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Abstract: The reaction of trimethylaluminum and dry, high-surface-area (500 m?/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(CHs), (with Si—O—Al linkages), Si—O—CHjs, and (Si—0)4-,-
Si(CHs),; 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 AI-CH3; and
Si—0O—CHjs; 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—CH3z; 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 Previous work on the reaction between trimethylaluminum
and dry silica gel has focused mainly on reactions occurring

Derivatization and modification of the silica surface are A ' e )
using gas-phase reagents (i.e., at a gas/solid interf&cé)yith

enormously important in both pure and applied chemistfy.
In addition to the popular silylation reactions that facilitate the (13) Boleslawski, M.; Serwatowski, J. Organomet. Chen1983 255, 269.
formation of useful compositéand generate a variety of useful El“ Pasynkiewicz, SPolyhedron199q 9, 429.

)
)
B N 6-8 it - X 15) Siedle, A. R.; Newmark, R. A.; Lamanna, W. M.; Schroepfer, J. N.
phases” for chromatograpHy 68 silica-surface modification Polyhedron199Q 9, 301. .
is extremely useful for “immobilizing” moieties with catalytic ~ (16) Chien. J. C. W.; He, Q0. Polym. Sci., Part A: Polym. Cherb991, 29,
activity.gvlo (17) Korneev, N. N.; Khrapova, I. M.; Polonskii, A. V.; lvanova, N. I.; Kisin,
. . : . A. V.; Kolesov, V. S.Russ. Chem. Bulll993 1453.
Trimethylaluminum, AI(CH)3;, is useful for generating 18) Barron, A. RMacromol. Symp1995 97, 15.
aluminum-based layers that subsequently can be converted tq19) g|4ag,|5an, C. J.; Bott, S. G.; Barron, A. B. Am. Chem. Sod995 117,

al_umlnum oxidé' or aluminum nitridé? layers. T”methylalu' (20) Katayama, H.; Shiraishi, H.; Hino, T.; Ogane, T.; ImaiMacromol. Symp.
minum also serves as a prototype or precursor to |mportant( 21) 1L995 87,h10§-h, s Lee. DM Ls 1005 97, 195
. . P ee, D.-h.; Shin, S.-y.; Lee, D.-Macromol. Sym f .
Cocatalysts in olefin pOlymerlZaUdﬁ. 2 (22) Sinn, H. J.MacromoIYSymp1995 97, 27. yme
(23) Winter, H.; Schnuchel, W.; Sinn, Hlacromol. Symp1995 97, 119.

(1) Leyden, D. E. InSilanes, Surfaces and Interfac&ilanes, Surfaces, and (24) Reddy, S. S Radhaknshnan K.; SivaramP8lym. Bull. (Berlir) 1996

Interfaces Symposium, Snowmass, Colorado, 1985; Leyden, D. E., Ed.; 36, 165.

Gordon and Breach: New York, 1986; p 599. (25) Fusco, R.; Longo, L.; Masi, F.; Garbassi,acromol.1997, 30, 7673.

(2) Leyden, D. E.; Collins, W. T. II€hemically Modified Surfaces in Science (26) Low, M. J. D.; Severdia, A. G.; Chan, J. Catal. 1981, 69, 384.
and Industry Chemically Modified Surfaces Symposium, Fort Collins, (27) Murray, J.; Sharp, M. J.; Hockey, J. A. Catal. 197Q 18, 52.
Colorado, 1987; Leyden, D. E.; Collins, W. T., Eds.; Gordon and Breach: (28) Peglar, R. J.; Murray, J.; Hambleton, F. H.; Sharp, M. J.; Parker, A. J.;

New York, 1988; p 686. Hockey, J. AJ. Chem. Soc. A97Q 2170.
(3) Scott, R. P. W.Silica Gel and Bonded Phases: Their Production, (29) Murray, J.; Jones, P.; Hockey, J. Arans. Faraday Socl971, 67, 848.
Properties, and Use in LQWiley: New York, 1993; Vol. viii, p 1. (30) Peglar, R. J.; Hambleton, F. H.; Hockey, J.JACatal. 1971, 20, 309.
(4) Scott, R. P. W.Silica Gel and Bonded Phases Their Production, (31) Yates, D. J. C.; Dembinski, G. W.; Kroll, W. R.; Elliott, J. J. Phys.
Properties, and Use in LOWiley: New York, 1993; Vol. viii, p 23. Chem.1969 73, 911.
(5) Hoh, K. P.; Ishida, H.; Koenig, J. [Polym. Compos199Q 11, 121. (32) Kinney, J. B.; Staley, R. Hl. Phys. Chem1983 87, 3735.
(6) Miller, M. L.; Linton, R. W.; Maciel, G. E.; Hawkins, B. LJ. Chromatogr. (33) Bartram, M. E.; Michalske, T. A.; Rogers, J. W., JrPhys. Cheml99],
1985 319 9. 95, 4453,
(7) Rudzinski, W. E.; Montgomery, T. L.; Frye, J. S.; Hawkins, B. L.; Maciel,  (34) Jun, S.; Ryoo, RJ. Catal.200Q 195, 237.
G. E.J. Catal. 1986 98, 444. (35) Anwander, R.; Palm, C.; Groeger, O.; EngelhardDjanometallics1 998
(8) Rudzinski, W. E.; Montgomery, T. L.; Frye, J. S.; Hawkins, B. L.; Maciel, 17, 2027.
G. E.J. Chromatogr.1985 323 281. (36) Uusitalo, A. M.; Pakkanen, T. T.; Kroger-Laukkanen, M.; Niinisto, L.;
(9) Chen, E. Y.-X.; Marks, T. lChem. Re. 200Q 100, 1391. Hakala, K.; Paavola, S.; Lofgren, B. Mol. Catal. A200Q 160, 343.
(10) Fink, G.; Steinmetz, B.; Zechlin, J.; Przybyla, C.; TescheCBem. Re. (37) Puurunen, R. L.; Root, A.; Sarv, P.; Haukka, S.; liskola, E. I.; Lindblad,
200Q 100, 1377. M.; Krause, A. O. I.Appl. Surf. Sci200Q 165 193.
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infrared spectroscopy being the most common spectroscopic CHs
. . . . CHs HaC._ _CHs
method used. This previous research includes some solid-state o | Al o
NMR work in one study from this laboratofj.On the basis of si” s " c/AI\CH3—> g * L (6)
3 1 1

the prior research, a number of reactions have been proposed
to account for the various products. Equations 1 through 6

. . . . CH
represent a consensus of chemical understarefinigodied in OH [ HsC\A,/CHa
the prior work Surface silanols (SiOH) react with trimethyl- éi *+ /A'\CH ¥ | CHsOHgy, (7)
aluminum to produce SiO—Al with attached Al(CH), surface HaC 3 Si
linkages and to generate methane (eqs 1 and 2).
HiC._ _-CHs
Al
oH Hsc\Al/cHg, OH CH3 H3C< /CH3
oH [ | Lv2 _a — AT ezom ®)
| & Al —> 0 +CH 1) ' HC CHs ?
. ~ 4 i
Si H3C/ CH3 s| Si
i HsC CH
o o CH3 ? \ITI/ ?
HsC CH CH . . CHs
3 \Al/ 3 | 3 Sl/ \S|/ \SI /Al\ —_— o SI/ \SI/
| OH Al HiC CHs |
o + é — o \0 + CHg (2) Si
| ' | |
9
8 g s o | ©
Correspondingly, surface siloxanes moieties{SiSi) react Al
. . . A+ HC CH;
to produce S+O—Al and Si(CH), surface structures without o o /
the generation of methane (egs 3 through 5). | é Si
Si i
HaC._ _CHs
‘|3Hs P|«' O—CHs; and Si-O—AI(CH3), groups in the product, on the
O+ A ——> © + T”3 () relative reactivity orders of hydrogen-bonded SiOH groups
Si Si oy e, | si (SiOH), non-hydrogen-bonded SiOH groups (SiQfér iso-
e S oH lated), and siloxane moieties (SD—Si) at the silica surface
CH, N and on the relative populations of ACHz and Si-CHz moieties
A _/°\S . ;L ) C|) . HyG CHy @ formed at the surface.
SUOS LeT cw, | J The present work re-examines and extends the prior results
si in the following important ways: (1) the products of the initial
e oH CHs reaction between trimethylaluminum and silica gel are tenta-
N | tively identified (structures proposed) and their distribution is
Si/°\8i + '_l, S o/AI\ + TH3 determinedquantitatively by NMR; (2) the important reaction
| | ‘l’ si (5) steps intermediate between the initial reaction and final hy-
Si si si drolysis are examined in detail; and (3) the chemical structures

of the carbon, silicon, and aluminum centers are directly
The formation of SIOChH moieties has also been suggested observed at each reaction step, and their transformations are
(egs 6 and 7) as well as other kinds of transformations (egs 8followed.
and 9). _ _
In all but one of the above chemical equations from the EXperimental Section
literature, the _surface-attached aluminum is nor_nlnally shown Materials. Silica gel (S679, Fisher Scientific, Lot 000232), with a
as three-coordinate. However, tal NMR results given below  particle diameter range of 16@00 mesh was dried by evacuation at
show the predominance of four-, five-, and six-coordinate 5 x 103 Torr and 150°C for 24 h%* Trimethylaluminum (97%,
aluminum in the products of the reaction between trimethyl- Aldrich) was used as receivedCAUTION : trimethylaluminum is a
aluminum and silica. pyrophoric and moisture-sensitive materfajoluene and cyclohexane
Just as there has been a wide range of experimental conditiongFisher Scientific) were refluxed over sodium metal for 12 h. Diethyl
employed in the trimethylaluminum/silica reactions studied ether (anhydrous, Fisher Scientific) was stored over 4A molecular
(methods of silica preparation and pretreatment, trimethylalu- sieves. Hexamethylbenzeng (HMB, Aldrlch), tetrakis(trimethylsilyl)-
minum/silica reaction temperature and period, the absence orSllane (TTMSS' Flu_ka), aluminum potassium sulfate (alum, J.T. Baker),
presence and identity of a liquid medium), a variety of often and polyd|methylsu_oxane (PDMS, 2.5 MDa MW, Petrarch Systems)
- . Ny . were used as received.
conflicting results have been obtained. Different conclusions
have been reached regarding the occurrence or absence of Si

(44) Chuang, I. S.; Maciel, G. B. Phys. Chem. B997, 101, 3052.
(45) The spontaneous flammability of trimethylaluminum in air demands special

(40) Kleisner, R. J.; Koeck, B. H.; Phillips, M. R.; Wieland, J. A.; Gutow, J. precautions. All transfers, storage, and reactions must be performed under
H.; Boiadjiev, V.; Tysoe, W. TThin Solid Films2001, 381, 10. an anhydrous atmosphere of pure nitrogen or argon. See the detailed
(41) Boiadjiev, V.; Blumenfeld, A.; Gutow, J.; Tysoe, W.Them. Mater200Q discussion in Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.
12, 2604. Comprehensie Organometallic Chemistry: The Synthesis, Reactions and
(42) Yamamoto, K.; Tatsumi, TChem. Lett2000Q 624. Structures of Organometallic Compound®rgamon Press: New York,
(43) Tao, T.; Maciel, G. EJ. Am. Chem. So200Q 122, 3118. 1982; Vol. 1, p 579.
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Dry silica gel (150 °C, vacuum,
24 hr) suspended in dry toluene;
add trimethylaluminum (TMA),
stirred for 4 hr.

l

Supernatant liquid removed and
residue washed with dry toluene
(3x20 ml).

Residue evacuated: powder,
Sample A, (°C, *Si, Al NMR).

|

Sample A washed with dry ether,
evacuated: powder, Sample B >
(¥C, *Si, Al NMR).

l

According to the amount of
surface-attched Al-Me initially,
1 eq. H,0 added with dry ether;
sample evacuated: powder,
Sample C-1, C-2, etc., (*°C, *Si,
“Al NMR).

Evolution of CH,
measured by water
displacement method.

Extract analyzed with
liquid **C NMR to
quantitatively measure
unreacted Al-CH,.

1

Evolution of CH,
measured.

Evolution of CH,
measured.

Yes

CH, detected?
No

Stirred sample C-3 w/H,0 for 4 hr,
washed with acetone/methanol/
water, evacuated: powder,
Sample D (*°C, *Si, Al NMR).

Figure 1. Scheme for the reaction between trimethylaluminum and dry
silica.

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

I, zirconia MAS rotors equipped with six rubber O-rings, three on
each end, to minimize exposure to air. Samples‘fbispectroscopy
were contained in 4.0 mm diameter PENCIL-II, zirconia MAS rotors
with standard plastic-to-ceramic closures. Solid-st&®ENMR spectra
were obtained using a CMX-Infinity type spectrometer operating at
14.1 T (600.1 MHz for'H, 156.4 MHz for 2’Al); samples were
contained in 4.0 mm diameter PENCIL-II, zirconia MAS rotors with
standard plastic-to-ceramic closuré®¥C and?°Si NMR spectra were
obtained using cross polarizatiS{CP) to develop the initial magne-
tization, while'H and?’Al 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 g, 0.40 cni/g, and 3.19 nm, respectively. Corre-
sponding values for the initial reaction product were 2PIgm
0.19 cn?¥/g, and 3.38 nm, respectively.

The IH 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 OHAar 3.2 x
10?1 OH/g.2°Si NMR measurements yield a silanol concentra-
tion of 5.2 mmol OH/g (vide infra).

NMR Spectroscopy. Multinuclear solid-state NMR, using
27Al, 29Si and!3C, 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 casé3af
and 29S|, cross-polarization from proton$H — 13C or H —
295j) 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
IH and ?7Al, direct-polarization (using a singla/2 or /12

of trimethylaluminum relative to total silica surface silanols) was added excitation pulse, respectively) was used to develop observable

slowly to a suspension of dry silica gel in either dry toluene or

magnetization and excite all corresponding nuclei present in the

of heat and gas. Gaseous helium was used to protect the reaction fro”Figure 2 shows thé7Al, 29Si, and3C MAS spectra of the

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-statéC NMR analysis. The solid
was dried by evacuation at % 1072 Torr and 20°C for 4 h, and a

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

portion was removed for solid-state NMR analysis (representing the panel of Figure 2 shows tHéC CP/MAS spectrum of the initial

initial reaction product (sample A)).
Subsequent Reaction Stepgsee Figure 1). The initial reaction

reaction product. Two sets of signals are observed in this
spectrum: a group of methoxy carbon resonances from 57 to

product was treated in turn as follows: washed with diethyl ether and 47 ppm and a second group corresponding to various methyl

dried by evacuation at & 10 Torr and 20°C for at least 12 h (sample

carbons from 1 to—-13 ppm. These groups of resonances are

B); treated three times each with one molar equivalent of water in heavily overlapped, and the individual signals were isolated by

diethyl ether (samples C-1, C-2, C-3) and dried by evacuation»at 5
1073 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 x 1072 Torr and 20°C for at least 12 h (sample D). The evolution

manually guided spectral simulation. Two methoxy peaks were
isolated at 49 and 54 ppm and assigned toGt+CHz and Si-
(OCHg),, respectively?335-3942Four methyl peaks were isolated

of gaseous methane was monitored at each step by the use of &t0,=3,—7, and—12 ppm anq assigned to Si(@l Si(CHp)z,
cryogenic trap and subsequent return to room temperature with SICHs, and Al(CH)n, respectively?3:35-39.42

measurement of volumetric displacement of water, and portions of the

Two spinning sidebands, at 27 andl9 ppm, arise from the

dried solids were reserved for solid-state NMR analysis. (Additional peak at—12 ppm and a single sideband at 84 ppm arises from

experimental details are provided in the Supporting Information.)
NMR Spectroscopy.Solid-state'*C, 2°Si, and'H 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 for'3C and ®°Si, respectively. Samples fdfC and #°Si

spectroscopy were contained in modified 9.5 mm diameter PENCIL-

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 nucléumn

(46) Pines, A.; Gibby, M. G.; Waugh, J. 3. Chem. Phys1973 59, 569.
(47) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021.
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A, < A0 [T —> A, (0,5i0),SiCH,
! : Total Hydrolysis, D
|
3 i 2 i H

(0,Si0),SiCH,
(0,Si0),Si(CH,),*— 4
M/\MAAA.,M.
Il

(0,SI0)Si(CH,), < — 7 ll
|

SiOCH, «——

|
|
|
| I |
1% eq. Hydrolysis, C-1 1
|

I
| |
I
I
Ether Treated, B

|
|
|
|
| |
Initial Reaction, A |
Dry Silica j\,\ * indicates MAS spinning sideband

I T | T | T I T | T |IIII|IIIIIIIIIIIIIIlIIIIIIIII |III|III|III|I|I|III|III|
150 100 50 0 -50 -100 100 50 -50 -100 -150 -200 200 150 100 50 0 -50 -100
2’Al Chemical Shift (ppm from 1M AICI,) 298ij Chemlcal Shift (ppm from TMS) 3C Chemical shift (ppm from TMS)

Figure 2. Composite ofAl, 2°Si, and'3C NMR MAS spectra of samples from the trimethylaluminum/silica reaction in toluene.

this case, where the number of sidebands is few and their Additional, weaker signals are present at rough§0, —8,
individual intensities are wealk, it is possible to place only very and 25 ppm, which are assigned to@;SiO)SiCHz, (—Os-
broad constraints on an estimated anisotropy. The sidebandSiO)Si(CHz), and, tentatively £ OsSiO)Si(CHs)s, respectively>3°
intensities observed at this resolution are consistent with an The single silicon species with only one methyl group attached
axially symmetric anisotropy of roughly 50 ppm. Weak signals is the most intense of this set, indicating its predominant
are also present in this spectrum at 21 and 130 ppm, which areproduction in the initial reaction. The weak intensities of these
due to the methyl group and aromatic carbons of residual peaks in the'*C spectrum and their overlap with the more
toluene, the reaction solvent. abundant Al(CH), signal limit their utility in chemical inter-
The2°Si CP/MAS spectra of untreated silica gel and the initial pretations.
reaction product are shown in the bottom center panel of Figure  The2’Al MAS NMR spectrum of the initial reaction product
2. The unreacted silica gel spectrum contains three partially is displayed in the lower left-hand panel of Figure 2. Three
resolved signals at-89, —100, and—109 ppm, which are  incompletely resolved signals are present at 54, 32, and 6 ppm,
assigned to surface moieties of the types (y8IBiO) (Q2), which are assigned to four-, five-, and six-coordinate aluminum
HOSI(SiO)s (Q3), andSiOs4 (Qu), respectively (where the bold  species, respectivef§:374951 On the basis of the relative
symbol refers to the surface silicon on which the chemical shift intensities of the signals, the major aluminum structure on the
is in focus)?® The spectrum of the initial reaction product surface is five-coordinate, with the four- and six-coordinate
displays a complex, broad signal in the same region. Decon- aluminum species being present in smaller amounts. Additional

volution of this complex signal is consistent with, @ —109 27Al NMR measurements indicate that 2.0 mmol total aluminum
ppm together with a small signal atL04 ppm of no more than  atoms/g silica are attached on the surface in the initial reaction
5% of the totaP°Si intensity and assigned to (S3)—O—Al. product (see Supporting Information).

The Q and Q contributions to this region are negligible. Quantitation of Initial Reaction Products and Effect of

The change in chemical shift experienced Bygi atom upon  Reaction SolventSeveral repetitions of the initial reaction were
conversion of a single hydroxyl group to an oxo-aluminum performed, with either toluene or cyclohexane as a reaction
|inkage is not well defined in the current literature but can be solvent, to determine the extent of reaction and to prepare for
estimated to be-104 ppm from additivity relationships based analysis of the subsequent reaction steps. Table 1 shows the
on available information (see Supporting Information). The results of these measurements. Trimethylaluminum was added
extent to which this substitution has occurred can be quantified jn excess on a molar basis relative to the total surface silanols
by deconvolution of thé®Si spectrum into its component parts; to arrange for the latter to serve as the limiting reactant so that
such deconvolution indicates that a maximum of 5% of the total

29 intensity is due to residual {silanols (see Supporting  (49) Okuno, M.; Shimada, Y.; Schmuecker, M.; Schneider, H.; Hoffbauer, W.;
Information) Jansen, MJ. Non-Cryst. Solid4997 210, 41.

' (50) Nyfeler, D.; Armbruster, TAm. Mineral.1998 83, 119.
(51) Gore, K. U.; Abraham, A.; Hegde, S. G.; Kumar, R.; Amoureux, J.-P.;
(48) Maciel, G. E.; Sindorf, D. WJ. Am. Chem. S0d.98Q 102, 7606. Ganapathy, SJ. Phys. Chem. B002 106, 6115.
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Table 1. Summary of Initial Reaction Stoichiometry for Both

No significant changes in tHéAl and 2°Si NMR spectra nor
Solvents?

CH, evolution were observed in this ether treatment step (see

toluene cyclohexane Supporting Information).
solvent solvent - . . .

. _ Limited Hydrolysis. In our earlier study of reactions between
5“2;@?222?;;’2% sioHp 63.3+ 4.1 mmol  64.2& 3.1 mmol silica gel and methytmetal compounds, including Al(G,*3
trimethylaluminum 223+ 16 mmol 222+ 16 mmol the initial reaction products were treated with exces® irior

reactant (as Ch to spectroscopic observation. For the purpose of examining the
methanedp'ratc)l:juct (as GH 36.44+ 2.7 mm?I 37.5£ 3.0 mmlol effect of water on A-CHs in greater detail, treatment with,B@
unreacte CHz® 176+ 23 mmo 102+ 22 mmo ind i ; ; :
silica surface methyl produtt 38.0+ 4.1 mmol  55.8+ 2.4 mmol was StUdled_ In stepwise tre_atments (1 equiv gDHiL a time).
total methyl and 248+ 19 mmol 196+ 24 mmol The center right panels of Figure 2 show & CP/MAS NMR
methane recovered spectra at each stage of limited hydrolysis. As hydrolysis
total 108+ 4%

88+ 5% proceeds, the Al(Ch), signal is significantly reduced in intensity
aResults of six replicate reactions for each solvent. Uncertainties are at each step. During the limited hydrolysis, the other signals,

estimated standard deviatio®sThe sample sizes of each reaction runwere  corresponding to SiO—CHs, Si(CHs)s, Si(CHs)2, and SiCH,
slightly different, which is why the average number of surface silanols in at 49, 0, —3, and —7 ppm, respectively, are essentially

}.he silica reactant differ for the two solventsMeasured in the supematant naffected, indicating that the limited water added to the surface

iquid, including the initial solvent wasi.All methyl groups attached, in . .

any way, to the surface in the initial reaction products. has targeted only the Al(Gdjh species. The signals correspond-
ing to diethyl ether units have also decreased over these stages.

bridging of surface silanols by a single trimethylaluminum The?2°Si CP/MAS spectra corresponding to each of these steps,

would not limit the reaction. shown in the central panels of Figure 2, are essentially

From the quantitativé®C CP/MAS spin counting results (see unchanged, indicating that none pf the silicon species are
Supporting Information) it is seen that, at the surface, the ratio affected. The center left panels of Figure 2_Sh°W2W MAS
of the number of methyl groups bound directly to aluminum to SPectra at the corresponding stages of limited hydrolysis. With
the number of methyl groups bound directly to silicon is about StePwise addition of water, which reacts with the AlgH
4.5. This is a considerably larger number than previously moieties, the intensity of t_he _flve-C(_)ordmate_aIumln_um species
reported for the trimethylaluminum/silica reacti#?’-3335The a_t 32 ppm decreasc_as, while intensity assomated_ with _four- and
atomic C/Al ratio (about 1.6) is closer to values previously six-coordinate species, at 54 and 6 ppm, respectively, increases.
reportec®293335The methyl groups are well accounted for with 1N Sum, the'*C signals due to Al(CH), and (CHCH;):0 and
toluene as a solvent. On the basis of the methane evolution,theZ7A| intensity of five-coordinate aluminum all decrease with
approximately 60% of the surface silanols have reacted to increasing hy(_jrolysis, suggesting an association between these
generate Cii In cyclohexane, roughly 88% of the surface LYPeS of species.
silanols have reacted, but roughly 12% of the methyl groups  No significant changes in th&’Si NMR spectrum were
are incompletely unaccounted for. On the basis of the integratedobserved at this step (see the central panels of Figure 2).
13C NMR intensities of the regions shown in Figure 2, roughly Exhaustive Hydrolysis. The top panels of Figure 2 show
60% of the surface-attached methyl groups detected are Al-the 13C CP/MAS,2°Si CP/MAS and?’Al MAS NMR spectra
(CHa), and about 12% belong to the-8D—CHz; moiety. of exhaustively hydrolyzed reaction product. At this stage the

Effects of Diethyl Ether on Initial Reaction Products. For Si—0~—CHjs and Si(CH)s signals have completely disappeared
the purposes of examining the effect of a solvent more polar and the only carbon species left on the surface are S¥CH
than toluene on the initial reaction product, for example, to at and SiCH. This configuration corresponds approximately to
least partially dissolve a weakly physisorbed surface complex, that observed previousff. The diethyl ether peaks have also
the initial Al(CHs)d/silica product was washed with diethyl ether.  disappeared at this stage. The Sig-tsignals remain essentially
The 13C CP/MAS NMR spectrum of the anhydrous diethyl unchanged during exhaustive hydrolysis,fior 1, 2. The five-
ether-washed and dried initial reaction products is shown in the coordinate aluminum signal has decreased to a minimum, while
lower right panel of Figure 2. Some redistribution of the intensity the four- and six-coordinate species signals have increased to
of the various signals is observed, for example, for theGSt their maxima.

CHs; peak, which increases, and for the intensity of the Al{zH Dynamics of Methyl Groups on the Silica Surface.
region, which decreases, although this trend is not readily Knowledge of relaxation times, Tcy, andTTp, is necessary
apparent in the particular pair of spectra displayed in this figure for carrying out quantitative analysis in th&C CP/MAS spin
(more apparent in some of the other replicate experiments andcounting of surface methyl moieties. These parameters can also
in the spin-counting data). This small apparent change suggestseveal useful information about molecular-level motion. A
that, during the diethyl ether treatment, surface AlgzHs detailed examination of the relevant relaxation timﬁﬁ, Tf
partially converted to StO—CHjg, because there is no methyl Tcy, and TTP, that were measured on some of the samples
reagent added to the system; the only source is methyl groupsrepresented in this work are described in detail elsewfere.
already present on the surface from the initial reaction. Ad- Relaxation times from that examination are consistent with a
ditionally, the two signals from diethyl ether (methylene and view that (1) on the surface, initially formed ACH; methyl
methyl at 69 and 14 ppm, respectively) appear in the spectrum.groups are more rigid than -SO—CH; methyl groups and

It is notable that the structural units of diethyl ether remain on (2) diethyl ether molecules, introduced during the diethyl
the surface even after exposing the sample to high vacuum atether treatment, interact with surface-attached Az pecies
room temperature, a treatment that is highly effective in
removing diethyl ether from the unmodified silica gel surface. (52) Li, J. M. S. Thesis, Colorado State University, Fort Collins, Colorado, 2006.
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and such interactions can be perturbed by toluene in someof roughly 70-100 ppm for the?°Si chemical shift of such
respects. species (see Supporting Information). This is in the range of
The!3C signals of Al(CH), species have a large widtk {2 29Si chemical shifts of @and @ silicons. While there is no
ppm), compared to the line widths for other species (no greater evidence of such a peak (or shoulder) in #@i NMR spectra
than ~4 ppm) shown in the spectra. At a MAS speed of 3.6 of the initial trimethylaluminum/silica reaction products of this
kHz, which was used in obtaining tR&C spectra, the Al(Ch), study, the potential for serious peak overlap and the difficulty
signal shows significant spinning sidebands, which indicates thatof making a reliable chemical shift prediction preclude a
the effective CSA of the Al(Ch), resonance is substantial. This  definitive statement on the presence or absence ofABi
spinning sideband behavior indicates that the Algfaldpecies  structures at this time.
are in a motionally restrained environment (otherwise, much  In egs 1 through 7, and in most of the relevant literature, all
of the CSA effect responsible for the spinning sidebands would surface-attached Al(CH, moieties are represented with an
be motionally averaged); this can be rationalized in terms of a implied aluminum coordination number of three. However, there
view in which at least some portion of the ACH; moieties is no evidence of three-coordinate aluminum in any of’fiéd¢
interact with (e.g., are bonded to) the surface by more than oneNMR spectra of Figure 2. TREAI NMR spectrum of the initial
linkage. The large CSA behavior, which gives rise to large reaction product indicates that the predominant form of alumi-
spinning sidebands, was also observed fol#geak ataround ~ num present on the surface is five-coordinate with a smaller
49 ppm (see Figure 2), which has the second largest intensityconcentration of four- and six-coordinate aluminum species. This

among signals of surface methyl groups. suggests the following hypothetical and speculative kinds of
i i CH
Discussion oH OH (I:Ha HiC_ ;l\ IZ:CHa
Initial Reaction Products. The experimental results shown éi éi ' A en T Neu (10)
above from the present work on the reaction of trimethylalu- HiC : LoL
minum and silica gel in the presence of a solvent (i.e., at a liquid/ A
solid interface) are generally consistent with the picture
Lo 200 : H3C CH
embodied in egs 1 throygh 9. AII theC and 2°Si species - Hscs\\:”z'/CHa\ //éHs
expected for the gas/solid reaction {&—Al, Al(CH3),, Si- . ‘l’" ‘o /A'\ /A'\w— . on,
(CHa)n, Si—O—CHz) are observed in the corresponding NMR si C/A'\CH3 H<|>* <|>*H H<|>* <|> (1)
3’

spectra of the initial reaction product and are consistent with
the concomitant elimination of the surface-%)H species as
they are consumed. The replacement 6f SH with Si—O—

Si  Si Si Si

Al linkages is almost but not quite complete, occurring at the Hsc\ o, fhs
CH -7 BN
95% level. P L 3 {\CH f
. S . + —_— + 2CH.
Among the methyl moieties formed initially on the silica éi A o/Ho+ Ho+\o ZeHs
I

A . . - . CH.
surface in the trimethylaluminum/silica reaction—§—CHa, HaC : | | | (12)

Si(CHg)n, and Al(CHp)n, the 13C spin-counting results show siosi " stosi
that Al(CHs), are the most abundant moieties formed. The
Al(CH53), moieties constitute about 70% of the total amount of on CHs HaC .y 2—CHa
surface-attached methyl groups detected# NMR. The 3| o+ IL — ot & gw  *CHe
amounts of SFO—CHjs, Si(CHs)s, and Si(CH), moieties are S e e I 1] (13)
approximately equal to each other and together amount to about Si si si
30% of the total amount of methyl groups detected on the v
surface. CHy CHy
. . : oH CHy HaC_ o2 cHy, 7,

The relaxation results indicate that Al(gland Si-O—CHjs 5| +2 [ /AI' /AI'\ . +2CH,
groups are relatively immobile on the silica surface. More si Hc/‘“\CH3 HO" O  HO" O OH (14)
concretely, they lack large amplitude motions on thé H@ ’ ,!,i sl,,i Li sli ,Iﬁ
(or faster) time scale. This motional restriction is also signaled v
by the presence of spinning sidebands of correspontidig CHs 0.
signals. Any molecular motions faster than the magnitude of CHs _\A/cus\ /S
the CSA will average the CSA effect toward zero and cause 5 | +2 ,ll — > HOIScHy~ "\ TOH 4 3cH,
the amplitudes of the sidebands to be attenuated. Conversely, S ™ “CH, éi ‘|> <|> éi (15)
the Si(CH), groups are mobile on this same time scale, as Si si
evidenced by the absence of sidebands from their signals. The vi
data presented here are too limited to support a detailed on CHs CH,
description of the motions at present. P oH HsC—~ Al — 8 5

To the extent that chemical reactions of types representedHac/A'\cm+ si” et éa — §i* éi (16)

by egs 6 and 7 occur in the trimethylaluminum/silica system
studied here, surface species involving-8I bonds would be
formed. Although there are r’8Si NMR data available in the  surface-attached species and their net generating reactions
literature on structures closely related to the-8I species (where S+OH represents a surface silanol, which might, in
represented in egs 6 and 7, one can make a tentative estimaterinciple, be a single-silanol or geminal-silanol site and, in

Vil
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principle, may or may not be hydrogen-bonded). Analogous sis. The Si(CH), and Si-O—CHjz species are unaffected by
hypothetical reactions for the formation of species with four- limited hydrolysis, indicating their (relative) stability to this
coordinate and six-coordinate aluminum are given in the treatment.
Supporting Information. As limited hydrolysis proceeds, the five-coordinate aluminum
In some of the hypothetical reactions represented in chemicalspecies begins to disappear from the surface, while four- and
egs 1116, and in others presented in the Supporting Informa- six-coordinate aluminum species simultaneously appear. The
tion, the postulated structures in which two or three aluminum most likely target of the added water is the highly reactive Al
atoms are involved in “bridging” between precursor-silanol sites CH; moieties. These changes can be understood in terms of
require a substantial concentration of silanols on the unreactedreactions in which A+CHs; moieties are replaced by AOH
silica surface. The measured value of about 6.2 OR/isn and/or AOH,, with the simultaneous generation of ¢H
consistent with a working model of the silica surface in terms
of intersecting segments G003-like and1113-like faces of ~ Al—=CH; + H;0 — Al—OH (or AI-OH,) + CH, (19)
p-cristobolite (corresponding to geminal- and single-silanol silica
sites, respectively). This model is consistent with the total ; X >
number of Si—O—Al linkages, and structurally is readily that represent tra_nsformatlons where five-coordinate structures
compatible withtwo such linkages to apecificaluminum atom; O Al(CHa)a species (I, 11, and IIl) are converted by water to
however, this model must be strained dramatically to accom- four-coorqhnate and_S|x-coord|nate structures. A_representatl\_/e
modatethree Si—-O—Al linkages to aspecificaluminum atom ~ €X@mple is shown in eq 20. Some other possible hydrolysis
and would require a model with a substantial degree of patchy Processes are given in the Supporting Information.
clustering of silanols more closely packed in clusters. CH,
In all the above chemical equations (egs 11 through 16), HyC |2_/CH3
trimethylaluminum is nominally represented in its monomeric A\

There are a variety of hypothetical processes and structures

.
£ OHp
Hzo\s-/
+4HO —» W0~ M —0H +3CH,

o . . . 5 20
form, recognizing that in fact this substance may exist and “Cl’ T"' o/ \o #0)
function in its dimeric form or some more complex oligimeric si si
f si si
orm.
HiC._ _CHa_ _CHs Exhaustive Hydrolysis.Only in thg final hydrolysis §tep, in
A Al which a large excess of water is used, does G+CHjs
HsC “CH, “CH, disappear from the surface, implying that excess water reacts

with Si—O—CHs 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):

Effects of Diethyl Ether on Initial Reaction Products.
Surface species of types | 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 Hsc\Al/Cﬂs H,0 HC OH 4 HO___OH
replacing the interaction between the aluminum atom and methyl | — ‘i' _ - ‘i' (21)

in a AI-CHs;—Al bridge. Hence, a variety of transformations, -CHq CHa
some of them depicted in the Supporting Information, might
be expected to lead to the incorporation of diethyl ether into O0—CH;  H,0 OH
i ; | —— | +cHgoH (22)
the surface-attached aluminum species. si si
AIX , + (CH,CH,),0 — (CH,CH,),0—AIX,, (17) After the final hydrolysis, when peaks at 49 and 0 ppm have
disappeared, peaks al and—7 ppm are the only signals left
XAl—CH;—AIX , + (CH,CH,),0 —~ in the 13C NMR spectra, showing that SCHz and Si(CH),

X, Al—CH; + (CH,CH,),0—AIX ,, (18) species are inert to water, as expected, and are the only methyl
groups that still remain from the initial reaction.

Here no formal charges are shown and X stands for any ligand Comparing thé*C NMR spectra of sample C-2 (second equiv
(e.g., CH, OH, OH,, not necessarily the same). These kinds of water treatment) and C-3 (third equiv water treatment) in Figure
transformations would also explain why a significant amount 2, one sees that the signal intensities due teCs+CHs; (49
of diethyl ether is retained after it has been evacuated at 10 ppm) and AI(CH), (0 ppm) both dropped as a result of the
Torr. This observation reinforces the argument that there is a treatment with a third equiv of water; this implies that, after
strong interaction between ether molecules and the surfacemost of the Al(CH), moieties have reacted with water, the
species in the initial reaction product. reactivities of S+O—CHjz and residual AICH toward water

Limited Hydrolysis. The amount of surface-associated may be roughly similar.
diethyl ether decreases with the limited sequential hydrolysis  In the 27Al spectrum of sample D, after the final hydrolysis
treatment but is not completely eliminated, indicating that it step, it can be seen that four-coordinate and six-coordinate
interacts strongly with the treated surface. The association oraluminum species become the major aluminum-containing
interaction sites are most likely the aluminum of the various structures on the surface and the five-coordinate aluminum
Al(CH3), species (i.e., an electron-deficient center), a view population on the surface has almost disappeared. After final
supported by the coincident decrease in the populations of bothhydrolysis, almost all the Al(CkJ, species turn into aluminum
diethyl ether and the Al(C#), species with increasing hydroly-  structures with tetrahedral and octahedral coordination.
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Comparing thé3C NMR results (Figure 2) from sample C-1  unreacted A+CHjz species through its electron-rich aromatic
to those of sample C-3, it can be seen that, along with the ring, which the paraffinic cyclohexane lacks. In the cyclohexane
corresponding intensity drop for Al(GH species, the signal  system, it is therefore possible that some portion of the unreacted
intensity due to diethyl ether units also dropped upon treatment Al —CHjs species remaining in the solvent after the initial reaction
with water. This implies that it is unhydrolyzed Al(GH species might be more reactive than in the toluene case and undergo
that have a strong interaction with diethyl ether molecules and some chemical changes unrelated to the main reaction before
help retain them on the surface. the measurements take place. In the toluene case, in competition

Comparison of Toluene and Cyclohexane Reaction Sys-  with Al—CHz;—Al bridges, some structures of the following type
tems. Table 1 summarizes the tracking of methyl groups in might form:
repetitive experiments on the trimethylaluminum/silica reaction
in toluene and cyclohexane media. The amounts of €léased CHs
in both reaction systems (toluene or cyclohexane) are about the
same, which implies that there is no significant difference in HiC CHs
the manner of generating GHwhen an ARCH; group "'sc\-| _
encounters a hydroxyl hydrogen, it releasesCBut, if /' \
comparison is made between the number of methyl groups HO o HO O si
observed on (somehow attached to) the surface after the initial | | | |
reaction, the difference observed between solvent systems si Si
implies that there are different solvent effects in attaching and/ V'
or keeping the methyl groups on the surface.

Since the main reactions occurring on the surface are between
trimethylaluminum and surface - SOH 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 numberWoulol be greater in toluene than in cyclohexane. Such differ-

of silanols on the unreacted surface. ThisgGtdrface)/Si OH ences could translate into measurably different reactivity patterns
ratio is about 0.6 for the toluene reaction (Table 1) and about . y P

0.9 for the cyclohexane reaction. Thus, in the toluene reaction in the trimethylaluminum/silica gel system.
each surface SiO group has, on average, about 0.6 :CH Summary

attached; about 0.9 GHgroups, on average, are attached to each
surface SO group derived from StOH 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 Il are not major products in the initial reaction for either
solvent system; each of these two structures has #90Hace)/
Si—OH ratio > 1. (2) Structures of type Ill and V might be
major products in the cyclohexane reaction system, since type
Il has a CH(surface)/Si-OH ratio of 1 and type V has a
CHa(surface)/Si-OH ratio of 0.8. This conclusion is also
consistent with relaxation results froMC NMR 5253 which
indicate that methyl groups in surface-attached Al§fzH
moieties (with protoril; values as large as 7.2 s) are likely to
exist as A-CHs;—Al linkages with adjacent aluminum atoms.
(3) Structures of type IV and VI might be major products on

In addition, knowing that the interaction of toluene with
silanols is stronger than that between cyclohexane and silzhols,
one could argue that the activity of ACHz; moieties in solution

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(Ch), (with one or more St
O—Al linkages to the surface), SOCH;, and (St0)4-,Si-
(CHg)p; only the last of these three types (with= 1, 2) is
stable to harsh hydrolysis conditions. (3) The interaction of
diethyl ether with the AI(CH)s-modified silica surface is far
stronger than that with untreated silica, suggesting a strong
interaction with Al(CH), moieties.

Taken together, the whole pattern of all our results on
trimethylaluminum/silica chemistry can be interpreted mainly

the surface in the toluene reaction, since type IV has a in terms of eqs 10 through 22 (and related material in the

CHi(surface)/Si-OH ratio of 0.67 and type VI has a Gidurface)/ Supporting Information), describing the formation and subse-
Si—OH ratio of 0.6 qguent 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 trimethylaluminusilica reaction
é:onditions.

The following rationalization of these results can be given:
From the methyl tracking information in Table 1 it can be seen
that the A-CHz; detected by liquid-staté3C 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(G}d reacts with a given
surface site. There remains a considerable amount of unreacte
Al—CHj in the reaction solvent, and these unreacted @i; Acknowledgment. The authors gratefully acknowledge sup-
species remain chemically reactive. The-AlH; species in  port of this project from the U.S. Department of Energy, Grant
cyclohexane may be more chemically reactive than those in DE-FG02-95ER14558.

toluene, because of the putative ability of toluene to stabilize ) ) ) .
Supporting Information Available: Additional NMR spec-

(53) Liu, G.; Li, Y.; Jonas, JJ. Chem. Phys1991, 95, 6892. troscopy experimental detaifdi1 MAS spectra of dry silica gel;
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IH—13C and'H—2°Si CP/MAS spectra of initial reaction product ~ work; the estimation of selecte®Si chemical shift values;
with deconvolution into component speciési—13C and'H— additional hypothetical equations for the formation reactions of
29Si CP/MAS spectra ané@’Al MAS spectra of all stages of initial reaction products and their subsequent reactions with
sample preparation in both toluene and cyclohexane solvents;diethyl ether and water and additional references. This material
IH-13C CP/MAS spectra and methane measurements onis available free of charge via the Internet at http://pubs.acs.org.
replicate initial reactions in both toluene and cyclohexane

solvents; proposed five-coordinate aluminum structural frame- JA065497C
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