
JOURNAL OF C.IT.\LYSIS 48, 104-110 (1977) 

Reactive Silica 

X. Ethylene Sorption and Polymerization 1 

M. J. D. Low AND H. MARK 

Department of Chemistry, New York [Tniversity, New York, New York 10003 

Received Ocmber 8, 1976; revised January 31, 1977 

A variety of data indicates that unusual adsorpt,ion centers cont,aining silicon radicals are 
formed when high surface area silicas are subjected to an activation procedure consist,ing of 
methoxylation, pyrolysis of the methoxy layer, and high temperature degassing. The reactive 
silica (RS) adsorbent can chemisorb oxygen, the oxygenated reactive silica (ORS) containing 
SiO radicals. To test the capability of t,he radical centers of RS and ORS to act as irmiators for 
free radical initiated chain reactions, the sorption of ethylene by RS and ORS was studied 
using infrared spectroscopic techniques. The dat,a indicate that, several tightly bonded surface 
structures were formed, including polyethylene. 
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a variety of gases; and surface structures 
unlike those found on ordinary silicas arc 
formed. The activity of such especially 
treated adsorbents, which are termed 
reactive silica (RS) for brevity, arc thought 
to arise from the presence on the silica 
surface of unusual reaction centers, shown 
schematically as structure I. The latter 
summarizes the properties of the center, 
i.e., those of a pair of silicon radicals 
associated with two anomalously reactive 
oxygen atoms, but infers little about the 
geometry besides the requirement that the 
two silicons be closely spaced. Data point- 
ing to the existence of the dual center I 
and about the chcmisorption properties of 
RS are detailed elsewhere (I-11). 

r Part, IX: Ref. (II). 

I II 
RS center ORS center 

The radical nature of the postulated RS 
center I is a highly unusual one for an 
adsorption site, and it can be argued that 
if whatever site or center is rcsponsiblc for 
the highly unusual surface properties of RS 
is radical, then the surface-bound radicals 
should function as initiators of radical- 
propagated chain reactions. Similarly, the 
center II, produced by exposing RS to 02 
to yield ORS (oxygen-traatcd RS) (6, 7’) 
should also be active as initiators. In this 
view, the centers I and/or II should act 
as initiators for the free radical polymcri- 
zation of ethylene (1.2-14). To test this 
thesis and to provide information about 
the properties of RS and ORS, we have 
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studied some aspects of the sorption of 
ethylene by RS and by ORS using infrared 
spectroscopic techniques. 

EXPERIMENTAL METHOI)S 

Most cxpcrimental procedures have been 
described elsewhere (2, 3, 7, 10). Cab-O-Sil 
silica (15) was converted to RS using 
methyl orthoformatc (10). ORS was prc- 
pared by exposing RS to several tens of 
Torr of O2 at 25°C for several minutes and 
then removing the residual 02 by pumping 
to -lo+ Torr. 

Ethylene (16) LLpurc grade” was dcgasscd 
at liquid nitrogen t~cmprrature and distilled 
several times prior to use. 

I~ESULTH ANI) I~ISCUSSION 

When RS samples wrc exposed t80 
ethylene at room t’emperaturc (nominally 
2s°C), there were changes in the C-H 
regions of spectra. (The first spectrum was 
recorded about s-10 min after letting the 
gas into the cell, i.e., a period long enough 
to carry out the manipulation involved in 
getting the cell from the vacuum system to 
the spectrometer and scanning the spcc- 
trum.) Small bands at 2967, 2920, and 2SjO 
appeared (B, Fig. I), shifted to 2925 and 
2857 cm-‘, and increased in intensity, the 
increase decelerating and ceasing after 
about 2 days. After long exposure times 
very weak bands were not.icrablc at 3059 
and 2959 cm-l. The 3748 cm-’ $&OH band 
was not affected cxccpt that, after long 
exposure, a weak tailing was observed 
(D, Fig. 1). The Si-H range was not 
affected by the ethylene sorption. Aft’er the 
growth of the C-H bands had stopped, 
increasing the cthylcnc pressure had no 
effect. 

Degassing had no significant effects unt,il 
200°C was reached, when the 3059 and 29S9 
cm-’ bands disappeared. There was a 
barely noticeable dccrcasc of the 2925 and 
2857 cm-l bands upon degassing at 3OO”C, 
a minor absorption appeared near 2200 
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FIG. 1. Ethylene sorption by RS. After the back- 
ground spectrum A had been recorded, the sample 
was exposed to 7 Torr of et’hylene at, 25% for -10 
min (B); 13 hr (C); and 2-B days (I)). 

cm-’ and the contour of the 2967 cm-’ band 
changed. These changes continued until 
400°C was reached, when two bands ap- 
peared near 2225 and 2212 cm-’ (C, Fig. 2). 
Further changes occurred upon degassing 
at 500°C (E, Fig. 2) in that the 2925 and 
2857 cm-’ bands decreased markedly, the 
2967 cm-l band split into two bands at 
2975 and 2963 cm-l, and a weak band 
appeared at 3046 cm-‘. There were no 
significant changes in the =SI-OH band. 

Somewhat more complex results wwc 
obtained with ORS. When an ORS sample 
was exposed t’o ethylene (Fig. 3), thrrc 
were rapid changes in the O-H region, an 
intense absorption consist,ing of t’wo ovcr- 
lapping bands at 3747 and 3740 cm-’ 
appearing (B, Fig. 3), along nit,h a series of 
bands in the C-H region at 3061, n shoulder 
at -3008,2991,2976, a shoulder near 2920, 
a sharp band at 29OS, and a weak band at 
2858 cm-‘. The major C-H bands changed 
only slightly, and the 3740 cm-l increased 
slightly, upon prolonged exposure to ethyl- 
ene, but the 2925 and 28% cm-’ bands 
grew significant’ly. As with RS, t’hr growth 
drceleratrd, and there were no significant 
changes after about’ 2 days. The Si-H 
region was not affected. 

Degassing caused no changes until 3OO”C, 
when the 3061 and 300s cm-’ bands dis- 
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FIQ. 2. Desorpt.ion: Ethylene/RS. After being 
exposed to 4 Torr of ethylene at 25’C for 2 days (A) 
the sample was degassed for 0.5 hr at 3OO’C (B); 
400°C (C) ; 45O’C (D); and 5OO’C (E). The ordi- 
nates are displaced. 

appeared, the 3740 cm-’ band merged with 
the 3747 cm-’ band, so that the whole 
*i-OH band increased in intensity. There 
wcrc no further changes until 450°C was 
rcachcd, when all bands dccrcascd, the rate 
of decline of the 2925 and 2558 cm-’ bands 
being greater than that of other bands. 
All C-H bands continued to decrease as the 
tcmpcraturc was raised, accompanied by 
an increase of the =Si-OH band (E-H, 
Fig. 3). Judging by the relative band in- 
tensities and the rates of appearance and 
disappearance of bands, the surface layer 
consisted of a mixture of at least three 
components, i.e., the spccics absorbing at 
3061 and -3008 cm-‘, that absorbing at 
2991, 2976, and 2908 cm-‘, and a third 
spccics absorbing at 2925 and 2558 cm-l. 

The results obtained with the two ad- 
sorbents show-cd some similarities in that 
in each cast (i) fairly tightly bound species 
were formed, as shown by the relatively 
high stability of the surface layer to de- 
gassing ; (ii) dehydrogenation of the ethyl- 
cne occurred, as indicated by the formation 
of hydroxyls in the case of ORS and by the 
2967 cm-l band attributable to methyl 
groups in the case of RS; (iii) there was the 
decelerating growth of a species absorbing 

at 2925 and 2858 cm-l; and (iv) thcrc: was 
no clear cvidcncc suggesting t,hc bonding 
of only a single cthylcnc molcculc to both 
sites of an RS or ORS center. Consideration 
of all the data, including the band frcquen- 
ties and relations between band intensities, 
supports the following interpretation. 

The 2967, 2925, and 2857 cm-’ bands 
found with cthylcne sorption on RS (Fig. 
1; A, Fig. 2) clearly are attributable to 
aliphatic methyl and mcthylcnc strctchings 
(17-19), the pair of bands at 2925 and 2857 
cm-’ being at or near the frequencies of 
bands attributed to the asymmetric and 
symmetric C-H stretching bands of the 
-CH2- groups of polyethylene (20-22). It 
is thus reasonable to conclude that the 
sorbed layer on RS (Fig. 1; A, Fig. 2) 
consisted mainly of aliphatic species. There 
is no evidence pointing to the existence of 
species having “saturated” carbons such 
as Si-CHrCHrSi, or for large numbers of 
olefinic species such as Si-CH=CH2, which 
would show absorptions above -3000 cm-‘. 
However, the C-H regions of the spectra 
of the sorbed ethylene arc unlike published 
spectra of polycthylenes (e.g., 18-24) in 
that the prcscnt spectra indicate the 
presence of a significant fraction of CH, 
groups. There is thus some similarity to 
the spectra of ethylene sorbed by supported 
metals and oxides (25,%X’) ; -CHI groups 
were found then, indicating that sclf- 
hydrogenation had occurred, and polymcri- 
zation of ethylene into groups larger than 
-CHrCH3 groups was suggested. 

It is possible to obtain estimates of the 
relative numbers of -CHs and -CHz- 
groups from the relative intensities of the 
2967 and 2925 cm-’ bands, keeping in mind 
the uncertainties (25, 26) present. Series of 
spectra recorded after different exposure 
times show the CH2/CH, ratio to increase 
with increasing exposure time and incrcas- 
ing total sorption. For example, for the 
series of Fig. 1 (not all tracts are shown), 
the CH,/CH, ratio for trace A, recorded 
after 5-10 min, is -1.6, becomes -2.7 after 
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1 hr, about 4.4 after 15 hr, and reaches a 
maximum of about 5.9. A CHz/CHs value 
of -1 is obtained by extrapolating the 
crude estimates to short sorption times. 
The final CHJCH, ratio attained also 
varied with the activity of the sample. 
For example, with the sample of modest 
activity, in terms of the total amount 
sorbed, the CH2/CHz ratio is -3.S (A, 
Fig. 2) ; with a sample of high activity, it is 
-5.9 (D, Fig. 1). The results thus indicate, 
in the absence of significant quantities of 
olcfinic species, that some sclf-hydrogcn- 
ation occurred and that the nature of the 
sorbed lager changed as the sorption pro- 
cecded, ethylene molecules adsorbing during 
the latter stages of reaction leading t’o the 
formation of more -CHr groups than 
during the initial stages. As all RS centers 
have the same “activity,” a suggestion that 
highly active sites rcactcd faster than less 
rcactivc sites, as may be the cast with 
atoms on different plants of a metal surface, 
so that the different surface products may 
bc obtained depending on t’hc “strength” 
of the site, seems implausible. The reaction 
schcmc of Fig. 4 is suggcstcd to account for 
the results. 

The reaction leading to III involvts the 
adsorption of more than CzHl unit and 
leads to self-hydrogenation, i.e., a C2H,, 
molecule is stripped of hydrogen, lcaving 
a residue indicated schematically by C,L on 
or near the center. The structure III is then 
dcact’ivatcd. The residue would bc much 
like the surface lLcarbide” formed during 
the sorption of acetylene and ct,hylenc on 
metals (25, 26). Another sorption involves 
the binding of ethylcnc molcculcs onto the 
primary adsorption sites of I and then onto 
secondary sites such as IV and V, followed 
by further adsorption to lead to the polymer 
shown schematically as (CHt)., this being 
equivalent to a free radical polymeri- 
zation reaction (12-14). The absence of 
significant absorptions attributable to vinyl 
groups suggests that in the present cast 
the chain termination by disproportion- 
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F’IG. 3. Ethylene sorption-desorption by 011s. 
After the background spectrum A had been recorded, 
the sample was exposed to 7 Torr ethylene at 25°C 
for ~10 min (B); and 2 hr to 2 days (C). The 
sample was then degassed at increasing tempera- 
tures including 1 hr at 480°C (I)) ; 5 hr at 480°C (E) ; 
0.a hr at 55O’C (F); 0.5 hr at 640% (G) ; and 0.5 hr 
at 7q500C (II). Some ordinates are displaced. 

&ion was not as important as rccombina- 
tion reactions (12-14). It is interesting to 
note t’hat in the prcscnt CJSC the trend 
toward incrwsing CH2/CH1 rat’ios is the 
same as that found in the bulk process of 
cthylcne polymerization, i.e., as chain 
length increased, chain branching dc- 
creased (12-1.4). 

The somewhat more complex results 
obtained with ORS (Fig. 3) can also be 
accounted for by chain processes, leading 
to (CH,) n via VI and VII but it is apparent 
that there were t\vo general steps, i.e., the 
initial and rapid growth of the species 
responsible for the production of silnnols 
and the two species absorbing at 3061 and 



108 

Ix X XII 

FIG. 4. Postulated reaction scheme for ethylene sorption on RS. 

3008 cm-l and at 2991, 2976 and 2908 
cm-‘, and a slow growth of the 2925, 2858 
cm-’ species. The following is suggested. 

The 3061 and 3008 cm-’ bands, going by 
group frequencies (16-18) can be attributed 
to olefinic C-H vibration, i.e., to vinyl, 
vinylidene, and CRlR2=CHR3 struct’ures. 
As both absorptions appear and disappear 
together, vinyl groups seem likely, possibly 
generated by a dissociative adsorption of 
rthylcnc to form structure VIII: 

HC=CHz 

I 
OH 0 

0 I 

S/ Li 
/I o/l\\ 

VIII 

this would also account for the formation 
of hydroxyl groups. However, the -O- 
CH=CHs group of VIII resembles a “half” of 
H&=CH-0-HC=CHz, for which Y,(CH~) 
is at 3124 cm-’ and v(CH) is at 3038 cm-’ 
(27) ; the presence of the oxygen apparently 
causes Y,~(CH~) to shift to a frequency 

higher than the usual 3095-3075 cm-l range 
(17). As the 3061 cm-’ band is -60 cm-l 
too low for VIII, it seems better to postulate 
a structure X formed via structure IX. The 
-CHg- groups of X would contribute to 
the absorptions in the 2925 and 2858 cm-l 
region, with v(CH) - 3008 cm-‘; and the 
silanol, perturbed by the neighboring chain, 
absorbing at 3740 cm-‘. Some partial 
support for X comes from the observation 
that the splitting of the silanol band dis- 
appeared when dcgassing caused the 3061, 
3008 cm-l bands to disappear. 

Although the formation of X can account 
for t’hc generation of some hydroxyls, an 
additional hydroxyl-generating mrchanism 
seems ncccssary to account for the large 
*i-OH band. It is suggested that ethylene 
dehydration occurred, i.e., XI formed, the 
C, schematically indicating ‘lcarbide” in 
analogy to III. The main reactions of RS 
and ORS arc thus quite similar. 

The 2991, 2976 cm-l bands arc near the 
frequencies of the methyl stretching bands 
of ethoxy and set- or tert-butoxy groups 
(17,28), but other bands near 2935 and 
288@-70 cm-l present in spectra of the 
alcohols (27) are missing in the spectra of 
the sorbed ethylent: (Fig. 3), and the 
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spectra recorded at various shgc~s of dr- 
gassing indicutc that the 2991 and 2976 
cn-l bands arc r&tcbd to the 290s cnr’ 
band, i.c., the t8hrec bands ariw from a 
single spc6c.s. The obwrwd bands :w 
cithcr t,oo high or too ion- in fwquclncy for 
LLnormal” mc%hyl or mc4hylwc> groups, and 
thwr arc too few bands for alkoxydchs ; if the 
split absorption (%99-7G) is considcwd as 
on(b band, then only two bands aw nvailubh~. 

Tho structure XII is tcnt~atiwly advanced 
to account for the 2991, 2976, and 290s 
cm-’ bands, i.c., -CHz- bands shift’cd to 
higher frc~qwnciw bccausc of thr off wts 
of the oxygen within the structuw. BJ 
analogy, th(b C-H bands of r-butyrol:lctonc~, 
which contains only -CHy- groups, arc 
shiftc>d from th(t “normal” 2926-28.53 cm-’ 
range’ t#o -2995 and 2920 cln-’ (23). In 
forming via VII, the combination rw&ion 
lrads t,o chain termination and a dwctiva- 
tion of the radicals. 

wak t,o obscrw. What, is implicld is t’hnt the 
initial rapid sorption of c+hyl(w lrd to the 
format~ion of a surfaw lay(br consisting of a 
misturr of structurcts such as X, XI, and 
XII, so that th(b surfaw ~-as largc>ly d+ 
act8ivntc~d. Adsorption could then cont’inw 
on a fw structures such as VII, thcw b(Gng 
randomly di&ibutcd, lrnding t,o thr forma- 
tion of -(CHz) ,L- chains which wr(~ rcla- 
tiwly unbrnnchcd and far apart,, i.cb., 
linwr polyr%hylcrw. 

The rrmnining pair (Jf bands at’ 2925 and 
2858 cm-’ aw attributed to -CH2- groups 
as in the cast with RS. Bands attributable 
to mcLthy1 and vinyl groups ww not, ob- 
wrvcd, suggesting that, chain branching and 
chain tclrmination by disproportionation of 
rclatiwly short chains was not, significant, 
i.cl., the chains ww wlat8ivc4y long so that, 
mc%hyl and vinyl groups associat8c~d with 
thorn \v(w fwv and their absorptions t,oo 

It’ is intcwst,ing to notcl that) appawntly 
a ‘5mplc” dissociation whcrcby a fragment 
was bound to cnch of th(l two sitw of the 
dual wntw, as in VIII, did not occur upon 
adsorpt~ion. For cxunplc, Hf ch(>misorption 
was thought to lwd to n silanc> XIII absorb- 
ing at 222.530 cm-’ ((3) and CH, sorption 
to XIV absorbing at 29S0 and 2210 cm-l 
(7). Howwr, tho changw in t,hn spwtra 
obstwcd on dcgassing clthylcnc~-trt,attld RS 
(Fig. 2) suggest that, such structurw \wrc 
formed. At the highw dclgassing tc~mpora- 
turcxs trio owrlapping bands war 2225 and 
2212 cm-’ \vcw formctd and the 2967 cm-l 
CH, band showd splitting at -2975 and 
2963 cm-’ (C, E, Fig. 2). Considering t,hat 
thcw may br small shifts in fwqwnciw 
bwauw of t,hc owrlapping, thtx 22% cm-’ 
band can b(> att’ributcld to structuw XIII, 
and th(l 2975, 2212 cm-’ pair to structuw 
XIV. 
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