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A combination of conventional and multiple pulse nuclear magnetic resonance (NMR) 
techniques has been used to examine the hydroxyl protons on a series of high surface area 
silica-aluminas whose composition varied from O-100% SiO,. Protons remaining on these 
materials after being calcined at 500°C are found to exist as immobile and widely separated 
hydroxyl groups at room temperature. The concentrations of both SiOH and AlOH groups 
are reported as a function of adsorbent composition. With the high silica content samples, 
100-75% SiO,, no AlOH groups were detectable, while on the 50% and lower SiO, content 
samples most surface protons were in AlOH groups; thus, there is indication of a major 
change in local structure between 75 and 50% silica content. The isotropic part of the 
chemical shift tensor for hydroxyls on pure SiO, is -4.2 ppm relative to TMS and the 
anisotropy extracted from the powder pattern assuming an axially symmetric tensor is t6.9 
ppm, substantially smaller than those found for hydroxyl groups in the solid state. 

INTRODUCTION 

This paper presents results of a nuclear 
magnetic resonance (NMR) study of hy- 
droxyl protons bound to the surface of 
silica-aluminas whose composition varied 
from 0 to 100% SiO*. The surface hy- 
droxyl groups on high surface area silica 
have been extensively studied, particularly 
by infrared (1,2) and NMR techniques 
(3-8). Some NMR studies have been re- 
ported of hydroxyl groups on an 87.5% 
silica-12.5% alumina sample (5,9,10) and 
on pure alumina (11,12). However, the 
present work represents to the authors’ 
knowledge the only attempt using NMR to 
examine surface hydroxyls on a whole 
series of silica-aluminas. In addition, a 
variety of “multiple pulse” NMR tech- 
niques have been used in this work in addi- 
tion to conventional pulsed NMR, and 
thus some of the difficulties associated 
with the interpretation of NMR results for 
surface species have been avoided. 

EXPERIMENTAL DETAILS 

Sample preparation. The samples used 
in this work were prepared by Dr. D. A. 
Hickson at the Chevron Laboratories in 
Richmond, Calif., and have been the sub- 
ject of a publication by Schwarz (13) 
where selective adsorption coupled with 
infrared techniques was used to character- 
ize the nature of the acid sites on the sur- 
faces. The samples were prepared by 
mixing desired amounts of AlCl, and tet- 
raethyl ortho silicate in methanolic solu- 
tion (24). The resulting solution was homo- 
geneously gelled by the addition of propyl- 
ene oxide, thus raising the pH. The meth- 
anol was then displaced by rinsing in 
diethyl ether. The material was then 
placed in an autoclave, and the tempera- 
ture was brought to the critical point for 
diethyl ether. The vapor was flushed away 
with dry nitrogen. This resulted in an 
extremely high surface area material. 
Infrared techniques were used to demon- 
strate that hydroxyl groups in these mate- 
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rials rapidly exchanged with D20 vapor 
and thus represent surface groups (IS). 

Sample pretreatment. A cavity for con- 
tainment of each sample was formed from 
a 15-cm length of 4-mm quartz tubing by 
blowing out the bottom 10 mm of the tube 
to 5 mm o.d. and then sealing that end. 
This procedure produced a cavity with an 
i.d. of 4.5 mm which was packed with the 
sample, containing typically 20-40 mg of 
material with a surface area of 12 to 24 mz. 
The open end of each tube was attached to 
a glass vacuum system of 2-liter volume 
for treatment of the samples. The vacuum 
system was greaseless and produced a 
pressure of 10e7 Torr. Two samples of 
each composition were prepared. The first 
sample was calcined in 152 Torr of oxygen 
for 1 hr at 500°C and then sealed. The sec- 
ond sample, after being calcined for 1 hr at 
500°C was cooled to 150°C and exposed 
to water vapor at 4.6 Torr for 1 hr, eva- 
cuated, and then sealed. 

NMR apparatus. The NMR measure- 
ments were conducted at room tempera- 
ture and at 56.4 MHz. Signal averaging 
was used (256 decays) and an external 
deuterium lock system held the magnet 
field drift to a few milligauss during the 
period of several hours normally needed 
for signal averaging (T,‘s were all in the 
20-set range). Free induction decay 
spectra were taken well off resonance (50 
kHz) and the envelope of the observed os- 
cillation used to determine the decay. This 
technique involves giving up a substantial 
portion of the available signal to noise and 
accounts for much of the experimental 
scatter observed in Figs. I-5. However, it 
assures that the reported decays are not 
contaminated by artifacts. 

The basic multiple pulse NMR spec- 
trometer has been previously described 
(16). The sample coil was constructed as 
earlier reported to minimize rf inhomoge- 
neity (17), and the quality factor, Q, of the 
probe was 40. It was found necessary to 
use components constructed with Teflon 
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FIG. 1. Plot of free induction decay envelope vs 
time for samples of varying SiO, composition. Data 
from the various samples have been displaced ver- 
tically in order to clarify presentation. The values of 
TP reported in Table 1 were obtained from the slopes 
of the lines placed through the data. 

dielectric for items in and near the probe 
to eliminate anomalous proton signals. 

The presence of any small transients due 
to pulse overload of the receiving circuits 
can mask the low-level signals available 
from these measurements. Thus, several 
pulse buffers were installed which im- 
proved the receiver overload character- 
istics. Each pulse buffer was a passive cir- 
cuit consisting of a Relcom BT9 trans- 
former (18) to increase impedence of the 
signal to 800 ohms, three sets of crossed 
diodes (germanium lN270) across the 800 
ohms (for clipping the rf pulse), and a sec- 
ond Relcom BT9 to transform the signal 
back to 50 ohms. Such buffers limited 
pulses of several volts at the input to - 70 
mV rms at the output with an attenuation 
of the low-level signals of 6 dB. In addition 
to using such a buffer before the receiver, 
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FIG. 2. Powder pattern using eight-pulse cycle of 
100% SiO, cakined sample. The signal amplitude is 
plotted vs chemical shift (ppm) relative to TMS. 

it was found advantageous to place a 
buffer between several of the Avantek unit 
amplifiers (19) used in the receiver. Ap- 
parently this allowed one to minimize the 
poorly understood nonlinear overload 
characteristics of these particular unit 
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FIG. 3. Plot of free induction decay envelope vs 
time for calcined samples of varying SiO, composi- 
tion. Data from the various samples have been dis- 
placed vertically in order to clarify presentation. 

FIG. 4. Plot of decay envelope of AlOH groups vs 
time squared for calcined samples of varying SiO, 
composition. Data from the various samples have 
been displaced vertically in order to clarify presenta- 
tion. The values of second moment reported in Table 
1 were obtained from the slopes of the lines placed 
through the data. 

amplifiers. Under these conditions the 
small signals from these experiments could 
be characterized approximately 4 p after 
the end of the rf pulse. 

The data acquisition system consisted of 
a Biomation 802 transient recorder inter- 
faced to a PDPS/e computer equipped 
with a PDP TU60 tape cassette data 
storage system. 

NMR techniques. The application of 
NMR techniques has furnished informa- 
tion on the (a) number, (b) arrangement, 
(c) bonding, and (d) motion of hydroxyl 
groups on the materials studied. 

(a) The number, or density, of hydroxyls 
on the materials was determined from the 
initial magnitude of the free induction 
decay observed after a 90” pulse. Care has 
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FIG. 5. Plot of decay envelope of AlOH groups vs 
time squared for rehydrated samples of varying SiO, 
composition. Data from the various samples have 
been displaced vertically in order to clarify presenta- 
tion. The values of second moment reported in Table 
1 were obtained from the slopes of the lines placed 
through the data. 

to be taken that the sample is at equilib- 
rium with the magnetic field before appli- 
cation of the 90” pulse. The magnitude of 
the free induction decay was calibrated by 
using samples of known proton content. 

(b) Information on the local environment 
and arrangement of hydroxyl groups on 
the surface was obtained from an analysis 
of the free induction decay lineshape, 
either directly or by use of a moment anal- 
ysis (20). 

(c) Information on the chemical bonding 
of the hydroxyl groups to these materials 
has been obtained by using the multiple 
pulse NMR techniques (21) to measure 
components of the chemical shift tensor. 
The chemical shift tensor results from a 
coupling of the electronic wavefunctions 

with the nuclei and, thus, mirrors changes 
in electronic structure brought about by 
chemical bonding. 

(d) Motion of the protons can alter, or 
average, both the dipolar interactions 
responsible for the free induction decay 
lineshape and the chemical shift tensor 
and, in addition, can control the magnitude 
of a variety of relaxation times. The effect 
of motion on a variety of NMR relaxation 
times has been extensively reviewed with 
special emphasis on surface systems (3-8). 

The use of conventional pulsed NMR 
techniques has been extensively discussed 
(22), and the comments here are limited to 
a discussion of the multiple pulse tech- 
niques and a discussion of the chemical 
shift tensor. 

Multiple pulse NMR techniques. As the 
above discussion indicates, several interac- 
tions contribute simultaneously to both the 
lineshape and associated relaxation effects 
of an NMR resonance. Although each of 
these interactions contains useful informa- 
tion, usually the NMR spectrum can be in- 
terpreted to give only the largest one or 
some complex combination of several. To 
allow further separation and character- 
ization of the interactions present, a vari- 
ety of recently developed multiple pulse 
NMR techniques may be used. These are, 
in general, characterized by the application 
of periodic and cyclic chains of intense t-f 
pulses and have the effect of altering the 
effective size and character of specific in- 
teractions. Thus, use of these techniques 
can allow measurement of small interac- 
tions which are normally not measureable 
due to the presence of much larger interac- 
tions and can allow separation of interac- 
tions normally only measurable as a sum. 
Three such sequences were used in this 
work and are described below. 

An eight-pulse cycle was used to re- 
move the effects of static homonuclear di- 
polar broadening and to allow measure- 
ment of the proton chemical shift tensor. 
This pulse sequence has been discussed in 
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detail previously (17,23), and it will only 
be pointed out here that it is essential to 
have the characteristic time associated 
with the pulse cycle shorter than the spin- 
spin relaxation time (the inverse of the 
dipolar linewidth), and that motional ef- 
fects, particularly in the 1O-4 to 1O-6 set 
time domain, can interfere with the 
averaging process. 

A phase altered version of the eight- 
pulse cycle (23,24) was also used in this 
work. This sequence has the ability to re- 
move the effect of static magnetic field 
inhomogeneities in addition to homonu- 
clear dipolar interactions from the NMR 
spectrum. Thus, it can be used to deter- 
mine what portion of the linewidth ob- 
served in the regular eight-pulse spectrum 
is due to magnetic field inhomogeneities. 
As the chemical shift is, in effect, a mag- 
netic field inhomogeneity, the phase al- 
tered eight-pulse cycle furnishes a means 
to be sure that the linewidth observed in 
the eight-pulse cycle can be attributed to 
chemical shift anisotropy and not to mo- 
tional effects, experimental problems, or 
any residual homonuclear dipolar effects. 

A Carr-Purcell sequence has been used 
here to separate the total dipolar interac- 
tion into contributions from homonuclear 
and heteronuclear interactions. The 
Meiboom-Gill (22) modification was used 
with the slight modification that two 
closely spaced 90” pulses were used instead 
of a single 180” pulse. By using previously 
described pulse adjustment procedures 
(lb), very precise 180” pulse rotations 
could be assured. The signal was sampled 
between each 180” rotation. 

Chemical shift tensor. The electron dis- 
tribution surrounding a nucleus can distort 
the magnetic field at the nuclear site, and 
consequently, one observes a dependence 
of the resonance frequency on the nature 
of the chemical bonding present. As the 
electronic environment is normally not iso- 
tropic, this frequency dependence will 
show an angular dependence and is de- 

scribed by a chemical shift tensor. For the 
high field case this is a symmetric tensor 
and normally described by the three prin- 
cipal values of the tensor and the orienta- 
tion of the principal axis coordinate 
system. The frequency shift induced by 
the chemical shift is normally not measur- 
able in solids, but by using the multiple 
pulse NMR techniques to remove the di- 
polar broadening, it can be accurately de- 
termined. In single crystal samples one can 
determine both the principal values and 
the orientation of the principal axis 
system. However, in polycrystalline 
powders like the ones studied in this 
paper, one has present simultaneously 
many different orientations so that one ob- 
serves a spectrum broadened by chemical 
shift effects. This “powder pattern” can be 
analyzed to extract the magnitude of the 
three principal values (25). 

RESULTS AND DISCUSSION 

100% Silica. The semilogarithmic plot 
of the free induction decay for the calcined 
sample of pure silica is shown in Fig. 1. As 
shown, the decay is exponential within the 
precision of the data. By extrapolating the 
line in Fig. 1 back to zero time, an initial 
intensity is obtained which indicates 1.6 
protons/ 100 AZ f. 10% and a ratio of sili- 
con atoms to protons of 11. The hydroxyl 
concentrations for silica samples treated at 
500°C were found in the range 1.6-2.3 
protons/l00 AZ by Davydov and co- 
workers (26), using chemical methods of 
analysis and a variety of preparation tech- 
niques. O’Reilly et al. (9) found 2.6 
protons/ 100 AZ, and more recently Freude 
et al. (27) measured 0.87 protons/l00 AZ, 
both using NMR techniques. 

The time constant, Tz, for the free in- 
duction decay is 200 psec, and as an ex- 
ponential decay in time space is equivalent 
to a Lorentzian line in frequency space, 
this is equivalent to a Lorentzian absorp- 
tion spectrum with a full width at half 
height of 1600 Hz. A Lorentzian lineshape 
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has been previously observed by O’Reilly 
and co-workers (5,9), who reported a Tz of 
180 psec which did not vary as a function 
of temperature between -210 and 280°C. 
Both the lack of a temperature dependence 
and results of the multiple pulse NMR 
measurements discussed below indicate 
that the Lorentzian lineshape is not the 
result of motional averaging, Lorentzian 
lineshapes have been predicted for a 
number of geometries where it is assumed 
that spins are distributed in a random fash- 
ion over only a small fraction of possible 
sites (28). It does not appear possible to 
use the results of such analytic treatments 
to extract quantitative information on the 
distribution of hydroxyls on the silica. 
However, because the decay time is large, 
i.e., 200 psec, it can be concluded that the 
protons are widely separated. Specifically, 
the proton-proton distances are greater 
than about 4 A, which thus excludes the 
possibility of adsorbed water on the silica 
surface, but does not exclude having two 
hydroxyl groups attached to the same sili- 
con [see Peri and Hensley (29)]. 

The eight-pulse cycle, with a cycle time 
of 96 psec, was applied to the calcined 
sample. As shown in Fig. 2, the linewidth 
collapsed to near 250 Hz. One can con- 
clude that the width and Lorentzian shape 
of the free induction decay were deter- 
mined almost completely by dipolar in- 
teractions and furthermore that the dipolar 
interactions were essentially static on the 
timescale of 1 Om4 to 10-6 sec. This fur- 
nishes evidence for the interpretation 
given above of the free induction decay 
lineshape. 

The lineshape produced by the multiple 
pulse experiment has several potential 
sources: (a) inhomogeneous broadening, 
primarily chemical shift coupling, (b) time 
dependence, particularly in the dipolar in- 
teraction, and (c) residual instrumental 
broadening. The phase altered eight-pulse 
cycle was applied to further separate these 
effects as it will remove inhomogeneous 

broadening as well as static dipolar broad- 
ening. The line collapsed further to 32 Hz 
under the influence of the phase altered 
eight-pulse sequence, thus indicating that 
the lineshape in Fig. 2 can be attributed to 
a chemical shift powder pattern broadened 
by bulk susceptibility effects. The smooth 
line through the data points in Fig. 2 is a 
computer fit for an axially symmetric 
chemical shift tensor with a Lorentzian 
broadening function. The principal values 
furnished by the fit are uI = -5.1 ppm and 
uo = +1.8 ppm relative to a spherical 
sample of tetramethylsilane (21 ppm). In 
order to correct values for the effects of 
bulk susceptibility, the sample was approx- 
imated by an ellipsoid (a = b = 0.5 c, 
where a, 6, and c are the semiaxes and 
with the magnetic field being along a), and 
the tabulated values of Osborn (30) were 
used with a value of - 1.13 X 1 O-6 for the 
volume susceptibility to calculate a sus- 
ceptibility correction of - 1.4 ppm. Thus, 
susceptibility independent principal values 
for the hydroxyl protons on silica are 
VI = -6.5 ppm and vfi = +0.4 ppm, and a 
susceptibility independent value for the 
trace, or isotropic portion, is -4.2 ppm 
(relative to TMS). A Lorentzian broad- 
ening function with a width of near 6 ppm 
was required to fit the spectrum in Fig. 2, 
and this width is attributed primarily to 
smearing of the magnetic field at the sur- 
face of a particle whose magnetic suscepti- 
bility is different from the medium it is in. 

A number of studies have recently been 
reported of the chemical shift tensor of 
both hydrogen bonded (31) and nonhy- 
drogen bonded (32) hydroxyl protons, and 
all have reported tensors which exhibit an 
anisotropy (oi/ --(TJ from 2 to 4 times the 
size of the 6.9 ppm found in this study. 
One can conclude either that the surface 
hydroxyl groups studied here have sub- 
stantially altered chemical bonding from 
these solid state systems or that the value 
measured here has been partially averaged 
by an angular motion of the O-H vector 
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(i.e., a wagging or rotation of the hydroxyl 
bond around the oxygen). Thus, while 
NMR data indicate that major motion, dif- 
fusion from oxygen site to oxygen site, 
does not occur, there is some indication 
that a local reorientation of the hydrogen 
around its oxygen may occur in this 
system. Hopefully, this point can be clari- 
fied by performing the multiple pulse mea- 
surements at low temperatures. 

The same series of NMR measurements 
has been made on the rehydrated sample 
of 100% silica with almost identical re- 
sults. A surface concentration of 1.9 
protons/l00 AZ was determined from the 
free induction decay. This small increase 
of 0.3 protons/l00 A2 suggests that the 
rehydration by water vapor is not revers- 
ible. Such irreversible rehydration has 
been reported earlier for silicas heat 
treated at temperatures over 400°C both 
by Young (33) and by Hockey and Pethica 
(34). 

The lineshape for the rehydrated sample 
was Lorentzian within the precision of the 
data and indicates that the water molecules 
which were absorbed went on the surface 
as widely separated hydroxyl groups. The 
principal values for the chemical shift 
tensor were determined as above and 
found to be crI = -6.2 ppm and q, = +0.6 
ppm, which are identical within experi- 
mental accuracy with the nonhydrated 
sample. Thus, essentially no difference 
between the two samples could be deter- 
mined except for the small concentration 
difference noted above. 

0% Silica (100% alumina). The loga- 
rithm of the amplitude of the free induction 
decay for the calcined alumina sample is 
shown versus time in Fig. 3 and versus 
time squared in Fig. 4. The proton concen- 
tration was 3.1 protons/ 100 AZ, and the 
ratio of aluminum atoms to protons was 
6.7. This higher concentration of protons 
on alumina compared to silica has been 
pointed out before (3.5). The linear plot in 
Fig. 4 is the time response expected of a 

decay associated with a Gaussian line- 
shape, and from the slope of the line 
through the data points, one estimates a 
second moment of 2.8 GZ for the proton 
line. This second moment has contribu- 
tions from proton-proton interactions (ho- 
monuclear) and from proton-aluminum in- 
teractions (heteronuclear), and in order to 
separate these, a Car-Purcell-Meiboom- 
Gill cycle was applied with a pulse spacing 
of 50 psec. Assuming a Gaussian line- 
shape for the envelope of the echo 
maxima, an estimate of near 0.2 G2 was 
obtained for the second moment. As the 
Carr-Purcell-Meiboom-Gill sequence re- 
moves static heteronuclear dipolar broad- 
ening as well as magnetic field inho- 
mogeneity effects, the 0.2 G2 can be at- 
tributed to homonuclear dipolar broad- 
ening (i.e., proton-proton broadening). 
This would imply that 2.6 G2 of the proton 
second moment (i.e., essentially all of the 
2.8 G2 second moment measured) can be 
attributed to the heteronuclear (proton- 
aluminum) dipolar interaction. Also note 
that the small size of the proton-proton 
second moment implies widely separated 
protons on the alumina surface. 

The rehydrated sample of alumina has a 
still higher concentration of hydroxyl 
grows, 4.4/100 AZ, and was Gaussian 
within the experimental error, as indicated 
in Fig. 5. The second moment estimated 
from the slope of the line through the data 
points in Fig. 5 is 3.7 G2. 

Silica-aluminas. Compositions of 10, 
25, 50, 75, and 90% silica were prepared, 
treated, and investigated as described 
above for the pure Si02 and A1203. Experi- 
mental results are presented in Figs. 1, 3, 
4, and 5 and in Table 1. A number of 
conclusions can be drawn from these re- 
sults. 

The 90 and 75% SiO, samples exhibited 
a single exponential decay for both cal- 
cined and rehydrated samples as shown in 
Fig. 1. The concentrations of protons on 
these samples and estimates of the decay 
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TABLE 1 
SUMMARY OF PROTON NMR RESULTS FOR CALCINED AND REHYDRATED SILICA-ALUMINAS 

OF VARYING COMPOSITION 
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Calcined samples Rehydrated samples 

SiOH AlOH SiOH AlOH 
~- 

Surface No. No. No. No. 
SiO, area H/100 Tz H/100 M, Hi100 Tz H/100 M2 

(wt %) (m*/g) AZ (psec) A* (CZ) AZ (psec) A2 G2) 

100 576 1.6 200 - - 1.9 170 - - 
90 693 1.5 160 - - 3.2 120 - - 
75 61.5 1.2 150 - - 1.8 140 - - 
50 727 1.0 140 2.7 2.7 1.0 105 3.5 2.9 
25 839 0.2 160 2.4 2.7 0.5 80 3.7 2.9 
10 768 - - 3.4 2.7 - - 4.4 3.0 
0 571 - - 3.1 2.8 - - 4.4 3.7 

constants are given in Table 1. Using re- 
sults and arguments from the discussion of 
the pure silica sample, the measured decay 
constants indicate that protons on these 
samples do not exist as closely spaced 
pairs (i.e., not as absorbed water) and do 
not exist in close proximity to an alumi- 
num ion (i.e., not as AlOH groups). Again 
one notes that exponential decays, or 
Lorentzian lineshapes have been predicted 
for a number of geometries where it is as- 
sumed spins are distributed in a random 
fashion over only a small fraction of pos- 
sible sites (28). As in the case of pure silica, 
the eight-pulse sequence was applied to 
both the calcined and rehydrated 90% sil- 
ica samples with results similar to those 
reported above for the pure silica, con- 
firming that the observed decays were pro- 
duced by static dipolar interactions. 

The 50, 25, and 10% SiO, samples are 
quite different from the 75 and 90% 
samples. Figure 3 illustrates this point for 
the 50% SiO, calcined sample where a 
logarithmic plot is shown for the 100, 75, 
50, and 0% calcined samples. The 50% 
SiOZ decay consists of two components. 
At long times (> 70 psec) it is qualitatively 
and quantitatively similar to the 75 and 
100% SiO, decays, while at short times it 

is similar to the 0% (pure alumina) decay. 
In the analysis of the data of the pure 
alumina, the short decay was found to be 
due to the aluminum-proton dipolar in- 
teraction and was associated with hy- 
droxyl groups attached to aluminum ions, 
while in the analysis of the 100, 90, and 
75% SiOZ, the long decays were as- 
sociated with isolated hydroxyls attached 
to silicon ions, i.e., SiOH groups. It is thus 
possible to separate quantitatively the frac- 
tion of protons bound to silicon and that 
fraction bound to aluminum. The intercept 
of the extrapolated line which fits the long- 
time behavior, as shown in Fig. 3, is a 
measure of the SiOH density. The dif- 
ference between this extrapolated inter- 
cept and the total intercept is a measure of 
the AlOH density on the sample. In order 
to compute this difference accurately, the 
50% SiO, curve in Fig. 4 was constructed 
by subtracting the amplitudes of the line 
extrapolated from the long-time portion 
shown in Fig. 3 from the amplitudes of the 
data points in the short-time region. Thus, 
the 50% SiOZ curve shown in Fig. 4 repre- 
sents the signal from the AlOH groups, 
and the intercept is directly proportional to 
the concentration of hydroxyl groups 
bound to aluminum ions. 
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The decays observed for the 50% SiOz 
rehydrated sample and both of the 25% 
SiOz samples also consisted of two compo- 
nents. Like the 50% Si02 calcined sample, 
the long-time portion was similar to the 
100% SiOz decay, and the short-time por- 
tion was similar to the 100% A1203 decay. 
The number of hydroxyl groups bound to 
silicon ions and the number to aluminum 
ions were calculated in the same manner 
as above for the 50% SiO, calcined 
sample. For both 10% SiOz samples, the 
decays were similar to the 0% SiOz 
samples. 

In order to compute second moments 
for the AlOH groups, a Gaussian decay 
was assumed. As can be seen from Figs. 4 
and 5, the straight lines, which are indica- 
tive of Gaussian behavior, fit the data for 
the 0 and 50% SiOz samples excellently, 
but fit the data for the 10 and 25% SiO, 
samples only moderately well. From the 
slopes of these lines, second moments 
were computed and are presented in Table 
1. Almost all of the second moments for 
the AlOH groups were close to 2.8 G2. 

The entire results for the surface con- 
centrations of AlOH groups and SiOH 
groups are presented in Table 1. It appears 
to be of substantial significance that AlOH 
groups were not detected on the 75% sil- 
ica sample while nearly 75% of the pro- 
tons on the 50% silica sample appear to be 
AlOH groups. Previous infrared work by 
Basila (36) has concluded that the exis- 
tence of a single hydroxyl stretching 
frequency on a 75% silica implied only 
SiOH groups. Prior NMR work by 
O’Reilly et al. (9) and Hall et al. (IO) on a 
89% SiOz sample had limited the percent- 
age of surface protons in AlOH groups to 
less than 20%. The 75% silica sample con- 
tains 1 aluminum ion for every 2.5 silicon 
ions, but no measurable AlOH groups; the 
50% silica contains 1 aluminum ion for 
each 0.85 silicon ion (54% aluminum 
ions), yet 75% of the hydroxyls are bound 
to the aluminum. These samples are all 

amorphous in the sense that no X-ray 
spectra are obtainable and infrared data on 
Al-O and Si-0 are broadened, yet the 
results presented here imply substantial 
order, specifically in the attachment of the 
hydroxyls. 

There appears to be a clear qualitative 
change occurring in the nature of the hy- 
droxyl groups between the 75 and 50% sil- 
ica samples, with the 100, 90 and 75% 
being similar and exhibiting no detectable 
AlOH groups while the 50, 25, 10 and 0% 
SiOz have the bulk of their protons at- 
tached in close proximity to an aluminum 
ion. Further work on these samples in- 
volving infrared studies, surface titrations, 
and catalytic studies is in progress, and 
relationships between the NMR results 
and these studies will be published in the 
near future. 
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