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Infrared spectroscopy and 2°Si MAS NMR are used to probe the
structure of Si0, on Al,O; catalysts prepared by chemical vapour
depoasition of Si(OCH3;),. SiO, loadings from about 0.2-2.5 statisti-
cal monolayers are studied. Infrared shows a gradual disappear-
ance of AIOH vibrations and their replacement by SiOH vibrations
as the SiO, loading is increased. A population of inaccessible AIOH
is also observed. The Si—-O-X asymmetric stretching frequency
shows a continuous variation with SiO, content, consistent with
X varying from Al at low levels to Si at high levels of silica. ?Si
NMR shows composite peaks at all SiO, levels. At the lowest level
most intensity is concentrated in the —80 to —85 ppm range,
corresponding to Si with attached —OAl groups. At the highest
silica levels, the spectrum can be deconvoluted into peaks at — 108,
—100, and —92 ppm. These correspond to Si(OSi),, Si(0Si),;OH,
and mixtures of Si(0Si),(OH), with —~OAl-containing species. A
model is proposed for build up of the silica layer on these catalysts.
Random deposition of silica on any available surface is shown to
give a semiquantitative account of the experimental results.

¢ 1994 Academic Press, Inc.

INTRODUCTION

Silica on alumina monolayer catalysts can be prepared
by reaction of alumina with a silicon alkoxide at tempera-
tures of a few hundred degrees Celsius (1-4). Like more
traditional silica—alumina catalysts, these monolayer cat-
alysts contain both Brgnsted and Lewis acid sites on their
surface. The numbers of these sites can be manipulated by
varying the silica level and the conditions of preparation.
Thus they present the possibility of preparing acidic sur-
faces with tailored characteristics.

In a previous paper (4) we have shown how the concen-
tration of acid sites on these catalysts can be measured by
3P NMR of adsorbed trimethyl phopshine. In the present
paper we apply Si NMR and FTIR spectroscopy to gain
further insight into the structure of these catalysts.
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EXPERIMENTAL

Samples of monolayer catalysts of varying SiO, levels
were taken from the same batches used in our previous
investigation (4), where the preparation is described.
FTIR measurements were made on pressed disks of 7-10
mg/cm? density using a Bomem Michelson MB-100 instru-
ment at a resolution of 4 cm~'. Samples were degassed
in situ in the IR cell at various temperatures, as described
below. Si MAS NMR measurements were made at 29.67
MHz on the instrument previously described (4). The
same samples were used as in (4), i.e., samples with ad-
sorbed trimethylphosphine. Since we did not observe any
changes in the Si spectrum for a 10-fold change in ad-
sorbed TMP level, from 0.05 to 0.5 monolayers, the pres-
ence of the latter is unimportant. In all cases the *°Si
spectra were obtained by cross-polarization from surface
protons, normally with a contact time of 4 ms. A proton-
decoupling field of 38 kHz was used throughout, and a
repolarization delay of 1 s, which gave an optimum signal-
to-noise ratio. Magic angle spinning was used at rates
between 1.6 and 2.4 kHz. No spectral changes were ob-
served over this range. Cross-polarization is necessary
because the samples are sealed in glass tubes, whose »Si
signal is excessively intense if 90° pulse excitation is used.
(Sato et al. (3) claim to have used 90° pulses for similar
studies, using samples sealed in glass, and their spectra
do not show glass resonances. We are unable to reproduce
this result.)

RESULTS AND DISCUSSION

Infrared

Figure 1 shows the hydroxyl stretching region for silica
on alumina samples, and for pure alumina, after vacuum
activation at 400°C. The spectrum of y-Al,O, is entirely
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FIG. 1. (A) Infrared spectrum of pure alumina in the OH stretching

region after vacuum activation at 400°C. (B-F) IR spectra of silica-on-
alumina catalysts after vacuum activation at 400°C, the silicon loadings
per square nanometer being (B) 1.3, (C) 4.2, (D) 8.2, (E) 12.3, and (F)
17.5. Curve (----) corresponds to the sample shown in (F) but after
additional vacuum activation at 700°C. Each disk contained 7 mg/cm?
of sample.

normal (5), having peaks at 3773, 3730, 3678, and 3600
cm~!, with a shoulder at 3795 cm~!. As silica is added,
a new band appears at 3744 cm~! due to isolated free
silanol [SiIOH or Si(OH),] stretching vibrations (6); this
band appears as a shoulder at the lowest silica level. With
increasing silica content this band grows and the AIOH
bands progressively disappear, becoming invisible as dis-
tinct features at or above 12.3 SiO,/nm?.

At the higher silica coverages a broad band near 3610
cm ™! emerges as a distinct feature. This band has a consid-
erable thermal stability insofar as it can only be removed
by evacuation at 700°C (Fig. 1). Further, it was by and
large not exchanged with D,O at room temperature
whereas the isolated silanol peak at 3744 cm ™! was almost
completely exchanged, being displaced to 2760 cm ™!,
Pure silicas which have been degassed at room tempera-
ture or 150°C usually exhibit broad IR bands near 3520
cm ! due to H-bonded silanols and near 3650 cm ™! due
to inaccessible silanols perturbed by interparticle contact
(7). The latter only partially exchange with D,O at room
temperature and they can only be eliminated by evacua-
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tion at about 450°C. The alumina after 400°C activation
also exhibits a broad feature at 3600 cm~' which disap-
pears after evacuation at 500°C, and this peak also resists
exchange with D,O at room temperature. Therefore, the
broad 3610-cm ! feature in the present study is undoubt-
edly due to a perturbed and relatively inaccessible SIOH
or AIOH species (7, 8). However, this broad feature was
also present after the initial deposition of Si(OMe), and
before the calcination to generate SiOH (see Fig. 2 for
the case of a silica content of 15 Si/nm°), and we speculate
that this feature is mainly due to AIOH groups which have
been rendered inaccessible because of the silica depo-
sition.

Self-supporting alumina disks are opaque to IR radia-
tion below about 1000 cm ! due to strong absorption by
the bulk Al-O-Al modes; for silica the cutoff in transmis-
sion is about 1300 cm ™' (9). However, if 0.1-0.3 mg of
Si/cm? is dispersed in KBr or is deposited as a thin film on
an optically transparent disk, the antisymmetric Si-O-Si
vibration can be seen as a broad peak centered near 1100
cm ™!, asymmetric to high wave numbers (9). In zeolites
of varying silica-to-alumina ratios (10) and glassy alumino-
silicate minerals (11), the equivalent Si—-O-Si or Si—-O-Al
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FIG. 2. IR spectrum of Al,O; after activation at 400°C (------ ); after
treatment of previous sample with Si{fOMe), so as to deposit 15 Si/nm’
and before calcination, so that the surface is covered with SiOCH,
groups (——. — -); and after calcining the previous sample in air at
500°C, followed by vacuum activation at 400°C (——).
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vibration appears in the range between 1100 and 1000
cm™', it being lowest (about 1000 cm ™) for zeolite A and
for kalsylite, where the Si/Al ratios are one. For other
zeolites, higher frequencies in this range can be correlated
with a greater silica content and a greater number of
Si—-O-Si linkages (10).

Figure 3 shows IR spectra of the various samples dis-
persed in KBr disks, and Table 1 lists the wave number
of the peak maximum between 1100 and 1000 cm ™. It
can be seen that there is a continuous shift of the position
of the maximum to higher wave number with increasing
Si deposition. This probably indicates that there is a statis-
tical deposition of Si over the surface rather than a mono-
layer film initially; in the latter case one would expect
Si-O-Al frequencies nearer the value of 1000 cm ™! found
for zeolite A for all coverages up to the monolayer value.
Most silicas contain about 7-8 Si atoms/nm?® (12), and if
all of these Si atoms up to our 8.2 Si/nm? level were
uniformly deposited over the entire alumina surface, we
might expect the peak wave number to be near 1000 cm ™!
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FIG. 3. IR spectra of catalysts in KBr disks in the spectral region
associated with the SiOSi and SiOAIl stretching modes. Samples (A-F)
are the same as in Fig. 1, i.e., curve (A) is for pure ALO; and curve
(F) is for the sample containing 17.5 Si/nm’. The absorbance scale
applies to curve (F), and the other curves have been normalized so that
the absorptions due to bulk Al,O; below 900 cm~! (not shown) have
approximately the same intensity. Peak maxima are reported in Table
1, except for curves (A) and (B), where no distinct maxima can be dis-
cerned.
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TABLE 1
Si—O-Si Vibrational Peak Position

Si0,/nm? Peak position (cm™")
1.3 (No distinct peak}
4.2 1040
8.2 1057
12.3 1072
17.5 1077
SiO, gel 1092

rather than at 1057 cm ™. Therefore some SiO, clustering
occurs, even at the lower Si loadings.

At the higher loadings, the peak position is close to that
expected for pure silica (6, 7, 13); clustering is probably
quite extensive at this stage. Our previous study showed
that there was still, even for the Si 17.5 sample, a signifi-
cant number of Brgnsted and Lewis acid sites. Thus, some
of the original surface Al sites must still be accessible to
PMe;. Nonetheless, we conclude that AIOH is gradually
replaced by Al-O-SiOH or Al-O—(Si0),-SiOH groups.
IR alone cannot tell us whether the initial product might
be species such as (AlO);SiOH or (AlO),Si(OH),.

¥Si NMR

The Si NMR spectra of the various samples are shown
in Fig. 4. As can be seen there is a single peak whose
maximum shifts from —85 to — 101 ppm as the SiO, level
increases. In all cases the peak appears to be composite.
An expanded plot for the higher SiO, levels shows in
addition to the main peak near — 100 ppm a subsidiary
peak near —92 ppm and some substantial intensity near
— 110 ppm. These spectra are qualitatively similar to those
found by Sato et al. (3). At the three highest silica load-
ings, the spectra can be satisfactorily fitted as a superpo-
sition of three Gaussian peaks, but not by a smaller num-
ber. Figure 5 shows such a fit for the 12.3 SiO,/nm?
sample. The results of this fitting are collected in Table
2 for the three highest silica levels. Figure 5 also shows
residual plots indicating that a two-peak model, or a three-
peak model with parameters significantly different from
those in Table 2, will not adequately represent the data.
As can be seen, there is a gratifying agreement among
the positions of the fitted peaks for the various samples.
In all of the fits, amplitude, width, and position of the
three components were treated as free parameters. The
spectra at 1.3 and 4.2 SiO,/nm? cannot be well represented
by a similarly small number of peaks and must contain a
more diverse range of surface species.

The chemical shift of **Si in aluminosilicate systems
has been much studied in zeolites and natural minerals.
The silicon shift is determined primarily by the groups to
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FIG. 4. ¥Si NMR spectra of catalysts with (a) 1.3, (b) 4.2, (c) 8.2, (d) 12.3, and (e) 17.5 SiOs/nm?.
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FIG. 5. (a) Gaussian fit to ®Si spectrum of 12.3 SiO,/nm? sample;
crosses, experimental points, curves, Gaussian functions used to fit
data, and their sum. (b) Residual plot of the fit showa in (a). (c-¢)
Residual plots from modified fitting models: (c) best fit with two Gaussi-
ans; (d) three-Gaussian fit with parameters as for (a) but with the central
peak displaced 1 ppm to lower frequency; (e) as for (a) but with central
peak increased in relative amplitude to comprise 30% of the total area.
The residual plots have a vertical scale 1.5 times larger than plot (a).

which it is bonded. In oxide systems such as the present,
these will be —OSi, —OAl, or —-OH. The general silicon
environment will thus be Si(OSi),(OAD,(OH),_,_,..
Hereinafter we abbreviate this as S, A,,, e.g., we use S;A
to represent Si(OSi),(OADN(OH).

Several studies of faujasite zeolites (14, 15) have shown
a regular series of peaks for S;, S;A, S;A,, SA,, and A,
at typical shifts of —107, —101, —96, —90, and —84
ppm, respectively. It is found that the peaks can vary a
few parts per million with the Si/Al ratio in the zeolite
(16, 17) and with the nature of the cations (18). Similar
trends are seen in other zeolites such as pentasils and
mordenites (19), but the shifts are often several parts per
million to lower frequency than found with faujasites. For
zeolites of very low aluminum content, where S, is the
dominant structural unit, it is often possible to resolve
peaks from S, in different crystallographic environments
(20, 21, 22). The shifts typically range from —106to — 116

TABLE 2
Gaussian Fits of 2Si NMR Spectra®

Si0,/nm’ Peak 1 Peak 2 Peak 3
8.2 =92 (70) - 100 (20) - 108 (10)
12.3 -93 (51 - 100 (24) - 107 (25)
17.5 —-92 (31 - 100 (36) —108 (33)

“ The first number in each column is the chemical shift of the Gaussian
component in ppm, the number in parenthesis is the percentage of the
total area in the component.
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ppm. This range must reflect structural rather than chemi-
cal differences in the silicon environment. A correlation
with the Si—-O-Si angle has been proposed (22), and Janes
and Oldfield (23) have shown that a wide range of alumino-
silicate chemical shifts can be accounted for by a correla-
tion involving both group electronegativity of substituents
and Si-O-Si angle.

Chemical shifts involving OH groups are not as well
established. On the surface of silica gel S,, S,, and S, are
observed (24) to resonate at — 109, — 100, and —91 ppm,
respectively. The same resonances are observed (25) on
amorphous pyrogenic silica. In the mineral imogolite, A,
is found to resonate at —78 ppm (26). If the Si-O-Si
angle is taken to be 145.3°, which gives the value of — 109
ppm for S,, then the Janes-Oldfield correlation predicts
—99 ppm for S,, —89 ppm for S,, and ~81 ppm for
A,, in reasonable agreement with the above experimental
values. Predicted values for S,A and SA, are —93 and
— 87 ppm. Others have argued (27, 28) that S, A resonates
in the range of —83 to —87 ppm, SA; from —80 to —85
ppm, and A; at more positive shifts than - 80 ppm.

In assessing these NMR spectra, it is important to con-
sider what groups might be visible by cross-polarization.
Cross-polarization depends on the H-Si dipolar coupling
and will not be important if this coupling is small compared
to the reciprocal of the contact time (30). (Unfavourable
rotating-frame relaxation times will make cross-polariza-
tion still less successful.) Thus, for our standard 4-ms
contact time we would not expect much signal from sys-
tems in which the dipolar coupling is less than 250 Hz.
Using normal bond lengths and angles, the H-Si distance
in a Si—-O-H group is about 2.1 A, giving a coupling of
2.5 kHz. For Si-0-Si-0O-H the distance between H and
the farther Si is about 3.6 A in the most favourable config-
uration and 5.1 A in the least. These distances correspond
to diplar couplings of 520 and 180 Hz, respectively. Thus
we should expect some signal from such a silicon, but it
will be less strongly polarized than Si—~O-H. Because
of the inverse cube dependence of dipolar coupling on
distance, we should not see significant signal from more
distant Si—H configurations. In general one would expect
H to be mainly present on the outer surface of the cata-
lysts, as Al-O-H or Si-O-H.

Because of the many chemical and structural factors
feading to small changes in **Si shifts, it is only possible
to interpret the present results in broad terms. One might
imagine that the first species visible by cross-polarization
as Si0O, is deposited on Al,O, would be A;. As noted
above, this probably resonates above — 80 ppm. Figure
4 shows no peak in this region, but at the lowest coverages
it is clear that the tail of the peak has substantial intensity
here. The centre of the peak is more likely to be SA, and/
or S;A. An alternative initial product might be A,. The
Janes—Oldfield correlation predicts — 77 ppm for this spe-
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cies, and regardless of the absolute accuracy of this corre-
lation, it probably does resonate at higher frequency than
A,, thus fitting less well with the experimental results.
As coverage increases, there is a clear growth of intensity
in the range of —90 to —93 ppm. This shift corresponds
to S, or SA;. The former will be a much better cross-
polarizer, but on silica surfaces it is present only in rela-
tively small amounts. On the other hand, the presence of
SA, implies the buildup of a second layer of silica.

As noted above, the spectrum at 8.2 SiO,/nm’ and
above is a superposition of three peaks, at —92, — 100,
and — 108 ppm. As SiO, content increases, the latter two
become increasingly larger in comparison with the former.
They are thus likely to be peaks that do not involve
Al-0O-S8i groupings. Given known chemical shift data the
peak at — 108 ppm is certainly S, and that at — 100 ppm
is most probably S;. The peak at —92 ppm might be any
of S,, S,A, SA,, or a mixture of these.

Silica Buildup Model

Niwa er al. (1) took the view that silica first deposits
to form a nearly complete monolayer on the substrate,
amounting to 95% coverage at about 12 SiO,/nm?, with
the last 5% of the substrate remaining uncovered at still
higher silica loadings. There are several arguments against
this proposal. First, it is more likely (12) that a silica
monolayer contains 7-8 SiO,/nm?. Second, our ¥*Si NMR
spectra show intensity at — 108 ppm, which can only be
S., at coverages as low as 8.2 SiO,/nm?. It is difficult to
see how S, can be present unless there are regions with
at least a three-layer buildup of Si0O,. Third, the low-
frequency IR results show that there is a progressive in-
crease in the number of Si—0-Si linkages as the Siloading
increases; for the monolayer model (1) up to 12 SiO,/
nm? we would expect a growth in the intensity of the
Si—O-Al band near 1010-1040 cm~! on increasing silica
loading but no shift of the peak maximum to a higher
wave number. Finally Niwa ef al. offer no explanation as
to why about 5% of the alumina remains uncovered. We
are in agreement on the experimental point; our *'P NMR
(4) results show that at 17.5 SiO,/nm? about 6% of the
original Lewis sites of the alumina remain.

The main features of the above experimental results
can be explained by a simple model in which SiO, is
deposited at random on whatever surface is available. We
treat this as a problem of deposition of successive silica
layers, realizing that this is probably an oversimplifi-
cation.

Using O, to represent the fraction of alumina substrate
covered by one or more layers of silica, we assume ran-
dom deposition and write

de,

dn = k(l - e]),

0))
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where #n is the amount of silica deposited per square nano-
meter and £ is the reciprocal of the silica loading required
for one layer. Similarly using O, for the fraction covered
by two or more layers of silica, we write

do,
dn

= k(©, — 6,), (2)

with similar equations for 6, etc. We define @, to be the
fraction of the surface covered by exactly one layer of
silica; @ = ©, ~ O,, with similar equations for ®,. etc.
The &, then obey the differential equations

dd,
dno = —kd, (3)
and
d, ,
An = k(D) — D), i>0. (4)

The solution to these equations is

LY (5)

i

.

i

Figure 6 shows a plot of ®, to & for the relevant range
of silica levels, using a & value of 0.143 nm°. This value
was chosen as the reciprocal of the approximate silica
content in a single layer, 7 nm~7 (12). As can be seen,
this value gives 8% of bare substrate at our highest silica
loading, in good agreement with the 6% residual Lewis
sites found in (4).

This model permits some predictions to be made about
relative abundances of various surface species, since this
depends on what layers are present. We assume that the

Sio, /nm?

FIG. 6. The functions ®,,i = 0, . . ., §, computed with a k value
of 0.143 nm?,
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outermost layer is largely hydroxylated, consistent with
the infrared results above. The first deposited silica layer
adjacent to the alumina would be expected to contain Si
with at least one Al-O-Si bond. Species such as A, and
A, would be expected to form first, and these might gradu-
ally be converted to A,S, AS,, and AS as the silicon
density in the first layer increases. When the second layer
begins to form, first-layer species could be converted to
hydroxyl-free species such as A;S, A,S,, and perhaps
AS;. In addition the second layer can contain the Al-free
species S; and S,. Finally, only with the deposition of the
third and subsequent layers would the fully silicated S,
species be expected in appreciable amounts.

In order to make a comparison with the Si NMR re-
sults, we must take into account the distance dependence
of cross-polarization efficiency, as discussed above. This
is difficult to do in a rigorous manner. We therefore over-
simplify the problem by assuming that Si in the two outer-
most layers of the deposit is visible by CP NMR (by cross-
polarization from surface OH) and that Si more deeply
buried is invisible, due to greater distance from protons.
Thus, the fraction of NMR-visible Si in the first layer is
taken to be ®, + &,, that in the second layer to be @, +
®,, etc. So the total visible Si in the deposit is given by
D, + 20, + 2, + ., L.

S, can be expected to be present when three or more
layers of silica have been deposited, and in terms of the
present model its visible relative amount is given by ®&; +
®, + . . .. From the calculations of Fig. 6 we find the
fraction of visible Si present as S, to be 0.11, 0.19, and
0.28 respectively for the 8.2-, 12.3-, and 17.5-nm ~? sam-
ples. This is in reasonable agreement with the **Si NMR
results, which give 0.10, 0.25, and 0.33 respectively for
the intensity fractions in the — 108-ppm peaks of these
samples.

We can proceed in a similar manner to compare the
intensity of the ~ 100-ppm peak with the amount of S,
predicted by our model. Assuming the first layer to consist
of species involving Al, S; and S, will be found in layers
two and above when these are not covered by subsequent
layers. The sum of S; and S, will thus be given by &, +
P, + &, + . . .. Based on previous literature for the
relative abundance of these species on silica (25, 31) we
assume that 80% of this total is S;. The model then pre-
dicts visible S, fractions 0.26, 0.31, and 0.35 for the above
three samples, compared with the NMR intensity frac-
tions of 0.20, 0.24, and 0.36 in the -100-ppm peak. It thus
appears that our simple model of Si deposition accounts
very well for the main features of the NMR results, bear-
ing in mind the uncertainties arising from cross-polariza-
tion efficiencies.

Thus we find that both the infrared and the NMR results
support a model of random silica deposition. Although the
former are qualitative and the latter only semiquantitative,
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due to uncertainties in cross-polarization efficiencies,
both sets of data are in contradiction to what would be
expected for a model in which silica builds up one mono-
layer at a time.
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