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ABSTRACT: The platinum group elements (PGEs) are among the most important in the
periodic table due to their critical roles in a diverse array of applications. There is great interest
in using solid-state nuclear magnetic resonance (SSNMR) for studying the structure and
bonding in PGE complexes from the perspective of the metal nuclides, yet this has been limited
to date. This is largely due to the inherently low Larmor frequencies of many of the PGE
nuclides in addition to factors such as low natural abundances and/or large anisotropic
interactions that reduce their receptivity to the NMR experiment. In this work, we demonstrate
for the first time the ability to indirectly detect (with 1H, I = 1/2) wideline SSNMR powder
patterns from stationary samples of compounds featuring 103Rh (S = 1/2) and 99Ru (S = 5/2)
using the recently introduced progressive saturation of the proton reservoir (PROSPR) pulse
sequence.

The platinum group elements (PGEs), which include
ruthenium, rhodium, palladium, iridium, osmium, and

platinum, play essential roles in modern technologies, such as
catalysis, electronics, and industrial chemical processes.1−3

However, exorbitant prices and widespread scarcity of the
PGEs have fueled an ongoing search for so-called replacement
metals, which would serve to address issues of cost, supply, and
sustainability.4 However, many of the useful properties of PGE
complexes emerge from their unique chemical bonds with a
wide assortment of ligands; as such, it is necessary to
investigate the nature of these ill-understood bonding
interactions, which would aid in the discovery of replacement
metals and novel ligands that may be combined to mimic the
properties and emergent functions of PGE complexes.
Solid-state nuclear magnetic resonance (SSNMR) spectros-

copy, in combination with first-principles density functional
theory (DFT) calculations, represents a premier method for
the investigation of structure and bonding in transition metal
complexes.5−12 However, SSNMR investigations of the PGEs
are uncommon, with the exception of 195Pt SSNMR studies of
an abundance of materials and compounds.13−17 To date, there
are only a handful of papers describing applications of 99Ru,
103Rh, and 105Pd SSNMR to chemical compounds,18−24 and no
similar reports of 187/189Os or 191/193Ir SSNMR. This is largely
due to the unreceptivity of these PGE nuclides to the NMR
experiment, which arises from their low gyromagnetic ratios
(γ), low natural abundances (n.a.), and/or large anisotropic
interactions.25−27 Such properties make NMR experimentation
formidable due in part to the long time periods required to
obtain spectra with high signal-to-noise ratios (SNRs).
Cross-polarization (CP) is one of the most widely used

techniques in NMR and is aimed directly at mitigating the

issue of low SNRs.10,28−30 CP employs radio frequency (RF)
pulses to achieve a set of experimental conditions in which the
Hartmann−Hahn (HH) matching conditions are fulfilled,
thereby establishing thermal contact between abundant spins
(most commonly 1H, referred to herein as I spins) and dilute
spins (referred to herein as S spins).31 The exact form of the
HH matching conditions depends on the type of field along
which the spin polarization of the abundant spins is quantized.
A state of Zeeman order (ZO) is one in which the I spins are
quantized along the externally applied magnetic field (B0), and
upon transformation of ZO into the rotating frame, the HH
match can be fulfilled by the application of simultaneous spin
locking pulses on the I and S channels (SL-CP).32,33 A state of
dipolar order (DO) is one wherein the I spin polarization is
quantized along local internal fields arising from the
internuclear dipolar interactions,34−37 and the HH match can
be fulfilled by application of a spin lock pulse applied to the S
channel only (DO-CP).38,39

The effects of CP can be observed either through direct
detection (DD), wherein the enhanced signals of the S spin are
measured,40−42 or through indirect detection (ID), wherein
the acquisition of the I spin spectrum is used to detect the
enhanced S spin polarization. While DD is more commonly
used due to its capability in providing superior spectral
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resolution and oftentimes faster acquisition times, ID methods,
such as dipolar-driven variations of heteronuclear multiple
quantum correlation (HMQC) and insensitive nuclei enhance-
ment by polarization transfer (INEPT), can provide increased
SNRs and additional information on internuclear proximity,
thereby making them advantageous in applications requiring
maximal sensitivity.43−49 ID techniques are commonplace
under magic angle spinning (MAS), yet there are only several
reports of its use for the acquisition of spectra under static
conditions (also referred to as non-rotating or stationary
sample conditions),50,51 despite the advantages that such
experiments might offer. These include more precise
determination of NMR interaction tensor parameters, the
ability to study oriented samples, compatibility with low-
temperature conditions, and simplified experimental setups.
Additionally, stationary conditions accommodate a wider range
of samples for which MAS is impractical or unfeasible.
Jaroszewicz and co-workers recently introduced the

progressive saturation of the proton reservoir (PROSPR)
sequence (Scheme 1) that makes use of both DO-CP and ID

for the acquisition of static SSNMR spectra.52 Analogous to
the chemical exchange saturation transfer (CEST) experi-
ment,53 PROSPR relies on the depletion of the signal of an
abundant nucleus (usually 1H) to indirectly map out the
spectrum of a dilute S spin.54,55 Following presaturation of the
I-spin magnetization, a recycle delay of sufficient length, and
creation of DO, polarization is transferred during the contact
time (τCT) from the proximate, heteronuclear-coupled protons
to the S spins upon fulfilment of the DO-CP HH match using a
low-power RF pulse (ν1,S). The subsequent delay period (τd)
allows for polarization from more distant protons, which are
not dipolar coupled to the S spins, to be transferred via spin
diffusion to repolarize the neighboring protons, thereby
replenishing the large 1H spin polarization bath for subsequent
rounds of transfer to the S spins. Simultaneously occurring
during τd is the decoherence of the accumulated S spin signal
via T2(S), a process that resets the relative spin temperature of
the I and S spin baths in a manner favorable for CP. This cycle
is repeated as many times as is permitted by the lifetime of the
DO [as given by the relaxation time constant of the DO state,
T1D(I)]. For low-γ nuclei, efficient polarization transfer
requires the total length of this cycle [τPROPSR = (τCT + τd)
× N] to be several hundred milliseconds. The powder pattern
of the S spin can be mapped out by variation of the transmitter
offset frequency of the contact pulse (ΩS) and observation of
the corresponding 1H signal depletion.
The goal of this work is to present a preliminary

demonstration of the use of PROPSR for the efficient
acquisition of static SSNMR spectra of two unreceptive PGE
nuclides: 103Rh (S = 1/2) and 99Ru (S = 5/2). A comparison is

made between spectra acquired with PROSPR and the
broadband adiabatic inversion-CP/WURST-CPMG pulse
sequence (BRAIN-CP/WCPMG), the current state-of-the-art
method for the direct detection of CP-enhanced wideline and
ultra-wideline (UW) powder patterns under static condi-
tions.56−59 Consideration is given to the SNR, resolution, and
experimental times required for the acquisition of spectra with
both methods. Details concerning experimental implementa-
tion and spectral processing are provided in Supplements S1
and S2 of the Supplementary Information.

103Rh (S = 1/2) is the second most receptive PGE nuclide
due to its 100% natural abundance, despite its low
gyromagnetic ratio and potentially large chemical shift
anisotropy (CSA). 1H spectra of Rh(COD)(acac) acquired
using PROSPR are plotted as a function of ΩS (Figure 1),

tracing out a characteristic rhodium CSA pattern that reflects
the 103Rh SSNMR powder pattern. Spectral processing (see
Supplement S2 for details) allows for an alternative, more
conventional presentation of the spectrum (Figure 2a). A
comparison to the spectrum acquired with BRAIN-CP/

Scheme 1. Schematic Representation of the PROSPR Pulse
Sequence

Figure 1. 1H NMR spectra of Rh(COD)(acac) acquired at 18.8 T by
using PROSPR.

Figure 2. (a and b) 1H−103Rh NMR spectra of Rh(COD)(acac)
acquired at (a) 18.8 T using PROSPR (47 min) and (b) 21.1 T using
BRAIN-CP/WCPMG (5.6 h). (c) Ideal 103Rh spectrum of
Rh(COD)(acac).
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WCPMG (Figure 2b, as presented in a previous work23) and
the ideal simulation (Figure 2c) confirms that PROSPR is
successful in producing a powder pattern with the appropriate
distinctive features (i.e., pattern breadth and key disconti-
nuities). PROSPR allows for the use of significantly lower
103Rh RF powers on the S channel (6 kHz vs 20 kHz for
BRAIN-CP; see Tables S1 and S2 for experimental details),
reduces experimental time (47 min vs 5.6 h), and delivers an
order of magnitude gain in SNR. However, the resolution of
the PROSPR spectrum is clearly inferior to that observed in
the BRAIN-CP/WCPMG spectrum, in part, due to the S
transmitter step size (ΔΩS = 10 kHz), which was chosen to
maximally accelerate the experiment. Nonetheless, the CS
tensor parameters determined from the PROSPR spectrum
(Table 1) are in good agreement with those reported by

Holmes et al.,23 albeit with higher uncertainties. It is important
to note that, in the event that PROSPR is not capable of
providing the desired level of spectral resolution, it is still
worthwhile to consider its use for preliminary experiments,
wherein a broad powder pattern dominated by CSA can
quickly be identified and mapped out and the principal
components of the CS tensor can be easily measured, thereby
providing valuable insight for further spectral acquisition of
higher resolution powder patterns.
Quantitative comparison of spectra acquired using DD and

ID methods can be nuanced due in part to the origin of the
spikelet spacing in each type of experiment. CPMG-type
experiments used for DD of spectra featuring wideline and
UWNMR powder patterns result in spikelet spacing that is
typically at the control of the experimentalist but dependent
upon both the effective T2, T2eff, and even the types of pulses
used (i.e., rectangular or frequency swept).60,61 CPMG
experiments involving low-γ nuclei oftentimes necessitate
lengthy dead times in order to avoid the deleterious effects
of acoustic ringing;62 thus, the resulting frequency domain
spectra frequently feature closely spaced spikelets. The spikelet
spacing in PROSPR experiments is determined by ΔΩS (see
Supplement S2.1). In principle, the spectral resolution is
determined by the amplitude of the contact pulse, ν1,S, which
controls the CP bandwidth, yet homonuclear dipolar couplings
oftentimes result in a broadening of the matching conditions.
Thus, the resolution of a powder pattern from an ID PROSPR
spectrum acquired with a given ν1,S is oftentimes lower than
that of a DD BRAIN-CP/WCPMG spectrum.

99Ru SSNMR is significantly more challenging, largely due to
its lower natural abundance (i.e., 12.76% for 99Ru vs. 100% for
103Rh). The larger gyromagnetic ratio of 99Ru [i.e., γ(99Ru)/
γ(103Rh) = 1.445] offers some benefits; however, because 99Ru
is a quadrupolar nuclide (I = 5/2), experiments can be
complicated by the complex nutation behavior of the
isochromats in its central transition (CT, +1/2 ↔ −1/2)
powder pattern and its satellite transitions (±1/2 ↔ ±3/2 and

±3/2 ↔ ±5/2) as well as CSA effects and well-known issues
with CP between spin-1/2 and quadrupolar nuclides.64−67

The 99Ru spectra of (2-MeAl)2Ru(COD) acquired at 18.8 T
with PROSPR (Figure 3a) and BRAIN-CP (Figure 3b) are

compared to the ideal simulation (Figure 3c). The breadth of
the powder pattern is well-represented in both cases, but
discontinuities in the central region of the PROSPR pattern are
ill-defined, reinforcing the challenges associated with SSNMR
spectroscopy of unreceptive nuclides like 99Ru. As neither the
99Ru EFG tensor parameters nor the crystal structure of (2-
MeAl)2Ru(COD) have previously been reported, the best fit
parameters from the BRAIN-CP spectrum (Table 2) are used
to simulate the ideal powder pattern (N.B.: the absence of
spectral acquisition at a second field reduces the accuracy of
the fit). Both experimental spectra share similar SNR (as best
as can be measured) and resolution as the PROSPR spectrum
is acquired with transmitter step sizes of ΔΩS = 5 kHz. The
single-channel RF power requirements for PROSPR (ν1,S ≈ 5
kHz) represent an attractive alternative to the double-
resonance requirements for BRAIN-CP/WCPMG (ν1,S ≈ 11
kHz and ν1,I ≈ 30 kHz), albeit with resulting spectra of
decreased quality. While PROSPR is successful at tracing out
the 99Ru powder pattern, BRAIN-CP/WCPMG currently
represents a more robust method for the precise measurement
of the CS and EFG tensor parameters in this case. Further
explorations of 1H−99Ru PROSPR NMR and its optimization
are underway.
The spectral quality (as determined by the SNR and the

experimental length) of the PROSPR spectrum of (2-
MeAl)2Ru(COD) (Figure 3a) is lower than that of Rh(COD)-
(acac) (Figure 2b) despite the longer T1D(I) of the former [ca.
T1D(I) = 1.5 and 0.9 s, respectively; see Figure S2]. This
discrepancy is likely due to much lower n.a. of 99Ru, which

Table 1. Best Fit 103Rh CS Tensor Parameters Are from
Figure 2a and ba,b

method δiso (ppm) ΩCS (ppm) κ
BRAIN-CP/WCPMG23 1280(50) 7030(120) −0.67(0.03)
PROSPR (this work) 1340(60) 7220(300) −0.66(0.04)

aCS tensors are reported using the Herzfeld−Berger convention.
bUncertainties in the CS parameters are given in parentheses; e.g.,
1280 ± 50 = 1280(50).

Figure 3. (a and b) 1H−99Ru NMR spectra of (2-MeAl)2Ru(COD)
acquired at 18.8 T using (a) PROSPR (1.4 h) and (b) BRAIN-CP/
WCPMG (4.3 h). (c) Ideal 99Ru NMR spectrum of (2-MeAl)2Ru-
(COD).
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limits the number of pathways for polarization transfer and,
thus, results in lower 1H signal depletion (Figure S5). Thus,
future targets for spectral acquisition via PROSPR, such as 57Fe
(n.a. = 2.12%) or 17O (n.a. = 0.038%), represent more
challenging cases; however, these could benefit greatly from
isotopic enrichment, which is possible for the former and
becoming increasingly more routine for the latter.68

In summary, we have demonstrated that PROSPR can be
used for the indirect detection of spectra of samples under
stationary conditions with powder patterns inhomogeneously
broadened by both the CS and quadrupolar interactions. Our
results suggest that PROSPR is particularly well-suited for
applications to low-γ nuclei due to its significantly lower RF
requirements and avoidance of simultaneous double-resonance
conditions. Even in cases where PROSPR fails to result in
significant SNR gains, the RF power considerations alone
deem it valuable, as the simultaneous application of high RF
fields on two channels as is required in more conventional CP
experiments is not an option on many probes and/or can lead
to arcing and significant reduction of probe lifetimes. In
general, PROSPR is successful in reducing experimental
lengths and offers the potential for significant gains in SNR,
despite offering decreased spectral resolution relative to
analogous DD methods.
The ability to rapidly map out powder patterns of low-γ

nuclei serves as convincing evidence that PROSPR is a useful
tool for the spectroscopist concerned with the acquisition of
wideline and UW NMR spectra. Nevertheless, its signal
enhancement capabilities can only be exploited in the limit of
T1D(I) values of sufficient length (e.g., several hundred
milliseconds or longer). Unfortunately, short proton T1D(I)
values are relatively common; hence, PROSPR in its current
form is system-dependent. Future work will focus on
understanding factors influencing T1D(I), improving the
efficiency of DO creation, and leveraging the use of variable
temperatures.
We anticipate that a forthcoming study of the setup and

optimization of the PROSPR sequence will enable more
widespread use of this method for the acquisition of static
wideline and UW SSNMR spectra. Increased accessibility to
103Rh and 99Ru SSNMR spectroscopy, in combination with
DFT geometry optimizations and concomitant calculations of
NMR interaction tensor parameters, will help advance our
understanding of PGE bonding and inform strategies for
identifying alternative materials to reduce our dependency on
these scarce elements.
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