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ABSTRACT: The structural characterization of supported molecular catalysts is challenging due to the low concentration of surface sites and
the presence of several organic/organometallic surface groups resulting from the often complex surface chemistry associated with support func-
tionalization. Here, we provide a complete atomic-scale description of all surface sites in a silica-supported iridium-N-heterocyclic carbene (Ir-
NHC) catalytic material, at all stages of its synthesis. By combining a suitable isotope labelling strategy with the implementation of multi-nuclear
dipolar recoupling DNP enhanced NMR experiments, the 3D structure of the Ir-NHC sites, as well as that of the synthesis intermediates were
determined. As a significant fraction of parent surface fragments does not react during the multi-step synthesis, site-selective experiments were
implemented to specifically probe proximities between the organometallic groups and the solid support. The NMR-derived structure of the
iridium sites points to a well-defined conformation. By interpreting extended x-ray absorption fine structure (EXAFS) spectroscopy and chem-
ical analysis data augmented by computational studies, the presence of two coordination geometries is demonstrated: Ir-NHC fragments coor-
dinated by a 1,5-cyclooctadiene and one Cl ligand, as well as, more surprisingly, a fragment coordinated by two NHC and two Cl ligands. This
study demonstrates a unique methodology to disclose individual surface structures in complex, multi-site environments, a long-standing chal-
lenge in the field of heterogeneous/supported catalysts, while revealing new, unexpected structural features of metallo-NHC supported sub-
strates. It also highlights the potentially large diversity of surface sites present in functional materials prepared by surface chemistry, an essential
knowledge to design materials with improved performances.

INTRODUCTION. Over the last forty years, tremendous efforts
have been devoted towards the development of supported molecu-
lar catalysts as a route to deliver highly efficient catalytic systems that
would combine the advantages of homogeneous catalysts with ease
of separation and recyclability of heterogeneous catalysts, in addi-
tion to avoiding deactivation processes via dimerization or aggrega-
tion processes, frequently encountered in solution with molecular
complexes."> However, despite these efforts, most supported sys-
tems have not met expectations in terms of catalytic performances,*
thus limiting their interest for further development and applications
in industrial settings. A major obstacle to this regard is the scarcity of
reliable analytical approaches to gain a detailed atomic-scale descrip-
tion of the structure of surface species formed during the functional-
ization of the supports. A wide range of techniques are in principle
available to characterize the surface of catalytic materials such as in-
frared (IR) spectroscopy, EXAFS (extended x-ray absorption fine

structure) or XPS (x-ray photoelectron spectroscopy). However,
these approaches alone cannot provide information on the local and
spatial arrangement of the active sites. In addition, they usually fail
to provide a correct description of surface species when those are
structurally diverse, e.g. when the catalytically relevant sites adopt
different coordination spheres or are surrounded by spectator
groups such as residual reaction intermediates. Thus, decoding the
full structural complexity of supported molecular catalysts remains
an unmet challenge. This lack of a detailed molecular picture con-
trasts with the level of definition currently obtained for enzymes as
an example of complex efficient catalysts and is currently a stumbling
block to establish refined structure-activity relationships and
thereby preventing rational catalysts development strategies.

In this context, solid-state NMR spectroscopy in combination with
magic angle spinning (MAS) has become the method of choice to
determine with atomic resolution the molecular structure of solids,



including supported catalysts in a variety of experimental condi-
tions.” However, this spectroscopy suffers from inherently low sen-
sitivity. This limitation is further exacerbated when the compound
of interest is located on a surface, i.e. represents a tiny fraction of the
sample, as is the case for immobilized catalysts. Hyperpolarization
techniques have recently opened new analytical opportunities in ca-
talysis.*® In particular, dynamic nuclear polarization (DNP) has
emerged as a powerful tool to examine dilute species at the surface
of materials,”'* an approach called DNP SENS (DNP surface en-
hanced NMR spectroscopy). Recent applications in heterogeneous
catalysis include the investigation of surface acidity in solid oxides,"

718 or the elucidation

16 the identification of reaction intermediates
of surface interactions,"”* to name but a few. DNP SENS has also
been applied to characterize the structure of surface organometallic
catalytic sites and probe their local environment.”** Major steps for-
ward have been recently achieved with the demonstration that the
full three-dimensional (3D) structure of single-site metal complexes
bound to amorphous silica or alumina surfaces could be probed by
DNP SENS.** This was done by implementing multi-nuclear
NMR experiments that provided a set of long-range structural con-
straints. Notably, internuclear proximities were experimentally
measured between the solid support and the surface ligands that
were used to determine the best-fit conformation of the organome-
tallic fragment, as a single well-defined structure.

However, in many cases, the surface structure of heterogeneous sup-
ported catalysts is far more complex. In particular, the active sites of
interest are often diluted among spectator species, i.e. among non-
catalytically relevant units. This further impacts the sensitivity of the
NMR experiments that could be implemented to target the detailed
conformation of the catalytic complexes. In addition, in such cases,
the multiple-site nature of the surface completely jeopardizes struc-
tural approaches based on the measurement of non-selective confor-
mational constraints. This seriously limits the possibility to exploit
the resulting models for reliable structure predictions. This is nota-
bly the case for catalysts prepared by incorporating complexes onto
pre-functionalized solid supports, i.e. prepared upon a series of sur-
face reactions. While the nature of anchoring sites and the grafting
mechanism is nowadays well-understood on plain oxide supports

like silica or alumina,***

the chemistry of functionalized surfaces
with organic ligands is far more challenging and complex, despite its
apparent great resemblance with molecular chemistry. Thus, this is
an area where the difficulty to predict the correct structure of the sur-
face catalytic sites is the highest while surface characterization would

be the most pertinent.

Here, we show that these limitations can be addressed by the imple-
mentation of a suitable isotope labelling strategy in combination
with dipolar recoupling DNP enhanced NMR methods that se/ec-
tively probe the proximity of the organometallic fragments to the
surface without the influence of passive sites. We demonstrate the
relevance and efficiency of this new approach with the determina-
tion of the 3D structure and distribution of conformer geometries
for an iridium-N-heterocyclic carbene (Ir-NHC) supported catalyst
containing multiple surface fragments all along its synthetic path-
way, from the imidazolium precursor through the Ag-NHC interme-
diate. This material was chosen as it has shown unprecedented activ-
ities in alkene hydrogenation, much higher than molecular ana-
logues, while the structure of the active sites remains elusive.**** We
find that extremely rich and chemically relevant insight can be ob-
tained by this methodology. Notably, the DNP SENS-derived struc-
ture evidences a well-defined structure with two different

coordination environments, one of them being counter-intuitive
and not accessible in solution, that we model by density functional
theory (DFT) calculations and EXAFS data. We also show that a
large fraction of the surface sites in the final catalyst corresponds to
unreacted imidazolium fragments. The incidence of these discover-
ies and of the unexpected structural complexity of the surface is dis-
cussed in terms of catalytic activity.

RESULTS AND DISCUSSION

Sample preparation and DNP formulation. The materials were
prepared by co-hydrolysis and co-condensation of 19 equiv. of tetra-
ethylorthosilicate (TEOS) with 1 equiv. of iodopropyltriethox-
ysilane in a sol-gel process using a templating route, in which the two
precursors were first pre-hydrolyzed in acidic condition (pH = 1.5)
and then co-condensed by the addition of NaF.** Sequencing the hy-
drolysis and condensation reactions ensures a good dispersion of the
surfactant and silylated precursor in the mixture. Thus, in principle,
this approach yields a regular distribution of the organic ligands in-
side the one-dimensional pore channels, **** here of diameter ~6 nm
and length ~1 ym, displaying a hexagonal 2D arrangement (Figure
1). However, it has been recently shown by Pruski and co-workers,
373% during the preparation of functional silica nanoparticles, that an-
other stepwise approach with a templating route in basic conditions
led to clusters of organic ligands due to the self-condensation of the
precursors. Thus, we cannot definitively rule out the fact that some
clusters of organic may be present on the surface.

Starting from a flexible iodopropyl fragment, a surface reaction
yielded the imidazolium functionalities. The surface alkoxysilane/si-
lanol groups were further transformed into trimethylsiloxane
(TMS) in order to avoid side reactions with surface silanols (so-
called surface passivation). This material is referred to as Mat-Im.
An Ag-NHC material (Mat-NHC-Ag) was then prepared by the ad-
dition of a soluble silver source (AgOC(CFs)s). The Ir-NHC mate-
rial (Mat-NHC-Ir) was finally obtained upon transmetallation with
the [IrCl(COD)]> molecular complex. A detailed description of the
synthesis is reported in the SI. Figure 1 describes schematically the
synthetic pathway and shows the various surface species produced
during the preparation of the catalytic material and investigated in
this work. Beside the presence of NHC ligands, Ir is likely stabilized
by other ligands, but the exact nature of the other ligands is not clear,
although chlorine ligands are expected to be present (vide infra). Six
isotopically-labelled materials were prepared, with *N labels at the
first (N1) or second position (N2) of the imidazolium ring: Mat(1)-
Im, Mat(1)-NHC-Ag, Mat(1)-NHC-Ir, Mat(2)-Im, Mat(2)-
NHC-Ag, Mat(2)-NHC-Ir. In all of them, the carbene (at position
C6) was "*C-labeled. This was intended to provide structural infor-
mation on the orientation of the imidazole ring. The CH; groups of
the surface trimethylsiloxyl and of the mesityl moieties were deuter-
ated in order to ensure long DNP polarization build-up times and
high DNP enhancement factors.”

All the NMR spectra were recorded under DNP conditions at a mag-
netic field of 9.4 T (see the Experimental Section for details). The
samples were prepared by impregnating the dry powder with a po-
larizing solution of 1,1,2,2-tetrachloroethane (TCE) containing
TEKPOL®" radical at a concentration of 16 mM. Proton enhance-
ment factors of between 30 and 100 were typically measured at ~110
K. The relatively large size of the TEKPOL molecules ensures that
they will not thoroughly enter the longitudinal pores of the silica ma-
trix*' and that the surface sites will be polarized by spin diffusion
through the solvent inside the pore. DNP data measured on model



mesoporous silica supports prepared with the same sol-gel process
yielded a contribution factor of 0.8, indicating that TEKPOL only
penetrates in the first ~10% of the pore volume (Figure $23). This
is a key experimental aspect, implying that relatively long nuclear
transverse coherence lifetimes (73") will be preserved for surface
species not in contact with the radical. This will enable the imple-
mentation of efficient solvent suppression schemes and, more im-
portantly of dipolar recoupling experiments.
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Figure 1. Schematic representation of the reaction pathway that leads to
the preparation of the Mat-NHC-Ir material. The numbers used to
identify the various carbon, nitrogen and silicon atoms is indicated in
blue, purple and red respectively. The positions where *N and *C labels
were introduced are underlined. (I) Post-reactions to give an
imidazolium-containing material with deuterated mesityl rings and
TMS groups. (II) AgOC(CFs); in CH;CN at 25 °C in the absence of
light. (IIT) [Ir(COD)Cl]zin CH3CN at 60 °C in the absence of light.
Details are given in the SI.

Resonance assignment and evidence for multiple surface species.
The 'H, ®C, N and *Si NMR resonances of the imidazolium pre-
cursor and of the silver and iridium complexes were assigned from
one-dimensional (1D) DNP-enhanced cross-polarization (CP) and
two-dimensional (2D) heteronuclear correlation (HETCOR)
NMR spectra. Figure 2 shows the *C and "N CPMAS spectra of
Mat(1)-Im, Mat(1)-NHC-Ag and Mat(1)-NHC-Ir. The 2D 'H-
BC HETCOR spectra are reported in Figure S9, while Figure S10
displays *’Si NMR data. The 2D 'H-"C HETCOR spectra show all
the expected correlations. In particular, the silver and iridium car-
benes (C6’ and C6”) receive polarization during CP from both ali-
phatic protons of the propyl chain and from aromatic protons of the
NHC ring. Figure 2(d) shows the silicon-29 CPMAS spectrum of
Mat(1)-Im. The Si NMR spectra of the other materials were iden-
tical (Figure S11). They all display four resonances that are assigned
to the TMS groups at around 0 ppm, to the Tj sites at -80 ppm and
to the Qg and Qy’ sites at respectively -120 and -114 ppm. The QJ’
sites correspond to silicon atoms of the matrix directly bound to the
TMS groups. The Q4 and Q4’ signals were deconvoluted for the anal-
ysis of the REDOR curves (vide infra). Correlations are observed
with some aliphatic and aromatic protons of the organic fragment
and possibly with the TCE proton resonance expected at around 6
ppmy, as illustrated in Figure $10 for Mat(1)-Im. The NMR chemi-
cal shifts are reported in Table S6.
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Figure 2. One-dimensional DNP enhanced CPMAS “C and "N NMR
spectra of (a) Mat(1)-Im, (b) Mat(1)-NHC-Ag and (c) Mat(1)-
NHC-Ir. The asterisk * corresponds to the spinning side -band of the C6
resonance. The *C spectra were recorded with solvent suppression. (d)
One-dimensional *Si CPMAS spectrum of Mat(1)-Im. T; sites refer to
silicon sites with three Si-O-Si bonds and one Si-C bond and Qusites to
silicon sites with four Si-O-Si bonds. Silicon Qs sites linked to a TMS
group were labeled Q4" according to the scheme of Figure 1. The Q4
resonance was assigned in reference 35 from a *Si-**Si INADEQUATE
experiment. Experimental details are reported in the SI, as well as two-
dimensional 'H-"*C and "H-*Si correlation spectra.

The analysis of the NMR spectra allowed not only the identification
of the resonances of each surface species, but also enabled one to
monitor the chemical reactions carried out on the surface function-
alities. The resonance of the *C-labelled C6 carbon in the NMR
spectrum of Mat(1)-Im can be readily identified from its huge in-
tensity at 133.7 ppm in Figure 2(a). The conversion of the imidazo-
lium precursor to the silver complex is evidenced by the appearance
of a new resonance at 178.6 ppm corresponding to the C6’ carbon of
the silver complex in Figure 2(b). A resonance at around the same
chemical shift C6” is observed in the *C spectrum of Mat(1)-NHC-
Ir (Figure 2(c)). The C6 signal that corresponds to the imidazolium
unit is however still present in spectrum of Figure 2(b), which indi-
cates that the conversion from the imidazolium fragment to the in-
termediate silver complex is not complete, and that a significant
amount of the surface imidazolium fragment remains on the surface.
This is corroborated by the N NMR spectrum of Mat(1)-Ag-
NHC that displays two resonances. Conversely, a single broad peak



is observed on the "N NMR spectrum of Mat(1)-Ir-NHC, which
reveals that the transmetallation step is quantitative and the NHC-
Ag surface species are no longer present in the iridium material. In
summary, the Mat(1)-NHC-Ag and Mat(1)-NHC-Ir materials are
composed of a mixture of surface species, namely the imidazolium
precursor in addition to the Ag-NHC or the Ir-NHC surface com-
plexes respectively. Similar observations were made with the materi-
als having a "*N-label at position 2 of the imidazolium NHC ring
(Figure S12). We note that the *C and the "N NMR spectra of Fig-
ure 2 were recorded using a cross-polarization step from protons,
and therefore are not quantitative. In order to obtain quantitative es-
timates on the reaction yields, carbon-13 single pulse experiments
were recorded on Mat(1)-NHC-Ag, Mat(1)-NHC-Ir, Mat(2)-
NHC-Ag and Mat(1)-NHC-Ir (Figure S13). If the recycle delay is
long enough to allow all carbon-13 spins to go back to equilibrium,
the ratio of peak integrals for the C6 resonance (including the spin-
ning sidebands) provides the conversion yield from the imidazolium
precursor to the silver intermediate, and from this latter to the Ir
complex, in the fraction of surface species observed by DNP SENS.
Similar experiments were conducted on Mat(2)-NHC-Ag and
Mat(2)-NHC-Ir materials. Estimation of the reaction yields, as seen
from NMR spectroscopy, are summarized in Figure S14. Overall, be-
tween 25 and 30% of the imidazolium functionalities are converted
to silver complexes, and between 15 and 20% from parent imidazo-
lium functionalities are in-fine converted in iridium complexes.
These values suggest that, while the transmetallation process is com-
plete, a fraction of the Ag complexes is converted back to imidazo-
lium moieties. Here, we note that these yields are inaccessible by
conventional methods such as chemical titration, as insoluble silver
salts are released that stick on the surface of the solid support after
transmetallation. NMR in combination with isotopic labelling is
therefore the only way to obtain of a rough estimation of the surface
reaction yields.

The presence of two distinct surface species in Mat-NHC-Ag and
Mat-NHC-Ir, namely the imidazolium unit and the metallic com-
plexes, drastically complicates the structural characterization of the
surface sites in these materials. This difficulty is further amplified by
the fact that, except for the C6 signal, all the other carbon resonances
of the imidazolium precursor, of the silver and of the iridium com-
plexes have similar chemical shifts. Similarly, the N resonances of
the imidazolium ligand and of the Ag/Ir-NHC complexes are at the
same position or are extremely close, and thus cannot be exploited
as species-specific probe nuclei. As described in the next section, sev-
eral advanced NMR strategies were developed, including the imple-
mentation of frequency-selective experiments, in order to determine
the ensemble of structures of each surface functionality.

Distance constraint measurements. As the nitrogen atoms, either
N1 or N2, and the carbon C6 are respectively *N- or *C-labelled, a
suite of BC-{N1}, BC-{*N2}, »Si-{N1}, ¥Si-{N2} and >Si-
{"C6} Rotational Echo Double Resonance (REDOR) experi-
ments* were implemented to probe long-range structural distances.

REDOR experiments rely on the reintroduction of the MAS-
averaged heteronuclear dipolar coupling between two (assumed)
isolated spins X and Y. This is achieved by applying a series of rotor-
synchronized m-pulses on the Y channel (Figure S15). The trans-
verse magnetization of the X spin undergoes a dipolar dephasing that
leads to an attenuation of the signal intensity S with increasing length
of the echo periods. A control experiment is recorded, in the absence
of m-pulses on the Y channel, in which the intensity So accounts only
for 73’ losses. The ratio S/So as a function of the echo time provides
a dephasing from which the dipolar coupling, and thus the internu-
clear distance can be extracted.

Conventional REDOR experiments implemented on Mat(1)-Im
and Mat(2)-Im yielded a set of 10 dipolar dephasing curves as
shown in Figure 3. We note that some proximities could not be
probed because the signal-to-noise ratio was insufficient, as was the
case for the Sitms-N2 or C2-N2 proximities. As mentioned previ-
ously, the C6 carbene signal has a different chemical shift in the im-
idazolium precursor and in the organometallic complexes. In order
to selectively measure structural constraints in these latter frag-
ments, Frequency-Selective (FS) REDOR experiments* were im-
plemented where a selective pulse was applied on the C6 resonance
of the silver or iridium complex. This led to the measurements of 3
non-ambiguous spatial proximities between the C6 carbon and sili-
con sites in Mat(1)-NHC-Ag and Mat(1)-NHC-Ir. As the "*N res-
onances of the imidazolium unit and those of the organometallic
complexes are extremely close, if not the same, *Si-{'"N} FS
REDOR could not be meaningfully carried out to measure proximi-
ties between the silica matrix and the N probe nuclei of the organ-
ometallic functionalities. Nevertheless, conventional (i.e. non-selec-
tive) Si-{"*N} REDOR experiments were recorded on Mat(1)-
NHC-Ag, Mat(2)-NHC-Ag, Mat(1)-NHC-Ir and Mat(2)-NHC-
Ir and analyzed from the knowledge of the dipolar dephasing curves
measured on Mat(1)-Im and Mat(2)-Im. Indeed, in these cases, the
dipolar dephasing curves are a sum of two decays, corresponding to
*Si sites close to the imidazolium precursor as well as to sites near
the silver or the iridium complex. The weight of each fraction in this
sum corresponds to the relative quantity of species present at the sur-
face of the silica matrix, as determined above. The »Si-{"*N}
REDOR curves measured on Mat(1)-Im, Mat(1)-NHC-Ag and
Mat(1)-NHC-Ir were compared (Figure $19 and S20). They ex-
hibit a fairly similar dephasing for the imidazolium precursor mate-
rial on the one hand and the silver- or the iridium-NHC material on
the other hand. Therefore, the non-selective *Si-{"*"N} REDOR
curves recorded on Mat-NHC-Ag and Mat-NHC-Ir were used in
the structure calculation protocol of the Ag-NHC and Ir-NHC func-
tionalities. Thus, for these latter, 7 long-range constraints were taken
into account. Here we note that the signal intensity of silicon Q4
sites was obtained by deconvoluting the main resonance at around -
120 ppm (Figure S11). The REDOR curves for the Qg sites were not
considered in the structure calculation.
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Figure 3. Experimental dipolar dephasing REDOR curves measured on the imidazolium precursor ((A), rex box), the silver ((B), green box) and
iridium materials ((C) blue box). The Si-{C6} curves reported here were measured on Mat(1)-Im, Mat(1)-NHC-Ag and Mat(1)-NHC-Ir. The solid
red, green and blue lines are REDOR curves calculated from internuclear distances directly measured on the structures in best agreement with the
experimental data (i.e. they do not result from the fit of the dephasing curves). The internuclear distances measured in these structures are reported for

each curve.

Protocol for structure determination. The three-dimensional
structure of the imidazolium precursor, the silver-based interme-
diate complex and the iridium-based catalyst were determined by
applying the protocol introduced for the Pt-NHC complex by
Berruyer et a/*® and adapted to the specificities of the systems in-
vestigated here. The overall procedure is detailed in the SI (Figure
S$16). As the molecular structure of the surface species is of small
size and in addition, anchored to a solid support, the number of
conformational degrees of freedom is limited. Seven rotation an-
gles were considered as depicted in Figure 3(D) and, on the basis
of previously developed models of silica surfaces,* three repre-
sentative values of 4.50 A, 5.59 A and 5.83 A were investigated for
the distance between the Sir; and Siqs atoms. The rotation around
o, within the TMS group was set to an arbitrary value, while the
rotation around oy was set to 120°, i.e. the value found from the X-
ray data set on the homogeneous analog of the Ir-NHC catalyst.*
The conformational space was sampled by varying oL, 03, L4, Os,
and o angles independently by increments of 15° so as to generate
a large pool of candidate structures. For each candidate structure,
REDOR curves were calculated using the analytical expression for
S/So (as reported in the SI). The deviation between the predicted
data for a given structure and the experimental data was then com-
puted by calculating the sum of squared residuals for all the

REDOR curves. The structure in best agreement with the experi-
mental data is defined as the one with the lowest deviation value,
R. As mentioned above, for the Mat-Im material, a set of 10
REDOR curves were jointly analyzed, while only 7 curves were
considered for the Mat-NHC-Ag and Mat-NHC-Ir materials. As
detailed in the SI, cross validation was applied using random sub-
sampling of experimental data (i.e. a number of points was ran-
domly removed from the experimental REDOR curve) to deter-
mine the ensemble of structures. In each case, the cross-validation
process was repeated 200 times and the best fit structure was
stored. The ensemble of best fit structures yields the distribution
of possible structures at the surface. Before structure calculation,
the scaling factor of each REDOR curve was determined from
REDOR data corresponding to internuclear distances that are
fixed in the molecular geometry (Figure S17 and S18).

Three-dimensional structures derived from the DNP SENS
data. The single 3D structures in best agreement with the experi-
mental data are shown in Figure S21 for the imidazolium precur-
sor, the Ag-NHC and Ir-NHC complexes. The corresponding
REDOR curves, calculated from these best fit structures using the
analytical expression of S/So, are superimposed on the experi-
mental REDOR data of Figure 3. While the imidazolium function-
ality appears to be folded towards the surface, with internuclear



distances to the silicon T?3 sites that are analogous to those meas-
ured on the Pt-NHC (Table S7), the Ag- and Ir-NHC moieties dis-
play rather extended conformations. In none of the structures is a
close proximity between the C6 (or C6’ and C6”) carbon and the
oxygen of the TMS group detected. Figure 4 shows the ensemble
of best fit structures obtained from the cross-validation process for
the three types of surface species. For the imidazolium precursor,
two distinct and relatively symmetric sets of ensembles were found
where the ol and o angles differ by around 180°. Within these two
sets of ensembles, 7 (for the left set) and 8 (for the right set) dif-
ferent structures were obtained, yielding RMSD values (calculated
on the carbons of the tether and on the two nitrogen atoms) within
each ensemble of respectively 2.17 and 0.84 A. A similar process
was applied to validate the structure of the silver and iridium com-
plexes, and to access the ensemble of conformations. For the silver
complex, a total of 11 different structures were found, with an
RMSD of 3.49 A. Similarly, an ensemble of 14 structures were
found for the iridium complex, with an RMSD 0f 0.89 A. The struc-
tures of Figure S21 and Figure 4 were calculated with a distance of
5.59 A between the Siqs and the Sir; sites. For the imidazolium

precursor, calculations were also done for two other distances of
4.50 and 5.83 A derived from the amorphous silica surface model
by Ugliengo et al* In these two cases, the best fit structure was the
same as that determined for a 5.59 A distance. Here we note that
these ensembles of structures represent a set of static models that
are in agreement with the experimental data. As such, they do not
provide clues for molecular dynamics at ambient temperature.

While the ensemble of structures obtained for the surface silver
complex is relatively broad with a RMSD value of 3.49 A, a much
more limited set of conformations was derived from the calcula-
tion protocol for the Ir-NHC fragment. Although only 7 structural
constraints were used in the calculation versus 10 for the surface
imidazolium fragment, a well-defined structure with a RMSD of
0.89 A emerged for the surface iridium complex. However, unlike
the initial expectations, the structure clearly shows that the Ir-
NHC fragment is not folded back onto the surface but rather
points outward into the porous cavity. In particular, the distance
between the iridium and the oxygen atom that resides between the
Siqs and Sirws is 7.6 A.

Figure 4. Ensemble of conformers obtained for the three surface species: the imidazolium precursor (a), the Ag-NHC intermediate complex (b), and

the Ir-NHC catalytic complex (c). The structures were superimposed by aligning the Sirs, Siqs” and O attached to the Siqs. These ensembles are
calculated from the NMR REDOR curves. In b) and c) an Ag and Ir atoms have been added to highlight the orientation of the metal center (note
however that the structures determined at this stage do not represent the final models).

Thus, in the 3D structure derived from the DNP SENS data, the irid-
ium metal center is clearly not coordinated by this surface oxygen,
nor by any other surface oxygen atoms. We note here that the main
difference in the set of constraints used to calculate the structure of
the silver and iridium functionalities lies in the Sirms-{ C6} dephasing
curve. Figure $24 compares the *’Si-{"*C6} experimental data meas-
ured on the three materials.

The structure calculation protocol used here was adapted from ref-
erence 35 where it was benchmarked on a model Pt fragment that
was selected as a representative catalytic surface site. In this proof-of-
concept study by Berruyer et al, the possible presence of multiple
surface species has been overlooked. Because we have now intro-
duced a "*C label at the C6 position of the imidazolium/NHC ring,
large amounts of unreacted surface organic fragments became clearly
visible. The presence of these “spectator species” was considered
here in structure determination, via the implementation of site-selec-
tive distance measurements. In addition, this more elaborate label-
ling strategy allowed one to use of a larger variety of structural

constraints to calculate structures along the chain of surface chemis-
try reactions.

Extended X-ray Absorption Fine Structure (EXAFS) of Mat-
NHC-Ir. In order to obtain insight into the (average) coordination
environment of iridium in the Ir-NHC material, EXAFS analysis was
performed. Figure S25 shows the EXAFS data measured on the Mat-
NHC-Ir material and Table 1 indicates the number and nature of at-
oms surrounding the iridium center as a result of the fitting proce-
dure. In this first fit, one Cl atom was postulated (model A). The data
in Table 1 suggest that the number of carbon neighbors around the
Ir center is 3 £ 1 at 2.11 + 0.02 A along with the Cl atom at 2.39 +
0.02 A. However, adding oxygen atoms in the coordination sphere
of the iridium center does not improve the fit, indicating that in these
materials with high ligand density, there is no (or little) interaction
(binding) of Ir with the oxygen surface functionalities. However, the
EXAFS data and the NMR-derived structure suggest a different
number of carbon ligands: 3 carbon atoms nearby the iridium for
EXAFS vs. only one carbon for NMR-derived structure (see below).



Table 1. EXAFS fit parameters for the Ir Ls-edge spectrum of Mat(1)-
NHC-Ir.

Model | neighbor | N* o* (A?)* R (A)*

A C 3(1) 0.006 (2) 2.11(2)
Cl * 0.007 (2) 239 (2)

B C 23(7)  0.006(3) 2.10 (2)
Cl 1.5* 0.010(2) 238 (2)

“Number of specified neighbors. “Debye-Waller factor. ‘Distance between Ir metal cen-
ter to the specified neighbors. *Fixed parameter in the fit.

Iridium coordination sphere. To resolve this apparent discrepancy
between the DNP SENS-derived structural model of the Ir-NHC
complex and the EXAFS data, two coordination environments were
considered: an Ir-NHC fragment coordinated by a 1,5-cyclooctadi-
ene (COD) ligand and a bis-NHC Ir complex. This latter environ-
ment is postulated given the relatively high density of imidazolium
units in the starting material and the possibility for the Iridium center
to coordinate two NHC units.

Figure 5: (a) and (b) Chemical structures of the [Ir(NHC)(COD)Cl]
and the [Ir(NHC).CL] ligands, respectively, on the silica surface and
within Mat-NHC-Ir. (c) and (d) Three-dimensional structure of the
two types of complexes, after DFT geometry optimization, starting from
the experimentally determined best fit structure of the Ir-NHC complex.

As detailed in the synthesis protocol, the iridium center is introduced
via a [Ir(COD)Cl]> molecular complex. We therefore first postu-
lated that the COD ligand might still be present around the surface
Ir metal centers, stabilizing the whole organometallic complex (Fig-
ure 5(a)). In order to validate this hypothesis, Mat-NHC-Ir was sus-
pended in dry toluene and put under 3 bars of H: and the amount of
cyclooctane released after hydrogenation was quantified to estimate
the number of COD coordinated to the Ir centers in the material.
The data show that ca. 45 % of the Ir sites contain a residual COD
ligand (details in the SI). We note here that the *C NMR resonances
of the COD ligand (expected at around 30 ppm for the methylene
signals, and at around S0 ppm and 80 ppm for the sp” carbon atoms)
could not be unambiguously observed in the DNP SENS "“C spectra
of Figure 2c, as they are masked by the huge solvent resonance and

by the aliphatic resonances of the propyl tether of the organic ligand.
We note however that in the 2D '"H-"*C HETCOR spectrum of the
Mat-NHC-Ir material reported in Figure $9(c), weak cross-peaks,
e.g.ataround (;,02) = (78 ppm, 2 ppm) are observed that could be
consistent with the presence of COD. Similarly, *C-{*N} REDOR
spectra recorded after recoupling times of a few ms and where the
solvent signal is efficiently suppressed by fast transverse dephasing,
reveal the presence of a weak resonance at ~78 ppm, which might
correspond to one of the two CH resonance. To confirm our hypoth-
esis, room temperature ultra-fast MAS 'H 1D and 2D double-quan-
tum single-quantum NMR experiments were acquired on the
Mat(1)-NHC-Ir (Figure S26 and S27). They reveal new resonances
that agree with the presence of COD moieties. We note that the pres-
ence of remaining COD ligands explains why the number of coordi-
nating carbons obtained from the fit of the EXAFS data is higher than
our initial expectation.

The chemical analysis mentioned above shows that roughly half of
the Ir sites are coordinated by a COD ligand. A second coordination
structure was therefore investigated, where the Ir metal center is sur-
rounded by two NHC ligands (Figure 5(b)). Such structures are
well-known in homogeneous catalysis,” but have never been spec-
troscopically confirmed so far for supported complexes as the isola-
tion of the surface sites usually prevent the formation of such edi-
fices. Figure 6(a) shows the 2D *CINADEQUATE NMR spectrum
recorded on Mat(1)-Ir-NHC under DNP conditions. A clear DQ-
SQ correlation is observed at (®1,02) = (356 ppm, 178 ppm) that
indicates the presence of C6”-C6” through-bond coupling for some
of the surface Ir-NHC species. A carbon-carbon / coupling of about
25 £2 Hzis estimated from the evolution of the C6” signal intensity
as a function of the reconversion period in 1D INADEQUATE
NMR spectra (Figure 6(b)). These experiments demonstrate the
presence of supported bis-NHC iridium complexes.

Density functional theory (DFT) geometry optimizations, starting
from the experimentally determined best fit structure of the Ir-NHC
complex were performed for both types of Ir coordination. One and
two chlorine atoms were added in the local iridium coordination
sphere for the NHC(COD) and bis-NHC complexes, respectively.
Extracts of the optimized structures are shown in Figure 5(c) and
(d), with full coordinates being provided in the SI. The bis-NHC
iridium complex is anionic, with counterions being possibly silver
cations remaining from the multi-step synthesis. The C6 chemical
shifts calculated on the full DFT-optimized 3D structures (Table
S8) as well as on model Ir complexes (Table S9), are in reasonable
agreement with the experimentally observed shift at around 178
ppm. These calculations provide additional support for the coordi-
nation sphere proposed here for the two supported complexes.

We note that a mixture of these two structures in a roughly 0.45 (for
the I-NHC complex with a COD ligand) to 0.55 (for the Ir-bis-
NHC species) ratio (according to the COD titration mentioned
preaceviously and reported in the SI) would lead to an average num-
ber of carbon atoms around the metal center of 3.35. This number
agrees relatively well with the EXAFS data that were again fitted us-
ing 1.5 Cl atom (model B), and provide a number of 2.3+0.7 car-
bons. Importantly, the orientation of the C6-Ir bond points away
from the silica surface, as in the NMR derived-structure (Figure
4(c)), and is compatible with the coordination by a COD ligand or
by two NHC fragments. Finally, we note that the *Si-{C6} REDOR
curves calculated from internuclear distances measured on a 1:1 ra-
tio of the two optimized structures are in good agreement with the
site-selective experimental ones as show in Figure S30.



Implications for the catalytic activity. Our study reveals a large di-
versity of structures onto the catalytic surface. This surface is occu-
pied by a significant fraction of leftover organic fragments (around
70%), a surprising result as the formation of the Ag-NHC complex
from the imidazolium units using molecular homologues in solution
is quantitative. This observation can be explained by the fact that the
imidazolium surface fragment displays a possibly broad range of
structures that are folded towards the surface, which may prevent its
accessibility and reactivity, leading to a low metalation rate. This
finding illustrates that major reactivity differences can be observed
between solution and surface chemistries.

Our study also demonstrates the presence of two types of Ir-NHC
sites in a roughly similar ratio, among which an Ir bis-NHC complex
that was completely unexpected and observed here for the first time
in a supported catalyst. The two types of Ir-NHC complexes appear
as well-defined structures, stabilized by COD and/or chloride lig-
ands.
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Figure 6. (a) Two-dimensional DNP enhanced “C refocused
INADEQUATE spectrum of Mat(1)-NHC-Ir. Experimental details are
given in the legend of Figure S28. The asterisk indicates a spinning
sideband. The 1D carbon-13 CPMAS spectrum is shown above the 2D
plot. (b) Modulation of the C6” signal intensity recorded in 1D
INADEQUATE spectra as a function of the second delay t2. The first
delay 11 was set to 8 ms.

A structure where the Ir center was coordinated by surface oxygen
atoms was previously proposed by us in Ir-NHC materials prepared
with a lower concentration of surface imidazolium fragments (using
a TEOS:organosilane ratio of 30% versus 19 here). This lower den-
sity leads to more isolated sites and likely prevents the coordination
of two NHC ligands on one Ir center. Additionally, only traces of
COD were observed in this material. Here, the high density of sur-
face NHC groups explains the residual presence of the COD ligand
on the Ir mono-NHC sites as well as the formation of Ir bis-NHC
complexes. Thus, various initial concentrations of ligands on func-
tionalized surfaces may lead not only to different structures of organ-
ometallic complexes but also to the co-existence of several active

sites. This is again a key observation, showing that tiny differences in
the preparation of functional solids can lead to dramatic differences
in the nature of the surface sites. However, it is worth pointing out
that the catalytic activity per iridium atom of the two Ir-NHC mate-
rials prepared with two different density of sites is exactly the same,
both types of materials being highly active and productive in alkene
hydrogenation.

In order to compare the activity of the two materials, the following
catalytic tests were performed: hydrogenation of trans-stilbene was
carried out using ca. 0.1 mol% of Ir under 3 bars of H. at 40°C during
18 hours. The results show very similar TOF (turn over frequency)
and TON (turn over number) for both solids (TOF (TON): 47 h*!
(800) vs 42 h' (755), for the present material and for the previously
prepared one, respectively), pointing out that the catalytic activity
per iridium atom is similar and that both materials are equally highly
active and productive in alkene hydrogenation. These results also
suggest that both Ir-mono-NHC and Ir-bis-NHC sites are similarly
active in catalysis. However, developing a solid containing exclu-
sively Ir-bis-NHC surface sites, for example using an even higher site
density, would be essential to fully understand and quantify the in-
trinsic catalytic performance of mono- and bis-NHC species.

Although the catalytic performance is unchanged, the ability to pre-
pare mono- or bis-NHC iridium surface sites depending on the site
density is an important discovery that paves the way to the develop-
ment of single-site supported catalysts containing one or the other
complex.

CONCLUSION

The atomic-scale structure of all the surface sites present in a catalyt-
ically active mesostructured silica material containing Iridium N-
heterocyclic carbene complexes was determined by DNP enhanced
multi-nuclear and multi-dimensional NMR spectroscopy. The struc-
tures of the synthesis intermediates that precede the formation of the
Ir complex along the synthesis pathway were also investigated. We
showed that unreacted organic precursors (surface imidazolium
fragments) represent a significant fraction of the surface species in
the iridium- and silver-based materials (in contrast to what is ob-
served in solution using molecular homologues). The presence of
several surface sites substantially complicates the structural investi-
gation. To overcome this challenge, dedicated site-selective NMR
strategies were implemented. The structure determination protocol
converged to an atomic-scale conformation where the Ir center is
pointing away from the silica surface, excluding the coordination by
surface oxygen atoms. By interpreting jointly EXAFS and chemical
analysis data, two different Ir coordination spheres were proposed
and experimentally confirmed: an Ir-NHC fragment coordinated by
a 1,5-cyclooctadiene (COD) ligand and an anionic Ir bis-NHC com-
plex.

This latter structure represents an unexpected finding. While major
advances have been made on oxide supports like silica, where the na-
ture of anchoring sites and the grafting mechanism are nowadays
well-understood thanks to surface organometallic chemistry,’'** the
chemistry of functionalized surfaces with organic ligands is far more
challenging and possibly complex, despite its apparent greater re-
semblance with molecular chemistry. In particular, key differences
may occur between the chemistry in solution and in the solid state,
where the conformation, the distribution and proximity of the or-
ganic/organometallic groups within the materials as well as their in-
teractions with the oxide framework can drastically modify the
chemical structure and reactivity of the surface sites, yielding



structures differing from what could be expected in solution. This is
illustrated here with the structure of an anionic Ir bis-NHC, revealed
here for the first time on a surface and that could not be formed in
solution.

Our work not only highlights the great complexity of catalytic mate-
rials prepared by surface functionalization, where mixtures of active
sites and leftover starting groups may be present, impacting catalytic
applications, but also demonstrates the unique capability of DNP
SENS DNP SENS in combination with EXAFS and advanced DFT
methods to decode this complexity at all stages of the synthesis. The
NMR data and the calculation process led to catalytic structures that
were initially not postulated nor expected but that could be rational-
ized experimentally, thus validating the soundness of the structure
determination approach.

The rational development of heterogeneous catalysts in the future is
expected to proceed through the determination of 3D structures.
Our study demonstrates that this goal is now within reach, including
on complex, multiple-site catalytic surfaces.

EXPERIMENTAL SECTION

Synthesis of the Materials. Details regarding the synthesis of the six
materials are given in the SI, together with elemental analysis and so-
lution NMR data. Catalytic tests are also reported.

NMR Spectroscopy. All DNP SENS experiments were conducted
on a Bruker solid-state DNP NMR spectrometer. It consists of a
wide-bore 9.4 T magnet (@n/(27) = 400 MHz, masi/ (21) = 79.5
MHz, ®13c/(21) = 100 MHz, misn/(27) = 40.5 MHz) equipped
with an AVANCE III HD console and a triple resonance 3.2 mm
low-temperature CPMAS probe. The probe was used in three differ-
ent configurations, '"H-"C-"N, 'H-*’Si-"N, and 'H-"*C-*’Si with the
appropriate insert for each configuration. DNP was achieved by irra-
diating the sample with microwaves (mw) generated by a fixed fre-
quency gyrotron (263 GHz) and delivered to the probe by a corru-
gated waveguide.” Sapphire rotors were used (with Vespel caps) for
optimal microwave penetration and resistance to low temperatures.
The cross-effect matching condition was set to the maximum posi-
tive enhancement of TEKPOL by sweeping the coil of the spectrom-
eter magnet. The microwave power was optimized to get the highest
proton enhancement on the solvent for each sample. The REDOR
DNP SENS data were acquired with a spinning frequency of 10 kHz
at sample temperature of approximately 110 K. SPINAL64" was
used for "H heteronuclear decoupling with 100 kHz 'H nutation fre-
quencies. Experimental details for the “C-{"*N}, *Si-{"*C}, *Si-
{*N} REDOR and for *Si-{"*C} FS-REDOR experiments (number
of scans, experimental times, number of points in each curve...) are
summarized in Table S2, S3 and S4. For FS-REDOR, selective inver-
sion of the C6 resonance was achieved using a Gaussian cascade Q3
shaped excitation pulse® of 0.8 ms. Before structure calculation, the
scaling factor of each REDOR curve was determined from REDOR
and FS-REDOR data corresponding to internuclear distances that
are fixed in the molecular geometry as described in the SI. TEKPOL
radical was provided by Prof. Olivier Ouari (Aix-Marseille Univer-
sity) and prepared according to the synthesis reported in reference
40

Extended X-ray Absorption Fine Structure (EXAFS). XAS meas-
urements were carried out at the Ir Ls-edge at the SuperXAS beam-
line at SLS (PS], Villigen, Switzerland). The storage ring was oper-
ated at 2.4 GeV in top-up mode with a ring current of around 400
mA. The incident photon beam provided by a 2.9 T super bend

magnet source was selected by a Si(111) quick-EXAFS monochrom-
ator and the rejection of higher harmonics and focusing were
achieved by a rhodium-coated collimating mirror at 2.8 mrad and a
rhodium-coated torroidal mirror at 2.8 mrad. The beam size on the
sample was 100 x 100 ym. During the measurements the mono-
chromator was rotating with 10 Hz frequency in 2 deg angular range
and X-ray absorption spectra were collected in transmission mode
using ionization chambers specially developed for quick data collec-
tion with 1 MHz frequency.”. The spectra were collected for 2 min
and averaged. Calibration of the beamline energy was performed us-
ing Pt reference foil (Pt Ls-edge position at 11564 eV). To avoid con-
tact with air all samples were filled in quartz capillaries (0.01 mm wall
thickness, 0.9 mm outer diameter; Hilgenberg GmbH) in a glovebox
and sealed with Apiezon vacuum grease and wax, and stored in glass
tubes under argon that were opened just before the measurements.
Data were analyzed by standard procedures® using Ifeffit program
package.” The EXAFS data were fitted in R-space (1-2.4 A) aftera
Fourier transform (k =3-12.5 A™ ) using a k-weight of 3. S0 values
were obtained by fitting IrO, for Ir Ls edge.

Computation for the Structure Determination Procedure. The
overall procedure is detailed in Figure S25. Calculations were per-
formed using MathWorks Matlab software (versions R2016A or
R2018B). The processed Topspin NMR data were imported into
MatLab with the ReadBruker2D script developed by the National
Magnetic Resonance Facility at Madison (NMRFAM) of the Uni-
versity of Wisconsin-Madison, published under the GNU General
Public License v3. Deconvolution was performed using the peakfit
v2.0 MatLab script available on the MathWorks File Exchange plat-
form under BSD license.

Computational Modeling. Density functional theory (DFT) calcu-
lations were performed with the Amsterdam Density Functional
(ADF) software suite, version 2019°** using the Graham supercom-
puter (Compute Ontario/University of Waterloo) within the Com-
pute Canada network. The procedures used in the present study are
highly similar to those reported in the literature.” Full details, includ-
ing modifications to the prior protocol, can be found in the Support-
ing Information. Realistic amorphous silica surface models were cre-
ated starting from those published previously by Ugliengo et a/* For
the imidazolium precursor and the Ag-NHC intermediate complex,
the appropriate ligand was then placed on the silica surface model in
the conformation predicted from the DNP SENS NMR data, along
with a TMS moiety but with modifications necessary to accommo-
date the silica surface and tether the ligand in a sensible place. The
most substantial change made was the Sirs-Siqs distance, which was
not determined precisely during this study. All starting geometries
(ie., prior to any optimization) can be found in the SL

All geometry optimizations under DFT were carried out at the gen-
eralized gradient approximation (GGA) level of theory using the
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation func-
tional.*** Dispersion effects were included using the four parameter
formulation suggested by Grimme and co-workers,”” which was in-
voked using the ‘Disperson Grimme3 BJDAMP’ string. Effects due
to the TCE solvent molecules were treated using the COnductor-
like Screening Model (COSMO),**® as implemented in ADF.*' For
geometry optimizations, relativistic effects were included at the sca-
lar level under the zeroth-order regular approximation (ZORA).*%
Calculations typically used triple-{ basis sets (either “TZP’ or “TZ2P’
according to the ADF naming scheme), although in some instances
alternative basis sets were used (see Supporting Information for de-
tails).



Typically, after placing the ligand and the TMS group on the silica
surface, a full geometry optimization of the cluster was performed.
Exceptions are outlined in the SI. The optimization calculations used
frozen core basis sets (excepting H, which was all-electron). Opti-
mized geometries for species associated with Mat-NHC-Ir are de-
picted in Figure S, and all structures are provided in the SI (in .mol2
and .xyz formats). Full details regarding all options and processes
used for the DFT computations can be found in the SI. Cluster sizes
used during the geometry optimizations noted above ranged from
276 to 425 atoms, which were too large to subject to meaningful
NMR property calculations with the computational resources avail-
able. Further, clusters of this size are rarely relevant as magnetic
shielding is a local physical phenomenon. As such, prior to NMR
property calculations, all optimized structures were trimmed and ter-
minated with hydrogen atoms where appropriate. Trimmed cluster
sizes ranged from 105 to 238 atoms. The atomic positions of the
newly-added H atoms were then optimized using a very similar ap-
proach as noted earlier. At this point, NMR property calculations
were performed on the trimmed and optimized clusters. Further de-
tails specific to the NMR property calculations are provided in the
SL
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DNP SENS Two Iridium surface sites
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Molecular modeling

DNP Surface Enhanced NMR Spectroscopy jointly with EXAFS and molecular modeling allows the site-selective structure description
with atomic-level resolution of catalytically active iridium supported complexes in a multi-species environment.
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