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ABSTRACT: Cryomicrotomy of embedded particles, sequential removal of polymericcomponenta via carefully 
controlled plasma ashing, and a combination of these preparative techniques allowed the microscopic 
characterization of the internal morphology and chemical composition of inorganic supports, supported 
catalysts, growing and fully grown polymer particles, and extruded films at submicrometer resolution. 
Videotaped polymerizations under a microscope at commercially used pressures provided additional insights 
into the particle growth process. The basic morphological units of polymer growth in olefin polymerization- 
grade silicas such as Davison 952 appear to be the intermediate, microspheroidal aggregates of 0.05-0.1 Mm 
diameter. Polymerization initially causes replication of these nodules. The support lattice cracks within the 
first filling of the pore structure, but the dispersal of the resultant fragments into the submicrometer residues 
observed in the fully grown polymer particle (lbfold growth) is a more gradual process which is not yet 
completed after a &fold growth of the particle. 

I. Introduction 
Despite the world-wide commercial use of silica- 

supported catalysts for over 30 years,l the changes 
occurring in the support during and after the initiation of 
polymerization are not well understood. The fate of the 
silica carrier during polymerization is difficult to follow 
since the fragmented carrier remains embedded in the 
nascent polymer particle. Removal of the polymer com- 
ponent tends to change the size, shape, size distribution, 
and location of the residual carrier. In this paper we 
describe the use of several preparative and analytical 
techniques for the characterization of the silica carrier in 
the catalyst and the silica residues in nascent polymer 
particles and in extruded film. Our studies have allowed 
us to obtain a clearer understanding of the role and the 
fate of the carrier during ethylene polymerization with 
chromium oxide's2 or chromocene3 catalysts supported on 
silica. The techniques appear to be equally applicable to 
other supports and catalysts. 

Published work2 has centered on the industrially im- 
portant support Davison 952, which has a pore volume of 
ca. 1.5 cm3/g, a 20-nm average pore diameter, and a surface 
area of ca. 300 m2/g. The support consists of multilevel 
aggregates of 10-50-nm-diameter primary silica particles. 
Active sites for polymerization consist of transition-metal 
complexes distributed uniformly within the support. Po- 
lymerization at commercial yields then produces ca. 3000- 
10 OOO g of polymer/g of silica, where the support remains 
embedded within the generated polymer particles. 

McDaniel was the first to investigate the silica f rag  
mentation p r o ~ e s s . ~  He addressed the need for careful 
isolation of the residual silica by ashing polymer particles 
in a furnace at 650 OC and attempted to disperse the 
resulting fused inorganic aggregates via agitation in an 
ultrasonic cleaner. This study suggested that the shat- 
tering process is independent of both the chemical nature 
of the catalyst and the initial rate of polymerization. 
Shattering was shown to occur by the buildup of hydraulic 
forces within the pore structure of the silica a t  the 
beginning of the polymerization, and no further shattering 
was said to occur after the initial breakup of the carrier. 
BET and mercury porosimetryatudies indicated that pores 
below ca. 30-100-nm diameter were not involved in the 
shattering process. Additional conclusions concerning the 
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nature of the fragmentation process were later shown by 
the same author to be incorrect due to artifacts introduced 
in the high-temperature ashing process.2 

Conner et aL5 were able to trace changes in catalyst 
support structure back to the initial moments of the po- 
lymerization. Gas-phase polymerization of catalyst par- 
ticles in the holder of a microbalance allowed very close 
control over the extent of polymerization within the range 
of 0-2 vol/vol (volumes of polymer per pore volume of 
carrier). Soxhlet extraction of the resulting polymer/ 
catalyst particles followed by plasma ashing of the residual 
extracted particles below 200 "C removed most of the 
polymer from the pores of the carrier, leaving behind a 
tenuoua skeleton of silica whose pore structure could be 
explored. Mercury porosimetry results a t  these low levels 
of polymerization did not differ from those obtained by 
MacDaniel at the higher levels of polymerization and so 
revealed that the shattering of the silica network was 
occurring even while the pores of the carrier were being 
filled with polymer for the first time. The porosimetry 
data were interpreted to mean that 50-100-nm-diameter 
fragments and larger were being formed, while the smaller 
pores within these larger fragments remained undisturbed. 
As pointed out by Conner, mercury porosimetry is most 

suited for the measurement of collective properties of the 
pore structure in an entire sample and cannot discriminate 
between different events occurring in different locations 
within individual particles. Mercury porosimetry does 
not directly address the question of particle size or size 
distribution of residual support or its spatial distribution 
within the growing polymer particle, except to indicate a 
limiting lower particle size of ea. 50-nm diameter. Until 
noninvasive techniques6 have been perfected, character- 
ization via microscopic techniques appear to be required 
for a meaningful study of support effects. 

11. Experimental Section 

Samples. In order to make full use of the insights obtained 
in previous mercury porosimetry work, we conducted our scanning 
electron microscopy (SEM) studies of the initial fracturing process 
(0-2 vol/vol polymerization) using the same batch of catalyst 
and partially polymerized nascent polymers employed by Con- 
ner et aL5 (Table I). Some of these samples were subsequently 
oxygen plasma ashed in our laboratory as reported below. We 
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Table I 

pore volt 
series sample cm*/g sample descripn 

I 1 2.3 calcined (chromium oxide) silica catalyst 
I 2 2.3 catalyst with polyethylene" 
I 3 2.3 sample 1-2 0 2  planma-ashed at UM 
I1 1 1.7 catalyst with polyethylene" 
0 Catalyst meshed to 63-125-pm diameter, followed by a brief 

reaction at 100 "C at atmospheric pressure in ethylenehitrogen (901 
lo), affording a product yield of 1.3 g/g of catalyst. 

also examined the Davison 952 silica support by transmission 
electron microscopy (TEM) and SEM. 

SEM-EDS-TEM. The major instruments employed were a 
JEOL JSM-35C scanning electron microscope, a Kevex 7000 
energy dispersive (EDS) X-ray spectrometer retrofitted with a 
Quantum thin window detector which enables elements as light 
as fluorine to be readily detected, and an AEI 801 transmission 
electron microscope operated at 60 kV. Profiling of catalyst 
composition and catalyst concentration throughout the sectioned 
particle was achieved by obtaining relative Si, metal, and halide 
atomic intensities over a given 2 pm X 2 pm patch. Relative 
concentrations were obtained by normalizing on the silicon peak. 
Profiling was conducted by measuring changes in atomic com- 
position from one patch to the next along a radial line of the 
sectioned particle. 

Oxygen Plasma Ashing. A Tegal-Plasmod plasma asher 
(March Instrument Co., CA) was modified to enable a more 
accurate reading of the current in the radio-frequency power 
supply, which ranged from a threshold of 20 mA to a maximum 
of 100 mA. The modification entailed installing an ammeter 
readable to 1 mA in parallel with the meter supplied in the 
instrument. Since the plasma asher we employed is designed to 
nominally supply 100 W of radio-frequency power, we assumed 
a linear correlation to exist between the current reading and 
radio-frequency power: consequently, our experiments were all 
conducted at a nominal 25 W (25 mA) and 500 Torr oxygen 
pressure. The chamber was rough-pumped to less than 20 mbars 
and then back-filled with oxygen. Pressure was maintained by 
pumping continuously on the chamber in which oxygen was 
supplied through a leak valve. Since micrometer-sized fragments 
are generated in the plasma ashing, it is important to have a 
micrometer-sized particle filter installed in the backfilling vent 
line so as to avoid sample contamination from adventitious dust. 

To minimize temperature buildup, the instrument was op- 
erated in a pulsed mode with a cycle of 10 min on and 10 min 
off. Maximum temperatures attained during plasma ashing were 
estimated by placing self-adhesive temperature recording labels 
(T-Dots, Cole-Parmer Instrument Co.) on a glass plate adjacent 
to the specimens during plasma ashing; ashing rates were kept 
low enough so that the highest temperature recorded was less 
than 60 "C. This precaution precluded alteration in the structure 
of the particle due to melting or sagging of the particle. 

Ashing of untreated particles without Soxhlet extraction not 
only proved possible but probably led to a more faithful 
preservation of overall particle morphology, since the embedded 
inorganic components are perturbed less and since residual 
polymer can act as supporting lattice. Plasma ashing of the 
original support or catalyst particles did not lead to visible changes 
in the particle morphology. Plasma ashing of a partially po- 
lymerized catalyst particle preferentially removed the generated 
polymer and left behind a potentially highly friable residual 
structure. As demonstrated by Conner,ba plasma ashing should 
be halted when there is still a small amount of polymer present, 
even if full ashing is intended, to act as netting for the ashed 
particle and to keep air currents in the asher from blowing away 
micrometer-sized fragments during venting of the chamber. 

Cryomicrotomy. A Reichert Ultracut-E microtome fitted 
with an FC-4 low-temperature sectioning system was operated 
with liquid-nitrogen gas cooling. Each sample was separately 
embedded in a thermosetting resin and cured overnight (>16 h) 
in a Beem capsule. Araldite M (a polyester) was used in the 
series I study (60 "C bake) and Buehler epoxy in series I1 at 22 
"C (see Table I for sample/seriesdescription). The resin of choice 
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is Buehler epoxy which cures overnight at room temperature. A 
dozen or so particles were placed in a 6-mm-diameter Beem 
capsule which was then filled with the epoxy formulation (five 
parte resin to one part hardener). The particles settled into the 
truncated pyramidal base. Air bubbles were removed from 
around the submersed particles by tapping the capsule or teasing 
them gently free with an orangewood stick. It bubbles are a 
problem, the liquid resin could be added to the particles under 
vacuum by means of a dropping funnel. 

Optimal sectioning temperatures varied from sample to sample. 
Lower temperatures tended to give smoother cuts for polymer- 
rich samples. The sectioning temperaturea were as follow: 

temp, "C 
sample chamber sample knife 
I-1,3 -10 10 20 
1-2 -94 -50 -40 
11-1 -95 -50 -40 

The pyramidal stubs exposed by microtoming were glued to 2.5- 
cm-diameter carbon SEM plates with Du Pont Duco cement and 
grounded with conductive graphite paint. A thin layer of carbon 
was then vapor-deposited on the mounted samples to bleed off 
excess electron charge which would otherwise accumulate on 
insulating materials during normal SEM examination. This 
carbon was easily plasma-ashed away in studies requiring 
sequential ashingtexamination, such as when proper etch times 
had to be established. Final plasma-ashed samples requiring 
high magnification were coated with an evaporated layer of gold 
to improve image quality at the higher magnifications. 

Videotaped Polymerizations. Olefin polymerization cata- 
lysts were placed on the sample stage of an inert-gas microscopy 
cell equipped with inlet and outlet gas lines and a pressure glaas 
window mounted into the screw-cap top of the cell. The entire 
cell and entry gas line were wrapped in heating tape. The po- 
lymerization temperature was monitored via a thermocouple 
buried in the tape jacket; runs were conducted from room tem- 
perature to 100 "C and from atmospheric pressure to 15 atm. 
Polymerizations were run under a Reichert Zetopan optical 
microscope using dark-field illumination or under an Olympus 
SZH-ILLD stereo zoom microscope. Runs are currently docu- 
mented via a Javelin Chromachip I1 JE3462HR videocamera 
and a Mitsubishi BV-1000 super-VHS time-lapse recorder; data 
can also be saved in color or 256 gray scale on a Mac I1 computer 
equipped with a video grabber board. 

Thermal Ashing of Polymer Particles. Ten grams of fully 
grown polymer particles were ashed at ca. 650 "C. The resulting 
ash was treated in an aqueous slurry in an ultrasonic cleaner for 
30 min and examined by SEM. A wide variety of agglomerates 
were found which consisted of reaggregated submicrometer silica 
particles and unreacted silica particles. 

111. Results and Discussion 

Isolation and Immobilization of Silica Residues. 
The dimensional scale at which catalyst fragmentation 
occurs is readily accessible by SEM and associated 
techniques. Kakugo et al.' had studied the internal 
structure of cryomicrotomed nascent polypropylene par- 
ticles by TEM. In contrast to their reported difficulties's 
with MgClz-supported and unsupported TiCls olefii po- 
lymerization catalysts, we found the silica-supported 
catalysts and nascent polymers highly suitable for SEM 
studies. However, special sample preparation procedures 
first had to be developed to overcome the problems cited 
by Kakugo. The fragmentation phenomena of interest 
occur underneath the exterior surface of the catalyat, which 
becomes obscured by the growing polymer immediately 
upon induction of polymerization. At moderate conver- 
sion, the fragmented silica is dispersed at higher and higher 
dilution within an ever-expanding polymer particle and 
thus is more and more difficult to detect. In the fully 
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Figure 1. Davison 952 silica gel: (a) surface microstructure. SEM X I 2  OOO; (b) internal microstructure exposed by microtomy of of 
the embedded particle, SEM X30 OOO, (c) internal microstructure, microtomed thin section of an embedded particle, TEM X160 OOO. 

grown polymer particle, the support constitutes only0.01- 
0.03wt 7% ofthepo1ymerparticle;extrusionofthepolymer 
into film entombs the fragmented catalyst residues in a 
grave of molten polymer. At  these different stages of 
particle growth and polymer workup, different techniques 
proved to be necessary to remove polymer, to stabilize the 
three-dimensional residual lattice, and to obtain access to 
theinterioroftheparticleortotheinterioroftheextruded 
film. 

At  low conversions, we were able to expose the interior 
of the particles without obscuring or altering structural 
features by embedding particles inan inert matrix, followed 
by cryomicrotomy. At  higher conversion, the original silica 
support is so finely divided that it is seldom possible to 
find residues within the embedded particle via the above 
techniques. Some information of still-disputed nature, 
however, isobtainable by full plasma-ashmgof the particle. 
A cobwebbed metal oxide structure is left behind whose 
three-dimensional shape and texture mimic analogous 
features of the original polymer particle. Finally, special 
modifications of the plasma-ashing technique allowed us 
to isolate and characterize micrometer-sized inorganic 
residues in the blown film. 

Structure  of the Catalyst. Davison 952 has become 
a standard catalyst support for studies of olefin polymer- 
izations.2 The primarybuildingblocksof thesilicasupport 
are 10-50-nm-diameter spheroids formed during the po- 
lymerization of silicic acid solution and subsequent 
aggregation of colloidal silica. These are loosely cemented 

into larger aggregates which, in turn, are packed into even 
larger clusters. The channels between the primary par- 
ticles as well as between the clusters are void pores. 
Specific structural properties of the support such as 
particle size, surface area, pore size, and pore-size distri- 
bution depend on the preparation procedures. These 
support properties influence the polymerization properties 
oftheCr-basedolefin polymerizationcatalyst andcontrol 
the morphology of the resulting polymer. 

Parts a and b of Figure 1 are SEMs of the surface of 
Davison 952 silica gel a t  different magnifications. The 
surface is smooth and structureless on the macroscale, 
but a t  lOOOX can be seen to consist of rounded nodular 
clusters of ca. 0.2-0.5-pm diameter which, in turn, can be 
seenat72 OOOX (Figure 1a)toconsistofnodularaggregates 
0.05-0.lrm indiameter. Asimilarmorphologyisobserved 
in the interior by examining embedded/microtomed 
sections, except that the cluster size appears to be slightly 
smaller. The physical treatment of embedding and mi- 
crotoming has not obscured or altered the physical 
structure of the exposed support. The power of the 
embedding/microtoming method can further be seen in 
the TEM image of a Davison 952 silica particle that was 
embedded, cured in epoxy, and microtomed into 100-nm 
sections. The presumably primary l(t50-nm particles as 
well as the pore structure are readily visible (Figure IC). 

Internal  S t ruc ture  of the Catalyst at Low Con- 
versions. Kakugo et al.' had observed a pronounced 
nodular structure in nascent polypropyleneobtained atith 
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a MgClrsupported and unsupported Tic13 Ziegler catalyst, 
where the polymer replicates the microstructure of the 
metalhalide crystallites. Ourresultswithsilica-supported 
chromiumcatalystsdiffer fromtheaboveonafundamental 
level. After polymerization to give 1.3 g of polymerig of 
catalyst (1 pore volume), cross-sectioned polymer/catalyst 
particleswhichhave notheen plasma-ashedshowasmooth 
plane havingafine-texturedgranular structure rather than 
the nodular structure of the silica support or the nodular 
structure of the nascent polymer around MgCL micro- 
particles observed by Kakugo. The confining effect of 
the silica carrier first forces the polymer to fill available 
voids, generating a compact and compressed polymer unit 
rather than isolated nodular adducts. 

Theconfiningandtemplatingeffect of thecarrier during 
theinitialporefillingisalsodocumentedin thevideotaped 
polymerizations. On initiation, silica-supported catalysts 
tend to take up ethylene without any evidence of changes 
in the size or shape of the catalyst particle. On continued 
polymerization, especially at elevated pressure, there is a 
one-time explosive growth of the particle followed by 
subsequent continuous slow growth until the end of the 
polymerization. The fully grown polymer particle has 
replicated theshapeofthenascent particleafter the initial 
explosion. In contrast, Ziegler Catalysts not supported on 
silica gel showed an immediate slow growth in particle 
size. Replication of the nodular metal halide morphology 
occurred from the initial moments of the polymerization. 
These contrasting results fit the visualization of polymer 
filling the empty pores of the silica carrier, buildup of 
hydraulic pressure, rupture of the particle, and continued 
growth. 

Microscopy polymerization also proved useful as a 
preparative tool. Close visual monitoring of the polym- 
erization process allowed us to stop polymerization and 
obtain individual polymer particles a t  the current stage 
of growth. These specially grown particles could subse- 
quently he examined by SEM and other characterization 
techniques. 

Complete plasma ashing, partial plasma ashing, and 
plasma ashing of already embedded cross-sectioned par- 
ticles can be conducted. Eachof these treatmentsprovides 
insights into different aspects of the polymerization 
process. The order of steps ,in the sample preparation 
sequence strongly influences the morphology of the 
resulting ashed particles. When low-conversion particles 
are plasma-ashed before embedding and microtoming, an 
expanded structure full of cracks is obtained (Figure 2a). 
However, when polymer/catalyst particles are first em- 
bedded and microtomed and then gently plasma-ashed, 
one obtains compact ashed particles with the morphology 
of the original unashed particles (Figure 2h). 

Plasma ashing of the particles before embedding re- 
moves thestabiliiingpolymericlatticeand permitsmotion 
of the cracked silica lattice. Individual cracked compo- 
nents tend to separate from each other, so that the 
fragments can be analyzed and counted. We have found 
thesequenceofashingfollowed by emheddingto beuseful 
in studies of the pattern of support fragmentation and for 
monitoring fragmentation kinetics during the various 
stages of polymer growth as a function of various catalyst 
preparation and polymerization process parameters. 

Plasma ashing of the particles after embedding and 
cross-sectioning provides more reliable information about 
the intemal microstructure of the particle during the 
growth process. Plasma ashing is conducted in a surface 
plane on a molecular scale.8 Therefore, first, any minor 
localexpansiondueto heat generated by the plasmacannot 
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a 

b 
Figure 2. Polyethylenelcatalyst particles (1 vollvol): (a) 02 
plasma-ashed and then embeddedand cryosectioned, SEM X800, 
(b) embedded, cryosectioned, and then Os plasma-ashed, SEM, 
Xlooo. 

be relieved by motion of the particle within the plane. 
Second, the amount of internal thermal expansion is 
minimal a t  temperatures below 60 "C because the un- 
derlying embedding medium acts as a heat sink and helps 
preventsofteningormeltingoftheexposed surface. Third, 
plasma ashing is confined to the two-dimensional plane 
of the exposed surface, and undercutting by the plasma 
is minimal. Sequential layers of material can therefore be 
removed between SEM observations. Finally, the em- 
bedding medium acts as a structural support for the 
particle, immobilizes the fragmented inorganic compo- 
nents, and thereby prevents the collapse of the particle 
while theoriginal polymer lattice isgradually etchedaway. 

Studies on thermally ashed materials confirmed that 
high-temperature ashing caused unacceptable rearrange- 
ment, cracking, and fusing of the residual silica network. 
But even though it is a gentler technique, plasma ashing 
still has to be conducted carefully. Plasma ashing con- 
ducted without temperature monitoring may lead to non- 
reproducible results due to the potential melting and 
sagging of particles. Even low-temperature plasma ash- 
ing may lead to misleading conclusions if the particle is 
allowed to fall apart. We suggest that measurements of 
pore diameters of plasma-ashed samples need to be 
interpreted with caution, regardless of whether measured 
via mercury porosimetry or microscopy. If pore diameters 
within the residues of the support are shown to he latger 
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carbonaceous in both the light and the dark regions of the 
sectioned plane but that the lighter regions were com- 
paratively richer in silicon. The surface thus consists of 
a conformal coating of polymer growing from within sili- 
ceousmateriakdarkregionsrepresentareas where polymer 
growth has progressed toagreaterdegree than in thelighter 
areas. It is interesting to note that polymerization had 
not proceeded uniformly throughout the particle, even 
though enough polymer had been made to nominally fill 
all pores with polymer. 

With the identification of the microtome-exposed in- 
terior surface as consisting predominantly of polymeric 
material, SEM micrographs can readily be interpreted in 
terms of replication of the silica structure by the polymer. 
The lighter regions (Figure 3B) consist of overgrown 
nodules of polymer shaped in the form of the underlying 
silicanodules, where thepolymericnoduleshavejustbegun 
to grow together. The darker regions (Figure 3C) consist 
of already more fully merged nodular growths, which in 
denser regions have undergone further growth to give an 
almost featureless plane of polymeric material. 

Plasma ashing of the sectioned particles removed the 
carbonaceous material to a depth > 3 pm and restored the 
underlyingsilicasurface (Figure4),asshown bythedrastic 
change in appearance of the sample and the dominance 
of the silicon peak in the EDS scan of the new surface. The 
morphology of this ashed cross section strongly resemhles 
the corresponding morphology in the original catalyst, 
except that the agglomerated nodules have apparently 
increased in size, and the subcomponents of these nodular 
aggregates can be more readily distinguished visuallythan 
in the cross section of the original catalyst. The increase 
in the nodular dimensions appears to be greater in the 
lighter (less polymerized) regions of the particle. 

The above observations suggest that polymer is formed 
within the 0.24.5-pm nodules, which stretch and expand 
to  about double their size. The subcomponent 0.05-0.1- 
pm nodules become more separated from each other due 
to the stretching and expansion of the parent nodule, but 
themselves do not appear to have heen crushed, pulled 
apart, or otherwise destroyed on polymer formation. In 
the regions of sparse polymer growth, nodules are still 
able to expand freely because there is little interference 
or hydraulic pressure from their neighbors. In the areas 
of the particle where polymer growth has progressed 
further, polymerizing and growing nodules come into 
contact with polymers from neighboring nodules, leading 
to merged assemblies of polymers as the increasing pressure 
pushes the nodules together. Further polymerization 
results in a nearly featureless mass of compressed polymer, 
whicheventuallywillgiverise toavoids-free,filled polymer 
particle. 

The basicmorphological unit of polymer growthappears 
to be the 0.24.5-pm clusters of Si02 seen in the original 
catalyst substrate particles and not the smaller structural 
entities of the polymerization-active transition-metal 
complexes. We were not able to distinguish residual silica 
morphologies in polymers derived from chemisorbed 
chromium catalysts versus residues derived from silica- 
impregnated MgCl2/TiCb catalysts. The silica support 
thus appears to usurp the role of the basic template of 
growth from the transition-metal compound or from the 
MgCI2 crystallites, respectively. 

I n t e r n a l  S t r u c t u r e  of C a r r i e r  at Higher  Con- 
versions. Embedded and cross-sectioned nascent poly- 
mer particles a t  5-1M) vol/vol conversion were examined 
mainly by SEM-EDS Si mapping. In continuation of the 
breakupofthesilicastructures, theSiEDS mapsgenerally 

'i 
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Figure 3. Polyethyleneicatalyst particle (1 volivul): (A) cry- 
osectioned after embedding, SEM X800, (B) lighter region 
enlarged,SEM X10 OOO; (C) darkerregionoftheparticleenlarged, 
SEM X10 OOO. 

after polymerization, cracking of the support undoubtedly 
has taken place on the dimensional scale indicated by 
mercuryporosimetry. The observed quantitative increase 
in pore diameter should however be taken as a maximal 
value, since expansion of unembedded particles during 
plasma ashing is a strong possibility. Our SEM studies 
have consistently revealed wider channels in the residual 
silica lattice for samples which had not been embedded 
before plasma ashing. 

Initiation of Polymer Formation. The initiation of 
polymerization lead to a buildup of hydraulic pressure 
within the catalyst particle, which in turn may lead to 
unanticipated structural changes within the particle. 
Sufficiently severe structural changes may become rep- 
licated in the morphology of the polymer particle, so that 
the desired direct replication of support morphology into 
polymer morphology is not obtained. Control over the 
interior and exterior structure of the polymerlcatalyst 
particle in the early moments of the polymerization is 
therefore of critical importance. Our techniques enabled 
ustomonitorthisinteriorstructureofthenascentpolymer. 
Particles of sample 11-1, a Davison 952-based Cr catalyst 
polymerized by Conner et al.' to barely fill all pores (1 
vol/vol) and studied closely via mercury porosimetry by 
that group, was selected for a detailed autopsy. Embedded, 
cryomicrotomed samples were examined before and after 
subsequent plasma ashing. In general, it proved difficult 
to distinguishthe morphology of the polymeric component 
from that of the silica component in scanning electron 
micrographs of unashed samples, since both feature a 
similar microgranular morphology. A significant differ- 
ence in brightness in various regions of many cross- 
sectioned particles was observed (Figure 3A). EDS 
indicated that the sectioned surface was predominantly 
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Figure 4. Cryosectioned particle in Figure 3 0, plasma-ashed to remove surface polymer: (A) lighter region, SEM X 10 000; (B) darker 
region near the edge of the particle, SEM x10 000: (C) enlargement of (A), X30 OOO; (D) enlargement of (B), SEM X30 OOO. 

Figure 5. Reverse video EDS silicon distribution map, x8M). 
Polyethylene/catalyst particle (5  vol/vol), embedded and then 
cross-sectioned. Region outlined comprises approximately half 
the particle cross section. 

became more and more diffuse as the amount of polymer 
per particle increased. For some particles, the Si distri- 
bution map was uniform, indicating a uniform extent of 
polymerization within the particle. However, a large 
fraction of particles exhibited individual islands of silica- 
rich material, indicating continuing nonuniform polym- 
erization within the particle (Figure 5). These residual 
islands of higher Si concentration oftenoccurred off-center 
or even near the periphery of the particles. However, the 
islandstendedtohecomemorediffuseandfewer innumher 
a t  higher levels of polymerization within the 5-100 vol/vol 
range, indicating that less reactive regions eventually also 
formed polymer. For Ziegler catalysts, we were able to 

correlate regions of high polymer growth with regions of 
high catalyst concentration within the particle via EDS 
profiling of catalyst particles. 

Internal Structureof  Fully PolymerizedParticles. 
At conversions above ca. 100 volumes of polymerlpore 
volume of catalyst, Si mapping of the embedded cross- 
sectioned particles no longer gave useful results due to 
excessive dilution of the support within the growing 
polymer particle. Isolated islands of higher Si concen- 
tration could no longer be found. However, almost 
complete plasma ashing of particles at temperatures far 
below the softening point of the polymer uncovered the 
residual support in anewmangement. A tenuous webbing 
of silica is obtained for Cr-based catalysts: while AI/% 
webbingsare observed for Ziegler-based polymer particles 
(Figure 6). These three-dimensional cohweh structures 
replicate the initial morphology of the polymer particle in 
appreciably shrunken form. The webbings are composed 
ofmetaloxide headedstrandsof 1-pmdiameterorsmaller, 
and as a rule do not contain any larger fragments. We 
interpret these structures to be reagglomerations of 
dispersed, submicrometer size silica or aluminalsilica mi- 
croparticles which deposited on the exterior surface of the 
shrinking polymer particle during plasma ashing. We 
believe that the largest chunks of material seen within the 
cobweb represent the upper size limit of the residual 
support structure a t  the end of the polymerization process. 

Solid Residues i n  Extruded Films. Under commer- 
cial conditions, polymer particles grow to about 3 W  
10 OOO volumes of polymer/volume of catalyst, and silica 
residues can no longer be seen in individual particles. The 
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The changing structure of the silica support, its role 
during the various stages of the polymerization, and its 
final fate within the polymer particle and an extruded 
film has been elucidated for chromium-based olefin PO- 
lymerization catalysts by these techniques. Analogous 
experiments with silica-supported Ziegler-Natta catalysts 
gave parallel results.'O Descriptions of polymer growth 
processes made possible by application of these charac- 
terization tools have been provided eIsewhere.lk 
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