Speciation and Structures in Pt Surface Sites Stabilized by N-Hetero-
cyclic Carbene Ligands Revealed by DNP Enhanced Indirectly De-
tected 1Pt NMR Spectroscopic Signatures and Fingerprint Analysis
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ABSTRACT: N-Heterocyclic carbenes (NHCs) are widely used ligands in transition metal catalysis. Notably, they are increasingly encoun-
tered in heterogeneous systems. While a detailed knowledge of the possibly multiple metal environments would be essential to understand the
activity of metal-NHC-based heterogeneous catalysts, only a few techniques currently have the ability to describe with atomic-resolution struc-
tures dispersed on a solid support. Here, we introduce a new DNP surface enhanced solid-state NMR approach that, in combination with
advanced DFT calculations, allows the structure characterization of isolated silica-supported Pt-NHC sites. Notably, we demonstrate that the
signal amplification provided by DNP in combination with fast magic angle spinning enables the implementation of sensitive *C-'*Pt corre-
lation experiments. By exploiting ' (**C-'**Pt) couplings, 2D NMR spectra were acquired revealing two types of Pt sites. For each of them,
'J('3C-'°Pt) values were determined as well as '**Pt chemical shift tensor parameters. To interpret the NMR data, DFT calculations were
performed on an extensive library of molecular Pt-NHC complexes. While one surface site was identified as a bis-NHC compound, the second
site most likely contains a bidentate 1,5 cyclooctadiene ligand, pointing to various parallel grafting mechanisms. The methodology described
here represents a new step forward in the atomic-level description of catalytically relevant surface metal- NHC complexes. In particular, it opens
up innovative avenues for exploiting the spectral signature of platinum, one of the most widely used transition metals in catalysis, but whose
use for solid-state NMR remains difficult. Our results also highlight the sensitivity of Pt NMR parameters to slight structural changes.

INTRODUCTION gel process because it has been shown that these processes lead to a
more homogenous distribution of the organic ligands at the surface
of the silica matrix (support).'*'¢ This approach has been success-
fully employed to prepare a range of highly efficient catalysts, for re-

N-Heterocyclic carbenes (NHCs) have been developed in the past
three decades as an important class of ligands in homogeneous catal-

ysis, as they are strong neutral s-donor ligands, making stable chem-
actions such as olefin metathesis and hydrogenation, or CO; reduc-

tion.'”*° While the SHC approach aims at generating single-site cat-
alysts with well-defined coordination environment around the metal

ical bonds with ranges of metals." > They have more recently been
used in heterogeneous catalysis either to immobilize organometallic
complexes on materials such as polymers or oxides,* or to tune the

catalytic performance of supported metal nanoparticles.”'* Highly centers to mimic their molecular analogues developed for homoge-

active and robust heterogeneous catalysts have been prepared based neous processes, there is growing evidence that unexpected or mul-
on the concept of supported homogeneous catalysis (SHC), where

the metal sites are introduced through the post-functionalization of

tiple structures can form due to the inherent complexity of surface
chemistry. For example, interactions may occur between the metal
centers and the surface functionalities of the solid support that mod-
ify the coordination environment around the active sites as observed
for an immobilized Ru-NHC catalyst.” Furthermore, metal sites
may be bonded to one or several organic ligands as recently shown

already immobilized imidazolium compounds yielding metal sites
attached to NHC ligands anchored to the support. Such organic lig-
ands or their precursors are preferentially incorporated by a direct
synthesis method or by the modification of an oxide support by a sol-



on a supported Ir-NHC complex where two types of surface organo-
metallic sites were identified, with the Ir metal centers bound to one
or two NHC surface ligands.” Yet, despite the evidences of various
surface sites, obtaining a precise understanding of the structure and
coordination environment of metal sites in supported catalysts re-
mains a challenge and a critical aim. Thus, developing methodolo-
gies that enable identifying both speciation and describing the coor-
dination environment of metal sites is of prime importance to under-
stand and further improve catalytic performance of supported cata-
lysts, paralleling the realm of molecular chemistry and homogeneous
catalysis.

Over the last twenty years, solid-state NMR spectroscopy, often in
combination with Fourier transform infrared (FTIR) spectroscopy,
extended X-ray absorption fine structure (EXAFS) or X-ray absorp-
tion near edge structure (XANES) has emerged as a unique analyti-
cal method to probe the atomic-scale structure of active sites in het-
erogeneous catalysts.”” The recent advent of high-field dynamic
nuclear polarization (DNP) has further reinforced the analytic
power for surfaces.”* This approach indeed yields tremendous
gains in signal-to-noise ratio, favoring surface sites, and enables the
implementation of advanced NMR methodologies, even on dilute
substrates. In the field of supported molecular catalysts, DNP surface
enhanced NMR spectroscopy (DNP SENS) *"3* has thus been suc-
cessfully applied to characterize a variety of systems, such as highly
reactive metal sites directly anchored on the surface of silica or alu-
mina,®* or atop metallic nanoparticles."” Several DNP SENS stud-
ies have also been carried out on metal-NHC complexes, providing
invaluable structural information, focusing mostly on understanding

the conformation of metal sites within the pores of the support.'>*>

43

Conventional and DNP enhanced solid-state NMR studies aiming
at investigating the structure of metal complexes supported on sur-
faces, i.e., portraying the coordination sphere of metal sites on sur-
faces predominately focus on the (organic) ligands. The structure
around the metal center is typically probed by one- and two-dimen-
sional experiments involving nuclei such as 'H, *C, N, *Si or *'P
depending on the ligands. Information on isotropic chemical shift
(&), chemical shift anisotropy (CSA), dipolar or quadrupolar cou-
plings is usually obtained and compared with data on molecular an-
alogs. When the metal center is NMR active, its spectral signature
also provides a rich and complementary source of structural infor-
mation, and a few *’Al, *Sc, *'V, ¥Y, **Nb, ""°Sn or '*Pt NMR studies
have been reported on supported complexes.”” >3 5! The NMR
interactions experienced by the metal center are sensitive to slight
changes of the coordination sphere and therefore provide a direct in-
sight into its electronic structure. In particular, some coordination
structures may be overlooked when only the NMR signatures of the
ligands are taken into account.

Platinum is one of these metal centers at the core of many heteroge-
neous catalysts that can be probed directly by solid-state NMR

spectroscopy. However, until recently, despite the favorable spectro-
scopic properties of '*Pt (a spin quantum number of ~1/2 and a
relatively high receptivity), only a few investigations have considered
platinum NMR due to its large CSA (leading to broad spectral sig-
natures) combined with the low concentration of sites, that makes
this spectroscopy extremely insensitive. This limitation could be
very recently overcome with DNP, and DNP enhanced '*Pt spectra
have been reported on a handful of organometallic complexes under
static or magic angle spinning (MAS) conditions.””***** As an al-
ternative approach, we have just demonstrated that the **Pt NMR
signature of surface metal centers could be indirectly detected
through sensitive spy nuclei such as 'H or *'P.** We further showed
that Pt sideband-selective saturation/excitation pulses could be
incorporated into "H-'**Pt double resonance experiments to recon-
struct MAS 'Pt solid-state NMR spectra of single-site supported
materials.

Here, we capitalize on these recent achievements and develop a
methodology to readily assess the speciation and the structure of sur-
face sites in Pt(II)-NHC complex immobilized on a mesoporous sil-
ica surface. This has been made possible by acquiring a series of com-
plementary NMR signatures, namely isotropic chemical shifts of var-
ious nuclei ("*C and '**Pt), chemical shift anisotropy (Qe, xvt), J-cou-
pling constant (/r.c), and by solving the structure by matching these
multiple spectral signatures to expected values from a large compu-
tational library by regression analysis. We choose this material as a
prototypical example of heterogeneous catalysts, and show the pres-
ence of two Pt sites, corresponding to mono- and bis-grafted species,
in the cationic and neutral form, respectively. Detailed analysis of the
NMR signatures by computational approaches also enables us to
provide guiding principles to decipher the general coordination en-
vironment of NHC-Pt-based systems that can be encountered in
both homogeneous and heterogeneous systems and to refine the
structure of the supported systems.

RESULTS AND DISCUSSION

Pt-material. A hybrid silica material with *C-labeled pendant imid-
azolium ligands at the C6 position was prepared*”**
by protection of the silanol groups with deuterated trimethylsilyl
functionalities (NHC@SiO2). The introduction of Pt was then car-
ried out via deprotometallation using [Ag(OC(CFs)s)] followed by
transmetallation with [Pt(COD)CL] as a molecular precursor. The

and passivated

resulting immobilized Pt(II)-NHC complex is referred to as
Pt(NHC)@SiO; its synthesis is schematically illustrated in Figure
la and was performed following reported procedure® (details re-
garding the preparation of the materials are provided in the Support-
ing Information (SI)). Of note, elemental analysis of
Pt(NHC)@SiO: allows the estimation of an atomic ratio of
1:3.4:3.9 Pt/N/Cl in the final material. The Pt/Cl and Pt/N ratios
being lower than 1:2 indicate that more than one
NHC/imidazolium chloride moiety is present per Pt site.
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Figure 1. (a) Schematic representation of synthesis and structure of Pt(NHC)@SiO2, the surface of the silica-supported hybrid platinum N-
heterocyclic carbene material investigated here. The full synthetic pathway is described in the SI. The numbers used to identify the various carbons are
indicated. The positions where a '*C label was introduced are labeled in blue and underlined. The structure of the silica support is depicted in the insert
on the left-hand side of the scheme. (b) Potential structures that could be formed around the Pt center after adding [Pt(COD)CI2] onto the pre-
functionalized silica material were investigated by means of DFT studies on a library of molecular model compounds containing a variety of ligands in
trans (L) and cis (Lc) positions of the NHC ligand. The conventions used for labelling of the compounds and graphical analysis of the DFT results are
indicated. The structures are labelled using a two-letter code of type xn where x = 1-9 indicates Lt and n = a-e refers to L.. In 8n and xe, R-O-R stands
for F3Si-O-Si(CHs)s. In the molecular models the two nitrogen atoms are recpectively bonded to a phenyl and a methyl group as represented in the left-

hand side of the figure.

DNP enhanced “*C and **Pt NMR spectroscopy. For the DNP
SENS experiments carried out at 9.4 T, Pt(NHC)@SiO2 was im-
pregnated by a 16 mM TEKPol solution in 1,1,2,2-tetracholoro-
ethane (TCE) and packed into a 1.3 mm ZrO: rotor. A solvent DNP
signal enhancement factor (&) of 96 was measured at 36 kHz MAS
frequency. Figure 2a shows the one-dimensional (1D) "*C spectrum
of Pt(NHC) @SiO:. The resonances of the propyl chain (see inset)
and of the imidazole and aromatic carbons can be readily identified
according to previous studies.* In particular, at high chemical shifts,
two intense resonances are observed that correspond to the (**C la-
belled) C6 of the 1-phenyl-3-propylimidazolium (chloride) ionic
group precursor (at 138 ppm) and to the coordinating C6’ of the Pt-
NHC complex (at 178 ppm). The presence of a significant residual
fraction of unreacted imidazolium groups could be revealed here
thanks to the C isotopic enrichment at the carbene position (> 66%
C), in contrast to previous studies where these signals overlap and
could not be identified.* The C6’ resonance at 178 ppm exhibits two
satellite peaks that correspond to the fraction of carbon nuclei
bonded to the NMR active '*Ptisotope (natural abundance 33.8%).

We have recently shown that the Pt NMR signature of surface
complexes could be extracted from static Pt DNP SENS spectra®
or, with a great benefit in terms of sensitivity, from proton-detected
heteronuclear correlation spectroscopy at fast MAS frequencies.” In
particular, we demonstrated that a series of sideband selective exper-
iments could be applied to expeditiously probe the '**Pt CSA pattern

from the resonances of adjacent, dipolar-coupled protons. However,
their implementation requires the presence of protons in close prox-
imity of the Pt center as their efficiency is proportional to the
strength of dipolar couplings between 'H and '**Pt spins. Such a con-
dition is not always met, as is the case for the Pt-NHC complexes in-
vestigated here. Alternatively, we showed that other sensitive spy nu-
clei such as *'P could be exploited.* In this study, by capitalizing on
the sensitivity improvement provided by DNP, we show that **Pt
NMR parameters (the isotopic chemical shifts, the CSA values and
the scalar coupling with bonding carbon atom) can be indirectly de-
tected on *C nuclei. This is achieved by implementing a set of exper-
iments that are described below.
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Figure 2. (a) 1D DNP enhanced “C{'H} CPMAS spectrum of
Pt(NHC)@SiO:. The CH, and CHj3 resonances correspond to traces
of residual O-ethyl groups. The C6 and C6 resonances observed
respectively for the unreacted imidazolium fragement and for the Pt-
NHC complex are labelled in blue. The spectrum was acquired ata MAS
frequency of 36 kHz. (b) 1D and 2D DNP enhanced "*C{'*Pt} J
HMQC spectra. Two distinct Pt sites are revealed. The spectrum was
recorded at a MAS frequency of 36 kHz. The 1D and 2D spectra were
recorded in respectively 25 minutes and 64 hours. Other experimental
details are reported in the SI.

We first implemented a DNP enhanced carbon-detected through-

bond heteronuclear multiple quantum correlation® *¢

experiment
(JHMQC). The corresponding pulse sequence is shown in Figure
S3in the SL. Figure 2b (top) shows the 1D *C{"**Pt} FHMQC spec-
trum (4= 0) of Pt(NHC) @SiO2 recorded with_/coupling evolution
and reconversion delays 7;0f 0.25 ms. These delays were optimized
for maximizing the coordinated carbene signal intensity. As no **Pt
decoupling was applied during the acquisition of the **C free induc-
tion decay (FID), the "*C resonances bound to '**Pt spins appear as
doublets separated by the C-'*Pt scalar couplings of about ~1600
Hz and ~1200 Hz for *C signals (I) and (II), respectively (an accu-
rate measurement of these couplings was performed later, see Figure
3 below). The efficiency of *C{'**Pt} JHMQC experiment was es-
timated to be around 30%, by comparing the signal intensities in 1D
CPMAS and FHMQC spectra, which agrees with numerical simula-
tion result (Figure S4 in the SI). The efficiency of the through-bond
transfer in SHMQC experiment depends mainly on the strength of
Pt radio-frequency (RF) pulse and the transverse coherence

lifetimes ( 73") of the directly detected *C nuclei. The highest toler-
able RF field, ca. 200 kHz, was used for '**Pt pulses to maximize the
efficiency. A 75" value of 21 ms was determined here for the carbene
C6' resonances (Figure SS in the SI), corresponding to a refocused
linewidth of 15 Hz (versus an apparent line width of 1200 Hz). This
is a relatively long 75 value for experiments carried out under DNP
conditions (i.e. at cryogenic temperatures on a radical-doped sam-
ple), which can be explained by the following reasons: first and most
importantly, the experiments were performed at fast MAS frequency
(36 kHz) and under high power proton decoupling (125 kHz),
which efficiently averages 'H-"C heteronuclear dipolar couplings;
secondly, the relatively small pore diameter of the silica support
largely prevents the TEKPol radical from penetrating the one-di-
mensional channel as demonstrated previously” and therefore little
paramagnetic relaxation enhancement (PRE) effect is expected. All
these factors jointly with the large values ofthe scalar couplings (see
below) make the through-bond coherence transfer particularly effi-
cient and, in combination with DNP signal enhancement factors of
~100, enable the acquisition with high-sensitivity of a full two-di-
mensional (2D) “C{'*Pt} FHMQC correlation spectrum in 64
hours (Figure 2b). Quite unexpectedly, both the 1D and 2D
BC{"*Pt} JHMQC NMR spectra clearly evidence the presence of
two distinct Pt-NHC sites, labelled (I) and (II).

The 2D *C{"**Pt} JHMQC spectrum was acquired by synchroniz-
ing the # increment with the rotor period, which folds the spinning
sidebands of each Pt site into a single peak, thus improving the sen-
sitivity.** However, as the **Pt CSA amplitude is much larger than
the MAS frequency, Pt peaks observed in the 2D NMR spectrum
can correspond to either the center band or a spinning sideband. To
unambiguously determine the '**Pt isotropic chemical shifts of site
(I) and (11), two JFHMQC experiments were performed at different
MAS frequencies (36 and 40 kHz).** The resulting spectra are shown
in Figure S6 in the SI. Values of -3920 and -3500 ppm were respec-
tively determined for site (I) and (II). The difference between these
two Pt &, values is ca. 36 kHz, which rationalizes the fact that the
two '**Pt peaks appear roughly at the same chemical shift position in
the spectrum of Figure 2b (bottom). Thus, in this spectrum, the cor-
relation peak of site (I) corresponds to the center band, while that of
site (II) is the first spinning sideband.

Solution NMR spectroscopy studies on molecular complexes have
demonstrated that both the & of “C nuclei coordinating the Pt cen-
ter and the one-bond scalar coupling '("*C-'**Pt) are sensitive struc-
tural reporters that can be used to probe the nature of the ligand in
transposition of Pt-NHC complex.® The 1D and 2D JHMQC spec-
tra provide direct access to the *C &, which can be measured from
the center of the doublet. Values of 178 and 153 ppm were obtained
forsite (I) and (II), respectively. The ‘J(**C-'*Pt) values can be esti-
mated by measuring the splitting in these doublets. However, the in-
homogeneous broadening of the *C NMR spectra makes it difficult
to accurately measure the 'J('*C-"*Pt) values from the observed
splittings. Alternatively, and more accurately, *J(**C-'**Pt) values can
be determined from the modulation of the "*C signal intensity in a
series of 1D *C{'**Pt} JHMQC spectra with varied 7 times. The
raw spectra are presented in Figure S7 in the SI. Figures 3a and b
show the experimental points for site (I) and (II) as black dots, re-
spectively. The two curves are expected to exhibit a sine squared
modulation, from which the coupling values can be selectively ex-
tracted. Values of respectively 1670 + 200 and 1395 + 100 Hz were
obtained for site (I) and (II). A larger deviation is observed for site
(1), probably due to a wider distribution of values.
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Figure 3. The Jmodulation curves obtained from 1D BC{'*Pt} J
HMQC spectra as a function of 7 for (a) the C6'(I) and (b) C6’(1I)
resonances. The experimental points are shown as black dots, while the
coloured curves represent calculated curves with various J{(**C-'*Pt)
coupling values. The curves were calculated with a sine squared function,
without taking into account transverse attenuation.

We then turned our attention to the measurement of the **Pt chem-
ical shift (CS) tensor parameters, i.e., the &, the span (Q), and skew
(x). These parameters are very sensitive to the Pt coordination
sphere and could be used to refine the structures of these two sites.
These tensor parameters are defined as follows:

Biso = (611 + 62, +633)/3 (1)
Q=6 —0835 (2=0) (2)
k=361 — 850)/Q (-1< K< 1) (3)

where 81 > & > &; are the principal components of the CS tensor
in the IUPAC convention.®!

The 'SPt &, values have been already determined from rotor-syn-
chronized *C{'**Pt} FJHMQC experiments as discussed above, leav-
ing only Q and xto be determined. These two parameters can be ex-
tracted by fitting the CSA spinning sideband manifold pattern. In or-
der to obtain this pattern, a series of *C{'**Pt} sideband-selective J-
resolved experiments was performed. This experiment was originally
proposed by Venkatesh et al to measure the *Pt CSA pattern with
indirect proton or phosphorous detection.® Here, the sensitivity
boost provided by DNP enabled the implementation of a *C de-
tected Jresolved experiment. The corresponding pulse sequence is
shown in Figure S3. In this experiment, a selective saturation pulse
of weak radio-frequency B: field (here, 14 kHz) was applied on '**Pt
channel. The duration of the '**Pt pulse was 55.6 ms (2 rotor cycles).
When the carrier frequency of this pulse hits one of the spinning side-
bands, the magnetization of the “C spins that are Jcoupled to a
neighboring '**Pt spin will be reduced (not fully refocused). The in-
tensity of the C resonance will attenuated by a factor proportional
to the intensity of the spinning sideband. By moving the carrier fre-
quency of the **Pt pulse and observing the corresponding *C peak

intensity reduction, the Pt CSA spinning sideband manifold was
thus traced out (Figure 4). As pointed out above, the '”°Pt & values
for site (I) and (II) differ by ca. 36 kHz. As a consequence, the **Pt
CSA spinning sideband positions of these two Pt sites can be ac-
quired simultaneously by performing a single series of “C{'**Pt}
sideband selective_J-resolved experiments. In practice, starting from
the isotropic shift, the carrier frequency of the sideband selective
pulse was moved by steps of the MAS rate, so as to record the full
%Pt CSA spinning sideband manifold. The experimental results as
well as the result of the fits are shown in Figures 4a and b for site (I)
and (II), respectively. Excellent fits are achieved for both sites. The
extracted CSA parameter values are (€, x) = (4550 £ 110 ppm, -0.53
+ 0.04) for site (I) and (Q, x) = (5950 * 90 ppm, -0.65 * 0.04) for
site (II). The significantly different CSA parameters further confirm
that they have different coordination environments. Table 1 summa-
rizes the NMR parameters of these two Pt-NHC sites.

(a)
Fitted CSA parameters for C6'():
§50= -3920 ppm (fixed)
Q= 4550 + 110 ppm

k=-0.53 + 0.04
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Figure 4. The '**Pt spinning sideband manifolds measured with a series
of BC{'**Pt} sideband selective Jresolved NMR experiments (in black)
superimposed with the best-fit spectra (in red) for (a) the C6'(I) and
(b) the C6’(II) resonances, respectively.

Table 1. Experimentally determined NMR parameters of the two Pt-
NHC sites.

1 1(13C_195p¢ 195 Q 195pt

e " C U ) 80Pt 195pt
(ppm) (Hz) (ppm) (ppm)

(I) 178 1670£200 -3920 4550£110 -0.53+0.04

(II) 154 1395£100 -3500 5950+90 -0.65£0.04

In summary, *C{'*Pt} FHMQC and sideband-selective Jresolved
experiments carried out under DNP conditions and in a fast MAS
regime enabled the measurement of a set of five NMR parameters,
namely the & "°C, the /J(**C-"*Pt) and the '**Pt CS tensor parame-
ters (& '°Pt, Q Pt and «x '*°Pt) of the two Pt-NHC complexes,



providing direct and unique information on the Pt coordination
spheres. It should be emphasized that, given the ca. 3 wt% Ptloading
of Pt(NHC) @SiO, the experiments described above are only fea-
sible with the combination of DNP with fast MAS and high power
proton decoupling. Notably, the enhancement provided by DNP al-
lowed one to detect the Pt NMR signature indirectly on a low-y
nucleus directly bonded to the platinum, thereby extending the
scope of the approach recently implemented by us to observe this
signature by proton-detected room temperature solid-state NMR.

DFT studies on library of potential surface sites. In order to inter-
pret these NMR parameters and propose specific structures for site
(I) and (1I), DFT calculations were performed on an extensive li-
brary of molecular Pt-NHC complexes to provide on the one hand
calculated NMR signatures for a range of possible structures and on
the other hand a general understanding on how various structural
factors in square planar Pt(II)-NHC complexes influence the NMR
signatures of the central "”*Pt nucleus and the coordinating *C atom
(C6’) of the NHC ligand. This eventually allows for the conversion
of the experimental NMR data into structural pictures with a deter-
mination of the coordination environment of Pt-sites.

Potential candidates were chosen taking into account various graft-
ing mechanisms of [Pt(COD)CL] on NHC@SiO: and ligand ex-
change within the system. Since the bidentate COD ligand might be
preserved upon grafting, the mono- and bis-grafted cationic species
[Pt(NHC)(COD)(CIl)]* (B1) and [Pt(NHC).(COD)J** (B2)
were included into the library. Opening or complete loss of COD is
explored in the other structures of the library which are of type
[Pt(C)(NHC)(Lt)(L)], Libeing the ligand trans and L. the ligand
cis to the NHC, respectively. We will refer to these structures using
a two-letter code of type xn where x = 1-9 indicates Liand n = a-e
refers to L.. For L: we considered a second NHC ligand both in neu-
tral and protonated forms, chloride and hydroxide ions, monoden-
tate COD, a vacant site, OSiFs™ and F3Si-O-Si(CHj3)3 to mimic po-
tential interactions between Pt and silica surface, as well as
OC(CFs)s™ to explore Pt-organic residue interactions. For L« a sub-
set of these ligands, namely chloride, monodentate COD, a second
NHC, as well as OSiF;™ and F3Si-O-Si(CH3); were taken into ac-
count. In the following graphic representations, different combina-
tions of Lt and L. are also labeled via a color-shape code. A schematic
visualization of these two types of codes is provided in Figure 1b. To
assist the reader to easily find the corresponding structure from the
two-letter code or the color-shape code, a matrix table (Table S2 in
the SI) is provided in which all structures are explicitly drawn. A
complete list of all compounds that were evaluated and DFT results
can be found from Table S3 in the SI.

Converting experimental NMR data into structural information.
With the calculated NMR signatures of the library of potential struc-
tures in hands and the experimental NMR data for site (I) and (II),
we next evaluated the possibility to solve their structures, by identi-
fying the natures of the ligands bound to Pt. Figure Sa visually

summarizes and presents the calculated and experimental NMR pa-
rameters in the form of barcodes. From left to right, the five columns
display the values for w0 °C, YJ(*C-"*Pt), Q **Pt, k **Pt and io
'5Pt, respectively. From top to bottom, the first three rows respec-
tively denote the model structures with L. = CI', COD or NHC; and,
for each type of L., the structure with specific L: is represented as a
colored bar, where the color-coding is shown on the top of the figure
(the same as the ones in Figure 1b). The special structures (B1 and
B2) for which the bidentate COD ligand is preserved are shown as
brown bars in the fourth row, while the experimental values are re-
ported using black and grey bars in last row (the uncertainty of the
measurement being represented as the width of the bar). For a cer-
tain NMR signature, the best structure match can be simply found
by searching for the bar that the most closely aligns with the experi-
mental bar in the vertical direction. For example, considering &, "*C,
the best match for site (II) is 6a with L. = CI” and L = COD or Sb
with L. = COD and L. = OC(CFs);™. However, these two structures
do not provide the best match for the other NMR parameters simul-
taneously. In order to find the structures in best agreement with the
NMR data in an overall sense, a numerical comparison of the exper-
imental parameters with the calculated values for all members of the
DFT library was performed in two ways.

To determine the most representative model, we first calculated a

simple metric or root-mean square deviation X defined as follows:
2
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where A are the standard deviations of the calculated parameters.
The details and rationale for the calculation of ¥ are presented in the
SI. Figure Sb shows the ranking of the X values calculated for the 27
molecular models. These molecular models are arranged from left to
right with increasing X value. The smaller the X value the better the
match is between the model structure and experimental data, while
close Z values correspond to models with the same likelihood of be-
ing the correct structure. The blue and red bars correspond to mo-
lecular structures with one and two NHC ligands around the Pt
metal center, respectively. The reason for this distinction will be
clear in the following discussion.
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for the 27 molecular models. The red bars correspond to bis-NHC structures. (c) Most probable structural assignments for sites (I) and (II) based on
the comparison between the experimental data and the DFT library of molecular model compounds. In the molecular models the two nitrogen atoms
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Here, we would like to emphasize that our method aims at finding a assignment to a structure where the Pt is surrounded by two NHC
structure simultaneously satisfying various (correlated) NMR signa- ligands. To our best knowledge, such a structure had never been ob-
tures as a whole, while to our best knowledge, previous studies relied served before on surfaces. The absence of the C6'(1I) resonance is in
on a single NMR interaction.*”** Using this approach, we can pro- agreement with the proposed coordination sphere for the second
pose that the best fit for site (I) corresponds to the molecular model site. The coordination with CI~ ligands also agrees with EXAFS

3¢, cis-[Pt(NHC),(Cl),], while it is B1, [Pt(NHC)(Cl)(COD)]* measurement in previous study.*’
for site (II) (Figure Sc). Alternatively, a second approach was used

to compare the experimentally extracted NMR parameters with the

values calculated for all members of the DFT library. For each of the

twenty-seven molecular models, we computed the difference be-

tween the experimental and calculated values of i °C, 8o °Pt, Q 6'(l)
195Pt, k Pt and ' J{(*C-'"Pt). The models were then ranked for each 6'(1l)
NMR parameter, from 1 to 27, in the order of increasing magnitude.

The sum of the ranking numbers over the S parameters arranges the

models in a such a way that the structure with the lowest value cor-

responds to the best model. This ranking method leads to the same

molecular models as the first approach, namely 3c for site (I) and B1

for site (II) (See Figures S10 and S11 in the SI).

In order to further confirm the assignment of site (I) to a bis-NHC 3|00| S 20IO T 1(_I)ol S 0 o I_1 IOOI
platinum complexes, a one-dimensional dipolar-based *C double- " . .

quantum-filtered (DQF) experiment was recorded (see Figure 6). C chemical shift / ppm

The “C resonance of C6'(I) was clearly observed in the spectrum. Figure 6. 1D C CPMAS spectrum (top) and 1D dipolar double-

This suggests a close proximity between two carbon-13 labelled quantum-filtered (DQF) "°C spectrum acquired with BABA-xy16 pulse
sequence for Pt(NHC) @SiO:.

spins in the coordination sphere of site (I), thus corroborating its



For site (I), other model structures with two NHC ligands that are
in close agreement with the experimental data, namely Sc, 4c and B2
could also be considered (Figures Sb and c). However, Sc and 4c are
not compatible with the acquired NMR data since their C6’ atoms
are not chemically equivalent and should therefore reveal two dis-
tinct *C resonances. In contrast, for site (II) for which the experi-
mental data point toward a single NHC ligand, model B1 corre-
sponds to the most probable structure. These proposed assignments
indicate that grafting of [Pt(COD)(Cl).] on NHC@SiO: occurs
partially via opening and successive replacement of the COD ligand
by a second NHC ligand and partially upon loss of one CI, retaining
the bidentate COD ligand.

Understanding the relation between structure and NMR signa-
tures. Next, with this data set in hands, we decided to understand the
relation of these NMR signatures and the various structures. We first
discuss the effect of fransand cisligands on the individual NMR pa-
rameters.

Influence of L ligand on > C NMR parameters. In a first step we focus
our analysis on the *C-based NMR parameters, i.e., the &0 of C6’
and its scalar coupling with Pt (Figure 7a). The paramagnetic
deshielding of the coordinating “C atom of NHC ligands in square
planar Pt(II) complexes with the NHC being twisted out of plane is
mainly driven by the most deshielded component & "*C which is
oriented orthogonal to the metal-ligand plane.” ®* Since the para-
magnetic terms dominate the overall chemical shielding of *C, 6n
BC also directs 6iso C. The high value of 81 °C indicates that a pair
of occupied and empty orbitals, close in energy and orthogonal to
each other, must be present orthogonal to it, namely the Pt-NHC o-
bonding orbital with the Pt-NHC n*-antibonding orbital, that is as-
sociated with the empty orbital of the NHC carbene, a weak m-ac-
ceptor ligand (Figure 7c). Consequently, 811 ®C is determined by
the strength of the Pt-NHC interaction: a weak Pt-NHC bond and
therefore low energy gap between the bonding and antibonding or-
bitals result in very efficient deshielding and high values for 611 *C
and Giso °C, while the opposite holds in the case of strong Pt-NHC
bond. Since the strength of the Pt-NHC bond is mainly influenced
by the nature of the ligand trans to the NHC (L), 8iso *C encodes
information on the nature of L. Stronger o-donors such as a second
NHC ligand or an anionic X-type ligand (e.g. Li= Cl” or OH")
weaken the Pt-NHC bond and increase diso *C, while with weaker
donors such as a neutral siloxane bridge mimic, a protonated NHC
or in the absence of any ligand, a rather strong Pt-NHC bond and
low §iso °C are present.

The scalar coupling ' (**C-'**Pt) also encodes the strength of the Pt-
NHC bond and therefore reports on the nature of L; the shorter the
Pt-NHC bond, the larger the coupling ' (**C-'*Pt). Since 8 *C and
'J('*C-'"Pt) are essentially driven by similar structural effects, a cor-
relation exists between the two quantities, as illustrated in Figure 7a.
This 2D representation of 8. '°C and ' J(*C-'**Pt) across the entire
library of molecular models clearly demonstrates that both parame-
ters are dominated by the nature of L, while L. plays only a marginal
role, inducing only small variations of §is *C and even less pro-

nounced changes of } J("*C-'*Pt).

In summary, the analysis of *C NMR data would be enough to draw
key conclusions on the nature of L:but does not provide sufficient
information to differentiate between various possibilities for L.
Consistent with our finding, based on 8o *C and  J(*C-'**Pt) alone,
this analysis indicates that site (I) should bear a strong o-donor lig-
and in trans position. If such structures had been present for site (II),
weaker donors would have been expected, e.g,, COD (mono- or bi-
dentate), OSiFs™ or F3Si-O-Si(CHa)s, with the latter two being rep-
resentative of potential interactions with surface siloxide groups. We
note that, while site (II) lies on the line representing the linear rela-
tion between 8i *C and ' J{(*C-'**Pt) for the DFT data, site (I) de-
viates from this relation and possesses a higher  /(*C-'**Pt) than one
would expect based on the measured 6iso °C. This potentially points
to the presence of specific effects related to the coordination envi-
ronment of surface species (constrained positioning of surface lig-
ands, e.g., orientation of the NHC ligand(s) with respect to the mo-
lecular plane), not captured by our molecular models for site (I)
where all ligands bound to Pt can fully be relaxed (Figure Sa and vide

infra for discussion).

Influence of L. ligand on "’ Pt NMR parameters. We next examine
the effect to L. on the CS tensor parameters of the '*Pt central atom.
Due to the large CSA of '°Pt, the span (Q **Pt) and skew ( x'**Pt)
values (defined in equations (2) and (3) respectively) are valuable
descriptors. As Kcis a ratio and thus very sensitive to small structural
variations, we focus on Q and 8. '**Pt as the most reliable source of
structural information upon this set of available parameters. First, we
incorporate Q Pt as a third dimension of information in addition
to 8o °C and 'J(PC-""°Pt) (Figure 7b). Systematic variations in Q
1Pt are mostly driven by &1y, the principal component of the Pt
CS tensor which is oriented orthogonal to the metal-ligand plane.
The deshielding of 811 results from the coupling of the Pt-Ln (where
Lnrepresents all ligands) o-bonding orbital to the Pt-L, T*-antibond-
ing orbital of all four ligands as visualized in Figure 7d. Note that one
can also visualize this situation using the frontier molecular orbital
picture for a d®square planar complex in which the HOMO da2)
and the LUMO d,) can be identified as the pair of orbitals which
dominates. Since all ligands contribute to this pair of orbitals to a
similar extent, Lcinfluences the '*Pt §11and Q to a similar extent as
L. The Qis reduced when 11 becomes less deshielded, i.e., when the
energy gap between Pt-L. o and Pt-L.#* increases. This is induced by
strong o-donors which lower the Pt-L. o-bonding orbital energy or
strong m-acceptors which raise the energy of the Pt-L. 7*-antibond-
ing orbital. For molecular models containing a simple o-donor ligand
in cis-position such as CI, OH  or OSiF;~ we obtain spans above
8000 ppm which would have been far too high to match experi-
mental values of site (I) and (II). Only when a 7-acceptor such as a
COD ligand (mono- or bidentate) or a second NHC is part of the
ligand set, the span is significantly reduced to values ranging between
4000 and 7000 ppm (Figure 7c) which are comparable to the exper-
imentally observed values. As 611 also dominates i '**Pt, this de-
crease in Q is accompanied by a decrease of the Jio. This analysis
further supports the presence of m-acceptor ligands in the cis-posi-
tion to the NHC.
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Figure 7. (a) Analysis of DFT calculated '*C~based NMR parameters reveals a correlation between the isotropic chemical shift of the NHC C6’ atom,
&0 C (in ppm), and the one-bond scalar coupling to the central Pt atom, ' (**C-'**Pt) (in Hz). For calculated data points of type xn, the nature of Lt
is encoded in the color while Lcis encoded in the shape of the individual points. Molecular models B1 and B2 are indicated as brown crosses, while
experimental data for sites (I) and (II) are indicated in black and grey, with error bars for the /coupling values. As indicated by the schematic drawings
in the dashed boxes strong ligands L decrease the Pt-NHC bonding strength while for relatively weak L a strong Pt-NHC bond is present. As both *C~
based NMR parameters depend strongly on the Pt-NHC bonding strength, they mainly encode the nature of L: whose o-donation strength determines
the position of the structures along the &o *C-'J(**C-'*Pt) line. Structures with same Lt but different L. cluster together in this two-dimensional
representation and are not distinguishable based on '*C NMR parameters. (b) Three-dimensional representation including in addition to *C & (in
ppm) and 'J("*C-'**Pt) (in Hz) also Q 'Pt (in ppm). Note that, even though included in our DFT library, compounds with other L. than Cl-, COD
or NHC are not included in this representation. Structures with same L:but different L. are spread along the Q Pt dimension. The dashed orange box
encloses all structures which contain either a second NHC or a COD ligand (mono- or bidentate) and both experimental data points. Only these
structures show Q 1Pt below 7000 ppm as in addition to strong o-donating ligands, T-accepting ligands are required to significantly lower Q '*Pt. (c)
The most deshielded component of the *C CS tensor, 611 '*C, which dominates &o "*C reflects the coupling of the Pt-NHC o-bonding with the Pt-
NHC n*-antibonding orbitals, resulting in a strong dependence of & '*C on the Pt-NHC bonding strength and thus the nature of L. d) The most
deshielded component of the Pt CS tensor, 811, which dominates Q '*Pt, reflects the coupling of the Pt-L, o-bonding with the Pt-L, n*-antibonding
orbitals and is thus sensitive to the nature of all four ligands.

Influence of NHC orientations. Of course, molecular models and ac-
tual surface structures may differ, e.g., due to constrains arising at the
surface, namely arrangement of ligands that may not be readily ac-
cessible in molecular chemistry that can result in discrepancies be-
tween calculated and experimental NMR parameters. Since the
highly directive Pt-NHC 7-interaction is especially sensitive to geo-
metric changes that alter the overlap of the respective p or d-type or-
bitals, the exact orientation of the NHC ligand with respect to the
metal-ligand plane of the square planar structure is expected to have
a significant influence on the NMR parameters. To evaluate the in-
fluence of the NHC orientation, we calculated NMR parameters for
structural variants of 3a where the NHC ligand was stepwise turned
away from its orthogonal orientation (3aN) which was obtained

upon geometry optimization into a parallel position with respect to
the metal-ligand plane (3aZ). Although this structure (3aZ) is ener-
getically unfavorable, it still provides an estimate of the largest shift
of NMR parameters that may be induced by variations of the NHC
orientation. Since turning the NHC ligand in-plane simultaneously
positions the empty orbital of the NHC carbene out-of-plane (see
Figure S9 in the SI), thereby weakening the m-interaction with the
d(s) orbital of the Pt atom, this geometric change is accompanied by
a shielding of &, °C from 175 to 123 ppm, an increase of Q) '**Pt
from 9048 ppm to 19964 ppm as well as an increase of & Pt from
~2446t0 1892 ppm. As ' J(*C-'**Pt) depends primarily on electron
density in s-orbitals it is less affected than the other NMR parameters
and is only decreased slightly from 1320 Hz to 1240 Hz. Our



molecular models are thus providing upper boundaries of 8. *C and
L(C-*Pt) and lower boundaries of Q '**Pt and §i '**Pt for surface
structures with similar ligand combinations.

Moreover, these findings have important implications for the struc-
tural analysis of site (I), that has the best match with structure 3c and
is therefore interpreted as a structure with two NHC ligands cis to
each other. The strong dependence of & *C on the NHC orienta-
tion allows us to determine the relative orientation of these NHC lig-
ands. Since the NMR data reveal only a single &i. *C resonance for
site (I), the two NHC ligands have to be parallel to each other. In any
non-parallel orientation, the “C atoms of the NHC ligands are
chemically inequivalent and two distinct resonances would be ob-
served in the NMR spectrum. To demonstrate this finding, we have
calculated NMR parameters for a structural variant of 3¢ in which
one of the two NHC ligands has been turned into a parallel position
with respect to the metal-ligand plane such that the NHC ligands
stand orthogonal to each other (3cZ). As expected, this results in a
shielding of & °C of the in-plane NHC ligand. In addition, &, "*C
of the second NHC ligand that has remained in an out-of-plane ori-
entation is deshielded compared to 3c. Since they are competing 1t-
acceptors, the *C NMR parameters of a NHC ligand also depend on
the orientations of all the other NHC ligands in structures with more
than one NHC ligand, rendering the analysis more complex than in
models with only one NHC ligand.

Thus, the NMR signatures of site (I), which has the best match with
structure 3a with two NHC ligands cis to each other, indicate that
these two ligands are likely not both perpendicular to the plane of the
Pt(1I) complex as expected in a molecular complex, but rather
twisted, probably because of the constraint imposed by the relative
positions of these two ligands attached at the surface of the material.

CONCLUSION

In this work, we showcase how DNP enhanced Pt solid-state
NMR spectroscopy under fast MAS along with multi-dimensional
NMR (“*C-detected 1D and 2D “C-"*Pt JHMQC as well as 1D
sideband-selective Jresolved experiments) allows one to identify the
presence of two surface sites, here in a silica-supported Pt-NHC ma-
terial with distinct NMR signatures, and to gather complementary
NMR parameters (*C &, Pt Ju, Pt Q, Pt &, ' {'*C-'*Pt)) in
a site-resolved way. DFT calculations of these NMR parameters on
an extensive library of potential candidate molecular models enable
to resolve the speciation and structures of these two surface sites and
to unambiguously elucidate the natures and positions of the ligands
coordinating the metal center on each site. This was possible by us-
ing a simple rank-based method or an average root-mean-square de-
viation representing the distance between the S pairs of experimental
and calculated NMR parameters. We can thus propose that grafting
a [(COD)PtCL] precursor onto a material containing NHC precur-
sors yields two types of Pt sites: i) the sites (I) correspond best to Pt
sites having two remaining chlorides along with two NHC ligands cis
to each other and slightly twisted with respect to the molecular
plane, and i) the sites (II) correspond to a cationic Pt sites anchored
to the surface by only one NHC, while conserving one Cl~ and the
bidendate COD ligand, [Pt(NHC)(Cl)(COD)]*. This study fur-
ther illustrates the difference between molecular and surface chem-
istry of immobilized homogeneous catalysts, with the formation of
mono- vs bis-grafted species, neutral and cationic species. This calls
for caution when assigning surface structures based solely on what
would be expected based on molecular chemistry knowledge.

Furthermore, we establish relationships between the NMR parame-
ters and the natures and the positions of the various ligands, due to
their high sensitivity to the local electronic structure. Notably we
showed that both &, *C and ' J("*C-'**Pt) are similarly dependent on
the nature of the ligand in fransposition to the NHC; strong o-donor
ligands weaken the Pt-NHC bond, while weak o-donor ligands
strengthen the bond, leading to respectively lower and higher values
of the *C chemical shift and the scalar coupling. Furthermore, '**Pt
NMR parameters are required to identify the nature of the cisligand
with 7r-acceptor ligands yielding reduced € values. Overall, the com-
plete set of five NMR parameters provides a spectral fingerprint en-
coding clues on the types and arrangement of the ligands.

Overall, the integrated approach introduced here represents a step
forward in the atomic-level description of surface sites, even in the
presence of multiple coexisting structures, here discussed with a pro-
totypical Pt-NHC complexes. This study opens new avenues for ex-
ploiting the rich NMR spectral signatures of surface sites to resolve
their speciation and structures.

EXPERIMENTAL SECTION

Synthesis of the materials. The synthesis of Pt(NHC) @SiO> ma-
terial is referred to the prior study.* Details regarding the synthesis
of the ®C labeled imidazolium precursor as well as infrared spectrum
and elemental analysis of Pt(NHC) @SiO: are given in the SI.

NMR Spectroscopy. For DNP enhanced solid-state NMR experi-
ments, the sample was prepared by impregnating the powder mate-
rial with a 16 mM solution of TEKPol® in 1,1,2,2-tetrachloroethane
(TCE), and then packed into 1.3 mm zirconia rotor with Vespel
caps. TEKPol was provided by Prof. Olivier Ouari (Aix-Marseille
University). As the material is not air-sensitive, the preparation of the
NMR sample was done at ambient condition. After packing, the ro-
tor was inserted into the pre-cooled probe and span to the target
MAS frequency.

The DNP enhanced solid-state NMR experiments were performed
on a Bruker AVANCE III wide bore NMR spectrometer operating
at 9.4 T equipped with a Bruker triple-resonance 'H/X/Y 1.3-mm
low-temperature (ca. 100 K) MAS probe and a Bruker 263 GHz gy-
rotron delivering continuous microwave ({lw) irradiation to the
sample through a corrugated waveguide. In order to carry out *C-
1Pt correlation experiments under DNP condition, the probe was
configured to "H/**C/"*Pt by using an insert made for *C/*"'Cd (22
pF capacitor in parallel with 8-turn coil) without attaching any shunt
capacitor on Y channel, removing the jumper to add serial capacitor
into the probe circuit which increases the resonant frequencies of
both X and Y channels and connecting a REDOR box (purchased at
NMR Service, Germany) to the RF input port of X channel which
splits the single resonant frequency into two frequencies. In this way,
the frequency of Y channel can reach to '**Pt (at a Larmor frequency
of 86.06 MHz) and the relatively lower resonant frequency pro-
duced by the REDOR box on X channel can be tuned to "*C (at a
Larmor frequency of 100.66 MHz). This specific configuration
method guarantees the highest possible RF efficiency on Y channel,
so that ca. 200 kHz B, field can be generated on '**Pt channel which
is important for the correlation experiments. This configuration was
used for all the DNP enhanced ssNMR experiments. The MAS rate,
Vr, was set to 36 or 40 kHz. The pw power was optimized to maxim-
ize the DNP enhancement factor &u, measured by comparing the
proton signal intensities of the solvent with and without pw irradia-
tion.



The 1D “C spectrum was obtained by performing *C{'H} cross po-
larization MAS (CPMAS) experiment. The DNP build-up time con-
stant, Tson, was determined by fitting the polarization build-up
curve obtained from *C{'H} CPMAS based saturation recovery ex-
periment. The recycle delay of experiments was set to 1.3x 7,0~ to
provide the optimal efficiency. The "*C spin-spin relaxation time
constant, 7', was accessed by carrying out *C{'H} CPMAS spin
echo experiments with varied echo delays which were synchronized
with rotor period. 1D and 2D through-bond “C{'**Pt} correlation
NMR spectra were acquired using a_Fcoupling mediated heteronu-
clear multiple-quantum correlation (FHMQC) pulse sequence. The
multiplicity of NHC ligand was checked with 1D "C double-quan-
tum filtered (DQF) spectrum using BaBa-xy16 pulse sequence.* 1D
through-space *C{'**Pt} dipolar mediated HMQC (D-HMQC) ex-
periment was also implemented with R® or SR4% dipolar recoupling
sequence but with no success. The chemical shift (CS) tensor pa-
rameters of surface Pt sites were measured by implementing a
through-bond “C{'**Pt} sideband selective J-resolved experiment.
The resulting Pt CSA spinning sideband manifolds were fitted us-
ing DMFIT® to extract the CSA parameters. To do the fitting with
DMEFIT, zero points were evenly inserted between experimental
data points. The *C chemical shift was referenced with alanine CH
peak at 52 ppm; and the Pt chemical shift was calibrated based on
BC reference frequency according to the IUPAC recommendation.
The detailed experimental acquisition parameters are given in the SI.
Alternatively, the experimental data were fitted using the SIMPSON
software. The fitted values were close to those obtained with DMFIT
(see Table S4 in the SI).

Computational modeling. To derive the surface Pt site structures
in Pt(NHC) @SiO:, DFT calculations were performed for an exten-
sive library of possible molecular Pt-NHC complexes. To accelerate
the structure optimization, a pre-optimization calculation of the ro-
tamer for each model was carried out with CREST.* Geometry op-
timization calculations were then performed using Gaussian 09
program suite with the BBLYP® functional in combination with the
lanl2dz® basis set plus an additional f depolarization function for Pt
atom and the 6-311+g(d)” basis set for all the other atoms. NMR
parameters were calculated using ADF 2019 code.”*” The hybrid
PBEO exchange functional’” was used in combined with the triple
zeta basis set with one additional polarization function (TZP) for all
atoms except for Pt, for which a quadruple zeta basis with four polar-
ization functions (QZ4P) was made use of.” Relativistic effects were
account for with the zero order regular approximation (ZORA) ap-
proach of ADF.”” To calculate 'J("*C-'*Pt), the specialized
ZORA/TZ2P-J and ZORA/QZA4P-] basis sets available in ADF were
chosen for C and Pt atoms, respectively; whereas, the exchange cor-
relation functional and basis sets for the other atoms used were the
same as for calculating chemical shift tensor. In addition, Gaussian
nucleus modelling was applied in conjunction with an improved in-
tegration grid quality in order to properly calculate the_Jcoupling as
recommended in the ADF 2019 user manual.
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DNP Surface Enhanced NMR spectroscopy in combination with multi-parameter DFT calculations reveal the speciation and structure
of Pt-NHC surface complexes.



