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Infrared spectroscopy was used to follow the sorptions of relatively stable adsorbates by reactive 
silica. Dissociative chemisorption occurred in each case. With cyclopropane, the ring was dis- 
rupted and at least three distinct surface species were formed. The main surface product resulting 
from cyclopropane sorption was also formed when propene was adsorbed. Ring disruption also 
occurred with benzene, leading to the formation of silanols and some coke-like hydrocarbons, but 
surface aryls were not observed. However, two surface aryl species were formed with toluene. 
0 1986 Academic Press, Inc. 

INTRODUCTION 

The novel adsorbent termed “reac- 
tive silica” (RS, prepared by pyrolyzing 
methoxylated silica and degassing (I, 2) is 
not merely very “active” but is capable of 
chemisorption reactions completely unlike 
those found with ordinary silicas. One of 
these unusual reactions involves the chemi- 
sorption of methane. Methane, like other 
alkanes, is singularly unreactive as far as 
most organic reactions are concerned and is 
thermally stable in the presence of nonme- 
tallic surfaces until quite high temperatures 
are reached, but it was dissociated and 
chemisorbed by RS at 60°C (1). On the ba- 
sis of infrared spectroscopic studies, the re- 
action is thought to involve dissociative 
chemisorption on the two adsorption sites 
S . . . S of the RS center to form =Si-H 
and =Si-CH, species, 

CH4 CH3 H 
+ +I I 

s . . . s s...s 

Methane chemisorption does occur on a va- 
riety of transitional metal surfaces and ex- 
change occurs with D2 at relatively low 
temperatures (J-5), a possible rate-limiting 

1 See Ref. (2) for Part XV. 

step being the dissociative chemisorption 
on two adjacent sites MS on the metal sur- 
face, 

CH4 CH3 H 
+ I I 

MS MS+MS MS 

The chemisorption on RS and on metals 
thus bear some similarity in that apparently 
pairs of sites are involved and similar sur- 
face species are produced; of greater inter- 
est is the similarity of the “activity” of the 
sites. Apparently, the RS center can impart 
to the normally unreactive silica some of 
the activity associated with metal surfaces. 
It is consequently pertinent to inquire about 
the behavior of RS toward other molecules 
which, like methane, are relatively inactive 
and stable, and we have studied some of the 
aspects of the reaction of RS with cyclopro- 
pane, and with benzene and toluene. Cyclo- 
propane is relatively stable, its thermal de- 
composition starting near 450°C although 
the total ring strain renders it more reactive 
than open-chain alkanes (6). Similarly, ben- 
zene is relatively stable, the condensation 
to biphenyl beginning near 500°C (7), and 
chemically unreactive as far as ring break- 
age is concerned, as is toluene, the charac- 
teristic reactions of benzene involving sub- 
stitutions. 
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EXPERIMENTAL 

Most experimental procedures have been 
described (I). Cab-0-Sil M-5 silica (8) was 
methoxylated by reaction with trimethoxy- 
methane (9), followed by pyrolysis and a 
16-h degassing at 900°C. Spectroscopic 
grade benzene and toluene, and cyclopro- 
pane and propene were purified by freeze- 
pump-thaw cycles and vacuum distillations 
prior to use. 

EXPERIMENTS AND RESULTS 

Cyclopropane 

When RS was exposed to cyclopropane 
vapor at 25°C a series of bands appeared in 
the C-H region and a minor absorption 
appeared near 2250 cm-’ (A, Fig. 1). Pro- 
longed exposure for up to 4 days caused the 
bands to increase only very slightly. Heat- 
ing up to 150°C caused a slight increase in a 
band at 2937 cm-i. 

Upon degassing for short periods at 25°C 
bands at 3125, 3104, 3048, and 3023 cm-i 
disappeared (B, Fig. 1). These bands 
closely match the bands of gaseous cyclo- 
propane observed at 3125, 3103, 3050, and 
3023 cm-l, and are attributed to physically 
adsorbed c yclopropane . 

The slight growth of the 2937-cm-i band, 
and the changes observed upon degassing 

3200 3cmo 2eoo I 

B 

C 

” 
m 2200 cd 

-r 
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FIG. 1. Cyclopropane sorption at 25°C. (A) RS after 
exposure to 5 Torr cyclopropane at 25°C for 40 min, 
(B) after degassing at 25°C for 15 min, (C) after heating 
in 5 Torr cyclopropane at 150°C for 2 h. 

f 

FIG. 2. Cyclopropane desorption. After RS was 
heated in 5 Torr of cyclopropane at 150°C for 2 h and 
degassed at 25°C for 15 min (A), the sample was de- 
gassed for 0.5 h at: 200°C (B), 300°C (C), 400°C (D), 
500°C (E), 550°C (F), and 600°C (G). 

(Fig. 2) indicate that the sorbed layer con- 
sisted of a mixture of fairly tightly bonded 
species. Upon degassing at room tempera- 
tures all bands decreased slightly in inten- 
sity, some more rapidly than others, and 
small frequency changes occurred; further 
changes occurred at higher temperatures. 

Of the residual absorptions observed 
near 3050-3040, 3003, 2964, 2937, 2882, 
2862, and 2250 cm-‘, after physically ad- 
sorbed cyclopropane had been removed (A, 
Fig. 2), (a) the 2882-cm-’ band decreased 
and disappeared above 5OO”C, these 
changes being accompanied by a change in 
the 2964-cm-l band, which shifted to 2960 
cm-i and became asymmetric, and by a de- 
cline and shift of the 2862-cm-l band to 
2857 cm-‘; (b) a broad but weak absorption 
in the region 3050-3040 cm-’ became indis- 
tinct as the degassing temperature ap- 
proached 500°C; (c) the 2937-cm-i band de- 
creased and shifted its center to 2930 cm-i 
and then became an ill-defined absorption 
in the region 2950-2900 cm-l. This absorp- 
tion and another ill-defined one in the re- 
gion 3020-2900 cm-’ remained after degas- 
sing at 600°C; (d) the 2250-cm-i band was 



330 LOW, MC NELIS, AND MARK 

replaced by another near 2210 cm-l in the 
400-500°C range; (e) the appearance of the 
2210~cm-l band approximately followed the 
increasing asymmetry of the 2964-cm-i 
band and, at the highest temperature, the 
latter split into bands near 2980 and 2960 
cm-’ (E, Fig. 2). 

Apparently, the major absorptions near 
2964 and 2862 cm-*, and also the less prom- 
inent one near 2937 cm-i, were composed 
of several overlapping bands, the contribu- 
tion of which changed with degassing. Con- 
sideration of all of the data, including fre- 
quencies and relative band intensities, the 
appearance and disappearance of bands 
and the relations between them, indicates 
that the bands be grouped as listed in Fig. 3, 
which also summarizes the reactions and 
data, and indicates some assignments based 
on group frequencies (20-13). 

Exposure of RS to cyclopropane for pro- 
longed periods, or heating to 150°C caused 
no change in the %-OH band. However, 
upon degassing at temperatures above 
2OO”C, there was a progressive increase in 
that band, indicating that silanols had 
formed. It thus seems likely that the de- 
struction of some of the surface species led 
to attack of the RS center (the anomalously 
reactive oxygen atoms associated with the 

center providing the oxygen required for 
the formation of silanols (I)). 

The properties of RS can be changed by 
exposing it to 02, which becomes chemi- 
sorbed (1). The modified adsorbent (ORS) 
was prepared and then exposed to 5 Torr 
cyclopropane at 25°C for up to 41 h. In dis- 
tinct contrast to the reaction observed with 
RS, there was no chemisorption. Only the 
physical adsorption of cyclopropane was 
found with ORS. 

Cyclopropane can isomerize to propene, 
which might then become adsorbed. Conse- 
quently, several experiments were carried 
out in which RS was exposed to propene. It 
was found that (a) exposing RS to 50-100 
Torr of propene at 25°C for periods ranging 
from 5 to 60 min led to the formation of 
very weak bands at 2964, 2937, and 2882 
cm-i, i.e., the bands of Group III; (b) in- 
creasing the propene pressure to 500 Torr 
caused only a slight growth of the bands; (c) 
heating to 200°C at pressures of 500 Torr 
caused only slight increase in the bands; (d) 
bands of other groups of Fig. 3 were not 
observed. The results obtained with pro- 
pene indicate that the main reaction was the 
formation of the species giving the Group 
III bands with cyclopropane. The amount 
of other species, if formed, was too small to 

GROUP I II III IV 

FIG. 3. Summary of cyclopropane and propene sorption. 
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be detected. Also, the extent to which the 
propene sorption occurred, judging from 
band intensities, was relatively small and 
the reaction was slow in comparison to that 
of cyclopropane. 

The results suggest that cyclopropane 
chemisorption lead to at least three surface 
species, a fourth one forming on degassing 
(Group IV). Band assignments to definite 
structures is made difficult because of the 
band overlapping and also because informa- 
tion about deformation modes is not avail- 
able partly because the bands were very 
weak and the absorbent opaque. The fol- 
lowing assignments are tentatively ad- 
vanced, based on (a) group frequency rela- 
tions (10-12); (b) the band groupings 
themselves, i.e., Groups I-IV, which to- 
gether with (a) suggest the possibilities of 
certain structures and the unlikelyhood of 
others, e.g., a pair of bands near 3095-3075 
and 3040-3010 cm-’ was never observed, 
so that structures incorporating terminal 
=CH2 groups need not be considered; and 
(c) the type of structures likely to be formed 
on the RS center. Extensive prior work to 
show that the RS center has the properties 
of a dual site although its exact geometry is 
not known (1). Presently the dual site of 
the center is represented schematically by 
s s. . . . 

The related bands of Group I are a little 
high in frequency to be the symmetric and 
asymmetric C-H stretchings of -CHz---, 
but not too high for -CH*-- groups of ring 
compounds (12-14). Structure I is sug- 
gested, formed by one cyclopropane mole- 
cule reacting with the dual RS center. 

The bands of Group III, the main prod- 
uct, which was formed also with propene, 
suggest that the chemisorbed species con- 
tained only CH3 and CH:! groups. A com- 
plex structure of this nature might be 
formed from the adsorption of several CjH6 
molecules on one RS center with rearrange- 
ments and stripping one or more adsorbate 
molecules of all hydrogen. The simpler 
structure ZZZ suggests itself, formed from 
one C3H6 reacting with the RS dual site; the 

tertiary C-H stretching band would be ex- 
tremely weak (20-12) and not be observed. 
Such a structure might be formed directly 
by the addition of the RS center across the 
propene double bond. With cyclopropane, 
however, a rearrangement is implied. 

The modes of formation and frequencies 
indicate that the 2250- and 2210-cm-’ bands 
were caused by surface silanes (I). The 
2210-cm-’ band is associated with another 
structure absorbing at 2980 cm-’ (Group 
IV). Such a pair of bands was formed by the 
dissociative chemisorption of CH4 on RS 
(1) and was assigned to a grouping like 
structure IV shown at the bottom of Fig. 3. 
In analogy, the Group IV bands are as- 
signed to structure IV, i.e., there was a de- 
composition of surface structures at the 
higher temperatures leading to the forma- 
tion of IV, along with the formation of si- 
lanols. 

The 2250-cm-i band attributed to an 
Si-H group is associated with the several 
C-H absorptions of Group II, thus sug- 
gesting the structure II, in analogy to struc- 
ture IV. It should be recalled that the four 
C-H absorptions are related. However, 
the simplest structure which is consistent 
with the C-H frequencies observed would 
contain four carbons, as shown in structure 
II, and not three carbons, as would be ex- 
pected from the direct reaction of one cy- 
clopropane molecule with the RS center. 
More than one adsorbate molecule would 
thus be needed to form a structure such as 
II. This requirement in turn suggests that 
the Group III bands, in addition to the sim- 
plest structure III, may also imply the exis- 
tence of structures IIIa and IIIb, 

CH3 

CHz 
/ \ 

CH2 CH2 CH2 CH-CH3 
\ / 
Si . . . Si 

\ / 
Si . . . Si 

IIIa IIIIJ 

which would absorb at the same frequen- 
cies. 
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Benzene 

Several absorptions appeared in the 
C-H region, and also a weak band near 
1480 cm-i, when RS was exposed to ben- 
zene at 25°C (A and B, Fig. 4). There were 
no changes in the Si-H region, but there 
was a pronounced. increase in the Si-OH 
band. There were no significant changes of 
the spectrum with increased times of expo- 
sure of sample to benzene, or upon increas- 
ing the temperature to 200°C. At higher 
temperatures, however, e.g., 300°C the 
Si-OH band increased and a weak 
band appeared at 2225 cm-’ (C, Fig. 4). 
Degassing in the 2%100°C range caused 
the bands in the C-H region and the 1480- 
cm-’ band to disappear. 

The fairly prominent bands centered near 
3090 and 3040 cm-* and the weaker band 
near 1480 cm-’ fall within a few wavenum- 
bers of the bands of gaseous benzene, and 
are attributed to physically adsorbed ben- 
zene. The other, weaker bands in the C-H 
region near 2960, 2927, and 2985 cm-‘, 
which were not found in the spectrum of 
benzene, are obviously attributable to the 
CH3 and CH2 groups (10-12) of an other- 

, , , , *, , ( , , , , . 
3!no mea 2300 

FIG. 4. Benzene sorption. (A) Background spectrum 
of fresh RS sample, (B) after exposure to 8 Torr of 
benzene at 25°C for 75 min, (C) after exposure to 10 
Torr of benzene at 300°C for 1 h, (D) segment of spec- 
trum recorded after exposing an RS sample to 10 Torr 
benzene at 610°C for 1 h followed by degassing at 25°C 
for 10 min. 

wise unidentified paraffinic species weakly 
bound to the surface. The results obtained 
at low temperature thus show that, in addi- 
tion to physical adsorption, there was an- 
other reaction which led to the formation of 
a paraflinic species, i.e., some of the sorbed 
benzene became hydrogenated, the source 
of the hydrogen being other benzene mole- 
cules. The relatively large increases of the 
Si-OH band (A and B, Fig. 4) which accom- 
panied the low-temperature sorption also 
requires a source of oxygen. The siloxane 
bridges of ordinary silica cannot be in- 
volved in the silanol generation because 
benzene does not disrupt silica (13), but the 
disruption of the RS center could make 
some Si-0 linkages available. It is thus 
suggested that benzene was partially 
stripped of hydrogen, the hydrogen moving 
to adjacent partially stripped benzene (thus 
hydrogenating the latter); the stripped or 
partially stripped benzene, acting much like 
a carbene, would attack the silicon and ox- 
ygen atoms of the center and disrupt it, 
leading to the formation of silanols and a 
surface “carbide,” in analogy to the car- 
bide formation occurring when acetylene or 
ethylene was chemisorbed by supported 
metals (14, 25). Some of the RS centers 
would thus loose their structural integrity 
and the sample would be partially deacti- 
vated. As the silanol band increased in in- 
tensity at higher temperatures, e.g., C in 
Fig. 4, such a deactivation continued as the 
temperature was raised. Also, another re- 
action became important. 

The 2225cm-l band formed upon heating 
in the 300-400°C range (C, Fig. 4) is plausi- 
bly attributed to a surface silane, structure 
V, below, identical to that formed upon 
chemisorption of Hz by RS (I). The spectra 
showed no bands in the region 3100-3000 
cm-i (after weakly adsorbed material has 
been removed) which might be attributed to 
an aromatic C-H stretching, so that no de- 
tectable amounts of species such as Si-@ 
were formed (0 is C6HS). The source of the 
hydrogen needed for the formation of the 
silane species would be the benzene adsor- 
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bate. It is known that the reaction, 2 0-H 
+ H2 + @d--p), begins in the gas phase at 
500°C (7, 16). In analogy, it is suggested 
that a similar reaction occurred with RS but 
at lower temperatures, the hydrogen form- 
ing structure V rather than HZ, a plausible 
mechanism being 

6% 

QQ 00 kJ 
w - 1... P 

8 +o 
P 

Toluene 

As in the case of benzene, exposing an 
RS sample to toluene led to an increase of 
the Si-OH band (A and B, Fig. 5), absorp- 
tions near 3065, 3035, 2930, and 2878 cm-’ 
in the C-H region, and a weak band near 
14% cm-‘. Also, a band was formed at 
-2208-2210 cm-‘. Degassing at 25°C 
caused the absorption in the C-H region 
to decrease (B and C, Fig. 5), residual weak 
bands remaining near 3070, 3036, 2960, 
2930, and 2878 cm-’ with ill-defined absorp- 
tions near 3090-2909 and 1560 cm-‘. Scale- 
expanded segments of spectra recorded af- 
ter various degassing are shown in Fig. 5. 

The 3065-, 3035-, and 1496-cm-’ bands, 
which were readily diminished by pumping 
at low temperature, are close to the bands 
of toluene, and are attributed to physically 
adsorbed toluene. The 2930- and 2878-cm-’ 
bands probably were also caused mainly by 
physically adsorbed toluene; it is not cer- 
tain if, as in the case of benzene sorption, 
some paraffinic material was formed. How- 
ever, the realtively large increase of the 
Si-OH band shows that the general aspects 
of the low-temperature sorptions of benzene 
and toluene were similar, i.e., in addition to 
physical adsorption, there was a reaction of 
the adsorbate with the RS centers, leading 
to silanol group formation and partial deac- 
tivation of the adsorbent. With toluene, 
however, some tightly bonded species were 
formed which, as the sequence of spectra 

segments DEH shows, remained on the 
surface until 650°C was reached. 

Heating the sample in toluene vapor 
caused the silanol band and the 2210-cm-l 
band to increase, and there were increases 
in intensities and relative intensities of the 
bands in the C-H region (C and D, Fig. 5). 
Degassing at successively increasing tem- 
peratures led to a continued increase in the 
Si-OH band, decreases in the C-H bands 
and changes in their relative intensities. 
These various changes, including the rever- 
sal of the ratios of the intensities of the 
3070- and 3036-cm-r bands, e.g., D vs H 
(Fig. 5), indicates that more than one tightly 
bound species was present, the bands being 
grouped: 3070, 2909, 2878 cm-‘, and 3036, 
2960, and 2878 cm-‘. 

The absorption at 2208-2210 cm-l, as in 
the case of benzene, is attributed to an 
Si-H stretching. However, expanded seg- 
ments showed the band to be asymmetri- 

FIG. 5. Toluene sorption. After the background 
spectrum A of the fresh sample had been recorded, the 
sample was exposed to 10 Torr of toluene for 1 h at 25 
or 200°C (B) and then degassed at 120°C for 20 min and 
150°C for 20 min (C). The sample was then reexposed 
to 8 Torr of toluene for 1 h at 300°C and degassed at 
200°C for 30 min (D). The sample was then degassed 
for 30 min at 300°C (E), 350, 460, and 550” (F), 600 
(G), and 650” (H). The sample was then reexposed to 
I5 Torr of toluene for 30 min at 350°C and degassed for 
15 min at 350°C (J). Segments of spectra C-J in the 
C-H region and of spectra E, F, G, and J in the 
Si-H region are ordinate scale-expanded. 
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cal, e.g., E in Fig. 5, indicating that 2208- to 
2210-cm-i band was composed of two over- 
lapping absorptions, i.e., there were two 
Si-H species. Also, there were two dis- 
tinct aromatic C-H bands (12-14) at 3070 
and 3036 cm-‘. The intensity ratio of these 
bands changed when the sample was reex- 
posed to toluene (J, Fig. 5), the increase of 
the 3036-cm-’ band being accompanied by 
an increase in the 2210-cm-r band. The as- 
signment of the 3700-cm-’ band to the 
C-H stretch of a monosubstituted ben- 
zene structure (12-14) is supported by an 
observation made with benzene sorption: 
when R-S was heated in benzene vapor 
above 400°C an aromatic C-H band at 
3070 cm-r was formed (a segment of a spec- 
trum is shown as the insert trace D in Fig. 
4) and is attributable to a Si-0 structure, 
i.e., a monosubstitutional benzene. (The 
high-temperature reaction of benzene with 
RS has only been partly studied; it is more 
complex in that benzene also reacts with 
the 2300-cm-’ silane and will not be 
discussed.) 

Taken together, the results suggest the 
following band groupings and assignments: 

Group VI Group VII 

monosubst . disubst. 
3070 arom. C-H 3036 arom. C-H 
2909 CH2 2!%0 CH3 
2878 CH2 2878 CH3 
2210 Si-H 2208 Si-H 

which in turn leads to the following struc- 
tures: 

P, CH3 L H2 H b s . . . s s . . . . . . I 
VI VII VIII 

Structures V apparently did not form. Also, 
it is not known if structures such as, VIII 
formed (R is -$?I-CH3 or -CHd). 

SUMMARY AND CONCLUSIONS 

As the various data show, RS is able to 
cause the disruption of relatively stable 

molecules, in a manner reminiscent of the 
action of paired sites on a metal surface. 
The RS dual center is thus quite “reac- 
tive.” In general, the reactions follow the 
pattern observed with other hydrocarbon 
adsorbates (17-20) in that there are several 
general reactions with complex adsorbates: 
(A) “end-on” chemisorption, where each 
end of the adsorbate molecule becomes 
bound to one of the sites as in structure I, 
similar structures being formed with al- 
kenes (18); (B) end-on chemisorption with 
rearrangement of the adsorbate as with the 
postulated structure III and also with some 
similar structures formed with alkenes (18); 
(C) hydrogen abstraction with subsequent 
formation of an Si-H group and the ad- 
sorbed hydrocarbon residue as in the case 
of toluene of CH4 (2); (D) “self-hydrogena- 
tion,” in which the surface structures 
formed contain more hydrogen than the ad- 
sorbate molecule, as with structure II or 
structures formed with ethylene (17) or 
some alkynes (19, 20); (E) self-hydrogena- 
tion with rearrangements, as with structure 
II and with alkynes (19, 20); (F) free radi- 
cal-type polymerizations (17, 18). The vari- 
ous surface structures which have been 
postulated are reasonable ones consistent 
with the infrared data, and it is possible to 
provide plausible mechanistic “explana- 
tions” for reactions such as A or C, e.g., 
Mechanism 1. However, difficulties arise in 
deducing plausible mechanisms for reac- 
tions such as B, D, or E in that it is hard to 
employ the usual and accepted mechanistic 
concepts of conventional organic chemistry 
to “explain” such reactions; it is necessary 
to devise complex mechanism incorporat- 
ing unusual intermediates and steps whose 
existence at times seems unrealistic. 

The major difficulty is that the unsatisfac- 
torily complex mechanisms must incorpo- 
rate steps involving two spatially separated 
silicons which are taken to be the reaction 
sites. It is interesting and pertinent to note, 
however, that the mechanistical complexity 
is greatly alleviated when two spatially co- 
herent sites are considered, i.e., if a single 
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silicon were to act as dual reaction site, as 
in the case of silylene, >Si:, e.g., (21-28). 
For example, the construction of a conven- 
tional mechanism leading to the formation 
of the postulated structures IIIa and IIIb is 
greatly facilitated through the reaction of a 
silylene-like structure >Si: in Mechanism 2 

1% A ;Si 
3 

a -P 
t J 

H 

$9 

_ :Si=CH, + CHz=CHz 

IlIa? IJIb? 

A = cyclopropona P=propene 

in which propene formed through the reac- 
tion a readily leads to the formation of the 
complex surface structures IIIa and IIIb. 
The formation of surface species containing 
four carbons from an adsorbate containing 
only three carbons thus becomes accept- 
able, e.g., structure II. Similarly, other 
plausible mechanisms involving a silylene- 
like structure can be written for the re- 
actions of other adsorbates with the RS 
surface. The >Si: structure is thus a 
convenient mechanistic device. The actual 
RS center must be more complicated than 
the latter, because of its association with 
additional silicon and oxygen atoms (1). 
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