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Molecules encountering silica interfaces interact primarily with the hydroxyl groups that terminate the bulk structure. When the
nominal surface density is very low, these “silanols” are presumed to be isolated. Nevertheless, silicas that are highly dehydroxylated
by pretreatment at 800 °C react with Ga(CH3); at room temperature to give primarily disilanolate-bridged digallium sites,
[(CH3),Ga(u-OSi=)],. The EXAFS at the Ga K-edge shows a prominent Ga—Ga scattering path, regardless of whether an excess
or alimiting amount of Ga(CHj); is used. Some dimers are formed by the concerted reaction of Ga(CHj3); with an “isolated” silanol
and an adzjacent siloxane bond. These grafting sites are proposed to be hydroxyl-substituted 2-rings, formed by condensation within a
vicinal Q*—Q? pair. Other dimers are formed by reaction of Ga(CH3) with vicinal QL-Q? pairs which have not condensed, even at
800 °C. In a computational model for the dimer sites, the O—O distance is <2.6 A, which is far shorter than the calculated mean
interhydroxyl separation for the thermally treated silicas (12.2 A). This highly nonrandom distribution of surface silanols, in
combination with the coupled reaction of “isolated” silanols and strained siloxane bonds, accounts for the preferential formation of
grafted site pairs rather than isolated grafted sites when silica surfaces are chemically modified.

he hydroxyl-terminated surface of silica is a component of

many important interfaces. For example, it is present in
silicon-based microelectronics,”* and its selective adsorption
properties are the basis for many chromatographic separations.>*
Amorphous silica glasses are used in fiber optics, where mechan-
ical fatigue is attributed to stress corrosion initiated at surface
defects.” Silica can be incorporated into organic polymers to give
organic—inorganic nanocomposites; interactions between the
hydroxyl-terminated silica surface and the polymer in the inter-
facial region can enhance the thermal and mechanical properties
of the polymer.® When nanostructured thin films are grown by
metal—organic atomic layer deposition (ALD) or chemical vapor
deposition (MOCVD) on Si substrates, the metal-containing
compounds initially become attached to the substrate via their
reactions with the hydroxyl groups of the oxidized (i.e., silica)
surface layer.” The finely divided silicas that are widely used as
catalyst supports anchor metal complexes via their reactions with
surface hydroxyls, thereby stabilizing coordinatively unsaturated
active sites.” '® Two general strategies used in such covalent
anchoring are shown in Scheme 1. Grafting involves ligand
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protonolysis by surface hydroxyl groups with concurrent forma-
tion of metal—silanolate bonds, while tethering requires that the
hydroxyl groups react with a li§and-based functional group, such
as an alkoxy- or chlorosilane.'

Altering the physisorbed water and/or the hydroxyl (reacted
water) content of a silica can dramatically change its mechanical
stability5 and, on the surface, its reactivity toward small
molecules.'” Thermal pretreatment of the silica supports used
in catalysis reduces their surface hydroxyl population, which
controls the density of anchored sites and is believed to limit
bimolecular deactivation reactions.® '® The hydroxyl groups of
silica have low or no mobility at moderate temperatures
(<450°C).""" Consequently, the hydroxyl population in high
surface area silicas decreases slowly as the temperature increases,
and it is still appreciable just prior to the onset of sintering (ca.
1200 °C).'¢
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Scheme 1. Immobilization Strategies on Partially Dehydroxylated Silica Surfaces: (a) Grafting, via Protonolysis of a Metal—
Ligand Bond, and (b) Tethering, via Protonolysis of a Remote Silyl Substituent (X = CL, OR)
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The spatial distribution of the hydroxyl groups on the
surfaces of amorphous silicas is usually inferred from the
broadening and red-shifting of the ¥(SiO—H) band in the
infrared spectrum.'” A wide range of fully hydroxylated,
amorphous silicas have been reported to have surface hydroxyl
densities of ca. 4.9 nm ™ 2,"” regardless of the synthesis method,
and their IR spectra confirm the presence of extensive hydro-
gen—bonding.12 Figure 1 shows how such interactions are
greatly diminished by heating to 500 °C, due to condensation
of adjacent hydroxyl groups with elimination of water. The
resulting hydroxyl density, assuming all remaining OH groups
are located on the surface, is ca. 1.4 nm ™ 2,'"*® corresponding
to a mean interhydroxyl distance of 8.4 A."” In the absence of
other information about their distribution, these silanols have
long been presumed to be “isolated”, at least from the
perspective of a small-molecule adsorbate."> We were there-
fore surprised to find that the hydroxyl sites of a high surface
area silica, pretreated at S00 °C, reacted with Ga(CHj3); in a
pairwise manner,”’ eq 1,

2 =SiOH + 2Ga(CHj3;); — [(CHj;),Ga(u-OSi =)], + 2CH,
(1)

where =Si represents a surface silicon atom attached to the
silica framework via three siloxane bonds. The formation of
these disilanolate-bridged digallium sites appears to be analo-
gous to the reaction of Ga(CHj); with simple, molecular
silanols. For example, protonolysis by (C¢Hs);SiOH yields
[(CH;),Ga(u-08i(CsHs)3) 1,
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Figure 1. In situ transmission IR spectra of a self-supporting disk of A380
silica (a) after partial dehydroxylation in vacuo at 800 °C (A380-800) and (b)
after the gas—solid reaction with excess Ga(CHj); at room temperature,
followed by desorption of volatiles at the same temperature. Spectra are nor-
malized to the intensity of the silicamode at 1875 cm " and are offset vertically
for clarity. Inset: IR spectra of A380 silica disks partially dehydroxylated at 100
and 500 °C, showing the evolution of the hydrogen-bonding inter-
actions of the surface hydroxyls with increasing dehydroxylation temperature.

It has been proposed that the probability of grafting reactions
involving more than one hydroxyl site may be reduced or even
eliminated by effecting very extensive dehydroxylation of silica,
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using temperatures even higher than 500 °C.**** In contrast to
the silanols, the siloxane bonds in silica are largely unreactive.
However, silicas heated at temperatures above 600 °C also
possess highly strained siloxane bonds that may participate in
anchoring reactions.'®**** In order to explore whether site
isolation of grafted metal complexes on silica can be achieved
at nominal surface hydroxyl densities significantly lower than
1.4 nm" % we explored the reaction of Ga(CHj); with two highly
dehydroxylated silicas, a nonporous, fumed silica (Aerosil 380,
383 m”/g) and a mesoporous, precipitated silica (Sylopol 952,
300 m’/g), after pretreating each in vacuo at 800 °C. The
hydroxyl content of a particular silica depends on its preparation,
age, and thermal history.'>*° The values for the Aerosil and the
Sylopol, after heating at 800 °C, are 0.43 and 0.45 mmol OH/g,
respectively. They correspond to 0.68 OH/nm” (A380-800) and
0.71 OH/nm” (§952-800), for a mean interhydroxyl distance of
ca. 12 A on both silicas.

B RESULTS AND DISCUSSION

Reaction of A380-800 Silica with Excess Ga(CH3);. The IR
spectrum of A380-800 shows a single, symmetrical O—H
stretching mode at 3747 cm” !, with no low-energy shoulder
due to hydrogen-bonding interactions (Figure 1a). The reaction
between A380-800 and excess Ga(CHj); vapor at room tem-
perature yielded 0.43 & 0.06 mmol of CH,/g of SiO,, confirming
that the hydroxyl groups of the silica are the sole source of labile
protons participating in the grafting reaction. Figure 1b shows
that these hydroxyls are consumed essentially completely, while
new IR bands associated with adsorbed methyl groups appear in
the C—H stretching region (3100—2800 cm ).

Spatial Arrangement of the Grafted Ga(CHs), Fragments.
The IR spectrum provides no information about the proximity
of the anchored dimethylgallium sites; however, this relationship can
be probed by X-ray absorption spectroscopy at the Ga K-edge. The
intensity of the white-line at the absorption edge, shown in the
Supporting Information (SI), Figure S1, is consistent with four-
coordinate Ga, based on its similarity to that of tetrahedral, frame-
work Ga in MFI-type gallosilicate.”” In the extended X-ray absorp-
tion fine structure (EXAFS), the feature at 1.6 A in R-space (not
phase-corrected) is caused by scattering by light atoms (C, O)
directly bonded to Ga (Figure 2a). The feature at 2.6 A resembles the
peak seen in the EXAFS of [(CHs;),Ga(u-OSi(CeHs)s)]s,
where it arises from a Ga—Ga single-scattering path across
the planar Ga, 0, ring.”® Thus, despite the apparent isolation of
the hydroxyl groups on A380-800, as judged by the absence of
discernible hydrogen-bonding between them in the IR spec-
trum, their reaction with Ga(CHj); appears to yield a signifi-
cant number of paired grafted sites.

A curve fit of the EXAFS was obtained using a free energy force
field (FEFF) model generated from the single-crystal X-ray structure
of [Ga(CHj),(u-08i(CeHs)3) ]5.°° The results are shown in Figure 2
and Table 1. Since the Ga—C and Ga—O distances are too similar to
be resolved, a single Ga—C path (N = 4) was used to represent both
Ga—C and Ga—O paths. The refined average Ga—C/O distance,
195 A, is consistent with terminal, rather than bridging, methyl
groups. In heterobimetallic complexes containing the fragment
(CHj;),Ga(u-CH;3)M (where M = Zr, Nd, La), the bridging Ga—
C bonds (2.033—2.142 A) are considerably longer than the terminal
Ga—C bonds (1.968—1.984 A) ***® Furthermore, the fitted Ga—C/
O distance is comparable to the Ga—O distances in molecular
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Figure 2. (a) Ga K-edge EXAFS (FT magnitude, red; imaginary, black)
for Ga(CHj;)s-modified silica (A380-800), showing the curve fit to a
model based on [Ga(CHjs),(1-OSi(CgHs)3) ], (blue), with fixed N = 1
for the Ga—Ga path. (b) Analysis of the optimum value of N for the
Ga—Ga path via the correlation-break method.'

compounds containing the Ga,(¢-O), “diamond” core, for which
d(Ga—O) is reported to range from 1.91 to 1.97 A2 In contrast,
terminal Ga—O bonds in the same compounds are considerably
shorter, 1.81—1.85 A. The EXAFS is therefore consistent with grafted
digallium sites bridged by silanolate ligands.

All of the interatomic distances, including the Ga—Ga distance
of 2.99 A, are very similar to those of the molecular dimer (SI,
Table S1), suggesting that the silica-supported sites are also
organized into Ga,O, rings. Unlike Al(CH3)3, which exists as a
dimer in both the gas and condensed phases at room
temperature,33 Ga(CHj;); is monomeric in both phases.34’35
The dimeric nature of the silanolate-bridged digallium sites must
therefore be imposed by the silica surface.

When the prominent EXAFS feature at 2.6 A in the FT magnitude
was refined to other possible single-scattering (ie, Ga—0O, Ga—Si)
or multiple-scattering paths (i.e, Ga—C—C), all gave unacceptably
large Debye—Waller factors and failed to reproduce the R-space
intensity (SI, Figures SS and $6). However, since curve-fitting analysis
of the EXAFS is necessarily model-dependent, further confirmation
of the identity of the Ga—Ga scattering path was sought using the
wavelet transform (WT).* When the Fourier transform (FT) is
applied to an EXAFS data set, no correlations exist between the
resulting R-space data and the original k-space data because the sine
waves used in the FT operation are continuous and infinite. The WT
uses instead a discrete wavelet with a comparatively small k-range,
allowing correlations to be made between R- and k-space forms of the
data.’” This wavelet is sequentially stretched and scaled through the
data set to locate maxima in the convolution function of the
k-space data with the wavelet. The locations of maxima in
the WT modulus are very sensitive to atomic number, which
(in simple cases) facilitates identification of the maxima with
the scattering atoms that generate them. Recently, a Ga—Ga
path was distinguished from Ga—Fe paths in the EXAFS of
Ga(IlI) adsorbed on goethite by Continuous Cauchy Wavelet
Transform (CCWT) analysis.*® The Morlet Wavelet Trans-
form (MWT) has also been used in the qualitative analysis of
EXAFS spectra® and has the advantage of allowing resolution
to be optimized in k-space as well as in R-space.

Figure 3 shows the MWT modulus for the EXAFS of
Ga(CH;);-modified A380-800 silica. The feature at ca. 1.5 A in
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Table 1. Comparison of EXAFS Curve Fit Parameters for
Ga(CH;3);-Modified A380-800 Silicas, with Interatomic
Distances from Computational Model Structures

EXAFS curve fit DFT model

sample path N* R/A 10°0°/A> N  d/A

Ga—C 4° 1954006 S+1 2 1.967
Ga—0 2 201¢
Ga—Ga 1 2994005 6+1 1 289

grafted Ga(CH,),’

after exposure to NHy* Ga—O 3/ 1.95+0.06 5=+1 1 1918
Ga—C 2 1.98°
Ga—N 1 2.06+0.07 9+£3 1 2.07%
“ Integer values of N were not refined. ® Global fit parameters: So* = 0.83
=+ 0.03; AE, = 0.81 £ 0.2 €V; residuals = 11. Number of independent
parameters used in the fit: 6 (of 26 allowed by the Nyquist theorem).**
“Ga—O0 and Ga—C paths were combined and modeled as one Ga—C
path (N = 4). Distances are from the energy-minimized structure of
DFT model 3 (see Figure 5).  Global fit parameters: S, = 0.87 & 0.13;
AE, =0.38 & 0.21 eV; residuals = 76. Number of independent param-
eters used in the fit: 8 (of 26 allowed by the Nyquist theorem).>*/ Ga—O
and Ga—C paths were combined and modeled as one Ga—O path (N =
3).¢ Distances are from the energy-minimized structure of DFT model 4
(see Figure S).

R-space gives a maximum in the MWT modulus at 5.3 A~ in
k-space, consistent with scattering by low-Z atoms (C, O). The
feature at ca. 2.7 A in R-space corresponds to a maximum in the
backscattering amplitude at 8.0 A~ " in k-space. The simulated WT
of a Ga—Ga scattering path at 3.0 A produces a maximum at 7.9 A~
in k-space, compared to 6.3 and 5.5 A" for Ga—Si and Ga—O
paths, respectively (SI, Figures S15—S17). The nonbonded scat-
terer responsible for the intensity in the FT magnitude at 2.6 A is
thereby positively identified as Ga.

The fraction of grafted dimethylgallium (11I) sites that is dimeric is
equal to the coordination number N for the Ga—Ga scattering path.
In the EXAFS curve fit, N is strongly correlated with the mean-
squared displacement 0. Their optimum values were investigated by
correlation break analysis: when 07 is refined using various k-weights,
the values converge at the best value for N. 31 According to Figure 2b,
this occurs at N = 1.0; ie,, essentially all of the grafted dimethylgal-
lium sites on A380-800 silica are dimeric. This result further implies
that all of the grafting sites on the silica surface are present in pairs,
instead of being isolated or randomly distributed.

Nature of the Paired Grafting Sites. The high probability of
Ga dimer formation on highly dehydroxylated silicas cannot be
explained by migration of the surface hydroxyl groups, which are
not mobile.'>'*"* Nor is it likely that the Ga(CHjs), fragments
migrate at room temperature, since this would require cleavage
of strong Ga—O and Si—O bonds. Instead, protonolysis of
Ga(CHj3); by an isolated silanol must be accompanied by the
reaction of a second Ga(CHj); molecule with an adjacent
siloxane bond, resulting in methyl group transfer to silicon, eq 2.

=SiOH + =SiOSi = + 2Ga(CH;), —
[(CH3),Ga(u-0OSi =)], + CH38i =+ CH,  (2)

The high uniformity of the Ga,O, rings that is evident in the fit
parameters for the Ga—Ga path (N = 1.0; 0> = 0.006 & 0.001 A”)
suggests a precise relationship between the silanol and the
reactive siloxane bond. During silica pretreatment at 800 °C,
condensation of a vicinal pair of silanols (i.e., those separated by a
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Figure 3. Morlet Wavelet Transform (MWT) analysis (k = 10,0=1) of
the Ga K-edge EXAFS for Ga(CH;);-modified A380-800, showing the
maxima in the MWT modulus in the regions of (a) the Ga—Ga path and
(b) the Ga—0/Ga—C paths.

single bridging oxygen) leads to the formation of a highly

strained 2-ring (S1,0,).*** When one of the silanols is also a

member of a geminal silanol pair (i.e., a vicinal Q*—Q?site pair),

the result is a 2-ring with a hydroxyl substituent, as shown in eq 3.
OH OH

O,
800 °C Oum,, / \ e}

- S i + H0
HO'SI\ /SI‘O 2
9]

(3)

Ol S SigmlQ
HO/ \O/ \O

Q*-Q° silanol pair “dy” defect

Geminal silanols (Q? sites) have been observed by 29Si cross-
polarization magic angle spinning (CP-MAS) NMR on fumed
silicas dehydroxylated at temperatures up to 800 °C.*' Porous
silica gels such as the Sylopols are also known to have significant
geminal silanol populations.** As the silicas are heated, 2-rings
first arise via the condensation reaction shown in eq 3, since they
impose less strain on the silica framework than do 2-rings lacking
a hydroxyl substituent (i.e., which are anchored via an additional
siloxane linkage to the lattice).*” The proposed reaction of
Ga(CH3;); with a hydroxyl-substituted 2-ring is depicted in eq 4.

(@)
Omn,,. / \ e

HO',Si\ /S"‘o + 2Ga(CHg)s
o)

ror
Ga.""u “Ga
H3C/ \O Uz "O\\\ \CH3

_— | . + CH,
/SI '"'"lo
w S~
H3C““ / (0]
0 C)

It is possible that siloxane bond cleavage occurs prior to proto-
nolysis of Ga(CHj3); by the remaining silanol, due to the
very high reactivity of the strained 2-rings.*’
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Evidence for Silicon Methylation. The 'H MAS NMR
spectrum of Ga(CHj3);-modified A380-800 shows only a broad
signal at —1.0 ppm (Figure 4a). However, signals for both
GaCHj (8.7 ppm) and O3SiCH; (—12.3 ppm) are resolved in
the *C CP-MAS NMR spectrum (Figure 4b). The SiCHj signals
are even clearer after exhaustive hydrolysis (heating at 200 °C for
2 hin the presence of excess water vapor, followed by evacuation
at the same temperature for 2 h). The expected hydrolysis
reaction, which cleaves Ga—CH; bonds but leaves Si—CHj
bonds intact, is shown in eq S.

[(CH3),Ga(u-0Si =)], + CH;Si = + 4H,0 —
24(=Si0)Ga(OH),” + CH;Si =+ 4CH,  (5)

The 'H MAS NMR spectrum of the hydrolyzed material pre-
sents two major 51gnals —1.1 ppm (=SiCH;)* and 0.7 ppm
(assigned to GaOH)* (Figure 4c). In the post-hydrolysis
3C CP-MAS NMR spectrum (Figure 4d), the signal assigned
to GaCHj; is no longer present, while the signal of the non-
hydrolyzable O3SiCHj sites remains. The presumed “(=SiO)-
Ga(OH),” product, which likely oligomerizes, was not charac-
terized further.

Since CP-MAS NMR spectra are not inherently quantitative,
the extent of silicon methylation by Ga(CHj); was investigated
via the mass balance. The Ga(CHj);-modified A380-800 con-
tains 0.64 £ 0.07 mmol of Ga/g of SiO,, which is 50% higher
than the hydroxyl content of the unmodified silica. By compar-
ison to the observed methane yield, 0.43 mmol/g of SiO,, we
infer that two-thirds of the grafted Ga(CHj); reacted directly
with a surface hydroxyl, while one-third was anchored via
reaction with a siloxane bond. Upon hydrolysis, 1.13 &= 0.09 of
mmol of CH,/g of silica was liberated, for a CH,/Ga ratio of 1.76
£ 0.26. Thus, essentially all the grafted gallium sites bear two
methyl ligands, regardless of whether they were originally
anchored by reaction with a silanol or a siloxane.

The mass balance shows that half of the Ga dimers on
A380-800 silica arise by combined siloxane cleavage/protonoly-
sis (as in eq 2). The rest are formed solely by protonolysis,
requiring two silanol sites (as in eq 1). The persistence of silanol
pairs, despite their very low surface density and the absence of
any detectable interactions between them in the IR spectrum,
is consistent with their identification as vicinal Q*—Q’ pairs.
These do not form mutual hydrogen bonds, and, unlike the
vicinal Q”—Q? sites, they do not undergo mutual condensation
at or below 800 °C,*" eq 6.

OH OH

[o] [LLTIN) Si= I Q

/\/\

Q*-Q? silanol pair

> 800 °C Om,,., / \ caO H,0
OV \ / ‘O
6]

(6)
“d,” defect

The reaction of Ga(CH3); with a vicinal Q*—Q? pair gives rise to
the site [(CH;),Gal,(u-OSi=),0, in which the silicon atoms
are directly connected by a bridging oxygen. It differs from the
dimer formed by reaction of 2 equiv of Ga(CHs); with a
hydroxyl-substituted 2-ring only by the absence of the methyl
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Figure 4. Solid-state "H MAS (left) and "*C CP-MAS (right) NMR
spectra of Ga(CH;)s-modified A380-800 silica, before (a,b) and after
(c,d) hydrolysis at 200 °C, with evacuation of volatiles at the same
temperature.

group attached to silicon. The two dimer sites are therefore
expected to be indistinguishable by Ga K-edge EXAFS.

Reaction of A380-800 Silica with a Limiting Amount of
Ga(CHs)s. The reaction of A380-800 with Ga(CHjs); is self-
limiting, ceasing when all accessible grafting sites on the silica
surface have been consumed. When A380-800 is exposed to
excess Ga(CHj3); vapor, the maximum uptake corresponds to
4.2 wt % Ga, representing complete reaction of the organometallic
complex with the grafting sites. We also investigated the reaction
with a limiting amount of Ga(CHj)3, in order to probe whether
isolated or paired dimethylgallium sites are formed at low surface
coverage. For a material containing only 1.1 wt % Ga, the EXAFS
and fit parameters are shown in the SI, Figures S11 and S12 and
Table SS. They show the prominent Ga—Ga scattering path at
2.6 A in R-space. Correlation break analysis gave an optimum
value for N of 1.05 for this path (SI, Figure S13). We conclude
that the formation of silanolate-bridged dimers occurs even when
unreacted grafting sites are still available.

The preferred formation of grafted Ga dimers at low surface
coverage implies that attachment of the first Ga(CHj3), fragment
to silica, via either cleavage of a strained siloxane bond or reaction
with a surface silanol, activates the vicinal silanol. Coordination of
this silanol to the adjacent Ga(CHj3), site, eq 7, would increase its
acidity, making it more reactive toward a second equivalent of
Ga(CH,3)s.

Hsc\ ,,.e“CHB THa CH,
AN a
e
] (IDH Ga(CHy); M (])A @
Si /Siu’ CH,
H3C\\‘(‘) o(‘)"’o l\/""o

activated silanol

Computational Model Structures. The feasibility of form-
ing disilanolate-bridged bis(dimethylgallium) sites was explored
computationally. Figure S shows the H-terminated silanol clus-
ters used to model the condensation product of a Q*—Q? site
(1), as well as a Q*—Q’ site pair (). Reaction with Ga(CH3)s
with 1, resulting in cleavage of the strained siloxane ring by
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Ga(CHj;); with methyl transfer to Si and replacement of the
silanol proton by Ga(CHj), with release of CH,, is energetically
favorable (AE = —420 kJ/mol), even without formation of the
silanolate bridges. The terminal Ga—O distance in 2 is 1.80 A.
The tricoordinate Ga atoms exhibit long Ga- - - CH; interactions
(3.03A).%

Rearrangement of model 2 to model 3, which has symmetrical
silanolate bridges at d(Ga—0) = 2.01 4, is favored by 100 kJ/mol.
The Ga,0, ring has a dihedral angle of 33° and a Ga—Ga
distance of 2.89 A. Formation of the silanolate bridges in 3 causes
the SiOSi angle to decrease to 130°, while the distance between
the silanolate oxygens contracts to 2.56 A. The OSiO angles, at
104°, are slightly smaller than tetrahedral, indicating ring strain.
While changes in OSiO angles are typically minor, SiOSi angles
in silicate minerals and silica polymorphs vary from 137 to
175°* and their deformation involves only minor changes in
energy.” The reaction of Ga(CH3); with the vicinal disilanol
S results in the dimer 6, whose structural parameters are very
similar to those of 3. The formation of both Ga dimers is a direct
consequence of the strong Lewis acidity of three-coordinate Ga,
which leads to the formation of silanolate bridges and creates the
Ga, 0, ring whose Ga—Ga scattering path is readily detected by
EXAFS.

Latent Lewis Acidity. Silicas modified with M(CH3); (M =
Al, Ga) are strongly Lewis acidic; their acidity has been attributed
to the presence of three-coordinate metal sites.”>**** The X-ray
absorption near-edge structure (XANES) and EXAFS indicate
that the grafted Ga sites are four-coordinate. Nevertheless, they
are reactive toward Lewis bases. Upon exposure of Ga(CHj);-
modified A380-800 to NH;(g) at room temperature (NHj/
Ga ~ 10), no methane was detected by in situ IR. Bands
characteristic of the N—H stretching modes of adsorbed NHj;
appeared at 3375 and 3290 cm ' in the IR spectrum (not
shown), and a dramatic change in the intensity of the R-space
feature at 2.6 A was observed in the Ga K-edge EXAFS
(Figure 6). This is consistent with disruption of the bridging
silanolate interactions upon coordination of the Lewis base,
resulting in loss of coherence for the Ga—Ga scattering path.
Heating the sample to 200 °C under dynamic vacuum resulted in
little change in either the IR or EXAFS spectra, demonstrating
that the coordination of NHj is irreversible for this material.

In agreement with our observation that NH; binds strongly to
Ga(CH3;)3-modified silica, coordination of NHj to 3 to give the
adduct 4 was computed to be energetically favorable (AE =
—161kJ/mol, Figure S). The Ga—O bonds contract from 2.01 to
1.91 A when the silanolate bridges are disrupted by NH;. The
resulting Ga—N bond lengths are 2.07 A. The Ga—Ga distance is
elongated to 4.59 A, while the SiOSi angle increases slightly to
137°. This calculated structure is consistent with the EXAFS of
Ga(CHj3)3-modified silica after its exposure to NH;. The curve fit
using a FEFF model based on 4 is shown in Figure 7, and fit
parameters are given in Table 1. The refined Ga—N distance,
2.06 A, agrees with the Ga—N bond length in the calculated
structure but is considerably shorter than the Ga—N distance
in (CH;);Ga-NHj; (2.16 A).>°

The disilanolate-bridged Ga dimers therefore possess signifi-
cant, albeit latent,”" Lewis acidity. The disappearance of the Ga—
Ga path in the EXAFS upon NHj; exposure is consistent with the
presence of pairs of Ga sites that are no longer Lewis acidic and
that lack coherent Ga—Ga scattering paths. In general, grafted
metal complexes that are not strongly Lewis acidic or whose
ligand complement precludes bridging interactions may appear

o e
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Figure S. Cluster models and DFT-computed energies (AE) for the
reactions of Ga(CHj); with a hydroxyl-substituted siloxane 2-ring
(1) and a vicinal disilanol (5), leading to the disilanolate-bridged
structures 3 and 6, respectively, as well as disruption of the bridging
silanolate interactions in 3 by coordination of NH; (4).
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Figure 6. Comparison of Ga K-edge EXAFS (FT magnitude) for
Ga(CHj;)3-modified A380-800, before (top) and after (bottom) expo-
sure to 10 equiv of NH3.

to be well-separated by EXAFS even when they are paired; the
failure to observe M—M scattering is insufficient evidence for site
isolation.
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Figure 7. Ga K-edge EXAFS (FT magnitude, red; imaginary, black) for
Ga(CHj;)3-modified A380-800 after exposure to 10 equiv of NH; and
curve fit (blue), generated using model 4.

Reaction of Ga(CHs); with Porous Silica. The formation of
Ga dimers is not unique to fumed silica. The Ga K-edge EXAFS
reveals the existence of similar structures when Ga(CHs); was
used to modify a mesoporous silica gel (Sylopol 952), after its
pretreatment in vacuo at 800 °C. The white-line intensity in the
XANES for this material strongly resembles that of Ga(CHj3)s-
modified A380-800, and is also consistent with four-coordinate
Ga (SI, Figure S7).27 The R-space EXAFS contains a strong Ga—
Ga path (SI, Figure S9), and the MWT of the EXAFS is
consistent with the presence of a Ga—Ga path (SI, Figure
S18). Although the optimum fitted value of N for the Ga—
Ga path is less than 1.0 (SI, Table S4), a significant fraction
(about half) of the grafted sites on the highly dehydroxylated
silica gel are disilanolate-bridged dimers. The high surface
curvature®* of the Sylopol, compared to the relatively flat
surface of the fumed silica, may allow some Ga(CHj), pairs to
achieve tetra-coordination by interacting with surface siloxane
oxygens instead. This precludes a fixed Ga—Ga distance but does
not imply that the sites are isolated.

Bl CONCLUSIONS

Dehydroxylation of both porous and nonporous silica at
800 °C yields surface hydroxyl groups that, while isolated, are
nevertheless closely associated with reactive siloxane bonds,
probably as hydroxyl-substituted 2-rings formed by condensation
within vicinal Q*—Q? pairs. Their reaction with Ga(CHj)5 leads
to [(CH;),Gal,(u-0Si=) (u-OSi(CH;)=), rather than isolated
dimethylgallium fragments. This reaction accounts for about half
of the grafted Ga sites formed on A380-800. The other half is
formed by reactions with vicinal hydroxyl groups, which are Q*—
Q’ pairs whose condensation to form 2-rings does not occur at
800 °C. Thus, two-thirds of the hydroxyl groups on this highly
dehydroxylated silica are not isolated, being located close to
(although not hydrogen-bonded to) a neighboring silanol group.
During the high-temperature synthesis of fumed silica, hydrolysis
of highly strained siloxane bonds gives rise to such silanol pairs.>*
On the mesoporous Sylopol silica, a significant fraction of the
grafted Ga sites are also dimers, implying extensive pairing of the
surface hydroxyls, even after pretreatment at 800 °C.

Consequently, the residual silanol groups on these highly
dehydroxylated, amorphous silicas should not be described as
randomly distributed or well-separated: the median interhydroxyl
distance, at ca. 3 A, is considerably smaller than the mean (12 A).
Site isolation by simple thermal dehydroxylation of these silicas
does not appear to be feasible: even “isolated” hydroxyl groups
are located in close proximity to a second grafting site (the
strained, highly reactive siloxane bond of a 2-ring). Pairwise
grafting is therefore inevitable, even when the absence of coher-
ent metal—metal single-scattering paths precludes its direct
observation by EXAFS. These findings have broad implications
for site isolation strategies as well as for cooperative grafting of
functional groups by surface modification in catalysis and other
silica applications.

B EXPERIMENTAL AND COMPUTATIONAL METHODS

Sample Preparation. Aerosil 380, a nonporous, fumed silica, was
obtained from Evonik-Degussa. It has a BET surface area of 383 £ 14
m?/g and an average primary particle size of 7 nm. It was pretreated by
calcining in air at S00 °C for at least 3 h, followed by partial
dehydroxylation at 800 °C for at least 4 h under dynamic vacuum
(<10 * Torr) to give A380-800. Sylopol 952, a nonordered mesoporous
silica gel, was obtained from Grace-Davison. It has a BET surface area of
300 + 18 m*/ g, apore volume of 1.61 mL/g, and an average particle size
of 112 um. It was pretreated by calcination at 450 °C in flowing O, for 4
h, followed by evacuation at the same temperature for 2 h. The silica was
subsequently dehydroxylated at 800 °C for at least 4 h under dynamic
vacuum to give §952-800.

Ga(CH3); (Strem, 99.9%) was stored under vacuum in a glass reactor
sealed with two high-vacuum Teflon stopcocks (Chemglass) arranged in
series. Caution! Ga(CHj); is pyrophoric and should only be handled in
small quantities (<1 mL) outside a glovebox. Milli-Q water was transferred
into a high-vacuum glass reactor sealed with a ground-glass stopcock
greased with Krytox (Varian). Both Ga(CHj3)3 and H,O were subjected
to three freeze—pump—thaw cycles before each use. NH;(g) (Praxair,
99.99%) was transferred via a high-vacuum manifold into a glass bulb
containing activated molecular sieves to remove moisture and sealed with
a high-vacuum ground-glass stopcock greased with Apiezon-H (Varian).

Reagents were transferred onto the silicas through a high-vacuum
manifold, using a quartz reactor immersed in a liquid N, bath. After
warming to room temperature, excess Ga(CHj); was allowed to react
with silica for 20 min. Volatiles were desorbed at room temperature to a
liquid N, trap for 30 min. When NH;(g) was transferred onto the
Ga(CHj;)3-modifed silica, the reaction was allowed to proceed at room
temperature for 2 h. When the reactor was subsequently evacuated at
room temperature for 6 h.

Infrared Spectroscopy. IR experiments were performed in a
Pyrex in situ IR cell equipped with a quartz bottom and sealed with a
high-vacuum ground-glass stopcock greased with Krytox (Varian).
Polished CaF, windows (32 x 2 mm, International Crystal Laboratories)
were affixed to the cell with TorrSeal (Varian). Approximately 25 mg
of A380 silica was pressed in air into a self-supporting disk of diameter
1.6 cm and then mounted in a quartz sample holder. The silica was
heated in air at 500 °C for at least 4 h prior to dehydroxylation at >10~*
Torr and at 800 °C for at least 4 h. Ga(CH3); vapor was transferred onto
the silica from aliquid reservoir, using a liquid nitrogen bath. The reactor
was allowed to warm to room temperature over a period of 20 min.
Transmission IR spectra were recorded on a Shimadzu Prestige
IR spectrometer equipped with a DTGS detector and purged with
CO,-free dry air. Background and sample spectra were recorded
by adding 24 scans at 2 cm " resolution (for spectra of silicas) and
0.5 cm™ " resolution (for spectra of CH,4(g)).
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Mass Balance. The amount of methane liberated during grafting
and subsequent hydrolysis of Ga(CH;); was determined by in situ
IR spectroscopy. A calibration curve in the range 0.2—20 Torr was con-
structed using the absorbance of the CH, stretching mode at 3016 cm .
After each experiment, the silica sample was weighed in air and stirred
overnight in 1.0 M H,SO,. The suspension was centrifuged to remove
the silica, and the Ga content of the supernatant was determined by ICP
(Thermo iCAP 6300). A calibration curve was constructed in the range
0—40 ppm by diluting a standard solution (Fluka, 1000 ppm Ga).

X-ray Absorption Spectroscopy. Spectra were recorded at the
Ga K-edge (10.367 keV) on beamline 2-3 (Bend) at the Stanford
Synchrotron Radiation Lightsource (SSRL), which operates at 3.0 GeV
with a ring current of 80—100 mA. X-rays were monochromatized via
reflection from a pair of Si(220) crystals through a 2 mm entrance slit.
The incident beam was detuned by 30% to remove harmonics. Samples
were mounted at a 45° angle to the beam in order to collect transmission
and fluorescence spectra simultaneously. Spectra were recorded at 10 K
in an Oxford Instruments liquid He flow cryostat. Fluorescence data
were generally of better spectral quality than transmission data and were
therefore used in data analysis.

Data processing and analysis were performed using Athena (version
0.8.056) and Artemis (version 0.8.012).> Single-scattering paths were
fitted to the R-space data using least-squares refinement. Phase shift and
backscattering amplitude functions were calculated using FEFF 8.2.%
Morlet Wavelet Transform calculations were performed using the
Python (version 2.6) program HAMA written for the wavelet transform
analysis and simulation of EXAFS data.””

Solid-State NMR Spectroscopy. Solid-state 'H and **C NMR
spectra were recorded on a Bruker ASX-500 spectrometer. First, 100—200
mg of silica was compressed into thick pellets that were then ground
coarsely using a mortar-and-pestle. After reaction with Ga(CH3)3, samples
were loaded into 4 mm zirconia rotors under Ar. "H MAS NMR spectra
were recorded at 500.12 MHz. The spectra were collected using a 2-us 4°
pulse, a relaxation delay of 0.15 s, and an acquisition time of 25 ms. '*C CP-
MAS NMR spectra were recorded at 125.47 MHz using a contact time of 2
ms and a relaxation delay of 2 s. All rotors were spun at 10 kHz. *C-labeled
glycine (Cambridge Isotope Laboratories, Inc.) was used as the external
chemical shift reference for both 'H and "*C. Spectra were baseline
corrected, and 3 Hz line broadening was applied to the *C spectra.

Measurement of the Hydroxyl Content of Dehydroxy-
lated Silicas. To avoid any transfer of material that would expose highly
strained, reactive siloxane bonds to traces of moisture (e.g, in a glovebox),
the number of hydroxyls present in A380-800 silica was determined from
the area of the O—H stretching mode in the in situ IR spectrum (Figure 1)
relative to the area in a sample of known OH content.

First, the number of non-hydrogen-bonded hydroxyl groups in A380-
500 silica was measured. The solid-state "H MAS NMR spectrum of a
known mass of the silica was recorded under Ar, and the total OH content
was obtained by comparison to the "H MAS NMR spectrum of an external
standard, tetrakis(trimethylsilyl)silane. This experiment was repeated after
complete reaction of the accessible hydroxyls of A380-500 with VOCI,
(99.995%, Aldrich),” yielding the number of inaccessible hydroxyls. The
number of accessible hydroxyl groups was obtained by difference.

The area of the O—H stretching region in the IR spectrum of A380-
500 was measured before and after reaction with VOCl;. The number of
hydroxyls present in A380-800 was calculated from the ratio of the areas
for A380-500 and A380-800, using the intensity of the lattice overtone at
1875 cm ' to normalize the spectra for the amount of silica present. The
hydroxyl content for $952-800 was determined by comparing the area
under the O—H stretching region of a normalized $952-800 spectrum to
that of the normalized A380-800 spectrum. This gives the hydroxyl
number normalized to the amount of silica in the sample. This hydroxyl
number was corrected for the difference in surface areas between the two
silicas to obtain the hydroxyl number per surface area on $952-800.

Computational Methods. Geometry optimizations and energy
calculations for model compounds were performed with Gaussian03,>®
using the hybrid exchange functional B3LYP.*”® The Gaussian basis set
6-31-++G* was used for all elements. Stationary points were characterized
by the calculation of vibrational frequencies, and all geometries were
found to be minimum energy structures (Nimaginary = 0)-

B ASSOCIATED CONTENT

©® Supporting Information. Experimental and computa-
tional methods, additional EXAFS curve fits, fit parameters,
wavelet transforms, Cartesian coordinates of calculated struc-
tures, and complete refs 10 and 58. This material is available free
of charge via the Internet at http://pubs.acs.org.
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