnesitylene deso~ption temperature 
could be explained as below�9 For the basal plane sites, the alkyla- 
tion by A1Et~ would replace one C1 anion with a C2H~ group [Arl- 

1. Polymerizat ion  Kinetics  for TiCIJMgCL. 
The polymerization rates for the nlodel catalysts of a st~t:ace area 

o f - I  crn 2 were measured with LRI (Fig. 10 ) The changes of" per- 
iodicity of the interference fimges indicated a slow decrease of the 
growth rate with increasing polymer fihn thickness LKim et al.o 
2(xXIb]. The deactivation of polymerization rate apl:eared to be clue 
to the monomer diffilsion that was controlled by rite thichless and 
morphology of the growing tx~lymer film. The decrease in the in- 
tefferance peak intensity was caused by rotOmess of the polymer 
film surface, mholnogeneity m the film density, or porosity of rite 
film. The morphology of rite yolymer ftlm changed in a complex 
way as a function of  polymerization time. 

The initial polymerization rates of the lnodel catalysts were 2- 
=I. 1 (r c g-C~HjcnY'-eat-sec for propylene and 5-9 �9 1 () -7 g-Q,I~/cm-'- 
cat.sec for ethylene. These polynlerization rates con-esponded to 
nominal turnover frequencies of 3-6 �9 1014 C>E~ molecules per cm -~ 
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Fig. 10. (a) LRI signal and (b) polymerization rate as a function 
of time during the ethylene pol3~nerization on a TiCIJ 
IVIgCL. model catalyst Polymerization was performed with 
900 Torr of ethylene in the presence of the AIEt3 (5 Torr) 
in file gas phase. The l~actor temperature was kept at 340 
I~ In (b), the density of the polyethylene f~n  produced was 
assumed to be 0.96. 
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of catalyst per second and 1-1.8 1(-~ ~ C21-I4 molecules per cm-' of 
catalyst per second, respectively. Tile propylene polymerization rate 
was about 30 times slower than the ethylene polymerization rate 
on the same catalyst. 

Converted with a typical surface area of industrial catalysts (~50 
ma/g), the polymedz~ztion activity of the model catalyst corresponded 
to ~75 g-PP/g-cat.tn--atm and ~l,4(X)g-PE/g-cat.t~--atm, respec- 
tively. Industrial catalysts produce about l(x)-500g-PP/g-cat.hr. 
alto and 2,0(~Y~10,I)(x) g-PE/g-cat.hr.alm [Kissin, 1985; Barbe et al., 
1 986]. Wttile tile precise values were difficult to corot:are due to tile 
differences in catalyst preparation and polymerization conditions, 
we concluded that the model catalyst displays a polymerization ac- 
tivity of the same order of magnitude as its industrial counterparts. 
2. Titanium Oxidation States of the Polymerization Sites 

Successfi~l polynlelizatic~l of propylene with tile model catalysts 
containing mostly Ti a+ and Ti 4+ were quite interesting because there 
has been a consensus that only the catalysts containing Ti ~§ can pol- 
ymerize propylene [Soga et al., 1981a, b; Kashiwa and kbshitake, 
1984]. The titanium oxidation distribution observed in this study 
was consistent witi1 tile XPS [Hasebe et al., 1997] and electmdl~ni- 
cal data [Kashiwa and Yoshitake, 1984] obtained for high-surface 
area catalysts; but not consistent with the data determined from a 
confoination of wet redox titratic~l and electron spin resonance (ESR) 
[Fuhrmann and Herrmat~ 1994; Brant and Speca, 1987; Chien 
and Wu, 1985; Chien and Hu, 1 989; Chien et al., 1 989]. The latter 
approaches have reported that tile Ti s+ spedes are a major product 
of the catalyst activation by ANts. Based on these ESR studies and 
other kinetic studies, it has long been suggested and believed that 
only the Ti s+ species, formed by the AlE L activation, can polymer- 
ize prowlene [Barb~ et al., 1986]. However, it shTTTould be noted that 
tile Ti > and Ti 4+ ions are not ESR active and more than 80% of total 
Ti ~+ ions in the Ziegler-Natta catalysts are ESR silent due to inter- 
actions with the adjacent Ti ~§ ions [Fulmnann and Herrmann, 1994; 
Brant and Speca, 1987]./n siiu measurements of both XPS and ESR 
for the same catalyst sample would provide answer to this discre- 
pancy. 
3. Location of the Active Sites During Polymerization 

The location of the active sites can be determined from the XPS 
analysis of tile polymer fllln produced by sequential polylneriza- 
tion of different monomers [Kim and Somorjai, 20(~)c]. If the active 
sites remain at tile interface of tile polymer and tile catalyst phase 
and the polymer grows over the active sites [Mckenna et al., 1995; 
Hamba et al., 1997; Shariati et al., 1999], the first-polymefized layer 
would be located on top of tile second-polymerized layel: If tile ac- 
tive sites are separated from the catalyst surface and migrate to the 
interface of the polymer and the gas ph~e and the polymer grows 
under the active sites [B61~n, 1978; Spitz et al., 1 984], the first-poly- 
merized layer would be found under the second-polymerized layer. 
If tile catalyst phase Ulldelgocs sigiffficant fi-aglnentation as poly- 
merization occurs [Gulman and Guillet, 1 970; Kaka~go et al., 1989; 
Satin Maria et al., 1993; Noristi et al., 1994], the surface composi- 
tion of tile sequentiaUy polylnerized flhn would have both polymer 
components depending on the degree of the catalyst fragmentation. 

Fig. 11 shows tile valence-band XPS of tile sequentially poly- 
melized fllln ( 230 rml-tifick PP f~-st then 780 nm-titick PE second) 
was compared with those of pure PP and PE films grown sepa- 
rately. Tile PE flhn had two C2s peal~ at ~14 and 18.3 eV that COl-- 

CH 3 

[-1st- PP, 23Ohm A OH2 
2 rid- PE, 780nm CH2 " 

c2p ce, 

0 5 10 15 20 25 30 
Binding energy (eV) 

Fig. 11. Valence band XPS spectrum of the sequentially grown 
polymer film (230 nm-thick PP firs1; then 780 nm-thick 
PE second) and comparison with those of pure polyethyl- 
ene and polypropylene films grown separately. The peaks 
at-13 eV and -19 eV result from the C2s anlibonding and 
bonding orbilals of -CH2- in the polymer backbone, l ~  
speclively. The peak at 16 eV comes from lhe C2s orbital 
of the CH3 group. The photoelectrons from the C2p orbit- 
als appear at around 7 eV (Pass energy of XPS meas- 
m~ments=35.75 eV). 

TTTTlded to file antibonding and bonding orbitals of tile carbon in 
the -CH~- backbone, respectively [Gross et al., 1994; Delhalle et 
al., 1993]. The PP film had an additional C2s peak at 16 eV of the 
carbon in tile -CHs group. ]I1 tile case of tile sequentially polynler- 
ized film, the C2s speetnml showed three p~tl,~ characteristic of 
the PP film and no conlribution from the PE film. This result in- 
dicated that the first-polymerized PP layer was at the film surface 
and the second-polymefized PE layer was under the PP layer. There- 
fore, tile active sites for polymelization remain at tile polyln~-/sub- 
slrate interface. Fig. 12 illustrates the polymerization process where 
the active sites are located at the bottom of the growing polymer 
layer and tile monomer molecules are transported ti~-ough tile poly- 
mer layer to the active sites. 

monomers in the gas phase 

-.-fV-.-.i/-j 1- -;/- /;-/-  - 

~ , '  ~ / '  ~ / polymerlayer 

TiCIx/MgC12/Au 

(activated with A1Et 3) 

Fig. 12. Schematic illustl~tion for polymer growth at the polymer/ 
catalyst interface. 
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The aluminum-containing species, such as AIEhC1 produced as 
results of the catalyst activation ~ AIE%, are not involved in poly- 
mefizatim the active sties located at the bottom of the polymer film. 
When the ethylene polymerization vras carried out in the presence 
of excess AIEt~ (5 Tort) in the gas phase, ~ S  detected small A1 
peaks only at the film/gas phase ~erf~ce. When the PE film was 
peeled off from the subslrate, no A1 peaks were detected at the bot- 
tom of the PE film peeled offfrom the subSrate ~ e r  polymeriza- 
tion. This observation ruled out abimetallic active site model [Xeii 
et at. 1982-" Koha-a et al.. 1979]. Furthermore. this result indicated 
that once the polymer film covers the catalyst surface, there is no 
additional effect of excess AlE% on the polymerization kinetics of 
the active sites under the polymer film. 
4. Correlation b e ~ v e m  Catalyst Surface Structure and Poly- 
propyle~e Tacticity 

Since the polymerization alvmys occurred at the catalyst sur- 
face. the catalyst surface stmcatre affected the stereochemistry of 
the polymerization process [Kim and Somorjal, 2001]. In order to 
mimic the MgCl2-supported TiCh and the TiCl~-based systems, two 
types oftitmium chloride model catalysts - vdth and w~hout MgCI2 
suptx~ - were fallicated by co-deposition of Mg and TiCh and dec- 
tron-induced d e p o s i t i o n  of TiCh, respectively, as described in the 
previous sections. The comparison of the mesitylene desosption pro- 
files of the TiC1,/MgCI: and TiClJAu catalysts (Fig. 9) clearly 
showed that the sin-face strucatce ofTiC1,/MgCl: diffeced ~ that 
ofTiClfAu [Kim et al., 2001]. In mesitylene TPD, both basal plane 
sites (198 K) and non-basal plane rites (~5  K) were observed for 
the TiCI/MgCI~ catalyst, while only non-barn1 plane sties (247K) 
were seen for the TiCI~ catalyst. There was no discernible peak at 
200 K for the TiC~/Au catalyst The first-order desorpfion profile 
ofmesitylene and its narrow peak wi~h (fwlnn =30-g0 K), as shown 
in Fig. 12b, could suggest that the catalyst surface assume only one 
dominant structure. 

The catalyst activation by reactions with the AIEt~ co-catalyst 
shifted the mesitylene desorption profiles to lower t e m p ~  
but it did not change their original distribution of the anface ad- 
sorption sites (Fig. 9) [Kim et al., 2001: Kim and 8omorjak 2001]. 
In X~S analysis, the oxidation state diaribufions of  the activated 
surface species of  these two catalysts appeared to be very close to 
each other [Kim et al., 2001, Kim and Somorjai, 2001]. 

Propylene polymerization was carried out with the two catalysts 
after mesitylene TPD and X~S analyses. The atactic and isotactic 
fi-actions of  the PP films produced were separaed into a 'hexane- 
soluble' fi-action and a ~ fi '~ion, 
respectively [Hayashi et al., 1989, Busico et al., 1991, Pankkeri et 
al., 1993], and then analyzed with AFM_ Figs. 13a and 13b show 
AFM images of atactic and isotactic fi-actions of  PP, respectively, 
produced with TiC1,/MgCL. At a low load (0.6 nN), both atactic 
and isctactic PP wece imaged intact. However, at ahigh load (2 nN), 
the atactic PP pushed out ~ n  the scan region, while the isotactic 
PP was mnained intact This behavior was consistert with the mate- 
rial properties of  atacfic md isotactic PP, confmning the conforma- 
tion of each extracted PP ~oction [Geacias and Somorjai, 199g]. 
The isotactic PP was much harder than atactic PP [Lorenzo et al., 
1989: Ogavva, 1992] so that it was able to sustain the pressure gen- 
erated by the AFM tip at the high load condition (also see Fig. 13d~ 

In the case of the PP sanple produced with the TiC~ catalyst, 
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Fig, 1 3 . A F M  images of (a) hexane-soluble fraction and (b) hex- 
ane-insolubleSoetane-soluble fraction of polypropylene 
produced wRh the T i ~ - ~ l ~  catalyst and (c) hexane- 
soluble fraction and (d) hexane-insoluble/octane-s~iuble 
traction M" polypropylme produced with the TiCI r e m ~  
lyst. The polymexizafiou w a s  carried out after activaliou 
of the catalysts wRh A/Eta followed by sWuemi-al a n ~ s  
with mesityleae TPD in U-HV (Fi~ 9) (Mouoma" pressm'e 
= 900 Ton', reaction temperature= 340 K). 

Fig. 13c clearly shows the absence of the atactic fiaction. A small 
particle in Fi& 13c vvas believed to be isotactic PP based on its hard- 
ness. Therefore. it muld be concluded that the the TiCl,/MgCL mod- 
el catalyst produces both atactic and isotactic polypropylene. ~hile 
the TiC[ catalyst produces exclusively isctactic polypropylene The 
ATR-IR analysis of the as-grown PP film mpported this conclu- 
sion [Kim and Somorjai. 2001]. The production ofPP ~ diffff- 
ent tacticity f irm the TiCIJMgC12 and TiC~/Au catalysis was con- 
sistent ~ t l  atypical polymerizaion behavior of  the industrial coun- 
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terparts of the Ziegler-Natta catalysts: inthe absence of dectron do- 
nors such as ethyl benzoate, lhe MgC1,-supported TiCI4 catalyst prod- 
uces less isotactic polypropylene than the TiCl~-lz~sed catalyst [Kissin, 
1 985, p. 295]. 

These data were probably the fit-st experimental observaEon prov- 
ing directly the correlation between the s~uc~]res of the catalyst 
surfaces and the stercospecificity of propylene polynlelizaEon [Arl- 
man and Cossee, 1964; Cossee, 1964; Adman, 1964; Guerra et al., 
1987; Venditto et al., 1991 ; Cavallo et al., 1998; Shiga et al., 1994, 
1995; Puhakka et al., 1995, 1997; Bocro et al., 1998, 1999, 20(x)]. 
The surface of the TiCIjMgC1, catalyst~ producing both atactic and 
isotactic polypropylene, consisted of two types of adsorption site 
s~uc~]res. In contrast~ the TiCI~. catalyst consisted predominantly 
of one adsorption site stmc~]re and preduced exclusively isotactic 
propylene. The absence of the basal plane sites IFig. 12bl and the 
absence of the atactic PP fi-action IFig. 13cl clearly suggested that 
the active sites of this structure are stereochemically nonspecific. 
The Ti oxidation state distribution did not seeln to be an m~portant 
factor in stereoregularity because their distribution at the catalyst 
surfaces were not significantly different form each other. 

FUTURE PROSPECTS 

Several fundamental problems still remain unsolved~ such as the 
kmowledge of the precise configuration of  the active centers and 
the r a e c t ~ i n s  involving the elementary polymerization steps. Tiffs 
intbrmation could be obtained with surface-sensitive vibrational 
spectroscopic tect~ffques such as infi-ared-visible sum-fi-equency 
generation I SFG I. The IR-Vis SFG technique is a second-order non- 
linear optical spectroscopy capable of providing surface specific 
vibraEoml specb-a in the range of 1,00(~4,(XI0 c~l ~ under an atmo- 
sphere of background gases with excellent resolution and signal- 
to-noise ratio [Shen, 1989; Suet al., 1996, 1997; Zhang et al., 1997]. 
Therefore, the SFG measurements during the polymerization will 
provide stmcmral information on the hy&ocarbon ir~ermediates 
during the raonoraer insertion reactions on the catalyst surface. The 
broad-band SFG, using a femtosecond laser, will be able to obtain 
the vibration spectnma of the surface intelmediates in the initial poly- 
raelization stages with an excellent time resolution I> 10 z~' sec I. 

The detailed s~uc~]re of the non-basal plane sites is not deter- 
rained yet, The raesitylene TPD was able to distinguish these sited 
from the basal plane sites. A simple crystallographic consideration 
could suggest many possible structures for this non-b~sal plane such 
as (100), (1101, etc. The MgCI,I1 (~) I surface has the Mg atoms co- 
ordinated to five chlorine atoms. The MgCI~( 1101 surface has the 
Mg atoms coordinated to four chlorine atoms. However, these sur- 
faces have high surface energies stmcmres and undergo significant 
reconstmction processes [Lin and Catlow, 1993; Colboum et al., 
1994]. Sb~actural imaging of the (100) and (110) planes of a MgC12 
single crystal~ using scanning ~mneling microscopy, would provide 
more insight into the mrface stmct~e of the non-hasal planes where 
isotactic polypropylene is produced. 

From an industrial pei-spective, surface science tect~ffques can 
provide a way to modify the surface of the current catalyst or to 
invent new syntheEc routes to produce a single-site catalyst. For 
example, high-energy electron, photon or ion irradiation of the cat- 
alyst surface can generate a new adscqotic~l site structure. Reac- 

tions of metallic titanium with MgC12 or alkyl halide are expected 
to produce a model catalyst film with a surface sb~acture different 
than those prepared with the current synthetic methods. Reaction 
of titanium atoms with TiCI4 would preduce TiCl~-nanoparticles 
flkat raight have unique polymerization properties. Adsoiption of 
appropriate molecules could be used to selectively poison the non- 
stereospecific polynlerization sites on the supported ca '_talysts. The 
mesitylene TPD technique appears to be a suitable method to mon- 
itor the changes on the treated surface. 
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