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Introduction

Heterogeneous catalysis is widely used in industrial chemistry and is vital to sustainable chemical processes. [START_REF] Bowker | The Basis and Applications of Heterogeneous Catalysis[END_REF][START_REF] Fechete | The Past, Present and Future of Heterogeneous Catalysis[END_REF][START_REF] Friend | Heterogeneous Catalysis: A Central Science for a Sustainable Future[END_REF][START_REF] Coperet | Fuels and Energy Carriers from Single-Site Catalysts Prepared via Surface Organometallic Chemistry[END_REF][START_REF] Tennakoon | Catalytic Upcycling of High-Density Polyethylene via a Processive Mechanism[END_REF] Recently, single-site [START_REF] Thomas | Single-Site Heterogeneous Catalysts[END_REF][START_REF] Korzyński | Single Sites in Heterogeneous Catalysts: Separating Myth from Reality[END_REF] and single-atom [START_REF] Wang | Heterogeneous Single-Atom Catalysis[END_REF] catalysts have emerged as a distinct class of highly efficient heterogeneous catalysts that display unique reactivity, increased catalytic efficiency and improved precious metal utilization. The ultimate goal in catalysis science is to derive detailed structure-activity relationship for rational development. The search for single-site catalysts that comprise of a well-defined coordination environment has thus been an active field of research. In this context, Surface Organometallic Chemistry (SOMC) has emerged as a powerful approach that relies on the controlled reaction of tailored molecular precursors with the functionality of supports, such as the isolated OH groups of oxide materials. [START_REF] Wegener | Design Strategies for the Molecular Level Synthesis of Supported Catalysts[END_REF][START_REF] Coperet | Surface Organometallic and Coordination Chemistry toward Single-Site Heterogeneous Catalysts: Strategies, Methods, Structures, and Activities[END_REF][START_REF] Pelletier | Catalysis by Design: Well-Defined Single-Site Heterogeneous Catalysts[END_REF] These well-defined surface species can be used directly as single-site catalysts or as precursors to i) generate isolated metal sites with defined oxidation state and nuclearity, or ii) control the interface, growth and composition of supported nanoparticles. [START_REF] Laurent | From Well-Defined Pt(II) Surface Species to the Controlled Growth of Silica Supported Pt Nanoparticles[END_REF][START_REF] Searles | Highly Productive Propane Dehydrogenation Catalyst Using Silica-Supported Ga-Pt Nanoparticles Generated from Single-Sites[END_REF][START_REF] Coperet | Single-Sites and Nanoparticles at Tailored Interfaces Prepared via Surface Organometallic Chemistry from Thermolytic Molecular Precursors[END_REF][START_REF] Rochlitz | Silica-Supported, Narrowly Distributed, Subnanometric Pt-Zn Particles from Single Sites with High Propane Dehydrogenation Performance[END_REF][START_REF] Payard | Dynamics and Site Isolation: Keys to High Propane Dehydrogenation Performance of Silica-Supported PtGa Nanoparticles[END_REF] A key aspect of SOMC is the need to obtain an atomic-level characterization of surface species, using in particular solid-state nuclear magnetic resonance (NMR) spectroscopy. [START_REF] Tennakoon | Catalytic Upcycling of High-Density Polyethylene via a Processive Mechanism[END_REF][START_REF] Zhang | In Situ Solid-State NMR for Heterogeneous Catalysis: A Joint Experimental and Theoretical Approach[END_REF][START_REF] D'elia | Cooperative Effect of Monopodal Silica-Supported Niobium Complex Pairs Enhancing Catalytic Cyclic Carbonate Production[END_REF][START_REF] Kobayashi | Dynamic Nuclear Polarization Solid-State NMR in Heterogeneous Catalysis Research[END_REF][START_REF] Coperet | Active Sites in Supported Single-Site Catalysts: An NMR Perspective[END_REF][START_REF] Vancompernolle | On the use of Solid-State 45 Sc NMR for Structural Investigations of Molecular and Silica-Supported Scandium Amide Catalysts[END_REF][START_REF] Grekov | Solid-State NMR of Quadrupolar Nuclei for Investigations into Supported Organometallic Catalysts: Scope and Frontiers[END_REF][START_REF] Culver | OR F )3 (R F = C(CF3)3) Activated Silica: A Well-Defined Weakly Coordinating Surface Anion[END_REF] Solid-state NMR spectroscopy has been used to determine the three-dimensional structure of surface single-sites with a sub-angstrom precision. [START_REF] Berruyer | Three-Dimensional Structure Determination of Surface Sites[END_REF][START_REF] Perras | Revealing the Configuration and Conformation of Surface Organometallic Catalysts with DNP-Enhanced NMR[END_REF] The complete measurement of the NMR chemical shift tensor via determination of the isotropic chemical shift and the chemical shift anisotropy (CSA) provides a fingerprint of the electronic structure and symmetry of an atomic environment. [START_REF] Zilm | Low-Temperature Natural-Abundance Carbon-13 NMR Spectroscopy of Matrix-Isolated Species -Anisotropy of Shielding Tensor in Ethylene[END_REF][START_REF] Widdifield | Understanding Chemical Shielding Tensors Using Group Theory, MO Analysis, and Modern Density-Functional Theory[END_REF][START_REF] Facelli | Chemical Shift Tensors: Theory and Application to Molecular Structural Problems[END_REF][START_REF] Gordon | Carbon-13 NMR Chemical Shift: A Descriptor for Electronic Structure and Reactivity of Organometallic Compounds[END_REF] For example, differences in magnitude of the CSA (the span), determined experimentally, and the computed orientation of the chemical shift tensors can be traced back to specific molecular frontier orbitals and their relative energies in organometallic complexes; this has been used for instance to predict the reactivity of alkene and alkyne metathesis catalysts, [START_REF] Halbert | Elucidating the Link between NMR Chemical Shifts and Electronic Structure in d(0) Olefin Metathesis Catalysts[END_REF][START_REF] Lummiss | Sterically Driven Olefin Metathesis: The Impact of Alkylidene Substitution on Catalyst Activity[END_REF][START_REF] Yamamoto | Orbital Analysis of Carbon-13 Chemical Shift Tensors Reveals Patterns to Distinguish Fischer and Schrock Carbenes[END_REF][START_REF] Culver | The beta-Agostic Structure in (C5Me5)2Sc(CH2CH3): Solid-State NMR Studies of (C5Me5)2Sc-R (R=Me, Ph, Et)[END_REF][START_REF] Hillenbrand | W NMR Spectroscopy Guides the Search for Tungsten Alkylidyne Catalysts for Alkyne Metathesis[END_REF] unravel the electronic structure of organo-tellurides [START_REF] Pietrasiak | Understanding 125 Te NMR chemical shifts in Disymmetric Organo-Telluride Compounds from Natural Chemical Shift Analysis[END_REF] and understand the p-accepting abilities of carbenes. [START_REF] Arduengo | Chemical Shielding Tensor of a Carbene[END_REF][START_REF] Vummaleti | What can NMR Spectroscopy of Selenoureas and Phosphinidenes Teach us About the Pi-Accepting Abilities of N-heterocyclic Carbenes?[END_REF][START_REF] Engl | Exploiting and Understanding the Selectivity of Ru-N-Heterocyclic Carbene Metathesis Catalysts for the Ethenolysis of Cyclic Olefins to alpha,omega-Dienes[END_REF] Many metal-based catalysts have spin-1/2 isotopes which can be directly probed by solid-state NMR spectroscopy ( 89 Y, 103 Rh, 109 Ag, 113 Cd, 119 Sn, 183 W, 199 Hg, 195 Pt, 207 Pb, etc.).

However, direct NMR experiments on the metal nucleus of supported catalysts are challenging because of the typically low metal loadings. Consequently, NMR experiments have traditionally been limited to highly receptive isotopes of metals such as aluminum, [START_REF] Taoufik | Heteronuclear NMR Spectroscopy as a Surface-Selective Technique: A Unique Look at the Hydroxyl Groups of gamma-Alumina[END_REF] scandium, [START_REF] Vancompernolle | On the use of Solid-State 45 Sc NMR for Structural Investigations of Molecular and Silica-Supported Scandium Amide Catalysts[END_REF] vanadium, 40- 41 niobium [START_REF] D'elia | Cooperative Effect of Monopodal Silica-Supported Niobium Complex Pairs Enhancing Catalytic Cyclic Carbonate Production[END_REF] and/or isotopically enriched materials. [START_REF] Grekov | Solid-State NMR of Quadrupolar Nuclei for Investigations into Supported Organometallic Catalysts: Scope and Frontiers[END_REF][START_REF] Corma | Sn-zeolite Beta as a Heterogeneous Chemoselective Catalyst for Baeyer-Villiger Oxidations[END_REF][START_REF] Merle | 17 O NMR gives Unprecedented Insights into the Structure of Supported Catalysts and their Interaction with the Silica Carrier[END_REF] Recently, sensitivity-enhancement by dynamic nuclear polarization (DNP) or proton detection has enabled NMR experiments on catalysts featuring unreceptive nuclei. [START_REF] Gunther | Dynamic Nuclear Polarization NMR Enables the Analysis of Sn-Beta Zeolite Prepared with Natural Abundance 119 Sn Precursors[END_REF][START_REF] Delley | Local Structures and Heterogeneity of Silica-Supported M(III) Sites Evidenced by EPR, IR, NMR, and Luminescence Spectroscopies[END_REF][START_REF] Camacho-Bunquin | Chemoselective Hydrogenation with Supported Organoplatinum(IV) Catalyst on Zn(II)-Modified Silica[END_REF][START_REF] Perras | Direct 17 O Dynamic Nuclear Polarization of Single-Site Heterogeneous Catalysts[END_REF][START_REF] Nagashima | Observation of Lowgamma Quadrupolar Nuclei by Surface-Enhanced NMR Spectroscopy[END_REF][START_REF] Ishizaka | Bidentate Disilicate Framework for Bis-Grafted Surface Species[END_REF] The noble metal platinum is utilized in numerous catalytic processes. [START_REF] Wang | Heterogeneous Single-Atom Catalysis[END_REF][START_REF] Fu | Active Nonmetallic Au and Pt Species on Ceria-based Water-Gas Shift Catalysts[END_REF][START_REF] Vajda | Subnanometre Platinum Clusters as Highly Active and Selective Catalysts for the Oxidative Dehydrogenation of Propane[END_REF][START_REF] Qiao | Single-atom catalysis of CO oxidation using Pt-1/FeOx[END_REF] However, Pt(II) sites typically adopt a square-planar geometry, giving rise to very large 195 Pt CSA, reaching several thousand ppm and making acquisition of 195 Pt solid-state NMR spectra challenging. [START_REF] Macgregor | New Methods for the Acquisition of Ultra-Wideline Solid-State NMR Spectra of Spin-1/2 Nuclides[END_REF][START_REF] Schurko | Ultra-Wideline Solid-State NMR Spectroscopy[END_REF][START_REF] Lucier | Unravelling the Structure of Magnus' Pink Salt[END_REF] Yet, measurement of 195 Pt isotropic chemical shifts and CSA provides invaluable information by providing direct insight into the identity and symmetry of atoms within the Pt coordination sphere as well as a full understanding of its electronic structure. [START_REF] Lucier | Unravelling the Structure of Magnus' Pink Salt[END_REF][START_REF] Austin | Solid-State 195 Pt NMR-Studies of the Complexes Pt(En)Clx (En = 1,2-Diaminoethane x = 2,3 or 4)[END_REF][START_REF] Sparks | 195 Pt Shielding Tensors in Potassium Hexachloroplatinate(IV) and Potassium Tetrachloroplatinate(II)[END_REF][START_REF] Sterzel | Toward an Accurate Determination of 195 Pt Chemical Shifts by Density Functional Computations: The Importance of Unspecific Solvent Effects and the Dependence of Pt Magnetic Shielding Constants on Structural Parameters[END_REF][START_REF] Autschbach | Analyzing Pt Chemical Shifts Calculated from Relativistic Density Functional Theory Using Localized Orbitals: The Role of Pt 5d Lone Pairs[END_REF][START_REF] Lucier | Multinuclear Solid-State NMR of Square-Planar Platinum Complexes -Cisplatin and Related Systems[END_REF] Towards this goal, various schemes have been proposed for the acquisition of wideline solid-state NMR spectra. [START_REF] Macgregor | New Methods for the Acquisition of Ultra-Wideline Solid-State NMR Spectra of Spin-1/2 Nuclides[END_REF][START_REF] Siegel | Application of Multiple-Pulse Experiments to Characterize Broad NMR Chemical-Shift Powder Patterns from Spin-1/2 Nuclei in the Solid State[END_REF][START_REF] Harris | Broadband Adiabatic Inversion Pulses for Cross Polarization in Wideline Solid-State NMR Spectroscopy[END_REF][START_REF] Altenhof | Practical Aspects of Recording Ultra-Wideline NMR Patterns under Magic-Angle Spinning Conditions[END_REF] DNP has been used to enhance further the sensitivity of wideline solid-state NMR experiments under static 46, 64- 65 and moderate magic angle spinning (MAS) conditions. [START_REF] Ishizaka | Bidentate Disilicate Framework for Bis-Grafted Surface Species[END_REF] However, these methods offer poor 195 Pt NMR resolution. Recently, we used static DNP experiments to characterize a model Pt singlesite catalyst at 3.7 wt.% Pt loading, however even with DNP, six days of acquisition time was required to measure the 195 Pt CSA. [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF] A rapidly developing approach to improve the sensitivity and resolution of solid-state NMR experiments, which can be readily applied with standard solid-state NMR spectrometers, is indirect detection of insensitive nuclei under fast MAS. [START_REF] Ishii | Sensitivity Enhancement in Solid-State 13 C NMR of Synthetic Polymers and Biopolymers by 1 H NMR Detection with High-Speed Magic Angle Spinning[END_REF][START_REF] Reif | 1 H Detected 1 H-15 N Correlation Spectroscopy in Rotating Solids[END_REF][START_REF] Poppler | Ultrafast Magic-Angle Spinning: Benefits for the Acquisition of Ultrawide-Line NMR Spectra of Heavy Spin-1/2 Nuclei[END_REF][START_REF] Kobayashi | Heteronuclear Correlation Solid-state NMR Spectroscopy with Indirect Detection under Fast Magic-Angle Spinning[END_REF] In this work, we demonstrate that 195 Pt chemical shift tensors can be measured with high resolution in only minutes to hours for a series of molecular and single-site Pt species grafted on silica with Pt loading of only 3-5 wt.% (Figure 1). Our approach consists in the incorporation of long duration, low-power, sideband-selective pulses into indirect detection 1 H{ 195 Pt} t1-noise eliminated heteronuclear multiple quantum coherence (TONE D-HMQC), perfect echo resonance echo saturation pulse double resonance (PE RESPDOR) and 31 P{ 195 Pt} J-resolved or J-HMQC pulse sequences all of which are performed with fast MAS (nrot ≥ 25 kHz). By varying the offset of the sideband-selective pulses across the 195 Pt spectrum and monitoring the 1D NMR signal intensity, complete 195 Pt NMR spectra can be obtained with sensitivity far exceeding that offered by traditional methods. These schemes, together with DFT computations, were applied to unravel the molecular and electronic signatures of surface Pt species. The large variations in experimental 195 Pt CSA can be related to simple orbital models, rationalizing the effect of different coordination environments on 195 Pt CSA patterns. 

Results and Discussion

Sideband-Selective 195 Pt NMR methods. Wideline 1 H{ 195 Pt} D-HMQC experiments [START_REF] Rossini | Rapid Acquisition of Wideline MAS Solid-State NMR Spectra with Fast MAS, Proton Detection, and Dipolar HMQC Pulse Sequences[END_REF][START_REF] Perras | Indirect Detection of Infinite-Speed MAS Solid-State NMR Spectra[END_REF][START_REF] Li | Indirect detection of Broad Spectra in Solid-State NMR Using Interleaved DANTE Trains[END_REF][START_REF] Venkatesh | Proton-Detected Solid-State NMR Spectroscopy of Spin-1/2 Nuclei with Large Chemical Shift Anisotropy[END_REF] use microsecond duration, high-rf field (n1 > 150 kHz) excitation pulses to excite the broad 195 Pt NMR spectra. Small rotor-asynchronous t1-increments (Dt1 < 4 µs) are used to finely sample the indirect dimension time domain signal, allowing observation of the entire wideline 195 Pt MAS spectrum in the frequency domain after 2D Fourier transformation. [START_REF] Rossini | Rapid Acquisition of Wideline MAS Solid-State NMR Spectra with Fast MAS, Proton Detection, and Dipolar HMQC Pulse Sequences[END_REF][START_REF] Perras | Indirect Detection of Infinite-Speed MAS Solid-State NMR Spectra[END_REF][START_REF] Li | Indirect detection of Broad Spectra in Solid-State NMR Using Interleaved DANTE Trains[END_REF][START_REF] Venkatesh | Proton-Detected Solid-State NMR Spectroscopy of Spin-1/2 Nuclei with Large Chemical Shift Anisotropy[END_REF] However, when the indirect dimension spectrum consists of a series of sidebands due to a significant CSA, the sensitivity of the wideline NMR experiment is significantly reduced (Figure S1), and further attenuated by t1-noise. Recently Paluch et al. showed that the traditional microsecond duration, high-rf field excitation pulses used in 1 H{ 195 Pt} D-HMQC experiments on samples with large CSA can be replaced with low-rf field pulses (5-50 kHz) with durations of one rotor cycle or longer. [START_REF] Paluch | Analysis of HMQC Experiments Applied to a Spin 1/2 Nucleus Subject to Very Large CSA[END_REF] These multiple rotor cycle duration pulses have a narrow excitation bandwidth and must be applied on resonance with an isotropic peak or sideband; hence, we denote these pulses as being sidebandselective. Here, sideband-selective excitation or saturation 195 Figure 2D shows the simulated ideal MAS 195 Pt NMR spectrum of cisplatin, based on the previously reported CSA parameters diso = -1834 ppm, W = 8975 ppm and k = -0.96, [START_REF] Lucier | Multinuclear Solid-State NMR of Square-Planar Platinum Complexes -Cisplatin and Related Systems[END_REF][START_REF] Rossini | Rapid Acquisition of Wideline MAS Solid-State NMR Spectra with Fast MAS, Proton Detection, and Dipolar HMQC Pulse Sequences[END_REF] where diso, W and k denote the isotropic chemical shift, span and skew of the chemical shift tensor, respectively. Numerical SIMPSON [START_REF] Bak | A General Simulation Program for Solid-State NMR Spectroscopy[END_REF][START_REF] Tosner | Optimal Control in NMR Spectroscopy: Numerical Implementation in SIMPSON[END_REF][START_REF] Tosner | Computer-Intensive Simulation of Solid-State NMR Experiments using SIMPSON[END_REF] simulations show the effects of varying the offset of 60 µs, (PE) RESPDOR pulse sequences (Figure 2). Both of these sequences give more reliable 1 H NMR signal intensities because they are designed to tolerate experimental MAS frequency fluctuations. [START_REF] Venkatesh | t1-Noise Eliminated Dipolar Heteronuclear Multiple-Quantum Coherence Solid-State NMR Spectroscopy[END_REF][START_REF] Duong | Accurate 1 H-14 N Distance Measurements by Phase-Modulated RESPDOR at Ultra-Fast MAS[END_REF][START_REF] Perras | Reducing t1 Noise through Rapid Scanning[END_REF] The use of PE RESPDOR to accurately measure heteronuclear distances is discussed elsewhere. 90 

Experimental Demonstration of 195 Pt Sideband-Selective NMR Experiments on Molecular

Precursors. We tested sideband-selective 1 H{ 195 Pt} TONE D-HMQC-4 and PE RESPDOR experiments with the two prototypical molecular compounds cisplatin (1) and Pt(acac)2 (2) (Figure 3). The sideband-selective pulses must be applied precisely on-resonance with a 195 Pt NMR signal.

The position of a sideband can be located using a high sensitivity rotor-synchronized D-HMQC experiment [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF][START_REF] Li | Indirect detection of Broad Spectra in Solid-State NMR Using Interleaved DANTE Trains[END_REF][START_REF] Paluch | Analysis of HMQC Experiments Applied to a Spin 1/2 Nucleus Subject to Very Large CSA[END_REF] or by varying the offset of the sideband-selective pulses in steps of 1-2 kHz, until the signal (or dephasing) is observed; the former approach was employed throughout this work. For both 1 and 2, plots of the S11C). [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF][START_REF] Venkatesh | Proton-Detected Solid-State NMR Spectroscopy of Spin-1/2 Nuclei with Large Chemical Shift Anisotropy[END_REF] in Figure S13A). Rotor-synchronized 2D TONE D-HMQC-4 experiments were performed with MAS frequencies of 50 and 52 kHz to measure the 195 Pt isotropic chemical shift of 2 (Figure S13B). Notably, two 195 Pt signals at -360 and -385 ppm were observed, suggesting that the sample studied here contains two crystallographically inequivalent sites, in disagreement with the currently known crystal structure of 2. [START_REF] Ha | Crystal structure of bis(pentane-2,4-dionato-kappa O-2,O ')platinum(II), Pt(C5H7O2)2[END_REF] A 13 C CPMAS spectrum of 2 also shows more peaks than

expected, yet the experimental PXRD pattern closely matches that predicted from the 200 K Xray structure (Figure S13). Hence, we conclude that the sample of 2 studied here was phase pure, but that the structure at room temperature may be slightly different from the reported 200 K single- In order to probe the sensitivity of these newly developed NMR experiments to modifications on the surface, we investigated the surface species of [(COD)Pt(OSi(OtBu)3)2] grafted on silica doped with different Lewis acids, namely Zn(II) and Ga(III), in order to probe the local environment around Pt and determine if there are any interactions of Pt with the adjacent Lewis acid sites. These systems, denoted 3_Zn/SiO2 and 3_Ga/SiO2, were chosen because they are used as precursors to prepare highly active mixed-metal nanoparticle catalysts for the nonoxidative propane dehydrogenation. [START_REF] Searles | Highly Productive Propane Dehydrogenation Catalyst Using Silica-Supported Ga-Pt Nanoparticles Generated from Single-Sites[END_REF][START_REF] Rochlitz | Silica-Supported, Narrowly Distributed, Subnanometric Pt-Zn Particles from Single Sites with High Propane Dehydrogenation Performance[END_REF][START_REF] Payard | Dynamics and Site Isolation: Keys to High Propane Dehydrogenation Performance of Silica-Supported PtGa Nanoparticles[END_REF] The 1D S21), in good agreement with the chemical shift assignments of 3/SiO2. [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF] The ligand structure was further confirmed by 2D (Figure S26). Note that similar distortions of intensity were previously seen in the 1 H→ 195 Pt BRAIN-CP-WCPMG spectrum of 3/SiO2. [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF] Clearly, the structure of the grafted single-site [(COD)Pt(OSi(OtBu)3)] species in 3_Zn/SiO2 is similar to 3/SiO2. In case of 3_Ga/SiO2, the observed 195 Pt sideband manifold indicates a span that is lower than that of 3/SiO2 by ca. 1250 ppm, which could indicate differing interactions between the grafted Pt compounds and the co-grafted Ga 3+ and Zn 2+ ions, that in turn suggests slight average differences in the conformation and electronic structure. Note that the reduction in span of 3_Ga/SiO2 could also be partially attributed to the error in intensities due to a low PE RESPDOR dephasing of ca. 3.7%. To confirm the proximity of the co-grafted Pt complex and the Ga 3+ ions, we performed 1 H{ 71 Ga} PE RESPDOR experiments which show dephasing of the olefinic CH and the methyl groups of the siloxide ligand (Figure 5C). The slow build-up of the S2. NMR calculations of the supported species were performed using with t-butoxy siloxide groups in place of the silica surface. Hydrogen atoms are omitted for clarity. For the same reason, only the SiO4 unit of the siloxide ligands is shown.

DFT Calculations of 195 Pt CS Tensors. Finally, we used spin-orbit ZORA DFT calculations to compute the 195 Pt CS tensor parameters of the molecular and supported Pt-species studied. [START_REF] Autschbach | The Role of the Exchange-Correlation Response Kernel and Scaling Corrections in Relativistic Density Functional Nuclear Magnetic Shielding Calculations with the Zeroth-Order Regular Approximation[END_REF][START_REF] Snijders | The Zero-Order Regular Approximation for Relativistic Effects: The Effect of Spin-Orbit Coupling in Closed Shell Molecules[END_REF] The differences in CSA parameters can be related to differences in the coordination environments using simple and powerful orbital models. Modern computational chemistry packages allow accurate prediction of NMR properties, including 195 Pt chemical shifts, [START_REF] Sterzel | Toward an Accurate Determination of 195 Pt Chemical Shifts by Density Functional Computations: The Importance of Unspecific Solvent Effects and the Dependence of Pt Magnetic Shielding Constants on Structural Parameters[END_REF][START_REF] Autschbach | Analyzing Pt Chemical Shifts Calculated from Relativistic Density Functional Theory Using Localized Orbitals: The Role of Pt 5d Lone Pairs[END_REF][START_REF] Davis | On the Origin of 35/37 Cl Isotope Effects on 195 Pt NMR Chemical Shifts. A Density Functional Study[END_REF] which is useful for structure determination by NMR crystallography protocols. [START_REF] Lucier | Unravelling the Structure of Magnus' Pink Salt[END_REF][START_REF] Bryce | NMR Crystallography: Structure and Properties of Materials from Solid-State Nuclear Magnetic Resonance Observables[END_REF][START_REF] Hodgkinson | NMR Crystallography of Molecular Organics[END_REF] As demonstrated by Ziegler, the origin of the 195 Pt CSA can be traced back to electronic structure. 100 Autschbach subsequently demonstrated a localized molecular orbital analysis of 195 Pt CS tensors that provides a clear link between the energy and symmetry of orbitals in square planar Pt compounds and the observed CS tensor parameters: [START_REF] Lucier | Unravelling the Structure of Magnus' Pink Salt[END_REF][START_REF] Autschbach | Analyzing Pt Chemical Shifts Calculated from Relativistic Density Functional Theory Using Localized Orbitals: The Role of Pt 5d Lone Pairs[END_REF] the deshielding for the CS component along the z direction of the molecular frame (denoted dz), originate from the coupling of the high-lying, filled dxy orbital with the antibonding σ*(Pt-L) orbital by the L ̂z operator and, to a minor extent, from the filled dxz and dyz Pt orbitals coupling with the specific σ*(Pt-L) along the y or x axis, by L ̂y and L ̂x respectively (Figure 7B, details in experimental section below).

Standard gas-phase DFT calculations using the Gaussian09 program 101 were used to optimize atomic coordinates. Then, ZORA DFT calculations as implemented in the ADF program 102 were used to calculate 195 Pt CSA principal components (d11 > d22 > d33) (for additional details, see the experimental section). The computed and experimental values of CSA are in good agreement, thus validating the computational approach (see Figure 7A and Table S2).

In all but one case, d11, the most deshielded component, lies perpendicular to the plane, along the natural z-axis of these square planar compounds (d11 = dz). The exception is for compound 5, where d33 is aligned with the molecular z-axis. Across the series of square planar compounds studied here, the value of dz varies from +7873 to -4885 ppm, while the other components in the plane (dx/dz), varies only within ca. 2000 ppm. Note also that small changes in geometry significantly affect 195 Pt CS tensor parameters (Figure S31).

The (de)shielding across the series of Pt-species studied here is clearly affected by the energy of σ*(Pt-L) orbitals, which is determined by the σ-donating properties of the corresponding L ligands (Note S3). Thus, it may not be so surprising that changes in the coordination sphere of Pt II L4 compounds dramatically affect the δz component, which varies from +7873 (2) to -4885 ppm (5) upon going from oxygen to carbon-based ligands. As discussed above, the compound 5 presents the most shielded value for δz that correspond to δ33 and not δ11 as for the other compounds has an axially symmetric CS tensor (δ22 ≈ δ33 ≈ -5150 ppm), the asymmetric system 4/SiO2, with both a siloxide (weak π-donor) and a methyl ligand (mostly s-donor) has δ22 (-4021 ppm) >> δ33 (-5400 ppm). In 4/SiO2, the most shielded component δ33 is aligned with the Pt-methyl bond, while δ22 is aligned with the Pt-siloxide bond. Specifically, the presence of a π-donor ligand causes an increase in energy of the overlapping filled Pt 5dyz orbital through an antibonding interaction, which ultimately results in an increased energy of the 5dyz orbital that allows for a more efficient coupling with σ*(Pt-L), hence the observed deshielding in the direction of the coupling (Figure 7C). On the contrary, a π-acceptor ligand can interact with the filled Pt 5dyz orbital, stabilising it, and resulting in a less efficient orbital coupling due to increase in energy difference with the antibonding σ*(Pt-L) (Figure 7D). When combined, these orbital interactions lead to the observed effects in CSA of the asymmetric system 4/SiO2; analogous observations can be made for 5/SiO2.

In summary, 195 Pt solid-state NMR spectra and CSA provide a signature of the metal sites, the types of ligands and the local symmetry of organometallic complexes and supported Pt species.

Hence 195 Pt solid-state NMR spectroscopy is a powerful tool to characterize compounds and surface sites.

Conclusions

In conclusion, we have developed robust and expedient sideband-selective solid-state NMR methods to rapidly measure the 195 Pt NMR spectroscopic signatures of Pt-containing compounds and materials, including some having very large CSA such as Pt(acac)2. The sidebandselective NMR experiments offer an enormous time saving in comparison to state-of-the-art static DNP SENS experiments. [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF] Additionally, the sideband-selective NMR methods can be performed at room temperature and require only a few mg of material when performed with fast MAS probes and small diameter rotors. These methods are based on low-power pulses that are one or more rotor cycles in duration and provide sideband-selective excitation or saturation in fast MAS gains in sensitivity that will be needed to study dilute single-atom catalysts or enable the use of nuclei such as natural abundance [START_REF] Searles | Highly Productive Propane Dehydrogenation Catalyst Using Silica-Supported Ga-Pt Nanoparticles Generated from Single-Sites[END_REF] C as a spy-nucleus.

Experimental Section

Synthesis of Materials. All experiments were conducted inside an Argon filled MBraun

GloveBox or using standard Schlenk technique, using anhydrous reagents and distilled solvents, unless indicated otherwise. All solvents were stored over 4 Å molecular sieves after being transferred to a glove box. Silica (SiO2, Aerosil 200®, 200 m 2 g -1 ) was calcined in air at 500°C before subsequent dehydroxylation at 700°C under high vacuum as reported in literature. [START_REF] Coperet | Surface Organometallic and Coordination Chemistry toward Single-Site Heterogeneous Catalysts: Strategies, Methods, Structures, and Activities[END_REF] The resulting dehydroxylated silica is referred to as SiO2-700. Titration of the resulting SiO2-700 using [Mg(CH2Ph)2(THF)2] purified via sublimation prior to use, 103 yielded an Si-OH density of 0.3 mmol/g, corresponding to 0.9 accessible Si-OH groups per nm 2 . PtCl2(NH3)2 (1, 99 % purity, Alfa Aesar) and Pt(acac)2 (2, 98 % purity, Strem Chemicals) were used as received.

[(COD)Pt(OSi(O t Bu)3)2] (3), [(COD)PtMe(OSi(O t Bu)3)] (4), [(DMPE)PtMe2] (5), 
[Zn(OSi(OtBu)3)2]2 and [Ga(THF)(OSi(OtBu)3)3] molecular precursors were synthesized via literature procedures with minor modifications. 12, 93, 104-106 [(COD)Pt(OSi(OtBu)3)]/SiO2 (3/SiO2) was synthesized according to the previously described procedure. [START_REF] Venkatesh | The Structure of Molecular and Surface Platinum Sites Determined by DNP-SENS and Fast MAS 195 Pt Solid-State NMR Spectroscopy[END_REF] The materials

[(COD)Pt(OSi(OtBu)3)]_Zn II /SiO2 (3_Zn/SiO2), [(COD)Pt(OSi(OtBu)3)]_Ga III /SiO2
(3_Ga/SiO2) and [(COD)PtMe]/SiO2-700 (4/SiO2) were synthesized following adapted literature procedures. [START_REF] Laurent | From Well-Defined Pt(II) Surface Species to the Controlled Growth of Silica Supported Pt Nanoparticles[END_REF][START_REF] Searles | Highly Productive Propane Dehydrogenation Catalyst Using Silica-Supported Ga-Pt Nanoparticles Generated from Single-Sites[END_REF][START_REF] Rochlitz | Silica-Supported, Narrowly Distributed, Subnanometric Pt-Zn Particles from Single Sites with High Propane Dehydrogenation Performance[END_REF] [(COD)Pt(OSi(OtBu)3)]_Zn II /SiO2 (3_Zn/SiO2): A colourless solution of [Zn(OSi(OtBu)3)2]2 (0.234 g, 0.395 mmol) in benzene (10 ml) was added slowly to a suspension of SiO2-700 (1.517 g, 0.455 mmol -OH) in benzene (10 ml) while stirring (100 rpm). The resulting suspension was stirred for 5 h at room temperature. The supernatant was removed, and the material washed with benzene (10 ml) three times to wash off unreacted complex. The material was then washed with pentane and subsequently dried under high vacuum (10 -5 mbar) for 3 h to remove residual solvent. The resulting white solid was then transferred to a tubular quartz reactor and treated under high vacuum (10 -5 mbar) at high temperature (r.t. to 300 °C (5 °C/min) for 1 h, 400 °C (5 °C/min) for 1 h, 500 °C (5 °C/min) for 1 h, 600 °C (5 °C/min) for 8 h). Part of the resulting white solid (1.193 g, 0.358 mmol -OH assumed) was suspended in benzene (10 ml), and a colourless solution of 3 (0.258 g, 0.311 mmol) in benzene (10 ml) added to it slowly while stirring (100 rpm). The resulting suspension was stirred for 4 h at room temperature. The supernatant was removed, and the material washed with benzene (10 ml) three times to wash off unreacted complex. The material was then washed with pentane and subsequently dried under high vacuum (10 -5 mbar) for 3 h to remove residual solvent. 3_Zn/SiO2 was obtained as a white solid. Elemental Analysis: 2.77 wt.% Pt, 1.48 wt.% Zn.

[(COD)Pt(OSi(OtBu)3)]_Ga III /SiO2-700 (3_Ga/SiO2): A colourless solution of [Ga(THF)(OSi(OtBu)3)3] (0.245 g, 0.263 mmol) in benzene (10 ml) was added slowly to a suspension of SiO2-700 (1.009 g, 0.303 mmol -OH) in benzene (10 ml) while stirring (100 rpm).

The resulting suspension was stirred for 12 h at room temperature. The supernatant was removed, and the material washed with benzene (10 ml) three times to wash off unreacted complex. The material was then washed with pentane and subsequently dried under high vacuum (10 -5 mbar) for 5 h to remove residual solvent. The resulting white solid was then transferred to a tubular quartz reactor and treated under high vacuum (10 -5 mbar) at high temperature (r.t. to 300 °C (5 °C/min) for 1 h, 400 °C (5 °C/min) for 1 h, 500 °C (5 °C/min) for 1 h, 600 °C (5 °C/min) for 8 h). Part of the resulting grey solid (0.480 g, 0.144 mmol -OH assumed) was suspended in benzene (10 ml), and a colourless solution of 3 (0.104 g, 0.125 mmol) in benzene (10 ml) added to it slowly while stirring (100 rpm). The resulting suspension was stirred for 12 h at room temperature. The supernatant was removed, and the material washed with benzene (10 ml) three times to wash off unreacted complex. The material was then washed with pentane and subsequently dried under high vacuum (10 -5 mbar) for 3 h to remove residual solvent. 3_Ga/SiO2 was obtained as a white solid.

[(COD)PtMe]/SiO2-700 (4/SiO2): A colourless solution of 4 (0.087 g, 0.15 mmol) in benzene (10 mL) was added slowly to a suspension of SiO2-700 (0.500 g, 0.15 mmol -OH) in benzene (10 mL) while stirring (100 rpm). The resulting suspension was stirred for 12 h at room temperature. The supernatant was removed, and the material washed with benzene (10 mL) three times to wash off unreacted complex. The material was then washed with pentane and dried under high vacuum (10 -5 mbar) for 4 h to remove residual solvent. 4/SiO2 was obtained as a white solid.

Elemental analysis: Pt, 4.96 wt. %.

[(DMPE)PtMe]/SiO2-700 (5/SiO2): A suspension of off-white/brown 5 (0.035 g, 0.093 mmol) in benzene (10 mL) was added slowly to a suspension of SiO2-700 (0.311 g, 0.093 mmol -OH) in benzene (10 mL) while stirring (100 rpm). The resulting suspension was stirred for 12 h at room temperature with gradual disappearance of 5 in the suspension. The supernatant was removed, and the material washed with benzene (10 mL) three times to wash off unreacted complex. The material was then washed with pentane and dried under high vacuum (10 S7A). A longer recoupling duration provides more dephasing (Figure S7D) but results in a 'noisier' 195 Pt sideband manifold (Figure S11). Therefore, recoupling durations shorter than that providing maximal dephasing may be preferred for the variable offset PE RESPDOR experiments.

The experimental 195 Pt sideband-selective patterns are best reproduced by numerical simulations, as performed here using SIMPSON (vide infra). Alternatively, an approximate estimate of the CSA values can be obtained using Herzfeld-Berger analysis (HBA). For all other simulations in the main text, the rep320 crystal file and 13 gamma angles were used.

60 µs selective excitation pulses with an optimized 9 kHz rf field were used in the simulations for all molecular compounds, whereas shorter 40 µs duration pulses at 16 kHz rf were used for the surface compounds. The optimal rf fields for the sideband-selective excitation pulses in D-HMQC agree well between simulations and experiments (Table S1). In all cases, the offset frequency of a sideband was determined by first varying the offset in small steps of 1-2 kHz, followed by stepping the transmitter offset in steps equal to the MAS frequency. Note that the TONE D-HMQC-2 sequence was used for SIMPSON simulations throughout this work, while TONE D-HMQC-4 was used for experiments. TONE D-HMQC-2 was used for simulations because TONE D-HMQC-4 relies on experimental rf inhomogeneity, which is absent in the simulations, to dephase uncorrelated signals. [START_REF] Venkatesh | t1-Noise Eliminated Dipolar Heteronuclear Multiple-Quantum Coherence Solid-State NMR Spectroscopy[END_REF] The sideband-selective 31 P{ 195 Pt} J-resolved experiments with 5/SiO2 were simulated using a 31 P-195 Pt J-coupling of 1825 Hz, a J-evolution time of 560 µs, and a 25 kHz MAS frequency as in the experiments.

Plots showing the root mean square deviation (RMSD) between experimental and simulated patterns are provided in the SI for all samples. Briefly, the sideband NMR spectra were fit with the following procedure: (i) visual inspection of the sideband manifold provides a preliminary estimate of the principal components of the CSA tensor, (ii) the skew of the CS tensor was fixed while the span was varied and (iii) finally, the span with the lowest RMSD was fixed and the skew was varied to determine the best fit.

Figure 1 .

 1 Figure 1. (A) Graphical summary of the characterization of molecular and supported Pt metal sites and the development of methodology for fast structure determination using 195 Pt solid-state NMR. Scheme showing the structures of the (B) molecular and (C) supported single-site Pt compound studied in this work. The Pt loadings of the supported compounds were 3.73 wt.% (3/SiO2), 2.77 wt.% (3_Zn/SiO2), 4.37 wt.% (3_Ga/SiO2), 4.96 wt.% (4/SiO2) and 4.39 wt.% (5/SiO2).

Figure 2 . 1

 21 Figure 2. 1 H{ 195 Pt} (A) TONE D-HMQC-2, (B) TONE D-HMQC-4 and (C) Perfect echo (PE) RESPDOR pulse sequences with low-rf field, sideband-selective excitation/saturation pulses with durations of one or more rotor cycles on the 195 Pt channel denoted as red rectangles. m and n are positive integers and tr denotes a rotor period. (D-F) Simulations of MAS 195 Pt NMR spectra of cisplatin at 50 kHz MAS and B0 = 9.4 T using the previously reported 195 Pt isotropic shift and CSA parameters (span (W) and skew (k)). (D) Ideal simulation. Numerical SIMPSON simulations of sideband intensities obtained by varying the offset in steps of 1 kHz of 60 µs 195 Pt sideband-selective (9 kHz rf field) excitation or saturation pulses within (E) TONE D-HMQC or (F) PE RESPDOR pulse sequences, respectively. The isotropic shift is indicated by an asterisk.

  Pt pulses are incorporated into D-HMQC and RESPDOR pulse sequences. To obtain the MAS 195 Pt solid-state NMR spectra, a series of 1D sideband-selective D-HMQC or RESPDOR experiments are performed where the 195 Pt pulse offset frequency is stepped in increments equal to the MAS frequency. By plotting the 1D NMR signal intensities as a function of the 195 Pt pulse offset the MAS 195 Pt NMR spectrum can be reconstructed (Figure 2 and Figure S2-S4). This method is analogous to previous work that utilized indirect detection schemes such as TRAPDOR, 76-77 REAPDOR, 78 RESPDOR 79-80 or PROSPR 81 where the signal dephasing of the detected nucleus at different transmitter offsets was used to reconstruct the NMR spectrum of the indirectly detected spin.

9 kHz rf field 195 Figure 2

 1952 Figure 2 and 3 used t1-noise eliminated (TONE) D-HMQC 86 and the closely related perfect echo 87

Figure 3 .

 3 Figure 3. (A-B, upper traces) 1D 1 H spin echo spectra. (A-F) 1 H{ 195 Pt} sideband-selective solid-state NMR experiments on (A, C, E) cisplatin (1) and (B, D, F) Pt(acac)2 (2) performed with a 50 kHz MAS frequency. (A-B, lower traces) 1D 1 H{ 195 Pt} sideband-selective TONE D-HMQC-4 with the 195 Pt transmitter applied at the most-intense sideband. (black traces) Sideband intensities from 1 H{ 195 Pt} (C-D) TONE D-HMQC-4 and (E-F) PE RESPDOR experiments using 60 µs, 9 kHz rf field sideband-selective 195 Pt pulses. For 2, the signal intensities of the CH proton at 6.3 ppm are shown. (blue traces) SIMPSON simulated peak intensities corresponding to the indicated CS tensor parameters which gave the lowest RMSD. Error bars are provided only for the most intense sideband as the same magnitude of error applies to all sidebands (see SI for details on error bars). Total experiment times are indicated in red.

  crystal X-ray structure. A wideline1 H{ 195 Pt} D-HMQC experiment on 2 takes 45 hours and it suffers from an incomplete excitation because of the large CSA (FigureS13C). The W was estimated to be 11800 ppm (FigureS13D, Note S2), in good agreement with a previous estimate of 10000 ppm from solution 195 Pt NMR relaxation experiments. 92 On the other hand, with sideband-selective TONE D-HMQC-4 and PE RESPDOR experiments, 195 Pt NMR spectra were obtained in only 15 and 13 hours, respectively (Figure 3). Fits of the 195 Pt NMR spectra obtained with TONE D-HMQC-4 or PE RESPDOR yielded a k of -0.7 and similar W values of 12682 ppm or 12521 ppm (Figure S14), which agree with the parameters determined from the MAS 195 Pt NMR spectrum extracted from the 1 H{ 195 Pt} D-HMQC experiment (Figure S13D). Resolving the two CSA patterns for the two platinum sites of 2 is not possible under our experimental conditions because of their similar isotropic shifts (ca. 15 ppm and 2150 Hz isotropic shift difference). In summary, the sideband-selective 1 H{ 195 Pt} TONE D-HMQC and PE RESPDOR experiments were performed with unprecedented sensitivity: the entire 195 Pt MAS NMR spectrum of cisplatin was obtained in only 1 hour with TONE D-HMQC-4 and 24 minutes with PE RESPDOR. For Pt(acac)2 the 195 Pt MAS NMR spectrum was obtained within 15 hours, despite the unfavorable NMR properties of 2. Given the high signal to noise ratios observed with cisplatin (Figure S15), preliminary 195 Pt MAS NMR spectra can typically be obtained in a few minutes for most pure compounds. With these remarkable first results on molecular compounds, sideband-selective 1 H{ 195 Pt} solid-state NMR experiments were then applied to examine silica-supported platinum compounds.

Figure 4 . 3 ligand of 3 /

 433 Figure 4. 195 Pt sideband-selective NMR experiments with silica-supported Pt compounds (A) 3/SiO2 and (B) 4/SiO2. (top) 1D 1 H spin echo NMR spectra, (middle) sideband-selective 1 H{ 195 Pt} TONE D-HMQC-4 spectra at the indicated 195 Pt offset (corresponding to the most intense sidebands). (bottom, black trace) 1 H{ 195 Pt} sideband-selective TONE D-HMQC-4 spectra of (A) 3/SiO2 and (B) 4/SiO2, obtained from the intensities of the CH 1 H NMR signal at ca. 5.5 ppm and the CH3 1 H NMR signal at 1.2 ppm, respectively. (blue trace) SIMPSON simulations with TONE D-HMQC-2 using 195 Pt (A) W = 8039 ppm, k = -0.7 and (B) W = 4719 ppm, k = -0.4, which correspond to the CS tensors parameters that give the lowest RMSD. The error bar accounting for SNR is shown for the most intense sideband. Intense t-butoxide methyl signals were truncated in the 1 H spin echo NMR spectra. All experiments were performed with a 50 kHz MAS frequency.

Figure 5 .

 5 Figure 5. Sideband-selective 1 H{ 195 Pt} PE RESPDOR experiments on single-site Pt compounds (A) 3_Zn/SiO2 and (B) 3_Ga/SiO2. (black) Experimental patterns and (blue) SIMPSON simulations performed using the indicated CS tensor parameters. A maximum experimental signal dephasing of (A) 6.4% and (B) 3.7% was observed. Error bars are shown for the most intense sidebands. (C) 1 H{ 71 Ga} PE RESPDOR build-up curves: plot showing normalized dephasing difference signal intensity (1-S/S0) as a function of dipolar recoupling duration for (circles) CH and (diamonds) CH3 groups in the grafted [(COD)Pt(OSi(OtBu)3)] complex.

  [START_REF] Bowker | The Basis and Applications of Heterogeneous Catalysis[END_REF] H single quantum-double quantum (SQ-DQ) correlation spectroscopy, and[START_REF] Searles | Highly Productive Propane Dehydrogenation Catalyst Using Silica-Supported Ga-Pt Nanoparticles Generated from Single-Sites[END_REF] C and[START_REF] Gordon | Carbon-13 NMR Chemical Shift: A Descriptor for Electronic Structure and Reactivity of Organometallic Compounds[END_REF] Si DNP-SENS (FigureS21-S23). Rotor-synchronized 2D1 H{ 195 Pt} TONE D-HMQC spectra were used to measure the isotropic 195 Pt chemical shifts of -2844 and -2828 ppm for 3_Zn/SiO2 and 3_Ga/SiO2, respectively (FigureS24). These isotropic shift values are entirely consistent with a similar Pt local environment as found in 3/SiO2 ( 195 Pt diso = -2819 ppm).

Figure

  Figure 5A and 5B shows comparisons between experimental sideband patterns obtained

Figure 6 .

 6 Figure 6. 31 P{ 195 Pt} NMR experiments on compounds 5 and 5/SiO2. 1 H→ 31 P CP-MAS spectra of (A) 5 and (B) 5/SiO2 obtained with a 25 kHz MAS frequency. (C) 1D 195 Pt projection from a 2D 31 P{ 195 Pt} CP constant time J-HMQC spectrum of 5 acquired with a 12.5 kHz MAS frequency. (D) 195 Pt CSA pattern of 5/SiO2 acquired with a sideband-selective 1 H-31 P{ 195 Pt} CP J-resolved pulse sequence using CPMG detection and a 25 kHz MAS frequency.

Figure 6A shows a 1

 1 Figure6Ashows a 1 H→ 31 P CP-MAS spectrum of 5, which can be obtained within a few

Figure 7 .

 7 Figure 7. (A) Simulated static 195 Pt CSA parameters obtained using parameters from (black traces) sideband-selective NMR experiments and (blue traces) ZORA DFT calculations. The DFT optimized structures and the corresponding 3D representations of the calculated shielding tensors are shown for each compound. (B) Orbital couplings responsible for paramagnetic deshielding in square planar PtL4 complexes. Modulation of orbital energies and Pt CS principal components in the plane by (C) a π-donor and (D) a π-acceptor ligand. In (A), blue and orange lobes indicate positive and negative shielding, respectively. The CSA principal components color code is: d11 > d22 > d33. Plots of the shielding tensors are scaled to 0.002 pm/ppm. A summary of 195 Pt CSA parameters from different methods are provided in the Supporting Information in TableS2. NMR calculations of the supported species were performed using with t-butoxy siloxide groups in place of the silica surface. Hydrogen atoms are omitted for clarity. For the same reason, only the SiO4 unit of the siloxide ligands is shown.

  Orbital couplings responsible for deshielding in PtL 4 complexes (C) Modulation of 195 Pt CS principal components by a π-donor ligand (D) Modulation of 195 Pt CS principal components by a π-acceptor ligand -Larger DE x -Shielding along x-axis -Smaller d x -Smaller DE y -Deshielding along y-axis -Larger δ y Four lobes can efficiently overlap with s* orbitals Two lobes can efficiently overlap with s* orbitals

  discussed here. Using the orbital-rotation model (Figure7B, details in SI), one can readily justify the much more shielded value for δz in 5 which contains four strong σ-donor ligands bound to Pt (two methyl and two phosphine), hence the increase of σ*(Pt-L) orbital energies and high shielding of the Pt nucleus. At the opposite end, the compound 2 with acac ligands has four weak σ-donor oxygen atoms bound to Pt, leading to a lower σ *(Pt-L) orbital energy and the more deshielding dz (larger positive value). Overall, the strength of the σ-donating ligands drives the value of dz and determine the overall anisotropy and isotropic CS.The sensitivity of the CS tensor parameters to the types of coordinated ligands explains why 5 and the supported 5/SiO2 have significantly different spans (Figure7A). The replacement of one Pt-methyl bond in 5 by a Pt-siloxide bond in 5/SiO2 upon grafting, leads to a more deshielded δz component, as a result of the lower σ-donating properties of the siloxide ligand. This analysis also proves suitable to understand the differences in spans among supported Pt sites. For the supported species 3/SiO2 and 4/SiO2 the latter has a more shielded δz component, resulting from the presence of a methyl group, a strong σ-donor ligand. A remarkable difference in δz can also be observed between 4/SiO2 and 5/SiO2, where a more shielded δz in the latter can be related to the stronger σ-donating properties of DMPE with respect to the COD ligand.Although CSA parameters in square planar Pt II L4 complexes are mostly affected by σinteractions, the other principal components lying in the plane can be modulated through π-bonding interactions. These effects are observed upon comparison of 3/SiO2 with the respective asymmetric Page 25 of 42 ACS Paragon Plus Environment Journal of the American Chemical Society complex 4/SiO2. While the symmetric molecular model for 3/SiO2 (having two siloxide ligands)

1

  H{195 Pt} TONE D-HMQC-4 and PE RESPDOR experiments, thus allowing the reconstruction of MAS195 Pt sideband intensities from a series of 1D NMR spectra. This approach was also extended to sensitive spy nuclei such as 31 P for indirect detection in sideband-selective[START_REF] Lummiss | Sterically Driven Olefin Metathesis: The Impact of Alkylidene Substitution on Catalyst Activity[END_REF] P{ 195 Pt} J-resolved experiments, thus showing that, even in the absence of 1 H in the materials, other NMR active spy nuclei can be utilized to obtain valuable molecular-level information on metal sites. Furthermore, analysis of the CSA patterns down to the nature of the Pt-bonded ligands (s-donor strength and pdonating/accepting ability) provides an understanding of the trends in NMR parameters and also demonstrates the potential of Pt NMR spectroscopy to distinguish subtle differences in the Ptcoordination sphere. With this methodology in hand, we are currently exploring structurereactivity relationships in Pt-based single-atom catalysts, and are also investigating their applications to other high Z spin-1/2 nuclei with moderate isotopic abundance that exhibit large CSA. Finally, combining the sideband-selective NMR experiments with DNP should offer further

1 )

 1 While the chemical shift (d) is always reported with respect to a reference compound, DFT calculations output the magnetic shielding with respect to the bare nucleus (σ); the equation below is used to convert calculated shielding values to chemical shift values, which are ordered so that d11 > d22 > d33. (Plane-wave DFT Calculations. The hydrogen atom positions of Pt(acac)2 in the previously reported crystal structure 91 were optimized using plane-wave density functional theory (DFT). The CASTEP 112 program was used with the PBE-GGA functional 113 and the TS dispersion correction scheme. 114 A k-point spacing of 0.07 Å -1 was used for the Monkhorst-Pack grid. Solid-State NMR Experiments. All experiments were performed at 9.4 T using a Bruker Avance III HD console.

  [118][119] For example, with cisplatin, the isotropic shift was fixed to -1834 ppm while W and k were fitted using the HBA program. The estimated CSA parameters for cisplatin were W = 9776 ppm and k = -0.65 with TONE D-HMQC-4, and W = 9584 ppm and k = -0.64 with PE RESPDOR (FigureS32). The HBA program used for fitting assumes ideal sideband intensities during fitting; however, the intensities of the 195 Pt pattern from the sideband-selective experiments deviate from the ideal pattern and can only be reproduced using numerical simulations. Therefore, HBA should be performed only to estimate the 195 Pt CSA. 31 P{ 195 Pt} NMR Experiments. All 1 H-31 P{ 195 Pt} experiments were performed using a Bruker 2.5 mm HXY probe. The pulse sequences used for the acquisition of 1 H-31 P{ 195 Pt} CP J-HMQC and sideband-selective J-resolved spectra are shown in Figure S27. Pulse durations of 2.5 µs (p/2, 1 H), 4.75 µs (p, 31 P) and 2-2.5 µs (p/2, 195 Pt) were used. The constant-time 2D 1 H-31 P{ 195 Pt} CP J-HMQC spectrum of 5 was acquired with 12.5 kHz MAS, 8 scans, 1.5 s recycle delay (1.3×T1), indirect spectral width of 500 kHz, 822 complex t1-increments and a total Jevolution time (2×m×tr) of 1.28 ms (Figure6C). The 1 H→ 31 P CP duration was set to 2.5 ms and optimal 1 H and 31 P spinlock rf powers of 75 kHz and 83 kHz, respectively, were used; the 1 H rf power was ramped from 85-100%. For all experiments with 5/SiO2, a 1 H→ 31 P CP duration of 5 ms and optimal 1 H and 31 P spinlock rf powers of 105 kHz and 83 kHz, respectively, were used; the 1 H rf power was ramped from 90-100%. The sideband-selective 1 H-31 P{ 195 Pt} CP J-resolved spectra of 5/SiO2 was acquired with 25 kHz MAS, 1800 scans and 1.5 s recycle delay per point; the total J-evolution time (2×m×tr) was set to 560 µs, and a 40 µs 195 Pt saturation pulse at 22 kHz rf was applied. The offset was incremented in steps of the MAS frequency and 21 sub-spectra were obtained. The total duration of each echo in the CPMG train was set to 800 µs and 55 spin echoes were acquired. 100 kHz SPINAL-64 decoupling was applied during J-evolution periods and signal acquisition. 120 SIMPSON simulations. All 1 H{ 195 Pt} SIMPSON simulations were performed with a 50 kHz MAS frequency and a 1 H Larmor frequency of 400.498 MHz. The 1 H-195 Pt dipolar coupling was set to -3500 Hz and an optimal recoupling duration of 2.88 ms was used. For the simulations shown in Figure2, the rep168 crystal file and 24 gamma angles were used for powder averaging.

  H{195 Pt} NMR Experiments. A Bruker 1.3 mm HX probe and the MAS frequency was 50 kHz unless mentioned otherwise. Cisplatin and L-histidine•HCl•H2O were purchased and used as received from Alfa Aesar and Fluka, respectively; rotors of these samples were packed under ambient conditions. All other rotors were packed in an argon glovebox and rotors were spun with nitrogen gas.1 H{ 195 Pt} TONE D-HMQC-4 and PE RESPDOR experiments were performed using 𝑆𝑅4 ! " dipolar recoupling[START_REF] Brinkmann | Proton-Selective 17 O-1 H Distance Measurements in Fast Magic Angle Spinning Solid-State NMR Spectroscopy for the Determination of Hydrogen Bond Lengths[END_REF] that was applied at the 2 nd order R 3 condition. 116 1 H 90° and 180° pulse durations of 2.5 and 5 µs, respectively were used. The 195 Pt sidebandselective pulses were optimized by determining the rf fields that maximized D-HMQC signal intensities using different pulse lengths (Table S1), with longer duration pulses providing more selectivity (Figure S3-S4). The 1 H{ 71 Ga} PE RESPDOR experiment used 30 µs 71 Ga saturation pulses with a 330 kHz rf field. In 1 H{ 195 Pt} TONE D-HMQC-4 experiments, SHAPs used tanh/tan shapes with a 20 µs duration, ca. 275 kHz rf field and 5 MHz sweep width. Lee-Goldburg spinlock pulses of ca. 1 ms total duration were applied at a rf field of 150 kHz at the appropriate transmitter offset frequency. 86, 117 For sideband-selective 1 H{ 195 Pt} TONE D-HMQC-4 experiments the 195 Pt offset for the SHAP inversion pulses was held constant, approximately in the center of NMR powder pattern, while the offset of the sideband-selective pulses was varied. For both TONE D-HMQC-4 and PE RESPDOR sideband-selective experiments the probe was not retuned for each offset. Retuning the probe was found to have a minimal effect on sideband intensities (FigureS5).

	Total 𝑆𝑅4 ! " dipolar recoupling durations of 1.92 ms (1, TONE D-HMQC-4), 2.88 ms (1,
	PE RESPDOR), 3.2 ms (2, TONE D-HMQC-4 and PE RESPDOR), 1.76 ms (3/SiO2, TONE D-
	HMQC-4), 2.08 ms (3/SiO2, PE RESPDOR), 2.56 ms (4/SiO2, TONE D-HMQC-4) and 2.4 ms
	(3_Zn/SiO2 and 3_Ga/SiO2, PE RESPDOR) were used in the various sideband-selective
	maximum dephasing observed with PE RESPDOR was only ca. 9% with a total recoupling
	duration of 2.88 ms, the tolerance to MAS instability is higher at shorter recoupling durations (only
	0.7% variation of the RESPDOR S0 signal intensity was observed, which is the primary source of
	error in the measurements, Figure

[START_REF] Bowker | The Basis and Applications of Heterogeneous Catalysis[END_REF] 

H,

[START_REF] Lummiss | Sterically Driven Olefin Metathesis: The Impact of Alkylidene Substitution on Catalyst Activity[END_REF] 

P and 195 Pt chemical shifts were indirectly referenced to tetramethylsilane using the 1 H shift of adamantane at 1.82 ppm. Analytical simulations were performed with the TopSpin solid lineshape analysis module (sola) or ssNake v1.
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Fast MAS 1 experiments. For the molecular compounds and silica-supported compounds 60 µs, 9 kHz rf field and 40 µs, 16 kHz rf field sideband-selective saturation pulses were employed, respectively. For 4/SiO2 40 µs sideband-selective pulses with a 12 kHz rf field were used. In case of 1, although the
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P{ 195 Pt} J-HMQC and J-Resolved NMR Experiments. While 1 H spins near 195 Pt were
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Additional experimental and simulated NMR spectra, and experimental details can be found in the supporting information. Pulse sequences, SIMPSON simulation input files, and raw NMR data for main text Figures are available for download at https://doi.org/10.5281/zenodo.6639016.