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Abstract
Dynamics play significant roles in chemistry and biochemistry—molecular motions impact both 
large- and small-scale chemical reactions in addition to biochemical processes. In many systems, 
including heterogeneous catalysts, the characterization of dynamics remains a challenge. The most 
common approaches involve the solid-state NMR measurement of anisotropic interactions, in 
particular 2H quadrupolar coupling and 1H-X dipolar coupling, which generally require isotope 
enrichment. Due to the high sensitivity of 1H NMR, 1H chemical shift anisotropy (CSA) is a 
particularly enticing, and underexplored, dynamics probe. We carried out 1H CSA and 1H-13C 
dipolar coupling measurements in a series of model supported complexes to understand how 1H 
CSA can be leveraged to gain dynamic information for heterogeneous catalysts. Mathematical 
descriptions are given for the dynamic averaging of the CSA tensor, and its dependence on 
orientation and asymmetry. The variability of the orientation of the tensor in the molecular frame, 
in addition to its magnitude and asymmetry, negatively impacts attempts to extract quantitative 
dynamic information. Nevertheless, 1H CSA measurements can reveal useful qualitative insights 
into the motions of a particularly dilute site, such as from a surface species. 

Keywords

Molecular Dynamics, Heterogeneous Catalysis, 1H Chemical Shift Anisotropy, Symmetry-Based 
Recoupling

Page 1 of 26 Physical Chemistry Chemical Physics



2

1. Introduction
Dynamics are of central importance in many chemistry fields. In catalysis, they have been 

recognized as one of the most critical and poorly understood phenomena that could have outsized 
impacts on reaction outcomes.1 For instance, structural variability in catalysts is responsible for 
site activation and deactivation. Dynamics that occur at equilibrium, i.e., conformational molecular 
dynamics, are also known to produce highly catalytically active transient species2–4 or endow a 
catalyst with the ability to adapt its structure to lower reaction barriers.5–7 This second point is 
perhaps best exemplified by the enzymatic concepts of allostery and induced fit.8

Despite the importance of understanding motions in heterogeneous catalysts, one would 
argue that there is a severe lack of methods available for measuring motions in highly dilute 
interfacial species, particularly fast motions. In the case of single-site catalysts, solid-state NMR 
has shown some promise for revealing the equilibrium motions of supported metal complexes but 
has not drawn widespread adoption.9–12 This is primarily due to the low sensitivity of the 
specialized, and often multidimensional, NMR methods required for the measurement of 
motionally-sensitive anisotropic interactions.

The gold standard for measuring molecular motions using solid-state NMR is 2H lineshape 
analysis.13,14 In this experiment, the 2H quadrupolar coupling tensor is measured, often as a 
function of temperature. If motions occur at a similar or faster rate than the magnitude of the 
interaction, then the NMR spectrum will reflect the average of the second rank quadrupolar 
coupling tensor over this timescale. Because the tensor is directional (along the X-H bond in this 
case), the resulting magnitude and asymmetry of the interaction are highly characteristic of the 
path followed by the atoms.15 

The 1H-X dipolar coupling tensor shares many of the properties that make the 2H 
quadrupolar coupling tensor so attractive for the measurement of dynamics. Specifically, it is 
oriented along the X-H bond, has a predictable magnitude and asymmetry, and can be used to 
probe motions at multiple locations in the same molecule. It is even favored in some systems 
because spectral overlap may be circumvented through X-detection in a 2D acquisition, and 
because 2H labeling is often difficult.

While they are formidable dynamics probes, 2H NMR and 2D 1H-X dipolar coupling 
measurements often require isotope enrichment when applied to supported molecules.16–20 As 
such, having a viable sensitive alternative could enable the broader study of motions on 
heterogeneous catalyst surfaces. Both the 2H quadrupolar coupling tensor and the 1H-X dipolar 
coupling tensor probe the same property, namely, the variability in the X-H vector.  There is 
another anisotropic interaction that affects hydrogen nuclei that may share these useful properties, 
while avoiding their sensitivity limitations, namely, the 1H chemical shift anisotropy (CSA).21–34 
Perceived challenges with its application include the fact that it is the weakest of the three 
interactions, and that its more complex dependence on structure may make it difficult to predict 
its magnitude and orientation. 

This work reviews the theory describing the dynamic averaging of the chemical shift tensor 
and how various dynamic modes affect its magnitude. We then compare symmetry-based 1H CSA 
and 1H-13C dipolar coupling measurements for probing motions in a periodic mesoporous 
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organosilica (PMO) and two supported metal complexes. We highlight the challenges and 
limitations associated with the application of 1H CSA measurements for probing dynamics in 
addition to its strengths.

2. Theory
2.1. Dynamic Averaging of Dipolar Coupling

Nuclear spins couple directly through a direct dipolar spin-spin coupling interaction. The 
interaction depends on the dipolar coupling constant (D) and the orientation of the internuclear 
vector, relative to the applied magnetic field. Because D depends solely on the internuclear 
distance, r, the vacuum magnetic permeability, μ0, and the gyromagnetic ratios of each coupled 
nuclei, γi, (eqn. 1), it is fairly constant for bonded pairs (~23 kHz for a 1H-13C).

(1)𝐷1,2 = (𝜇0

4𝜋)(𝛾1𝛾2

2𝜋 )𝑟 ―3
1,2

The spatial dependence of the interaction can be represented by a traceless and axially 
symmetric tensor (D), which in its principal axis system (PAS) takes the following form.

(2)𝐃PAS = 𝐷[0.5 0 0
0 0.5 0
0 0 ―1]

In this frame, the internuclear vector is oriented along the z direction. To calculate the 
tensor in some arbitrary, lab-frame, orientation, it is rotated using rotation matrices (R), shown 
below using the more common ZYZ convention, where α, β, and γ are Euler angles.

(3)𝐃LAB = 𝐑 ―1
Z (𝛾)𝐑 ―1

Y (𝛽)𝐑 ―1
Z (𝛼)𝐃PAS𝐑Z(𝛼)𝐑Y(𝛽)𝐑Z(𝛾)

In the fast-motion limit, i.e., when the motions of the molecule occur at a frequency 
exceeding the magnitude of the interaction (D), the observed dipolar coupling tensor is simply its 
time-average (eqn. 4). For bonded pairs, we can assume that D is constant and that only α, β, and 
γ are varied by the molecular motions. Note that angled brackets are used throughout to signify 
that this property corresponds to a dynamic average.

(4)〈𝐃〉 =
1
𝑡∫𝑡

0𝐃LABd𝑡

If a N-site jump model is used, as opposed to a time trace, then the averaged dipolar 
coupling tensor is given by:

(5)〈𝐃〉 =
1
𝑁∑𝑵

i = 1𝐃LAB, i

The obtained dynamically averaged tensor, ⟨D⟩ can then be diagonalized to extract its 
eigenvalues (⟨D11⟩, ⟨D22⟩, ⟨D33⟩), which are ordered as: |⟨D33⟩| ≥ |⟨D22⟩| ≥ |⟨D11⟩|. The observed 
averaged dipolar coupling constant,  ⟨D⟩, is then equal to ⟨D33⟩, and the tensor potentially loses its 
axial symmetry, gaining a dipolar asymmetry parameter, ⟨ηD⟩, given by: (⟨D11⟩ - ⟨D22⟩) / ⟨D33⟩. 
Note that the asymmetry parameter ranges from 0, in axially symmetric cases, to 1. The amplitude 
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of the motions is often characterized by a single parameter known as the order parameter ⟨SD⟩, 
which is simply the factor by which motions reduce the magnitude of the interaction.

(6)〈𝑆D〉 =  
〈𝐷〉
𝐷

In cases of continuous rotation about an axis tilted at an angle of θ relative to the bond axis, 
⟨SD⟩ is simply given by ⟨SD⟩ = |(3cos2θ – 1)/2|.15 For instance, methyl groups (θ = 109.4°) generally 
feature 13C-1H dipolar couplings with ⟨SD⟩ = 1/3. The first-order quadrupolar interaction of a 2H 
nucleus is averaged in exactly the same way.

2.2. Dynamic Averaging of Chemical Shift Anisotropy

Unlike the dipolar coupling tensor, the chemical shift tensor (CS) is neither traceless nor 
axially symmetric. It can be decomposed as follows.

(7)𝐂𝐒PAS = 𝛿iso +
𝛿aniso

2 [ ―1 ― 𝜂CS 0 0
0 ―1 + 𝜂CS 0
0 0 2]

In eqn. 7 δiso corresponds to the isotropic chemical shift, δaniso is the reduced anisotropy, 
and ηCS is the asymmetry parameter of the tensor, which takes the same form as ηD. Because δiso 
is invariant in the presence of conformational dynamics, we can remove it from the tensor and only 
work with the anisotropic part, CSaniso. 

(8)𝐂𝐒aniso = 𝐂𝐒 ― 𝛿iso

Note that the tensor components are ordered using the Haeberlen convention, i.e. as |δZZ – 
δiso| ≥ |δXX – δiso| ≥ |δYY – δiso|. Like the dipolar coupling tensor, we can rotate this tensor to represent 
it in an arbitrary orientation:

(9)𝐂𝐒aniso,PAS = 𝐑 ―1
Z (𝛾)𝐑 ―1

Y (𝛽)𝐑 ―1
Z (𝛼)𝐂𝐒aniso,PAS𝐑Z(𝛼)𝐑Y(𝛽)𝐑Z(𝛾)

and calculate a dynamically averaged CS tensor.

(10)〈𝐂𝐒〉 = 𝛿iso +
1
𝑡∫𝑡

0𝐂𝐒aniso,LABd𝑡

We can then define a CSA order parameter by again diagonalizing ⟨CS⟩ and calculating its 
resulting ⟨δaniso⟩ value as: ⟨δaniso⟩ = ⟨δZZ⟩ - δiso.

(11)〈𝑆CSA〉 =  
〈𝛿aniso〉
𝛿aniso

While the mathematical treatment of the two interactions is nearly identical, extracting 
dynamic information from the CSA is far more challenging in practice. Because the CS is rarely 
axially symmetric, the asymmetry parameter, ηCS affects ⟨SCSA⟩ to a great extent.28 In addition, 
while the largest component of the dipolar coupling tensor is aligned along the internuclear axis, 
the chemical shift tensor originates from the local electronic environment and may take any 
orientation. For X-H bonded 1H nuclei, it may also be more common for δZZ to be oriented 
perpendicular to the bond, particularly for aryl protons. This bond is likely the dominant shielding 
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contributor, and it generates paramagnetic shielding contributions perpendicular to its σ-bond 
direction.35,36 As such, in the very same system, ⟨SCSA⟩ is expected to be very different from ⟨SD⟩ 
because they probe the exchange of orthogonal axes.

In this work, we will focus on the dynamic averaging of aryl 1H CSAs given that they are 
generally larger than the CSA found in sp3 hybridized C-H protons25,28 and that the small 
magnitude of a C-H 1H site’s CSA is one of the main bottlenecks that limit the measurement of 
⟨SCSA⟩ . We have plotted in Figure 1 how ⟨SCSA⟩ and the averaged CSA asymmetry parameter, 
⟨ηCS⟩, are impacted by the main two classes of motions affecting aryl protons, namely a 2-fold flip 
and a plane rotation. The values are plotted as a function of the static CS asymmetry, ηCS, and the 
tensor’s orientation. Note that if  is oriented perpendicular to the plane of the ring, it will be 𝛿ZZ
unaffected by the dynamics, i.e. ⟨SCSA⟩ = 1. As such, these sets of orientations were omitted from 
the Figure. 

Figure 1. The dependence of ⟨SCSA⟩ and ⟨ηCS⟩ on the value of ηCS is shown for four CS tensor 
orientations (i-iv), as shown on the top, for both a two-site hop model (a) as well as a continuous 
rotation (b). The dashed lines correspond to the behavior you would expect for 13C-1H dipolar 
coupling.

As can be seen, the magnitude of ηCS has a dramatic impact on the value of ⟨SCSA⟩. For 
instance, if ηCS = 1 and δXX is oriented along the axis of rotation, the CSA is expected to be no 
longer sensitive to motion. Thus, for non-zero values of ηCS, the sensitivity of CSA to dynamics is 
expected to vary. It then becomes particularly difficult to extract dynamic information using the 
1H CSA. Given the insensitivity of R-type symmetry-based CSA recoupling sequences to the value 
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of ηCS, the orientation of the tensor and its asymmetry in the static limit need to be known a priori 
to evaluate ⟨SCSA⟩. In certain cases, it may be possible to determine the static magnitude and 
asymmetry of the tensor by performing low-temperature measurements, but the orientation of the 
tensor can only be obtained experimentally using single crystal NMR.37,38 Instead, we will apply 
density functional theory (DFT) calculations to estimate both the tensor’s static magnitude and 
orientation. Note that these challenges are unique to the chemical shift tensor.

3. Experimental Methods
3.1. Synthetic Details

Ph-PMO

In a 50 mL glass vial, 1.0 g of Brij-76 was mixed with 25 mL HCl (2 M) and 5 mL nanopure 
water. The mixture was heated to 50 °C and stirred at 550 rpm for 0.5 h after which 5.2 mmol (2.1 
mL) of 1,4-bis (triethoxysilyl)benzene was added. The solution was stirred for 2 h at 50 °C and 
then heated in an oven at 105 °C for 24 h. The resulting material was washed thoroughly with 
nanopure H2O and methanol and dried overnight under vacuum. The templating agent was 
removed by extraction using a 0.12 M HCl solution in ethanol (150 mL) for 16 h at 50 °C, 
following which, the Ph-PMO was washed using ethanol and H2O, and dried under vacuum. N2 
physisorption and powder X-ray diffraction revealed the successful formation of the PMO material 
(BET surface area = 1030 m2/g, pore volume = 1.02 cm3/g, pore diameter = 3.5 nm).

ZnPhen/SiO2

The synthesis of the supported Zn phenanthroline complex was described elsewhere.39

Cp2ZrOMe/SiO2

Using an Ar glovebox, Cp2Zr(CH3)2 (0.25 mmol, Strem) was dissolved in benzene (10 mL) 
and stirred with Davisil 635 silica (200 mg, Aldrich) that had been thermally treated under vacuum 
at 550 °C for 16 hours. The mixture was stirred overnight at room temperature. The solution was 
then decanted, and the resulting material was washed three times with benzene (10 mL) and dried 
in vacuo for 12 hours. ICP-MS analysis indicated a Zr weight percent of 3.85±0.1%. The obtained 
Cp2ZrMe/SiO2 species is then converted to a Cp2ZrOMe/SiO2 species by exposure to oxygen.39–41

3.2. Solid-State NMR Spectroscopy

Unless otherwise noted, all experiments were carried out on a Bruker Avance NEO 600 
MHz solid-state NMR spectrometer. 13C{1H} windowed proton-detected local field (wPDLF)42–44 
experiments were carried out using a Bruker 4 mm triple resonance MAS probe operating in double 
resonance mode and a spinning frequency of 11.111 kHz. The wR18 recoupling sequence45 5

2
was applied to the 1H nuclei with a 50% window duration and 100 kHz radiofrequency (RF) power. 
Cross polarization (CP) to 13C was carried out using a tangent pulse with a contact time lasting 
150 us to avoid long-range polarization transfer beyond single C-H bonds. The recycle delay was 
set for each sample to 1.3T1(1H) to maximize the sensitivity of the experiment46, and ranged from 
1 to 5 s.
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1H-detected CSA recoupling measurements were carried out using a JEOL 0.75 mm fast-
MAS probe using a spinning frequency of 75 kHz. The R20 (270090180) sequence was applied 8

9
to reintroduce the 1H CSA, and the signal was detected using a spin echo. The effects caused by 
the simultaneous recoupling of heteronuclear dipolar interactions24,47,48 were minimized by the use 
of natural abundance samples. The RF power of all pulses was set to 166.67 kHz. The spectra were 
acquired in 16 scans per increment and 32 t1 increments of 120 μs. The spin-lattice relaxation time 
was determined for each sample and the recycle delay was set to 1.3T1(1H).46 Spectra were 
simulated using SIMPSON.49

A 13C{1H} windowed phase-alternating R-symmetry (wPARS)44,47 experiment was carried 
out for the Cp2ZrOMe/SiO2 complex at 100 K using dynamic nuclear polarization (DNP) for 
sensitivity enhancement.50–52 The sample was impregnated with a 16 mM solution of the 
TEKPOL53 polarizing agent in deuterated 1,1,2,2-tetrachloroethane (TCE-d2) and inserted into the 
pre-cooled 3.2 mm MAS probe of the Bruker Avance III 400 MHz MAS-DNP NMR spectrometer. 
The wPARS experiment was carried out using the same experimental parameters as the wPDLF 
experiments, but the CP contact time was increased to 1.5 ms.

The random uncertainty for any peak positions ( ) is proportional to the line width (LW) 𝜎
of the peak and inversely proportional to the signal-to-noise ratio (SNR).54 An approximate 
measurement of the uncertainty for both the dipolar and CSA splittings can be obtained using eqn. 
12.55

                 (12)𝜎 = 2 ∗
LW

2(SNR)

In addition to the peak position uncertainty, RF inhomogeneity can lead to additional 
uncertainties in the recoupled splittings. SIMPSON simulations were carried out to estimate these 
uncertainties. RF inhomogeneity leads to a slight widening of the CSA splittings, as well as the 
growth of the zero-frequency spike. From these simulations, we estimate the RF inhomogeneity in 
the experiments to be below 10%. Simulations with RF powers of ±10% were used to calculate an 
additional error term caused by RF inhomogeneity, which was added to that relating to the SNR.

3.3. Computational Chemistry

Calculations of Magnetic Shielding Tensors

DFT calculations were used to predict the static CS tensors, and their orientations. 
Calculations were both carried out with cluster models, using the Amsterdam density functional 
(ADF) program, ver. 2021.10656, as well as using periodic boundary conditions with the CASTEP 
program (Materials Studio version 2018). 

Cluster models built from the molecular complexes bonded to a single OSi(OH)3 site, to 
approximate grafting, were geometry optimized at the PBE0/TZ2P level of theory57–59. Relativistic 
effects were included using the scalar zeroth-order regular approximation (ZORA).60–63 Magnetic 
shielding tensors were calculated using the CPL module.64–67 

The optimized cluster models were then grafted to an amorphous silica surface model 
generated by Comas-Vives.68 Gauge-including projector-augmented-wave (GIPAW) DFT 
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calculations were performed on these models using CASTEP.69–72 Geometry optimizations were 
carried out using the minimization approach of Broyden, Fletcher, Goldfarb, and Shanno (BFGS)73 
with fixed unit cell dimensions. The PBE functional74 was applied with on-the-fly generated 
ultrasoft pseudopotentials and the scalar ZORA relativistic correction. Calculations were carried 
out with kinetic energy cutoffs exceeding 500 eV and 1x1x1 k-point grids.75 Dispersion corrections 
were included using the approach of Grimme, as implemented in CASTEP.76,77 All calculated 
magnetic shielding tensors were extracted from the output files using EFGShield (version 4.7.1).78

Molecular Dynamics Simulations

We performed machine learning (ML)-accelerated molecular dynamics (MD) simulations 
using the DeePMD framework.79 For the Zr metallocene complex, a total of 200 individual MD 
simulations (each one around 2000 time steps) were performed using VASP80–83 and used to train 
a DeePMD potential (se_e2_a) descriptor. DFT calculations were performed using the PBE 
functional, 400 eV energy cutoff for basis sets, Γ point only k-point grid, and 0.2 eV Gaussian 
smearing of the electron occupancy. More details of the methodology can be found in ref 84.

4. Results and Discussion
The following sections will cover the NMR studies of the dynamics of three species using 

both 1H CSA and 1H-13C dipolar coupling measurements. The first sample is a phenyl (Ph)-
PMO85,86 (section 4.1) for which the phenyl moieties have been shown to behave as molecular 
rotors using NMR spectroscopy.87,88 It serves as a control to demonstrate the sensitivity of the 
methods to molecular motions of aryl functionalities. The second sample is a silica-tethered Zn 
phenanthroline complex (section 4.2). Its structure was recently solved to a high level of precision 
using NMR-based distance measurements39 and suggests secondary complex-support interactions 
that might hinder dynamics. The last sample is a monopodal grafted Zr metallocene complex 
(section 4.3) for which two dynamic modes are expected, namely cyclopentadienyl (Cp) rotation, 
and a Si-O and/or O-Zr rotation. Due to its low metal loading, conventional NMR and 1H-13C 
dipolar coupling measurements are particularly challenging, and it is used to probe whether 1H 
CSA can be used to gain unique insights into its dynamics and local environment. 

Experimentally-determined dipolar coupling and chemical shift tensor parameters are 
given in Tables 1 and 2, respectively. DFT-calculated 1H CS tensor parameters are given in Table 
3.

Table 1. 13C{1H} dipolar order parameters

Sample Site δiso / ppm ⟨SD⟩
Ph-PMO Ph 131.7 ± 0.02 0.56 ± 0.19

CI 146.7 ± 0.4 1.01 ± 0.13
CG 136.3 ± 0.7 1.00 ± 0.12
CD 123.4 ± 0.2 1.02 ± 0.25

ZnPhen/SiO2

CC 40.5 ± 0.1 0.95 ± 0.27
CB 21.9 ± 0.07 0.25 ± 0.17
CA 7.3 ± 0.1 0.85 ± 0.24
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Cp2ZrOMe/SiO2
a Cp 113.9 ± 0.02 0.52 ± 0.18

aMeasurement was performed at 100 K.

Table 2. Experimental 1H CS tensor parameters 

Sample δiso / ppm ⟨SCSA⟩ ⟨δaniso⟩ / ppm 

Ph-PMO 6.95 ± 0.01 1.0 8.5 ± 0.3
7.28-8.3 ± 0.09 0.8-1.0 5.5-6.9 ± 0.4ZnPhen/SiO2
0.10-1.81 ± 0.09 0.7 4.6 ± 0.5

Cp2ZrOMe/SiO2 5.64 ± 0.01 1.0 5.2 ± 0.4

Table 3. DFT-calculated 1H CS tensor parameters 

Orientationsa Cluster models Periodic models
Sample Site ⊥ to ring || to C-H  |δaniso| / ppm ηCS |δaniso| / ppm ηCS
Ph-PMO σYY σZZ 7.9-13.1 0.5-1.0 12.1-13.2 0.33-0.36
ZnPhen/SiO2 I σZZ / σXX σXX / σYY 5.1 0.9 4.4 0.9

G σZZ σYY 5.9 0.8 3.6 0.7
D σZZ σXX / σYY 5.6 0.2 2.5 0.4
D’ σZZ σYY 8.8 0.8 5.8 0.8

Cp2ZrOMe/SiO2 σXX / σYY σZZ 1.4-2.5 0.1-0.9 1.7-4.9 0.49-0.97
aTensor orientations were not found to be model-dependent.

4.1. Ph-PMO

The Ph moieties in the Ph-PMO material are expected to rotate and perform 2-fold jumps, 
as described in Figure 2, top. These motions are expected to yield a 1H-13C ⟨SD⟩ value of 0.625 and 
increase the observed dipolar asymmetry parameter to 0.6. The 13C{1H} wPDLF spectrum 
acquired on this sample (Figure 2a) reveals a 4.4 ± 0.07 kHz splitting, equating to a 13 kHz ⟨D⟩ 
value and ⟨SD⟩ = 0.56. The value agrees with a previous 2H NMR study that observed the same 
two-fold jumps.88 The 10% lower ⟨SD⟩ value may be caused by a combined rotation/libration.

The CSA-recoupled 1H spectrum is shown in  Figure 2b. The aromatic resonance from the 
Ph groups (6.95 ppm) produces a 1.0 ± 0.01 kHz CSA splitting, as depicted in Figure 2c. A 
SIMPSON simulation was carried out to determine ⟨δaniso⟩ and ⟨ηCS⟩. The best fit (Figure 2c, red 
line) was obtained with ⟨δaniso⟩ = 8.5 ppm and ⟨ηCS⟩ = 0.6. These values are in the same range as 
those measured by Damron et al. where aromatic protons in acetaminophen exhibit 1H anisotropies 
of 5-7.5 ppm.89 

Both cluster-based and periodic DFT calculations were performed to estimate the static 1H 
CSA magnitude and tensor orientation. A cluster model was built by repeating the basic unit 5 
times to form a stacked chain (Figure 3b). The value aniso was found to be extremely sensitive to 
the atom’s position relative to the neighboring aromatic rings. For instance, 1H nuclei in the central 
aromatic ring experience a shielding anisotropy of 13 ppm (ηCS = 0.5) while the flanking rings had 
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predicted 1H aniso values of approximately 12 ppm (ηCS = 0.5-0.6), and the rings on the extremities 
had 1H aniso values of 8-8.5 ppm (ηCS = 0.9-1, 

Table 3). In the periodic model, all 1H nuclei experience the larger anisotropy as they are 
effectively all internal moieties. As it is impossible to know whether our models are truly accurate, 
this surprising variability hampers our ability to extract chemical shift order parameters from the 
sample. Similar variations in 1H CSAs have also been observed in hydrogen-bonded systems.90 
The calculations do, however, clearly predict that the ZZ tensor component is oriented along the 
C-H internuclear vector and should be sensitive to dynamics. The component oriented 
perpendicular to the ring is expected to be YY. 

Page 10 of 26Physical Chemistry Chemical Physics



11

Figure 2. 13C{1H} wPDLF (a) R20 (270090180)-based 1H CSA-recoupled (b) spectra measured 8
9

on a Ph-PMO. The red dashed lines in (a) indicate the approximate splitting expected for an 
immobile C-H spin pair. The CSA-recoupled lineshape for the aromatic 1H signal is shown in (c) 
with a fit in red. 
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Figure 3. (a) Chemical structure of the basic building unit of the Ph-PMO. (b) Cluster 
representation of a Ph-PMO chain showing the calculated range of aromatic 1H aniso and ηCS 
values. (c) Representation of the CS tensor orientation for a selected phenyl-hydrogen calculated 
using GIPAW DFT (see Table 3). 

Looking at the data in Figure 1aiii, the experimentally-observed anisotropy, ⟨ηCS⟩, of 0.6 
could originate from two tensors, namely those with: 1) ⟨SCSA⟩ = 0.625, aniso = 13.6 ppm, ηCS = 
0.0, or 2) ⟨SCSA⟩ = 0.526, aniso = 16.2 ppm, ηCS = 0.79. The second aniso value is far too large and 
as such the first option is likely correct. It is also possible that the DFT calculations incorrectly 
predicted the tensor orientations and that XX could be perpendicular to the ring with ⟨SCSA⟩ = 
0.905, aniso = 9.4 ppm, ηCS = 0.81. Both options agree with the tensor magnitudes and asymmetry 
parameters from either the plane-wave or cluster model DFT calculations and thus also corroborate 
the dipolar coupling measurement suggesting the presence of 2-fold ring flips. While this shows 
that dynamic information is available from 1H CSA measurements, it does depend on our ability 
to determine ⟨ηCS⟩25 and even then, leads to many competing interpretations. The DFT calculations 
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were also sufficiently ambiguous that one might have assumed a non-dynamic aniso = 8.5 ppm site 
instead of the dynamic one.

4.2. ZnPhen/SiO2

A 13C{1H} wPDLF experiment was performed on ZnPhen/SiO2 at room temperature to 
assess whether the complex releases from the surface at 300 K. As mentioned earlier, NMR-based 
distance measurements performed on this complex have shown evidence for the formation of 
secondary complex-support interactions at low temperatures.39 If such interactions are indeed 
present, we would expect the complex to remain bound to the support and have only limited 
motions, unlike other grafted organic species that have been studied using NMR.18,20 The wPDLF 
measurement resulted in recoupled dipolar splittings of 7.8 ± 0.2 to 8.0 ± 0.09 kHz for the aromatic 
sites, slightly higher than the expected value of 7.8 ± 0.4  kHz in the case of a non-dynamic CH 
spin pair12 corresponding to a ⟨SD⟩ value of approximately 1.0 (Figure 4). As such, the 
phenanthroline moiety does not undergo any dynamic averaging, confirming that indeed the 
complex is immobilized on the silica surface. Conversely, the CH2 pairs A, B, and C show higher 
degrees of motion with ⟨SD⟩ values of 0.85, 0.25, and 0.95, respectively, indicating that the surface 
tether retains some level of conformational freedom.

While successful, the wPDLF experiment suffered from extremely low sensitivity. The 
spectrum required a minimum of 18 hours to acquire with sufficient signal to noise. Unlike the Ph-
PMO, the ZnPhen complex is located exclusively on the external surface of the silica material. If 
the same information could be obtained using solely 1H NMR it would represent a dramatic 
reduction in experiment time. We measured the 1H CSA using the R20 (270090180) recoupling 8

9
sequence under fast-MAS (see Figure 4c). The spectrum suffers from poor resolution in the 
aromatic region, which nevertheless appears to suggest the presence of a distribution of CSA 
parameters, likely from the overlap of the four chemically inequivalent sites.
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Figure 4. (a) Structure and site assignment of ZnPhen/SiO2. (b) 13C{1H} wPDLF spectrum; red 
dashed lines indicate the approximate splitting expected for an immobile C-H spin pair. (c) 1H 
CSA recoupling spectrum using the R20 (270090180) sequence. 8

9

Figure 5a shows indirect dimension slices taken from the spectrum in Figure 4c at a range 
of chemical shifts in the aromatic spectral region. The spectra show evidence of a positive 
correlation between ⟨aniso⟩ and iso. This broadening could either arise from a variability of the 
magnitude of aniso and ηCS or a distribution of ⟨SCSA⟩ values. For instance, all three HD and HD’ 
protons are sensitive to N-CF rotations, but only half of HI and HG protons are. 

Figure 5. (a) One-dimensional, indirect dimension, slices of the 1H CSA-recoupled spectrum of 
ZnPhen/SiO2 taken at the indicated proton chemical shifts. (b) Simulated CSA-recoupled spectra 
for the four chemically-distinct sites, using the parameters predicted using DFT, as indicated on 
the Figure. Calculated chemical shifts were determined by a linear regression analysis of the 
relationship between iso,calc. and iso,expt. over these data points to find a reference expression, 
namely: δiso,calc. = -0.4834σiso,calc. + 19.116 ppm and R2 = 0.9665.

DFT calculations were performed on a model cluster to predict CSA parameters of the 
aromatic protons. As seen in 

Table 3 and Figure 5b, calculated aniso and ηCS values are in the same range as those 
measured experimentally, and also predict a positive correlation between iso and the recoupled 
CSA splitting. As such, it is likely that the measured CSA parameters are indeed the static values, 
and that the ZnPhen complex interacts with the support, in agreement with that determined using 
the dipolar coupling measurements.

4.3. Cp2ZrOMe/SiO2

The last complex, a Zr metallocene grafted to silica gel (Cp2ZrOMe/SiO2, Figure 6a), could 
not be studied using conventional 13C{1H} NMR spectroscopy due to sensitivity limitations. As 
such, we applied DNP for sensitivity enhancement.50–52 Cp rotation is known to have a particularly 
low barrier91–95 and we would thus expect to see rotational motions down to 100 K. The DNP-
enhanced 13C{1H} wPARS NMR spectrum we obtained is shown in Figure 6b. Two resonances 
are observed at 113.9 ± 0.02 and 75 ± 0.04  ppm, which are attributed to the Cp rings and the Zr-
bound methoxy group.
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As can be observed by the positions of the wPARS peaks relative to the dashed red lines 
that indicate the static dipolar splittings in Figure 6b, the dipolar couplings for both sites are 
significantly reduced due to dynamics. No splitting is observed for the methoxy group, while a 
⟨SD⟩ value of 0.52 ± 0.03 can be obtained for the Cp carbons. As described in section 2.1, a 
continuous rotation of the Cp groups should lead to a ⟨SD⟩ value of |(3cos2(90°) – 1)/2| = 0.5, which 
is in agreement with the observation.15 Therefore, we can conclude that, at 100 K, the Cp rings are 
freely rotating while the rest of the complex is stationary. 

 
Figure 6. (a) Structure of Cp2ZrOMe/SiO2. (b) DNP-enhanced 13C{1H} wPARS NMR spectrum; 
red dashed lines indicate the expected splitting for an immobile C-H spin pair. (c) 1H CSA 
recoupling spectrum using the R20 (270090180) sequence.8

9

While the DNP experiment could reveal the rotations of the Cp rings, the dynamics of the 
complex at room temperature remain ambiguous. A Zr-OMe resonance confirms that the complex 
only forms one Si-O-Zr linkage with the support and, as such, may be able to freely rotate about 
these bonds. This form of dynamics has been observed in some supported olefin metathesis 
catalysts.10 We performed periodic MD simulations of the complex grafted to an amorphous silica 
model of Comas-Vives68 (Figure 8a). The speed of the simulations was accelerated using machine 
learning (ML)84 which allowed for the treatment of such a large complex and surface model. Figure 
8aii (black) shows the predicted averaging of the dipolar coupling tensor; the asymptotic value 
corresponds to the calculated  value, namely 0.25. Figure 8aiii shows the time dependence of 〈𝑆D〉
the surface-O-Zr-OMe dihedral angle, clearly indicating that the complex does in fact rotate about 
its surface tether. Note that the exchange of the Cp rings due to this rotation would lead to a 
composite dynamic model combining a 2-site jump (the Cp-Zr-Cp angle is close to 120°) with the 
continuous rotation and an ⟨SD⟩ = 0.625  0.5 = 0.3125, close to the value predicted using ML MD. 
The question thus remains whether the 1H CSA measurements can reveal whether these motions 
occur in the real sample.

DFT calculations were performed to estimate the values of δaniso and ηCS for each of the Cp 
hydrogens, as well as the orientation of the tensors. Table 3 shows that the calculated values of 
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δaniso vary generally between 2 and 5 ppm, while ηCS tends to be greater than 0.5. The variability  
of these values is likely related to the relative proximity of each hydrogen atom to the methoxy or 
the silica surface while the ring is kept stationary for this calculation. The direction of δZZ is  
generally predicted to be oriented along the C-H bond, with variable δXX and δYY orientations. 

The 2D R20 (270090180)-based 1H CSA recoupling spectrum is shown in Figure 6c 8
9

with the projection shown in Figure 7 (bottom trace). The spectrum is best fit to a ⟨δaniso⟩ value of 
5.2 ppm and an axially symmetric tensor. Looking at the plots showing the dependence of ⟨SCSA⟩ 
on the tensor asymmetry and orientation (Figure 1), we can see that a very low ⟨SCSA⟩ is predicted 
if  is perpendicular to the Cp ring, while the reverse is true if δXX is perpendicular to the ring. 𝛿YY
Given that the experimentally determined ⟨δaniso⟩ value is on the upper end of those predicted using 
DFT, we can thus only assume that δXX is predominantly oriented perpendicular to the ring and 
that ηCS is close to 1. The high value of ⟨δaniso⟩ also strongly suggests that there are no Si-O-Zr 
rotations at room temperature, in contrast with the prediction made using ML MD. This is also 
well-evidenced by the CSA lineshape itself. The 2-fold jump model would see an increase in value 
of ⟨ηCS⟩ to 0.6 (Figure 1), which does not agree with the observed lineshape (Figure 7).

Figure 7. SIMPSON simulations comparing different values of ⟨δaniso⟩ and ⟨ηCS⟩ on the 
experimental spectrum. 

One potential explanation for the disagreement between the ML MD simulations and the 
experimental result is that the Zr concentration is quite high at 3.85 %, corresponding to a Zr 
surface density of 0.5 Zr/nm2. As a result, clustering is likely to occur96–99, leading to steric 
interactions that could hinder dynamics. We thus created a second model containing two Zr centers 
in close proximity of one another (Zr-Zr distance of 0.56 nm) and repeated the ML MD 
simulations. The results (Figure 8b) show that the rotation around the O-Zr bond is far more 
constrained. For instance, the surface-O-Zr-OMe dihedral angle (ϕ) is more constant (Figure 8bii), 
and the ⟨SCSA⟩ value converges closer to 0.5 (Figure 8biii). This value is still higher than that 
measured experimentally; we assume that a more accurate model, containing many more Zr 
complexes would be able to reproduce the experimentally determined order parameters. It is also 
possible that surface curvature is further constraining motions.12 A simulation was carried out on 
a similar model but with more numerous and equally distributed complexes (typical direct 
neighboring Zr-Zr distances of 0.85 to 1.36 nm), which resulted in a less restrained movement of 
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the complexes and a similar result to that calculated in Figure 8a. We hypothesize that average Zr-
Zr distances must thus be below 0.56 nm. Alternatively, a hydrogen bonding interaction between 
the methoxy group and silanols may prevent the rotation of the complex, but this was not observed 
in the ML MD simulations.

Figure 8. Results of ML MD simulations for models containing one (a) or two (b) Zr complexes. 
(i) Structure of the model. (ii) Plot of the surface-O-Zr-OMe dihedral angle (ϕ) as a function of 
simulation time. (iii) Plots showing the convergence of ⟨SD⟩ (black) and ⟨SCSA⟩ (red) as a function 
of simulation time. Data are analyzed using the procedure described in ref 12.

5. Conclusions
We have investigated the use of 1H CSA for the measurement of dynamics, with a particular 

emphasis placed on the study of supported complexes. Measurements of 1H-13C order parameters 
were also performed as controls. In contrast with the measurement of 1H-13C dipolar coupling 
constants, 1H CSA offers a far higher sensitivity and shorter experimental times. The CSA 
measurements, however, have several disadvantages that complicate their usefulness. For instance, 
the variability in the magnitude of aniso and the presence of axial asymmetry can lead to greater 
order parameters than those measured using dipolar coupling. In addition, the sensitivity of the 
CSA to motions is highly dependent on the tensor orientation in the molecule frame, a factor which 
is often difficult to predict. Without knowing the static: 1) tensor orientation, 2) magnitude, and 3) 
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asymmetry, it is extremely challenging to determine any quantitative dynamic information from a 
1H CSA measurement. These challenges are further compounded by the insensitivity of R-type 
symmetry recoupled CSA lineshapes to tensor asymmetry, which limits our ability to determine 
the symmetry of the motions. Improvements to the recently reported 1H ROCSA sequence33,100 

may facilitate the measurement of 1H CSA asymmetry in cases where the anisotropy is weak. At 
this time, 2H quadrupolar and 1H-X dipolar coupling measurements should remain the “gold 
standards” for evaluating molecular dynamics using solid-state NMR, but 1H CSA measurements 
can serve as a useful Boolean tool to determine whether a given surface site is dynamic in cases 
where sensitivity is limited.
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