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ABSTRACT 

The molecular level characterization of heterogeneous catalysts is challenging due to the 

low concentration of surface sites and the lack of techniques that can selectively probe the surface 

of a heterogeneous material. Here, we report the joint application of room temperature proton-

detected NMR spectroscopy under fast magic angle spinning (MAS) and Dynamic Nuclear 

Polarization Surface Enhanced NMR Spectroscopy (DNP-SENS), to obtain the 195Pt solid-state 

NMR spectra of a prototypical example of highly dispersed Pt sites (single site or single atom), 

here prepared via Surface Organometallic Chemistry, by grafting [(COD)Pt(OSi(OtBu)3)2] (1, 

COD = 1,5-cyclooctadiene) on partially dehydroxylated silica (1@SiO2). Compound 1@SiO2 has 

a Pt loading of 3.7 wt.%, a surface area of 200 m2/g, and a surface Pt density of around 0.6 Pt 

site/nm2. Fast MAS 1H{195Pt} dipolar-HMQC and S-REDOR experiments were implemented on 

both the molecular precursor 1 and on the surface complex 1@SiO2, providing access to 195Pt 

isotropic shifts and Pt-H distances, respectively. For 1@SiO2, the measured isotropic shift and 

width of the shift distribution help constrain the 195Pt chemical shift tensor parameters fitted on the 

static wideline DNP-enhanced 195Pt spectrum. Overall the NMR data provide evidence for a well-

defined, single-site structure of the isolated Pt sites. 
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Introduction 

Heterogeneous catalysis is arguably one of the most influential technologies of modern life 

owing to its wide utilization in environmental depollution and numerous industrial chemical 

processes.1-2 Establishing structure-activity relationships of heterogeneous catalysts poses a 

considerable challenge, making the rational design and improvement of these typically complex 

materials difficult. Recently single-site and single-atom catalysts,3 in which the active phase is 

highly dispersed, have offered the opportunity to discover new reactivity and to gain molecular-

level insight into active site structure and reaction mechanisms. In parallel, Surface 

OrganoMetallic Chemistry (SOMC)2, 4-5 has emerged as a powerful tool to generate well-defined 

surface sites that can be used either directly as single-site catalysts or can be used as precursors to 

control the growth, composition and interface of supported nanoparticles.6-9 SOMC relies on the 

detailed characterization of surface species and has benefited tremendously from advanced solid-

state NMR (SSNMR) spectroscopy. SSNMR spectroscopy has predominantly been used to 

characterize the structure of the ligands attached to the metal centers, although in some favorable 

cases the metal centers have also been directly probed.10-17 

Platinum is an important element used in catalysis, finding applications in numerous 

processes such as alkane dehydrogenation,18 CO oxidation,19 the water-gas shift reaction20 etc. 

While typically used in the form of nanoparticles, Pt has recently been proposed to also participate 

in catalytic reactions when dispersed as a single-atom (Figure 1A).3, 19, 21-22 Such isolated metal 

sites can readily aggregate and redisperse as a function of reaction conditions to generate the active 

sites and complex–nanoparticle support interfaces. While isolation of Pt sites may be confirmed 

by atomically resolved microscopy, understanding the molecular and electronic structure of such 

isolated sites remains a major challenge in catalysis.  

 



 4 

 

Figure 1. A) Schematic representation of Pt isolated sites used in catalysis in the form of so-called single 
atom alloy (SAA)23 and single atom catalysts (SAC) on metal oxides or carbon-based materials.3, 24-25 (B) 
Methodology to establish 195Pt SSNMR as a tool to obtain structural information of Pt isolated sites.  

195Pt SSNMR can provide valuable information on the local chemical environment and 

electronic structure of Pt centers because of the reliance of the chemical shift tensor on the identity 

and symmetry of the surrounding ligands.26-37 However, the low sensitivity of 195Pt NMR and 

sparse metal surface sites (< 4 wt.%) make direct characterization of the local environment of Pt 

metal centers on surfaces by SSNMR challenging. Although 195Pt is a spin-½ nucleus with a 

moderate Larmor frequency (n0 = 85.896 MHz at 9.4 T) and natural abundance of 33%, 195Pt 

SSNMR spectra are often severely broadened by chemical shift anisotropy (CSA), resulting in 

poor NMR sensitivity. Schurko and co-workers have reported wideband excitation techniques such 

as adiabatic inversion cross polarization (BRAIN-CP)38 and WURST-based Carr-Purcell-

Meiboom-Gill echo-train acquisition (WCPMG)39 that allow static wideline SSNMR spectra to be 

acquired with improved sensitivity. Dynamic nuclear polarization surface enhanced NMR 

spectroscopy (DNP-SENS) has recently emerged as a versatile and unique approach to increase 
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the NMR sensitivity of surface sites in materials science, enabling the implementation of advanced 

experiments within reasonable experimental times on dilute species.12, 40-43 BRAIN-CP-WCPMG 

experiments have been applied in combination with DNP for the acquisition of static wideline 195Pt 

NMR spectra of Pt2+ ions coordinated to MOF linkers.33 DNP was also used to obtain BRAIN-CP-

WCPMG and cross-polarization magic angle spinning (CPMAS) 1H→195Pt SSNMR spectra of an 

organometallic platinum complex supported on zinc-modified silica.36  

The sensitivity of conventional SSNMR spectroscopy has also been enhanced dramatically 

using fast magic angle spinning (MAS) and proton detection techniques in the last two decades.44 

Fast MAS has also been shown to improve sensitivity for SSNMR experiments on heavy spin-1/2 

nuclei with large CSA by focusing signal intensity into fewer spinning sidebands.45 Fast MAS 

1H{195Pt} dipolar heteronuclear multiple quantum coherence spectroscopy (D-HMQC) enables the 

rapid determination of 195Pt isotropic chemical shifts and/or acquisition of spinning sideband 

manifolds.35, 46-48 1H{195Pt} magic angle turning (MAT) D-HMQC was also used to observe 

coordination of Pt2+ ions to MOF linkers.35 However, D-HMQC solid-state NMR experiments are 

often hindered by t1-noise. Recently, we demonstrated t1-noise eliminated (TONE) D-HMQC 

pulse sequences that reduce t1-noise in 2D D-HMQC spectra, paving the way for fast MAS TONE 

D-HMQC to be used for observation of low-concentration single-atom 195Pt species.  

Here, we report the joint application of room temperature fast MAS 1H{195Pt} TONE D-

HMQC and S-REDOR SSNMR experiments, and cryogenic DNP-SENS experiments to obtain 

and interpret 195Pt SSNMR spectra of isolated Pt sites, obtained by grafting the molecular precursor 

[(COD)Pt(OSi(OtBu)3)2]  (1, COD = 1,5-cyclooctadiene)49 on partially dehydroxylated silica at 

700°C (1@SiO2, Figure 1B). 1@SiO2 is used as a prototypical example of a highly dispersed metal 

site with 0.6 Pt site/ nm2, relevant to single-site or single-atom catalysts.6 
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Experimental 

Synthesis of materials: All operations were performed in a M. Braun glove box under an 

argon atmosphere. All solvents were dried using standard procedures. SiO2-700 was prepared by 

heating Evonik AEROSIL® (200 m2/g) to 500 °C (ramp of 300 °C/h) in air and calcined at this 

temperature for 12 hours. The calcination was followed by evacuation to high vacuum (10-5 mbar) 

while maintaining the temperature at 500 °C for further 8 hours, heating to 700 °C (ramp of 60 

°C/h), and maintaining at 700 °C for 24 hours. Titration of the resulting SiO2-700 using 

[Mg(CH2Ph)2(THF)2] purified via sublimation prior to use, yielded an Si-OH density of 0.3 

mmol/g, corresponding to 0.9 accessible Si-OH groups per nm2. The molecular complex 

[Pt(OSi(OtBu)3)2(COD)] (1) was prepared according to a literature procedure.49  

[Pt(OSi(OtBu)3)2(COD)]/SiO2 (1@SiO2) was prepared according to an adapted literature 

procedure.6 SiO2-700 (1.465 g, 0.440 mmol -OH) was added to a 100 ml Schlenk flask. Benzene 

(about 10 ml) was added slowly while stirring to give a white suspension. [Pt(OSi(OtBu)3)2(COD)] 

(0.346 g, 0.420 mmol, 0.285 mmol/OH) was added slowly to the suspension as a colorless solution 

in benzene (about 10 ml) while stirring (100 rpm). The resulting suspension was stirred for 12 h at 

rt. The benzene on top of the silica material was decanted and the material washed with benzene 

(10 ml) three times to wash off unreacted complex. The material was then washed with pentane 

before it was dried under high vacuum (10-5 mbar) for 4 h to remove residual solvent yielding 

[Pt(OSi(OtBu)3)2 (COD)]/SiO2 as a white solid (1@SiO2). Elemental analysis showed 3.73 wt% 

Pt, 4.76 wt% C and 0.79 wt% H, which are in good agreement with one COD and one siloxide 

ligand per Pt atom on the surface. 
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Fast MAS 1H-195Pt experiments: Experiments were performed at 9.4 T using a Bruker 1.3 

mm double resonance probe, Bruker Avance III HD spectrometer and a Bruker wide-bore NMR 

magnet. Rotors were packed in the glovebox and spun using N2 gas for NMR experiments. 1H and 

195Pt chemical shifts were referenced indirectly to neat tetramethylsilane by using the 1H shift of 

adamantane (1.82 ppm) as a secondary standard. All fast MAS 1H{195Pt} experiments were 

performed using 𝑆𝑅4$% heteronuclear dipolar recoupling.50 Prior to quantitative 1D experiments 

and 2D experiments, 1H longitudinal relaxation time constants (T1) were measured with a 

saturation recovery spin echo pulse sequence. The States-TPPI procedure51 was used for 2D 

spectral acquisition unless mentioned otherwise. 1H 90° and 180° pulses of 2.5 and 5 µs duration 

was used in all experiments. 195Pt SHAPs used tanh/tan shapes with a 20 µs duration, ca. 275 kHz 

rf and 5 MHz sweep width. 0.6 µs pulses at ca. 275 kHz rf were used for 195Pt excitation in the 

HMQC experiments.46 Analytical simulations were performed either with the TopSpin solid 

lineshape analysis module (sola) or ssNake v1.1.52  

1H spin echo spectra were collected with a 3.5 s recycle delay that was equal to 5 × T1. All 

subsequent experiments on 1 were performed with a 0.91 s recycle delay equal to 1.3 × T1. 1H spin 

echo spectra and 1H{195Pt} TONE D-HMQC-4 spectra shown in Figure 2B were obtained with 8 

and 64 scans, respectively. The total duration of 𝑆𝑅4$% recoupling was 1.6 ms at 50 kHz MAS, or 

1.57 ms at 51 kHz MAS and was optimized to give optimal signal in a 1D TONE D-HMQC-4 

experiment at 50 kHz MAS. 2D rotor-synchronized 1H{195Pt} TONE D-HMQC-4 spectra on 1 

were obtained with 8 scans, 96 t1 increments with a 50 or 51 F1 kHz spectral width, depending on 

the MAS frequency. The total duration of the LG spin-lock pulse was set to 50 rotor cycles and 

the rf field was 130 kHz. Details regarding the implementation of LG spin-lock pulses at fast MAS 

was reported previously.53  
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The 1H{195Pt} TONE D-HMQC-4 spectrum of 1 shown in Figure 4B and Figure S6 was 

obtained with 80 scans, 3136 t1 increments and a 1 MHz F1 spectral width. The States-TPPI 

procedure was used to achieve sign discrimination in F1. The total duration of the LG spin-lock 

pulse was set to 80 rotor cycles and the rf field was 130 kHz. 

 In case of 1@SiO2, the sample was cooled down to ca. 275 K to avoid any potential 

degradation. The 1H spin echo spectrum was obtained with a 5.5 s recycle delay (5 × T1) and all 

other experiments used an optimal recycle delay of 1.43 s (1.3 × T1). 1H spin echo spectra and 

1H{195Pt} TONE D-HMQC-4 spectra shown in Figure 2C were obtained with 64 and 600 scans, 

respectively. 2D 1H{195Pt} TONE D-HMQC-4 spectra were acquired with 600 scans, a F1 spectral 

width equal to the MAS frequency and 40 t1 increments. The total LG spin-lock pulse duration 

was set to 50 rotor cycles with an rf field of 130 kHz. The total duration of 𝑆𝑅4$%	recoupling was 

ca. 1.76 ms at 50 kHz MAS, 1.6 ms (at 55 kHz MAS), and 1.78 ms at 45 kHz MAS). The 

recoupling duration was optimized to give optimal signal in a 1D TONE D-HMQC-4 experiment 

at 50 kHz MAS.  The conventional D-HMQC spectra shown in Figure S4 were acquired using 

600-768 scans and with all other conditions the same as for the TONE D-HMQC-4 experiments. 

1H{195Pt} S-REDOR experiments54 were performed with 128 and 352 scans for 1 and 

1@SiO2, respectively. The control (S0) and dephased (S) experiments were performed in an 

interleaved fashion. 1-(S/S0)-f was then plotted as a function of recoupling duration. The term ‘f’ 

represents an intensity offset to account for an additional 0th order phase observed in the first 

dephased (S) spectrum.55 The f values for 1 and 1@SiO2 were set to 0.08 and 0.05, respectively 

based upon the value of 1-(S/S0) measured for the first data point.55 SIMPSON simulations of the 

S-REDOR curves were performed with a rep320 crystal file (a, b) and 33 gamma angles for 

powder averaging. An ideal p pulse was used on the 1H channel and other details including the 
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195Pt CS tensor and SHAP parameters were included in the simulations. The 1H-195Pt dipolar 

couplings corresponding to the distances specified in Figures 5 and S9 were varied to obtain the 

different curves. 

Static 195Pt experiments of 1 at 11.7 T: Static experiments were performed on compound 1 

using a Bruker 4 mm double resonance MAS probe on a 500 MHz wide bore Bruker AVANCE 

III Bruker NMR spectrometer. The sample was packed into a 4 mm zirconia rotor in a glove box. 

The 195Pt chemical shift was referenced to an aqueous solution of K2PtCl4. The BRAIN-CP-

WCPMG pulse sequence (Figure S5, but without microwave irradiation) was performed using the 

variable offset cumulative spectrum (VOCS) procedure.56 A 1H excitation pulse of 5 µs was used 

followed by a 10 ms contact time, with WURST A swept over 400 kHz applied to 195Pt. For 

detection 50 µs WURST B and C pulse were swept over 500 kHz with a spikelet separation of 5 

kHz. A recycle delay of 1.5 s was used and 2048 scans were accumulated. The transmitter offset 

between sub-spectra was 200 kHz. Analytical simulation of the static 195Pt spectrum was 

performed using a two-site model on ssNAKE software.52 The isotropic shifts determined from 

the MAS experiments was fixed for the two sites (Figure 3A). The span (W) of both CS tensors 

was fixed to 8150 ppm and the skew (k) was adjusted to -0.73 to yield the best fit. 

Static DNP-SENS 195Pt experiments of 1@SiO2 at 9.4 T: The static DNP SENS experiments 

were performed using a Bruker AVANCE III wide bore 400 MHz/263 GHz DNP spectrometer.57 

The 195Pt chemical shift was referenced to an aqueous solution of K2PtCl4. The DNP sample of 

compound 1@SiO2 was prepared in a glove box and impregnated with a solution of 16 mM 

TEKPol58 radical in 1,1,2,2-tetrachloroethane (TCE) via the incipient wetness method and packed 

into a 3.2 mm sapphire rotor. The DNP sample was immediately inserted into a Bruker 3.2 mm 

low-temperature MAS DNP probe precooled to 100 K. The static DNP 195Pt spectra were acquired 
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using the BRAIN-CP-WCPMG pulse sequence38 with microwave irradiation as shown Figure S5. 

Continuous microwave irradiation was generated by a gyrotron operating at a frequency of 263 

GHz and with an approximate power of 40 W. A 1H excitation pulse of 2.5 us was used followed 

by a 10 ms contact time, with WURST A swept over 400 kHz applied to 195Pt. For detection 50 µs 

WURST B and C pulse were swept over 500 kHz with a spikelet separation of 5 kHz. A recycle 

delay of 7 s was used and 4096 scans were accumulated. Variable offset accumulation was used, 

and seven different offset frequencies were acquired by stepping the transmitter by 100 kHz. 

The lineshape fitting was carried out using the software package DMFIT59 using a static 

CSA model parametrized in the Herzfeld-Berger convention. The isotropic chemical shift was 

fixed to the values determined with MAS TONE D-HMQC experiments under fast MAS and the 

other parameters were optimized. A Gaussian line broadening of ca. 8 kHz was necessary to obtain 

a satisfying fit, in good agreement with the data presented on Figure 3B. 

MAS DNP-SENS 13C and 29Si experiments of 1@SiO2 at 9.4 T: In addition to the static 195Pt 

experiment, MAS experiments with the DNP sample of compound 1@SiO2 were performed at 8 

kHz MAS and 100 K. The DNP-SENS 1H→13C cross-polarization magic angle spinning (CPMAS) 

spectrum of 1@SiO2 was acquired using the solvent suppression sequences developed by Yarava 

et al (Figure S7).60 The DNP-SENS 1H→29Si CPMAS spectrum of 1@SiO2 was also acquired and 

found to have an enhancement of 80 (Figure S8).   

Molecular DFT calculations: Molecular structures were optimized with the Gaussian09 

package61 using the PBE0 functional.62 Pt was represented by the fully-relativistic effective core 

potential (RECP) from the Stuttgart group and the associated basis sets.63 The remaining atoms 

(H, C, O, Si) were represented by a triple-ζ cc-pVTZ basis set.64 NMR calculations were performed 

using ADF 201465 with the PBE0 functional and Slater-type basis sets of quadruple-ζ quality 
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(QZ4P) for Pt and triple-ζ quality (TZP) for other atoms. Relativistic effects were treated by the 2 

component zeroth order regular approximation (ZORA).66 The 3D representation of the calculated 

shielding tensors were obtained as polar plots67 of functions ∑ij ri sijrj. The calculated 195Pt 

chemical shifts were referenced to (COD)PtCl2, with an experimental isotropic chemical shift of -

3360 ppm, and a calculated isotropic shielding of 5483 ppm. 

Plane-wave DFT calculations: Optimization of the hydrogen atom positions of 1 using 

plane-wave DFT with the previously reported crystal structure.49 The CASTEP68 program was 

used with the PBE-GGA functional69, TS dispersion correction scheme70 and ultra-soft 

pseudopotentials.71 The GIPAW method72 with the Zero-Order Relativistic Approximation 

(ZORA)73 was used to calculate the magnetic shielding tensors. A k-point spacing of 0.07 Å-1 was 

used for the Monkhorst-Pack grid. 
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Results and Discussion 

 

Figure 2. (A) TONE D-HMQC-4 pulse sequence used to perform 1D and 2D 1H{195Pt} D-HMQC 
experiments, (B) (top to bottom) 1D 1H spin echo and 1D 1H{195Pt} TONE D-HMQC-4 of 1 and 1@SiO2. 
Spectra were acquired with a 50 kHz MAS frequency and B0 = 9.4 T. 
 

Figure 2A shows the TONE D-HMQC-4 pulse sequence used for acquisition of 1H-

detected 195Pt SSNMR spectra. This pulse sequence requires application of two inversion pulses 

on the 195Pt channel.74 However, broadband inversion is challenging with rectangular pulses due 

to the large CSA associated with square-planar Pt compounds and the limited radio frequency (rf) 

fields available. Short high-powered adiabatic pulses (SHAP)75-76 were previously used for 

efficient inversion of 195Pt SSNMR spectra in magic angle turning (MAT) D-HMQC 

experiments.35 Therefore, SHAPs were also used in the TONE D-HMQC-4 sequence for 

broadband inversion. Furthermore, SHAPs are also incorporated into the symmetry-based 
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resonance-echo double resonance (S-REDOR) pulse sequence54 to measure 1H-X heteronuclear 

dipolar couplings and internuclear distances (Figure S1). Further details regarding the 

implementation of SHAPs in TONE D-HMQC and S-REDOR experiments will be discussed in a 

separate future publication. Figure 2B and 2C show 1D 1H spin echo and 1H{195Pt} TONE D-

HMQC-4 spectra of 1 and 1@SiO2, respectively. The 1H NMR signals at 1.2-1.4 ppm and 5.5-5.7 

ppm are assigned to the methyl protons of the tert-butyl groups and to the olefinic protons in the 

COD ligand, respectively. The 1H SSNMR spectrum of 1@SiO2 displays higher resolution than 1 

due to the reduction in 1H concentration for the surface species. The improved resolution in 

1@SiO2 allows observation of the 1H signals at 2.2 ppm from CH2 protons in the COD ligand 

(Figure 2C). The integrated signal intensities of the 1H spin echo spectra of 1 and 1@SiO2 are 

consistent with the structures; the slight reduction in the integrated intensity of the methyl signals 

in 1@SiO2 is attributed to the difficulty of deconvolving signals with significant overlap (Figure 

S2). Elemental analysis of 1@SiO2 also confirmed the proposed structure shown in Figure 1B 

(vide supra). The signal at 4.2 ppm is tentatively assigned to an OH group corresponding to a small 

fraction of hydrogen-bonded silanol77 or isobutene-related species (Figure S3A). These spectral 

assignments are in good agreement with the 1H 2D double quantum spectrum (Figure S3B).  

Short 1H T1 of 0.7 and 1.1 s in 1 and 1@SiO2, respectively, make fast MAS D-HMQC 

experiments favorable for the indirect detection of 195Pt SSNMR spectra. A 1D 1H{195Pt} TONE 

D-HMQC-4 spectrum of 1 was acquired in only 1 minute and shows an intense signal from the 

vinyl protons that are ca. 2.6 Å from the Pt metal center (Figure 2B, bottom spectrum). Despite 

the lowered 195Pt concentration in 1@SiO2 (< 4 wt.% Pt) a 1D 1H{195Pt} TONE D-HMQC-4 

spectrum was obtained in only 14 minutes (Figure 2C, bottom spectrum). This result illustrates the 

value of fast MAS, proton-detected methods. The sensitivity of the 1D 1H{195Pt} TONE D-
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HMQC-4 spectra, which is defined as the signal-to-noise ratio (SNR) per square root of unit time, 

is reduced from 28.4 min-1/2 for 1 to 2.4 min-1/2 for 1@SiO2. The factor 12 reduction in sensitivity 

(28.4/2.4 min-1/2) is proportional to the reduction in absolute 1H SSNMR signal intensities and 

primarily arises because of the decreased Pt loading from 1 to 1@SiO2 (from ca. 23 wt.% to ca. 4 

wt.%) and the lower density of silica as compared to microcrystalline 1. The ca. 12-fold reduction 

in sensitivity corresponds to an overall increase in experimental times by a factor 144, necessitating 

sensitivity enhancement by 1H detection or DNP for 195Pt SSNMR experiments on 1@SiO2.  

 

Figure 3. 195Pt SSNMR spectra extracted from rotor-synchronized 2D 1H{195Pt} TONE D-HMQC-4 spectra 
of (A) 1 and (B) 1@SiO2. B0 = 9.4 T and experimental MAS frequencies are indicated. 
 

 Constant-time 1H{195Pt} D-HMQC with rotor-asynchronous sampling of the indirect 

dimension can be used to obtain the full sideband manifold of the 195Pt CSA pattern, which can be 

used to determine both the isotropic chemical shift and CSA parameters.46 However, the sensitivity 

of 1H{195Pt} D-HMQC spectra obtained with rotor-synchronized t1-intervals will be approximately 

10-20 times higher because of spectral aliasing of all intensity into a single sideband. The isotropic 

195Pt chemical shift can be precisely determined by obtaining rotor-synchronized 2D 1H{195Pt} D-

HMQC spectra with different MAS frequencies.47-48 Figure 3 shows the 195Pt NMR spectra 
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extracted from rotor-synchronized 2D 1H{195Pt} TONE D-HMQC-4 spectra of 1 and 1@SiO2; 

notably, the complete 2D spectra were obtained within reasonable experimental times of ca. 13 

minutes and 10.5 hours for 1 and 1@SiO2, respectively (Figure S4). The value of the TONE D-

HMQC-4 is evident in comparison to conventional D-HMQC spectra that show significant t1-noise 

and inhibit spectral interpretation (Figure S4). 

There are two signals in the 195Pt SSNMR spectra of 1 (Figure 3A), consistent with the 

presence of two molecules in the asymmetric unit of its crystal structure.49 The difference in 

isotropic shifts between the two sites likely arises from slight differences in local bond angles such 

as Si-O-Pt (ca. 136° and 144°) and O-Pt-C (161° and 166°, respectively).49 Upon varying the MAS 

frequency from 50 to 51 kHz, it is observed that both signals shift positively by 2 kHz. This must 

mean that the observed peaks correspond to the second spinning sidebands from the isotropic shift 

in the positive direction. Since spinning sidebands appear exactly at integer multiples of the MAS 

frequency, the positions of other sidebands or center band are easily calculated.48 For 1 the 

isotropic shifts of the two 195Pt NMR signals are precisely determined to be –2867 and –2838 ppm. 

The observed values are consistent with the previously reported 195Pt solution NMR shift of –2857 

ppm.49 Figure 3B shows 195Pt SSNMR spectra of 1@SiO2 extracted from 2D 1H{195Pt} TONE D-

HMQC spectra obtained at 55 and 45 kHz MAS frequencies. The 195Pt SSNMR spectra of 1@SiO2 

show broad peaks that can be fit to Gaussian functions, indicating there is a distribution of 195Pt 

isotropic chemical shifts. The distribution in isotropic shifts is expected and likely reflects the 

inherently disordered nature of the silica surface, which will result in a range of bond lengths and 

angles.11, 14-15, 78 As the 195Pt signal of 1@SiO2 moved by 10 kHz frequency upon varying the MAS 

frequency from 55 to 45 kHz, the observed signal must correspond to the first sideband and the 

center of the Gaussian isotropic shift distribution is determined to be –2819 ppm. 



 16 

 

Figure 4. (A, black trace) Conventional 1H→195Pt BRAIN-CP-WCPMG spectrum of 1 at B0 = 11.7 T and 
298 K. (B, black trace) 195Pt MAS SSNMR spectra extracted from 2D 1H{195Pt} TONE D-HMQC-4 
spectrum; inset shows the resolution of two signals. Analytical simulations (green and brown traces) 
corresponding to the two 195Pt sites in 1 and (pink trace) a spectrum simulated with CSA parameters from 
the DFT calculation. (C) DFT optimized structure of 1 showing the principal components of the 195Pt CS 
tensor; hydrogens are omitted for clarity. (D) DNP enhanced 1H→195Pt BRAIN-CP-WCPMG spectrum of 
1@SiO2 at B0 = 9.4 T and 105 K. A single-site simulation was performed with Gaussian broadening to 
model the distribution in isotropic shifts (red trace). Fitted CS tensor parameters are indicated. 
 

 Figure 4A shows a 1H→195Pt static BRAIN-CP-WCPMG spectrum of 1 (black trace) that 

was obtained with the VOCS (variable offset cumulative spectrum) acquisition method56, 79 during 

a total experimental time of ca. 3 days (pulse sequence is shown in Figure S5). Using the 195Pt 

isotropic shifts of 1 from the fast MAS measurements and the observed span (W) of the static 
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spectrum (ca. 8150 ppm), the skew of the CS tensor (k) was determined to be –0.73 for both 195Pt 

sites in 1 (green and brown traces, Figure 4A). The sum of the two simulations is shown to fit the 

experimental spectrum accurately (red trace, Figure 4A). The W and k values derived from this 

fitting procedure were further confirmed by comparing a simulation of the sideband manifold at 

50 kHz with the 195Pt slice obtained with TONE D-HMQC-4 at 50 kHz MAS (Figure 4B, Figure 

S6). Indeed, fast MAS enables the resolution of the two sets of sidebands and confirms that the 

two 195Pt sites display the same CSA parameters (W = 8150 ppm and k = –0.73). Figure 4C shows 

a DFT optimized structure of 1 and the predicted 195Pt CS tensor; simulations based on the DFT 

parameters (diso = –2959 ppm, W = 6703 ppm and k = –0.96) agree reasonably with the 

experimental 195Pt NMR spectra (pink traces, Figure 4A and 4B), considering the large CSA, the 

high sensitivity of 195Pt chemical shift to the ligand environment,27, 29 and the challenges associated 

with accurately calculating chemical shifts for heavy nuclei. 

 The low concentration of surface Pt sites necessitated DNP-SENS to obtain static 195Pt 

SSNMR spectra of 1@SiO2 (Figure 4D). A favorable 1H solvent DNP enhancement of 110 was 

measured under static conditions. The DNP enhancement for 1@SiO2 was also measured under 

MAS by examining the 13C NMR signals of the ligands and 29Si NMR signals of the silica surface 

(Figure S7 and S8). Comparison of the 13C CPMAS spectra shows that the ligand structure is intact 

upon grafting (Figure S7). A 1H→29Si CP enhancement of 80 was observed and Q3M site of the 

OSi(OtBu)3 ligand is observed at -87 ppm, in good agreement with the previous reported solution 

NMR shift of the precursor at -88 ppm (Figure S8).49 Despite the DNP signal enhancements, the 

1H→195Pt static BRAIN-CP-WCPMG spectrum of 1@SiO2 was obtained in 5 days of acquisition 

time. Due to the low sensitivity, constant-time TONE D-HMQC-4 experiments needed to observe 

the full 195Pt sideband manifold were not feasible, demonstrating the value of DNP. Extracting the 
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mean isotropic chemical shift of the Gaussian distribution of 195Pt isotropic shifts measured for 

1@SiO2 (–2819 ppm, vide supra) and using the width of the distribution as a starting parameter, 

fitting of the static DNP-SENS spectrum with 8 kHz of Gaussian broadening gave W and k values 

of 8412 ppm and –0.77, respectively. The similarity of the fitted CSA parameters of 1@SiO2 to 

those of 1 is consistent with a similar Pt chemical environment and with the proposed structure of 

the surface-bound Pt(II) complex (Figure 1B). 

 

Figure 5. 1H{195Pt} S-REDOR measurements on samples (A) 1 and (B) 1@SiO2. The dipolar dephasing 
curves were extracted from a 1H chemical shift of (A) 5.7 ppm and (B) 5.5 ppm that corresponds to the 
alkene hydrogen of the COD ligand. Experimental data points [1-(S/S0)-f)] are plotted as red diamonds and 
SIMPSON numerical simulations [f×(1- (S/S0))] as black lines. f is equal to 0.08 and 0.05, and f is equal to 
0.46 and 0.22, in (A) and (B), respectively. Experiments were performed at 50 kHz MAS and B0 = 9.4 T. 
 

 Finally, 1H{195Pt} S-REDOR54 experiments with  heteronuclear dipolar recoupling50 

were used to measure the 1H-195Pt dipolar coupling constants and internuclear distances between 

2
14SR
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the vinyl protons of the COD ligand and the Pt center in both 1 and 1@SiO2 (Figure 5). The S-

REDOR curve corresponding to the COD alkene proton resonance at 5.7 ppm for 1 was fit to a 

dipolar coupling of 1.4 kHz and a distance of 2.65 Å by minimizing the root mean square deviation 

(RMSD) between the fitted and experimental data points (Figure 5A and Figure S9). Note that 

only experimental data up to 2 ms of recoupling were considered as additional dephasing of the 

1H signal is observed at longer recoupling durations due to long-distance Pt-H contacts with Pt 

atoms in the adjacent molecules in the crystal lattice. However, the experimental S-REDOR curve 

for the COD alkene 1H in 1@SiO2 can be fit precisely to a 2.65 Å with data points up to 6.4 ms of 

recoupling included in the RMSD analysis (Figure 5B and Figure S9). The observation that the S-

REDOR curve for 1@SiO2 does not show increased dephasing at longer recoupling times is 

consistent with isolation of Pt sites on the silica surface; there should be a low probability of a 

second 195Pt spin being found within a 5 Å radius from the vinyl hydrogen atom due to the 0.6 Pt 

site/nm2 surface coverage. The measured Pt-H distances are in good agreement with the average 

Pt-alkene H distance of 2.63 Å predicted for the DFT optimized structure of 1. Periodic plane-

wave DFT optimization of the hydrogen atom positions using the single-crystal structure as the 

input also provides a similar average Pt-H distance of 2.62 Å. Note that the DFT calculations were 

performed under standard conditions that assume 0 K temperature and hydrogen atom positions 

may change with temperature.80 In both 1 and 1@SiO2, slower dephasing is also observed for the 

methyl groups at 1.2-1.4 ppm due to longer Pt-H distances (5-7 Å) and correspondingly weaker 

Pt-H dipolar couplings (Figure S10). At 6.4 ms of recoupling, the 1H{195Pt} S-REDOR 

experiments shows higher signal dephasing for the methyl 1H NMR signal of 1 (dephasing of 0.14) 

in comparison to the methyl signal of 1@SiO2 (0.04). The higher dephasing for the methyl groups 

of 1 is likely caused by the presence of adjacent Pt spins in the crystalline lattice and the lack of a 
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close Pt-H contact that dominates the dephasing. Different methyl group dynamics in 1 and 

1@SiO2 may also affect dephasing. Nevertheless, the observed dipolar dephasing for methyl 

groups confirms that the siloxide ligands are indeed retained in the grafted compound. In summary, 

the 1H{195Pt} S-REDOR experiments provide further confirmation that the proposed model of the 

grafted complex in Figure 1B is the correct surface structure. 

 

Conclusions 

Fast MAS, proton-detected SSNMR was used to determine the isotropic shifts of an 

isolated 195Pt surface complex with 3.7 wt.% Pt loading and of its molecular precursor. 195Pt 

chemical shift anisotropies were measured with BRAIN-CP-WCPMG experiments, with signal 

enhancements provided by DNP for the surface complex. The isotropic shifts obtained by fast 

MAS experiments were crucial to constrain the fits of 195Pt static CSA patterns. The observation 

of a single Pt site in 1@SiO2 with CSA parameters similar to the molecular precursor 1 confirms 

that the Pt site is well-defined in 1@SiO2, where the distribution of isotropic shifts is likely due to 

small variations in local bond angles associated with the presence of different local environments 

arising because of the amorphous surface structure of silica. These conclusions are validated by 

1H-195Pt inter-nuclear distance measurements, which indicate that the local geometry of the Pt 

metal center is unchanged in the precursor and on the silica surface. Considering the signal-to-

noise ratios and required experiment times, the methods proposed here should be applicable to Pt 

SAC with a Pt loading of ca. 1 wt.% (see additional discussion in SI). Furthermore, the future 

combination of DNP-SENS with fast MAS and proton detection81-83 could yield further gains in 

sensitivity that would aid in the characterization of low Pt loading catalysts. 
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