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The mechanism of the polymerization of ethene over chromium oxide/silica catalysts was inves- 
tigated by in situ infrared measurements of the catalyst after Dr activation, CO adsorption, or 
polymerization of ethene. After Dz treatment a broad band at 2550-2760 cm-’ showed the presence 
of OD groups, caused by a spillover of deuterons via chromium ions toward the silica surface. After 
polymerization on such a catalyst an indication was obtained for the presence of CD bonds, while 
after polymerization on a normally reduced catalyst (CO, 470°C) the absorption band of a CHI 
group was observed. Both facts as well as results presented earlier point to an initiation reaction of 
ethene with H (or D) atoms from the silica surface and a Cr2+ ion to form an ethyl group bonded to a 
chromium ion. Propagation then proceeds by cis insertion of UT-adsorbed monomer. Evidence for 
this was obtained from the CO adsorption experiments. The produced polymer was isolated from 
the catalyst and its molecular weight was determined. From these measurements a number of 
active sites of 0.3% of all chromium atoms could be deduced. Such a small number would not have 
allowed an observation by ir of CHI groups. The discrepancy was explained by taking into account 
the porous structure of the catalyst; only polymer chains at the outer ends of the pores can grow to 
full extent while chains located at the interior part will soon become inaccessible for ethene 
molecules because the pores become clogged by the polymer formed at their outer ends. 

INTRODUCTION 

In the first paper of this series (I) experi- 
ments were discussed to elucidate the 
structure of a catalyst CrO,/SiOz somewhat 
similar to that used for the polymerization 
of olefins; a model was proposed to account 
for the experimental results. In a subse- 
quent paper (2) the results of a kinetic 
study of the polymerization reaction were 
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presented. A major feature of the conclu- 
sions derived from these and similar studies 
on the hydrogenation of olefins on the same 
catalyst (3, 4) was the recognition of the 
important role of protons on the silica sup- 
port (silanol groups) in influencing the va- 
lency of the chromium cations, bivalent or 
trivalent, and with it the type of catalytic 
activity, polymerization or hydrogenation, 
a point that seems to have escaped the at- 
tention of many authors earlier engaged in 
similar studies. As regards the polymeriza- 
tion activity of the catalyst, it appears to go 
through a maximum determined by the 
Cr2+/Cr3+ ratio. Since the presence of the 
silanol groups was found to lead to slow 
oxidation of Cr*+ to Cr3+ this could either 
mean that the active site is a combination of 
Cr*+ + Cr3+ or that it is a combination of 
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Cr*+ + H+. In the present paper results of 
experiments will be presented designed to 
allow a decision as to which of the two 
models is the most realistic. They consist of 
in situ infrared measurements before and 
during the reaction. In addition, studies as 
to the molecular weight and structure of the 
polymers formed were found to allow a 
quantitative estimate of the number of ac- 
tive sites present on the catalyst surface. 

Our investigations were terminated in 
1974 and the results were published in the 
Ph.D. thesis of one of the authors (5); a 
summary of the reaction model was given 
in 1975 (6). Owing to external circum- 
stances the full publication of the results 
was delayed considerably: our first paper 
therefore carried only the literature refer- 
ences up to 1974, viz., Bore110 and others 
(7-M), Eley et al. (1.5, 16), and Krauss and 
Stach (17). In later years Zecchina et al. 
(18-21) published a series of most interest- 
ing papers on the spectroscopy of the cata- 
lyst while more recently (22) they gave a new 
model for the propagation of the polymer- 
ization chain reaction. In the following we 
shall compare their results and models with 
ours. 

EXPERIMENTAL 

Catalyst preparation. The preparation of 

the catalyst is described elsewhere (I), in- 
cluding a description of the calcination and 
the reduction with CO. In situ infrared mea- 
surements were performed on catalysts 
containing 1.7 or 4.3 wt% Cr and the prepa- 
ration of relatively large amounts of poly- 
mer was carried out with catalysts contain- 
ing 1.35, 1.4, or 1.8 wt% Cr. 

The support was Davison silica gel grade 
12, surface area 600 m*/g, pore volume 0.4 
cm3/g. It should be emphasized that this 
support probably differs considerably from 
those used in industrial operation, having a 
considerably greater surface area and a much 
smaller pore volume. 

Infrared measurements. The apparatus is 
shown schematically in Figs. 1 and 2. A 
thin disk (6.16 cm*, thickness 0.1 mm) was 
pressed of 100 mg powdered, calcined cata- 
lyst (1.7 or 4.3 wt% Cr) at 290 mPa; this 
disk was placed in the sample holder (Fig. 
2). The catalyst disk could then be heated in 
the infrared cell either in a static atmo- 
sphere or in a gas stream. The heating was 
performed by means of a variable spot 
heater (a halogen bulb placed in a parabolic 
reflector) and the temperature was mea- 
sured with a thermocouple, placed at about 
2 mm from the catalyst disk. In this way a 
temperature of 500°C could be reached, but 
only when we used the glass infrared cell 
shown in Fig. 2. 

‘onization gauge 

b = cooling trap -196 OC 

c = measuring cell d = reference cell 

FIG. 1. Apparatus for in situ infrared measurements. 
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cross-section B-B 

sample holder 
-7 

cross-section A-A 

FIG. 2. Glass cell for in situ infrared measurements. 

In this cell the disk was heated in one 
part of the cell after which the sample 
holder was rolled to the part where the in- 
frared measurements were performed. In 
some cases a stainless-steel cell was used 
(described in Ref. (23)), in which the disk 
remained at the sample place during heating 
and infrared measurements. Due to the ge- 
ometry of this cell it was impossible to heat 
the catalyst higher than 380°C. 

The system could be evacuated to 10 Pa 
and various gases (e.g., HZ, Dz. CO, C2H4) 
could be admitted up to pressures of 100 
kPa. A reference cell was used to compen- 
sate for the infrared spectrum of the gas and 
both cells were sealed with KBr windows 
(the heating part of the glass cell was sealed 
with quartz windows). In the glass cell the 
light path was 5 cm, in the steel cell it was 
11 cm. Infrared absorption was measured 
with a Grubb-Parsons type MK-3 spectrom- 
eter (400-8500 cm-‘) and registered loga- 
rithmically. The effective surface area of 
the infrared bundle was about 1 cm2. 

The catalyst was dried at 470°C in vac~o 
or in a helium stream during 15 hr and this 
process was monitored via the intensity of 
the OH absorption band at about 3500 
cm-‘. Reduction was carried out with CO at 

380°C (steel cell) or at 470°C (glass cell); 
hereafter the adsorption of various gases or 
polymerization of ethene was performed. 

Investigation of the polymer. Polymer 
samples were prepared at 0 or at 95°C by 
using the dynamic method described earlier 
(2), the amount of polymer was determined 
by weighing the reactor before and after 
polymerization. The catalyst (about 13 g) 
with polymer (about 2 g) was then treated 
with a mixture of 250 cm3 methanol and 35 
cm3 HCl during a time, further indicated as 
reflux time. Nitrogen was bubbled through 
the liquid to prevent boiling retardation and 
polymer oxidation. After the refluxing 1.50 
cm3 decalin (predistilled) was added and the 
methanol was removed by distillation. 
There remained a green suspension of cata- 
lyst in water together with a solution of 
polyethene in decalin. The solution was de- 
canted and the polymer was coagulated by 
pouring the solution into 1.5 dm3 methanol. 
The polymer was filtered and dried at 80°C 
in vacua. By a subsequent similar proce- 
dure some more polymer could be recov- 
ered from the catalyst suspension. In this 
way we finally arrived at a recovery of max- 
imally 78% of the produced polymer. The 
procedure of refluxing in methanol/HCl was 
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found to be necessary, because a simple 
treatment of the catalyst with various or- 
ganic solvents proved to be ineffective in 
recovering the polymer. 

Various properties of the recovered poly- 
mer were determined. Molecular weight 
was measured by viscosimetry of polymer 
solutions (which gives a measure of the vis- 
cosity-averaged molecular weight) and in 
some cases by osmometry (which gives the 
number-averaged molecular weight). The 
number of olefinic double bonds was mea- 
sured with ir, and by means of a specific 
reaction. The number of side branches 
(methyl groups) was measured by ir or with 
Differential Scanning Calorimetry (DSC), a 
technique related to DTA. The ir and DSC 
also provided information on the degree of 
crystallinity of the polymer. The osmomet- 
tic and DSC measurements were performed 
at the Central Laboratory of DSM. 

Molecular weight measurements. The 
polymer was dissolved in decalin, the deca- 
lin being pretreated before use with concen- 
trated sulfuric acid, washed with distilled 
water, dried and finally distilled. Samples 
with different polymer concentrations were 
obtained by dilution of the original solution. 
Viscosities of the solutions were measured 
at 135 + 0.5”C in a “suspended level” vis- 
cosimeter developed at the Central Labora- 
tory of DSM (Fig. 3); the intrinsic viscosity 
[?I was determined by extrapolation to a 
polymer concentration of zero. The os- 
motic pressure of a solution of the polymer 
in trichlorobenzene was measured at 114°C 
in a block osmometer with cellulose mem- 
branes. Again solutions with different poly- 
mer concentrations were investigated and 
the number-averaged molecular weight 

(M,) was determined from a plot of & 

against the concentration C according to: 

II 
- = i + A& 
RTC M,, 

in which 

II = osmotic pressure 
R = gas constant 

T = temperature 
A2 = second virial coefficient (i.e., a con- 

stant). 

Determining the number of double 
bonds. With infrared absorption it is in 
principle possible to determine the number 
of double bonds from the bands related to 
the olefinic C-H out of plane vibrations. 
Some of the molar extinction coefficients 
are given in Table 1 and with this and the 
measured intensity of the respective ab- 
sorption bands the number of the various 
olefinic bonds can be calculated according 
to Lambert-Beers law. Since the concen- 
tration is then found in moles per cubic dec- 
imeter, this number must be multiplicated 
by 14/d, (dp = density of the polymer = 
0.95 g/cm3) in order to obtain the number of 
olefinic bonds per 1000 C atoms. The light 
path through the sample (the thickness of 
the disk) was 0.06 mm. It should be men- 
tioned that the cis double bonds cannot be 
measured by this method because of the 
presence of strong absorption bands at 720 

FIG. 3. Suspended level viscosimeter (developed by 
Central Laboratory, DSM). 
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TABLE 1 

The Olefinic Out of Plane Vibration 

Type of double bond Wave- 
number (dmz~mol) 
(cm-‘) 

Vinyl RICH=CH2 1005-982 
915-905 1550 

cis-R,CH=CHR* 730-675 850 
rrans-R,CH=CHR* 980-960 1390 
Vinylidene RIR2C=CH2 895-885 1590 
Trisubstituted R,R#Z=CHR, 840-810 

and 731 cm-l due to the CH2 rocking mode 
of long chains. 

Another technique used for measuring 
the number of double bonds is based on the 
reaction of these bonds with toluene in the 
presence of AQ/HCl at 90”C.4 The prod- 
uct of this reaction needs careful drying to 
remove all toluene, after which the inten- 
sity can be determined of the infrared ab- 
sorption band at 1600 cm-l, caused by the 
skeletal vibration of the aromatic nucleus. 
The molar extinction coefficient of this 
band is 290 dm2/mol. 

Other, normally applicable techniques 
for determining the number of double bonds 
were unsuccessful because of practical 
problems (uv, bromine number, coulome- 
try) or were not sensitive enough (NMR). 

Determining the number of side 
branches. From the intensity E of the infra- 
red absorption band at 1365 cm-’ (deforma- 
tional mode of CH3) the number of methyl 
groups in the polymer can be calculated 
with: 

CHj/lOO C = 
2.70 x 1O-2 E 

1 

in which 1 is the thickness of the sample 
disk (0.06 mm) (24). This equation is stated 
to be approximately correct for solid poly- 
mers, but is not particularly accurate. 

4 This method was developed by P. Piet of the Poly- 
mer Department of the Technical University, Eind- 
hoven. 

Another potentially useful technique is 
Differential Scanning Calorimetry, a tech- 
nique which resembles DTA in that the 
sample and a reference material are both 
heated at a constant heating rate. In con- 
trast to DTA, the amount of power supplied 
to the sample holder at phase transition is 
changed in such a way that the temperature 
difference between sample and reference 
remains zero, which enables a quantitative 
measurement of transition energies. The 
number of side branches and end groups A 
per 100 C atoms is found from the lowering 
of the melting point of the polymer accord- 
ing to 

A = 13.1 - O.O97T, 

in which T, is the temperature at which the 
last remaining crystals are melting. By 
comparing the measured melting energy 
with the known melting heat of pure crys- 
talline polyethene (293 J/g) the percentage 
crystallinity can be found. 

Since the polymer is recovered from a 
decalin solution, the percentage crystallin- 
ity gives no information on the polymer as 
formed; for this reason no data are given 
here. 

An indication for crystallinity is also ob- 
tained from the splitting of certain infrared 
absorption bands of the polymer, viz., the 
bands at 1460 and 720 cm-‘. 

RESULTS 

In Situ Infrared Absorption after 
Adsorption of CO 

According to our experience interaction 
of CO with a catalyst previously activated 
by a CO reduction at room temperature 
usually did not lead to the formation of new 
bands. If, however, the catalyst directly af- 
ter reduction was cooled to room tempera- 
ture in the presence of CO a band system 
could be observed at room temperature that 
is situated near 2200 cm-’ and another 
around 2300 cm-l. The second system ap- 
peared connected with the presence of CO2 
presumably formed during the reduction. 
The 2200 cm-i system could be eliminated 
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I- 
2200 2300 2400 

2203 cm-’ proved the most resistant to 
evacuation. If the activation procedure, di- 
rectly followed by infrared inspection and 
evacuation, was repeated various times in 
succession no CO adsorption at room tem- 
perature could be observed any more. 
However, reoxidation of the sample fol- 
lowed by reduction again restored the origi- 
nal situation, i.e., CO adsorption became 
again observable; this shows that the phe- 
nomenon has no connection with the sur- 
face structure of the catalyst but is entirely 
due to the state of reduction of the catalyst. wave number cm-t - 

FIG. 4. Infrared spectra after reduction with CO 
(10.7 kPa); (1) after cooling to room temperature, (2) 
pressure decreased to 13.3 Pa, (3) pressure decreased 
to 0.13 Pa. 

by evacuation at room temperature: if here- 
after CO was reintroduced the band usually 
did not reappear except under certain cir- 
cumstances that will be reported later on. 

The 2200-cm-i system consists of at least 
four bands, viz., 2176 +- 1, 2185 +- 1 (the 
strongest single band), 2195 + 1, and 2203 
? 2 (the weakest) cm-’ (Fig. 4). Careful 
evacuation showed the 2176- and 2195cm-’ 
bands to disappear first while the band at 

Zecchina er al. (18, 29) report similar al- 
though not entirely equal observations. Ac- 
cording to their description the bands can 
also be formed at room temperature and the 
system consists of a triplet at 2181, 2186, 
and 2191 cm-’ of which the 2186-cm-’ band 
is strongly pressure dependent and the 
2181- and 2191-cm-l bands are more resis- 
tant to evacuation. Integration of the band 
intensities leads Zecchina et al. to a value 
of 1 CO per 1 Cr, in agreement with our 
earlier reported data (I). Zecchina et al. 
also described a second band system that 
became observable at low temperature 
(-80°C): it was quite complicated with all 
bands below 2160 cm-’ down to 2135 cm-‘. 

2 

- 

/ 

/ 

2# 

before polymerization 

L!L 
I 2800 3000 

wave number cm-t - 

FIG. 5. Infrared spectra before and after polymerization of ethene on a deuterated catalyst. 
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They reported also that prolonged heat 
treatment caused the 2200-cm-’ band sys- 
tem to decrease and that reoxidation-re- 
duction restored the original situation. 

In Situ Infrared Spectra after Treatment 
with 02 

Treating a CO-reduced catalyst with D2 
at 200°C (15 hr) results in the formation of a 
broad absorption band at 2550-2760 cm-i 
(Fig. 5); its intensity was hardly influenced 
by evacuation at room temperature. This 
band is very probably caused by OD groups 
at the silica surface; its broadness points to 
an appreciable interaction between the vari- 
ous OD groups. The exchange of the OH 
groups at the surface with gaseous D2 can 
be explained by assuming a reductive ad- 
sorption of D2 on Cr3+, followed by a spill- 
over of deuterons to the silica surface and 
of protons to Cr2+ (see also Ref. (4)). 

In Situ Infrared Spectra after Contact 
with Ethene 

The polymerization of ethene can be 
monitored by its infrared absorption bands. 
It is our experience that a reduced sample is 
only active for polymerization if after CO 
adsorption the earlier mentioned bands in 
the range 2 175-2205 cm-’ are present in the 

i 
IO 1 

L/ 

4c 

P 
IO l! 

wave number cm-’ - 

FIG. 6. Infrared spectra after polymerization of 
ethene; (a) 21 min at 13.3 kPa, (b) 40 min at 33.3 kPa, 
and (c) 65 min at 13.3 kPa. 

CO-pressure kPa - 

FIG. 7. Incubation time for polymerization after CO 
adsorption (polymerization at different ethene pres- 
sures). 

spectrum (Zecchina et al. (18) confirm this 
and operate with the integrated intensity of 
the ir bands between 2150 and 2250 cm-i as 
a suitable parameter for activity). 

After CO was removed by evacuation 
and ethene was introduced ir absorption 
bands developed at 1340-1390 (weak), 
1425-1475,2833 2 7,2904 ? 8, and 2960 2 
10 cm-i (Fig. 6). They increased in intensity 
with the time of exposure to ethene. On 
evacuation the bands remained of constant 
intensity so their presence was clearly con- 
nected with the presence of polyethene. 
The band at 2960 cm-i can be assigned to 
the asymmetrical stretching mode of a CH3 
group. The band at 2904 cm-i is typically 
connected with CH2 groups and its growth 
can be used to monitor the polymer growth. 
The intensity of the 2960-cm-i band be- 
came relatively smaller compared to that of 
the 2904-cm-i band at increasing intensity 
of the latter. Using the 2904-cm-i band as a 
probe for the activity some interesting ob- 
servations could be made. 

When CO was not removed before the 
introduction of ethene it was found that on 
introducing ethene the CO absorption 
band at 2175-2205 cm-i decreased immedi- 
ately but polymer bands became detectable 
only after some time had elapsed. This time 
lapse will be called incubation time; it in- 
creased with increasing CO pressure (Fig. 
7). In fact, when the CO pressure was 
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higher than the CzH4 pressure no polymer- 
ization took place at all. If the cell was 
evacuated after some polymer had formed 
and CO was readmitted to the catalyst at 
room temperature, the absorption band at 
2185 cm-l was observed although some- 
what less intense than prior to the polymer- 
ization. As mentioned earlier, this was con- 
trary to what was observed for a fresh 
catalyst. Readmitting ethene to this system 
caused the CO band to disappear while at 
the same time the polymer band at 2904 
cm-’ increased in intensity. In this case no 
incubation time was observed. 

Apparently, ethene is capable of remov- 
ing CO from the active site thereby restor- 
ing catalytic activity. This phenomenon 
was earlier observed in dynamic experi- 
ments after purging with helium (2). After 
some polymerization has occurred, how- 
ever, intermediate dosages of CO fail to in- 
hibit subsequent polymerization although 
CO is adsorbed (as evidenced by the ap- 
pearance of the 2185cm-l band) and ex- 
pelled by ethene. 

If ethene was admitted to a Dz-treated 
catalyst, all absorption bands related to 
polyethene chains were immediately ob- 
served, except for the band at 2960 cm-’ 
(due to CHj groups). The OD absorption 
band was found to have shifted by an 
amount of 30 cm-’ toward lower frequen- 
cies (Fig. 5). Differential spectra show a 
broad band around 2I40 cm-‘, which is at a 
position where one might expect the CD 
vibration to become observable; normally 
no absorption is observed in this part of the 
spectrum when CZH., is present. 

The lowering of the frequency of the OD 
absorption band is indicative for the pres- 
ence of polymer chains, which perturb the 
OD groups (2.5). A similar effect has been 
observed after adsorption of CH4 on silica 
(25). Most important, however, are the 
results that point to the presence of CD ab- 
sorption bands after polymerization over a 
Dz-treated catalyst and those that indicate 
the presence of CH3 groups after a normal 
polymerization experiment. 

Molecular Weight Measurements 

The results of the viscosity measure- 
ments are shown in Fig. 8 and in Table 2. In 
a few cases also the number-averaged mo- 
lecular weight M, was determined and 
these results are also included in Table 2, 
which furthermore contains information 
about each experiment. Figure 8 shows a 
somewhat unexpected phenomenon: after 
long reflux times (e.g., more than 70 hr) the 
molecular weight of the recovered polymer 
was found to be appreciably smaller than 
after shorter reflux times. This effect was 
confirmed by the M, measurements and 
was most probably due to cracking of the 
polymer during the interaction with metha- 
nol/HCl. The cracking might be initiated by 
small amounts of oxygen in the nitrogen 
stream, used to stir the solution. Judging 
from the curves in Fig. 8 cracking was only 
occurring after some time had elapsed and 
this points to the presence of a limited 
amount of a substance that was consuming 
oxygen. This substance could very well be 
the reduced chromium atoms of the catalyst 
and in that case also some other results 
shown in Table 2 can be explained. If a cat- 
alyst covered with polymer was exposed 
for some days to the air, prior to refluxing 
in methanol/HCl, the recovered polymer 
had small molecular weights, even after 
short reflux times. In this case all chromium 
atoms would have been oxidized when re- 
fluxing was started, so now cracking could 
take place immediately after introducing ni- 
trogen . 

Therefore, we conclude, that on a cata- 
lyst, containing 1.43 wt% Cr, a polymer is 
formed with M, = 142,000 at 0°C and with 
M, = 15,400 at 95°C. 

Number of Double Bonds 

The number of the various types of dou- 
ble bonds that could be detected with infra- 
red absorption measurements are given in 
Table 3, which also includes the result of 
the alkylation method. The results of the 
infrared method may be somewhat low be- 
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TABLE 

Molecular Weight Measurements 

No. Cr 
(wt%) 

Polymerization Amount of 
temperature polymer formed 

(“Cl (g) 

Reflux 
time 
(h) 

[VI M” 
(cm’/cg) 

1 1.79 0 1.81 50 3.05 
2 1.79 0 1.90 75 0.58 
3 1.79 0 1.72 95 2.58 
4 1.79 0 1.81 125 0.67 
5 1.79 0 1.99 145 0.46 
6 1.79 0 1.84 170 0.39 
7 1.79 0 2.06 170 0.72 
8 1.43 0 1.34 7 2.18 
9 1.43 0 1.46 25 2.27 

10 1.43 0 1.47 40 2.27 
11 1.43 0 1.41 70 2.18 
12 1.43 0 1.62 116 0.48 
13 1.43 0 1.38 145 0.84 
14 1.43 0 1.45 170 0.52 
15 1.43 95 0.98 7 0.57 
16 1.43 95 0.90 20 0.65 
17 1.43 95 1.01 40 0.58 
18 1.43 95 1.19 70 0.82 
19 1.43 95 1.01 95 0.35 
20 1.35 0 1.43 7 4.2 
21 1.35 0 1.47 7“ 0.34 
22 1.35 0 1.37 7” 0.40 

14,000 
30,000 
15,000 

142,000 

I 15,400 

22,400 

n Exposed to air for some days before HCl/CH30H treatment. 

cause, as already mentioned, cis double chain. It is also remarkable that after a 
bonds cannot be detected in this way. The short reflux time (sample 8) only vinyl-type 
result of the alkylation method, on the double bonds are observed. Apparently 
other hand, may be somewhat high, be- some isomerization is taking place during 
cause of the presence of some residual free refluxing, which is understandable since re- 
toluene. When these facts are taken into fluxing was performed in an acid medium. 
account, it can be inferred that both meth- Therefore it can be concluded that the re- 
ods agree to a considerable extent by giving covered polymer molecules originally con- 
a number of about one double bond per tain one vinyl group per molecule. 

TABLE 3 

Number of Double Bonds in the Polymer 

No. Mn C “l”Yl 
per 1000 C 

C ml”S 
per 1000 C 

C vmylidene 
per 1000 C 

C tota, 
per 1000 C 

C tota, 
per chain 

8 142,000 0.13 - - 0.13 1.31 
6 30,000 0.14 0.29 - 0.43 0.92 
7 15,000 - 0.54 0.40 0.94 1.01 
5 14,000 1.85 1.85’ 

4 Alkylation method. 
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FIG. 8. Intrinsic viscosity of polymer as a function of the reflux time (in HCI/CHjOH). 

Number of Side Chains and End Groups 

Most accurate results are obtained with 
DSC and these results are given in Table 4, 
in which A is the number of side branches 
and end groups per 100 C atoms. In this 
table also Mn is given, when measured and 

TABLE 4 

Results of DSC Measurements 

No. Cr Polymerization Reflux T,,, A 
(wt%) temperature time (“C) 

(“Cl 0-d 

7 1.79 0 170 131 0.4 
8 1.43 0 7 138 0.1 

IS 1.43 95 7 128 0.7 
20 1.35 0 7 139.5 - 
21 1.35 0 7a 129 0.6 
22 1.35 0 7” 128.5 0.6 
23 1.35 95 7 125 1.0 
24 1.35 95 7 127 0.8 
25 1.35 95 7 127 0.8 

o Exposed to air for some days before HCl/CH,OH 
treatment. 

in those cases also the total number of side 
branches and end groups per polymer mole- 
cule was calculated. From this table it can 
be seen that the number of side branches 
and end groups ranges up to 1 per 100 C 
atoms, or to about 10 per chain, which 
means that the polymer chain is only 
slightly branched. The infrared results 
agree very well with these numbers, so it 
can be concluded that the detected side 
branches and end groups are mostly methyl 
groups. 

DISCUSSION 

In our earlier papers (1-4) we developed 
models for the surface of our CrOJSi02 cat- 
alyst and for the mechanisms of the reac- 
tions occurring on this surface. The present 
report will deal mostly with the mechanistic 
models. In order to understand these well it 
will be helpful to begin with a description of 
the surface. 

We start from Peri’s model of a silica sur- 
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face (26) and from McDaniel’s estimates 
for the silanol occupation as a function of 
the temperature (27). For a catalyst with 
1.7 wt% Cr on a surface of 600 mZ/g there 
are 0.33 Cr atoms/rim* occupying 0.33 po- 
tential silanol sites, assuming Cr being 
present as pairs. Since Peri estimates the 
maximum number of silanol groups to be 
4.5 per nm* there are still 4.15 potential 
sites left. McDaniel estimates that after a 
calcination at 500°C one of these will still 
contain a silanol groups, while calcination 
at 700°C will reduce this number to 0.5. 
Consequently, after calcination at 500°C 

each Cr will on the average have one silanol 
neighbor and calcination at 700°C will still 
result in half the Cr atoms having a silanol 
neighbor. 

The Cr atoms on our catalyst are most 
probably present as pairs. This follows 
from the observed Weiss constant of -135 
K (I), which points to antiferromagnetic in- 
teractions. This picture is consistent with 
the fact that these catalyst readily produce 
H-D exchange and it explains also the ear- 
lier described intermediate reoxidation of 
reduced Cr by hydroxyl groups (1) as 
shown in: 

2+ 
-O-T 

2+ 

H 
H - Cr3+/‘lCr3+ _ ,, 

P ? ? P 
I -lo/I 

Si -% 
7 7 

si si Si si si Si Si/ 

Cr3+ 
RO. 

cr3+ 
I ‘,‘I 
0 0 

0 
.si si 

I 
si si 

,o + H2 (1) 

Krauss (28) on the other hand observed low 
Weiss constants for his catalysts and he did 
not notice any intermediate reoxidation by 
hydroxyl groups. Apparently his catalysts 
did not contain many binary complexes 
presumably because the Cr content was 
much smaller than on our catalysts. They 
were, however, very active for polymeriza- 
tion, so therefore Cr pairs appear not to be 
essential for this reaction. 

The presence of many Cr2 complexes on 
our catalysts may give rise to appreciable 
deviations from the homogeneous OH dis- 
tribution so far assumed to exist. Prolonged 
reduction by CO leads to a gradual removal 
of OH groups by the mechanism illustrated 
in Eq. 1. This means that after CO reduc- 
tion there will not be many hydroxyl groups 
present close to the Cr pairs. Pretreatments 
at high temperatures in inert gases will 
probably restore the random distribution 
through hydroxyl migration. As shown ear- 

lier (2) these pretreatments also largely in- 
fluenced polymerization and for that reason 
it was postulated that an active polymeriza- 
tion site consists of a Cr*+ cation with a 
silanol group in its immediate surroundings. 
We now propose the following model for 
the initiation reaction: 

OH- + Cr*+ G O*- + (H-Cr)3+ (2) 

(H-Crj3+ + C2H4 + 

4 (C2HrCr)3+ (3) 

Ethene adsorbs via c+r-backbonding on the 
active Cr species and combines with the hy- 
droxyl to form an ethyl group connected 
with the Cr ion. 

Subsequent propagation can be described 
similar to the accepted Ziegler-Natta mech- 
anism. 
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(C2H+Zr)3+ + CzH4 + ccc 3+ 

[ ‘I CzHrCr + (C4Hg-Cr)3f (4) 

The olefin is adsorbed via or-backbonding 
on an empty ligand site and following the 
c&insertion mechanism first proposed by 
Arlman and Cossee (29), is subsequently 
inserted between radical and cation. 

The object of the in situ infrared experi- 
ments was to study and identify the reac- 
tion intermediates in the very early stages 
of the reaction. In this way we might be 
able to observe the CH3 groups before they 
were overgrown by CH2 groups. As shown 
in Fig. 6 we did indeed observe a band at 
2960 cm-r where one expects a band due to 
C,,,-H. After more prolonged polymeriza- 
tion this band was overgrown by the 2904- 
cm-’ band, caused by CH2 groups, thereby 
indicating that the 2960-cm-’ band is in- 
volved in the initiation reaction but not in 
the propagation. Eley and co-workers (15) 
earlier observed the same band but they 
considered it as derived from the cracking 
of ethene used to reduce their catalyst. 
However, since we performed the reduc- 
tion with CO this does not explain its exis- 
tence in our case. 

If the catalyst after reduction was treated 
with D2 we obtained strong and broad 
bands at positions expected for O-D 
stretchings (such as 2730 cm-l) confirming 
that the surface was partially deuterated, 
probably by a mechanism which is the re- 
verse of Eq. 1. No band at 2960 cm-’ was 
observed when polymerization was started. 
On the other hand differential infrared 
spectra before and after polymerization 
showed the presence of a weak and very 
broad band at 2140 cm-’ where one expects 
the C-D stretching; this band was not found 
for catalysts not pretreated by DZ. Hogan 
(30) also mentions the presence of C-D 
stretchings when D2 was added during poly- 
merization. His explanation was that, on 
termination, a polymer molecule splits off a 

hydride ion, the remaining Cr-H being es- 
pecially vulnerable to H-D exchange. 
However, we observed the band already in 
the very early stages of polymerization 
when termination could be hardly opera- 
tive. 

At first glance it might look strange that a 
partial deuteration of the surface (the OH 
stretching band was still rather strong) 
would cause the complete disappearance of 
the 2960-cm-’ band. However, deuteration 
will have taken place via the chromium 
ions, which means that these ions will be 
surrounded by OD groups, the more remote 
silanol groups still being OH. Therefore it is 
understandable that no polymer molecule 
can start with a CH3 group, at least when 
the active site is represented as proposed. 

From molecular weight measurements of 
the recovered polymer it can be deduced 
that at 0°C maximally about 0.3% of all 
chromium ions present were active and at 
95°C this number is 1.75%. An estimate of 
the number of CH3 groups from the band 
intensity and an assumed extinction coeffi- 
cient of 2000 dm2/mol learned that at least 
3% of the Cr ions were carrying a CH3 
group which at first sight points to an incon- 
sistency in our model. However, by taking 
into account our catalyst pore structure this 
discrepancy can be easily explained. From 
pore volume and surface area we estimate 
that our catalyst samples had pores with an 
average diameter of 2.4 nm, which is indeed 
a very narrow pore. When we assume a 
random distribution of Cr ions and of active 
sites over the total pore volume it becomes 
clear that polymerization can start at all 
sites, but very soon chain growth in the 
pores will become inhibited by clogging of 
the pore mouth with polymer. Therefore 
the polymer molecules that are recovered 
will have originated at the pore ends and at 
the surface of the catalyst particles. The 
number of chains that were started will 
have been much larger thus explaining their 
ir observability. Two observations are sup- 
porting this picture. First we noticed that at 
certain conditions catalyst particles tended 
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to stick together on polymerization and sec- 
ond, as was earlier reported (2), on raising 
the chromium content of the catalyst we 
observed that polymerization became more 
concentrated on the outer part of the cata- 
lyst particles. This picture also explains 
why we observed the 2960-cm-’ band, 
while most other workers did not. Our cata- 
lyst, although very poor as producer of 
polyethene, had the merit of magnifying the 
initiation reaction. 

It is interesting to compare our results 
with those of Beck and Lunsford (31). They 
find that on a catalyst with 0.45 wt% Cr a 
polymer is obtained with a molecular 
weight of 6000. From the amount of poly- 
mer (0.5 g/g cat) they conclude that all chro- 
mium ions are active. Assuming their cata- 
lyst had a pore volume of 1 cm3/g (they give 
no data on this point) it can be calculated 
that all polymer molecules with molecular 
weight 6000 can easily grow in the pores. 
Therefore the main difference between 
their results and ours can be ascribed to a 
difference in pore structure, their catalyst 
being much more open. Finally, it is note- 
worthy to point at the difference in poly- 
merization rates between the Beck and 
Lunsford catalyst and ours. At 24°C we find 
81 mg ethene g cat-’ min-’ at 7 kPa, while 
Beck and Lunsford find 0.72 mg ethene g 
cat-’ mini at 40 kPa. 

Lebenstorf and Larson (32) recently 
showed that homogeneous catalysts resem- 
bling the Phillips and Union Carbide (chro- 
mocene/Si02) catalysts do not polymerize 
ethene. They ascribe this to the fact that the 
homogeneous catalyst is a complex with 
only one Cr atom. However, catalysts syn- 
thesized by Krauss (28) contain mostly 
mononuclear complexes and nevertheless 
were quite active. We believe that the ho- 
mogeneous catalyst lacked activity because 
no hydrogen atoms were available to initi- 
ate the polymerization. 

Our next point of discussion concerns the 
propagation step. It is directly connected 
with the adsorption of ethene and CO and 
therefore a discussion of the spectroscopy 

of these adsorptions is highly relevant. The 
spectroscopy of adsorbed CO was studied 
in great detail by Bore110 and others (7-14) 
and Zecchina and co-workers (18-21) and 
it also played an important part in our 
work. The bands observed by Zecchina and 
by our group are very similar although not 
entirely equal. They consist of a set of 
closely spaced bands in the range 2170- 
2205 cm-‘. There is agreement in that the 
bands belong to a type of CO adsorption 
with a stoichiometry of Cr/CO = l/l. If the 
catalyst is reduced several times in succes- 
sion the ir bands are not observed anymore 
and both groups agree in that the intensity 
of the 2170- to 2205-cm-i system is a good 
measure for polymerization activity; a cata- 
lyst that showed no ir bands after CO ad- 
sorption was not active for polymerization. 
Where the two groups disagree is in the de- 
tails of the adsorption and in the assign- 
ments of the bands. We found that the 
bands were only observed when the sample 
was cooled in CO from the activation tem- 
perature to room temperature; if the system 
was subsequently evacuated the bands dis- 
appeared and often did not return after re- 
admittance of CO. However, when the sys- 
tem was allowed to form some polymer and 
then to adsorb CO, formation of the 2185- 
cm-l band could be observed as a revers- 
ible phenomenon. Neither Zecchina nor 
Eley (25, Z6), who also observed the CO 
band system, mention similar difficulties 
with reversibility. The individual bands in 
the system are two strong bands at 2185 and 
2203 cm-’ and two weak bands at 2176 and 
2195 cm-‘. The latter are easily removed by 
evacuation while the stronger bands are 
more resistant. 

We now assign the bands as follows. The 
strongest band at 2185 cm-’ is connected 
with CO adsorbed on a Cr3+ cation; this 
band is also observed on cw-chromia (II). 
The bands at 2176 and 2195 cm-’ are as- 
signed to the symmetric and asymmetric 
stretching mode, respectively, of Cr3+ 
(CO*) and the band at 2203 cm-’ should be- 
long to CO adsorbed on a (X-Cr)3+ species 
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where X is H or &HZ,,+ i. These assign- 
ments are based on the fact that the wave 
numbers are all higher than that of the free 
CO molecule, indicating that the CO mole- 
cule acts as a donor ligand; the electrons 
donated are those of the slightly antibond- 
ing “lone pair” at the carbon atom. When 
we assume that no CO is adsorbed on CP 
it becomes clear why no ir bands are ob- 
served after prolonged reduction, since in 
that case only Cr2+ ions will have been 
present without any silanol groups in their 
immediate vicinity. As CO adsorption only 
takes place on Cr ions that were situated 
close to silanol groups (CY+, (X-Cr)3+) also 
the correlation between ir activity and poly- 
merization activity becomes obvious, bear- 
ing in mind our polymerization model. The 
assignments of the ir bands seem to contra- 
dict the observed overall stoichiometry of 
CO/Cr = 0.97 (1). However, this ratio was 
measured by pulsing CO at 0°C over a cata- 
lyst that was reduced just up to the point 
where the reduction of CI-6+ was completed 
and at this point the intermediate reoxida- 
tion of Cr2+ ions by hydroxyl groups (Eq. 1) 
is still readily taking place. Therefore, that 
catalyst will have contained only a small 
amount of Cr*+ ions. Also by using a tech- 
nique, in which CO pulses are followed by 
periods with no CO in the gas phase, the 
complexes with two CO molecules per Cr 
ion will probably not have been present. 

Only one thing remains unexplained in 
this respect, namely, the apparent activated 
adsorption of CO. As already mentioned 
we were unable to observe ir absorption of 
adsorbed CO when CO was admitted to the 
catalyst at room temperature. Since all 
other investigators do not seem to have ob- 
served such an effect and since the same 
effect also occurred on CO2 adsorption (not 
reported), we believe that this phenomenon 
is an artifact, probably caused by our ex- 
perimental procedure. The exact nature of 
it, however, remains unknown. 

The results obtained when ethene is ad- 
mitted to a CO-poisoned catalyst can now 
be explained as follows. On admittance of 

ethene the intensity of the 2185cm-’ CO 
band decreases immediately, but only after 
some time has elapsed (depending on the 
ratio of the ethene pressure and the CO 
pressure) the typical polymer band at 2904 
cm-i develops. It should be remembered 
that the behavior of the various bands was 
investigated by tuning the spectrometer at 
2185 or 2904 cm-‘, respectively, and moni- 
toring the extinction at that frequency. The 
fast disappearance of the 2185cm-’ band 
does not mean that CO is desorbed that 
fast, but it probably merely reflects a shift 
of the band to lower frequencies, because 
of the electron donating effect of the coad- 
sorbed ethene molecule. This effect, how- 
ever, will also weaken the Cr-CO band, so 
the CO molecule will finally desorb, 
thereby rendering the site active for poly- 
merization. Whether polymerization will 
occur will depend on the ethene pressure 
relative to the CO pressure, as is observed. 
The disappearance of the 2185cm-’ band 
after adsorption of ethene implies that 
ethene is also adsorbed on sites that are not 
active for polymerization. We have not ob- 
served ir absorption bands of adsorbed 
ethene molecules, but it is reported that 
such bands are often very weak (C=C) 
(33) or located at the same wavelength as 
for gaseous C2H4 (C-H) (34). 

When some polymerization has taken 
place, CO can still adsorb on the Cr ions, as 
is evidenced by the appearance of the 2185- 
cm-’ band. Admittance of ethene in this sit- 
uation again causes the 2185-cm-’ band to 
disappear fast (again due to the electron do- 
nating effect) but now the polymer band at 
2904 cm-i continues to grow immediately. 
This implies that CO adsorption inhibits ini- 
tiation but not propagation. We assume that 
the adsorbed CO has stabilized the (H- 
Cr)3+ complex, probably by inducing a 
more negative charge on the hydrogen 
atom. Adsorption of an ethene molecule on 
a (H-Cr)3+-C0 species therefore will not 
immediately result in the formation of an 
ethyl group. The CO molecule will have to 
desorb first, due to the electron donating 
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effect of the ethene molecule, and only then 
initiation can take place according to Eq. 3. 

Last point of discussion is the termina- 
tion reaction. In an earlier paper (2) we dis- 
cussed the kinetics of polymerization and 
then suggested that the observed maximal 
polymerization rate at 310 K could be ex- 
plained in two ways. One explanation in- 
volved different values for polymerization 
enthalpy and entropy as compared with the 
values of the crystalline polymer, due to 
steric hindrance in the narrow pores. In this 
picture the polymer molecule remained at- 
tached to the chromium ion and termination 
would not occur on our catalyst. Support- 
ing this could be the fact that we only suc- 
ceeded in removing the polymer from the 
catalyst with a boiling solution of HCl in 
methanol and not with normal polymer sol- 
vents. The second explanation for the ki- 
netic results involved a termination reac- 
tion according to 

(CnH2n+t-Cr)3+ + 02- e 
C,H2, + OH- + Cr2+ (5) 

This reaction then would have to be endo- 
thermic with a reaction enthalpy of 68 kJ/ 
mol. This explanation is supported by the 
structure of the recovered polymer as ob- 
served by ir spectroscopy: there was ap- 
proximately one double bond per polymer 
molecule, this double bond being a vinyl 
bond. 

We now believe that, although steric hin- 
drance still might play a role, a termination 
reaction as depicted in Eq. 5 really occurs. 
The endothermic character of the termina- 
tion explains why termination is faster and 
polymer weights are smaller at higher tem- 
peratures. The necessity of using HCV 
methanol to remove the polymer from the 
catalyst then does not result from a neces- 
sary fission of the Cr-C bond, because that 
would most probably lead to a saturated or 
an alcoholic termination of the polymer. It 
appears that the acid solution, rather than 
attacking the Cr-polymer bond hydrolyzes 
Si-0-Si bonds. One could model the cata- 

lyst support structure as particles (called 
secondary particles) consisting of a packing 
of small spheres (primary particles) with an 
average diameter of 2.4 nm. These primary 
particles are bonded to each other by Si-O- 
Si bonds. Therefore hydrolyzing these 
bonds will disintegrate the secondary parti- 
cles thereby freeing the polymer. 

CONCLUSIONS 

Our final conclusion is that the active site 
is formed from a Cr2+ cation and a proton 
from a neighboring silanol group. Together 
with an olefin molecule they form a com- 
plex that shows a marked similarity with 
the Ziegler-Natta site in having a metal- 
alkyl bond next to a ligand vacancy. The 
active site is an intermediate in an oxidation 
process of Cr2+ to Cr3+ by interaction with 
two silanol groups either simultaneously or 
in quick succession. It is therefore neces- 
sary to dehydrate the silica surface to a cer- 
tain extent in order to obtain active cata- 
lysts. The often observed small numbers of 
active sites ( 10t6- 10*‘/m2 as observed in our 
case) are probably partly connected here- 
with. Another factor influencing the num- 
ber of actual polymerization sites is the ge- 
ometry of the carrier. On many active sites 
polymerization will start but only on the 
sites that are located at the outer ends of 
the pores polymerization can continue until 
large size molecules are formed. The sites 
at the interior of the catalyst will soon be- 
come inaccessible for ethene because of the 
blocking of the pores by these polymer mol- 
ecules . 
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