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nding in rhodium coordination
compounds: a 103Rh solid-state NMR and
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This study demonstrates the application of 103Rh solid-state NMR (SSNMR) spectroscopy to inorganic and

organometallic coordination compounds, in combination with relativistic density functional theory (DFT)

calculations of 103Rh chemical shift tensors and their analysis with natural bond orbital (NBO) and natural

localized molecular orbital (NLMO) protocols, to develop correlations between 103Rh chemical shift

tensors, molecular structure, and Rh–ligand bonding. 103Rh is one of the least receptive NMR nuclides,

and consequently, there are very few reports in the literature. We introduce robust 103Rh SSNMR

protocols for stationary samples, which use the broadband adiabatic inversion-cross polarization

(BRAIN-CP) pulse sequence and wideband uniform-rate smooth-truncation (WURST) pulses for

excitation, refocusing, and polarization transfer, and demonstrate the acquisition of 103Rh SSNMR spectra

of unprecedented signal-to-noise and uniformity. The 103Rh chemical shift tensors determined from

these spectra are complemented by NBO/NLMO analyses of contributions of individual orbitals to the
103Rh magnetic shielding tensors to understand their relationship to structure and bonding. Finally, we

discuss the potential for these experimental and theoretical protocols for investigating a wide range of

materials containing the platinum group elements.
1. Introduction

The platinum group elements (PGEs), which include ruthe-
nium, rhodium, palladium, osmium, iridium, and platinum,
are scarce and costly, and have serious problems associated
with their use, including limited supply chains, recycling, and
environmental impact.1–4 Despite these problems, PGE-
containing materials play fundamental roles in applications
such as light generation, solar energy capture, energy materials,
nanoparticles, medical implants, coatings, and catalysis, to
name only a few.5 As such, PGEs have been recognized as critical
materials.6 Rhodium (Rh), the focus of this work, is used
extensively in heterogeneous and homogeneous catalysis,7–9

including catalytic converters to decrease emissions from
automobiles. Rhodium currently stands as the world's most
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expensive metal, and existing demands for it exceed what can be
fullled through recycling and new mining sources.2,3 There-
fore, it is crucial to identify abundant and cheap alternatives to
replace PGEs in technologically relevant materials.10,11 To do so,
questions surrounding what makes PGEs like rhodium special
in different contexts must be addressed—this may lead to
a rational strategy for replacing PGEs and designing new,
advanced materials with tunable properties.

Rhodium coordination compounds are extremely important,
with many of their special properties presumably arising from
dative bonding, i.e., covalent bonding by donation of electrons
from coordinating ligands.12 It is conceivable that dative
bonding in PGE coordination compounds differs in subtle but
crucial ways from those of other transition metals, such that it
might supersede other inuences on structure and reactivity
such as ionic radii, electrochemical characteristics, preferred
oxidation states, and coordination environments. For instance,
the inuence of formation and breaking of dative bonds on the
electronic ground state potential energy surface must be crucial
for a PGE's role in catalytic cycles,13 and the combination of
covalent and ionic interactions with ligands determine a PGE's
function in organometallics, drug products, or vapochromic
sensors.2,13,14

The combination of solid-state NMR (SSNMR) spectroscopy
and rst-principles quantum chemical computations using
Chem. Sci., 2024, 15, 2181–2196 | 2181
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density functional theory (DFT) with a relativistic Hamiltonian
provides a pathway for investigating the nature of bonding in
rhodium compounds. SSNMR can be applied to investigate
103Rh directly, as well as an assortment of nuclides in the
bonded ligands.15–22 The measurement of the relevant NMR
interaction tensors (e.g., 103Rh chemical shi tensors) and their
calculation provides details about metal–ligand interactions,
leading to a deeper understanding of structure–function–
property relationships. However, both 103Rh SSNMR measure-
ments and DFT calculations of 103Rh magnetic shielding
tensors present considerable challenges. To date, 103Rh chem-
ical shi tensors have been measured for only two materials,23

and there have been no computational studies on 103Rh
magnetic shielding in materials.

103Rh is an unreceptive nucleus with a spin of I = 1/2, a low
gyromagnetic ratio of g = −0.8468 × 107 rad T−1 s−1, and
a natural abundance of 100%.24 While there are numerous
studies reporting directly- and indirectly-detected 103Rh
solution NMR spectra,25,26 and a small body of literature
describing 103Rh SSNMR of superconductors,27,28 103Rh
SSNMR studies of chemical compounds and materials are
very limited. The only directly-detected 103Rh SSNMR study of
compounds was by Phillips et al., who reported 1H–103Rh CP/
MAS spectra for two Rh complexes, with experimental times
ranging from 16 hours to 4 days.23 Rossini and co-workers
used 1H indirect-detection MAS experiments to enhance the
sensitivity of SSNMR for low-g nuclei (including 103Rh),
reporting reductions in experimental times by one to two
orders of magnitude in comparison to conventional experi-
ments;29 however, these rely on suitable 1H–103Rh dipolar
coupling constants. Experimental challenges arise from the
(i) low g(103Rh), which leads to low receptivity, small hetero-
nuclear dipolar coupling constants, and the need for probe
circuits with reduced acoustic ringing;30–32 and (ii) potentially
large chemical shi anisotropies (CSAs) that broaden powder
patterns. These factors place 103Rh among the most chal-
lenging nuclides for investigation by SSNMR.

To address the challenges of acquiring static (i.e., stationary
sample) SSNMR spectra featuring inhomogeneously broadened,
ultra-wideline powder patterns (i.e., hundreds of kHz to several
MHz in breadth), our group and others have developed and
applied a suite of methods that feature the use of wideband
uniform-rate smooth-truncation (WURST) pulses33 within the
WURST-CPMG34,35 and broadband adiabatic inversion cross
polarization (BRAIN-CP) pulse sequences (see Section 2.3).36–39

These techniques have been applied to an assortment of
nuclides with inhomogeneously broadened patterns arising
from large CSAs and/or quadrupolar interactions;37,40–55

however, they have not been applied to 103Rh. In particular,
1H–103Rh BRAIN-CP experiments have the benets of providing:
(i) theoretical maximum signal gains proportional to g(103Rh)/
g(1H) z 31; (ii) uniform CP efficiency across the entire breadth
of the powder pattern (limited only by the excitation and
detection bandwidths of the probe); (iii) reduced experimental
times due to the dependency of the recycle time on T1(

1H)
(generally, T1(

1H) � T1(
103Rh)); and (iv) low rf amplitudes in

comparison to conventional CP pulse sequences, which allow
2182 | Chem. Sci., 2024, 15, 2181–2196
for long contact times and reduce wear on solid-state NMR
probes.

Relativistic DFT methods increasingly permit calculation of
the electronic and magnetic properties of materials containing
heavy metal centers, including magnetic shielding tensors that
impact NMR spectra.56 There are several reports of DFT calcu-
lations of 103Rh magnetic shielding that highlight the impor-
tance of relativistic effects and choice of exchange–correlation
functional.57–66 However, there are no reports of DFT-based
analyses of 103Rh magnetic shielding tensors in materials.
Recent advances employing the zeroth-order regular approxi-
mation (ZORA) relativistic Hamiltonian, combined with cluster-
based models, are expected to help address this problem.67–73

Furthermore, localized molecular orbital analyses, in their
various avors, provide a rich picture of the relationships
between NMR parameters, chemical bonding, and structure.
This can be accomplished, for instance, by consideration of
contributions of suitably chosen sets of orbitals to the NMR
interaction tensors.74,75

Herein, we discuss the design and application of 1H–103Rh
BRAIN-CP experiments for the acquisition of 103Rh SSNMR
spectra using the 21.1 T ultra-wide bore and 36 T series-
connected hybrid (SCH) magnets at the National High
Magnetic Field Laboratory, and probes adapted for low-g
experimentation. The 103Rh chemical shi tensors determined
from these spectra are complemented by 103Rh magnetic
shielding tensors obtained from state-of-the-art relativistic DFT-
based calculations. Subsequent analyses of contributions of
individual localized orbitals (representing bonds, lone pairs,
and core shells) to the 103Rhmagnetic shielding tensors permits
exploration of their relationships to structure and bonding.
Finally, we discuss the implications of this and future work for
better understanding PGE–ligand bonding.
2. Experimental and computational
details
2.1 Samples

All samples were purchased from Strem Chemicals, Inc. and
used without further purication. The identities of the bulk
materials were conrmed through comparison with simulated
PXRD patterns based on known crystal structures (Fig. S1 and
S2†).76–82 These results indicate that all samples are highly pure;
however, in the case of [Rh(NH3)5Cl]Cl2, an additional feature is
evident in the 103Rh SSNMR spectra (vide infra).
2.2 Powder X-ray diffraction

PXRD patterns were acquired using a Rigaku Miniex X-ray
diffractometer operating with Bragg–Brentano geometry and
featuring a Cu Ka radiation source and a D/tex Ultra 250 1D
silicon strip detector. The X-ray tube voltage and current were 40
kV and 15 mA, respectively. Samples were packed in zero-
background silicon wafers with a well size of 5.0 mm × 0.2
mm, and mounted on an eight-position autosampler. Diffrac-
tion patterns were acquired with a detector scanning 2q from 5°
to 50° with a step size of 0.03° at a rate of 5° min−1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Solid-state NMR

2.3.1 Overview. SSNMR experiments were conducted at the
National High Magnetic Field Laboratory (Tallahassee, FL) using
a Bruker Avance NEO console and a home-built 21.1 T ultra-wide
bore (105 mm) magnet83 and the 36 T Series Connected Hybrid
(SCH) magnet (operating at 35.2 T),84 corresponding to Larmor
frequencies of n0(

1H) = 900 MHz and 1.500 GHz, and n0(
103Rh) =

28.7MHz and 47.5MHz, respectively. Home-built 5.0mm double
resonance (HX) low-E probes were used for all experiments. The
low-E design features an outer loop-gap resonator placed around
the inner detection solenoid, which permits an increase in the
number of turns in the latter, thereby increasing the potential S/N
of the low-g detection circuit.85,86 All data were collected under
static conditions (i.e., stationary samples), with samples packed
into cylindrical 5.0 mm o.d. polychlorotriuoroethylene sample
containers designed at MagLab, which reduce 1H background
signals and allow storage of air-sensitive samples. Sample
temperatures were maintained at 25 °C for all measurements. All
pulse sequences described herein are summarized in the ESI
(Schemes S1–S3†) and are available online at https://github.com/
rschurko.

2.3.2 1H–103Rh BRAIN-CP experiments: details and prac-
tical considerations. The acquisition of ultra-wideline SSNMR
powder patterns oen involves the use of WURST pulses33 for
broadband excitation, refocusing, and polarization transfer.87,88

In the many cases where the effective transverse relaxation time,
Teff2 , is favorable, WURST pulses are incorporated into Carr–
Purcell Meiboom–Gill (CPMG)-type sequences89–91 for the
purpose of T2-based signal enhancement, forming the bases of
the WURST-CPMG (WCPMG) pulse sequence for direct excita-
tion,34,35 and the broadband adiabatic inversion cross polariza-
tion (BRAIN-CP) pulse sequence for indirect excitation.36–39

These sequences provide spectra with powder patterns of high
intensity and uniformity in comparison to those acquired with
conventional rectangular pulses.

All 103Rh SSNMR spectra presented herein were obtained
using the BRAIN-CP pulse sequence due to its broad excitation,
refocusing, and CP bandwidths.35 However, the CP-CPMG92–94

sequence was used for obtaining signal rapidly over limited
bandwidths, which can be useful for locating signals and/or
calibrations of rf amplitudes. Direct excitation methods were
attempted (e.g., 103Rh CPMG and WURST-CPMG) without
success; however, CP methods, including CP-CPMG and BRAIN-
CP, yielded varying amounts of signal for every sample.

Experimental details related to the BRAIN-CP experiments
are provided in Tables S1–S4;† however, parameters most
inuential to the outcome of the experiments are briey out-
lined. The sweep widths of both the contact pulse and
excitation/refocusing pulses were set to ca. 1.5 to 2 times the
target pattern breadth. Due to the slow rate of cross relaxation
during CP owing to the low values of g(103Rh) and the hetero-
nuclear dipolar coupling, RDD(

103Rh, 1H),95,96 contact times
between 10 and 30 ms were used. The maximum amplitude of
the 1H spin-lock pulse was set to n2(

1H) = 25 kHz for all
experiments. A 16-step phase cycling scheme that allows for
coherent CP transfer was used for all experiments.97 Spectra
© 2024 The Author(s). Published by the Royal Society of Chemistry
were acquired with 1H continuous wave decoupling with rf
amplitudes of 20–25 kHz.

There are several additional factors that can be adjusted in the
BRAIN-CP sequence, including the contact time, the shape of the
1H spin-lock/contact pulse, and the use of ip-back pulses to
reduce recycle delays (Scheme S2†).39 Long contact are times are
oen necessary for low-g nuclides such as 103Rh for optimum CP
efficiency;98,99 however, within the context of a BRAIN-CP experi-
ment, there must be a compromise between the contact time and
the number ofMeiboom-Gill loops, to reduce the duty cycle of the
probe. The application of linearly ramped-amplitude 1H spin-
lock pulses has the potential to compensate for rf inhomogene-
ities at offsets far from the transmitter, allowing for the uniform
excitation of ultra-wideline patterns (this is especially relevant to
the acquisition of 103Rh patterns at high elds). Finally, use of
a ip-back pulse,92,100 which involves the application of an addi-
tional p/2 pulse on the 1H channel following 103Rh acquisition to
return the 1H transverse magnetization to its equilibrium orien-
tation, has the potential to reduce recycle delays, allowing
patterns to be collected more rapidly.

2.3.3 Power calibrations. [Rh(NH3)5Cl]Cl2 was used for the
optimization of 103Rh rf pulse powers for Hartmann–Hahn
matching (n1,S) andWURST excitation/refocusing (nexc/ref) due to
its relatively small CSA (U z 730 ppm) and small T1(

1H) time
constant (approximated from an optimized recycle delay of 5 s),
which allows for short recycle delays. 103Rh rf pulse powers were
calibrated by arraying the length of a pulse inserted directly
aer the contact time in the CP-CPMG sequence (Scheme
S3†);92–94 the pulse width resulting in a null signal was taken as
that corresponding to a 90° rotation.

2.3.4 Spectral processing and tting. 103Rh chemical shis
were referenced such that d(103Rh) = 0 ppm is set using
a frequency ratio of X = 3.16% relative to the 1H resonance
frequency of TMS (l), as recommended by Carlton.25,101 Spectra
were processed using a Fourier transformation followed by
a magnitude calculation using the Bruker TopSpin v4.1.4
program. Numerical simulations were conducted with the
ssNake soware package.102
2.4 Quantum chemical computations

2.4.1 Geometry optimizations. Structural renements were
performed using plane-wave DFT as implemented in the
CASTEP module of BIOVIA Materials Studio 2020.103 The posi-
tions of all atoms were relaxed using the quasi-Newton low-
memory BFGS energy-minimization scheme,104 in which
lattice parameters remained xed at the given experimental
values from X-ray diffraction data (Table S5†).76–82 Calculations
used the PBE functional,105 a plane wave cutoff energy of 800 eV,
a k-point spacing of 0.05 Å−1,106 the ZORA Hamiltonian with
ultraso pseudopotentials generated on the y,107 and an SCF
convergence threshold of 5 × 10−7 eV. Dispersion was included
through the many-body dispersion force eld of Tkatchenko
et al.108 Thresholds for structural convergence include
a maximum change in energy of 5 × 10−6 eV per atom,
a maximum displacement of 5 × 10−4 Å per atom, and
a maximum Cartesian force of 10−2 eV Å−1.
Chem. Sci., 2024, 15, 2181–2196 | 2183
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2.4.2 Magnetic shielding calculations. 103Rh magnetic
shielding tensors were calculated on energy-minimized struc-
tural models obtained from geometry optimization. Magnetic
shielding tensors were calculated using the gauge-invariant
projector-augmented wave (GIPAW) approach in CASTEP,109

with the same parameters and approximations used in the
aforementioned geometry optimizations. The convergence of
these calculations with respect to plane-wave cutoff energy and k-
point spacing is illustrated in Table S6.† Additionally, magnetic
shielding tensors were calculated using the gauge-including
atomic orbital (GIAO) method,33,34 as implemented in the
Amsterdam Modeling Suite (AMS 2021.106 or 2022.102).110–112

For calculations employing AMS, an isolated molecule or
a cluster of molecules (based on the energy-minimized solid-
state structure) was used as a structural model. The GGA func-
tional PBE105 and hybrid functional PBE0113 were both used,
along with the ZORA relativistic Hamiltonian either at the scalar
(SR) or scalar + spin–orbit (SO) levels.114–118 PBE0, in particular,
has been benchmarked extensively in NMR applications and is
known to deliver accurate results.119 A correction to the
exchange–correlation response kernel was implemented in PBE/
PBE0 calculations employing the ZORA/SO Hamiltonian.120 The
Slater-type basis sets TZ2P, DZ, and SZ were used for different
regions of the clusters as described below.121 Becke integration
quality was set to “good” for the TZ2P regions of the clusters and
to “normal” for the DZ and SZ regions.122,123

A cluster of molecules was constructed to represent the local
environment of the crystal lattice for each system, as described in
previous work on organic and inorganic molecular solids
(Fig. S3†).73,124–126 Clusters consist of a central molecule for which
the 103Rh magnetic shielding tensors is computed, as well as
eight to fourteen peripheral molecules that constitute the
complete rst coordination shell. These calculations used
a three-layer basis set partitioning scheme in which the TZ2P
basis set was used for the central rhodium and all directly bound
atoms, the DZ basis set was used for all other atoms within the
same molecular unit, and the SZ basis set was used for all of the
atoms in the peripheral molecules. Calculations on isolated
molecules using locally-dense (i.e., using TZ2P and DZ for
different regions of the molecule) and balanced (i.e., using TZ2P
for the entire molecule) basis sets are provided in Table S7.†

2.4.3 NLMO analysis. 103Rh magnetic shielding tensors
were analyzed in terms of contributions from NBOs and
NLMOs,127 according to previously published protocols.75,128,129

These calculations were performed in AMS at the hybrid DFT
(PBE0) and SO level for all isolated complexes and clusters of
molecules, with other parameters identical to those described
above. In each case, an initial set of canonical orbitals was
calculated at the ZORA/SR level, followed by localization via the
NBO 6.0 program included in the AMS package. This was fol-
lowed by a self-consistent DFT calculation at the SO level. The
shielding tensor at the 103Rh nucleus was then calculated using
the NMRmodule as implemented in AMS and analyzed in terms
of contributions from the full set (occupied and unoccupied) of
NBOs and NLMOs. NLMO visualizations are in the form of
isosurfaces at ±0.03 atomic units.
2184 | Chem. Sci., 2024, 15, 2181–2196
3. Results and discussion
3.1. 103Rh SSNMR

3.1.1 Overview. Seven compounds were chosen for inves-
tigation based on the following criteria: (i) they are diamagnetic
Rh(I) and Rh(III) complexes; (ii) they have a Rh wt% above ca.
25%, to maximize the number of 103Rh spins; and (iii) they have
hydrogen atoms, which allows for 1H–103Rh BRAIN-CP and CP-
CPMG experiments. In addition, the compounds were selected
to represent a range of structural motifs common to rhodium
coordination chemistry, including ligands such as acetylaceto-
nate, amine, chlorine (bridging and terminal), and an assort-
ment of p-coordinating ligands. These compounds include two
Rh(III) complexes, [Rh(NH3)5Cl]Cl2 and Rh(acac)3, and ve Rh(I)
complexes, Rh(CO)2(acac), Rh(CO)2Cp*, [Rh(nbd)Cl]2, Rh(co-
d)(acac), and Rh(et)2(acac) (acac = acetylacetonate; Cp* =

C5Me5
−; nbd = norbornadiene; cod = cyclooctadiene; et =

ethene; all are pictured in Scheme 1).
[Rh(NH3)5Cl]Cl2 serves as a standard for calibration of 103Rh rf

amplitudes (vide supra), due its short value of T1(
1H) (estimated to

be <1 s), which enables a relatively short recycle delay of 5 s, and
the narrow breadth of its 103Rh powder pattern (ca. 20 kHz at 21.1
T). These factors allow for the acquisition of 1H–103Rh CP-CPMG or
BRAIN-CP spectra within minutes (Fig. 1). An unexpected pattern
is observed to high frequency of the powder pattern corresponding
to [Rh(NH3)5Cl]Cl2, the origin of which is unknown. The addi-
tional pattern was present in the spectra of multiple “as-received”
batches of [Rh(NH3)5Cl]Cl2 as well as samples obtained from
recrystallization, and no impurity phases are readily apparent in
the PXRD pattern (Fig. S1†). This patternmay correspond to any of
a myriad examples of octahedral Rh(III) chloroamines of the form
[RhClx(NH3)6−x]$xH2O, or even to a synthetic precursor such as
RhCl3$xH2O.130,131 Despite this, the chemical shi tensor param-
eters can be determined for [Rh(NH3)5Cl]Cl2 (Table 1), and these
samples are adequate for purposes of calibration.

3.1.2 103Rh SSNMR spectra and properties of the chemical
shi tensors. The 1H–103Rh BRAIN-CP NMR spectra of six Rh
coordination compounds acquired at 21.1 T, along with best t
simulations, are shown in Fig. 2, with their respective chemical
shi tensor parameters in Table 1. Pattern breadths range
between ca. 15 kHz and 230 kHz, and there are no obvious signs
of impurity phases. The spectra consist of a series of “spikelets”
that result from the Fourier transform of the CPMG echo train
in the time domain. The spectra of Rh(CO)2(acac) and
Rh(CO)2Cp* have lower S/N ratios than the other patterns,
because of poor 1H–103Rh CP efficiency (due to CO ligands that
do not contain protons) and/or low values of T2(

103Rh).
The 103Rh chemical shi tensors, determined from simple

analytical simulations of powder patterns that match the outer
manifold of the spikelet patterns, reect the oxidation state and
coordination environment of the rhodium atoms, and offer
insight into the nature of metal–ligand bonding. Hence, the
ensuing discussion features small groups of Rh complexes with
similar structural properties.

[Rh(NH3)5Cl]Cl2 and Rh(acac)3, which feature six-coordinate
Rh(III) environments, have values of diso = 5110 ppm and 8380
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structures of rhodium coordination compounds.
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ppm, respectively; to within experimental error, the chemical
shi of solid Rh(acac)3 is identical to that of the compound
dissolved in CHCl3.25 The Rh(III) compounds also have relatively
narrow, CSA-dominated powder patterns, with spans ofU= 730
and 500 ppm, and skews of k = +0.68 and −0.68, respectively.
The values of k indicate chemical shi tensors of near-axial
symmetry, with d33 and d11 as the distinct components,
respectively. For Rh(acac)3, the unique principal component is
oriented near pseudo-C3 rotational axis, whereas for
[Rh(NH3)5Cl]Cl2, the orientation of the unique principal value is
not constrained as such, possibly due to variation in the Rh–N
bond lengths (the orientations of these tensors derived from
DFT calculations are shown in Fig. S4†).

The remainder of the complexes feature Rh(I) in a variety of
coordination environments. diso values are observed to occur
over a range from ca. −1150 to 1580 ppm, indicating that these
103Rh nuclei are much more shielded than those in the Rh(III)
Fig. 1 1H–103Rh BRAIN-CP spectrum of [Rh(NH3)5Cl]Cl2 acquired at
21.1 T and corresponding simulation. An impurity phase is indicated by
an asterisk.

© 2024 The Author(s). Published by the Royal Society of Chemistry
compounds, again consistent with solution NMR measure-
ments.25 However, the Rh(I) complexes have U values that are
considerably larger than those of the Rh(III) complexes. For the
four-coordinate Rh(I) site in Rh(CO)2(acac), U is 2950 ppm, with
its moderate k = −0.20 indicative of three distinct principal
components. In Rh(I) complexes with h2-coordinated alkenic
ligands, values of U range from ca. 7000 to 8000 ppm, and
negative k values that indicate that d11 is the distinct component
in each case. For Rh(et)2(acac) and Rh(cod)(acac), which both
feature a bidentate acac ligand and two h2-coordinating ligands,
the values of U and k are similar; however, for [Rh(nbd)Cl]2,
a higher U is observed, perhaps due to the presence of bridging
Cl ligands. Rh(CO)2Cp*, the only compound herein with an h5-
coordinated cyclopentadienyl ring, has a diso = −1150 ppm, the
lowest in this set, which is indicative of an extremely shielded
103Rh nucleus as is typical for diso values of metal nuclides in
metallocenes.132–135 The relationships between the 103Rh chem-
ical shi tensor parameters and structure and bonding in this
set of Rh complexes is further explored with DFT calculations
(see Sections 3.2 and 3.3).

3.1.3 Design of 1H–103Rh BRAIN-CP experiments. Carefully
calibrated 1H–103Rh BRAIN-CP pulse sequences permit the
acquisition of high-quality static 103Rh SSNMR spectra at 21.1 T
in reasonable timeframes. Following these initial experiments,
we examined additional methods for obtaining 103Rh powder
patterns with greater rapidity and efficiency, including modi-
cations to the BRAIN-CP pulse sequence and use of higher
elds. Experiments implementing long contact times, linearly-
ramped 1H spin-lock pulses, and 1H ip-back pulses are
promising (Fig. S5†). For example, the pattern of Rh(cod)(acac)
acquired with a 30 ms contact time, a ramped-amplitude spin-
lock pulse, and a ip-back pulse is more uniformly excited,
features higher S/N, and was acquired in a signicantly shorter
time frame (6 h vs. 17 h) than a similar pattern acquired with
a 16 ms contact time, a constant-amplitude spin-lock pulse, and
no ip-back pulse (Fig. 3A). Additionally, 1H–103Rh BRAIN-CP
spectra were acquired at 35.2 T for three samples (Fig. S6†).
The spectrum for Rh(acac)3 suggests that high-quality 103Rh
powder patterns at 35.2 T can be obtained in similar timeframes
as those obtained at 21.1 T (Fig. 3B). However, magnet time at
35.2 T is limited and costly; despite this, and the fact that the
breadths of 103Rh patterns increase proportional to B0 (thereby
reducing inherent S/N ratios), the gain in S/N (fB0

3/2) and the
increased pattern breadths may be valuable for obtaining
rened chemical shi tensor parameters. In the present case,
increasing B0 from 21.1 T to 35.2 T is anticipated to increase S/N
by ca. 29%. These results are promising, and may afford future
opportunities for rapid acquisition of undistorted ultra-
wideline 103Rh SSNMR spectra at elds as high as 35.2 T.
3.2 Quantum chemical calculations of 103Rh magnetic
shielding tensors

For materials comprising heavier elements such as rhodium,
the other PGEs, and many of the other transition metal and
main group elements, there are signicant challenges associ-
ated with accurate calculations of magnetic shielding tensors.
Chem. Sci., 2024, 15, 2181–2196 | 2185
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Table 1 Experimental and calculated 103Rh chemical shift tensors, as well as the chemical shift distances, and corresponding solution-state
chemical shiftsa,b,c,d

Material diso (ppm) U (ppm) k dv
e (ppm) d (soln.) f (ppm)

[Rh(NH3)5Cl]Cl2 Exp. 5110(30) 730(50) 0.68(0.06) — n/a
Calc. 5012 848 0.81 106 —

Rh(acac)3 Exp. 8380(30) 500(30) −0.68(0.06) — 8358
Calc. 8399 554 −0.76 26 —

Rh(CO)2(acac) Exp. 550(80) 2950(100) −0.20(0.03) — 292
Calc. 755 2598 0.07 253 —

Rh(CO)2Cp* Exp. −1150(80) 1850(100) −0.05(0.08) — n/a
Calc. −1150 1874 −0.01 13 —

[Rh(nbd)Cl]2 Exp. 1580(50) 7950(150) −0.81(0.03) — n/a
Calc. 1346 7875 −0.79 238 —

Rh(et)2(acac) Exp. 1150(50) 7100(120) −0.59(0.03) — 1167–1262
Calc. 1164 7448 −0.67 148 —

Rh(cod)(acac) Exp. 1280(50) 7030(120) −0.67(0.03) — 1287–1294
Calc. 1374 7249 −0.64 110 —

a The chemical shi tensors are dened with the principal components ordered from highest to lowest frequency as d11 $ d22 $ d33. The Herzfeld–
Berger convention is also used herein, where the isotropic chemical shi, span, and skew are given by diso = (d11 + d22 + d33)/3,U= d11 − d33, and k=
3(d22 − diso)/U, respectively.

b The experimental uncertainties for each value are indicated in parentheses. c Calculations were performed using the
hybrid PBE0 functional, the ZORA spin–orbit relativistic treatment, and a cluster of molecules representing the local lattice environment. See the
main text for further details. d The following abbreviations are used in compound names: acac = acetylacetonate; Cp* = C5Me5

−; nbd =
norbornadiene; cod = cyclooctadiene; et = ethene. e Chemical shi distance between the experimental and calculated chemical shi tensors.
See ESI S1 for denitions. f Solution-state chemical shis are reported in a review by Carlton (see ref. 25).
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For example, relativistic effects must usually be treated at the
spin–orbit level in DFT calculations to obtain good agreement
with experimental chemical shi tensors.56 There are also cases
in which computed magnetic shielding tensors depend criti-
cally on the choice of exchange–correlation functional; in
particular, the difference in performance of non-hybrid and
hybrid functionals has been noted for several elements, and use
of the latter has been noted to be important for rhodium.58

Additionally, when calculating NMR interaction tensors in
solids, long-range intermolecular effects must oen be included
to obtain agreement with experiments for the right reasons.
Fig. 2 1H–103Rh BRAIN-CP spectra acquired at 21.1 T for (A) Rh(acac)3; (B
(F) Rh(et)2(acac).

2186 | Chem. Sci., 2024, 15, 2181–2196
These factors necessitate signicant computational resources to
make such calculations tractable.

Intermolecular effects on 103Rh magnetic shielding tensors
are modeled accurately in calculations through use of periodic
boundary conditions (e.g., using the GIPAW approach). These
effects can also be modeled in non-periodic calculations (e.g.,
with GIAO basis sets) through the use of suitable non-
empirically designed clusters of molecules to represent the
local lattice environment. Clusters are constructed to represent
a complete coordination shell of molecules around a central
molecule (N.B.: the 103Rh magnetic shielding tensor is calcu-
lated only for the central molecule) following procedures
) Rh(CO)2(acac); (C) Rh(CO)2Cp*; (D) [Rh(nbd)Cl]2; (E) Rh(cod)(acac) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established in previous studies of molecular solids.73,124–126 Two
important advantages that cluster-based approaches maintain
over popular periodic plane-wave methods include the ability to
implement (i) more advanced computational methods such as
hybrid DFT with a reasonable computational cost, and (ii) more
rigorous relativistic treatments that include spin–orbit
coupling. These considerations are all important for obtaining
agreement with experimental chemical shi tensors for the
right reasons, as well as for predicting electronic structures
from which further analyses can produce meaningful relation-
ships between bonding and chemical shis. It is important to
stress here that calculations at the best theoretical level avail-
able must be proven to deliver accurate NMR interaction
tensors in comparison to state-of-the-art measurements such
that the theory-derived electronic structure–property relation-
ships are meaningful and reliable, and will stand the test of
time.

The importance of intermolecular effects on 103Rh magnetic
shielding tensors can be assessed through comparison of
calculations using a cluster vs. those using an isolated molecule
(Fig. S7†). At the PBE0/SO level (hybrid functional), we nd that
the intermolecular contributions to individual principal
components of the magnetic shielding tensor are less than ca.
100 ppm for the majority of rhodium species. However, for the
Rh(III) coordination complex [Rh(NH3)5Cl]Cl2 and the Rh(I)
planar coordination compound Rh(CO)2(acac) that features
relatively small Rh–Rh contacts (rRh–Rh = 3.15 Å),77,136 intermo-
lecular contributions are as large as ca. 1000 ppm for individual
principal components; this demonstrates that in some cases,
lattice effects are essential to achieve agreement between theory
and experiment.

Comparisons of principal components of the 103Rh chemical
shi tensors obtained from experiment and calculated
magnetic shielding tensors obtained using several
Fig. 3 (A) 1H–103Rh BRAIN-CP spectra of Rh(cod)(acac) acquired at 21.1
pulse, and a flip-back pulse to reduce the recycle delay (total experiment t
lock pulse, and no flip-back pulse (total experiment time: 17 h). (B) 1H–103

(green). Both spectra in B were acquired with the same number of scan
and feature similar spikelet spacings.

© 2024 The Author(s). Published by the Royal Society of Chemistry
computational methods are shown in Fig. 4, with correspond-
ing lists of calculated parameters in Table S8.† Each panel
shows the correlation between experimental values and those
obtained from one of four different computational protocols,
including one with PBE/SR GIPAW calculations (periodic
boundary conditions, scalar-relativistic) and three with GIAO
calculations on clusters (using different exchange–correlation
functionals and relativistic approximations: PBE/SR, PBE/SO,
and PBE0/SO). The relationships between the principal
components of experimental 103Rh chemical shi tensors and
principal components of calculated 103Rh magnetic shielding
tensors are modeled through least-squares linear regression,
with errors provided by the RMS chemical shi distance, DRMS

(see ESI S1 for details†).137 The best theory–experiment corre-
lation (slope of −1.035; DRMS of 155 ppm; yellow plot in Fig. 4
and calculated values in Table 1) is achieved with the following
criteria: (i) clusters of up to een molecules are used to
account for intermolecular interactions; (ii) the ZORA Hamil-
tonian, expanded to include SO terms, is used; and (iii) the
hybrid PBE0 functional is used. In contrast, the other types of
calculations yield slopes between −0.819 and −0.943 (i.e.,
signicant deviations from the ideal value of −1.000) and DRMS

between 247 ppm and 442 ppm. These ndings are largely
consistent with recent reports of calculations of the chemical
shi tensors of other h- and sixth-period elements using
comparable computational methods.67–72

3.3 NLMO/NBO analysis of 103Rh magnetic shielding tensors

Table 2 summarizes the calculated NLMO contributions to the
103Rh isotropic shielding for the complexes isolated from their
crystal environment (i.e., isolated molecules). The large differ-
ences in total shielding among the complexes are primarily
determined by the paramagnetic shielding contributions from
the Rh 4d shell, as well as ligand orbitals that directly overlap
T, using (blue) a 30 ms contact time, a ramped amplitude 1H spin-lock
ime: 6 h), and (red) a 16ms contact time, a constant-amplitude 1H spin-
Rh BRAIN-CP spectra of Rh(acac)3 acquired at 35.2 T (purple) and 21.1 T
s, relaxation delay, contact time, Hartman–Hahn matching conditions,

Chem. Sci., 2024, 15, 2181–2196 | 2187
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Fig. 4 Correlations between calculated principal components of 103Rh magnetic shielding tensors and experimental 103Rh chemical shift
tensors, as determined with different computational protocols. Computed shielding constants were obtained using the theoretical methods as
indicated. Black lines represent the best fits, with the equations provided.
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with the metal valence shells. The Rh core contributions, while
not identical, are similar for all complexes, as expected. Also
included in the analysis are Rh–ligand bonding interactions
Table 2 Summary of NLMO contributions to 103Rh isotropic shielding fo

[Rh(NH3)5Cl]Cl2 (1) Rh(acac)3 (2) Rh(CO)2(acac) (3) Rh(C

Rh 4d −2857 [1a: dyz] −4245 [2a] −943 [3a] −10
−2846 [1b: dxz] −4253 [2b] −791 [3b] −58
−2970 [1c: dxy] −3986 [2c] −2134 [3c + 3d]d −94

−46P
above 4db −8673 −12483 −3868 −29

Rh core 4238 4384 4226 41
Rh–X −241 [1d(5)]c −510 [2d(6)]c −464 [3e(2)]c 36

−25 [1e] −60 [2e(3)]c −316 [3f(2)]c −42

Othera −119 −441 −167 75
Totalb −4819 −9112 −588 864

a Additional contributions arising from other non-Rh bonding, lone pair,
orbital contributions. A complete analysis is found in the ESI (Table S
c Numbers in parentheses indicate combined contributions from sever
linear combinations of two NLMOs and were chosen for easier visualizati

2188 | Chem. Sci., 2024, 15, 2181–2196
(Rh–X). Summarized under “Other” are additional contribu-
tions arising from all other occupied orbitals, as well as
unoccupied orbital contributions. The full set of NLMO
r isolated rhodium complexes (absent crystal embedding)

O)2Cp* (4) [Rh(nbd)Cl]2 (5) Rh(et)2(acac) (6) Rh(cod)(acac) (7)

07 [4a] −1001 [5a] −862 [6a: dz2] −852 [7a: dz2]
1 [4b] −3451 [5b] −3495 [6b: dxy] −3339 [7b: dxy]
7 [4c] −523 [5c] −580 [6c]
3 [4d] −366 [6d]
98 −4975 −5303 −4191
72 4355 4383 4352
[4e(2)]c −436 [5d(2) + 5e]c −338 [6e(2)]c −300 [7c(2)]c

2 [4f(2)]c −459 [5f(4)]c −140 [6f(2)]c −1529 [7d(2) + 7e(2)]c

−18 [6g] −16 [7f]
4 [6h] 2 [7g]

−3 [7h]
−257 −45 −80
−1773 −1456 −1765

and unassigned occupied orbital contributions, as well as unoccupied
9). b Rounded from sum of contributions at full numerical precision.
alequivalent NLMOs. d The relevant orbitals shown in this work are
on.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Magnetic-field induced coupling between a nonbonding
occupied metal (M) d-orbital and a M–L (L = ligand) antibonding
unoccupied s* orbital.
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isosurfaces and corresponding labels used throughout the text
are found in Fig. S8–S16.† A complete analysis of NLMO
contributions are found in Tables S9–S11.†

In a nutshell, the local perturbation of a non-bonding d AO
by a magnetic eld perpendicular to the page (Fig. 5) effectively
creates a function that corresponds to a 45° rotation of the d AO
(along with a scaling).129 If there is a dative s-bond (a “donation
bond”), then there is a corresponding empty antibonding s*

orbital. If the local symmetry of the rotated non-bonding d AO
matches that of the bonding d AO involved in the s*-bond, as in
the gure, the orbitals can couple magnetically. In the theo-
retical formalism for nuclear magnetic shielding, overlap of
magnetic-eld perturbed occupied orbitals with unoccupied
orbitals of matching local symmetry creates paramagnetic
deshielding contributions that are very sensitive to the local AO
coefficients and the energy differences between occupied and
unoccupied orbitals. These quantities, in turn, depend on the
strengths and local symmetries of the donation bonds, and
Fig. 6 Isosurfaces for dk
p metal to ligand backbonding orbitals in (A)

Rh(CO)2(acac) and (B) Rh(CO)2Cp*, as well as dxy orbitals in (C)
Rh(et)2(acac), and (D) Rh(cod)(acac) (the z axis is perpendicular to the
complex plane).

© 2024 The Author(s). Published by the Royal Society of Chemistry
other factors such as the energies and radial extensions of the
valence metal d orbitals. Occupied bonding orbitals also
contribute to the shielding tensor and serve to modulate the
broad shielding trends determined by the number of ligands,
the coordination symmetry, and the d-shell occupation.

The two complexes with a full (pseudo-octahedral or D3-
symmetric), six-fold coordination shells have the strongest
deshielding from the Rh valence shell. This is consistent with
previous research on Pt complexes, where the main difference in
the metal shielding in pseudo square-planar versus pseudo-
octahedral complexes is associated with the paramagnetic
induced ring currents in the partially lled metal valence d-
shell.40,128,129

Among the pseudo-square planar complexes, the two carbonyl
complexes provide a direct and interesting comparison. The total
calculated isotropic shielding for Rh(CO)2(acac) is−588 ppm, and
for Rh(CO)2Cp* it is +864 ppm (a net difference of 1452 ppm).
Over 700 ppm of this difference can be attributed to differences in
the set of Rh / CO p-backbonding 4d orbitals, namely orbitals
3c/3d and 4c/4d, respectively (Fig. 6). In the case of Rh(CO)2(acac),
applying an in-plane rotation to this orbital results in more direct
overlap with unoccupied ligand antibonding orbitals because of
the pronounced directionality of the dative s-bonds and the s*

anti-bonds (in particular, the Rh–O s* orbitals have the proper
symmetry to maximize such overlap); hence, a much larger
deshielding effect is observed in comparison to Rh(CO)2Cp*. As
much as ca. 530 ppm of the total shielding difference can be
attributed to the contributions from donating NLMOs centered on
the acac ligand (3f) versus those centered on the Cp* ligand (4e, 4j,
4k), which contribute less andmore to shielding, respectively. The
shielding effect seen from these latter p orbitals of the aromatic
Cp* system is likely associated with an induced ring current.
According to this model, this local eld reduces the eld at the Rh
nucleus and therefore leads to an increased shielding.

Table 3 summarizes an analogous NLMO analysis of the calcu-
lated shielding span, U, for the isolated Rh complexes. The span is
primarily determined by contributions from the Rh 4d shell,
consistent with previous analyses for Pt complexes,129 with
secondary contributions from overlapping ligand orbitals. The
complexes with the broadest spans are those with ligand environ-
ments that most depart from Platonic/spherical symmetry, i.e.,
pseudo-square-planar systems. One departure from this trend is
evident from comparison of Rh(CO)2(acac) to Rh(et)2(acac) and
Rh(cod)(acac). The latter complexes, which feature h2-p bonding
ligands, have a much larger contribution from the in-plane 6b/7b
NLMOs (Fig. 6). The corresponding NLMO in Rh(CO)2(acac) is 3c,
which was discussed above. In Rh(CO)2(acac), backbonding from
this orbital results in reduced occupation of the Rh-centered part of
the orbital (i.e., reduced occupation of the NLMO's parent NBO).
The occupation of the dk

p (3c) parent NBO in Rh(CO)2(acac) is 1.76
while the parent NBOs of 6b in Rh(et)2(acac) is 1.97 and 7b in
Rh(cod)(acac) is 1.96.

Finally, Table 4 highlights two systems for which crystal
embedding most affects the isotropic shielding. The NLMOs listed
in Table 4 are assigned labels analogous to those of the
corresponding complexes in Table 2 with an added ‘prime’
symbol to indicate they are a part of the same complex in
Chem. Sci., 2024, 15, 2181–2196 | 2189
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Fig. 7 Isosurface of a ‘stacked’ dz2-like NLMO on a neighboring
complex in the Rh(CO)2(acac) cluster model.

Table 3 Summary of NLMO contributions to 103Rh shielding span (U = s33 − s11) for isolated rhodium complexes (absent crystal embedding)

[Rh(NH3)5Cl]
2+ (1) Rh(acac)3 (2) Rh(CO)2(acac) (3) Rh(CO)2Cp* (4) [Rh(nbd)Cl]2 (5) Rh(et)2(acac) (6) Rh(cod)(acac) (7)

Rh 4d 350 [1a: dyz] 3352 [2a] −868 [3a] −393 [4a] −686 [5a] −823 [6a: dz2] −1055 [7a: dz2]
−8586 [1b: dxz] 3394 [2b] −62 [3b] −42 [4b] 8567 [5b] 8827 [6b: dxy] 8269 [7b: dxy]
8544 [1c: dxy] −6111 [2c] 3627 [3c + 3d]d 2618 [4c] 249 [5c] 227 [6c]

−840 [4d] −645 [6d]P
above 4db 309 635 2697 1343 8130 7585 7213

Rh core 100 −32 406 90 150 163 190
Rh–X −11 [1d(5)]c −74 [2d(6)]c 289 [3e(2)]c 305 [4e(2)]c −307 [5d(2) + 5e]c −407 [6e(2)]c −281 [7c(2)]c

−55 [1e] 4 [2e(3)]c −213 [3f(2)]c −85 [4f(2)]c −262 [5f(4)]c 146 [6f] 144 [7d(2) + 7e(2)]c

37 [6g] 35 [7f]
3 [6h] 5 [7g]

6 [7h]
Othera −23 27 146 362 470 149 167
Totalb 319 559 3326 2015 8181 7676 7480

a Additional contributions arising from other non-Rh bonding, lone pair, and unassigned occupied orbital contributions, as well as unoccupied
orbital contributions. A complete analysis is found in the ESI (Table S10). b Rounded from sum of contributions at full numerical precision.
c Numbers in parentheses indicate combined contributions from several equivalent NLMOs. d The relevant orbitals shown in this work are
linear combinations of two NLMOs and were chosen for easier visualization.
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a crystal embedding. In the cluster model, 103Rh in both
[Rh(NH3)5Cl]Cl2 and Rh(CO)2(acac) are further deshielded by
662 ppm and 516 ppm, respectively (relative to the isolated mole-
cule, cf. Tables 2 and 4). The former is primarily due to changes in
contributions from the 1′a and 1′b subshells (the lone Rh–Cl bond
denes the z-axis). Because of a somewhat different partitioning of
low-occupation bonding MOs versus antibonding NLMOs in the
isolated and embedded systems, an explicit rationale in terms of
orbital occupations and magnetic eld-induced “rotations” is
difficult to obtain from the analysis. However, the set of equatorial
Rh–N antibonding orbitals hasmuch higher occupation (0.9) in the
clustered system, which would result in weaker paramagnetic
coupling in 1′c, which is consistent with its relatively weaker
deshielding effect compared to the other non-bonding d-shell
NLMOs. In the case of Rh(CO)2(acac), a weak interaction occurs
between stacked dz2-like Rh orbitals (Fig. 7), effectively acting as
Table 4 Summary of NLMO contributions to 103Rh isotropic shielding
for rhodium complexes in a cluster-model crystal embedding

[Rh(NH3)5Cl]Cl2 (1
′) Rh(CO)2(acac) (3

′)

Rh 4d −3149 [1′a: dyz] −1183 [3′a]
−3182 [1′b: dxz] −844 [3′b]
−2915 [1′c: dxy] −1560 [3′c]

−650 [3′d]
P

4d −9246 −4237
Rh core 4194 4224
Rh–X −223 [1′d–h] −462 [3′e(2)]c

−25 [1′i] −270 [3′f(2)]c

Othera −182 −359
Totalb −5481 −1104

a Additional contributions arising from other non-Rh bonding, lone
pair, and unassigned occupied orbital contributions, as well as
unoccupied orbital contributions. A complete analysis is found in the
ESI (Table S11). b Rounded from sum of contributions at full
numerical precision. c Numbers in parentheses indicate combined
contributions from several equivalent NLMOs.

2190 | Chem. Sci., 2024, 15, 2181–2196
a weak axial ligand, resulting in some additional paramagnetic
deshielding from the Rh d-shell. This effect is reminiscent of
a previous analysis of stacked Pt complexes.40

4. Conclusions

The properties of PGE-containing coordination compounds
depend critically on metal–ligand interactions; therefore, non-
PGE replacements would have to mirror similar interactions,
potentially involving unique ligands to compensate for bonding
contributions particular to specic PGE–ligand bonds. To date,
there are no general, reliable methods for probing the nature of
these bonds, which makes searching for replacements a difficult
and ad hoc process. Herein, we have demonstrated that the
combination of 103Rh SSNMR spectroscopy and relativistic DFT
calculations is a powerful means of characterizing Rh coordina-
tion compounds, with the 103Rh chemical shi tensor being
a robust probe of the nature of Rh–ligand bonding.

The BRAIN-CP pulse sequence, which affords opportunities
for broadband excitation, refocusing, and polarization transfer,
while also allowing for T2-based signal enhancement, proves to
be invaluable for the acquisition of high signal-to-noise 103Rh
SSNMR powder patterns. There are also options for indirect
© 2024 The Author(s). Published by the Royal Society of Chemistry
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detection of ultra-wideline NMR patterns under conditions of
MAS using 2D-correlation experiments,29,138–141 or under static
conditions using the progressive saturation of the 1H reservoir
(PROSPR) method,142 as well at preliminary studies of the use of
WURST pulses for ultra-wideline powder patterns under MAS
conditions143,144 (more of these are in progress in our research
group). Together, these methods have potential to aid in the
characterization of a plethora of Rh coordination compounds,
and will likely nd applications in the study of other PGEs such
as ruthenium (99Ru) and palladium (105Pd).

Finally, electronic structure calculations are essential for
interpreting the relationships between 103Rh chemical shi
tensors, electronic structure, and Rh–ligand bonding. To achieve
the best agreement with experiment, we nd that calculations
must (i) include relativistic effects at the spin–orbit level; (ii) be
performed using a hybrid exchange–correlation functional when
using DFT; and (iii) account for intermolecular interactions that
impact 103Rh chemical shis. NLMO and NBO analyses are
capable of interpreting chemical shi tensors in terms of
contributions from relevant orbitals, providing an additional
level understanding of Rh–ligand interactions in terms of the
metal- and ligand-centered bonds, lone pairs, and core shells.
For the case of these Rh coordination compounds, the large
differences in total shielding are primarily determined by the
paramagnetic contributions from the Rh 4d shell, as well as
ligand orbitals that directly overlap with the Rh valence shells.
Such analyses will be very useful for interpreting structure–
function–property relationships in PGE-containing compounds,
and may even lead to a rational strategy for designing new,
advanced materials with tunable physicochemical properties.
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