
The Coordination Chemistry of Oxide and Nanocarbon 
Materials

Journal: Dalton Transactions

Manuscript ID DT-ART-02-2022-000459.R1

Article Type: Perspective

Date Submitted by the 
Author: 26-Apr-2022

Complete List of Authors: Bekyarova, Elena; University of California
Conley, Matthew; University of California, 

 

Dalton Transactions



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

The Coordination Chemistry of Oxide and Nanocarbon Materials 
Elena Bekyarova* and Matthew P. Conley*  
 
Understanding how a ligand affects the steric and electronic properties of a metal is the cornerstone of the inorganic chemistry 
enterprise. What happens when the ligand is an extended surface? This question is central to the design and implementation 
of state-of-the-art functional materials containing transition metals. This perspective will describe how these two very different 
sets of extended surfaces can form well-defined coordination complexes with metals. In the Green formalism, functionalities 
on oxide surfaces react with inorganics to form species that contain X-type or LX-type interactions between the metal and the 
oxide. Carbon surfaces are neutral L-type ligands; this perspective focuses on carbons that donate six electrons to a metal. The 
nature of this interaction depends on the curvature, and thereby orbital overlap, between the metal and the extended p-system 
from the nanocarbon.  
 
 

Introduction 
Reactions of inorganic small molecules with extended surfaces have 
potential far reaching implications at the forefront of materials 
science. Two examples close to the authors of this perspective are 
catalytic reactions with heterogeneous catalysts and nano-electrical 
engineering of carbon materials. Many large-scale chemical 
feedstocks are products of reactions involving heterogeneous 
catalysts, usually an inorganic or organometallic active site formed 
under reaction conditions supported on a high surface area oxide.1 
Carbon nanostructures are broadly applicable in printable electronics, 
opto-electronics, energy conversion/storage, and catalysis; chemical 
functionalization of these materials in a rational and predictive 
manner is a long-term goal to engineer the properties of these 
materials for these applications.2-8 These two examples from 
seemingly disparate fields within materials science require some 
degree of orthogonal chemical modification of a surface with small 
molecule inorganics or organometallics to approach long-standing 
challenges where chemical structure predicts physical properties. 

This perspective will describe selected examples showing how 
surfaces affect the coordination chemistry of transition metal 
complexes with a primary focus on how basic chemical insights can 
predict which species are most likely to form on a given surface. We 
will focus on oxide surfaces and a selection of nanocarbon materials. 
The former are broadly important in heterogeneous catalysis, while 
the latter have applications in electrocatalysis9 and nanoelectronics.10 
As will be discussed below, the design principles to form well-defined 
inorganic or organometallic structures on these types of materials vary 
because of the fundamental differences in the interactions between a 
metal and the functional groups on an oxide or nanocarbon surface.  

A Reductionist Approach to Coordination Chemistry on Oxide or 
Carbon Surfaces 

The inorganic chemistry community has a long history of 
parameterizing properties of ligands to simplify predictive outcomes 
in chemical reactions. Figure 1 shows the classic example of R3P–
Ni(CO)3 used by Tolman to optimize the reactivity and selectivity in 
the hydrocyanation of butadiene.11 The two critical parameters that 
emerged from these studies were the cone angle (q), which describes 
the steric properties of the phosphine, and the nCO stretch, which 
describes the donor ability of the phosphine. Though the more 
generally applicable buried volume is gradually replacing q as a steric 
parameter,12 these parameters continue to permeate the community 
interested in optimization of ligand properties. 
 
 
 
 
 
 
 
Figure 1. Tolman parameters used in R3PNi(CO)3. 
 
Surfaces are notoriously complex, but similar reductionist approaches 
have merit when considering how metals will interact with the various 
sites present on a surface. For example, with few exceptions,13 nearly 
all reactions involving an oxide and an organometallic involves 
protonolysis of a reactive LnM–X (X = alkyl, amido, alkoxide, halide 
etc.) by a hydroxyl group (–OH), eq 1.14-21 The products of this 
reaction will chiefly depend on the acidity of the –OH group present 
on the oxide surface.22 The silanols present on silica are relatively 
weak Brønsted acids and tend to form the covalent species shown in 
eq 1. Oxides that contain –OH groups that are stronger Brønsted acids 
tend to form the ion-pairs shown in eq 1. Though this simplification 
is very useful, there are several caveats that must also be considered 
when predicting structure on oxides. As will be discussed in some 
detail below even applying the assumption that acidity of surface –
OH groups affects the speciation as shown in eq 1 requires 
considerable care.  
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Carbon surfaces require an entirely different reductionist 
approach. A transition metal has the highest probability of interacting 
with the extended π-surface on a carbon nanomaterial.10, 23, 24 The 
symmetries of the orbitals that describe the extended π-surface of 
graphene are shown in Figure 2a and are isolobal to the e2u LUMO of 
benzene and the e1g HOMO of benzene, but these orbitals are 
degenerate (i.e. the HOMO-LUMO gap is 0 eV) at the Dirac point of 
graphene.25-28 Therefore, graphene surfaces are expected to react with 
transition metals to form surface species that are similar to molecular 
h6-arene complexes.10  

 

Figure 2. The e2u LUMO and e1g HOMO orbitals of benzene are 
shown together with the orbitals for graphene at the Dirac point (a). 
Reprinted with permission from ref 10. Copyright 2013 American 
Chemical Society. The p-orbital misalignment angle (f) encountered 
in the FMOs of carbon nanotubes (b).  

The orbital scheme shown in Figure 2a for graphene also applies 
to carbon nanotubes, but curvature from the nanotube induces 
misalignment of the π-FMOs shown in Figure 2b. As the diameter of 
the nanotube decreases the p-orbital misalignment increases. For 
example, f is 18.5o for a (10,0) SWCNT with a diameter of 7.81 Å, 
and f increases to 21.3o for a (5,5) SWCNT with a diameter of 6.76 
Å.29, 30 The curvature-induced misalignment of the π-orbitals of the 
carbon atoms affects the overlap of the SWCNT p-FMOs with 
substrates in functionalization reactions, and contrasts SWCNTs with 
graphene.    

The remainder of this perspective will describe how these 
reductionist models for these two very different surfaces result in 
well-defined materials. The reader will notice that there is 
significantly more emphasis placed on the formation of well-defined 

sites on oxides. One reason for this emphasis is related to the long 
history of the surface organometallic community contributing to the 
characterization sites on surfaces using analytical methods familiar to 
the small molecule inorganic chemist. Another reason is that there are 
simply fewer examples of metals coordinating to carbon surfaces to 
form well-defined coordination complexes, with exception given to 
functionalization of oxidized graphitic carbons9, 31-33 that do not 
interact with the metal through the extended p-surface of the 
nanocarbon.  

The Coordination Chemistry of Silica Dehydroxylated at 700 oC: 
The Most Common Support for Surface Organometallic Chemistry 

The “model” surface illustrating some of the reaction trends in eq 
1 is Aerosil-200 (200 m2/g), a non-microporous hydrophilic silica. 
When this material is dehydroxylated at 700 oC (SiO2-700) a low 
coverage of ~0.8 ≡Si–OH nm-2 is present on the silica surface.34 Most 
of the silanols on the partially dehydroxylated surface are isolated 
silanol groups. In the Green formalism,35 silanols on silica surfaces 
can act as either a X-type ligands to form ≡Si–O–M, or LX-type 
ligands that coordinate nearby siloxane bridges in addition to ≡Si–O–
M. Silica surfaces are amorphous, prohibiting advanced X-ray 
diffraction studies of native or functionalized silica surfaces that are 
common in crystalline extended solids,36 though recent advances in 
solid-state NMR and computational methods provide three-
dimensional structures of sites present on oxide surfaces.37-39 In the 
absence of extensive characterization to determine LX-type ligand 
coordination for silica-supported organometallics the X-type ligand 
behavior of silanols on silica is assumed. Using X-ray absorption 
methods k2-≡SiO–Ta(=CHtBu)(CH2

tBu)2(≡Si–O–Si≡),40 k2-≡SiO–
W(=NAr)(=CHtBu)(CH2

tBu)(≡Si–O–Si≡),41 k2-≡SiO–
Re(=CHtBu)(≡CtBu)(CH2

tBu)(≡Si–O–Si≡),42 k2-≡SiO–
W(=O)(CH2

tBu)3(≡Si–O–Si≡),43 and k2-≡SiO–
Lu[CH(SiMe3)2]2(≡Si–O–Si≡)44 were shown to coordinate a nearby 
≡Si–O–Si≡ bridge, Figure 3. These structures have variable sterics 
and electronics at the metal, suggesting that LX-type ligand 
coordination is quite common.  

 

Figure 3. Examples of silica behaving as an LX-type ligand. 

Solid-state NMR trends can also imply the presence or absence of 
a coordinated ≡Si–O–Si≡ bridge. The 13C cross polarization magic 
angle spinning (CPMAS) NMR spectrum of ≡SiO–TaMe2Cl2

45 or 
≡SiO–TiMe3

46
 contain two signals for Ta–Me or Ti–Me, respectively, 

consistent with the presence of both k1- and k2- isomers on the silica 
surface. This data also suggests that the two isomers exchange slowly 
on the NMR timescale. Direct observation of a coordinated ≡Si–O–
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Si≡ bridge is also possible using 17O MAS NMR spectroscopy of 
functionalized 17O enriched silica.47 

Scandium has one NMR active nucleus (45Sc, I = 7/2, g = 6.5081 
x 107 rad T-1 s-1,100 % abundant), and the lineshape of the 45Sc NMR 
signal is very sensitive to structure.48,49 Cp*2Sc–Me (Cp* = 
pentamethylcyclopentadienyl) reacts with SiO2-700 that forms a 
mixture of k1-Cp*2Sc–OSi≡  and k2-Cp*2Sc(OSi≡ )(≡Si–O–Si≡), 
Figure 4a.50 The static 45Sc NMR spectrum of k1-Cp*2Sc–OS≡ and 
k2-Cp*2Sc(OSi≡)(≡Si–O–Si≡) shown in Figure 4b was simulated as 
two scandium sites with quadupolar coupling constants (CQ) of 35.4 
and 21.9 MHz, respectively. Trends in CQ for Cp*2Sc–R,51 Cp*2Sc–
X,52 and Cp*2ScX(THF)52 shown in Figure 4c; experimental 45Sc 
NMR data for Cp*2Sc–OR (R = CMe2CF3, CMe(CF3)2, C(CF3)3, 
SiPh3); and DFT modeling support these assignments. Similar surface 
heterogeneities were also resolved in 27Al NMR studies of 
Al[N(SiMe3)3]2Cl(THF) supported on silica.53  

 

Figure 4. Reaction of Cp*2Sc–Me with SiO2-700 (a); static 45Sc{1H} 
NMR spectrum of k1-Cp*2Sc–OSi ≡  (large CQ) and k2-
Cp*2Sc(OSi≡)(≡Si–O–Si≡) (small CQ) showing simulations for both 
sites (red), experimental spectrum (black), and individual site 
simulations (blue and green, b); CQ for Cp*2Sc–R, Cp*2Sc–X, and 

Cp*2ScX(THF) (c) and. Figures reproduced with permission from ref 
50 (b, c). 

The LX-type ligand behavior affects the structure and properties 
of the metal. For example, the lanthanides in Ln[CH(SiMe3)2]3 (Ln = 
Y,54 La,55 Ce,54 Sm55, Lu44) interact with the three proximal Si–Me 
groups to form bridging 3c-2e µ-Me structures. XAS studies of k2-
≡SiO–Lu[CH(SiMe3)2]2(≡Si–O–Si≡)  show that only one proximal 
Si–Me interacts with lutetium, suggesting that coordination of a 
siloxane bridge prevents weak secondary interaction in lanthanides. 
This is consistent with solid-state NMR studies of ≡SiO–
Y[N(tBu)(SiHMe2)]2

56 and ≡SiO–La[CH(SiHMe)3]2
57, 58 that contain 

weaker more fluxional Ln•••H–Si secondary interactions than their 
respective homoleptic compounds in solution. The Lu•••Me–Si 
distance in k2-≡SiO–Lu[CH(SiMe3)2]2(≡Si–O–Si≡)  is 2.80(2) Å, 
shorter than the three Lu•••Me–Si distances in Lu[CH(SiMe3)2]2 
(2.973(3) Å). This result suggests that the lutetium organometallic is 
more Lewis acidic when supported on silica, certainly due in part to 
the replacement of one Lu–C bond by a Lu–O bond.   

LX-coordination of silica to metals also affects reactivity. 
Opening ≡Si–O–Si≡ bridges occurs in reactions of silica-supported 
organometallics when treated with H2 to form metal hydrides.17, 59, 60 
These reactions are undeniably complex, but probably occur through 
k2-coordination of the metal hydride intermediates to the silica 
surface, as shown in Figure 5 for the reaction of  ≡Si–O–Zr(CH2

tBu)3 
with H2 to from (≡Si–O)3ZrH and (≡Si–O)2ZrH2.61, 62 Indeed, this 
reactivity trend is quite common. Opening siloxane bridges are also 
involved in thermolysis of organometallics supported on silica,63-65 
and in reactions of organoaluminum,66-73 organogallium,74-76 or 
organotin77 compounds with silica. Less clear is if this reactivity is 
also important in the generation of Zr–H species on silica-alumina 
materials, which are active in polyethylene polymerization and C–C 
hydrogenolysis reactions,78 and can be generated in the presence of 
triisobutylaluminum activators.79  

 

Figure 5. Hydrogenolysis of Zr–R bonds on silica result in hydride 
transfer to the surface through siloxane bridge opening.  

Silica supported metal alkylidenes for olefin metathesis are some 
of the most extensively studied well-defined heterogeneous 
catalysts.80 These studies show the effects of a siloxy ligand on the 
catalytic behavior of the supported metal alkylidene. For example, k2-
≡SiO–Re(=CHtBu)(≡CtBu)(CH2

tBu)(≡Si–O–Si≡)  is significantly 
more reactive in olefin metathesis than 
Re(=CHtBu)(≡CtBu)(CH2

tBu)2.81 This is due to the dissymmetric 
electronic ligand environment at Re that reduces the barrier to olefin 
coordination and 2+2 cycloaddition,82 a key design strategy in state-
of-the-art homogeneous catalysts for Z-selective olefin metathesis.83-

85 In addition to the electronic effects, the siloxy ligand on silica is 
sterically small. For example, the very bulky 

Two models for 5a and 5b, Cp*2Sc (κ1-OSi(OMe)3) (6a)
and Cp*2Sc(κ2-OSi(OMe)3) (6b), were optimized at the same
level of theory and are shown in Figure 8. Similar to 1−4, 6a
and 6b adopt bent metallocene structures. The Sc−O distance
in 6a is 1.97 Å, which is shorter than the Sc−O distance in 6b
(2.04 Å). The Sc−O−Si bond angle in 6a is 160.7°, which is
smaller than the Sc−O−C or Sc−O−Si bond angle for 1−4.
The κ2 structure in 6b has a Sc−O−Si bond angle of 106.1°,
which is expected.

The 45Sc{1H} NMR results described above show that
Cp*2Sc−OR complexes are characterized by fairly large CQ
values. The NMR parameters of 1−4 and 6 were calculated at
the B3LYP/DZ level of theory, with silicon described with the
DZP basis set. The results from these calculations are
summarized in Table 3. Trends in CQ and chemical shift (δ)
are similar to those obtained experimentally. At this level of
theory, the span values (Ω) are predicted to follow 4 > 1 > 2 >
3. However, the experimental Ω values do not follow an

Figure 6. Static solid-state 45Sc{1H} NMR spectra of 1 (a), 2 (b), 3 (c), and 4 (d) acquired at 14.1 T. The experimental spectra are shown in black
and simulations are shown in red.

Figure 7. Static 45Sc{1H} NMR spectrum of 5 at 9.4 T (a) and 14.1 T (b). The experimental spectra are shown in black. Simulations of 5a are
shown in blue, simulations of 5a are shown in green, and the total simulation is shown in red.

Table 2. Geometrical Parameters from DFT Optimized Structures of Cp*2Sc−OR

compound Cp*a-Sc (Å) Cp*b-Sc (Å) Cp*a-Sc-Cp*b (deg) Sc−O (Å) Cp*a−Sc-O (deg) Cp*b−Sc-O (deg) Sc−O−C (deg)

2 2.23 2.23 135.0 1.94 111.9 113.1 175.5
1 2.22 2.23 134.3 1.98 111.4 114.4 172.3
3 2.21 2.22 134.4 2.02 111.5 114.1 175.4
4 2.21 2.21 137.8 1.96 110.2 112.0 174.0
6a 2.20 2.20 140.5 1.97 109.3 110.2 160.7
6b 2.24 2.24 138.4 2.04 106.9 109.0 106.1
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2.199(1) and 2.205(1) Å. These values are similar to known
permethylscandocene complexes.
The reaction of SiO2−700 and Cp*2ScMe results in the

formation of methane and Cp*2ScOSi (5a) and Cp*2Sc-
(OSi)O(SiOx)2 (5b), Scheme 3. This reaction forms 0.23
mmol g−1 methane, which is close to the −OH loading of
SiO2−700 (0.26 mmol g−1). The FTIR of 5 contains sp3 νCH and
sp2 νCC bands from the Cp* fragment (Figure S9). In addition,
this spectrum shows a significant decrease in the νOH band
associated with isolated and geminal silanols on the partially
dehydroxylated silica surface. The 13C CPMAS spectrum of 5

contains signals at 121.5 and 9.5 ppm that are signatures of the
Cp* ligands in 5 (Figure S10). The 29Si CPMAS spectrum of 5
contains only signals for bulk SiO2 and does not contain signals
for alkylsilanes (Figure S11). This result indicates that only
HOSi sites on the partially dehydroxylated silica surface
react with Cp*2ScMe to form 5 and that side reactions
associated with strained siloxane bridges or geminal silanols do
not occur under these conditions.66 These spectroscopic data
do not distinguish between 5a and 5b, which is typical of these
particular techniques. However, the examples mentioned above
and results showing that Cp*2ScX(THF) complexes (X = H,
alkyl, halide) are isolable,41,56 suggest that 5b would be present
on partially dehydroxylated silica surfaces.

Solid-State 45Sc{1H} NMR of 1−4 and Cp*2ScOSi.
The static 45Sc{1H} NMR spectra of 1−4 recorded on a 14.1 T
NMR spectrometer are shown in Figure 6. NMR data acquired
at 9.4 T are given in the Supporting Information (Figure S12).
These spectra show characteristic broad second order
quadrupolar powder patterns associated with solid-state 45Sc
NMR spectra of Cp*2Sc−X complexes (X = alkyl, halide).56

Simulations of these spectra are shown in red in Figure 6, and
the NMR parameters associated with these simulations are
summarized in Table 1. The CQ values decrease following the
trend 4 > 1 > 2 > 3.
The static 45Sc{1H} NMR spectrum of 5 recorded on a 14.1

and 9.4 T spectrometers is shown in Figure 7. The 45Sc{1H}
NMR spectrum of 5 is more complicated than the 45Sc{1H}
NMR spectra of 1−4. There are clear discontinuities in these
spectra at both fields indicating that 5 simulates as two sites,
which is consistent with the presumption that Cp*2ScMe
reacts with partially dehydroxylated silica to form 5a and 5b.
Importantly, the simulated spectral parameters given in Table
1 are reproduced at both fields, which support simulating this
spectrum with two sites. On the basis of the data obtained for
1−4, all of which have CQ values >29 MHz, the broad
45Sc{1H} NMR signal that simulates with an average CQ of
35.4(4) MHz is assigned to 5a. The narrower signal that
simulates with an average CQ of 21.9(3) MHz is assigned to
5b. Below DFT calculations of 1−4, and small models of 5a
and 5b, will be described to support these assignments.

DFT Studies of 1−5. Crystallographically characterized 1
and 3 show typical structural features associated with C2v bent
metallocenes, and are useful reference points to calibrate DFT
studies. The structures of 1−4 were optimized with the B3LYP
functional at the 6-311G**(Sc)/6-31G*(C, H, O, F, Si) level
of theory. The bond angles and distances obtained from these
optimizations are given in Table 2. The bond distances and
angles of 1 and 3 agree well with the values obtained from the
DFT structures. The structures of 2 and 4 are qualitatively
similar to 1 and 3; these structures also adopt C2v structures
with Sc−O−C or Sc−O−Si bond angles that are nearly linear.

Scheme 2. Synthesis of Cp*2Sc−OR

Figure 5. ORTEP drawing of 1 and 3. Hydrogen atoms omitted for
clarity. Refer to the Supporting Information for bond distances and
angles.

Scheme 3. Synthesis of Cp*2Sc−OR

Organometallics pubs.acs.org/Organometallics Article
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(AdPO)2W(=CHtBu)(=O) (AdPO = 2,6-diadamantylphenoxide) 
reacts to form (AdPO)2W(=O)(trans-4,4-dimethyl-2-ene) and is 
unreactive in olefin metathesis.86 However, (AdPO)2W(=CHtBu)(=O) 
reacts with SiO2-700 to form ≡SiO–W(=CHtBu)(=O)(AdPO), a more 
sterically open alkylidene that reacts with ethylene to form the square 
pyramidyl ≡SiO–W(CH2)3(=O)(AdPO) and is a very active and stable 
supported metathesis catalyst (Figure 6a).87  

Olefin metathesis catalysts supported on silica are often more 
stable than homogeneous analogues due to site-isolation of active site 
that prevents bimolecular decomposition, common in sterically open 
homogeneous catalysts.88-90 Site-isolation broadly effects the behavior 
of supported organometallics, such as the generation of coordinatively 
unsaturated metal hydrides discussed above.59 A more recent example 
that illustrates this point is the reaction of (tBuCH2)3Ta=Ir(H)2Cp* 
with silica followed by H2 treatment to form ≡SiO–
Ta(CH2

tBu)(H)(=Ir(H)2Cp*), Figure 6b.91 In solution  
(tBuCH2)3Ta=Ir(H)2Cp* reacts with H2 to form tetranuclear clusters 
that are unable to form on silica surfaces due to site-isolation. 

 

Figure 6. Effects of a siloxy ligand from silica on the reactivity of a 
W-oxo alkylidene (a) and the reactivity of (tBuCH2)3Ta=Ir(H)2Cp* in 
the presence of H2 in solution or supported on silica (b). 

Generation of Ion-pairs on Surfaces 

Organometallic ion-pairs play an important role in catalysis.92 In a 
systematic study of the reaction of Cp*IrMe2(PMe3) with partially 
dehydroxylated oxides to form Cp*IrMe(PMe3)(oxide) or 
[Cp*IrMe(PMe3)][oxide. Only oxides capable of forming ion-pairs, 
such as sulfated zirconium oxide (SZO), resulted active catalysts for 
H/D exchange reactions.93 This is due to reversible coordination of the 
Ir fragment to the weakly coordinating surface sites on present on 

SZO that under reaction conditions form [Cp*Ir(C6D5)(PMe3)]+ 
capable of activating C-H bonds in substrates, Figure 7. 

 

Figure 7. H/D exchange of arenes and alkanes catalyzed by supported 
Cp*IrMe(PMe3) on oxides doped with different anions.  

The reason SZO forms ion-pairs and silica does not from ion-pairs 
with organometallics is related to the acidity of –OH groups on these 
surfaces. As the strength of a Brønsted acid (HX) increases the anionic 
conjugate base (X–) forms weaker ion-pairs.94-96 Experimental 
correlations between solid acid strength and solution acid strength are 
difficult to obtain,97-100 but DFT methods are fairly accurate at 
reproducing experimental deprotonation energies (DPE) of Brønsted 
acids in the gas phase. For example, the most stable structures of the 
acidic sites present on SZO were modeled on periodic (101) or (001) 
ZrO2 surfaces as tripodal sulfate sites with protons dissociated from 
the sulfate lying on nearby Zr–O–Zr bridges (Figure 8a).101 The 
calculated deprotonation energies of these Brønsted acid sites range 
from 320 – 370 kcal mol-1, significantly higher than the gas phase 
acidity of H2SO4 (302.3 kcal mol-1),102 but more acidic than simple 
small molecule silanols (359.3 kcal mol-1).103  

 

Figure 8. Equilibrium structure of the (101) surface of ZrO2 after 
H2SO4 adsorption (a); reaction of SiO2-700 with Al(OC(CF3)3)3(PhF) 
to form ≡Si–OH–Al(ORF)3. Figure 8a reproduced with permission 
from Ref 101. 

Surfaces more weakly coordinating than the sulfates on SZO 
should contain very strong Brønsted acid –OH group. Brønsted 
superacidity is common in mixtures of Lewis acids and Brønsted 
acids,104, 105 and these mixtures contain mixtures of weakly 
coordinating anions. Therefore, contacting the fairly weak Brønsted 
acid ≡Si–OH groups on SiO2-700 with a very strong Lewis acid should 
“activate” silica to form weakly coordinating ion-pairs. The reaction 
of Al(OC(CF3)3)3(PhF)106 with SiO2-700 forms the well-defined 
bridging silanols ≡Si–OH–Al(ORF)3 (Figure 8b, RF = C(CF3)3).107 
DFT calculations of small clusters that approximate the structure of 
the bridging silanols, which match key spectroscopic signatures 
obtained experimentally, give a DPE of 267.2 kcal mol-1. This value 
indicates that ≡Si–OH–Al(ORF)3 is significantly more acidic than 
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adsorption energy is -467 kJ/mol with respect to the clean
zirconia surface and gas-phase H2SO4. While the calculated bond
lengths of this surface complex resemble those of the (101)
sulfate complex, it is considerably stronger bound than the latter.
4.6. Vibrational Spectra. In this section we present the

vibrational frequencies calculated for the equilibrium structures
of the four surface species (Table 4) and compare them with
the available experimental data. The calculations are made
within the harmonic approximation and are affected by sys-
tematic errors typical of the quantum mechanical method
involved. Although for DFT results error cancellation is
frequently observed, we make use of a simple scaling with a

Figure 6. Equilibrium structure of the (2H+,SO42-)/ZrO2(101) complex with selected bond lengths in angstroms. The unit cell is translated in the
+x and -x directions, and the c vectors (z axis) are indicated by two perpendicular lines.

Figure 7. Equilibrium structure of the bidentate (2H+,SO42-)/ZrO2-
(001) adsorption complex. Only three ZrO2 layers from the full z
dimension are shown. Typical bond lengths are given in angstroms.

Figure 8. Top view of the surface unit cells (doubled in the x and y
directions) of the clean (101) surface (top left), the tridentate (2H+,-
SO42-)/ZrO2(101) complex (top right), the clean (001) surface (bottom
left), and the bidentate (2H+,SO42-)/ZrO2(001) complex (bottom right).
White spheres depict H atoms, light gray spheres indicate Zr atoms,
dark gray spheres depict sulfur atoms, and dark spheres represent
oxygen atoms.

The Surface Structure of Sulfated Zirconia J. Am. Chem. Soc., Vol. 120, No. 51, 1998 13509
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triflic acid (expt DPE = 299.5 kcal mol-1) but less acidic that state-of-
the-art weakly coordinating carborane or aluminate anions (DPE of 
H[Al(ORF)4] = 248.8,108 DPE of H[CHB11Cl11] = 239.194). 

The connection between ion-pairing and structure is perhaps 
clearest in studies of silylium (R3Si+) ions.109-111 R3Si+ containing 
bulky alkyl groups and weakly coordinating carborane anions adopt 
planar structures expected for the sp2 hybridized silicon,112 but 
sterically open R3Si+ coordinate to weakly coordinating anions to 
form pyramidylized silylium-like ions, Figure 9.113, 114 These 
structural features track with characteristic desheilded 29Si NMR 
chemical shifts for “free” planar silylium ions that shift to lower 
chemical shift values for pyramidylized silylium-like ions. This 
behavior is related to the origin of the 29Si NMR chemical shift.109, 115 
As silicon in R3Si+ becomes more pyramidylized the paramagnetic 
shielding (sp) decreases, resulting in progressively lower 29Si NMR 
chemical shift values. 

 

Figure 9. Structure and 29Si NMR chemical shift of free Mes3Si+ and 
silylium-like ions. 

SZO reacts with allyltriisopropylsilane to form [iPr3Si][SZO].116 
The solid-state 29Si NMR spectrum of [iPr3Si][SZO] contains a major 
signal at 53 ppm, which is more deshielded that iPr3SiOTf (29Si NMR 
= 41 ppm). ≡Si–OH–Al(ORF)3 also reacts with allyltriisopropylsilane 

to form [iPr3Si][RFO3Al–OSi≡], and contains a 29Si CPMAS NMR 
chemical shift at 70 ppm. These values are at significantly higher than 
the 29Si NMR chemical shift in ≡Si–O–SiR3 (29Si NMR = 14 ppm),117-

119 and are consistent with the presence of silylium-like fragments in 
these materials. Indeed, [iPr3Si][SZO] activates sp3 C–F bonds in the 
presence of excess HSiEt3 to give hydrocarbon products, and is more 
stable and reactive in hydrodefluorination reactions than high surface 
area AlCl3-xFx,120 the only other heterogeneous catalyst for this 
reaction. However, R3Si+ ions containing weakly coordinating borate 
or carborane anions are more active and stable than either of these 
well-defined materials.121, 122  

Figure 10 shows the relationship between Brønsted acidity of HX, 
ion-pairing, and 29Si NMR chemical shift for a selected family of 
R3Si–X (X = anion or surface site). The gas phase DPE of HCl is 336.2 
kcal mol-1. Reed showed [HNOct3][X] in CCl4 form contact ion pairs, 
and that the nNH stretch of the ammonium cation is a good measure of 
ion pairing.94 The nNH of [HNOct3][Cl] is 2330 cm-1. The 29Si NMR 
chemical shift of iPr3SiCl is 36 ppm. These data show that HCl is the 
weakest Brønsted acid, forms the strongest ion-pairs, and has the most 
shielded 29Si NMR chemical shift shown in Figure 10. Increasing the 
Brønsted acidity results in blue-shifted nNH [HNOct3][X] in CCl4 
solution, consistent with weaker ion-pair formation, and deshielded 
29Si NMR chemical shifts in [R3Si][X].  

These trends hold for the supported organosilanes shown in Figure 
10. ≡Si–OH–Al(ORF)3 is the strongest heterogeneous Brønsted in 
Figure 10, when deprotonated forms weak ion pairs with [HNOct3], 
and has the most desheilded 29Si NMR chemical shift of the series. 
Decreasing Brønsted acidity, from DFT calculated DPE, results in 
lower field 29Si NMR shifts of the supported organosilanes. This set 
of data indicates that 29Si NMR chemical shift of supported 
organosilanes is a rapid method to assess if an oxide is likely to form 
ion pairs. 
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Figure 10. Relationship of gas phase acidity for HX, nNH for [Oct3NH][X], and 29Si NMR chemical shift of R3Si–X. 

Partially Dehydroxylated Al2O3 – A Limitation of the 
Reductionist Approach for Oxides? 

The preceding discussion shows that acidity is useful to predict 
formation of reaction products shown in eq 1. Alumina shows 
interesting properties that break from this trend because the partially 
dehydroxylated alumina surface contains Lewis sites.123, 124 Lewis 
sites on alumina bind N2

125, 126 and activate unreactive C–H bonds,127 
indicating that they are very strong Lewis acids. Experimental 
characterization of the structure of these Lewis sites is elusive, but 
available data suggests either five-coordinate128 or three-coordinate129 
aluminum sites are the origin of the strong Lewis acidity on aluminas.  

Lewis sites on alumina are very important in catalysis, and more 
specifically in applications of partially dehydroxylated alumina as a 
support for well-defined organometallics. The studies showing this 
behavior generally relate to attempts to understand the heterogeneous 
Ziegler-Natta catalyst. The condensed timeline in Figure 11 shows 
key discoveries gradually building towards the understanding that M–
R+ (R = H, alkyl) catalyze this reaction in solution and on oxide 
supports. Ballard130-132 and Yermakov62, 133 studied reactions of 
homoleptic ZrR4 complexes with alumina (Ballard)130 or silica 
followed by treatment with H2 to generate hydrides (Yermakov).62 
These initial studies were simultaneously disappointing and revealing. 
Both well-defined catalysts were significantly less active than 
traditional Ziegler-Natta compositions, but organozirconium species 
supported on alumina were more active than those supported on silica. 
The molecular origin of this activity difference was not characterized 
until studies by Marks showing that Cp*2ThMe2 reacts with highly 
dehydroxylated alumina to form organometallic ion pairs of 
[Cp*2ThMe][MeAlOx].134 Similar behavior was also implicated in 
related organozirconium species supported on alumina.135-141  

 

Figure 11. Evolution in the understanding of the Ziegler-Natta 
Catalyst for olefin polymerization, showing key discoveries for 
homogeneous (top) and heterogeneous (bottom) catalysts. 
Reproduced from ref 154. 

The conclusions drawn from studies of the supported species 
parallel those found in solution. The first hints of electrophilic 
organometallics arose from studies of Cp2TiCl2 and Et2AlCl by 
Breslow,142 which are also related to intermediates formed in 
carboalumination reactions.143 However, activated metallocenes were 
significantly less active than common heterogenous compositions 
until the serendipitous discovery of partially hydrolyzed AlMe3 
activators by Kaminsky and Sinn.144 Isolation of Cp2ZrMe(THF)+ by 
Jordan established that cationic organometallics are important 
intermediates in this reaction,145, 146 which was expanded upon by 
several other groups using various activators to access 
metalloceneium ions as weakly coordinated ion pairs.147-151 

The insights obtained from studies from both the heterogeneous 
and homogeneous communities were critical to design industrial 
olefin polymerization catalysts that form in-situ from mixtures of a 
metallocene pre-catalyst, alkylaluminum, and alumina.152, 153 The 
complexity of these mixtures is compounded by the series of steps and 
possible side reactions involved with alkylating a metallocene 
dichloride with alkylaluminum, reactions of alkylaluminum with Al–
OH sites that could form surface activators similar to partially 
hydrolyzed AlMe3, and/or unfavorable surface interactions between 
the metallocene and Al2O3.  

Recently the role of each component in one of these mixtures 
containing Cpb

2ZrCl2 (Cpb = 1-butylcyclopentadienyl), AliBu3, and 
Al2O3-600 was determined, Figure 12.154 Typical mixtures containing 
12:1 Cpb

2ZrCl2:AliBu3 ([Zr] = 150 µmol gAl2O3
-1) evolve under the 

reaction conditions to give very active catalysts (8.4 × 107 gPE molZr
-1 

h-1), but only 0.65 µmol Zr gcat
-1 is adsorbed on the AliBu3/Al2O3 

support. Contacting AliBu3 and Al2O3 results in the formation 
AliBu3/Al2O3 containing a distribution of Al–iBu sites on the alumina 
surface, but the organoaluminum sites are not effective activators of 
Cpb

2ZrCl2 in the absence of exogenous AliBu3 in solution. The excess 
alkylaluminum in solution reacts with Cpb

2ZrCl2 to form a mixture of 
zirconium hydrides,155 of which only Cpb

2Zr(μ-H)3(AliBu2)(AliBu3) 
reacts with the Lewis sites on AliBu3/Al2O3 to form the active 
[Cp2ZrH][HAlOX]. The low surface coverage of [Cp2ZrH][HAlOX] is 
consistent with the expectation that only small quantities of strong 
Lewis acidic aluminum sites are accessible on g-Al2O3. 

 

Figure 12. Active species formed in reactions of Cpb
2ZrCl2, 

AliBu3, and Al2O3-600. 

This ternary system is significantly more complex than reactions 
of discrete organometallics with partially dehydroxylated alumina, 
but they ultimately follow similar trends. These examples show that 
native Lewis acid sites on an oxide can also drive ion-pair formation, 
which is reasonable given the number of strong Lewis acids known to 
activate organometallics to form ion-pairs.150, 156-163 
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Halide Abstraction by R3Si+ Containing Oxides 

There are cases where the reactivity shown in eq 1 results in lower 
than expected surface coverage of well-defined sites. For example, the 
reaction of (a-diimine)Pd(CH3)2 with SZO, shown in Figure 13a, 
generates [(a-diimine)PdCH3][SZO] but also more methane than 
expected. Only ~9 % of the electrophilic organopalladium sites 
present are active in polymerization reactions.164 This result suggests 
that some Pd sites lack a Pd–CH3 group required to polymerize 
olefins.  

 

Figure 13. [(a-diimine)PdCH3][SZO] polymerizes olefins with low 
active site counts (a); halide abstraction methodology with 
[iPr3Si][RFO3Al–OSi≡] to form [(a-diimine)PdCH3][RFO3Al–OSi≡] 
(b). 

More generally, the preparation of reactive organometallics is one 
of the bottlenecks preventing generation of well-defined sites on 
oxides. Indeed the most common method to generate an ion-pair in 
solution involves abstraction of a halide from a transition metal with, 
for example, a silver salt. Similar halide abstraction methods are not 
broadly available for surfaces, and is one of the reasons the 
protonolysis pathway shown in eq 1 dominates the field.  

R3Si+ ions are exceptionally strong Lewis acids with very high 
halide ion affinities. The reaction of [iPr3Si][RFO3Al–OSi≡], which 
contains silylium-like ion fragments on the functionalized silica 
surface, reacts with (a-diimine)Pd(CH3)Cl to form iPr3SiCl and [(a-
diimine)PdCH3][RFO3Al–OSi≡] ion-pairs.164 iPr3SiMe does not form 
in this reaction indicating that Pd–Me abstraction does not occur. 
From a coordination chemistry perspective, this halide abstraction 
methodology converts silica, a X-type or LX-type as discussed above, 
to a L-type ligand where the cationic palladium fragment interacts 
with siloxane bridge close to the [RFO3Al–OSi≡] anion. Advanced 
solid-state NMR experiments support this arrangement. 13C{27Al} 
Phase-Modulated Resonance-Echo Saturation-Pulse Double-
Resonance (PM-RESPDOR)165-167 experiments of [(a-
diimine)PdCH3][RFO3Al–OSi≡] show that 13C NMR signals from the 
Pd-Me and the diimine ligand are not dipolar coupled to the 27Al NMR 
signal, indicating that these spins are > ~5 Å from one another. 
1H{19F} Dipolar Heteronuclear Multiple Quantum Coherence (D-
HMQC) NMR and 1H–19F Symmetry-based Resonance-Echo 
Double-Resonance (S-REDOR) experiments168 show that the 

aromatic signals from [(a-diimine)PdCH3][RFO3Al–OSi≡] are close 
to the 19F NMR signal from [(RFO)3Al–OSi≡)]. The experimental data 
fits to a Pd-Al internuclear distance a 11 Å, indicating that the 
[(N^N)Pd–CH3]+ cation and the [(RFO)3Al–OSi≡] anion are near yet 
weakly coordinated to each other on the surface.  

The data shown in Figure 10 indicate that the sulfates on SZO are 
more coordinating (ie form stronger ion pairs) with cations than the 
[RFO3Al–OSi≡] anion. This should affect the reactivity of the Pd–Me+ 
fragment in [(a-diimine)PdCH3][RFO3Al–OSi≡]. Indeed, reactions of 
[(a-diimine)Pd13CH3][RFO3Al–OSi≡] with vinyl chloride result in 
quantitative formation of propene,169 indicating that all of the (a-
diimine)Pd–13CH3

+ sites present on this material insert olefins, a 
significant improvement from the ~9% active Pd in [(a-
diimine)PdCH3][SZO]. [(a-diimine)Pd13CH3][RFO3Al–OSi≡] is as 
active as similar solution catalysts in olefin polymerization, but 
produces polymers with higher molecular weights, showing potential 
benefits of heterogenizing late-transition metal catalysts for this 
reaction. This halide abstraction methodology is in its infancy, but 
given the high halide ion affinity of R3Si+ this method is expected to 
be fairly general.156-163 

Coordination Chemistry on Carbon Surfaces 

The chemistry of carbon surfaces with transition metals is 
significantly more limited than the examples described for oxides and 
offers an exciting platform for new inorganic chemistry. As discussed 
above, the p-extended graphene surface contains a superposition of 
e2u-like and the e1g-like frontier molecular orbitals (FMOs) that drive 
reactivity patterns of this material. Organic functionalization reactions 
of p-extended surfaces generally result in formation of sp3 carbons 
that disrupt the long range sp2 conjugation and lead to poor 
conductivity and/or optical properties compared to pristine carbon 
nanomaterials.29, 170 For example, real-time measurements on an 
individual carbon nanotube show that the formation of a single defect, 
i.e. sp3 center, increases the electrical resistance by ~6 kΩ.171  In 
contrast, coordination of a transition metal to form an arene-like 
surface species is expected to preserve the sp2 hybridization of the 
carbon atoms. 

Reactions of highly oriented pyrolytic graphite (HOPG), graphene 
and single-walled carbon nanotubes (SWCNTs) with Cr(CO)6 or 
(h6-benzene)Cr(CO)3 form (h6-Cn)Cr(CO)3, (h6- Cn)Cr(h6-C6H6) or 
(h6-Cn)2Cr (Cn = p-conjugated carbon surface, Figure 14).170 In these 
materials the e1g and e2u p-orbitals of graphene hybridize with the 
metal d-orbitals forming isolobal interactions similar to the stable 18 
electron (h6-benzene)2Cr or (h6-benzene)Cr(CO)3. The product of 
these reactions depends on the dimensionality and the curvature of the 
carbon material. HOPG-reacts with Cr(CO)6 to form 
(h6-HOPG)Cr(CO)3, whereas reactions with single-layer graphene 
gave (h6-graphene)2Cr. SWCNTs are less reactive than the flat 
materials due to the orbital effects as a result of curvature (Figure 
2b).172 Systematic studies of the effect of curvature on the 
coordination of transition metals are not available, but the reactivity 
of the carbon nanotubes should decrease as the nanotube diameter 
decreases due to orbital misalignment and reduced overlap with the 
transition metal. The smallest SWCNTs that form chromium 
complexes have diameters of 0.7 ~ 1 nm.  
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Figure 14. Coordination of chromium complexes to carbon surfaces. 
A 3D model is shown next to the reaction to show the planarity of the 
hexagonal lattice of the carbon surface. 

Raman and absorption spectroscopies provide a direct 
measurement of charge density distributions for carbon surfaces 
containing metals.  Figure 15a shows the spectral characteristics of a 
pristine SWCNT film (black) as well as SWCNT films after 
deposition of elemental lithium (red) or after contacting with an 
appropriate chromium source (green).173 The characteristic near 
infrared absorption bands related to the first (S11) and second (S22) 
interband transitions of semiconducting nanotubes are preserved in 
the Cr complexed SWCNTs, suggesting that Cr does not affect the 
band structure of the SWCNT. Depositing elemental lithium onto 
SWCNTs results in electron transfer into the conduction band 
(LUMO) of the SWCNT and significantly decreases these absorption 
features, indicating a drastic change in the electronic structure of the 
SWCNT. This electron transfer shifts the Fermi level of the nanotubes 
well into the van Hove singularities, which prevents interband 
transitions. 

 

Figure 15.  (a) Near infrared absorption spectra and (b) Raman 
spectra of SWCNT films: pristine (black curve), with chromium 
(green curve) and with lithium (red curve) deposition. Modified from 
ref 173. Copyright 2014 American Chemical Society. 

 

Raman spectroscopy is a very common analytical method in 
studies of carbon materials. Figure 15b shows Raman spectra for 
pristine SWCNTs (black), chromium containing SWCNTs (green), 

and lithium doped SWCNTs (red).173 The 2D Raman band in 
nanocarbon materials is sensitive to charge transfer. Figure 15b shows 
that the 2D band in pristine SWCNTs and Cr/SWCNT materials are 
essentially identical, indicating that the interaction between Cr and the 
extended p-surface in SWNTs is not related to significant charge 
transfer and the bonding is covalent rather than ionic. This is not the 
case in Li/SWCNT materials that have a significantly red-shifted 2D 
band in the Raman spectra (Figure 15b, red spectrum), indicating 
charge transfer between lithium and the LUMO of the SWCNT.  

The preservation of the extended π-system in these 
“organometallic” graphene and SWCNTs results in materials that 
have interesting electronic properties that is consistent with the 
proposed (h6-Cn)M. For example, thin films of interconnected 
semiconducting SWCNTs bridged with (h6-Cn)Cr interconnects are 
700,000 times more conductive than the pristine semiconducting 
SWCNT film.173 Aligned carbon nanotube films similarly form 
(h6-Cn)2M,174, 175 which is important because the extraordinary 
electronic properties of individual SWCNTs are often lost in random 
network or bundled (aggregated) SWCNTs.  

The dramatic increase in conductivity is related to the formation 
of stable (h6-Cn)2Cr units with high density of states (DOS) near the 
Fermi level which open new conducting channels facilitating electron 
transport across the π-conjugated carbon surfaces. Figure 16 shows 
these effects for aligned SWCNTs containing (h6-Cn)2Cr (left) or 
doped with elemental lithium (right). There is an element dependent 
increase in intratube or intertube conductivity. Li doping enhances the 
conductivity along the nanotube (intratube), but Cr increases the 
intertube transport. This is consistent with the spectroscopy in Figure 
15 showing that Li transfers electrons to the LUMO of the SWCNTs 
(0.175 e- per Li atom). Though this charge transfer is responsible for 
the increased intratube conductivity of the SWCNT, there is no 
beneficial intertube conductivity in Li doped SWCNTs. 

In h6-(Cn)Cr the intertube conductivity increases significantly. 
The high density of states (DOS) near the Fermi level (Figure 15b) of 
the Cr-SWNT are related to the electronic states from the Cr atom that 
hybridize with the C atoms on the SWCNT and form conducting 
channels between SWCNTs.172, 186 Figure 16d shows the total electron 
density for a Cr/SWCNT containing (h6-Cn)Cr units. The electron 
density from chromium overlaps with the SWCNTs and increases  
intertube transport. Similar electronic overlap is not observed with 
lithium (Figure 16h). 
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Figure 15. Single-wall carbon nanotube (SWCNT) interactions with 
metal atoms: (a) Cr and (b) lithium. (c,d) Density of states (DOS) for 
(c) Cr-SWCNTs and (d) Li-SWCNTs along with the projected DOS 
for each metal atom (green). (e,f) Intertube (red) and intratube (blue) 
electronic transmission functions for SWCNT junctions with added 
Cr (e) and Li (f)  compared to pristine (14,0) SWCNTs (green). (g,h) 
Total electron density (blue iso-surface) of (h6-SWCNT)2Cr and Li-
doped SWCNTs. Reprinted with permission from ref 175. Copyright 
2019 American Chemical Society. 

DFT methods suggest that formation of (h6-Cn)2M should be 
somewhat general.176, 177 Indeed, complexes of graphene and 
SWCNTs were synthesized with Mo and W,178 first row metals (Ti, 
V, Cr, Mn, Fe),23 and the lanthanides (Ln = Sm, Eu, Gd, Dy, Ho, 
Yb).179, 180 However, not all carbon nanomaterials form similar (h6-
Cn)2M interconnects. For example, orbital misalignment in fullerenes 
prevents formation of (h6-Cn)2M interconnects described above.181-185  

Outlook 
The ability to rationally control structure at the molecular level 
suffused the field of inorganic chemistry since its inception.186 In this 
context, perhaps it is not surprising that design strategies would 
emerge to form well-defined sites on extended surfaces. What is 
surprising is the reductionist principles developed for small molecules 
in solution overlap so recognizably with design strategies to obtain 
well-defined sites on surfaces. The extent of the relationship remains 
to be developed, particularly in cases where material interfaces are 

specifically engineered to contain a ligand to coordinate to a transition 
metal,187-190 but if past is prologue the insights provided by the 
molecular chemistry community will continue to impact the atomistic 
design of structurally defined sites on surfaces for a range of 
applications. 
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