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The vacuum pyrolysis of surface &Si-OCH, groups leads to the formation of =SiH, 
and silanol groups which disappear on degassing. The silica then becomes remarkably ac- 
tive. To check if the reaction was unique to =Si-OCH,, a variety of reagents were tested 
using a flow system and monitoring the reactions by infrared spectroscopy. Most alcohols 
and simple esters became chemisorbed as silyl alkyl ethers. In general, with the exception 
of benzyl alcohol, a reagent was effective in producing =SiH, if, upon chemisorption, 
methoxy groups were formed directly or if the adsorbed species itself contained methoxy 
groups. The results suggest that the initial reaction of a reagent with surface silanols in- 
volved a mechanism in which an initial hydrogen bonding led to the formation of a surface- 
stabilized ion pair which could then readily suffer a direct displacement; the postulated 
mechanism can account for the observed order of chemisorption. The pyrolysis of alkoxy 
groups is thought to involve the homolytic cleavage of the O-C bond to generate a siloxy 
radical which would then react further with desorbed material and/or with neighboring 
alkoxy groups. With methoxy, the =SiH, and silanols were formed because the siloxy radi- 
cal was too far from neighboring methoxy groups for interaction to occur. With alkoxy 
groups other than methoxy, however, the siloxy radical was within bonding distance of the 
alkoxy, and direct interaction was possible, surface silanols being generated. 

INTRODUCTION 

High surface area silicas, which gener- 
ally show little inclination to take part in 
chemisorption, can be “activated” by a 
three-step procedure involving methoxyla- 
tion, pyrolyzing the methoxy layer, and 
then removing the surface silanes and si- 
lanols formed during the pyrolysis, 

highly “active” in comparison to ordinary 
silicas, but is capable of chemisorption 
reactions completely unlike those found 
with ordinary silicas, and these new reac- 
tions and the new surface species found 
with RS have led to a novel and interesting 
aspect of the chemistry of silica surfaces 
(l-8). 
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The adsorbent produced in this fashion, Extensive work has been carried out and 
termed reactive silica (RS), is not merely a fair amount of information has been ob- 

tained about RS. The three-step prepara- 
1 Part VI: Ref. (8). tion has been developed, the initial reac- 
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tion I is reasonably well understood, the 
stoichiometry of reaction III has been 
found, and many chemisorption reactions 
have been studied; these provide compel- 
ling evidence that the “activity” of RS is 
caused by special reaction centers formed 
in step III. The properties of the center 
are summarized by the schematic formula- 
tion A and are those of a center consisting 
of a pair of closely spaced silicon radicals, 
the pair being associated with two anoma- 
lously reactive oxygen atoms, although it 
is stressed that A summarized the proper- 
ties but implies little about the geometry or 
structure beyond the requirement that the 
two silicons be closely spaced. However, 
nothing concrete is known about the mech- 
anism of step II and the rearrangement 
which must occur in step III, and it 
seemed that the preparative method was 
unique, i.e., that surface methoxy groups 
were necessary in step II, the pyrolysis of 
surface species formed from ethanol, n- 
propanol, i-propanol, n-butanol, acetic 
acid, and acetyl chloride ineffective in pro- 
ducing RS. We have therefore carried out 
experiments to search for alternative 
methods of preparing RS in an attempt to 
devise such methods and to contribute to 
the understanding of step II. 

EXPERIMENTAL METHODS 

If vacuum techniques are employed in 
preparing RS by steps I, II, and III or in 
attempting to prepare RS with some 
reagent other than methanol, the proce- 
dures are tedious and time-consuming. As 
numerous compounds were to be tested, 
the experiments were simplified by em- 
ploying a flow system. Also, the tests were 
further simplified by adopting the criterion 
that a test was “successful” if the interac- 
tion of silica and some reagent led to the 
formation of surface =SiH2 groups, this 
being based on the prior observations that 
if =SiH2 groups were produced, then RS 
would be formed via reaction III. The 
time-consuming degassing step and then 

subjecting the degassed adsorbent to an 
activity test, e.g., exposing it to H, or 
NH3, were thus avoided. 

The method was basically a simple one: 
a stream of inert gas was passed over the 
adsorbent at atmospheric pressure; a 
reagent was introduced to the gas stream 
and swept over the silica, causing the sur- 
face to be altered, and the changes were 
monitored by means of infrared spectro- 
scopic measurements. The arrangement 
used is shown schematically in Fig. 1. A 
stream of N, passed through a Dryerite 
tube and a liquid N,-tolled trap, D, and 
was then split. One stream at -50 ml/min 
was always passed between the cell 
windows in order to keep them cool and to 
prevent contamination. The main gas 
stream at -50-100 ml/min was either 
passed directly to the cell, or, by means of 
Teflon stopcocks, T, was directed through 
a bubbler submerged in liquid reagent. Al- 
ternatively, the main stream could be di- 
verted by the solenoid valves, S, to flow 
through the tube of known volume, L, thus 
introducing the reagent gas within L into 
the main stream. The effluent from the cell 
passed through a rotameter, R, and a 
cooled trap, C. The reagents, usually re- 
search-grade materials obtained from 
various commercial suppliers, were dried 
with Dryerite; N, was bubbled through the 
liquids to remove dissolved gas. Pyrex, 
copper, and Teflon-lined tubing was used. 
The vessel containing reagent and the 
tubing leading to the cell, as well as the 

FIG. 1. Flow system. 
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FIG. 2. Infrared cell. 

cell itself, were wrapped with heating tape 
or resistance wire and could be heated. 
The entire apparatus was mounted on a 
cart so that the cell could be positioned 
within the sample section of the spec- 
trometer. Some details of the cell are 
shown in Fig. 2. 

A sample wafer, prepared by com- 
pressing -90 mg of Cab-0-Sil (9) silica 
into a l-in. diameter disc at - 10 tons/in.2, 
was held to a quartz carriage by prongs 
and Pt wire. A magnet was used to move 
the carriage so that the sample could be 
positioned between the NaCl windows for 
recording spectra or be within the furnace 
regiqn. Spectra were recorded with a 
Perkin-Elmer Model 42 1 spectropho- 
tometer. Wire screens were used in the ref- 
erence beam to compensate for sample ab- 

So 

60 

20 

B 

AC 

i 

x 
H 

/Ii 

A c 
3900 3700 

sorption, and ordinate scale expansion was 
used when appropriate. 

Typical operations were as follows. 
After a sample disc had been installed, a 
-50 ml/min Nz stream was passed 
between the windows and a - 100 ml/min 
0, stream was passed over the sample at 
800°C for 5- 10 min in order to burn off 
the usual carbonaceous impurities found on 
finely divided silicas and also to dehydrox- 
ylate the sample. The 0, was then re- 
placed by N2 and, after the system had 
been flushed for 5-10 min, the furnace 
temperature was reduced, the sample was 
moved between the windows, and a “back- 
ground” spectrum was recorded with the 
sample at or near room temperature. 
(Trace A of Fig. 3 is an example of a 
background spectrum. The 3750 cm-’ 
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FIG. 3. Methoxylation at low temperature: (A) background spectrum of silica samples after treatment with 
O2 and NZ at 800°C; (B) after exposure to methanol vapor at 400°C for 12 min; (C) after heating in flowing 
N, at 8OOT for 5 min. 
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band of “free” silanols is well defined, and 
the spectrum is much like the spectrum of 
a highly degassed silica.) The sample was 
then returned to the furnace region and 
kept at an appropriate temperature. The 
main N, stream was passed through the 
reagent for times ranging from several sec- 
onds to many minutes (or through the tube 
L) so that the sample was exposed to the 
reagent vapors. The reagent vessel was by- 
passed, N, continued to flow in order to 
flush the system and, after 5- 15 min, the 
sample was moved out of the furnace 
region and a spectrum was recorded. The 
exposure to the reagent-laden N, stream, 
or to pure N2, was repeated, the exposure 
times and temperatures being changed as 
needed. 

Three variations of the flow method 
were examined. In the first, stepwise pro- 
cedure, the sample was exposed to reagent 
at successively increasing temperatures (at 
most, up to 600°C) and/or for increasing 
exposure times, until surface species had 
formed to an appreciable extent as judged 
from the intensities of their absorption 
bands. The altered sample would then be 
heated in N, at high temperatures in order 
to pyrolize the surface layer. An example 
is shown in Fig. 3. In the second proce- 

dure the sample would be exposed to 
reagent at successively increasing temper- 
atures until 800-850°C had been reached. 
In the third procedure, the sample would 
be exposed to reagent only at the highest 
temperatures, e.g., 750 or 800°C; an ex- 
ample of the results is shown in Fig. 4. At 
the high temperatures the second and third 
methods are essentially alike in that both 
chemisorption of reagent and decomposi- 
tion of adsorbed species occur together; in 
addition, the reagent may cause the ad- 
sorbed species to alter, thermally decom- 
posed reagent may react with the surface, 
and so on. Although it was possible to 
produce =SiH, bands using methanol or 
methyl esters with the second and third 
methods, the results were erratic and 
prompted the exclusive use of the stepwise 
procedure for the activity tests. 

RESULTS 

The overall test results are summarized 
in Table 1. Many details need not be de- 
scribed. However, the following observa- 
tions are pertinent. 

Methanol. Extensive methoxylation oc- 
curred when samples were exposed to 
methanol vapor at relatively low tempera- 
tures. An example is shown in Fig. 3: 
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FIG. 4. Simultaneous methoxylation-pyrolysis: (A) background spectrum of silica sample after treatment with 

O2 and Nz at 800°C. (B) after exposure to methanol vapor at 800°C for 2 min; (C) after exposure to methanol 
vapor at 400°C for 2 min; (D) after exposure to methanol vapor at 400°C for 12 min. 
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TABLE 1 
SUMMARY OF TEST RESULTS 

Reactive: The compound was chemisorbed, and pyrolysis of the adsorbed layer led to the formation of =SiH, 
groups 

Methanol Trimethoxymethane 2-Methoxyethanol 
Methyl acetate 1,2-Dimethoxyethane 2(2-Methoxyethoxy)ethanol 
Methyl propionate 2,2-Dimethoxypropane a-hydroxytoluene 
Methyl butyrate 

Unsuccessful: The compound was chemisorbed, but no =SiH, groups were formed on pyrolysis 

Ethanol 3-Butene-ol Ethyl acetate Acetic acid 
n-Propanol 2,2,2-Trifluoroethanol Propyl acetate Acetaldehyde 
i-Propanol Benzyl chloride Butyl acetate Paraformaldehyde 
n-Butanol Ethyl acetoacetate Ally1 acetate Acetyl chloride 
i-Butanol 

Unreactive: Chemisorbed species were not detected 

Dimethyl ether 
Methyl ethyl ketone 
Acetone 

2,2-Dimethyl-I-propanol 
3,3-Dimethyl-1-butanol 

Methyl bromide 
Cyclopropane 
Phenethyl alcohol 

the z&i-OH band declined and 
=Si-OCH, bands appeared, i.e., reaction 
I occurred. Then, upon heating in N, at 
high temperature, the =Si-OH band in- 
creased, the =Si-OCHB bands de- 
creased, and an intense =SiH2 band 
formed near 2300 cm-’ (C, Fig. 3), i.e., 
reaction II occurred. The results obtained 
with the flow system were thus the same, 
and achieved more easily, than those ob- 
tained using vacuum techniques (1-8). 

Similar results were obtained on ex- 
posing silica to methanol at very high tem- 
peratures (A, B, Fig. 4), but there were no 
simple relations between the intensities of 
the =SiH2 bands obtained and the sever- 
ity of the methanol treatments, and the 
=SiH, band intensities were always rela- 
tively weak. Tests showed that if a sample 
which had been treated with methanol at 
high temperature (B, Fig. 4) was exposed 
to methanol at a temperature low enough 
so that additional =SiH2 groups could not 
form, the intensity of the =SiH2 band de- 
clined (C, D, Fig. 4), suggesting that the 
methanol destroyed =SiH2 groups, in 
analogy to the destruction of =SiH2 
groups by H,O or D,O (3). 

Esters. All of the simple esters tested 

(Table 1) reacted with silica above 200°C. 
The C-H bands of spectra of samples 
treated with methyl esters were identical 
to those of methanol-treated with ethyl, 
propyl, or butyl acetate were like those of 
samples treated with the corresponding al- 
cohols. The esters were thus cleaved and 
the alcohol moieties became chemisorbed. 
The reaction, 

R-OOCR’ + =Si-OH ---, 
=Si-OR + HOOCR’, 

is probably a general one. Also, during the 
course of a series of experiments em- 
ploying a certain sample of methyl acetate 
it was noticed that, as the exposure time to 
methyl acetate was successively increased, 
the C-H band intensities increased and 
subsequently decreased to reach an almost 
constant value. The presence of an acetic 
acid contaminant was suggested. The ef- 
fect disappeared when the reagent was 
heated with methanol and then carefully 
distilled to remove excess methanol but 
reappeared when acetic acid was added to 
the purified methyl acetate, suggesting that 
the ester chemisorption was reversible, in 
direct analogy to the cleavage of bulk 
esters. 
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If the moiety R is CH,, then surface 
=Si-OCH3 groups result, so that the 
subsequent pyrolysis should be like that 
found with methanol-treated samples. The 
results obtained with the methyl esters 
were, in effect, precisely like those ob- 
tained with methanol, e.g., the traces of 
Fig. 3 could very well be re-labeled and 
used to illustrate the results obtained with 
methyl acetate. 

Pyrolyses of the surface layers of 
samples treated with esters other than 
methyl esters were like the pyrolyses of 
samples treated with the simple alcohols 
other than methanol: the bands caused by 
the surface species declined, the =SiH2 
bands were not detected. 

Methoxy-containing compounds. The 
five methoxy-containing reagents listed as 
Reactive in Table 1 fall into two groups. 
Trimethoxypropane was readily chemi- 
sorbed above 200°C. Spectra illustrating 
the results obtained with the most “reac- 
tive” compound, trimethoxymethane, are 
shown in Fig. 5. When the silica was ex- 
posed to the compound, the =Si-OH 
band declined substantially, and the bands 
formed in the C-H region match those 
of =Si-OCH3 groups; pyrolysis then re- 
sulted in the formation of =SiHp groups. 
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The same results were obtained with the 
other two compounds except that the reac- 
tions were not as extensive, some 
GSi-OH groups remaining on the sur- 
face. The results suggest that a reaction 
occurred: 

&Gi-OH + R(OCHJ, + 
=Si-OCH3 + R(OH)(OCHJ,-,. 

Somewhat different results were ob- 
tained with 2-methoxyethanol and 2(2- 
methoxyethoxy)ethanol. Temperatures 
near 400°C were needed to chemisorb sig- 
nificant amounts of material and the C-H 
bands of the chemisorbed species were 
complex and quite different than absorbed 
methoxyl. The structure of the surface 
species is uncertain; probably the alcohol 
OH group reacted with the silanol, as with 
other alcohols, to produce a silyl ester. 
The C-H band patterns changed, and the 
C-H band intensities declined upon 
heating the samples in N,, and at 600°C 
became like the band pattern of 
rSi-OCH, groups. Further heating al- 
most eliminated those bands and only rela- 
tively weak =SiH2 bands were formed. 

Aromatics. There was extensive reac- 
tion when benzyl chloride vapor was 
passed over silica at 495°C for 1 hr; the 
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FIG. 5. Silica-trimethoxymethane: (A) background spectrum of silica sample after treatment with 0, and N, 

at 800°C; (B) after exposure to trimethoxymethane vapor at 270°C for 10 min; (C) after exposure to trimethoxy- 
methane vapor at 380°C for 5 min; subsequent heating in flowing Nz at 380, 50.5 and 590°C had no effect. 
(D) after heating in flowing N, at 690°C for 5 min; (E) after heating in flowing N2 at 800°C for 5 min. The ordinates 
of spectra C, D and E are displaced. 
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=%-OH band had almost disappeared 
and a fairly intense group of bands ap- 
peared in the C-H region. Also, the 
sample became quite dark, showing that 
carbonization had occurred. When the 
sample was then heated in N2 at 598, 680, 
and 800°C the C-H bands declined, the 
=Si-OH band was re-formed, and the 
sample pellet turned progressively darker, 
indicating that the surface became 
“coked.” The =SiH, band was not de- 
tected. 

C-H bands of substantial intensities 
were formed when phenethyl alcohol 
vapor was passed over silica for 10 hr at 
305°C. However, the &G-OH band de- 
clined only slightly, a broad band formed 
at 3640 cm-’ ascribed to the alcohol, and 
all bands of adsorbed species were re- 
moved on heating the sample in N, at 
495°C for 7 min. It seems probable that 
most of the reagent had not been chemi- 
sorbed under the conditions employed. 

A group of relatively weak C-H bands 
appeared when silica was treated with LX- 
hydroxytoluene (benzyl alcohol) at 3 10°C 
and the sample pellet darkened, i.e., some 
of the adsorbed species carbonized, so that 
more severe reaction conditions could not 
be employed. The C-H bands declined 
upon heating the sample at 695°C. At 
825°C the bands disappeared and a weak 
SiH, band was formed. The results in- 
dicate that chemisorption had occurred to 
a slight extent, the pyrolysis of the ad- 
sorbed species then leading to the forma- 
tion of =SiH2 groups. 

DISCUSSION 

The choice of reagents was initially 
based on the guess that heating the meth- 
oxylated surface (reaction II) caused the 
entire methoxy group to desorb, perhaps 
as a radical, thus tearing an oxygen atom 
out of the surface; the nonstoichiometric 
surface region would then rearrange and 
react with desorbed material. A similar 
mechanism might be expected with other 

surface species. Tests employing obvious, 
simple reagents failed, however, and it 
seemed that &$I-OR groups would not 
decompose in the “proper” fashion if the 
R group contained more than one carbon. 
It was then supposed that the desired re- 
sult might be achieved if the R group might 
fragment to yield =Si-O-OH2* or 
=Si-0-CH,, which might then 
undergo reaction II. Additional negative 
results seemed to confirm that only 
=Si-0-CH, would pyrolize in the 
required manner, but also led to the obser- 
vation that the reagents which became 
chemisorbed but did not lead to the forma- 
tion of silane all had p hydrogens, and this 
generality was partly supported by the ob- 
servation that silanes could be generated 
by the pyrolysis of chemisorbed benzyl 
alcohol. However, in order to derive some 
reasonable understanding of the results 
summarized in Table 1 it is necessary to 
consider the chemisorption and pyrolysis 
steps in some detail, and it is useful to do 
so by employing some of the well-known 
and well-understood concepts of mecha- 
nistic organic chemistry (10). 

Chemisorption Reactions and Mecha- 
nisms 

Methanol can react to some extent with 
siloxane bridges, resulting in the formation 
of methoxy groups and silanols (12,12), 
and other alcohols probably are able to 
react in a similar fashion. The silanols gen- 
erated in this manner would then be sub- 
ject to further attack by the alcohol. 
Hockey (13) has also pointed out that hy- 
drogen sequestering reagents may attack 
siloxane bridges. However, the chemisorp- 
tions of “reactive” and “unsuccessful” 
reagents of Table 1 were accompanied by 
decreases of the silanols. Consequently, 
the dominant chemisorption mechanism is 
considered to involve a chemical reaction 
between the reagent molecule and the sur- 
face silanol group. 

That cyclopropane was not chemisorbed 
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is not surprising; a hydrocarbon would, 
perhaps, be expected to be inert, although 
cyclopropane is reactive toward strong 
acids at low temperatures and is also 
known to cleave to a diradical at high tem- 
peratures (14). Acetone and 2-butanone, 
also not chemisorbed, might form ketal 
groups with the surface silanols, but these 
groups are very labile and would be easily 

On the other hand methyl bromide may 
dissociate into radicals at the temperatures 
employed in a completely different reac- 
tion than available to the other com- 
pounds. The general mechanism may thus 
involve not displacement by &Si-OH on 
the alkyl carbon of the reacting species as 
in IV, but addition of alkoxyl oxygen to 
silicon, 

OH HO 9 OR 

$i 
I O-H I 

’ I ‘ON,, - q& 
- Si 

/I’0 
+ H,O 

‘I ’ 
‘Si 

/I’ 
‘I’ 

V 

removed under the conditions employed. 
Although almost all the alcohols tested 
were chemisorbed, the exceptions (neo- 
pentyl alcohol and 3,3-dimethyl-1-butanol) 
are both very bulky and steric hindrance of 
the methyl groups in each probably pre- 
vented the alkylation of the surface; 2- 
phenylethanol may also fit into this class. 
Table 1 reveals that all methoxy-con- 

That mechanism, at least for the reactions 
with alcohols, is more likely than a direct 
displacement of hydroxyl, which is not 
favorable. On the other hand, an initial 
hydrogen bonding process may lead to a 
surface-stabilized ion pair (the surface 
playing the role of solvent in stabilizing the 
ion pairs) which might readily suffer direct 
replacement: 

00 
=Si-OH + ROH I =Si-0 ROH - 

I!I 

=Si-O-R + H,O. VI 

taining compounds were chemisorbed, 
with the exception of methyl ether. The 
latter is the least reactive, or most chemi- 
cally inert, of all the methoxyl compounds. 

It seems likely that a weak interaction 
with the silanol is a necessary prior step to 
chemisorption. In that light it is not sur- 
prising that methyl bromide was also not 
chemisorbed; this compound should be a 
most reactive methoxylating agent if dis- 
placement by =Si-OH were the methox- 
ylation mechanism, 

That also seems to account for the dif- 
ferences in reactivity of methyl bromide, 
benzyl chloride, and the alcohols in gen- 
eral, and is the most likely general mecha- 
nism for most of the chemisorptions. Pre- 
sumably all the alcohols studied were 
chemisorbed in that manner to form silyl 
ethers. 

For the dissociative chemisorption of 
the esters, which led to surface alkoxyl 
formation, either mechanism VII (dis- 
placement by hydroxyl on alkyl carbon 

ESi-OH + RBr - sSi--/j--R + Br@ -=Si-O-R + HBr. IV 
0 
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with loss of a stable carboxylate leaving being more reactive than methanol itself. 
group) or mechanism VIII (prior hydrogen Such reactivity seems unusual, recalling 
bonding followed by loss of carboxylic that methyl ether was not reactive 
acid leaving group) may apply. Displace- although it has been found to form fairly 
ment of silanol, strong bonding to silanols (15). 

fl B dl 
ESi-OH + R-O-C-R’ e =%-O-R0 C-R + 

0 

=,%-O--R + R’-COOH, VII 

@OH 
II 

ZSi-OH + R-O-C-R’ I Esi-g R-0-C-R’ - 

=Si-O-R + R’-COOH, VIII 

on the ester (VII or VIII) seems more 
likely than addition to silicon as in V, con- 
sidering the steric bulk of the ester and the 
ease of displacement of the carboxylate 
groups. 

The spectral data for the other alcohols, 
2-methoxyethanol and 2-methoxyethyl-2- 
hydroxyethyl ether, suggest that silyl 
ethers were formed. as with the other al- 

Ketal and orthoester are both easily 
cleaved by mild acid and might be cleaved 
on the surface silanol to methanol and the 
corresponding ketone or formate. How- 
ever, that does not explain why they were 
more reactive than methanol itself. An al- 
ternative explanation would include initial 
hydrogen bonding resulting in ion pair for- 
mation, displacement on the carbon atom 

': Q-4 
y” CH,-0-y-O--C% x0 

57 
, CH,-&F-O--C& 

5: 

1s: 
ocw, 

is: 
O@ 

- 07% + CH~-O-C-H 

Si 

& ‘I’ 
CH,OH 

IX 

X 

cohols. Each of the remaining compounds of the methoxyl group releasing the neutral 
studied contained methoxy groups, but the leaving group acetone or methanol in IX 
reactivity increased from 1 ,Zdimethox- and methyl formate in X. An order of reac- 
yethane (an ether) to 2,2-dimethox- tivity as observed can now be understood 
ypropane (a ketal) to trimethoxymethane in terms of the leaving group acidity in a 
(trimethylorthoformate), the orthoformate protonated ion pair: 

OCH3 
I 

CH,-0-CH, < CH3---OCH,-CH2-0-CH, < CH3--OH < CH,-C-CH, < 

OCH3 

OCH, 

H-C-OCH,, 

OCH, 
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which parallels also the known reactivity 
of acid-catalyzed cleavage in solution of 
ether < alcohol < ketal < orthoester. The 
mechanisms VI, VIII, IX and X provide a 
general mechanism for surface alkoxyla- 
tion consistent with known reactivity pat- 
terns. 

An alternative mechanism can be pro- 
posed which involves surface radical reac- 
tions, 

R. + =%-OH + &3-O* + RH, 

-Si-0. + CH,-OR + =Si-0-CH3 
+ *OR. 
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an explanation for the uniqueness of the 
surface methoxy group in effecting step II. 

Step II can occur with fully methoxyl- 
ated surfaces and in the absence of 
reagents (except the desorption products). 
Apparently, for the pyrolysis reagents 
other than surface methoxyls are not 
needed and only high temperature is 
required. The circumstances strongly 
suggest that the initial reaction is probably 
a radical decomposition of the surface 
methoxy group. Three bonds are available 
for thermally induced homolytic decom- 
position: 

1 -rSi-0-CH,. + H. 
CH, 
1 -Esi--0. + -CH, 

T. - Esi- 
/Sk 

+ .OCH,. XIII 

XI 

XII 

It is conceivable that, at the high tempera- 
tures employed, radicals might be formed 
at the surface which would generate a si- 
loxy radical. The latter, however, would 
then have to undergo a radical displace- 
ment reaction on carbon, a type of reaction 
which has not yet been demonstrated (17). 
This mechanistic type would also not ac- 
count for the observed pattern of activity 
of different methoxyl-containing com- 
pounds, as is so nicely accommodated by a 
surface ion pair displacement mechanism. 

Silyl Ether Cleavage-Step II 

Most of the surface species formed were 
silyl alkyl ethers, but only a few of them 
were “reactive” in that their pyrolysis led 
to silane and silanol formation; and of 
those few, only those that led to the forma- 
tion of silyl methyl ether were reactive, 
with the exception of chemisorbed benzyl 
alcohol. The pyrolysis of other species led 
only to the regeneration of silanols. The 
situation is complex, but it is possible to 
suggest the probable initial step of the silyl 
methyl ether decomposition and to provide 

From tables of bond dissociation energies 
(BDE) (Z6), the Si-0 bond in silica has a 
BDE of 114 kcal/mole (reaction XIII), 
while the C-O bond BDE in methyl ether 
is only 77 kcal/mole (90 kcal/mole for 
CH,OH). These data alone suggest that 
process XII would be strongly favored 
over process XIII for such a unimolecular 
thermal decomposition. No data are avail- 
able for reaction XI, although the BDE for 
methane is 104 k&/mole. Indeed, reac- 
tions such as XI are not normally ob- 
served in unimolecular decompositions be- 
cause other bonds are normally much 
weaker (e.g., C-C alkyl bonds have BDE 
of 85-88 kcal/mole) and molecules decom- 
pose normally by skeletal bond cleavage. 
Data that are available for hydrogen ab- 
straction by methyl or phenyl radicals or 
relative oxidizabilities of hydrocarbon 
(C-H) groups (17) indicate an appreciably 
higher activation energy for the abstraction 
of hydrogen from an R-0-CH, group than 
for alkanes. This would suggest that the 
BDE for Si-0-CH,H is higher than for 
methane or alkanes in general, providing 
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that the reactions are endothermic and the 
Hammond postulate obtains (18). Thus 
reaction XII, the homolytic cleavage of 
the oxygen-alkyl bond, is favored in a uni- 
molecular process over XI, also. A bimo- 
lecular process XIV is not considered 
plausible because the silanol groups of the 
silica can be exhaustively replaced by 
methoxy groups and no other adsorbed 
species are present when the pyrolysis 
occurs. 

=Si-OCH3 + *R + 
&3i-OCH2* + RH. XIV 

Similarly, bimolecular displacement pro- 
cesses such as XV and XVI on carbon 
and oxygen atoms are not considered. In 
addition, it may be inferred that 

=Si-OCH3 + .R + 
=Si-0. + RCH3, XV 

=Si-OCH3 + .R 
=Si. + ROCH,; XVI 

these are less likely than reaction XI; they 
are commonly not seen (indeed, are rare or 
without precedent) and the energetic impli- 
cation is that they would have higher ac- 
tivation energy than XI (19). 

If these assumptions are correct, it 
would appear that the most probable initial 
step for reaction II is the unimolecular 
cleavage of the alkyl-oxygen bond, reac- 
tion XII, yielding a surface siloxy radical. 
Possibly, the formation of a siloxy radical 
would weaken the silicon-oxygen linkage 
of a neighboring methoxy group, so that 
the second step may be the formation of a 
paired radical, B, which would react with 
desorbed material to yield species C, 
which would react further through initial 
decomposition and hydrogen abstraction 
from desorbed material to result in species 
D. The latter would be the precursor of 
the RS dual center A. 

0’ OH 

If the best pathway available for 
methoxy group disruption is the formation 
of a siloxy radical, the same pathway 
should be available for the disruption of 
other silyl alkyl ethers, and may be even 
easier because of lower activation energies 
and BDE, so that siloxy radicals should be 
formed. However, silanes were not 
formed, i.e., the secondary reactions which 
occurred with the methyl ether did not 
occur with other alkyl ethers. Or, put in 
other words, there were other reactions 
which could occur with alkyl groups which 
could not occur with the methyl; methyl 
had no other pathway available to it and, 
could do nothing else but sequentially de- 
compose and cause the formation of 
species such as B, C, and D. The probable 
location of the adsorbed species on the sil- 
ica surface suggests an answer. 

For high index planes (20j, the silica 
surface is much like that shown schemat- 
ically for structure E, i.e., the outermost 
silicon atoms are about 5 A apart and 
there is a silicon atom in a “valley” 
between them. If a siloxy radical forms at 
one of the outermost silicons and a 
methoxy group is bonded to the other, the 
distance between the methyl hydrogen and 
the siloxy oxygen is 2.6-2.8 A; the methyl 
group is too far away from the radical 
center to react with it. However, when the 
methyl group is replaced by an alkoxy 
group, then /3 hydrogens or other groups 
may now lie within bonding distance of the 
oxy-radical site and hydrogen abstraction 
may readily occur. If this happens in the 
high temperature reactions, then the initial 
siloxy radical site is destroyed, and silanol 
is regenerated. An alkyl radical would be 
formed /3 to an oxygen; fragmentation may 
occur easily with loss of an alkene, regen- 
erating a new siloxy radical which may ab- 
stract hydrogen from desorbed material or 

7 
OH 

H,- a I 
,& 

I 

+\s*,o 1’ 
- Si 

/ 1 -O;si,O+ -+O,Si,OH 
‘Si’ 

, \ 

/\ ‘I 

B C D 
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*CH, ? 
XC, HC=CH, 

HO 0 - HO 0. - disilaml 
I 1. I 

Si 

>Si< 
0’) \ ‘po,,, ,o+ 

\ 

react with still another nearby alkoxylated 
site until termination occurs. Silanols are 
thus regenerated. 

The reagents 2,4-dimethyl- 1-propanol 
(neopentyl alcohol) and 3,3-dimethyl- l-bu- 
tanol were chosen as potential substrates 
to prevent P-hydrogen abstraction because 
either abstraction would be too hindered 
and/or could not lead to fragmentation. 
Other species chosen were those that 
might have alkyl groups which would pref- 
erably cleave to loose benzyl., allyle, or 
CH,., resulting in =Si-0-CH,. as an 
intermediate which would then potentially 
give rise to silane. None of these groups 
gave rise to silane, indicating that the frag- 
mentation was competitively easier or that 
rSi-0-CH,. was not a reactive inter- 
mediate leading to silane, the former 
reason being the more likely. In the case of 
trifluoroethanol, however, this would mean 
that P-F was abstracted, giving a “hypo- 
fluorite,” which would regenerate silanol. 

* CF,-CH, 

0’ F\CF/CyO 

I *I 
- FO ‘0 

I I 
Si ,Si Si 

/I ‘0 
ASi/O 1’ 

/ ,‘. 
‘,Si< 
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‘\ 
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CF,=CH, 

FO HO 
I 
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?’ 
I 

I 
+ $i 

9” I 

~~~o\s,,o+ 

A\ 

’ 1 -“=,“-p 

The surface alkylated species obtained 
from 2-methoxyethanol and CH,OCH,. 
CH&&CH,CHC,H,-OH gave small 
amounts of silane, indicating either that 
the surface alkylation was mixed, giving 
both &Si-0-CH3 as (with other 
ethers) and =Si-0-(CH,-CHH,-0), 
-CH, or that the latter could decompose 
to give =Si-0-CH, by a process similar 
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to the initial cleavage of an R-O CH, 3. 
bond, 

4. 
O-c~-c~-oCH3 - ~-C~--c~--o~ + CH 8. 

$1 Y, 

1, 

5. 

6. 
? 2% - HH 0 

2% 
+ cs=0 - I 

9, St 7. 'I 

and generating =Si-OCH3 eventually i’ 
from desorbed material reacting with 10: 
=Si-0-CH,. thus generated. 

In any event, decomposition could also 
regenerate initial silanol as with other alkyl 
groups, and this is the major observed ‘I’ 
product. 12. 

The formation of silane from benzyl silyl 
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ether is more complicated but can also be 
explained by a similar mechanism. 
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