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Solid-state NMR: An EYE Opener in
Surface Chemistry

Matthew P. Conley and Christophe Copéret*

Abstract: Solid-state NMR plays a critical role in establishing the atomic structure of surface species, obtained
by the controlled grafting of organometallic complexes onto amorphous oxide supports, a promising strategy
towards molecularly defined heterogeneous catalysts. Using one-dimensional or multi-dimensional NMR analysis
allows us to map the structure of organometallic residues on surfaces, in a similar fashion that the structure
of homogeneous catalysts can be determined using solution NMR techniques. In addition, chemical shift
anisotropy analysis can be used as a tool to obtain detail structures and to determine the dynamics of surface
species. In combination with DFT calculations we have also shown that the structure of aluminum species can
be determined using high-field and ultrafast 2’Al NMR. Finally, we discussed the latest development in Dynamic
Nuclear Polarization, which allows the selective enhancements of the NMR signals of surface species, thus
reducing the NMR acquisition time by factors up to 10,000. This makes solid-state NMR an indispensible tool
in determining structure-property relationship and in the development of advanced materials including catalysts
through more rational approach.
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1. Introduction

Bridging the gap between molecular
and solid-state chemistry has been a long-
term research goal in our laboratory, ad-
dressing in particular the development of
well-defined heterogeneous catalysts.[1:2]
Heterogeneous catalysts are complex ma-
terials that have surface active sites, which
can be either isolated species on a support
or an ensemble of atoms on a nanoparticle.
The complexity of these systems leads to
general difficulties when accessing the na-
ture and the structure of the active sites,
and obviously restricts the use of struc-
ture—activity relationships or other rational
improvement strategies that could lead to
better catalysts. The often elusive under-
standing of these catalytically active sites
is in stark contrast to homogeneous cataly-
sis, where the catalytic sites are based on
single-metal atoms coordinated to ligands
in well-defined chemical environments.
Combining the advantages of homoge-
neous catalysts (well-defined sites) and
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those provided by heterogeneous systems
(more efficient chemical processes) should
provide access to ‘optimal’ catalysts.

The generation of well-defined surface
species by controlling material surface
functionalities including organometal-
lic entities has been our research strat-
egy. First, this requires knowledge of the
chemical nature and the density of surface
functional groups. Identification of the sur-
face-grafted organometallic species, and
how the organometallic species progress
under reaction conditions, are critical steps
in the understanding of a well-defined het-
erogeneous catalyst. Each step obviously
calls for the use of advanced spectroscopic
techniques.

In this respect, X-ray diffraction is an
essential tool to understand the structure
of molecular species and crystalline sol-
ids, but it requires structural regularity that
is rarely present on surfaces. Other X-ray
based techniques, such as XANES and
EXAFS, provide crucial information about
oxidation state and the direct environment
of the surface metal sites. Vibrational spec-
troscopy also yields information about the
surface functionalities, and can be particu-
larly useful to monitor chemical transfor-
mations on surfaces, but is restricted to
rather simple systems and specific groups.
The most powerful method to determine
molecular structure and dynamics is
clearly NMR. However, the low concen-
tration of surface species in and the low
inherent sensitivity of NMR have clearly
impeded a broader general application of
this technique. Selective labeling and re-
cent advances in polarization techniques

that selectively enhance surface NMR sig-
nals alleviate some of these complications.
In this perspective we will discuss our ef-
forts to determine the structure of surface
species at the molecular level, focusing on
how solid-state NMR has helped us in this
endeavor.[3!

2. Determining Molecular Structure
and Connectivity of Well-defined
Surface Species Supported on
Oxide Materials

A key step of the preparation of well-
defined surface species involves the graft-
ing of an organometallic or metallorganic
complex on hydroxyl groups present on the
surface of oxide materials such as silica or
alumina. The density of surface hydroxyl
units can be controlled by a thermal pre-
treatment at high temperatures under high
vacuum or a flow of inert gas. For example,
silica nanoparticles can be treated up to
700 °C under high vacuum without a sig-
nificant loss of surface area, but this does
result in a decrease of the surface Si-OH
density to about 0.7 OH nm™. Reacting
these particles with organometallic com-
plexes replaces a reactive M-X ligand to
yield a monodentate M-OSi ligand on the
surface. Scheme 1 shows a few examples
of grafted organometallic complexes using
this route.

Each of the structures in Scheme 1
was fully resolved using solid-state NMR
spectroscopy. It is first noteworthy that 'H
NMR spectra can be obtained with reason-
able spectral resolution (A,, = 200-300 Hz)
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Scheme 1. Representative examples of surface organometallic species with *C CPMAS NMR

chemical shifts (ppm).

using standard magic angle sample spin-
ning rates (v,;,, = 5-12 kHz) in the ab-
sence of '"H-"H decoupling. This is due to
the low density of protons of these systems
in contrast to typical materials, which suf-
fer from tremendous line broadening (vide
infra, section 5).431 The resolution can be
slightly improved by implementing a spin-
echo into the pulse sequence or decoupling
strategies (CRAMPS), allowing A, <100
Hz.lo]

Solving the structure of surface species
requires *C NMR, which benefits from a
much larger chemical shift window than
'H NMR. However, obtaining high qual-
ity spectra requires the use of *C labeled
samples in view of the low natural abun-
dance of *C (1.1%), a less NMR recep-
tive nucleus compare to hydrogen (y./y,
= 0.25), and the low content of surface
species (ca. 0.2 mmol per gram of silica).
Cross polarization (CP) techniques under
Hartman-Hahn conditions are typically
used to further improve signal to noise
ratio. Under these optimal conditions, the
structure of a wide range of surface spe-
cies has been possible.[l-2l Scheme 1 shows
a few examples of Zr,[7-91 Ta,[10] Mo, 4101
W, 10111 and Rel!0:-121 complexes on silica
supports that have been characterized us-
ing *C CPMAS spectroscopy.

As in the characterization of com-
pounds in solution, multidimensional
NMR spectroscopy is often needed to
confirm assignments made from the 1D
spectra. For instance, 2D heteronuclear
correlation NMR (HETCOR) is used to
establish the connectivity within organo-
metallic fragments of surface species by
exploiting dipolar interactions between
neighboring atoms. For surface species,
short contact times (0.2-0.5 ms) give cor-
relations between spins that are ‘close’ to
one another, effectively giving correlations
only between protons directly bound to
carbons. HETCOR spectra have been criti-
cal in assigning a number of surface spe-
cies that are active olefin metathesis cata-

lysts.[5:6.131 This powerful tool has in fact
been used to establish the structure of each
olefin metathesis intermediate by monitor-
ing the reaction of di-labeled '*C-ethylene
with a well-defined silica supported tung-
sten alkene metathesis catalyst [(=SiO)W
(=NAr)(=CHBu)(2,5-Me,NC,H))] (Fig.
1).1141 The terminal methylidene species (1-
CH,) and two metallacyclobutane interme-
diates with either trigonal bipyramidyl (1-
TBP) or square-pyramid (1-SBP) geom-
etries are readily assigned using HETCOR
spectroscopy.

Another powerful technique is 'H-'H

which probes the presence of adjacent pro-
tons.[16:171 This provides a 2D map where
two protons (H, and H) that are dipolar
coupled appear as cross-peaks at the sum
of the two respective frequencies (8,+3,)
in the indirect dimension (F,). Equivalent
neighboring protons (H.) that have the
same chemical shift (3.) in F, give rise to
an autocorrelation peak at 2 x 0. Spins that
are not dipolar coupled do not appear in
these spectra. The double quantum NMR
technique has allowed us to discriminate
between silica-supported zirconium mono-
hydride and zirconium dihydride species,
which together constitute a low tempera-
ture hydrogenolysis and homologation of
alkane catalyst (Fig. 2).07-9
Phosphorus-31 is also an ideal NMR
nucleus to characterize surface species.
Although *'P has a lower NMR sensitiv-
ity than hydrogen (y,/y,, = 0.40), the 100%
natural isotopic abundance allows rela-
tively fast acquisition of 3'P NMR spectra.
This nucleus is also particularly interesting
because of organophosphorus compounds
are classical ligands in organometallic and
coordination chemistry. For example, we
recently probed the difference of environ-
ment of surface Au(1) complexes by addi-
tion of PMe,, which showed the presence
of two surface species that had either one
and two PMe, ligands (Fig. 3). The nature
of the surface species was confirmed by
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Fig. 2. Double quanta proton—proton multidi-
mensional NMR spectrum which discriminates
between (=Si0),Zr(H), (auto correlation high-
lighted with dotted circle) and (=SiO),Zr-H
(correlation with surface SiH, solid line).
Adapted with permission from the authors.®

Abundance DoublE QUAntum Transfer
Experiment) experiment which clearly
showed that one of these signals corre-
sponded a Au(PMe,),* cationic surface
species that is non-covalently bound to
the surface though an anionic siloxide ion-
pair.l8]

3. Access to Electronic structures
and Dynamics of Surface Species

Solid-state NMR can also be helpful
in providing information about the elec-
tronic structure and the dynamics of

surface species from the chemical shift
anisotropy (CSA) of surface sites. The
CSA is a tensorial value, which reflects
the orientation dependence of the chemi-
cal shift in an external magnetic field
and the anisotropy of the electron distri-
bution around a nucleus, and thereby pro-
vides details about orbital hybridization
of the nucleus. The CSA is characterized
by the three principal components of a
second rank tensor (§,,, 0,,, 8,,), which
is often described by the three following
values using the Haeberlen convention:
the isotropic chemical shift &,_, which
is the average of the three values (8 =
(8, + 6,, + 8,,), the anisotropic chemi-
cal shift o (0 . =8, 6 -8 ) (%nq 5&)16
asymmetry —parameter N =55,
In solution, SiSO is the only observable value
as a result of rapid molecular tumbling. In
rigid solids, the CSA is not averaged, and
the line shapes — the powder pattern — allow
a ‘direct’ reading of the principal chemical
shift components. If dynamic behavior is
present the spectrum then lies in between
the CSA of the static and the fully dynamic
system associated with a single harp line
at the isotropic value. Comparison of the
experimental CSA to static CSA patterns
obtained by DFT calculations, gives quan-
titative information of the systems dynam-
ics. This CSA analysis also yields informa-
tion on the hybridization of carbon nuclei.

We have exploited these features of
the CSA to understand the nature of a
series of surface alkylidene metal com-
plexes. Analysis of the experimental CSA
to the DFT-obtained static CSA spec-
trum revealed that large aromatic ligands
freeze dynamics of mono-grafted surface
complexes, even though the complexes
are bound to the surface by only a single
=Si-O-M linkage (Fig. 4a). We also found
that the orientation of the CSA is a direct
measure of the strength of the agostic in-
teraction between the metal and the alkyli-
dene C-H. The most shielded component
(3,;) is aligned along the p-orbital of the
alkylidene ligand, as in sp? hybridized car-
bon, for weak agostic interactions; and ap-
proaches a M=C alkylidyne type bond, as

. Y W

Fig. 3. a) Structure of

MR [(=SiO)AuPMe ] and
Au =Si uPMe,] an
PM N 3
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in sp hybridized carbon, for strong agostic
interactions (Fig. 4b).1"9 These findings
are in excellent agreement with the 'J
obtained for the alkylidene C-H, which
decreases in value as the orbital becomes
more sp-like.

4. 2?Al NMR Spectroscopy: A
Rendez-vous with Quadrupolar
Nuclei

Because of its quadrupolar nature,
which is associated with an anisotropic
distribution of electric charge around the
nucleus, aluminum-27 (I = 5/2, natural
abundance: 100%, v, /v,, = 0.26) has a very
sensitive NMR signature. The NMR prop-
erties depend directly on the number and
type of ligands directly bound to alumi-
num in the first-coordination sphere, and
the geometry of the species. Quadrupolar
nuclei are associated with a quadrupolar-
coupling constant (C,), which can reach
several MHz, and an asymmetry parameter
(M). This often results in dramatic broad-
ening of the signal, which causes obvious
detection problems, though this does lead
to characteristic signal patterns for differ-
ent aluminum species.

One case that shows the power of solid-
state 2?Al NMR spectroscopy is the identi-
fication of aluminum sites in alumina and
zeolites because tetra-, penta-, and hexa-
coordinated aluminum have distinct iso-
tropic chemical shifts (8, ).?°) However,
structural determination of surface organo-
aluminum species, for example the chemi-
sorption of organoaluminum compounds
on silica, remains a distinct challenge be-
cause assignment from only the 8 can be
misleading. It is of paramount importance
to access C_and 1, which in combination
with &, provides a robust model to under-
stand the first-coordination sphere of the
aluminum sites.

We recently solved the structure of
surface organoaluminum species resulting
from the reaction of Et3A1 on silica, using
mesoporous SBA-15 silica dehydroxyl-
ated at 500 °C. This chemistry represents
a long-standing challenge because the sur-
face chemistry is quite complex; organo-
aluminum compounds react readily with
surface silanol and siloxane bridges.[2!.22l
Additionally, silica-supported organoalu-
minum reagents are a promising class of
heterogeneous activators for olefin po-
lymerization catalysts, which would offer
an advantageous alternative to the com-
monly used solutions of methaluminoox-
ane (MAO). Ultrafast spinning rates (>60
kHz) and NMR experiments at several of
the highest available magnetic fields (17.6,
20.0, and 23.5 T) were necessary to extract
and confirm the NMR signatures (Siso, C o
and n) of the three different aluminum
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sites formed upon Et,Al grafting on dehy-
droxlated SBA-15.1231 We reconstituted the
structure of each surface site by aligning
the experimental results with DFT calcu-
lations on cluster and periodic models.
Two aluminum sites that correspond to a
dinuclear Al species grafted either via two
terminal or two bridging u*-siloxy groups
were identified as matching both theo-
retical and experimental data (Fig. 5). The
third Al species arises from the incorpora-
tion of Al into the silica framework, form-
ing a tetrahedral site.

5. Latest Developments

in Characterizing Surface
Functionalities in Functional
Materials

Though grafting organometallic com-
plexes on oxide supports generates well-
defined surface species, a plethora of other
ligands are known to coordinate metals.
With the aim to retain site isolation and
single-site behavior, we have utilized sol-
gel techniques in the presence of a struc-
ture-directing agent to obtain mesoporous
hybrid silica organic materials that contain
organic functionalities regularly placed in-
side the mesopores, whose diameter can be
tuned between 4 to 10 nm (Scheme 2).[24.25)

This approach is quite general, and
we have reported materials containing
imidazolium compounds, which are pre-
cursors to N-heterocyclic carbene metal
complexes. These NHC-M containing
materials have been shown to be effective
catalysts for Ir-catalyzed H/D exchange,[26]
and Ru-catalyzed olefin metathesis(?”1 and

CO, reduction?8! with performance close
the analogous homogeneous catalysts.
However, the solid-state NMR character-
ization of the imbedded ligands and the

resulting organometallic complexes have

remained a challenge, since by design
these materials have very low organic con-
centrations (ca. 0.1-0.5 mmol g') so the
ligated metal complexes behave as single
catalytic sites. Moreover, they also display
much higher proton densities, from surface
silanols or surface passivating agents, than
corresponding catalysts prepared by graft-
ing on highly dehydroxylated silica, which
results in tremendous line broadening in 'H
NMR spectra.

The first challenge results from high
proton density, in which case fast sample
spinning is essential for high quality 'H
NMR spectra. Fig. 6 shows the dramatic
effect fast sample spinning has on the pro-
ton NMR linewidths of MatPhOH, a hy-
brid material that contains regularly placed
phenol units within the mesopores.[291 At
10 kHz magic angle spinning (MAS) the
'"H NMR spectrum is dominated by the
large Si-OH signal at 1.5 ppm (Fig. 6a).
Though higher frequency aromatic reso-
nances are distinguishable from the Si-
OH signal it is difficult to identify other
potential surface species from this NMR
spectrum. Increasing the spinning rate to
60 kHz sharpens the aromatic signals, and
also unmasks the phenolic hydrogen, and
ethoxy surface groups that were previously
covered by the SiOH resonance (Fig. 6b).

The second challenge then lies in ac-
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quiring high-quality “C and #Si NMR
spectra in reasonable acquisition times. 1D
BC-CPMAS NMR experiments typically
require 12-24 h to obtain spectra, with at
best reasonable signal to noise, which se-
verely limits the use of advanced multidi-
mensional NMR techniques. Indeed, many
solid-state NMR studies of hybrid materials
require tedious isotopic enrichment to ob-
tain reasonable 1D C NMR spectra.[26-28]
Similarly, Si NMR can require many days
to obtain a spectrum under inert conditions.

Recently we showed that Surface
Enhanced NMR spectroscopy by Dynamic
Nuclear Polarization30-341 (DNP-SENS
NMR) provides sensitivity gains that result
in high quality 1D and 2D NMR spectra
of surface species in very short experi-
ment times (minutes) at natural isotopic
abundance.?>401 In DNP-SENS NMR
a solution of a persistent radical polar-
izing agent!*-#! is introduced to a mate-
rial by incipient wetness impregnation.
Continuous wave microwave irradiation of
the EPR transition at ca. 100 K induces a
polarization transfer from the electrons of
the radical to the protons of the solvent and
surface nuclei. The enhanced 'H polariza-
tion is transferred by CP to heteronuclei
(e.g- BC,#Si, PN, ¥Al). DNP-SENS NMR
spectroscopy dramatically reduces experi-
ment time by up a factor up to 10,000, and
allows the detailed structural characteriza-
tion of surface species.

Our initial efforts started at EPFL
where we aimed to characterize functional
materials. Incipient wetness impregnation
of MatPhOH with aqueous TOTAPOL[#4
(Fig. 7a) solutions resulted in a *C CPMAS
signalenhancement (EQCP) of 57 (Fig.7d).141
The signal enhancement value -corre-
sponds to the square of experiment time,
indicating a reduction by 3100 in experi-
ment time with respect to classical NMR.
These signal enhancements allowed us
to obtain a 'H-"*C HETCOR experiment
without isotopic enrichment in only ca. 4
h. We have also shown in related studies
that TOTAPOL is an effective polarization
transfer agent for *Si NMR[3¢! and 27Al
studies.[4°]

In order to investigate a larger palette
of solids that eventually contain reactive
sites like catalysts we have shifted our fo-
cus to diradicals that are soluble in organic
solvents, because many metal-containing
materials are incompatible with aque-
ous conditions. Initial experiments were
performed with organic solutions of bis-
TEMPO-bisketal (bTBk, Fig. 7b),[7l a
diradical with superior enhancement prop-
erties compared to TOTAPOL. Solvent
optimization established that chlorinated
solvents give the best enhancements with
bTBk with MatPhOH material.

We applied this result to a hydropho-
bic surface yttrium complex coordinated
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to a light-harvesting bipyridyl ligand,[48]
and for the first time were able to char-
acterize a surface inorganic complex with
multinuclear DNP-SENS NMR (Fig. 8).137]
Particularly noteworthy is that this mate-
rial has a very low surface density of yt-
trium complexes (ca. 0.2 nm?) and acquisi-
tion of a '"H-"*C HETCOR spectrum would
be unimaginable using conventional solid-
state NMR at natural isotopic abundance.
The use of chlorinated organic solvents is
general, and we have used this approach to
characterize functionalized metal organic
frameworks with DNP-SENS NMR.[#9]
Greater enhancements have been ob-
tained by inclusion of spiro-cyclohexyl
groups adjacent to the nitroxyl unit in place
of the gem-dimethyl units, which yields
bis-cyclohexyl-TEMPO-bisketal (bcTbK,
Fig. 7¢).0% The higher DNP enhancements
is likely due to the longer electron longitu-
dinal relaxation time for bCTbK, which is
1.7 times longer than that of bTBk. Under
optimal conditions hybrid materials wetted

with 1,1,2,2-tetrachloroethane solutions of
bcTbK gave ®Si CPMAS enhancements
values (Ssa,cp) up to 113 for NMR experi-
ments, corresponding to a reduction in
experiment time by a factor of 12,000.
This result encouraged us to pursue natu-
ral abundance PN CPMAS NMR, which
is particularly challenging due to the low
NMR sensitivity (Y, /Y,, = 0.1) and low nat-
ural abundance of >N (0.3%). This allowed
us to monitor the functional group manipu-
lation of a material at natural abundance
by "N CPMAS DNP-SENS NMR (Fig. 9).

The "N NMR spectrum of the azido ma-
terial gives the expected three peaks for the
three separate nitrogen atoms. Reduction
of the azide under Staudinger conditions
gives a primary amino group on the sur-
face. The "N CPMAS spectrum contains
signals primarily for the amino group, with
a small amount of surface azide remain-

ing as the only byproduct. Conversion of

the surface amine to the imidazolium salt
under mildly acidic conditions gave the

Aromatic & Alkene CsHa.Cl,y

Fig. 8. Characteriz-
ation of a surface
yttrium complex by
DNP-SENS NMR.
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surface NHC precursor. Notably each of
these reactions proceeds without detect-
able byproducts, only the product and re-
sidual unreacted resonances are observed.
These recent advances have introduced a
new paradigm for investigating surfaces
and inorganic solids by solid-state NMR.

6. Conclusions

Solid-state NMR is an essential tool
for understanding the molecular level be-
havior of surface species. We have char-
acterized both structure and dynamics of
surface organometallic complexes, open-
ing new avenues in the interpretation of
how metals behave on inorganic surfaces.
This could eventually give access to quan-
titative structure—reactivity relationships
that will lead to the development of effi-
cient heterogeneous catalysts by a more
rational approach. Also paramount to our
studies of surface species is the integration
of DFT calculations to guide the interpre-
tation of experimental results, which was
shown in the static CSA determination
of surface organometallic complexes and
the Al NMR study of surface aluminum
species. Finally, recent exciting advances
in SENS NMR spectroscopy selectively
increase the NMR signal of surface sites.
This gives information that is often impos-
sible with other solid-state spectroscopy
methods, and will push the study of surface
species and ultimately give new insights to
the molecular behavior of inorganic solids.
Further work in these directions is current-
ly under way.
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