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Abstract: The reaction of [(tSiO)Zr(CH2tBu)3] with H2 at 150 °C leads to the hydrogenolysis of the
zirconium-carbon bonds to form a very reactive hydride intermediate(s), which further reacts with the
surrounding siloxane ligands present at the surface of this support to form mainly two different zirconium
hydrides: [(tSiO)3Zr-H] (1a, 70-80%) and [(tSiO)2ZrH2] (1b, 20-30%) along with silicon hydrides,
[(tSiO)3SiH] and [(tSiO)2SiH2]. Their structural identities were identified by 1H DQ solid-state NMR
spectroscopy as well as reactivity studies. These two species react with CO2 and N2O to give, respectively,
the corresponding formate [(tSiO)4-xZr(O-C(dO)H)x] (2) and hydroxide complexes [(tSiO)4-xZr(OH)x]
(x ) 1 or 2 for 3a and 3b, respectively) as major surface complexes.

Introduction

Surface organometallic chemistry has been directed at design-
ing and preparing single-site heterogeneous catalysts.1 One of
the key aspects of this field is to ascertain the structural identity
of the so-called surface complex, which allows, in fine,
structure-activity correlations, and thereby a rational improve-
ment of the targeted catalysts. Therefore, it is necessary to rely
on several chemical and spectroscopic methods, and one of the
goals of surface organometallic chemistry is to develop new or
improved tools for the characterization of surface complexes.
We have recently implemented solid-state two-dimensional (2D)
heteronuclear NMR correlation (HETCOR) techniques to probe
surface structures at a molecular level, which has helped us to
solve the structure of surface well-defined perhydrocarbyl
complexes monografted on the surface of silica.2-5 By well-
defined species, we mean a metal for which the first coordination
sphere is defined; that is, the number of covalent (or ionic) bonds

with the surface and the number and types of other ligands are
known. We and others have also been able to generate and
characterize bisgrafted species upon controlling the thermal
treatment of silica prior to its reaction with the molecular
organometallic complex.6-8

The surface complex [(tSiO)Zr(CH2tBu)3], a well-defined
species, upon a thermal treatment under H2 was reported to be
transformed selectively into a trisgrafted species, [(tSiO)3Zr-
H] (1a), according to IR and EXAFS spectroscopies.9-17

Notably, this system displays high reactivity toward alkanes:
(1) low-temperature activation of alkanes,18 (2) fast H/D
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exchange reaction in H2/D2 or D2/CH4 mixtures,19,20 and (3)
low-temperature hydrogenolysis of alkanes.18 More recently, it
was shown that this highly electrophilic surface complex
catalyzes the depolymerization of polyolefins via successive
â-alkyl transfer-hydrogenolysis steps, the former being the
reverse step of the Ziegler-Natta polymerization.21 One key
feature of this process is the transformation of polyolefins (e.g.,
polyethylene and polypropylene) back to low molecular weight
alkanes.

The unexpected high reactivity of this tetracoordinated
monohydrido zirconium species toward alkanes22-25 (especially
as compared to group 4 molecular equivalents)26-32 led us to
further investigate its (their) structure(s), its (their) mechanism-
(s) of formation, and its (their) reactivity(ies) through the use
of advanced NMR spectroscopy techniques. We wish to report
here that the synthesis of this zirconium monohydride leads also
to the formation of a zirconium bis-hydride species. Their
formation also results in the concomitant generation of surface
silicon mono- and bis-hydride species, which allows to propose
a mechanism for the surface reconstruction during the thermal
treatment under hydrogen of [(tSiO)Zr(CH2tBu)3]. The reactiv-
ity of these zirconium hydrides with N2O and CO2 is also
reported and provides evidence for their difference in reactivity.

Results and Discussion

Spectroscopic Investigation of [Zr-H]. The reaction of
[(tSiO)Zr(CH2tBu)3], obtained by reacting at 25°C
[Zr(CH2tBu)4] on a silica partially dehydroxylated at 500°C,
with H2 at 150°C leads to the disappearance of more than 90%
of theν(C-H) andδ(C-H) according to in situ IR spectroscopy
(Figure 1). New bands in the 2100-2300 and 1600-1650 cm-1

regions appear, which can be assigned to (Si-H) and (Zr-H),
respectively, in agreement with the stretching frequencies of
corresponding molecular complexes. Moreover, it has already
been shown that upon treatment with D2 at low temperatures
(0-80 °C), the bands in the 1600-1650 cm-1 range disap-
peared, while those in the 2100-2300 cm-1 range remained
unchanged, which further confirmed these assignments.15 Samples
prepared by impregnation were further analyzed by ESR and
1H NMR spectroscopies. While the former technique points to
the presence of small amounts of ZrIII species, ca. 5% (see
Supporting Information), the latter brings additional informa-
tion: the spectrum displays four signals at 0.8, 4.4, 10.1, and
12.1 ppm (Figure 2a). First, the signals at 4.4 ppm can be readily

assigned to (Si-H) protons.33 Second, the signal at 0.8 ppm
can be assigned to residual alkyl fragments, which did not
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Figure 1. (a) Monitoring of the formation of [Zr-H] by IR spectroscopy:
(i) (SiO2-(500)), (ii) [( tSiO)Zr(CH2tBu)3], and (iii) after treatment under
H2 at 150°C, [Zr-H]. (b) Enlargement of the 1500-3000 spectral region
after subtraction of spectra iii-i of Figure 1a.

Figure 2. (a) 1H MAS NMR spectrum of [Zr-H] species obtained as
indicated in Scheme 1. (b) DQ rotor-synchronized 2D1H MAS spectrum
of [Zr-H] species (see the Experimental Section for more details).
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undergo hydrogenolysis, suggesting that they are attached to a
silicon atom.34 Finally, we note the presence of two downfield
signals at 10.1 and 12.1 ppm, which can be assigned to two
types of zirconium hydride surface species.35 This assignment
is further reinforced since these signals disappear upon reaction
with N2O and CO2 according to both IR and NMR spec-
troscopies (vide infra). Moreover, these two signals display very
differentT1 values: for example, the signal at 12.1 ppm is not
very much affected by the relaxation delay (RDg 2 s), while
for one to obtain a constant intensity of the signal at 10.1 ppm
requires a longer relaxation delay, typically 30 s. This is
consistent with the presence of two kinds of protons with very
different environments: one, which relaxes readily, probably
because it is close to other dipoles (efficient relaxation pathway),
and another one, which does not have similar efficient dipolar
relaxation pathways and hence a longT1, probably a more
isolated proton. To further assign these various signals, 2D
multiple-quantum (MQ) proton spectroscopy under magic angle
spinning (MAS)36-40 was applied. Double- and triple-quantum
proton spectroscopies under fast MAS have been recently shown
to be powerful techniques to probe structural information and
dynamics inherent to proton-proton dipolar couplings. These
techniques have been successfully applied to the characterization
of hydrogen-bonding structures,39,41 π-π packing arrange-
ments,42,43 and defect sites in zeolites.44

Figure 2b shows the rotor-synchronized1H DQ MAS spec-
trum recorded for [Zr-H] at a MAS frequency of 14 kHz using
one cycle (of duration one rotor period) of the BABA recoupling
method45,46 for the excitation and reconversion of the double
quantum (DQ) coherences (see the Experimental Section for
more details). In this experiment, the evolution of the DQ co-
herence created between a pair of dipolar-coupled protons is
observed during the indirect detection timet1. The DQ frequency
in theω1 dimension corresponds to the sum of the two single-
quantum frequencies of the two coupled protons and correlates
in the ω2 dimension with the two corresponding proton reson-
ances. Therefore, the observation of a DQ peak implies a close
proximity between the two protons involved in this correlation.

In the 2D spectrum of Figure 2b, a strong autocorrelation
peak is observed for the proton resonance at 12.1 ppm (24.2
ppm in theω1 dimension), which unambiguously allows the
assignment of this resonance to the (ZrH2) group, [(tSiO)2-
ZrH2] (1b). The proton resonance at 10.1 ppm shows only a

weak correlation with the (SiH) resonance (14.5 ppm in theω1

dimension), which very likely corresponds to the correla-
tion between the monohydride [(tSiO)3Zr-H] (1a) and the
[(tSiO)2SiH2] protons (vide infra).

As expected, strong autocorrelation peaks are observed for
the alkyl (1.6 ppm in theω1 dimension) and for the [(tSiO)2SiH2]
proton resonances (8.8 ppm in theω1 dimension). Interestingly,
there is a common double-quantum frequency (at about 5 ppm)
between the (Si-H) resonance and the alkyl one, which
indicates that the residual alkyl fragments are relatively close
to the silicon hydride species and possibly correspond to a [(t
SiO)2Si(H)(R)] species, which are probably formed through the
transfer of an alkyl fragment from the organozirconium species
onto silica during the thermal treatment under H2 (eq 1).

An additional autocorrelation peak at 7.2 ppm in theω1

dimension of weak intensity is also observed, which likely
corresponds to a partial oxidation/hydrolysis of the zirconium
hydrides into [(tSiO)2Zr(OH)2] during the preparation of the
sample. While oxidation of residual zirconium alkyl derivatives
into alkoxide during the preparation of the sample could also
display a signal at 3.6 ppm (vide infra), we favor its assignment
to a [(tSiO)2Zr(OH)2] species because residual alkyls attached
to a Zr are present in much less than 10% of the total Zr (<0.1
equiv of alkanes upon addition of water) and are not affected
upon addition of N2O (according to IR spectroscopy, vide
infra). The presence of [(tSiO)2SiH2], [(tSiO)2Si(H)R], and
[(tSiO)3SiH] is further confirmed by29Si solid-state NMR
spectroscopy by the presence of three broad signals centered at
-40,-80, and-105 ppm, which are typical of [(tSiO)2SiX2]
(X ) H and/or R),47 [(tSiO)3SiX] (X ) H and/or R; commonly
called T3 site),48 and [(tSiO)3SiOE] (commonly called Q site
for E ) H or Si), respectively. Moreover, correlations between
the Si-H protons centered at 4.4 ppm (see traces at 4.8 and
4.2 ppm in the Supporting Information) and the signals at-40
and-80 ppm in the29Si dimension in the 2D1H-29Si HETCOR
solid-state NMR spectrum corroborate these assignments.49

In conclusion, under H2 at 150 °C the zirconium-carbon
bonds of [(tSiO)Zr(CH2tBu)3] undergo hydrogenolysis to
generate very reactive hydride intermediates such as [(tSiO)-
ZrH3] (1c), which further react with the silica surface. Because
silica is amorphous, a well-defined surface complex like
[(tSiO)Zr(CH2tBu)3] is in fact surrounded by different local
environments, that is, different types of siloxane bridges formed
during the dehydroxylation step. First, the putative intermediate
[(tSiO)ZrH3] (1c) generates [(tSiO)2ZrH2] (1b) and
[(tSiO)3SiH] (Scheme 1). In some cases (roughly 70-80%),
adjacent siloxane bridges are close enough to the zirconium
center so that the surface complex [(tSiO)2ZrH2] (1b) reacts
further to yield [(tSiO)3ZrH] (1a) and [(tSiO)2SiH2]. Besides
this main process, there are small amounts of ZrIII species and
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residual alkyl fragments, such as in [(tSiO)2Si(H)(R)] frag-
ments, which are probably formed through the transfer of alkyl
zirconium species, such as [(tSiO)2-xZrH(R)x] (eq 1).

Reactivity of [Zr -H] with H 2O. Hydrolysis has been used
to characterize the hydride species through the measurement
of hydrogen evolution, which was associated with the exclusive
reaction of the metal hydrides with H2O. Nevertheless, we have
observed more recently that 1-2 equiv of H2/Zr evolved during
hydrolysis depending on the reaction conditions: the use of a
small amount of water (2 equiv/Zr) and a short reaction time
(∼15 min) reproducibly provided between 0.9 and 1.1( 0.2
equiv of H2/Zr, while the use of a large excess of water (1500-
2000 equiv/Zr) and a longer reaction time (2-12 h) led to 1.8-
2.0 equiv of H2/Zr. According to IR and1H NMR spectroscopies
(see Supporting Information), H2O mainly reacts with zirconium
hydrides when used in stoichiometric amounts (2 equiv), while
it reacts with zirconium hydrides and partially with surface
(SiHx) when a large excess (1500-2000 equiv) is used. In the
latter case, the NMR spectrum is of poor quality, probably
because of the major modification of the surface species (broad
signals). Additionally, IR spectroscopy shows that only some
(SiHx) has reacted with H2O (those at 2200 cm-1), probably
the (SiH2). Yet, the reactivity of the surface (Si-H) fragments
with H2O is noteworthy because alkylsilanes (R3SiH and
R2SiH2) are usually not very reactive toward H2O under identical
conditions. This speaks in favor of an assistance of the zirconium
center in the hydrolysis of the adjacent silanes and thereby shows
that the zirconium center is in close proximity to the (Si-H)
fragments, as was already shown by1H DQ MAS NMR
spectroscopy applied to zirconium hydrides. This further
confirms that the (Si-H) fragments are formed during the
formation of zirconium hydrides through its reaction with
adjacent siloxane bridges and not through the reaction of
hydrogen directly with some siloxane bridges present at the
surface of silica. However, the reaction of H2O with [Zr-H] is
quite complex and does not provide a clear molecular under-
standing of these surface species; therefore, different molecular
probes have been used to understand these species.

Reactivity of [Zr -H] with CO 2. Metal hydrides are known
to react with CO2 to give metal formates.50-53 Upon addition
of CO2 (300 equiv) onto [Zr-H], theν(Zr-H) bands disappear
immediately to give new bands at 1590/1386 and 1544/1370
cm-1 (Figure 3), assigned to the antisymmetric/symmetric
stretching modes of the two different formate surface complexes.
Moreover, two other weak bands also appear: one at 2960 cm-1,

which is consistent with the formation of new Csp3-H containing
fragments, along with a very weak one at 2223 cm-1. When
using Zr-D in place of Zr-H, the band at 2960 cm-1 is shifted
to 2180 cm-1, in agreement with its assignment to a methoxy
group (vide infra) formed upon reaction of the deuteride
(hydride) ligand with CO2 (see Supporting Information), while
the band at 2223 cm-1 is not affected, which shows that it is
most likely associated with the vibration of a C-O bond. When
using13CO2, this latter band is shifted by 53 cm-1 to 2170 cm-1

in agreement with its assignment to a C-O bond. Free and
coordinated CO2 do not appear in this region,54,55 while a CO
bound to a Lewis center as a purelyσ-donor ligand might.11,56-58

However, this weak band (2170 cm-1) is not shifted upon
thermal treatment at 80°C in the presence of12CO (no CO
exchange), and it is only shifted to lower wavenumber by 18
cm-1 upon addition of pyridine (see Supporting Information).
Therefore, its assignment is most consistent with a harmonic
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Scheme 1. Reactivity of [(tSiO)Zr(CH2tBu)3] under H2 at 150 °C

Figure 3. (a) Reaction of CO2 with [Zr-H] monitored by IR spectros-
copy: (i) (SiO2-(500)), (ii) [Zr -H], and (iii) after reaction of [Zr-H] with
CO2 and evacuation of the excess CO2 under vacuum. (b) Enlargement of
the 1300-3000 spectral region of Figure 3a; spectra ii(b) and iii(b)
correspond to (ii(a)- i(a)) and (iii(a)- ii(a)), respectively.
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of a C-O vibration in [ZrO-C(dO)H] (the fundamental
vibration should appear in the 1100-1200 cm-1 region, but is
masked by the silica framework vibrations).

According to 1H solid-state NMR spectroscopy, the two
signals, associated with the two types of hydrides, disappear
upon addition of CO2, while two new ones appear at 7.9 and
8.7 ppm in a 1/3 to 1/4 ratio (Figure 4). The chemical shifts of
these new signals are consistent with the formation of formate
zirconium complexes and can be assigned to the bis(formate)
and monoformate species, respectively.50-53 Besides, there is a
shoulder peak next to the (SiHx) signals at 3.6 ppm, which could
be associated with the formation of downfield Csp3-H protons,
that of a methoxy fragment (vide infra), and which is consistent
with what has been observed by IR spectroscopy. The DQ1H
MAS NMR spectrum (Figure 4b) shows autocorrelation peaks
for high field signals at 1.0 ppm (2.0 ppm in theω1 dimension,
residual alkyl fragments), 3.6 ppm (7.2 ppm in theω1 dimension,
ZrOCH3), and 4.4 ppm (8.8 ppm in theω1 dimension, SiH2).
No autocorrelation peaks are found for either of the formate
protons (they are expected to be very far apart for a bisformate
complex). Residual alkyl fragments still show a correlation peak
with the (Si-H) surface species, but also with the signal at 8.7
ppm assigned to the monoformate (at 9.5 ppm in theω1

dimension). This signal at 8.7 ppm (monoformate,2a) also
shows a correlation with the (SiH2) fragment (and vice versa)
at 13.1 ppm in theω1 dimension. Note that the monohydride
zirconium species [(tSiO)3ZrH] (1a) already showed a cor-
relation peak with this (SiH2) fragment. Moreover, the signals
at 7.9 ppm (bisformate,2b) give rise to a signal at 12.3 ppm
(in theω1 dimension), which shows that, upon insertion of CO2,
the proton is in proximity to (Si-H) fragments; the correspond-
ing hydride (1b) did not show such type of correlation. To

further characterize these species, a13C-labeled sample was
prepared using13C-labeled CO2. The 13C NMR spectrum
exhibits three major resolved peaks at 183, 170, and 59 ppm
(Figure 5a). A two-dimensional13C-1H HETCOR shows that
correlation peaks are observed between proton resonances at
7.9 and 8.7 ppm in theω1 dimension and carbon resonances at
170 and 183 ppm in theω2 dimension, respectively (Figure 5b),
confirming their assignments to two types of zirconium formate
surface complexes (2a and 2b). On this13C-labeled material,
the carbon-proton scalar couplings can be directly estimated
on the1H traces extracted in theω1 dimension of the 2D map
(each formate proton appears as a doublet). Splittings of about
230 and 220 Hz were, respectively, measured for the carbon
resonances at 170 and 183 ppm as may be expected for a
formate ligand. The carbon peak at 59 ppm, which correlates
with a proton resonance at 3.6 ppm, displays aJC-H splitting
of about 140 Hz, which is fully consistent with a heteroatom
substituted sp3 carbon, like a methoxy fragment. To further
characterize these compounds, solid-stateJ-resolved spectros-
copy was applied (Figure 6). The corresponding 2D spectrum
shows that the carbon signal at 59 ppm is split into a quartet
(JCH ) 128 ( 15 Hz) with a more or less 1:3:3:1 intensity
distribution in theω1 dimension, which allows the straightfor-
ward identification of this resonance as a methoxy group. As
expected at lower field, two carbon resonances (170 and 183
ppm) exhibit a doublet structure withJCH coupling values of
252 and 243 Hz ((15 Hz), respectively. This is in relatively
good agreement with the value obtained from the 2D HETCOR
spectrum and direct detection.

The presence of two types of formate signals in IR,1H, and

Figure 4. (a) 1H MAS NMR spectra of [Zr-H] after reaction with CO2
(as indicated in Scheme 2). (b) DQ rotor synchronized 2D1H MAS spectrum
of [Zr-H] after reaction with CO2 (see Experimental Section for more
details).

Figure 5. (a) 13C CPMAS NMR spectrum of [Zr-H] after reaction with
13CO2 (number of scans) 3618). (b) 2D carbon-proton heteronuclear
dipolar correlation spectrum of [Zr-H] after reaction with13CO2 (see the
Experimental Section for more details). The corresponding proton spectrum
is shown on the left side of the 2D map.
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13C NMR spectra can readily be explained by the reaction of
CO2 with the two different hydrides, leading to the formation
of a mono(formate)tris(siloxy)zirconium complex (2a) and a
bis(formate)bis(siloxy)zirconium complex (2b) (Scheme 2). In
the case of the methoxy ligand, we propose that it arises from
successive reactions of CO2 with three hydrides via either the
involvement of two sites (in average 6 Å apart) or the presence
of small amount of a trishydride complex (not observed in1H
NMR).59

Reactivity of [Zr -H] with N 2O. Metal hydrides can react
cleanly with N2O to give metal hydroxides,60 and it constitutes
a good probe reaction. Upon adding N2O (300 equiv) to the
silica-supported zirconium hydrides [Zr-H], most of theν(Zr-
H) band disappears immediately, and a new band appears at
3785 cm-1, which is consistent with the formation of (Zr-OH)

(Figure 7).60-62 Moreover, a small amount of H2 evolves (0.1-
0.2 equiv/Zr) during this process, which could arise from the
reductive elimination of H2 from (ZrH2), thus generating a ZrII

species, which is likely to be oxidized under these conditions.63-65

Note that the (SiHx) and alkyl surface species are not affected
during this reaction. There is also the appearance of another
band at 2145 cm-1 of variable and low intensity (depending on
the reaction conditions:PN2O, temperature...). When using a fully
deuterated sample (Zr-D/Si-D), the band at 3785 cm-1 (ZrO-
H) is shifted to 2787 cm-1 as expected for the corresponding
(ZrO-D) species, while the band at 2145 cm-1 is not shifted,
which shows that it is probably associated with a N-N vibration
arising from either N2 or N2O coordinated to a Zr center (see
Supporting Information for details).1H MAS solid-state NMR
spectroscopy also shows the disappearance of the two peaks at
10.1 and 12.1 ppm (Figure 8a), assigned to the two types of

(59) CO2 reacts with [(tSiO)2ZrH2] to yield the intermediate [(tSiO)2Zr(H)-
(-OC(δO)H)] (2c), which can react with another molecule of CO2 to yield
the bis(formate) complex [(tSiO)2Zr(-OC(dO)H)2] (2b) or evolve into
a 1,3-dioxa-2-zirconacyclobutane, [(tSiO)2Zr(η2-OC(H2)O] (not observed),
which can decompose into “[(tSiO)2ZrdO]” (not identified) and formal-
dehyde as observed for similar molecular complexes (see refs 52 and 53).
Formaldehyde can then react with an adjacent hydride to generate the
methoxy zirconium surface complex.

(60) Vaughan, G. A.; Rupert, P. B.; Hillhouse, G. L.J. Am. Chem. Soc.1987,
109, 5538.

(61) Dang, Z.; Anderson, B. G.; Amenomiya, Y.; Morrow, B. A.J. Phys. Chem.
1995, 99, 14437.

(62) Kytoekivi, A.; Lakomaa, E.-L.; Root, A.; Oesterholm, H.; Jacobs, J.-P.;
Brongersma, H. H.Langmuir1997, 13, 2717.

(63) Smith, M. R., III; Matsunaga, P. T.; Andersen, R. A.J. Am. Chem. Soc.
1993, 115, 7049.

(64) Howard, W. A.; Waters, M.; Parkin, G.J. Am. Chem. Soc.1993, 115, 4917.
(65) Howard, W. A.; Parkin, G.J. Am. Chem. Soc.1994, 116, 606.

Figure 6. Carbon-proton solid-stateJ-resolved spectroscopy recorded on [Zr-H] after reaction with13CO2 (see the Experimental Section for more details).

Scheme 2. Reactivity of Zirconium Hydride Supported on Silica with CO2
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hydrides, and the concomitant appearance of two new signals
at 3.6 and 4.1 ppm, whose chemical shifts are consistent with
the formation of zirconium hydroxides.60,66 The (Si-H) frag-
ments are unaffected by this reaction as observed by IR
spectroscopy (same vibration frequency and same intensity).
Using double-quantum 2D1H NMR, we could assign the signal
at 4.1 ppm to [(tSiO)3Zr(OH)], 3a (due to the absence of such
an autocorrelation peak), and that at 3.6 ppm to [(tSiO)2Zr-
(OH)2], 3b (due to the observation of a clear autocorrelation
peak at 7.2 ppm in theω1 dimension) (Figure 8b). Here also, a
weak interaction between the residual alkyl and the (Si-H)
fragments can be observed as in the case of zirconium hydrides
(1). This material is stable up to 80-100°C (see IR spectra in
Supporting Information), and above this temperature the inten-
sity of the [Zr(OH)] band (3785 cm-1) starts to decrease to the

advantage of that of the (Si-OH) bands (3747 cm-1).67 The
material has a specific surface area of 190 m2/g, which is
comparable with the starting silica (190-200 m2/g), and the
chemical titration with methylmagnesium chloride shows the
presence of about 1.2( 0.2 OH/nm2, that is, 40 mmol OH/g,
which is a little lower than that found for silica (1.4( 0.2 OH/
nm2 or 46 mmol OH/g). The presence of a large concentration
of hydroxyl group is noteworthy because it is typically low for
zirconia due to its small specific surface area. The nature of
these (Zr-OH) fragments has been further investigated: the
15N solid-state NMR spectrum of the solid contacted with15N-
labeled pyridine displays one signal at-112 ppm, which is
typical for a Lewis acid-Lewis base interaction, while no
Brønsted acid character has been found (see Supporting

(66) Hillhouse, G. L.; Bercaw, J. E.J. Am. Chem. Soc.1984, 106, 5472.

(67) After a treatment at 500°C for 12 h under vacuum, there is only 30% of
(Zr-OH) left, and the major components are (Si-OH) on the surface. Note
that during this process some (Si-H) fragments are consumed, probably
via reaction with the water produced during the condensation process
(dehydroxylation).

Figure 7. (a) Reaction of N2O with [Zr-H] monitored by IR spectroscopy: (i) SiO2-(500), (ii) [Zr -H], (iii) after reaction of [Zr-H] with N2O and evacuation
of the excess N2O under vacuum. (b) A1, A2, and A3: Enlargement of the 3500-4000, 2100-2600, and 1500-1800 spectral regions of Figure 7a; for A2

and A3, spectra ii(b) and iii(b) correspond to (ii(a)- i(a)) and (iii(a)- ii(a)), respectively.

Scheme 3. Reactivity of Zirconium Hydride Supported on Silica with N2O
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Information).68 Furthermore, the31P solid-state NMR spectrum
of the solid after treatment with triethylphosphine oxide (TEPO)
shows two signals at 67.6 and 47.8 ppm,69,70 corresponding to
bound and free TEPO. The chemical shift difference is related
to the acidic strength, and in this case it is in agreement with
the strong Lewis acid character of Zr. Therefore, the data are
consistent with a Zr center with a low coordination number,
probably in a tetrahedral geometry like the precursors, which
is also in agreement with the low Brønsted acid character of
the hydroxyles in (ZrOH),1.71 Note that molecular zirconium
hydroxides are also fairly neutral and do not react with bases
such as pyridine.72

Conclusion

We have shown that the combined use of reactivity studies
and advanced solid-state NMR techniques is critical to ascertain
the structure of surface complexes. DQ solid-state NMR is
especially powerful because it can readily discriminate very
similar structures such as (ZrX) and (ZrX2) [X ) -H, -OH,
and -C(dO)H], but also provides information on the local
environment of the metal centers (nonbonding interaction
between the [Zr-H] and [Si-H]). This, in turn, also provides
a better understanding of the influence of the local structure of

silica on the structural identity of surface complexes: the
reaction of a well-defined complex [(tSiO)Zr(CH2tBu)3] with
H2 leads to the formation of a mixture of surface complexes
[(tSiO)2ZrH2] and [(tSiO)3Zr-H] along with (SiHx) fragments
via the opening of adjacent siloxane bridges. This reaction
involves the reconstruction of the silica surface and translates
quite well the heterogeneity of that surface as expected for an
amorphous solid.

Experimental Details

General Procedure. All experiments were carried out under
controlled atmosphere, using Schlenk and glovebox techniques for the
organometallic synthesis. For the synthesis and treatments of the surface
species, reactions were carried out using high-vacuum lines (1.34×
10-3 kPa) and glovebox techniques. SiO2 (Aerosil Degussa, 200 m2

g-1) was compacted with distilled water, calcined (400°C under air),
and partially dehydroxylated at 500°C under vacuum (1.34× 10-3

kPa) for 12 h (support referred to as SiO2-(500)). [Zr(CH2tBu)4] was
purchased from Aldrich. Pentane and diethyl ether were distilled on
NaK alloy and benzophenone/Na, respectively, followed by degassing
by freeze-pump-thaw cycles. Hydrogen was dried over freshly
regenerated molecular sieves (3 Å) and deoxo traps; N2O was purchased
from Linde and used as received (purity of N2O: 5.0); 15N-pyridine
was degassed by freeze-pump-thaw cycles; triethylphosphine oxide
was evacuated under vacuum (1.34× 10-3 kPa) at 25°C for 1 h; CO2

(Air Liquide) and 13CO2 (Aldrich) were dried over molecular sieves.
Infrared spectra were recorded on a Nicolet Magna 550 FT spectrometer
equipped with a cell designed for in situ reactions under controlled
atmosphere. Elemental analyses were performed at the Service Central
d’Analyses of CNRS in Solaize. BET analyses were performed by the
Laboratoire de Chimie Applique´e à l’Environnement of the CNRS/
Université Lyon I. 1H MAS, 13C CP-MAS, 15N CP-MAS, and31P
HPDEC-MAS solid-state NMR spectra were recorded on a Bruker
DSX-300 spectrometer. For specific studies (see below),1H MAS and
13C CP-MAS solid-state NMR spectra were recorded on Bruker Avance-
500 spectrometers with a conventional double resonance 4 mm CPMAS
probe at the Laboratoire de Chimie at the Ecole Normale Supe´rieure
de Lyon or in the Laboratoire de Chimie Organometallique de Surface
at the Ecole Supe´rieure de Chimie Physique Electronique de Lyon.
The samples were introduced under Ar in a zirconia rotor, which was
then tightly closed. In all experiments, the rotation frequency was set
to 10 kHz unless otherwise specified. Chemical shifts were given with
respect to TMS, nitro-methane, and phosphoric acid (80%) as external
references for1H-13C, 15N, and31P NMR, respectively.

Heteronuclear Correlation Spectroscopy.The two-dimensional
heteronuclear correlation experiment was performed according to the
following scheme: 90° proton pulse,t1 evolution period, cross-polar-
ization (CP) to carbon spins, detection of carbon magnetization. For
the CP step, a ramped radio frequency (RF) field73,74 centered at 60
kHz was applied on protons, while the carbon RF field was matched
to obtain optimal signal. The contact time for CP was set to 1 ms.
During acquisition, the proton decoupling field strength was set to 83
kHz (TPPM decoupling75). A total of 128t1 increments with 256 scans
each were collected. The spinning frequency was 10 kHz, and the re-
cycle delay was 2 s (total acquisition time of 5 h and 40 min). Quad-
rature detection inω1 was achieved using the TPPI method.76 For 29Si
experiments, the spinning frequency was 4 kHz, the contact time for
CP was set to 2 ms, the recycle delay was 1 s, and a total of 16t1 in-
crements with 30 000 scans each were collected (total acquisition
time: 6 days).

(68) Zhang, J.; Nicholas, J. B.; Haw, J. F.Angew. Chem., Int. Ed.2000, 39,
3302.

(69) Osegovic, J. P.; Drago, R. S.J. Catal.1999, 182, 1.
(70) Osegovic, J. P.; Drago, R. S.J. Phys. Chem. B2000, 104, 147.
(71) Jolivet, J.-P.Metal Oxide Chemistry and Synthesis. From Solution to Solid

State; Wiley: Chichester, 2000.
(72) Howard, W. A.; Trnka, T. M.; Waters, M.; Parkin, G.J. Organomet. Chem.

1997, 528, 95.

(73) Hediger, S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst, R. R.
Chem. Phys. Lett.1994, 223, 283.

(74) Metz, G.; Wu, X.; Smith, S. O.J. Magn. Reson., Ser. A1994, 110, 219.
(75) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.

J. Chem. Phys.1995, 103, 6951.
(76) Marion, D.; Wuethrich, K.Biochem. Biophys. Res. Commun.1983, 113,

967.

Figure 8. (a) 1H MAS NMR spectrum of the [Zr-OH] species obtained
as indicated in Scheme 3. (b) DQ rotor-synchronized 2D1H MAS spectrum
of the [Zr-OH] species (see the Experimental Section for more details).
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J-Resolved Spectroscopy.The two-dimensionalJ-resolved experi-
ment was performed as previously described.4 After cross-polarization
from protons, carbon magnetization evolves duringt1 under proton
homonuclear decoupling. Simultaneous 180° carbon and proton pulses
are applied in the middle oft1 to refocus the carbon chemical shift
evolution while retaining the modulation by the heteronuclearJCH scalar
couplings. A Z-filter is finally applied to allow phase-sensitive detection
in ω1. Proton homonuclear decoupling was performed by using the
frequency-switched Lee-Goldburg (FSLG) decoupling sequence.77,78

Quadrature detection inω1 was achieved using the TPPI method.76 The
rotor spinning frequency was 10 204 kHz to synchronize thet1
increment with the rotor period. The proton RF field strength was set
to 83 kHz during t1 (FSLG decoupling) and acquisition (TPPM
decoupling).75 The lengths of carbon and proton 180° pulses were 6.2
and 6µs, respectively. An experimental scaling factor, measured as
already described,79 of 0.52 was found, which gave a corrected spectral
width of 2452 Hz in theω1 dimension. The recycle delay was 2.5 s,
and a total of 47t1 increments with 2048 scans each were collected.

Double-Quantum Spectroscopy.Two-dimensional double-quantum
(DQ) experiments were performed according to the following general
scheme: excitation of DQ coherences,t1 evolution, reconversion into
observable magnetization, Z-filter, and detection. The spectra were
recorded in a rotor-synchronized fashion int1; that is, thet1 increment
was set equal to one rotor period. One cycle of the standard back-to-
back (BABA) recoupling sequence45,46was used for the excitation and
reconversion period. The standard BABA sequence, of duration one
rotor period, takes the form Px-τ-P-x-Py-τ-P-y, where Pφ corre-
sponds to a 90° proton pulse of phaseφ, andτ equalsτR/2 minus the
durations of two Pφ pulses (whereτR is the rotor period). After the
reconversion period, a delay of 200µs was applied before the final
90° pulse (Z-filter). Quadrature detection inω1 was achieved using
the States-TPPI method.80 A spinning frequency of 14 kHz was used.
The 90° proton pulse length was 3.1µs, while a recycle delay of 2 s
was used. A total of 96t1 increments of 7.142µs with 128 scans each
were recorded. The total experimental time for the DQ experiments
was 6 h and 50 min.

Reaction of Silica with [Zr(CH 2tBu)4]: Formation of [( tSiO)-
Zr(CH 2tBu)3]. A mixture of [Zr(CH2-tBu)4] (1.6 g, 4.26 mmol) in
pentane (30 mL) and SiO2-(500) (8.4 g) was stirred at 25°C for 2 h.
After filtration, the solid was washed three times with pentane. The
solvent was then removed, and the white solid was dried under dynamic-
vacuum at 25°C. 1H MAS solid-state NMR (300 MHz, 25°C): δ
(ppm) 0.8 (s, CH2, CH3). 13C CP-MAS solid-state NMR (300 MHz, 25
°C): δ (ppm) 34 (s, C(CH3)3), 95 (s,CH2-tBu). Infrared (cm-1): 1300-
1500 (s,δ(CH2, CH3)), 2600-2900 (s,ν(C-H)). Gas-phase analysis:
1 equiv/Zr of CH3-tBu evolved. Elemental analysis: %wt Zr 2.8, C
5.7.

Reaction of [(tSiO)Zr(CH 2tBu)3] with H 2 : Formation of the
Silica-Supported Zirconium Hydride Species (1), [Zr-H]. In a 375
mL reactor, 3 g of [(tSiO)Zr(CH2tBu)3] (0.94 mmol of Zr) was treated
with 76 kPa of H2 (12 equiv/Zr). The temperature was increased to
150°C (1 °C/min) and was maintained at this temperature for 6 h. The
color of the solid turned rapidly from white to beige. A second treatment
under H2 was carried out to ensure a complete hydrogenolysis of the
ligands and to yield [Zr-H]. 1H MAS solid-state NMR (500 MHz, 25
°C): δ (ppm) 0.8 (s, Si-R), 1.8 (s, SiO-H), 4.4 (s, Si-H and SiH2),
10.1 (s, Zr-H, 1a), 12.1 (s, ZrH2, 1b). Infrared (cm-1): 1638 (broad,
ν(Zr-H) and ν(ZrH2)), 2200, 2260 (m,ν(SiH) andν(SiH2)), 2600-
2900 (w,ν(C-H)). Gas-phase analysis: a 3/1 mixture of CH4 and C2H6

corresponding to 3 equiv/Zr of CH3-tBu was evolved. Elemental
analysis: %wt Zr 2.8, C 0.53.

Reaction of [Zr-H] with a Stoichiometric Amount of H 2O. In a
25 mL reactor, 50 mg of [Zr-H] (0.016 mmol of Zr) was treated with
3.2 kPa of H2O (0.032 mmol, 2 equiv/Zr). The color turned immediately
from beige to white. After 10 min under H2O atmosphere, the quantity
of hydrogen (0.9-1.1 equiv/Zr) was measured by GC, and then the
reactor was evacuated at 25°C for 4 h (see Supporting Information
for NMR spectra).

Reaction of [Zr-H] with a Large Excess of H2O. In a 25 mL
reactor, 50 mg of [Zr-H] (0.016 mmol of Zr) was treated with a large
excess of H2O (0.5 mL, 28 mmol, 1750 equiv/Zr). The color turned
immediately from beige to white, and a gas evolution was observed.
After 2 h under H2O atmosphere, the quantity of hydrogen (1.8-2.0
equiv/Zr) was measured by GC, and then the reactor was evacuated at
25 °C for 4 h (see Supporting Information for IR and NMR spectra).

Reaction of [Zr-H] with CO 2 : Formation of the Supported
Zirconium Formate Species (2), [Zr-O(CO)H]. In a 375 mL reactor,
1 g of [Zr-H] (0.31 mmol of Zr) was treated with CO2 (21.3 kPa, 3.1
mmol, 10 equiv/Zr). The color turned immediately from beige to white.
After 3 h under CO2 atmosphere, the reactor was evacuated at 25°C
for 2 h. 1H MAS solid-state NMR (300 MHz, 25°C): δ (ppm) 0.8 (s,
Si-R), 1.8 (s, SiO-H), 3.6 (s, Zr-OCH3), 4.4 (s, Si-H and SiH2),
7.9 (s, [Zr(OC(dO)H)2], 2b), 8.5 (s, [Zr(OC(dO)-H)], 2a). Infrared
(cm-1): 1386 and 1370 (s,νa(CdO)), 1590 and 1544 (s,νs(CdO)),
2200 and 2260 (w,ν(Si-H) andν(SiH2)), 2600-2900 (w,ν(C-H)).

Reaction of [Zr-H] with 13CO2: Formation of the Supported
Zirconium Formate Species [Zr-O(13CO)H]. See above.1H MAS
solid-state NMR (300 MHz, 25°C): δ (ppm) 0.8 (s, Si-R), 1.8 (s,
SiO-H), 3.6 (bd, OCH3), 4.4 (s, Si-H and SiH2), 7.9 (bd,JC-H ) 226
Hz, [Zr(OC(dO)H)2], 2b), 8.7 (d,JC-H ) not measured directly, [Zr-
(OC(dO)-H)], 2a). 13C CP-MAS solid-state NMR (300 MHz, 25
°C): δ (ppm) 59 (bs, [Zr(OCH3)], 4), 170 (bs, [Zr(OC(dO)H)2], 2b),
183 (bs, [Zr(OC(dO)H)], 2a).

Reaction of [Zr-H] with N 2O: Formation of the Supported
Zirconium Hydroxide Species (3), [Zr-OH]. In a 375 mL reactor, 1
g of [Zr-H] (0.31 mmol of Zr) was treated with N2O (74 kPa, 11.2
mmol, 36 equiv/Zr) in the absence of light. The color turned
immediately from beige to white. After 3 h at 25°C, the gas phase
was evacuated under dynamic-vacuum at 25°C for 2 h. A second
treatment under N2O was carried out to ensure a complete consumption
of the hydride.1H MAS solid-state NMR (500 MHz, 25°C): δ (ppm)
0.8 (s, Si-R), 1.8 (s, SiO-H), 3.6 (s, Zr(O-H)2, 3b), 4.1 (s, ZrO-H,
3a), 4.4 (s, Si-H and SiH2). Infrared (cm-1): 3785 (m,ν(ZrO-H)),
2900 (w,ν(C-H)), 2260 and 2200 (w,ν(Si-H) and ν(SiH2)), 2145
(w). Gas-phase analysis: 0.15 equiv/Zr of H2 evolved. Elemental
analysis: %wt Zr: 2.8. BET surface area: 190 m2 g-1.

Determination of the Type of Surface Acidity for [Zr -OH] by
Solid-State 15N CP-MAS. Study of Chemisorption of Pyridine.
Degassed15N-pyridine (60µmol, 2 equiv/Zr) was introduced at 25°C
in a reactor containing 100 mg of [Zr-OH] (31 µmol of Zr). After 15
min, an excess of pyridine was eliminated under vacuum at 25°C for
30 min, and the resulting solid was loaded into an NMR rotor in a
glovebox.15N CP-MAS solid-state NMR (300 MHz, 25°C): δ (ppm)
-112.

Determination of Relative Surface Acidity Strengths for [Zr-
OH] by Solid-State 31P HPDEC-MAS. Study of Chemisorption of
Triethylphosphine Oxide (TEPO).To a suspension of 250 mg of [Zr-
OH] (77.5µmol of Zr) in pentane (2 mL) was added 100 mg of TEPO
(0.75 mmol, 9.6 equiv/Zr), and the mixture was stirred for 30 min.
After evaporation of the solvent, the resulting solid was dried under
dynamic-vacuum at 25°C for 1 h and loaded into an NMR rotor in a
glovebox.31P HPDEC-MAS solid-state NMR (300 MHz, 25°C): δ
(ppm) 47.8 (physisorbed TEPO), 67.6 (chemisorbed TEPO).

Determination of Surface Hydroxyl Density of [Zr-OH]. A 0.27
mol L-1 solution of [MeMgCl] in Et2O (4 mL, 1.1 mmol) was

(77) Bielecki, A.; Kolbert, A. C.; Levitt, M. H.Chem. Phys. Lett.1989, 155,
341.

(78) Levitt, M. H.; Kolbert, A. C.; Bielecki, A.; Ruben, D. J.Solid State NMR
1993, 2, 151.

(79) Lesage, A.; Duma, L.; Sakellariou, D.; Emsley, L.J. Am. Chem. Soc.2001,
123, 5747.

(80) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A.J. Magn. Reson.1989, 85,
393.
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introduced under argon at 25°C in a reactor containing 200 mg of
[Zr-OH] (62 µmol of Zr). The suspension was stirred for 2 h. The
solvent and methane evolved were evaporated into a reactor of larger
volume (2 L), and the resulting gaseous mixture was analyzed by gas
chromatography. The amount of methane evolved was 78µmol/0.2 g
of solid, which corresponded to 390µmol of hydroxyl groups/g of solid.
For a specific area of 190 m2 g-1, the surface hydroxyl density
corresponded to 1.2( 0.2 (-OH) nm-2.

Acknowledgment. F.R. thanks the ministry of education,
research & technology for a predoctoral fellowship. We are also

grateful to Dr. M. Taoufik, Dr. D. Soulivong, and Prof. R. A.
Andersen for helpful discussions. This work has been sponsored
by BP Chemicals, CNRS, ENS Lyon, and ESCPE Lyon.

Supporting Information Available: Details of titration of ZrIII

by EPR spectroscopy; additional IR and NMR spectra. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA038486H

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

12550 J. AM. CHEM. SOC. 9 VOL. 126, NO. 39, 2004


