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Abstract: The reaction of trimethylaluminum and dry, high-surface-area (500 m2/g) silica gel in a mixed
slurry was studied using multinuclear, solid-state NMR spectroscopy. The products of the initial reaction
were characterized, and their progress through subsequent washing with diethyl ether and reactions with
measured amounts of water was followed. The quantitative distribution of different chemical forms of carbon
deposited on the silica surface by the initial reaction was measured. The products of the initial reaction are
dominated by methyl species of the types Al(CH3)n (with Si-O-Al linkages), Si-O-CH3, and (Si-O)4-n-
Si(CH3)n; aluminum is seen to exist predominantly as a five-coordinate species. Subsequent treatment
with diethyl ether fails to remove any surface species, but instead the ether becomes strongly associated
with the surface and highly resistant to removal. Stepwise additions of water hydrolyze the Al-CH3 and
Si-O-CH3 moieties, leading to conversion of five-coordinate aluminum to four- and six-coordinate aluminum,
and affect the partial release of the surface-associated diethyl ether; Si-CH3 moieties remain. The effect
of aromatic and saturated solvents on the initial reaction was examined and found to cause a small but
significant change in the distribution of products. Structures of aluminum-centered species on the silica
surface consistent with the spectroscopic data are proposed.

Introduction

Derivatization and modification of the silica surface are
enormously important in both pure and applied chemistry.1-4

In addition to the popular silylation reactions that facilitate the
formation of useful composites5 and generate a variety of useful
“phases” for chromatography,1-4,6-8 silica-surface modification
is extremely useful for “immobilizing” moieties with catalytic
activity.9,10

Trimethylaluminum, Al(CH3)3, is useful for generating
aluminum-based layers that subsequently can be converted to
aluminum oxide11 or aluminum nitride12 layers. Trimethylalu-
minum also serves as a prototype or precursor to important
cocatalysts in olefin polymerization.13-25

Previous work on the reaction between trimethylaluminum
and dry silica gel has focused mainly on reactions occurring
using gas-phase reagents (i.e., at a gas/solid interface),26-43 with
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infrared spectroscopy being the most common spectroscopic
method used. This previous research includes some solid-state
NMR work in one study from this laboratory.43 On the basis of
the prior research, a number of reactions have been proposed
to account for the various products. Equations 1 through 6
represent a consensus of chemical understandingembodied in
the prior work. Surface silanols (SiOH) react with trimethyl-
aluminum to produce Si-O-Al with attached Al(CH3)n surface
linkages and to generate methane (eqs 1 and 2).

Correspondingly, surface siloxanes moieties (SisOsSi) react
to produce SisOsAl and Si(CH3)n surface structures without
the generation of methane (eqs 3 through 5).

The formation of SiOCH3 moieties has also been suggested
(eqs 6 and 7) as well as other kinds of transformations (eqs 8
and 9).

In all but one of the above chemical equations from the
literature, the surface-attached aluminum is nominally shown
as three-coordinate. However, the27Al NMR results given below
show the predominance of four-, five-, and six-coordinate
aluminum in the products of the reaction between trimethyl-
aluminum and silica.

Just as there has been a wide range of experimental conditions
employed in the trimethylaluminum/silica reactions studied
(methods of silica preparation and pretreatment, trimethylalu-
minum/silica reaction temperature and period, the absence or
presence and identity of a liquid medium), a variety of often
conflicting results have been obtained. Different conclusions
have been reached regarding the occurrence or absence of Si-

O-CH3 and Si-O-Al(CH3)n groups in the product, on the
relative reactivity orders of hydrogen-bonded SiOH groups
(SiOHh), non-hydrogen-bonded SiOH groups (SiOHi, for iso-
lated), and siloxane moieties (Si-O-Si) at the silica surface
and on the relative populations of Al-CH3 and Si-CH3 moieties
formed at the surface.

The present work re-examines and extends the prior results
in the following important ways: (1) the products of the initial
reaction between trimethylaluminum and silica gel are tenta-
tively identified (structures proposed) and their distribution is
determinedquantitatiVely by NMR; (2) the important reaction
steps intermediate between the initial reaction and final hy-
drolysis are examined in detail; and (3) the chemical structures
of the carbon, silicon, and aluminum centers are directly
observed at each reaction step, and their transformations are
followed.

Experimental Section

Materials. Silica gel (S679, Fisher Scientific, Lot 000232), with a
particle diameter range of 100-200 mesh was dried by evacuation at
5 × 10-3 Torr and 150°C for 24 h.44 Trimethylaluminum (97%,
Aldrich) was used as received. (CAUTION : trimethylaluminum is a
pyrophoric and moisture-sensitive material.)45 Toluene and cyclohexane
(Fisher Scientific) were refluxed over sodium metal for 12 h. Diethyl
ether (anhydrous, Fisher Scientific) was stored over 4A molecular
sieves. Hexamethylbenzene (HMB, Aldrich), tetrakis(trimethylsilyl)-
silane (TTMSS, Fluka), aluminum potassium sulfate (alum, J.T. Baker),
and polydimethylsiloxane (PDMS, 2.5 MDa MW, Petrarch Systems)
were used as received.
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Surface Properties.Values of the BET surface area, pore volume,
and pore size (width) were determined by Micrometrics Analytical
Services (Norcross, GA).

Sample Preparation. Trimethylaluminum (∼1.1-fold molar ratio
of trimethylaluminum relative to total silica surface silanols) was added
slowly to a suspension of dry silica gel in either dry toluene or
cyclohexane, in a flask cooled by an ice-water bath, with the evolution
of heat and gas. Gaseous helium was used to protect the reaction from
oxygen and moisture in the air. The mixture was stirred over the ice-
water bath for 4 h. After removal of the solution layer by a syringe,
the solid was washed three times with the same solvent, and the
washings were pooled for liquid-state13C NMR analysis. The solid
was dried by evacuation at 5× 10-3 Torr and 20°C for 4 h, and a
portion was removed for solid-state NMR analysis (representing the
initial reaction product (sample A)).

Subsequent Reaction Steps(see Figure 1). The initial reaction
product was treated in turn as follows: washed with diethyl ether and
dried by evacuation at 5× 10-3 Torr and 20°C for at least 12 h (sample
B); treated three times each with one molar equivalent of water in
diethyl ether (samples C-1, C-2, C-3) and dried by evacuation at 5×
10-3 Torr and 20°C for at least 12 h (with no further methane evolution
in the C-3 step); treated with excess water and dried by evacuation at
5 × 10-3 Torr and 20°C for at least 12 h (sample D). The evolution
of gaseous methane was monitored at each step by the use of a
cryogenic trap and subsequent return to room temperature with
measurement of volumetric displacement of water, and portions of the
dried solids were reserved for solid-state NMR analysis. (Additional
experimental details are provided in the Supporting Information.)

NMR Spectroscopy.Solid-state13C, 29Si, and1H NMR spectra were
obtained with magic-angle spinning (MAS), using a CMX-II type
spectrometer (Otsuka Electronics, Fort Collins, CO) operating at 8.46
and 4.7 T for13C and 29Si, respectively. Samples for13C and 29Si
spectroscopy were contained in modified 9.5 mm diameter PENCIL-

II, zirconia MAS rotors equipped with six rubber O-rings, three on
each end, to minimize exposure to air. Samples for1H spectroscopy
were contained in 4.0 mm diameter PENCIL-II, zirconia MAS rotors
with standard plastic-to-ceramic closures. Solid-state27Al NMR spectra
were obtained using a CMX-Infinity type spectrometer operating at
14.1 T (600.1 MHz for1H, 156.4 MHz for 27Al); samples were
contained in 4.0 mm diameter PENCIL-II, zirconia MAS rotors with
standard plastic-to-ceramic closures.13C and29Si NMR spectra were
obtained using cross polarization46 (CP) to develop the initial magne-
tization, while 1H and 27Al NMR spectra were obtained using direct
polarization (DP). (Additional experimental details are provided in the
Supporting Information.)

Results

Surface Properties.Values obtained for the (BET) surface
area, pore volume, and average pore size of the dry silica gel
were 500 m2/g, 0.40 cm3/g, and 3.19 nm, respectively. Corre-
sponding values for the initial reaction product were 211 m2/g,
0.19 cm3/g, and 3.38 nm, respectively.

The 1H MAS NMR spectrum of the dry silica gel (see
Supporting Information) and the BET surface area yield an assay
of 5.3 mmol OH/g. This corresponds to 6.2 OH/nm2 or 3.2×
1021 OH/g. 29Si NMR measurements yield a silanol concentra-
tion of 5.2 mmol OH/g (vide infra).

NMR Spectroscopy.Multinuclear solid-state NMR, using
27Al, 29Si and13C, was applied to provide structural information
on the species present on the silica gel surface after it was
modified by trimethylaluminum from a toluene or cyclohexane
medium. All NMR data presented in this work utilized MAS
to obtain isotropic chemical shift spectra. In the case of13C
and 29Si, cross-polarization from protons (1H f 13C or 1H f
29Si) was used to develop observable magnetization, which
favors nuclei closer to protons in the sample, although there is
some experimental control over the selectivity. In the case of
1H and 27Al, direct-polarization (using a singleπ/2 or π/12
excitation pulse, respectively) was used to develop observable
magnetization and excite all corresponding nuclei present in the
sample regardless of their location (e.g., surface or buried).
Figure 2 shows the27Al, 29Si, and 13C MAS spectra of the
products of the initial reaction and subsequent reaction steps
for the toluene medium. Corresponding results for the cyclo-
hexane case can be found in the Supporting Information.

Products of the Initial Reaction. The bottom right-hand
panel of Figure 2 shows the13C CP/MAS spectrum of the initial
reaction product. Two sets of signals are observed in this
spectrum: a group of methoxy carbon resonances from 57 to
47 ppm and a second group corresponding to various methyl
carbons from 1 to-13 ppm. These groups of resonances are
heavily overlapped, and the individual signals were isolated by
manually guided spectral simulation. Two methoxy peaks were
isolated at 49 and 54 ppm and assigned to Si-O-CH3 and Si-
(OCH3)2, respectively.33,35-39,42Four methyl peaks were isolated
at 0,-3, -7, and-12 ppm and assigned to Si(CH3)3, Si(CH3)2,
SiCH3, and Al(CH3)n, respectively.33,35-39,42

Two spinning sidebands, at 27 and-49 ppm, arise from the
peak at-12 ppm and a single sideband at 84 ppm arises from
the peak at 49 ppm. The intensities of the sidebands relative to
that of the corresponding central peak are related to the effective
chemical shift anisotropy (CSA) of the relevant nucleus.47 In

(46) Pines, A.; Gibby, M. G.; Waugh, J. S.J. Chem. Phys.1973, 59, 569.
(47) Herzfeld, J.; Berger, A. E.J. Chem. Phys.1980, 73, 6021.

Figure 1. Scheme for the reaction between trimethylaluminum and dry
silica.
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this case, where the number of sidebands is few and their
individual intensities are weak, it is possible to place only very
broad constraints on an estimated anisotropy. The sideband
intensities observed at this resolution are consistent with an
axially symmetric anisotropy of roughly 50 ppm. Weak signals
are also present in this spectrum at 21 and 130 ppm, which are
due to the methyl group and aromatic carbons of residual
toluene, the reaction solvent.

The29Si CP/MAS spectra of untreated silica gel and the initial
reaction product are shown in the bottom center panel of Figure
2. The unreacted silica gel spectrum contains three partially
resolved signals at-89, -100, and-109 ppm, which are
assigned to surface moieties of the types (HO)2Si(SiO)2 (Q2),
HOSi(SiO)3 (Q3), andSiO4 (Q4), respectively (where the bold
symbol refers to the surface silicon on which the chemical shift
is in focus).48 The spectrum of the initial reaction product
displays a complex, broad signal in the same region. Decon-
volution of this complex signal is consistent with Q4 at -109
ppm together with a small signal at-104 ppm of no more than
5% of the total29Si intensity and assigned to (SiO)3Si-O-Al.
The Q2 and Q3 contributions to this region are negligible.

The change in chemical shift experienced by a29Si atom upon
conversion of a single hydroxyl group to an oxo-aluminum
linkage is not well defined in the current literature but can be
estimated to be-104 ppm from additivity relationships based
on available information (see Supporting Information). The
extent to which this substitution has occurred can be quantified
by deconvolution of the29Si spectrum into its component parts;
such deconvolution indicates that a maximum of 5% of the total
29Si intensity is due to residual Q3 silanols (see Supporting
Information).

Additional, weaker signals are present at roughly-60, -8,
and 25 ppm, which are assigned to (-O3SiO)3SiCH3, (-O3-
SiO)2Si(CH3)2,and,tentatively,(-O3SiO)Si(CH3)3,respectively.35-39

The single silicon species with only one methyl group attached
is the most intense of this set, indicating its predominant
production in the initial reaction. The weak intensities of these
peaks in the13C spectrum and their overlap with the more
abundant Al(CH3)n signal limit their utility in chemical inter-
pretations.

The27Al MAS NMR spectrum of the initial reaction product
is displayed in the lower left-hand panel of Figure 2. Three
incompletely resolved signals are present at 54, 32, and 6 ppm,
which are assigned to four-, five-, and six-coordinate aluminum
species, respectively.35,37,49-51 On the basis of the relative
intensities of the signals, the major aluminum structure on the
surface is five-coordinate, with the four- and six-coordinate
aluminum species being present in smaller amounts. Additional
27Al NMR measurements indicate that 2.0 mmol total aluminum
atoms/g silica are attached on the surface in the initial reaction
product (see Supporting Information).

Quantitation of Initial Reaction Products and Effect of
Reaction Solvent.Several repetitions of the initial reaction were
performed, with either toluene or cyclohexane as a reaction
solvent, to determine the extent of reaction and to prepare for
analysis of the subsequent reaction steps. Table 1 shows the
results of these measurements. Trimethylaluminum was added
in excess on a molar basis relative to the total surface silanols
to arrange for the latter to serve as the limiting reactant so that

(48) Maciel, G. E.; Sindorf, D. W.J. Am. Chem. Soc.1980, 102, 7606.

(49) Okuno, M.; Shimada, Y.; Schmuecker, M.; Schneider, H.; Hoffbauer, W.;
Jansen, M.J. Non-Cryst. Solids1997, 210, 41.

(50) Nyfeler, D.; Armbruster, T.Am. Mineral.1998, 83, 119.
(51) Gore, K. U.; Abraham, A.; Hegde, S. G.; Kumar, R.; Amoureux, J.-P.;

Ganapathy, S.J. Phys. Chem. B2002, 106, 6115.

Figure 2. Composite of27Al, 29Si, and13C NMR MAS spectra of samples from the trimethylaluminum/silica reaction in toluene.

A R T I C L E S Li et al.

17096 J. AM. CHEM. SOC. 9 VOL. 128, NO. 51, 2006



bridging of surface silanols by a single trimethylaluminum
would not limit the reaction.

From the quantitative13C CP/MAS spin counting results (see
Supporting Information) it is seen that, at the surface, the ratio
of the number of methyl groups bound directly to aluminum to
the number of methyl groups bound directly to silicon is about
4.5. This is a considerably larger number than previously
reported for the trimethylaluminum/silica reaction.26,27,33,35The
atomic C/Al ratio (about 1.6) is closer to values previously
reported.26,29,33,35The methyl groups are well accounted for with
toluene as a solvent. On the basis of the methane evolution,
approximately 60% of the surface silanols have reacted to
generate CH4. In cyclohexane, roughly 88% of the surface
silanols have reacted, but roughly 12% of the methyl groups
are incompletely unaccounted for. On the basis of the integrated
13C NMR intensities of the regions shown in Figure 2, roughly
60% of the surface-attached methyl groups detected are Al-
(CH3)n and about 12% belong to the Si-O-CH3 moiety.

Effects of Diethyl Ether on Initial Reaction Products. For
the purposes of examining the effect of a solvent more polar
than toluene on the initial reaction product, for example, to at
least partially dissolve a weakly physisorbed surface complex,
the initial Al(CH3)3/silica product was washed with diethyl ether.
The 13C CP/MAS NMR spectrum of the anhydrous diethyl
ether-washed and dried initial reaction products is shown in the
lower right panel of Figure 2. Some redistribution of the intensity
of the various signals is observed, for example, for the Si-O-
CH3 peak, which increases, and for the intensity of the Al(CH3)n

region, which decreases, although this trend is not readily
apparent in the particular pair of spectra displayed in this figure
(more apparent in some of the other replicate experiments and
in the spin-counting data). This small apparent change suggests
that, during the diethyl ether treatment, surface Al(CH3)n is
partially converted to Si-O-CH3, because there is no methyl
reagent added to the system; the only source is methyl groups
already present on the surface from the initial reaction. Ad-
ditionally, the two signals from diethyl ether (methylene and
methyl at 69 and 14 ppm, respectively) appear in the spectrum.
It is notable that the structural units of diethyl ether remain on
the surface even after exposing the sample to high vacuum at
room temperature, a treatment that is highly effective in
removing diethyl ether from the unmodified silica gel surface.

No significant changes in the27Al and 29Si NMR spectra nor
CH4 evolution were observed in this ether treatment step (see
Supporting Information).

Limited Hydrolysis. In our earlier study of reactions between
silica gel and methyl-metal compounds, including Al(CH3)3,43

the initial reaction products were treated with excess H2O prior
to spectroscopic observation. For the purpose of examining the
effect of water on Al-CH3 in greater detail, treatment with H2O
was studied in stepwise treatments (1 equiv of H2O at a time).
The center right panels of Figure 2 show the13C CP/MAS NMR
spectra at each stage of limited hydrolysis. As hydrolysis
proceeds, the Al(CH3)n signal is significantly reduced in intensity
at each step. During the limited hydrolysis, the other signals,
corresponding to Si-O-CH3, Si(CH3)3, Si(CH3)2, and SiCH3,
at 49, 0, -3, and -7 ppm, respectively, are essentially
unaffected, indicating that the limited water added to the surface
has targeted only the Al(CH3)n species. The signals correspond-
ing to diethyl ether units have also decreased over these stages.
The29Si CP/MAS spectra corresponding to each of these steps,
shown in the central panels of Figure 2, are essentially
unchanged, indicating that none of the silicon species are
affected. The center left panels of Figure 2 show the27Al MAS
spectra at the corresponding stages of limited hydrolysis. With
stepwise addition of water, which reacts with the Al(CH3)n

moieties, the intensity of the five-coordinate aluminum species
at 32 ppm decreases, while intensity associated with four- and
six-coordinate species, at 54 and 6 ppm, respectively, increases.
In sum, the13C signals due to Al(CH3)n and (CH3CH2)2O and
the27Al intensity of five-coordinate aluminum all decrease with
increasing hydrolysis, suggesting an association between these
types of species.

No significant changes in the29Si NMR spectrum were
observed at this step (see the central panels of Figure 2).

Exhaustive Hydrolysis. The top panels of Figure 2 show
the 13C CP/MAS,29Si CP/MAS and27Al MAS NMR spectra
of exhaustively hydrolyzed reaction product. At this stage the
Si-O-CH3 and Si(CH3)3 signals have completely disappeared
and the only carbon species left on the surface are Si(CH3)2

and SiCH3. This configuration corresponds approximately to
that observed previously.43 The diethyl ether peaks have also
disappeared at this stage. The Si(CH3)n signals remain essentially
unchanged during exhaustive hydrolysis, forn ) 1, 2. The five-
coordinate aluminum signal has decreased to a minimum, while
the four- and six-coordinate species signals have increased to
their maxima.

Dynamics of Methyl Groups on the Silica Surface.
Knowledge of relaxation times,T1

H, TCH, andT1F
H , is necessary

for carrying out quantitative analysis in the13C CP/MAS spin
counting of surface methyl moieties. These parameters can also
reveal useful information about molecular-level motion. A
detailed examination of the relevant relaxation times,T1

H, T1
C,

TCH, and T1F
H , that were measured on some of the samples

represented in this work are described in detail elsewhere.52

Relaxation times from that examination are consistent with a
view that (1) on the surface, initially formed Al-CH3 methyl
groups are more rigid than Si-O-CH3 methyl groups and
(2) diethyl ether molecules, introduced during the diethyl
ether treatment, interact with surface-attached Al(CH3)n species

(52) Li, J. M. S. Thesis, Colorado State University, Fort Collins, Colorado, 2006.

Table 1. Summary of Initial Reaction Stoichiometry for Both
Solventsa

toluene
solvent

cyclohexane
solvent

surface silanols in
silica reactant (as Si-OH)b

63.3( 4.1 mmol 64.2( 3.1 mmol

trimethylaluminum
reactant (as CH3)

223( 16 mmol 222( 16 mmol

methane product (as CH4) 36.4( 2.7 mmol 37.5( 3.0 mmol
unreacted Al-CH3

c 176( 23 mmol 102( 22 mmol
silica surface methyl productd 38.0( 4.1 mmol 55.8( 2.4 mmol
total methyl and

methane recovered
248( 19 mmol 196( 24 mmol

total 108( 4% 88( 5%

a Results of six replicate reactions for each solvent. Uncertainties are
estimated standard deviations.b The sample sizes of each reaction run were
slightly different, which is why the average number of surface silanols in
the silica reactant differ for the two solvents.c Measured in the supernatant
liquid, including the initial solvent wash.d All methyl groups attached, in
any way, to the surface in the initial reaction products.
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and such interactions can be perturbed by toluene in some
respects.

The13C signals of Al(CH3)n species have a large width (∼12
ppm), compared to the line widths for other species (no greater
than∼4 ppm) shown in the spectra. At a MAS speed of 3.6
kHz, which was used in obtaining the13C spectra, the Al(CH3)n

signal shows significant spinning sidebands, which indicates that
the effective CSA of the Al(CH3)n resonance is substantial. This
spinning sideband behavior indicates that the Al(CH3)n species
are in a motionally restrained environment (otherwise, much
of the CSA effect responsible for the spinning sidebands would
be motionally averaged); this can be rationalized in terms of a
view in which at least some portion of the Al-CH3 moieties
interact with (e.g., are bonded to) the surface by more than one
linkage. The large CSA behavior, which gives rise to large
spinning sidebands, was also observed for the13C peak at around
49 ppm (see Figure 2), which has the second largest intensity
among signals of surface methyl groups.

Discussion

Initial Reaction Products. The experimental results shown
above from the present work on the reaction of trimethylalu-
minum and silica gel in the presence of a solvent (i.e., at a liquid/
solid interface) are generally consistent with the picture
embodied in eqs 1 through 9. All the13C and 29Si species
expected for the gas/solid reaction (Si-O-Al, Al(CH 3)n, Si-
(CH3)n, Si-O-CH3) are observed in the corresponding NMR
spectra of the initial reaction product and are consistent with
the concomitant elimination of the surface Si-OH species as
they are consumed. The replacement of Si-OH with Si-O-
Al linkages is almost but not quite complete, occurring at the
95% level.

Among the methyl moieties formed initially on the silica
surface in the trimethylaluminum/silica reaction, Si-O-CH3,
Si(CH3)n, and Al(CH3)n, the 13C spin-counting results show
that Al(CH3)n are the most abundant moieties formed. The
Al(CH3)n moieties constitute about 70% of the total amount of
surface-attached methyl groups detected by13C NMR. The
amounts of Si-O-CH3, Si(CH3)3, and Si(CH3)2 moieties are
approximately equal to each other and together amount to about
30% of the total amount of methyl groups detected on the
surface.

The relaxation results indicate that Al(CH3)n and Si-O-CH3

groups are relatively immobile on the silica surface. More
concretely, they lack large amplitude motions on the 103 Hz
(or faster) time scale. This motional restriction is also signaled
by the presence of spinning sidebands of corresponding13C
signals. Any molecular motions faster than the magnitude of
the CSA will average the CSA effect toward zero and cause
the amplitudes of the sidebands to be attenuated. Conversely,
the Si(CH3)n groups are mobile on this same time scale, as
evidenced by the absence of sidebands from their signals. The
data presented here are too limited to support a detailed
description of the motions at present.

To the extent that chemical reactions of types represented
by eqs 6 and 7 occur in the trimethylaluminum/silica system
studied here, surface species involving Si-Al bonds would be
formed. Although there are no29Si NMR data available in the
literature on structures closely related to the Si-Al species
represented in eqs 6 and 7, one can make a tentative estimate

of roughly 70-100 ppm for the29Si chemical shift of such
species (see Supporting Information). This is in the range of
29Si chemical shifts of Q2 and Q3 silicons. While there is no
evidence of such a peak (or shoulder) in the29Si NMR spectra
of the initial trimethylaluminum/silica reaction products of this
study, the potential for serious peak overlap and the difficulty
of making a reliable chemical shift prediction preclude a
definitive statement on the presence or absence of Si-Al
structures at this time.

In eqs 1 through 7, and in most of the relevant literature, all
surface-attached Al(CH3)n moieties are represented with an
implied aluminum coordination number of three. However, there
is no evidence of three-coordinate aluminum in any of the27Al
NMR spectra of Figure 2. The27Al NMR spectrum of the initial
reaction product indicates that the predominant form of alumi-
num present on the surface is five-coordinate with a smaller
concentration of four- and six-coordinate aluminum species. This
suggests the following hypothetical and speculative kinds of

surface-attached species and their net generating reactions
(where Si-OH represents a surface silanol, which might, in
principle, be a single-silanol or geminal-silanol site and, in
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principle, may or may not be hydrogen-bonded). Analogous
hypothetical reactions for the formation of species with four-
coordinate and six-coordinate aluminum are given in the
Supporting Information.

In some of the hypothetical reactions represented in chemical
eqs 11-16, and in others presented in the Supporting Informa-
tion, the postulated structures in which two or three aluminum
atoms are involved in “bridging” between precursor-silanol sites
require a substantial concentration of silanols on the unreacted
silica surface. The measured value of about 6.2 OH/nm2 is
consistent with a working model of the silica surface in terms
of intersecting segments of〈100〉-like and〈111〉-like faces of
â-cristobolite (corresponding to geminal- and single-silanol silica
sites, respectively). This model is consistent with the total
number of Si-O-Al linkages, and structurally is readily
compatible withtwosuch linkages to aspecificaluminum atom;
however, this model must be strained dramatically to accom-
modatethreeSi-O-Al linkages to aspecificaluminum atom
and would require a model with a substantial degree of patchy
clustering of silanols more closely packed in clusters.

In all the above chemical equations (eqs 11 through 16),
trimethylaluminum is nominally represented in its monomeric
form, recognizing that in fact this substance may exist and
function in its dimeric form or some more complex oligimeric
form.

Effects of Diethyl Ether on Initial Reaction Products.
Surface species of types I through VI would be expected to be
substantially reactive toward exposure to potential electron
donors, for example, when the surface is treated with diethyl
ether. The oxygen atom of diethyl ether is electron rich and
would be capable of coordinating with the aluminum atom, even
replacing the interaction between the aluminum atom and methyl
in a Al-CH3-Al bridge. Hence, a variety of transformations,
some of them depicted in the Supporting Information, might
be expected to lead to the incorporation of diethyl ether into
the surface-attached aluminum species.

Here no formal charges are shown and X stands for any ligand
(e.g., CH3, OH, OH2, not necessarily the same). These kinds of
transformations would also explain why a significant amount
of diethyl ether is retained after it has been evacuated at 10-3

Torr. This observation reinforces the argument that there is a
strong interaction between ether molecules and the surface
species in the initial reaction product.

Limited Hydrolysis. The amount of surface-associated
diethyl ether decreases with the limited sequential hydrolysis
treatment but is not completely eliminated, indicating that it
interacts strongly with the treated surface. The association or
interaction sites are most likely the aluminum of the various
Al(CH3)n species (i.e., an electron-deficient center), a view
supported by the coincident decrease in the populations of both
diethyl ether and the Al(CH3)n species with increasing hydroly-

sis. The Si(CH3)n and Si-O-CH3 species are unaffected by
limited hydrolysis, indicating their (relative) stability to this
treatment.

As limited hydrolysis proceeds, the five-coordinate aluminum
species begins to disappear from the surface, while four- and
six-coordinate aluminum species simultaneously appear. The
most likely target of the added water is the highly reactive Al-
CH3 moieties. These changes can be understood in terms of
reactions in which Al-CH3 moieties are replaced by Al-OH
and/or Al-OH2, with the simultaneous generation of CH4.

There are a variety of hypothetical processes and structures
that represent transformations where five-coordinate structures
of Al(CH3)n species (I, II, and III) are converted by water to
four-coordinate and six-coordinate structures. A representative
example is shown in eq 20. Some other possible hydrolysis
processes are given in the Supporting Information.

Exhaustive Hydrolysis.Only in the final hydrolysis step, in
which a large excess of water is used, does Si-O-CH3

disappear from the surface, implying that excess water reacts
with Si-O-CH3 linkages. The following two reactions are
hypothetical summaries that describe chemical changes that
could occur with the addition of water (again, with no implied
knowledge of the aluminum coordination number, which is
indicated here as three only for simplicity):

After the final hydrolysis, when peaks at 49 and 0 ppm have
disappeared, peaks at-2 and-7 ppm are the only signals left
in the 13C NMR spectra, showing that Si-CH3 and Si(CH3)2

species are inert to water, as expected, and are the only methyl
groups that still remain from the initial reaction.

Comparing the13C NMR spectra of sample C-2 (second equiv
water treatment) and C-3 (third equiv water treatment) in Figure
2, one sees that the signal intensities due to Si-O-CH3 (49
ppm) and Al(CH3)n (0 ppm) both dropped as a result of the
treatment with a third equiv of water; this implies that, after
most of the Al(CH3)n moieties have reacted with water, the
reactivities of Si-O-CH3 and residual AlCH3 toward water
may be roughly similar.

In the 27Al spectrum of sample D, after the final hydrolysis
step, it can be seen that four-coordinate and six-coordinate
aluminum species become the major aluminum-containing
structures on the surface and the five-coordinate aluminum
population on the surface has almost disappeared. After final
hydrolysis, almost all the Al(CH3)n species turn into aluminum
structures with tetrahedral and octahedral coordination.

AlX n + (CH3CH2)2O f (CH3CH2)2O-AlX n (17)

XnAl-CH3-AlX m + (CH3CH2)2O f

XnAl-CH3 + (CH3CH2)2O-AlX m (18)

Al-CH3 + H2O f Al-OH (or Al-OH2) + CH4 (19)
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Comparing the13C NMR results (Figure 2) from sample C-1
to those of sample C-3, it can be seen that, along with the
corresponding intensity drop for Al(CH3)n species, the signal
intensity due to diethyl ether units also dropped upon treatment
with water. This implies that it is unhydrolyzed Al(CH3)n species
that have a strong interaction with diethyl ether molecules and
help retain them on the surface.

Comparison of Toluene and Cyclohexane Reaction Sys-
tems. Table 1 summarizes the tracking of methyl groups in
repetitive experiments on the trimethylaluminum/silica reaction
in toluene and cyclohexane media. The amounts of CH4 released
in both reaction systems (toluene or cyclohexane) are about the
same, which implies that there is no significant difference in
the manner of generating CH4; when an Al-CH3 group
encounters a hydroxyl hydrogen, it releases CH4. But, if
comparison is made between the number of methyl groups
observed on (somehow attached to) the surface after the initial
reaction, the difference observed between solvent systems
implies that there are different solvent effects in attaching and/
or keeping the methyl groups on the surface.

Since the main reactions occurring on the surface are between
trimethylaluminum and surface Si-OH groups, it is convenient,
in examining the role of solvent, to consider the ratio of the
number of methyl groups attached to the surface to the number
of silanols on the unreacted surface. This CH3(surface)/Si-OH
ratio is about 0.6 for the toluene reaction (Table 1) and about
0.9 for the cyclohexane reaction. Thus, in the toluene reaction
each surface Si-O group has, on average, about 0.6 CH3

attached; about 0.9 CH3 groups, on average, are attached to each
surface Si-O group derived from Si-OH in the cyclohexane
reaction (see Supporting Information). These numbers imply
that, among the five-coordinate aluminum structures introduced
above, the following relationships obtain: (1) Structures of types
I and II are not major products in the initial reaction for either
solvent system; each of these two structures has a CH3(surface)/
Si-OH ratio > 1. (2) Structures of type III and V might be
major products in the cyclohexane reaction system, since type
III has a CH3(surface)/Si-OH ratio of 1 and type V has a
CH3(surface)/Si-OH ratio of 0.8. This conclusion is also
consistent with relaxation results from13C NMR,52,53 which
indicate that methyl groups in surface-attached Al(CH3)n

moieties (with protonT1 values as large as 7.2 s) are likely to
exist as Al-CH3-Al linkages with adjacent aluminum atoms.
(3) Structures of type IV and VI might be major products on
the surface in the toluene reaction, since type IV has a
CH3(surface)/Si-OHratioof0.67andtypeVIhasaCH3(surface)/
Si-OH ratio of 0.6.

The following rationalization of these results can be given:
From the methyl tracking information in Table 1 it can be seen
that the Al-CH3 detected by liquid-state13C NMR in the
cyclohexane system is less than it is for the toluene system. In
the trimethylaluminum/silica reaction reported here, trimethyl-
aluminum was added in excess to favor reactions in which only
one of the three methyl groups in Al(CH3)3 reacts with a given
surface site. There remains a considerable amount of unreacted
Al-CH3 in the reaction solvent, and these unreacted Al-CH3

species remain chemically reactive. The Al-CH3 species in
cyclohexane may be more chemically reactive than those in
toluene, because of the putative ability of toluene to stabilize

unreacted Al-CH3 species through its electron-rich aromatic
ring, which the paraffinic cyclohexane lacks. In the cyclohexane
system, it is therefore possible that some portion of the unreacted
Al-CH3 species remaining in the solvent after the initial reaction
might be more reactive than in the toluene case and undergo
some chemical changes unrelated to the main reaction before
the measurements take place. In the toluene case, in competition
with Al-CH3-Al bridges, some structures of the following type
might form:

In addition, knowing that the interaction of toluene with
silanols is stronger than that between cyclohexane and silanols,53

one could argue that the activity of Al-CH3 moieties in solution
would be greater in toluene than in cyclohexane. Such differ-
ences could translate into measurably different reactivity patterns
in the trimethylaluminum/silica gel system.

Summary

The main points made clear in this study are as follows: (1)
Aluminum-containing structures in the initial trimethylalumi-
num/silica gel reaction product are dominated by five-coordinate
aluminum, which is largely converted to four- and six-coordinate
aluminum by treatment with water. (2) There are three main
types of methyl-containing species generated by the trimethyl-
aluminum/silica gel reaction: Al(CH3)n (with one or more Si-
O-Al linkages to the surface), Si-OCH3, and (Si-O)4-nSi-
(CH3)n; only the last of these three types (withn ) 1, 2) is
stable to harsh hydrolysis conditions. (3) The interaction of
diethyl ether with the Al(CH3)3-modified silica surface is far
stronger than that with untreated silica, suggesting a strong
interaction with Al(CH3)n moieties.

Taken together, the whole pattern of all our results on
trimethylaluminum/silica chemistry can be interpreted mainly
in terms of eqs 10 through 22 (and related material in the
Supporting Information), describing the formation and subse-
quent transformations of a variety of aluminum-centered
surface species with aluminum coordination numbers of four,
five, and six. It seems likely that discrepancies between the
results of the work reported here and prior literature on the
trimethylaluminum/silica system, as well as inconsistencies
within the prior literature, are due largely to different details of
the experimental systems, for example, silica preparation/
pretreatment methods and trimethylaluminum-silica reaction
conditions.
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