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During the polymerization of ethylene, supported chromium catalysts display a strong interac- 
tion with the carrier, which affects the molecular weight of the polyethylene produced at a site. As 
a consequence, size exclusion chromatography (SEC) of the polymer sometimes provides evidence 
for different types of sites. In this study organochromium compounds and chromium oxide were 
deposited onto aluminas, aluminophosphates, and silicas treated in various ways. SEC traces of the 
resultant polymers suggest interaction of the Cr with Al, P, Si, and Ti. o 1989 Academic PRSS, IK. 

1NTRODUCTION 

Researchers working with the Phillips Cr/ 
silica polymerization catalyst often specu- 
late that it contains a wide variety of active 
sites due to local heterogeneity on the sup- 
port. This is suggested by variations in the 
energies of reduction or chemisorption 
which have been observed between sites 
(I-5). During ethylene polymerization 
these sites probably also differ in their 
propagation and termination rate constants. 
Chain transfer, or termination, occurs con- 
tinuously during polymerization through p- 
H elimination as shown by 

CH2=CH2 
Cr-CHz-CHZ--chain -+ 

Cr-CHZ-CH3 + CHz=CH-chain 

Thus each type of site produces its own 
characteristic molecular weight of polymer 
since the chain length is determined by the 
rate of propagation relative to termination. 
This would explain why the molecular 
weight distribution of polymer from Cr/sil- 
ica is broad. The ratio of the weight average 
to the number average molecular weight 

@4,/M,), a common measure of the breadth 
of the MW distribution, ordinarily ranges 
from 8 to 30. In contrast, a value of approx- 
imately 2.0 is expected from a single type of 
site (6, 7). 

Indeed, a large body of evidence does 
suggest that polymerization sites can be in- 
fluenced by the local environment. When 
the calcining temperature of Cr/silica is in- 
creased, starting at 500°C and proceeding to 
9OO”C, the activity increases and the aver- 
age molecular weight of the resultant poly- 
mer declines (8, 9). This suggests that the 
sites somehow change as the silica becomes 
dehydrated. Perhaps hydroxyl groups coor- 
dinate or otherwise interfere with surface- 
bound chromium sites. Or the surface 
strain introduced by the condensation of 
hydroxyls may influence the chromium 
site. 

Various modifiers can also be added to 
the catalyst and these have an effect on the 
molecular weight of the polymer or its MW 
distribution. Fluoride, which takes the 
place of hydroxyls, sometimes tends to nar- 
row the distribution and to increase the av- 
erage chain length (10). Titania, on the 
other hand, tends to shorten the chain 
length and broaden the distribution (I I-13). 
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Substituting another support for silica, such 
as alumina or aluminophosphate, also af- 
fects the polymer generated (14-16). 

All these facts, and others, argue that the 
chromium polymerization site is influenced 
by its local environment-the metal to 
which it is attached and the ligands sur- 
rounding it. Indeed, earlier reports in this 
series (describing pentadienyl and alkyl de- 
rivatives of Cr) examined the effect of un- 
usual organic ligands on the polymeriza- 
tion. But the carrier is also a ligand and can 
play an equally important role. In this paper 
we report some work with organochro- 
mium catalysts which provide more visible 
confirmation of the surface heterogeneity 
often postulated. Because different types of 
sites can produce different chain lengths, 
the MW distribution of the polymer fur- 
nishes some insight into the diversity of 
sites. 

EXPERIMENTAL 

In the preparation and handling of or- 
ganochromium compounds all operations 
were conducted under a nitrogen atmo- 
sphere. Solvents were freshly distilled from 
calcium hydride or Na/benzophenone un- 
der nitrogen, or in some cases they were 
passed through a CO-reduced Cr/silica 
column. Chromocene was purchased from 
Strem Chemical Co. and used without fur- 
ther purification. The 2,4-dimethylpenta- 
dienyl derivative of chromium (II), or 
Cr(DMPD)*, was made according to Ref. 
(17). Dicumene Cr(0) was obtained from 
Aldrich Chemical Co. Another compound 
of Cr(II), octakis (p-trimethylsilylmethyl) 
tetrachromium(II), or Cr4(TMSM)s, was 
prepared as previously described (18), and 
Cr(mesitylene)z according to Ref. (19). 

The catalyst supports used in this study 
were all of high porosity, suitable for poly- 
merization catalysts. The preparation pro- 
cedure and the physical properties of the 
aluminophosphate supports have already 
been described in some detail (20). Pore 
volumes varied around 2.0 cm3/g depending 
on the P/Al ratio of the support, and surface 

areas around 300 m2/g. The silica used was 
Davison grade 952, which has a total poros- 
ity of 1.6 cm3/g and a surface area of about 
280 m2/g. To activate the support, about 10 
g was fluidized in a dry air stream for 3 h at 
300-850°C) as specified in each experiment. 
A quartz tube was used with sintered glass 
disk to support the sample, as previously 
described (20). 

Catalysts were prepared by slurrying 
about 5 g of the calcined support in dry hep- 
tane. The organochromium compound was 
then added to make the resultant catalyst 
about 1% Cr by weight. Usually all of the 
chromium adsorbed onto the support. Any 
unadsorbed Cr was rinsed away by three 
pentane washes; then the excess pentane 
was evaporated at ~50°C. Chromium ox- 
ide-based catalysts were prepared by im- 
pregnating the uncalcined support with an 
alcoholic solution of chromium (III) ace- 
tate, drying the catalyst under vacuum at 
lOO”C, and then calcining as described 
above. This treatment converts the chro- 
mium, again about 1% by weight, into the 
hexavalent oxide. 

Ethylene polymerization was conducted 
under slurry conditions at 95°C in a 2-liter 
stirred autoclave, as previously described 
(1.5). Unless otherwise stated, each run was 
made with 10 psig (69 kPa) hydrogen in the 
reactor. Size exclusion chromatography on 
the polymer was done at 140°C on a Waters 
Model 150 GPC equipped with infrared de- 
tector. The solution concentration, 0.25% 
polymer in 1,2,4-trichlorobenzene, was 
chosen to give reasonable elution times. 

RESULTS AND DISCUSSION 

Aluminophosphate Supports 

Organochromium compounds such as 
those used here are not usually active for 
ethylene polymerization until they have 
been deposited onto an oxide carrier of high 
porosity and surface area. Generally it is 
believed that they attach to the surface by 
reacting with hydroxyl groups, often losing 
one ligand in the process (21-25): 
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-OH + Cr(lig)z + -0-Cr-lig + lig-H. 

The diarene Cr(0) compounds may undergo 
oxidation to Cr(1) since a strong ESR signal 
develops and HZ is evolved (25). Why the 
support is necessary for polymerization to 
occur is a mystery. Possibly it prevents the 
active species from reacting with each 
other (26). 

One type of support which functions well 
as a carrier for most of these organochro- 
mium compounds is the aluminophosphates 
(14-16, 20). Under the typical slurry poly- 
merization conditions which were used in 
these experiments, activity usually ranged 
between 1-5 x lo5 g-polymer/g-Crlh, or 
turnover frequencies often as high as 500 
mol ethylene/m01 Cr/s, depending on the 
particular chromium compound. The di- 
arene Cr(0) complexes tended to be most 
active. Figure 1 shows the size exclusion 
chromatography (SEC) of polymers made 
by various organochromium compounds 

FIG. 1. Size exclusion chromatograms of polyethyl- 
ene obtained from various catalysts, each made by 
depositing an organochromium compound onto an 
aluminophosphate (P/AI = 0.9) support calcined at 
700°C. 

supported on aluminophosphate carrier. In 
these and other experiments, a bimodal mo- 
lecular weight distribution was nearly al- 
ways obtained, i.e., two peaks in the SEC. 
The exception was chromocene which ter- 
minates by hydrogenation rather than by 
the usual 0-H transfer (see Ref. (21) for fur- 
ther explanation). 

Note in Fig. 1 that the type of chromium 
compound can vary widely. The initial oxi- 
dation states included Cr(O), Cr(II), and 
Cr(IV). And the organic ligand can be 
charged on neutral, m- or o-bonded. Al- 
though the exact size and position of the 
two SEC peaks differed somewhat from 
one organochromium compound to an- 
other, all produced a broad bimodal MW 
distribution. This was not usually observed 
on silica or alumina, only on the 
aluminophosphates. Therefore the pres- 
ence of two peaks seems to be connected to 
the choice of support. 

Infrared bands from two types of surface 
hydroxyl groups on aluminum phosphate 
have been reported, one attached to phos- 
phorous and one to aluminum (27). This is 
probably a characteristic of the alu- 
minophosphates in general, i.e., materials 
other than stoichiometric AlPOd (20). 
Therefore reaction with an organochro- 
mium compound could conceivably gener- 
ate two types of active sites, and these may 
be responsible for the two MW’s of poly- 
mer generated. Thus when bis-2,4 dimeth- 
ylpentadienyl Cr(I1) or bis-benzene Cr(0) 
(28) reacts with an aluminophosphate sup- 
port the two sites might be as shown in 
Scheme 1. 

SCHEME 1 

Whether these ligands remain attached af- 
ter polymerization begins is unclear. On the 
bis-2,4 dimethylpentadienyl Cr catalysts, 
polymerization could conceivably initiate 
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by a rearrangement of the pentadienyl 
group to its monohapto form, followed by 
insertion of ethylene into the Cr-alkyl bond 
(21). On the diarene Cr(0) catalysts, how- 
ever, alkylation by ethylene must somehow 
take place, again possibly displacing li- 
gands (21). 

Since these carriers were made by copre- 
cipitation of aluminum and phosphate ions 
(20), the amount of phosphate in the carrier 
can be varied over a wide range. Figure 2 
shows the SEC traces of polymers made 
from bis-2,4-dimethylpentadienyl chro- 
mium (II), or Cr(DMPD)2, deposited on 
aluminophosphates in which the P/Al ratio 
was varied from 0.0 (alumina) to 0.9 (almost 
AlPOJ. The ratio of the two SEC peaks 
was found to vary with the amount of phos- 
phate in the carrier, and the alumina cata- 
lyst produced only one SEC peak. Treating 
the alumina carrier with a small amount of 
phosphoric acid and recalcining brought 

P/AI=.9 

P/AI=.6 

P/AI=.4 

P/AI=.2 

P/AI=0 
I I I 1 I 

3 4 5 6 7 
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FIG. 2. Size exclusion chromatograms of polyethyl- 
ene obtained from the catalyst Cr(DMPD)* on various 
aluminophosphates calcined at 700°C. Only the 
amount of phosphate in the support, i.e., the P/AI ra- 
tio, varies in each case. 

back the low MW peak (25). Thus the low 
MW peak seems to be associated with 
phosphate in the carrier and the high MW 
peak with aluminum. 

Reacting these same aluminophosphate 
carriers with silanes provided further in- 
sight into this phenomenon. After treat- 
ment with hexamethyldisilazane two sur- 
face -Si(CH& species could be detected by 
Si-29 solid state MAS-NMR. The chemical 
shifts corresponded to P-0-Si(CH& and 
Al-0-Si(CH&, and again their intensity 
varied according to the P/Al ratio of the car- 
rier. These experiments are being reported 
elsewhere (29). 

The behavior of these organochromium 
catalysts was different from that of cata- 
lysts based on chromium oxide, which 
yielded only a single broad SEC peak. They 
are usually made by aqueously impregnat- 
ing a chromium compound onto the sup- 
port, then calcining at a high temperature 
(30). The chromium is thought to attach to 
the support through two links, rather than 
just one, (31, 32). For example chromyl 
chloride vapor reacts with a fully hydrated 
silica to yield a chromate surface species 
which becomes active for ethylene poly- 
merization (33). Dichromate species have 
also been postulated and may coexist in 
small quantities on some catalysts (31, 32). 

0 
XcrNO 

Cro*Cl~ 
PH PH - 0’ ‘0 

Thus chromium oxide on aluminophos- 
phate should also contain different types of 
active species, and reaction of the support 
with difunctional silanes, such as MelzSiClz, 
suggested this. Solid state NMR of such si- 
lated supports indicated silane species at- 
tached to Al/P, Al/Al, and possibly P/P 
(29). Unfortunately, SEC traces of poly- 
mers from chromium oxide catalysts were 
never so well resolved into individual peaks 
as is characteristic of the organochromium 
catalysts. Apparently differences between 
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sites of a given type were greater than dif- 
ferences between the types (i.e., the SEC 
peaks overlap too much). Perhaps the 
strain introduced by two attachments be- 
comes a factor, or perhaps there were just 
too many types of sites for resolution, 
Some examples are shown in Fig. 3. 

One indication that the chromium oxide- 
based catalysts can also have different 
types of sites is the different response to 
reactor additives. For example upper Fig. 3 
shows the SEC’s of two polymers obtained 
under different conditions. One was a sim- 
ple homopolymer; the other was a copoly- 
mer made in the presence of triethyl borane 
(TEB) and I-hexene, both of which can act 
as mild chain transfer agents (2.5, 16, 30). 
(That is, l-hexene and TEB tend to acceler- 
ate the termination reaction, possibly by 
displacing the growing chain from the site.) 
The carrier used in this experiment con- 
tained a low phosphate level, i.e., P/AI = 

6 7 8 
:OG M&E&AR WEIGHT 

FIG. 3. Size exclusion chromatograms of polyethyl- 
ene obtained from chromium oxide on aluminophos- 
phate carriers calcined at 600°C. Two carriers are rep- 
resented, containing high and low phosphate, and two 
reactor conditions. Homopolymer: no additives. Co- 
polymer: 8 ppm triethylborane and 20 ml hexene 
added to reactor. 

I I I I I 
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FIG. 4. Size exclusion chromatograms of polyeth- 
ylene obtained from Cr(DMPDb on calcined 
aluminophosphate (0.9 P/Al, 600°C). The amount of 
hydrogen in the reactor during polymerization was 
varied. 

0.2. The SEC trace was shifted to slightly 
lower MW by the transfer agents but the 
basic shape of the curve was little changed. 
In contrast lower Fig. 3 repeated the exper- 
iment but with a high phosphate catalyst, 
P/Al = 0.9. Here the additives produced a 
much narrower molecular weight distribu- 
tion, suggesting that some of the sites re- 
sponded more than others. The overall shift 
to lower MW was also more pronounced, 
which we attribute to the influence of the 
phosphate (26). 

The two types of sites on the organochro- 
mium catalysts also displayed different sen- 
sitivities to additives. Hydrogen, for exam- 
ple, another common transfer agent, 
usually (but not always (21, 25, 30)) 
shortens chains by hydrogenation, as 
shown by 

CHz=CH2 
Cr-CH2--chain + Hz + 

Cr-CH2--CH3 + CHj--chain. 

Figure 4 shows the SEC traces of four 
polymers made from dicumene Cr(0) on 
aluminophosphate, each with a different 
amount of HZ in the reactor. Note that HZ 
significantly shifted the high MW, Al-asso- 
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ciated peak to lower MW, while the phos- 
phate-associated peak was less affected. 
The result was a narrowing of the distribu- 
tion. Cr(DMPD)2 catalysts also displayed 
this trend, as well as chromium oxide on 
aluminophosphate. Table 1 summarizes 
results from various chromium compounds 
on aluminophosphate support with differ- 
ent amounts of hydrogen added to the re- 
actor. 

Other examples of the two types of sites 
behaving differently could be seen in poi- 
soning experiments. Polar or other coordi- 
nating ligands are usually strong poisons for 
all the Cr-based catalysts, probably be- 
cause they inhibit the adsorption of ethyl- 
ene onto the site. The diarene Cr(0) com- 
pounds were less sensitive than most, but 
they too were affected. Upper Fig. 5 shows 
the SEC trace of polymer made from dicu- 
mene Cr(0) on aluminophosphate in which 
61 pmol/liter of ethanol was added to the 
reactor (3.5 EtOHKr, or 2.3 x lO-5 EtOH/ 
C2H4). Activity dropped to about 10% of its 
former value. Note in Fig. 5 that the high 
MW peak seems to have been preferentially 
diminished. Apparently these sites (the Al- 
associated sites) were inhibited more than 
the sites associated with phosphate. 

In another series of experiments using 
bis-benzene Cr(0) on aluminophosphate, 
the polymerization time was varied so that 
polymer yield varied from 150 g polymer/g 
catalyst to over 2300 g/g. However, no dif- 
ference in the product was found. Thus the 
results from the above poisoning experi- 

TABLE 1 

Effect of Hydrogen on the MW Distribution 

psi HZ: 0 5 10 20 40 

Dicumene Cr 
Mw High 94,800 52,800 50,400 31,500 
MM. - 39.7 23.4 20.8 19.2 

Cr(DMPD)l 
MW High - 66,200 60,300 43,900 
MwIM. - - 32.1 30.7 18.9 

Cr Oxide 
M, 471,000 - - - 143,000 
M&f. 33.0 - 14.2 

FIG. 5. Size exclusion chromatograms of polyethyl- 
ene obtained from dicumene chromium on calcined 
aluminophosphate (0.4 P/Al, 600°C). In one run etha- 
nol was added to the reactor to inhibit polymerization. 
In others the catalyst was exposed to carbon monox- 
ide or air before polymerization. 

ments do seem to indicate a preferential in- 
hibition of one site over the other. 

Other poisons had the opposite effect. 
The lower portion of Fig. 5 shows the SEC 
traces of polymers made from the same di- 
cumene Cr(0) catalyst, but exposed to car- 
bon monoxide at 25°C before contact with 
ethylene. Activity dropped to about 40% of 
its former value, mostly from inhibition of 
the phosphate-associated sites. Note the 
selective decrease in the low MW peak. 
Also in Fig. 5, the catalyst was exposed to 
an excess of dry air at 25°C before being 
charged to the reactor. Again the activity 
dropped about 60% and the phosphate-as- 
sociated sites were preferentially inhibited. 
The loss of the low MW peak, almost total 
in this case, compared to the loss in activ- 
ity, indicates a very selective poisoning. 
The emergence of a small new peak at 
MW = lo6 may also signify the generation 
of a new species by oxidation. 
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These experiments were repeated with a 
dibenzene Cr(0) on aluminophosphate cata- 
lyst and similar results were obtained. In 
this case the poisoning was not as serve. 
Pre-exposure to carbon monoxide lowered 
the activity about 40% and again decreased 
the size of the low MW peak. A quick pre- 
exposure to air decreased activity very lit- 
tle but did diminish the phosphate-associ- 
ated SEC peak. 

Another way of destroying the organo- 
chromium catalysts was to heat them in an 
inert atmosphere, which probably stripped 
off some of the remaining organic ligands. 
In Part II of this series Cr,(TMSM)s on alu- 
mina was heated to 300°C in Nz, and a new 
high MW peak developed in the SEC. In 
these experiments aluminophosphate-sup- 
ported organochromium catalysts behaved 
in much the same way. In Fig. 6 are shown 
the SEC traces of three polymers from di- 
cumene Cr(0) catalysts, two heat-treated 
and one not heat-treated. One can see that 
heating the catalyst gradually removed the 
low MW peak, replacing it with high MW 
polymer in the lo6 MW range. Dibenzene 
Cr(0) behaved similarly in another series of 
experiments. Therefore the phosphate- 
associated sites may be less stable to heat 
treatment. All of the organochromium com- 
pounds tested, even chromocene, yielded a 

FIG. 6. Size exclusion chromatograms of polyethyl- 
ene obtained from dicumene chromium on cakined 
aluminophosphate (0.4 P/Al, 600°C). After preparation 
the catalyst was heated under nitrogen for 30 min at 
various temperatures. 

similar pattern-a shift to high MW’s, with 
accompanying broadening of the distribu- 
tion. Indeed, the final species after heating, 
perhaps an oxide, may have been identical 
regardless of the initial organochromium 
compound used. 

Since the two types of sites on these cata- 
lysts were poisoned or even destroyed 
preferentially, it was of interest to see if 
they also formed preferentially. In sev- 
eral experiments various organochro- 
mium compounds were impregnated onto 
the activated aluminophosphate support at 
different loadings, ranging from 0.1 to 2.0% 
Cr by weight. It was hoped that the most 
reactive surface sites would adsorb the 
chromium compound first, and that at low 
loadings only these sites would be formed. 
Using Cr(DMPD)2, a very reactive com- 
pound (22), no dependence on the loading 
was found. The relative intensities of the 
two SEC peaks remained constant. How- 
ever, dicumene Cr(O), which is less reactive 
and probably requires an oxidation to Cr(I) 
for adsorption, yielded a different result. 
The SEC traces shown in Fig. 7 indicate 
that the high MW or Al-associated peak, 
formed first, followed by the phosphate 
peak. Dibenzene Cr(0) behaved similarly in 
another series of experiments. These 
results were a little surprising since P-OH 
might be expected to be more acidic than 
Al-OH. However, surface strain intro- 
duced during calcination may also influence 
reactivity. 

The ratio of the two SEC peaks was also 
affected by the temperature at which the 
support was first calcined before deposition 
of the organochromium compound. In one 
experiment the SEC traces of two polymers 
obtained from dicumene Cr(0) on alu- 
minophosphate (P/Al = 0.4) were com- 
pared. In one case the support had been 
calcined at 300°C in the other case at 
700°C. The low MW peak, from the phos- 
phate-related sites, was favored by the 
higher calcining temperatures. The main 
change in peak intensity occurred between 
the 300 and 700°C samples. Little further 
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FIG. 7. Size exclusion chromatograms of polyethyl- 
ene obtained from impregnating various amounts of 
dicumene chromium on calcined aluminophosphate 
(0.4 P/Al, 600°C). 

change up to 850°C was noted. The activity 
of the catalyst doubled between 300 and 
700°C calcining temperature (from 2000 to 
4000 g/(gh)) but increased only slightly 
more to 850°C. 

Changing the calcining temperature did 
not greatly affect the ratio between the two 
peaks from the more reactive Cr(DMPD)2, 
but it did cause some minor differences. 
The 0.6 P/Al support was calcined at 850 
and at 300°C for comparison. At 300°C the 
high MW peak was broadened and included 
more high MW material than at 850°C 
while the low MW peak was less distinct 
and was also shifted to higher MW. This 
would account for the overall trend of 
higher average MW, which is a common 
characteristic of most supported chromium 
catalysts, even the oxide (8, 9, 25). It could 
reflect interference by neighboring hy- 
droxyl groups. 

As always, our interpretation of these 
results may be oversimplified. A close ex- 
amination of some SEC curves suggests 
that the low MW peak could contain sub- 
species. Another small peak between lo6 
and 10’ is also sometimes barely visible. 
Whether these extra peaks represent addi- 
tional catalytic species or subspecies is un- 
clear. Surface irregularities after calcina- 
tion probably make possible many different 
types of environments within a species. 

Alumina Supports 

Alumina can also serve as a carrier for 
chromium oxide and the organochromium 
compounds to form polymerization cata- 
lysts. Usually, however, we have found the 
activity to be low, only about lo-20% of 
that of the best aluminophosphates. What- 
ever chromium compound was used, the 
polymer product was normally of ex- 
tremely high molecular weight compared to 
that of other supports. Impregnating H3P04 
onto the alumina before calcination pro- 
vided a surface layer of aluminophosphate, 
which greatly increased the activity of the 
resultant catalyst and recreated the same 
bimodal MW distribution described above 
(25). 

Adding fluoride to the support before 
calcining also tended to increase activity, 
probably by replacing surface hydroxyl 
groups (25). This was true of most chro- 
mium-based catalysts, but especially when 
the support was alumina, which has a rela- 
tively high OH population (20,25). Figure 8 
shows that it also can affect the MW distri- 
bution of the resultant polymer. The SEC 
traces of two polymers are shown, both 
from dibenzene chromium on 500°C 
calcined alumina. In one case the alumina 
was impregnated with NH4HF2 before be- 
ing calcined, and in the other case it was 
not. Without fluoride two high MW peaks 
were obtained, one described earlier at 
about log MW = 4.7 and another very high 
MW peak centered near log MW = 6.0. 
Such high MW material is often visible as a 
tail on the SEC traces from other catalysts 



178 MCDANIEL, LEIGH, AND WHARRY 

I I I I I 

2 3 4 5 6 7 8 
LOG MOLECULAR WEIGHT 

FIG. 8. Size exclusion chromatograms of polyethyl- 
ene obtained from dibenzene chromium impregnated 
onto aluminas calcined at 500°C. In one case the alu- 
mina was impregnated with 8% NH4HF2 before being 
calcined. 

too, such as Cr(DMPD)z or Cr$TMSM)s on 
aluminophosphates. It seems to be most ev- 
ident on alumina calcined at low tempera- 
tures, and therefore is particularly exagger- 
ated in Fig. 8. One can see in Fig. 8 that 
fluoriding reduced the second peak. It had a 
similar effect on Cr(DMPD)2 on alumina 
and Cr4(TMSM)8 on alumina, narrowing the 
MW distribution and decreasing the very 
high MW tail. Possibly in these cases the 
chromium could react with more than one 
hydroxyl to yield an oxide-like species. If 
so, the fluoride may discourage this reac- 
tion by diminishing the OH population. 

Silica Supports 

Silica, the best support for chromium ox- 
ide, functioned very poorly for most or- 
ganochromium compounds in our tests. 
Others have also reported this (24, 34). 
Activity was often much lower than that 
of the best aluminophosphates. Surface 
hydroxyls on silica exhibit little acidity in 
comparison to the other carriers, so only 
the more reactive organochromium com- 
pounds, such as Cr(DMPD)z functioned as 
catalysts when impregnated onto silica at 
25°C. Surprisingly, the best activity, about 
800 g/(gh), was obtained when the silica 
had been calcined at only 250°C. In our ex- 

periments silicas calcined at higher temper- 
atures provided much less activity. These 
results are summarized in Table 2. 

In contrast, the less reactive dicumene 
Cr(0) did not form an active polymerization 
catalyst when impregnated at 25°C onto 
calcined silica. When the impregnated ma- 
terial was then heated to 150-200°C under 
nitrogen to encourage reaction with the sur- 
face, some activity did develop. Of if the 
silica contained acidic impurities, such as 
Al, V, or other metal ions, orjust a trace of 
sulfuric acid, activity did develop on im- 
pregnation of dicumene Cr(0) at 25°C (35). 
Silica-alumina supports could even com- 
pare favorably in activity to the alu- 
minophosphates in some cases. 

Figure 9 shows some SEC traces ob- 
tained from Cr(DMPD)2 on silicas calcined 
at various temperatures. When the silica 
was calcined at 250 and 400°C a single 
broad high MW polymer peak was ob- 
tained. However, calcining at 600°C pro- 
duced an entirely different composition, 
most of the product being liquid, as shown 
by the sharp low MW peak. Bis-ally1 Cr has 
also been reported to behave in a similar 
way, exhibiting extreme MW dependence 
on the calcining history of the silica (24). A 
silica calcined at 800°C also produced 
mostly liquids and wax. The product was 
heated under vacuum overnight to remove 
most of the lighter material. The SEC trace 

TABLE 2 

Activity and Percentage High MW 
Polymer Recovered 

250°C 400°C 600°C 850°C 

Plain silica 
(% polymer) 95% 91% 27% 10% 
(activity g/(gh)) 820 180 170 200 

With titania coating 
(% polymer) - 97% 58% - 
(activity g/(gh)) 750 890 

Silica-titania cogel 
(% polymer) - 99% - 91% 
(activity g/(gh)) 1194 1909 
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FIG. 9. Size exclusion chromatograms of ethylene 
polymerization products from Cr(DMPD)Z on silicas 
calcined at various temperatures. 

of the remaining high polymer resembled 
that obtained from 400 and 250°C silica ex- 
cept that there was a slight shift to the 
lower MW region. 

What happened between 400 and 600°C 
to change the SEC patterns so dramatically 
is not clear. One possibility is that the spac- 
ing of the hydroxyls was involved. Calcin- 
ing the silica dehydroxylates the surface, 
and the higher the temperature, the more 
hydroxyls are removed. At the lower 
calcining temperatures these hydroxyls are 
spaced closely enough that they can react 
in pairs with many reagents such as BCl3 or 
TIC& (36-39). By 6Oo”C, however, only 
“single” or isolated hydroxyls remain. 
Therefore on the 400 or 250°C silicas, the 
sites may have reacted with or at least coor- 
dinated to a second hydroxyl. Presumably 
this becomes more difficult when the silica 
has been calcined at 600°C or above. Such a 
pattern has also been observed in this labo- 
ratory from chromyl chloride (33). 

In two experiments the silica support was 
impregnated with phosphoric acid, then 
calcined at 250 and 400°C. After being im- 
pregnated with Cr(DMPD)2 these also 
functioned as active catalysts. The SEC 
traces from these samples were compared 
to nonphosphated controls. The phosphate 
seems to have had much the same effect on 
silica that we saw previously on the 

aluminophosphates. It introduced a lower 
MW component and tended to decrease the 
average MW. It was not so clearly resolved 
into two peaks as was seen on the 
aluminophosphates though. The lower MW 
component came in the third decade as be- 
fore, and was not the very low MW peak 
obtained from 600°C silica, which came in 
the second decade. 

Titania is often added as a promoter to 
chromium oxide polymerization catalysts 
(11-13). Although it does not serve as a 
support in itself, the activity of silica-based 
catalysts is usually enhanced when a sur- 
face coating of titania is applied, or when 5- 
10% titania is coprecipitated with the silica. 
Typically the molecular weight distribution 
of the resultant polymer is broadened by a 
new contribution from the lower MW re- 
gion. For Cr(DMPD)2 catalysts as well tita- 
nia was found to provide a great enhance- 
ment of the activity, in fact much greater 
than for Cr oxide, as Table 2 shows. Note 
in Fig. 10 that the molecular weight distri- 
bution was similarly affected. Two silica 
samples were treated with titanium isopro- 
poxide (11) and then calcined at 400 and 
6Oo”C, to yield a support coated with about 
8 wt% titania. Afterward each sample was 
impregnated with Cr(DMPD)2 and allowed 
to polymerize ethylene. In Fig. 10 the SEC 
trace from the 400°C sample is broadened 
to lower MW regions compared to the 
400°C silica control. Again this suggests 
that the chromium may be coordinated to 
titania neighbors. 

The sample titanated and calcined at 
600°C also performed differently from its 
600°C silica counterpart; SEC traces are 
shown in lower Fig. 10. Whereas the con- 
trol catalyst produced mainly liquids, this 
effect was less pronounced on the titanated 
sample. A small low MW peak did become 
apparent by 6Oo”C, but the amount of high 
MW polymer recovered was much higher. 
This was also found for Cr(DMPD)2 on sil- 
ica-titania cogel; even the 850°C sample 
produced mostly high MW polymer. This is 
summarized in Table 2. 
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FIG. 10. Size exclusion chromatograms of polyethyl- 
ene obtained from Cr(DMPD)* on silica treated with 
Ti(OCrH& and calcined at 400 and 600°C. Samples 
from untreated silicas are also shown for comparison. 

It is not clear why silica calcined at 600°C 
or above produced mainly olefins when 
treated with Cr(DMPD)2, but silica-titanias 
did not. Even coprecipitated silica-titania, 
where the titania was not as concentrated 
on the surface (11 ), produced mainly high 
MW polymer after calcination at 600 and 
850°C. Perhaps the isolated hydroxyls on 
pure silica provide a “bare” environment 
which encourages chain termination, 
whereas surface titania provides something 
to which the chromium can coordinate. In- 
deed, the extreme boost in activity by tita- 
nia suggests that the Cr(DMPD)2 somehow 
reacted with it, or at least that surface hy- 
droxyls were rendered more reactive by the 
titania. 

As mentioned above, this pattern was not 
seen with dicumene Cr(0) which was less 
reactive with the support and thus provided 
only marginal activity on silica. But even 
on 600 or 800°C silica the small amount of 

product from dicumene Cr(0) was always 
high MW polymer. 

CONCLUSIONS 

Clearly the polymerization behavior of 
most supported chromium catalysts is very 
dependent on the carrier used. The acidity 
of surface hydroxyls probably determines 
the reactivity of the carrier with an or- 
ganochromium compound, and thus the ac- 
tivity of the resultant catalyst. The chemis- 
try of each site is then intimately related to 
what atom the chromium is attached, i.e., 
Al, P, Si, Ti, etc. Even when the attached 
element is the same, say Si, great differ- 
ences in the polymerization behavior can 
still exist between sites. The change in SEC 
pattern from 400 to 600°C silica in Fig. 9 is a 
dramatic example. This suggests that coor- 
dination of the chromium site to neighbor- 
ing hydroxyl or oxide groups may also play 
a powerful role in the chain transfer behav- 
ior of the site. If so, coordination to phos- 
phate or titania rather than direct attach- 
ment may also influence the chemistry of 
the site. 

Finally local steric conditions, such as 
strain introduced through calcination, may 
also influence the chemistry of the site. 
This may be especially true of the chro- 
mium oxide-based catalysts where the 
chromium is doubly attached to the sur- 
face. This may partly explain why these 
catalysts give broad SEC traces but do not 
contain well-resolved multiple peaks as do 
the organochromium catalysts. 
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