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Abstract
The immobilization of molecularly-precise metal complexes to substrates, such as silica, provides
an attractive platform for the design of active sites in heterogeneous catalysts. Specific steric and
electronic variations of the ligand environment enable the development of structure-activity
relationships and the knowledge-driven design of catalysts. At present, however, the threedimensional environment of the precatalyst, much less the active site, is generally not known for
heterogeneous single-site catalysts. We explored the degree to which NMR-based surface-tocomplex interatomic distances could be used to solve the three-dimensional structures of three
silica-supported metal complexes. The structure solution revealed unexpected features relating to
the environment around the metal that would be difficult to discern otherwise. This approach
appears to be highly robust and, due to its simplicity, is readily applied to most single-site catalysts
with little extra effort.
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1. Introduction
Understanding and advancing catalysis is reliant on knowledge of the active site’s chemical
composition, connectivity, as well as its configuration in three dimensions. Awareness of the
precise structure of a catalyst or precatalyst can enable mechanistic studies and the rational
modification of the active site to improve activity or selectivity. Examples of this are most
prominent in homogeneous catalysis, where an accurate knowledge of intermediate and transition
state structures, obtained through X-ray diffraction and density-functional theory (DFT)-based
mechanistic studies, has been used to guide the design of purpose-built catalysts, 1 -6 even with
minimal human input through computationally-driven design. 7 -10
Unfortunately, this level of detail is generally not available in the case of single-site
heterogeneous catalysts. Surface-supported sites lack the periodicity required for diffraction-based
studies and their molecular structures have yet to be resolved using electron microscopy. 11,12 The
amorphous nature of most supports adds an additional layer of complexity which hinders
theoretical investigations of supported complexes. 13,14 Of the available techniques, only NMR
spectroscopy 15 -20,21 and extended X-ray absorption fine structure (EXAFS) 22-24 have the spatial
resolution required to reveal the three-dimensional (3D) geometry of a supported complex. Both
techniques, however, have profound limitations that, until very recently, had prevented the 3D
structure determination of such sites entirely.
NMR spectroscopy is notoriously insensitive, which is compounded by the low site density
found in surface-supported complexes. 25 While long acquisition times have allowed for the
measurement of one-dimensional, and in some cases two-dimensional, correlation NMR spectra
from supported metal complexes, 26 -31 such experiments do not yield quantitative positional
information and are of limited use in full structural refinements. NMR distance measurements are
required for this purpose but are typically prohibitively expensive to perform for surface species.
EXAFS alone, generally, cannot produce the required number of independent points for structure
determinations beyond the first coordination shell, but this is also precisely the area that is most
challenging to study by NMR; often requiring the NMR detection of the metal itself. There are
thus enticing synergies between EXAFS and NMR that could be leveraged for the complete
structural determination of molecular species immobilized on surfaces.
Dynamic nuclear polarization (DNP)-enhanced NMR 32 has recently revolutionized
structural studies of surfaces by providing dramatic, 2-3 orders of magnitude, improvements in
sensitivity.25,33 -36 Such studies have impacted our understanding of the surfaces and interfaces of
quantum dots, 37 -40 supported metal nanoparticles, 41-43 oxides, 44 -47 functionalized
nanomaterials, 48-50 two-dimensional materials, 51 battery materials, 52,53 and single-site
heterogeneous catalysts.19-21,54- 57 Among these developments has been the demonstration that
DNP-enhanced NMR could indeed reveal the 3D structures of isotopically-labelled supported
metal complexes.19 Recently, we built on this development by determining the configuration of a
naturally-abundant alumina-supported Ir(III) pincer complex using NMR-based 13C-Al2O3 surface
distance measurements in combination with EXAFS and plane-wave DFT.20 Motivated by this
result, we were interested in determining the extent to which surface-ligand atom distance
measurements alone could be used to determine the 3D structures of surface-supported metal
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complexes, relevant to single-site heterogeneous catalysts.
We studied three silica-supported metal complexes: a tethered phenanthroline zinc
complex, as well as surface species synthesized by chemical grafting of Zr(OtBu)4 or Sc{κ2(NiPr)2CH}3. NMR-based distance measurements revealed unexpected features of the molecular
structures that would be difficult to determine otherwise, for instance, through the use of planewave DFT calculations or EXAFS. The obtained molecular conformations were reasonably welldefined, suggesting that intramolecular distances may not be required in most cases to isolate the
predominant configuration and conformation of surface-supported metal complexes. Given that
this approach only requires the isotopic enrichment of the support, and not of the complex, it can
enable the high-throughput determination of the 3D structures of single-site catalysts.
2. Experimental Methods
2.1. Synthesis
All manipulations were carried out under inert conditions, either using Schlenk techniques
or in a glovebox under a purified nitrogen atmosphere, unless stated otherwise. Dry and degassed
solvents were used throughout. Pentane was sparged with nitrogen, passed through activated
alumina columns, and stored under nitrogen. Benzene-d6 was degassed via three consecutive
freeze-pump-thaw cycles, dried over Na/K alloy, vacuum transferred, and stored over molecular
sieves under nitrogen. Tris(N,N'-di-i-propylformamidinato)scandium and zirconium tetrakis(tbutoxide) were purchased from Strem Chemicals and used without further purification. 29Sitetraethyl orthosilicate (29Si-TEOS, 99% enrichment) was purchased from Cortecnet and used
without further purification.
2.1.1. 29Si-Enriched Mesoporous Silica
All samples were grafted to MCM-41-type 29Si-enriched mesoporous silica nanoparticles
(29Si-MSN). This material was synthesized by adding 29Si-TEOS (0.500 mL, 2.23 mmol) to a
solution of cetyltrimethylammonium bromide (0.102 g, 0.275 mmol) in aqueous NaOH (14.5 mM,
48 mL) heated at 80 °C and stirred at 550 rpm. After 2 h, the reaction mixture was filtered to
provide a white powder, which was washed with water (5 × 25 mL) and dried at room temperature
under vacuum for 12 h. The dried material was calcined at 550 °C for 6 h to give the 29Si-MSN
(0.103 g) as a white powder.
2.1.2. Phenanthroline-Functionalized MSN
3-Isocyanatopropyl-trimethoxysilane (105 µL, 0.41 mmol) was added to a solution of 1,10phenanthrolin-5-amine (181 mg, 0.92 mmol) in anhydrous N,N-dimethylformamide (5.0 mL)
contained in a vial sealed with a septum. The mixture was stirred at 500 rpm at r.t. for 8 h. The
mixture was then transferred to a 50 mL round bottom flask containing a pre-sonicated suspension
of 29Si-MSN (103 mg) in anhydrous toluene (15 mL), and the contents were stirred at 550 rpm at
100 °C for 24 h. The product was recovered by filtration, washed with toluene (5 × 25 mL),
methanol (5 × 25 mL), and water (5 × 25 mL) and dried overnight under vacuum at room
temperature. A total of 115 mg was isolated as a light creamy powder.
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2.1.3. Supported Zinc Phenanthroline
Zn(OAc)2•2H2O (0.0303 g, 0.135 mmol) was dissolved in anhydrous ethanol (3 mL) and
mixed with the phenanthroline-modified 29Si-MSN (0.020 g). The mixture was stirred at 550 rpm
at room temperature for 24 h. The product was recovered by filtration, washed with anhydrous
ethanol (10 × 2 mL) and dried under vacuum at room temperature to yield a light yellow powder.
IR (DRIFTs, cm–1): 3396, 2937, 1865, 1632, 1560, 1459, 1431, 1279, 1215, 1050, 815, 732.
Elemental analysis for Zn(OAc)2@phen-29Si-MSN: C, 12.49; H, 2.75; N, 3.00; Zn, 4.33.
2.1.4. Grafted Tris(tert-butoxy)zirconium
In a glovebox, a solution of Zr(OtBu)4 (0.050g, 0.13 mmol) in pentane (5 mL) was added
to a suspension of 29Si-MSN (0.055 g) in pentane (2 mL), and the resulting mixture was stirred at
room temperature for 12 h. The suspension was allowed to settle, and the supernatant was decanted
from the solid. The solid was washed with pentane (3 × 5 mL) and dried overnight in vacuo to
afford a white powder. This material contained 2.9 ± 0.2 OtBu groups per Zr center, as revealed
by titration of Zr(OtBu)3@29Si-MSN with HCOOH and ICP-OES (5.78 wt % Zr, 0.63 mmol Zr/g).
IR (DRIFTs, cm–1): 2973, 2931, 2872, 1461, 1386, 1364, 1277, 1254, 1237, 1213, 1188, 1172,
1145, 1137, 1067, 1049, 900, 821, 804, 789, 750. Elemental analysis for Zr(OtBu)3@29Si-MSN:
C, 9.17; H, 1.95; Zr, 5.78.
2.1.5. Grafted Bis(N,N’-di-i-propylformamidinato)scandium
In a glovebox, a solution of Sc{κ2-(NiPr)2CH}3 (0.060 g, 0.14 mmol) in anhydrous pentane
(5 mL) was added to a suspension of 29Si-MSN (0.065 g) in pentane (2 mL), and the resulting
mixture was stirred at room temperature for 4 h. The suspension was allowed to settle, and the
supernatant was decanted from the solid. The solid was washed with pentane (3 × 5 mL) and dried
overnight in vacuo to afford a white powder. This material contained 1.7 ± 0.2 (NiPr)2CH groups
per Sc center, as revealed by titration of Sc{κ2-(NiPr)2CH}2@29Si-MSN with CH3OH and ICPOES (1.64 wt % Sc, 0.36 mmol Sc/g). IR (DRIFTs, cm–1): 3212, 2970, 2935, 2874, 1665, 1558,
1465, 1381, 1363, 1282, 1239, 1214, 1198, 1177, 1166, 1152, 1135, 1123, 1078, 822, 812, 800,
780, 746, 727, 596. Elemental analysis for Sc{κ2-(NiPr)2CH}2@29Si-MSN: C, 5.38; H, 1.07; N,
1.76; Sc, 1.64.
2.2. Characterization
2.2.1. Elemental Analysis
Elemental analysis (CHN) was performed using a Perkin-Elmer 2400 Series II CHN/S at
the Iowa State Chemical Instrumentation Facility. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) was performed to measure the amount of the metal present in the
materials. The samples (2.0 – 4.0 mg each) were digested for 24 h in aqueous HF and aqua regia
(0.18% and 5% respectively) and analyzed in a Perkin Elmer Optima 2100 DV ICP-OES
Spectroscope.
2.2.2. Infrared Spectroscopy
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed
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using a Bruker VERTEX 80 IR spectrometer at room temperature using a Harrick Praying Mantis
accessory and a sealed, ambient-pressure, sample chamber consisting of a dome with ZnSe
windows.
2.3. Solid-State NMR Spectroscopy
All DNP-enhanced solid-state NMR experiments were performed using a Bruker 400
MHz/264 GHz MAS-DNP system, equipped with a 9.7 T gyrotron microwave source, a tripleresonance 3.2 mm low-temperature (100 K) MAS probe, and an Avance III console. Samples were
impregnated with 16 mM solution of the TEKPol polarizing agent, 58 either dissolved in 1,1,2,2tetrachloroethane (TCE) (phenanthroline-functionalized MSNs), 59 or dry TCE-d2 (Zr and Sc
complexes), 60 and spun at an MAS frequency of 10 kHz at 100 K using dry nitrogen gas. The 1H
radiofrequency (RF) power for all pulses was set to 100 kHz. 13C{1H} cross-polarization (CP) was
achieved with a 2 ms ramped contact time, while a 10 ms contact time was used for 15N{1H} CP.
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C,15N{29Si} rotational-echo double-resonance (REDOR) 61 experiments were performed
by applying the recoupling pulses to the 29Si nuclei; 15N, 29Si, and 13C 180° pulses lasted 12, 8, and
6 μs, respectively. The 13C{29Si} REDOR experiment on the phenanthroline-functionalized MSN
was acquired using a 3 s recycle delay, and a total of 512 scans per spectrum while the 15N{29Si}
experiment on the same sample instead required 1024 scans per spectrum. 13C{29Si} REDOR
experiments on the Zn, Zr, and Sc complexes were acquired in 256, 1600, and 512 scans per
spectrum, respectively, with relaxation times of 3, 1.5, and 5 s, respectively. The 13C,15N{45Sc}
rotational-echo saturation pulse double-resonance (RESPDOR) 62 experiments were described in
an earlier publication. 63
A 13C{1H} windowed phase-alternating R-symmetry (wPARS) 64,65 spectrum was acquired
for the Zr complex using DNP for sensitivity enhancement. The spectrum was acquired in 64 t1
increments of 40 μs, each acquired in 16 scans with a 2 s recycle delay. The MAS rate was set to
11,111 kHz and wR1852 recoupling was applied with a 50 % window. All hard 1H and 13C pulses
had a 100 kHz RF power and the CP contact time lasted 2 ms.
2.4. DFT Calculations
All calculations were carried out using the CASTEP software package (version 2018)66
and the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional. 67 Ultrasoft
pseudopotentials were generated “on the fly” using the default generation strings contained within
CASTEP. All calculations used a plane-wave energy cutoff of 489.8 eV, and a k-point grid
composed solely of the Γ point. The self-consistent field cutoff was set to a change in energy less
than 2 × 10-6 eV/atom. We have previously reported the calculations on the Sc aminidate
complex.63 There, we took amorphous silica surface structures initially reported by ComasVives, 68 optimized the atomic positions to account for differences in computational parameters,
and then placed the organometallic species on an appropriate oxygen site. Then the geometry of
the overall system was optimized again to determine the structure of the organometallic species.
Here, we took the same approach with Zr(OtBu)3 on amorphous silica, grafting it to a SiO2 surface
with a surface hydroxyl density of 3.3 OH/nm2. The geometry optimization converged with a total
energy tolerance of 5 × 10-5 eV/atom, a maximum atomic force tolerance of 0.1 eV/Å, and a
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maximum atomic displacement tolerance of 5 × 10-3 Å. A vertical vacuum layer of at least 15 Å
was maintained between periodic layers.
2.5. Structure Determination
2.5.1. Calculation of REDOR Curves in Multispin Systems
Zero-quantum heteronuclear dipolar recoupling experiments, which include REDOR- and
RESPDOR-based pulse sequences, have several advantages over their single-quantum
counterparts. For one, ensuring that the chemical shift anisotropy (CSA) and dipolar coupling
Hamiltonians commute with one another eliminates the influences of the CSA and enables the
measurement of longer distances.47 The second advantage is that they effectively recouple
individual heteronuclear spin pairs independently, enabling for the facile simulation of spin
systems containing upwards of 100 spins.42,69-71
The powder-averaged REDOR curve, defined here using the normalized difference
between a recoupled (S) and reference (S0) experiment (ΔS/S0, where ΔS = S-S0), is defined by the
following expression:
∆𝑆𝑆
𝑆𝑆0

1

2𝜋𝜋

𝜋𝜋

= 1 − 4𝜋𝜋 ∫0 ∫0 cos�2√2𝐷𝐷𝜏𝜏rec sin2𝛽𝛽sin𝛼𝛼�sin𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽,

(1)

where α and β are polar angles describing the orientation of the internuclear vector with respect to
the rotor axis and τrec is the total recoupling time. D is the dipolar coupling constant, which only
depends on the internuclear distance (r) as well as the permeability of free space (μ0) and
gyromagnetic ratios of the coupled nuclei (γi), thus enabling measurement of precise distances.
𝜇𝜇 ħ𝛾𝛾1 𝛾𝛾2
〈𝑟𝑟 −3 〉
2𝜋𝜋

(2)

𝐷𝐷 = 4𝜋𝜋0

In the case of a polynuclear spin system containing one observed nucleus and N coupled
heteronuclei, the REDOR dephasing curve is also readily evaluated, being represented by the
products of the dephasing levels caused by each individual interaction:69
∆𝑆𝑆
𝑆𝑆0

1

2𝜋𝜋

𝜋𝜋

2𝜋𝜋

= 1 − 8𝜋𝜋2 ∫0 ∫0 ∫0 ∏𝑁𝑁
i=1 cos�2√2𝐷𝐷𝜏𝜏rec sin2𝛽𝛽i sin𝛼𝛼i � sin𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽.

(3)

Note that αi and βi are functions of α and β and represent an individual spin’s orientation with
respect to the rotor axis. In this case, it is also necessary to powder average over the initial rotor
phase (γ). In cases of spectral overlap, the predicted REDOR curve is the weighted sum of all sites’
REDOR curves.20 Note that this assumes equal CP efficiencies, which is generally acceptable for
chemically-equivalent sites.
The application of REDOR in multispin systems requires the creation of a model which is
sufficiently large to include all the pertinent heteronuclei (typically on the order of 100).20 In this
case we assume a relatively flat silica surface, which we obtained from the DFT simulations of
Comas-Vives.68 We have found the exact positioning of the atoms in these models to be of no
consequence so long as the local spin density is correct. We then place a 13C or 15N spin over this
surface and, using equation 3, generate a database of 13C,15N{29Si} REDOR dephasing curves as
a function of the distance to the topmost Si layer. These simulated REDOR curves are given as
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supporting information. The exact horizontal position of the atoms on the surface also has little
influence on the REDOR dephasing curves due to the sheer number of interacting spins. We have
used this approach in other systems, including the determination of the orientation of molecules
on Al2O320,42 and CsPbBr3 72 surfaces and to elucidate the atom ordering in amorphous silicaalumina. 73
2.5.2 Structure Search
The structure determination approach used in this paper corresponds to a distance geometry
method, similar to those commonly used to solve protein structures using NMR data, 74 and is
equivalent to that developed by Berruyer et al. for surface species.19 In this type of approach, the
number of free parameters is greatly reduced by constraining the structure using pre-determined
bond lengths and angles. Then, the structure can be fully described using the dihedral angles of the
rotatable bonds, as well as a few additional angles such as that which the surface tether forms with
the surface plane. The structure solution algorithm (Figure 1) is then tasked with finding a
reasonable ensemble of 3D conformations that agree with the REDOR-based surface-atom
distance measurements.
We first generate an initial candidate structure using either DFT- or force field-based
geometry optimizations, and identify the relevant variables that define the full conformational
space (distances, angles, torsions, etc.). Bond lengths and rigid bond angles are assumed to be
accurately determined by the geometry optimization. A brute force search is then performed over
each of the structural parameters, generally in 10° increments for angles, unless stated otherwise.
Each structure has its agreement to experiment assessed using a χ2 metric. 75 In practice, this
calculation is performed efficiently with the use of pre-computed χ2 vs. distance tables for each of
the involved atoms (represented by the index i). Multidimensional tables are used in situations of
resonance overlap where multiple unique distances contribute to the same REDOR curve.
𝜒𝜒i2

= ∑𝜏𝜏rec

�∆𝑆𝑆⁄𝑆𝑆0,i,expt −∆𝑆𝑆⁄𝑆𝑆0,i,calc �
�∆𝑆𝑆⁄𝑆𝑆0,i,expt �

2

2

(4)

In cases where more than three individual sites contribute to a given REDOR curve, the
use of a multidimensional lookup table is impractical and the average distance and its standard
deviation are used instead when creating the table. The reliability of a given structure may also be
assessed using the calculated 𝜒𝜒i2 values. For instance, all structures within a 90% confidence level
2
2
(1.65σ) have 𝜒𝜒i2 values below 3.71𝜒𝜒i,min
, where 𝜒𝜒i,min
is the smallest 𝜒𝜒i2 value found in a candidate
structure and is dependent on the quality of the data. This ensures that the structure is in agreement
with all of the measured REDOR dephasing curves. Structures may also be ranked according to
2
their minimum total χ2 value (𝜒𝜒total
) in order to determine the best-fit structures.
2
𝜒𝜒total
= ∑atoms 𝜒𝜒i2 .

(5)

This work was accomplished with the use of in-house C programs. We estimate the
practical limit of this method to be on the order of 10 free structural parameters. More complex
structures would require the use of an alternative algorithm, such as simulated annealing, or a
coarser sampling of the angles, for instance in 120° or 60° increments for bonds involving a sp37

hybridized atoms.

Figure 1. Flowchart describing the 3D structure solution process.
3. Results and Discussion
3.1 Phenanthroline-Functionalized MSN
A phenanthroline-functionalized 29Si-enriched MSN material was prepared in a two-step
synthesis, as illustrated in Scheme 1. We first reacted 3-isocyanatopropyltriethoxysilane with 1,10phenanthrolin-5-amine to produce a phenanthroline-containing silane. This silane was then grafted
to the 29Si-enriched MSN material to obtain the final phenanthroline-functionalized MSN (see
Experimental section). Note that while the silica support is enriched in 29Si, the Si site from the
silane remains at natural abundance and does not contribute to the REDOR data.

Scheme 1. Synthetic pathway used to prepare the supported Zn phenanthroline complex. The
degrees of freedom used for the structure solution are given on the right and include the angle
between the Si-C bond and the surface (θ1) along with five dihedral angles (φn).
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The three-dimensional structure of the surface-tethered ligand can be defined with the use
of five dihedral angles (φi, one for each of the rotatable bonds) along with the angle that the tether
forms with the surface plane (θ1), see Scheme 1. The distance between the Si-bound carbon site
and the surface plane was kept fixed to the distance yielding the best agreement with experiment
for that particular carbon.
The DNP-enhanced 13C and 15N CPMAS NMR spectra of the ligand are shown in Figures
S1 and S2 in the supporting information. A total of ten 13C resonances could be distinguished,
along with the 15N sites from the urea moiety; we were unable to detect the phenanthroline
nitrogens, likely due to poor CP efficiency. 13C{29Si} and 15N{29Si} REDOR experiments were
then performed and, using deconvolution, we measured 11 REDOR dephasing curves, which
describe the sites’ vertical distances away from the Si layer of the support. These curves are shown
in Figure 2. Qualitatively, it can be seen that the distance from the surface increases as we move
up the chain from the silane site, as would be expected, with most dephasing curves measured for
the phenanthroline being relatively similar, suggesting a prone conformation.

Figure 2. 13C{29Si} and 15N{29Si} REDOR dephasing curves for various sites in the grafted
phenanthroline ligand. Assignments are indicated on the structure on the left.
The full structural determination, following the procedure described in section 2, yielded
arrays of structures in agreement with the earlier qualitative predictions. Distances are seen to
increase from 3.3 to 5.2 ± 0.4 Å for the sites in the tether with the atoms in the phenanthroline
moiety situated at 5.4 ± 0.4 Å from the surface. The overlay of structures, however, revealed a
potential weakness of an approach that only relies on vertical distances. We find that there are four
minima along the conformational space that fit the data equally well (see Figure 3). These differ
in the conformation of the flexible tether, which can be either anti (structures 1 and 2) or gauche
(structures 3 and 4), as well as in the orientation of the phenanthroline molecule. Given the relative
flexibility of this molecule, however, it is reasonable to expect all these conformations to exist to
some level on the surface. We would also expect the anti conformers (1 and 2) to be more
energetically favorable and thus more likely to occur. Regardless, the most critical features of the
structure, namely its proximity and orientation relative to the support, are reproduced in the four
models. The predicted REDOR curves from one of the best-fit structures are overlaid onto the data
in Figure 2.
9

Figure 3. Structures of the four experimentally-consistent conformations of the grafted
phenanthroline ligand. Stick structures are given on the top and their corresponding NMRdetermined 3D structures are shown on the bottom as overlays of the best-fit structures.
3.2. Supported Zn(II) Phenanthroline
We next reacted the phenanthroline-functionalized 29Si-MSN material with zinc acetate to
form a supported Zn(OAc)2 phenanthroline species (Scheme 1). Elemental analysis revealed a
slight excess of Zn (1.23 Zn sites per phenanthroline moiety) suggesting that all the phenanthroline
moieties are coordinated to Zn, with some Zn(OAc)2 having been grafted to the silica support
directly. The DNP-enhanced 13C CPMAS NMR spectrum of this complex is depicted in Figure S3
in the supporting information. An overlay of this spectrum and that from the free ligand is also
shown in Figure S4. This spectrum demonstrates clear metal-induced shifts for all the 13C sites of
the phenanthroline moiety, direct evidence that the complexation was indeed successful.
Unfortunately, the metal-complexed system has much shorter T2 and T1ρ relaxation times and as a
consequence we were unable to detect a 15N signal, as well as a number of REDOR dephasing
curves, predominantly from carbon atoms bonded to hydrogen. In total we could measure 9
13
C{29Si} REDOR dephasing curves, which are shown in Figure 4.

Figure 4. 13C{29Si} REDOR dephasing curves for various sites in the supported Zn phenanthroline
complex. Assignments are indicated on the partial structure on the left.
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Figure 5. (a) NMR-determined conformation of the supported Zn phenanthroline complex. An
overlay of the 10 best-fit structures is shown in (b) while the overlay containing all structures that
are within experimental error (1.65σ) is shown in (c).
As a starting configuration for the structure solution we used the atomic coordinates
measured in a 2,9-dimethyl-1,10-phenanthroline Zn acetate complex. 76 The orientations of the
acetate ligands relative to the phenanthroline molecule were kept constant. The best-fit threedimensional structures determined for the complex are depicted in Figure 5b along with the
structure overlay corresponding to the 90% confidence levels (Figure 5c). The predicted REDOR
curves from the best-fit conformer are also overlaid onto the experimental data in Figure 4. The
determined 3D conformation places the Zn(II) site at a distance of 5.2 ± 0.2 Å from the surface
and the atoms in the phenanthroline moiety at distances of 4.8 ± 0.7 Å. These distances are within
experimental error from those measured in the free ligand and rule out the possibility that there is
an interaction between the metal and the support. The obtained configuration does, however, place
an acetate moiety in close proximity to the silica surface, suggesting that it may form additional
hydrogen bonding interactions with silanol groups.
3.3. Grafted Tris(tert-butoxy)zirconium
Zr(OtBu)4 reacts with the 29Si-MSN surface to form a supported ≡SiO–Zr(OtBu)3 moiety
and release tert-butanol (Scheme 2). A related surface-supported Zr alkoxide was recently
11

demonstrated to be a precatalyst for C–C bond alumination, a process that results in deconstruction
of polyolefin plastics into long-chain alkyl aluminum compounds, for upcycling used polymers
into fatty alcohols. 77 In ≡SiO–Zr(OtBu)3, the 1:3 ratio of Zr:OtBu was established using an NMR
protonolytic titration experiment in combination with Zr elemental analysis (see Experimental
section), which supports the assignment of the surface species as containing monopodal,
monovalent ligation of zirconium involving one surface siloxy-zirconium bond.

Scheme 2. Synthesis of ≡SiO–Zr(OtBu)3. The degrees of freedom used for the structure solution
are given on the right and include the angle between the first O–Zr bond and the surface (θ1) along
with four dihedral angles (φn) corresponding to rotation around the O–Zr bonds.
Bond lengths and angles for this complex were obtained from its optimized structure on an
amorphous silica surface model using plane-wave DFT calculations. The calculation produced a
complex that was mostly upright on the surface with nearly linear Zr–O–Si and Zr–O–C angles.
The linearity of the Zr–O–Si linkages is consistent with that measured using diffraction on
molecular siloxyzirconium complexes. 78 The structure is defined by the angle that the O–Zr vector
forms with the silica surface (θ1) along with the Si–O–Zr–O (φ1) or O–Zr–O–C dihedral angles
(φi; i = 2-4), which correspond to rotation around the Zr–O bonds, see Scheme 2.
The DNP-enhanced 13C CPMAS spectrum of this complex is depicted in Figure S5, and
both resonances’ 13C{29Si} REDOR dephasing curves are shown in Figure 6a. A good agreement
could be obtained when fitting the REDOR data to the four aforementioned angles. Contraction of
θ1 tilts the complex toward the surface, while rotation of φ1 orients the OtBu groups toward or
away from the surface. The structure determination, however, was largely insensitive to the O–
Zr–O–C dihedral angles (φ2-φ4), which only lead to C3-type rotations and the exchange of methyl
groups.
The structure determination is complicated by the presence of dynamic motions, which
lead to a reduction in some of the measured dipolar coupling constants. We used a 13C{1H}
wPARS dipolar coupling measurement64,65 to determine the extent of the motions. The measured
wPARS lineshape for the methyl signal is shown in Figure 6b in additions to simulations that
include methyl rotation and both methyl and tBu rotations. The data clearly shows that the tBu
groups remain dynamic, even at 100 K. These motions lead to a moderate averaging of the 13C29
Si dipolar interactions (order parameter 〈𝑆𝑆〉 ~ 0.7, as determined for the nearest 29Si site)63 and a
drastic reduction of 1H-13C dipolar interactions (〈𝑆𝑆〉 = 0.11). The inclusion of these effects was
needed to obtain a reasonable fit of the methyl group’s 13C{29Si} REDOR data, which was
otherwise overestimated (see Figure 6a).
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Figure 6. (a) 13C{29Si} REDOR dephasing curves for the two chemically-distinct 13C sites in
≡29SiO–Zr(OtBu)3. Assignment are indicated on the structure on the left. The red simulation for
the methyl groups (site A) corresponds to a static model while the black simulation takes the tBu
rotation into account. (b) The 13C{1H} wPARS spectrum measured for the methyl moieties is
shown in addition to simulations of the experiment with varying levels of dynamics from a static
molecule (i), to models including methyl rotation (ii) and tBu rotation (iii).

Figure 7. A comparison of the three-dimensional structures of ≡29SiO–Zr(OtBu)3 as predicted
using periodic DFT (a) as well as that obtained using 13C{29Si} REDOR (b,c). The experimental
structure is shown at both the 68.3% (b) and 90% (c) confidence levels.
The determined 3D structure of the complex is shown in Figure 7 at both the 68.3% and
90% confidence levels. The angle between the Zr-O bond and the silica surface (θ1) was found to
be slightly tilted towards the surface at an angle of roughly 45°, as compared to 70° in the DFToptimized model. This slight difference, however, is likely not statistically significant given that:
1) θ1 extends to 65° and 90° at the 68.3 and 90% confidence levels and 2) the DFT-computed value
is likely a function of the chosen grafting location. Nevertheless, a close proximity between the Zr
site and the silica places the complex in an orientation that is particularly prone to allow attack of
nucleophilic ligands on surface siloxanes. This type of reaction is known to be of importance in
supported Zr hydride species28,79 and may be of relevance for this species’ reactivity in polyolefin
alumination reactions.77
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3.4. Grafted Bis(N,N’-di-i-propylformamidinato)scandium
We recently studied the ligand dynamics of a monopodal silica-supported scandium
amidinate complex (Scheme 3) using a combination of room temperature and DNP-enhanced
NMR, along with DFT and molecular dynamic simulations.63 The five-coordinate Sc center can
form either square pyramidal or trigonal bipyramidal geometries, introducing an additional level
of complexity in the structure determination. We modeled the monopodal grafted complex in
silico, investigating a variety of binding sites on an amorphous silica surface model. These
different grafting locations led to some trigonal bipyramidal structures and other complexes
exhibiting square pyramidal coordination geometries. Steric interactions with the silica surface
appeared to be the dominant factor influencing the geometry of the complex, given that a trigonal
bipyramidal geometry may force the methyl groups of one amidinate below the surface plane. Our
earlier molecular dynamics studies also showed that trigonal bipyramidal conformers may readily
interconvert with the square pyramidal form. Here, we are mainly interested in determining which
configuration dominates on the silica surface.
In addition to varying the angle between the surface plane and the Sc–O bond (θ1), the
dihedral angle associated with rotation around the Sc–O bond (φ1), as well as the angles associated
with N-isopropyl substituents (φi), it is also necessary to alter the orientations of the two bidentate
amidinate ligands in a way that will cover both possible coordination geometries. We
accomplished this by also rotating the amidinate ligands about their Sc-CH vectors (ψi). Due to
the added complexity, we only sampled φ2-φ5 in 90° increments, which covers all the expected
potential energy minima.63

Scheme 3. Synthesis of ≡29SiO–Sc{κ2-(NiPr)2CH}2. The degrees of freedom used for the structure
solution are given on the right and include the angle between the O–Sc bond and the surface normal
(θ1), the five dihedral angles (φi), and two angles used to rotate the plane normal of the
metallacycles (ψi).
The 13C{29Si} REDOR curves are shown in Figure 8. As a part of our previous work we
had also measured 13C,15N{45Sc} intramolecular RESPDOR dephasing curves, which are also
shown in Figure 8.63

14

Figure 8. 13C{29Si} REDOR as well as 13C{45Sc} and 15N{45Sc} RESPDOR dephasing curves for
the various chemically-distinct 13C and 15N sites in the grafted Sc amidinate complex. Assignments
are indicated on the structure on the left. Black lines correspond to the REDOR curves predicted
by the best-fit NMR structure while those in red correspond to those from the DFT-optimized
structure.
A DFT-optimized structure for this complex, which favored a trigonal bipyramidal
coordination geometry, is shown in Figure 9a while the experimental, NMR-derived, threedimensional structure of the complex is shown in Figure 9b. Predicted RE(SP)DOR curves for
each of these complexes are also overlaid onto the experimental data in Figure 8. While the DFT
seemed to suggest the existence of a trigonal bipyramidal complex, experiments clearly reveal that
the complex has a strong preference for a square pyramidal geometry, with the surface siloxy in
the apical position. This conclusion is also apparent by simply comparing the predicted curves
from the two structures in Figure 8. The axial N-iPr group trans to the surface siloxy ligand in the
trigonal bipyramidal geometry in Figure 9a leads to longer 13C-29Si distances and a poor agreement
with the experimental data. Having a more accurate picture of the conformation adopted by such
complexes on the surface enables us to gain a better understanding of their dynamics and reactivity.
For instance, a square pyramidal configuration possesses an open coordination site trans to the
surface which is prone to attack by reactants from the reaction medium in a catalytic reaction,
whereas a trigonal bipyramidal configuration might better react with surface-absorbed reactants.
An important note from this study is that even though it was possible to measure four
intramolecular distances in this case without isotopic labelling, none of them were found to be
sensitive to the three-dimensional structure of the complex, other than for confirming the
coordination of the ligands to the metal. This is in contrast to the three 13C-29SiO2 distances that
were highly sensitive to the configuration of the complex. Similar observations were made in the
2017 study by Berruyer et al.19 as well as in our recent study of an Al2O3-supported Ir pincer,20
where the only structure-sensitive distances involved surface atoms.
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Figure 9. A comparison of the three-dimensional structures of the grafted Sc amidinate complex
as predicted using periodic DFT (a) as well as the experimental structure determined using the
REDOR and RESPDOR data (b). The structures are shown from their side (i) as well as from the
top (ii).
4. Conclusions
We have demonstrated that DNP-enhanced 13C,15N{29Si} REDOR measurements, when
coupled with accurate large multispin simulations, enable the full determination of well-defined
three-dimensional structures of single-site silica-supported metal complexes, including both
grafted metal species and complexes employing a surface-tethered ligand. This approach
advantageously employs grafted complexes prepared from naturally-abundant materials and
instead makes use of a uniformly 29Si-enriched silica support. This 29Si-enriched silica can be
divided (and in some cases recycled through metal extraction and calcination) to study a number
of different species. Given that all surface-atom distances provide meaningful 3D structural
information, this approach importantly enables the 3D structural solution of grafted metal
complexes with limited numbers of chemically-distinct sites, such as the ≡29SiO–Zr(OtBu)3
complex studied here which only features two resolved 13C resonances.
Our studies of three SiO2-supported metal complexes revealed structural features that
would otherwise have been difficult to determine. For instance, we were able to determine the
configuration of a phenanthroline-coordinated Zn(II) acetate complex in addition to determining
that its acetate ligands may be hydrogen bonding with silanol groups from the support. We also
discovered that a Sc amidinate species strongly favored a square pyramidal coordination geometry
while DFT calculations were ambiguous on this point, optimizing the structure into either that or
a trigonal bipyramidal geometry, depending on the surface binding location. The NMR
measurements therefore directly revealed information into the metal’s coordination environment
that can be used to understand catalytic mechanisms or reactivities of single sites. Gaining this
understanding will allow for the knowledge-driven design of catalytic sites on surfaces.
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facilitate the measurement of vertical distances
between nuclei in supported metal complexes
and the top surface of a 29SiO2 support. The
obtained structural constraints enable the
determination experimental three-dimensional
structures for single-site catalysts. Given that
the approach does not require the use of
isotopic labelling it can be applied to the study
of nearly all silica-supported molecules in a relatively high-throughput manner.
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