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ABSTRACT: The speciation of rhodium(I1I) chlorido complexes
was investigated in ethylene glycol, in the presence and absence of
lithium chloride, by rhodium-103 NMR and EXAFS spectroscopy.
All major thodium(III) complexes were identified based on their
species-specific isotopologue and isotopomer patterns. EXAFS
analysis confirmed the results deduced from the rhodium-103
NMR spectra. The strikingly different shifting behavior observed
with increasing lithium chloride concentration was linked to the
established behavior of rhodium(III) in NMR spectroscopy.
Density functional theory (DFT) calculations were performed to
elucidate the underlying factors of the observed trends, highlighting
their potential as an additional tool for the speciation of
thodium(IIT) complexes, even for NMR spectra with a low

EXAFS

;03Rh NMR

signal-to-noise ratio. These results give a deeper insight into the speciation of rhodium(IIl) in a nonaqueous environment and
contribute to the fundamental basis needed to understand the extraction behavior of thodium(IIT) in nonaqueous solvent extraction.

1. INTRODUCTION

The high demand for rhodium as a versatile catalyst in the
chemical industry’ and in automotive exhaust catalysts,” in
combination with its scarcity and its production solely as a
byproduct in platinum and nickel/copper ores,” has made it
one of the most expensive metals.” ® A variety of hydro-
metallurgical flowsheets have been proposed to purify rhodium
from platinum group metal (PGM) feeds, accompanied by
numerous studies aimed at unraveling rhodium’s complex
chemical behavior in aqueous solutions.”'* While a general
consensus on rthodium’s aqueous behavior can be drawn from
extensive research studies, its speciation in organic solvents has
received much less attention. Combined with the lack of
solvent extraction studies in nonaqueous media such as deep-
eutectic solvents (DESs), ionic liquids (ILs), and polar organic
solvents, this limited knowledge of the nonaqueous coordina-
tion chemistry of thodium has hampered the development of
promising solvometallurgical alternatives to existing hydro-
metallurgical extraction methods.'®

Nonaqueous solvent extraction (NASX), involving two
immiscible nonaqueous solvents, has been demonstrated for
purifying rare earths and the 3d transition metals but has not
often been applied to PGM flowsheets.'”~'* Nguyen et al.
demonstrated the separation of iron, palladium, and rhodium
by an NASX system comprising an ethylene glycol feed
solution and the quaternary ammonium extractant Aliquat
336.%° This study is primarily focused on leaching behavior and
does not give insight into the speciation in the two immiscible
organic phases.
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High-resolution rhodium-103 nuclear magnetic resonance
spectroscopy ("Rh NMR) is a valuable tool for the
identification and characterization of rhodium(I1I) complexes.
Rhodium-103 is a spin-1/2 nucleus with 100% natural
abundance. Its corresponding advantages are largely negated
by its low gyromagnetic ratio (y = —0.8468 X 10" rad- T "s7"),
complicating probe tuning and causing acoustic ringing,
difficult excitation (necessitating short, high-power pulses
due to large spectral width), and low receptivity. In the early
studies by Mann et al.”' and Fedotov et al,”” several
rthodium(I1T) aqua—chlorido complexes were identified based
on relative chemical shifts, but the authors failed to distinguish
the different structural isomers (fac/mer and cis/trans). Later,
Carr et al. acquired all 10 rhodium aqua—chlorido complexes
and revised their NMR resonance assignments.23 Furthermore,
this study laid the foundation for the identification of
thodium (I1T) complexes through the use of secondary isotope
effects, as illustrated by the observed isotope pattern of the cis-
[RhCL,(OH,),]” complex.

The high sensitivity of '”>Rh NMR spectra to temperature,
concentration, and solvation makes a comparison of the
different experimental and literature data difficult. This is
illustrated by the [RhCl]*~ complex, for which changes in
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chemical shifts of +129 ppm are observed in aqueous
solutions. Hence, the chemical shift in '®Rh NMR spectra is
not a reliable tool for the identification of rhodium(III)
complexes. A much more powerful tool for the unambiguous
identification of rhodium(III) complexes is the “fingerprint”
method based on the observed secondary isotope effects,
which was first described by Carr et al. for the cis-
[Rh(‘ilég 9H2)2]_ complex and further developed by Geswindt
et al. 7>

These secondary isotope effects, while particularly useful for
determining the number of chlorido ligands surrounding a
rhodium(III) ion, are typically too small and often remain
undetectable in the NMR spectra of d-block metals. Rhodium,
however, is particularly well-suited for observing such fine
structure as a result of its narrow resonance peaks, even in
asymmetric environments. Nevertheless, *Rh NMR is hardly
a routine method and needs a specialized low-frequency NMR
probe, while its low receptivity further limits its applicability.”*
Indirect detection pulse sequences were developed to circum-
vent these issues but require a spin-coupled nucleus with spin
= 1/2, high y, and hi%h natural abundance (or isotopically
enriched samples).””™"” These requirements significantly
reduce their applicability and cannot be fulfilled by the
aqua—chlorido complexes investigated in this study. Hence,
the described “fingerprint” method is limited to identifying the
most abundant complexes and requires the use of concentrated
(>0.4 mol-L™") rhodium solutions.

Despite the large discrepancies in chemical shifts for 'Rh
resonances reported in the literature, relative chemical shifts
remain useful in significantly narrowing down the number of
plausible species or, in some cases, even identifying the
complexes. The relative chemical shift avoids the necessity of
acquiring 18Rh NMR spectra with a high signal-to-noise (S/
N) ratio, which, due to its low gyromagnetic ratio, is not
straightforward or even practically feasible.

In this paper, all major and several minor observable
rthodium(III) chlorido species are identified in ethylene glycol
solutions with LiCl concentrations ranging from 0 mol-L™" to
3.346 mol-L™! by direct '®®Rh NMR spectroscopy, based on
three key aspects: (1) relative chemical shifts, (2) isotopologue
patterns caused by the secondary isotope effect of the chlorido
ligands, and (3) isotopomer patterns (cis/trans; fac/mer). The
identification of [RhCl,]*~ and cis-[RhCl,(x*-EG)]™ com-
plexes by '>Rh NMR spectroscopy is confirmed by extended
X-ray absorption fine structure (EXAFS) spectroscopy, and the
formation of hypothetical dirhodium(III) species is refuted. A
strong, species-specific dependency of the chemical shift of
'%Rh as a function of the LiCl concentration is identified and
elucidated by density functional theory (DFT) calculations.

2. EXPERIMENTAL SECTION

2.1. Products. Rhodium(III) chloride hydrate (RhCl;:
xH,0, 39.68% w/w Rh) was received from Johnson Matthey
(United Kingdom). Ethylene glycol (>99.5%) was purchased
from Supelco (Darmstadt, Germany). Lithium chloride (LiCl,
99%), deuterium oxide (D,O, 99.9 at % D), nitric acid
concentrate (0.1 mol-L™" HNOs; eluent for IC), and 2,6-
pyridinedicarboxylic acid (99%) were obtained from Sigma-
Aldrich (Overijse, Belgium). Triton X-100 was purchased from
Merck KGaA (Darmstadt, Germany). A silicone solution in
isopropyl alcohol was obtained from SERVA Electrophoresis
GmbH (Heidelberg, Germany). Ethanol (99.8%) was
purchased from Fisher Scientific (Loughborough, United

Kingdom). 1000 mg-L™"' standard solutions of palladium
(Plasma HIQU) and lithium (Ion HIQU) were obtained from
Chem-Lab nv (Zedelgem, Belgium). Ultrapure water (18.2
MQ-cm) was produced using a Merck Millipore Milli-Q
Reference Ultrapure Water Purification System. All products
were used as received without any further purification.

2.2. Rhodium Solutions. Five solutions containing
approximately 0.42 mol-L™" Rh (Supporting Information, Table
S1) were prepared with varying concentrations of lithium
chloride (0.0, 0.154, 0.514, 2.541, 3.346 mol-L™' LiCl) in
ethylene glycol. The final rhodium concentration in each
solution was measured using a Bruker S4 T-STAR 400 Plus
total reflection X-ray fluorescence (TXRF) spectrometer
equipped with a tungsten X-ray source. All measurements
were performed by using a voltage of 50 kV and an electrical
current of 1000 pA.

Each solution was diluted a total of 625 times in two steps
prior to TXRF analysis. First, a 25-fold dilution was performed
using ultrapure water. Second, an additional 25-fold dilution
was performed with a § vol % Triton X-100 solution in
ethanol. Twenty vol % of ethylene glycol and 50 mg-L™
palladium (final concentration) were added to ensure the
formation of a smooth film during drying and for the
calibration of rhodium, respectively. Measurements were
performed on reusable quartz glass sample carriers, pretreated
with 30 uL of silicone solution in isopropanol (SERVA) and
left open to dry for 30 min. Two uL of the final solution in
ethanol was pipetted onto the pretreated carriers and dried for
30 min in a hot air oven at 60 °C. Gain corrections were
performed prior to all measurements.

The final LiCl concentration was measured by ion
chromatography (IC) with a Shimadzu chromatograph
equipped with a CBM-40 system controller, SIL-20A pump,
SIL-20A autosampler, CTO-40C column oven, DGU-403
degassing unit, CDD-10AVP conductivity detector, and
Metrosep C4-250/4.0 cation column. All samples were diluted
with ultrapure water. A 1.7 mmol-L™" nitric acid and 0.7 mmol-
L™! pyridine-2,6-dicarboxylic acid solution in ultrapure water
was used as the eluent. A temperature of 25 °C and a flow rate
of 0.9 mL-min~" was used throughout.

The water content of the ethylene glycol solutions was
determined by Karl Fischer titration using a Mettler-Toledo
C30S coulometric titrator with the HYDRANAL-Coulomat
AG anolyte (Table S2).

No uncommon hazards were noted during the preparation
and handling of the rhodium solutions.

2.3. Rhodium-103 NMR Spectroscopy. '“Rh NMR
spectra were recorded on a Bruker Avance Neo 600
spectrometer with a Bruker Ascend 600 magnet system fitted
with a 10 mm PABBO BBLR (*K-""Mo)-1H/D custom
probe with z-gradients and an ATM accessory for automatic
tuning and matching. Data acquisition and processing were
performed using Topspin 4.4.1 software. All experiments were
performed using Bruker’s standard aring pulse sequence to
minimize acoustic ringing. Measurements were performed in
Norell Standard Series 10 mm NMR tubes containing a
custom reference tube, with an outer diameter of 1.58 + 0.02
mm and an inner diameter of 1.24 + 0.02 mm, inserted in the
center. Samples were measured at 297.08 K, and a relaxation
delay time of 10 s was used throughout. Before NMR analysis,
all solutions except for the 0.514 mol-L™ ' LiCl solution were
aged for one month at room temperature (21 + 1 °C). The
0.514 mol-L™ ' LiCl solution was analyzed after only 48 h.
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The lack of a universally accepted and widely used reference
species is a key issue in '?Rh NMR spectroscopy. Although
saturated rhodium(III) acetylacetonate (Rh(acac);) in deu-
terated chloroform is recommended by the TUPAC, its high
T, delay time makes it inconvenient, and hence, this reference
compound finds nowadays only limited use in 'Rh NMR
studies. The extensive chemical shift range in the 'Rh NMR
spectra further complicates the use of a single reference
species. A less common approach, similar to what is
commonplace for W and N NMR spectra, would
involve using several reference species, each suited for a
specific shift range in the '“Rh NMR spectra.’’~>* This
practice is generally discouraged as it hampers seamless
comparison across studies. To circumvent these inconven-
iences, many 'Rh NMR studies adopt the referencing
method proposed by Kidd and Goodfellow, which is based
on the E value of 3.16 MHz.>> The proposed method can
indeed alleviate the mentioned inconveniences by referencing a
fixed frequency. Unfortunately, = = 3.16 MHz was chosen
arbitrarily, rather than representing the actual = value for 'Rh
(2 = 3.186447 MHz),*® which is defined as the ratio of the
resonance frequencies of the nucleus of interest (IUPAC
reference, Rh(acac);) to the resonance frequency of protons
(tetramethylsilane).”* This reference technique in turn requires
careful recalibration if the NMR data are compared with other
literature data that do not use the same arbitrary frequency of
3.16 MHz ( eq S1).

To avoid introducing an additional chemical shift scale and
to maintain consistency in NMR referencing, the recom-
mended IUPAC reference scale was adopted throughout. For
this, the tabulated = value for '®*Rh (3.186447 MHz) was used
to determine the chemical shift of the cis-[Rh**Cl,(H,0),]”
isotopologue. A deuterated (D,0) solution containing 0.443
mol-L™' RhCl;-:xH,0 was used as the reference solution,
ensuring both the calibration of the spectra and the locking of
the magnetic field. The determined chemical shift of the cis-
[Rh*CI,(H,0),] ™ isotopologue (163.05 ppm) was applied to
all of the spectra. The authors do, however, also recognize the
widespread use of the alternative referencing method proposed
by Kidd and Goodfellow. Therefore, identical figures with the
alternative referencing method are added (Figures S1—S8).

An additional comment regarding the chemical shift of the
rhodium(III) species is required. The isotopologue and
isotopomer effects result in the formation of peak patterns
which cannot be described by normal splitting patterns caused
by J-coupling. Hence, the patterns cannot be characterized by a
single chemical shift but rather by a range of chemical shifts for
each isotopomer. Unless stated otherwise, the chemical shift of
a peak pattern will be identified using the chemical shift of the
[Rh*CL"Cl,Y]” isotopologue, which is the highest-frequency
isotopomer.

It is well established that the Fourier transform of the free
induction decay theoretically results in Lorentzian peaks.***
However, the signals can deviate significantly from pure
Lorentzian peaks due to broadening effects caused by
imperfect shimming, field inhomogeneities caused by external
factors, and temperature fluctuations. When the broadening
effects are random in nature, the NMR resonances are
broadened with a Gaussian function. Consequently, a Voigt
function is more suitable for the deconvolution of the
obtained'®Rh NMR spectra.”’

'®Rh NMR peak patterns were deconvolved using the
nonlinear curve-fitting tool available in Origin 2018b (Origin-

Lab Corporation), employing the Levenberg—Marquardt
iteration algorithm. To restrict the number of parameters
and allow robust deconvolution, the Gaussian and Lorentzian
widths were treated as shared parameters. The position
(chemical shift) and area of the peaks were iteratively
optimized without further restrictions, unless mentioned
otherwise.

2.4. XAS Spectroscopy. X-ray absorption spectroscopy
(XAS) spectra of the 0.154 and 3.346 mol-L™" LiCl solutions
(vide supra), in the range of the rhodium K-edge (23220 eV),
were collected at the P65 beamline of the PETRA III storage
ring at Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, Germany.”® A Si(311) double-crystal monochro-
mator was used with an energy resolution of about 2 eV at 23
keV. The beam size on the sample was 0.3 X 1 mm. Higher-
order harmonics were eliminated by using flat platinum-coated
mirrors. The XAS spectra were measured at room temperature
in transmission detection mode using three consecutive 5 cm-
long ionization chambers filled with krypton at 1 bar. Samples
with an optimal absorption thickness of about 2.0 were
prepared in a custom 3D-printed sample holder with Kapton
windows, inserted between the first and second ionization
chambers (Figure S9).

The absorption spectra were measured from —150 eV to
+1000 eV relative to the rhodium K-edge energy in continuous
detection mode during short 3 min scans. The exact energy
calibration was established through absorption measurements
on a 5-pm-thick rhodium metal foil placed between the second
and third ionization detectors. The absolute energy reprodu-
cibility of the measured spectra was +0.05 eV.

The quantitative analysis of the rhodium K-edge EXAFS
spectra to detect local structure was performed using the
LARIX program package.”” Ab initio calculations of the
photoelectron scattering paths were calculated with the
FEFF8 program code integrated into the LARIX software."”"!
Structural parameters of the average local rhodium neighbor-
hood (type and average number of neighbors, the radii, and
Debye—Waller factor of neighbor shells) are quantitatively
resolved from the EXAFS spectra by comparing the measured
EXAFS signal with the model signal. The FEFF models were
constructed based on the octahedral [RhCl¢]*~ and pseudo-
octahedral cis-[RhCI,(EG)]~ complexes, which were expected
in the solutions based on '“Rh NMR results.

The rhodium EXAFS spectrum of rhodium in 3.345 mol-L™*
LiCl solution can be completely described by the FEFF model
based on the structure of the [RhCl]*~ complex, which
comprised one single scattering (SS) path of Rh—Cl and five
multiple scattering (MS) paths up to 4.1 A. The Rh EXAFS
spectrum of rhodium in 0.154 mol-L™" LiCl solution can be
completely described by the FEFF model based on the
structure of the cis-[RhCI,(EG)]™ complex, which comprised
four SS paths (Rh—O, Rh—Cl,, Rh—Cl,, and Rh—C). Two
variable parameters are introduced for each scattering path:
coordination shell distance (R) and Debye—Waller factors
(6%). Coordination numbers (N) are kept fixed at the values of
the model complexes. In addition, the amplitude reduction
factor (S,”) and the shift of the energy origin of the
photoelectron (AE,), common to all scattering paths, are
also varied.

To minimize the number of free parameters, some
constraints in the EXAFS model of the [RhClg]*~ complex
were implemented in the EXAFS fit by linking the parameters
of the Rh—Cl paths with the parameters of the MS paths
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(Figure S10).* The initial cis-[RhCl,(k>EG)]~ conformation
used as input for the EXAFS model fit was obtained through
DFT optimization (vide infra).

2.5. Quantum Chemical Calculations. All quantum
chemical calculations were performed using the ORCA 6.0.0
program.*~* Geometries were optimized employing the all-
electron SARC-ZORA-TZVP basis set for rhodium and the
ZORA-def2-TZVP basis set for all other nuclei in combination
with the hybrid PBEO functional."”~>" This combination and
closely matching methods have demonstrated excellent
agreement with experimental data for rhodium and other
platinum group metals."”***> The corresponding isotropic
absolute shieldings (o;,) were calculated with the TZVPP
variants containing extra polarization functions, which are
recommended for NMR calculations.” Gauge-including
atomic orbitals were employed for the calculation of all
shielding tensors. The corresponding chemical shifts were
calculated using eq 1. All calculations were caried out using the
SARC/J auxiliary basis set, together with the VeryTightOPT
and VeryTightSCF convergence criteria.”” The fine integration
grid (DEFGRID3) was employed throughout.

Oref ~ Osample

1 = o, (1)

To induce the solvation effect on the shifting behavior in
NMR spectra, the conductor-like polarizable continuum model
(C-PCM), using the van der Waals qavitg and the Gaussian
Charge Scheme approach, was used.** ™" Implicit solvation
models, like C-PCM, simulate the solvent by placing the solute
in a cavity of molecular shape. The interactions of the solute’s
electric field with the solvent and the solvent’s reaction field
with the solute are calculated iteratively. In the C-PCM
approach, the solvent is treated as an ideal conductor and
subsequently corrected by a scaling factor f(¢). For ideal
conductors, the electric field generated by the solute is fully
canceled in the conductor by the rearrangement of charges. As
solvents are not ideal conductors, the scaling factor, based on
the relative permittivity, is applied. The exact nature of the
scaling factor is model-dependent and is described by eq 2 for
the C-PCM model as implemented by ORCA.

fle) =

5. =10 %

180

e—1
£ (2)

Hence, the electrostatic interaction between the solvent and
the solute is solely related to the solvent’s permittivity.
Unfortunately, implicit solvation models can simulate systems
only at infinite dilution. As such, they cannot account for the
presence of other species in solution, such as lithium chloride,
nor can they accurately model systems with high concen-
trations of rhodium itself, both of which can significantly
influence the system’s behavior. More elaborate QM/MM
models are crucial for obtaining precise and quantitative results
with electrolyte solutions that can accurately treat the
formation of double layers around the solute. Such models
are beyond the scope of this study and often require extensive
sampling and averaging over multiple conformations. Never-
theless, the rather crude C-PCM model has been employed
here, as there is no need for exact quantification but rather
observation of the overall trends, allowing an initial reasoning
for the observed shifting behavior to be extracted. As the
model singularly depends on the relative permittivity to
determine the extent of electrostatic interaction between the
solute and the solvent, the relative permittivity can be

arbitrarily increased to model the increased ionic strength
and thus increased interaction between the solute and the
solvent. This can be justified by considering the effect of salts,
such as lithium chloride, in solution on polar solutes. As the
ionic strength of solutions increases, the ability of the solution
to screen the electrostatic field generated by the solute is
increased, while the effective charge of the solute decreases. At
very high ionic strengths, the solution will resemble the
behavior of conductors, for which the solvent can fully cancel
the electric field generated by the solute. Therefore, £ = 10000
was used to represent the high ionic strength solution,
modeling conductor-like behavior (f(¢) ~ 1), while ¢ =
38.5505 was used as the starting point, calculated using the
OLI Studio 11.5 software package, representing the relative
permittivity of ethylene glycol solution containing 1.25 wt %
H,0.

3. RESULTS AND DISCUSSION

3.1. Identification of Rhodium(lll) Complexes
through '@Rh NMR Spectroscopy. To investigate the
speciation of rhodium(IIl) in ethylene glycol solution in the
absence and presence of LiCl, five compositions (0.0, 0.154,
0.514, 2.541, and 3.346 mol-L™' LiCl), each containing
approximately 0.42 mol-L™' Rh, were prepared. By careful
control of the NMR settings, it is possible to achieve narrow
resonances for '“Rh beyond the secondary isotope effect
alone. Although this results in a pattern that can be used as a
fingerprint, the splitting pattern might be less clear at first
glance, as proper measurements reveal the presence of
isotopomer shifts as well. Isotopomers are isomers having
the same number of isotopic atoms but differing in their
positions.

The origin of the secondary isotope shift in this study can be
traced to the presence of chlorido ligands in the complex,
giving rise to isotopologues (i.e., species that differ only in their
isotopic composition) in solution, each with an abundance
determined solely by the natural isotopic ratio of **Cl (0.755—
0.761) and ’Cl (0.245—0.239).>° The relative abundances can
be described using a binomial distribution (eq S2), as each
chlorido ligand has an independent probability of being either
3Cl or ¥CL

Substitution of a lighter isotope (**Cl) with a heavier one
(*’Cl) reduces vibrational amplitudes, causing increased
shielding, a phenomenon known as vibrational shield-
ing.31'60_62 As a result, the calculated abundances can be
ordered with increasing %7Cl content, reflecting the increased
shielding in the experimental data. Hence, six theoretical
distributions, ranging from [RhCIX]** to [RhCls]*", were
determined (Figure S11 and Table S3).

All measured NMR spectra are shown in Figure 1. For
clarity, NMR patterns are interpreted starting with the 3.346
mol-L™" LiCl solution. This spectrum is dominated by 1
resonance at —262.81 ppm, containing at least 6 individual
signals in the envelope. The regularity of the peak positions in
the pattern is evident, with an incremental shift of 0.28 ppm
(Table S4). This regularity is indicative of the secondary
isotope effect, known to be “quasi” additive.”>"** Visual
comparison of the calculated patterns with the experimental
data of the 3.346 molL™' LiCl solution reveals a clear
resemblance to the [RhCl]*" distribution. A more precise
comparison can be performed by deconvolution of the 6 peaks
in the obtained pattern (Figure 2a). Comparison of the relative
abundances (integrated surface area) with the theoretical
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Figure 1. '®Rh NMR spectra of RhCly-xH,O dissolved in ethylene
glycol at varying LiCl concentrations. Gray boxes indicate identified
resonances tracked across the LiCl concentrations. Due to the wide
spectral width of the NMR spectrum, two separate phase corrections
were required.
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Figure 2. (a) Deconvolution of the '“Rh NMR peak pattern at
—262.81 ppm and (b) comparison of the peak areas with the
theoretical models for [RhClX]*~ and [RhCl]*". Experimental
conditions: 3.346 mol-L™! LiCl, LB = 1 Hz.

pattern illustrates the presence of 6 chlorido ligands around the
thodium core, indicating the formation of the octahedral
[RhCl¢]*~ complex at 3.346 mol-L™' (Figure 2b). The most
shielded peak, resembling the [Rh*'CI¢]*~ isotopomer, is not
observed in the experimental data. This can be related to its
low theoretical abundance (0.02%), so that it cannot be
observed in the experimental spectra, regardless of how high

the S/N ratio was. An identical peak pattern is observed for
rthodium in the 2.541 mol-L™" LiCl solution (Figure S12).
Interestingly, the [RhCl¢]*~ peak position is significantly more
deshielded in the 2.541 mol-L™" LiCl solution (—223.07 ppm)
compared to the identical peak pattern at 3.346 mol-L™" LiCl
(—262.81 ppm). As no isomer exists for [RhCl]*", the
shielding behavior with increased LiCl content can be linked to
changes in its environment, discussed in more detail further
below in the text.

A second major pattern is observed in 0.154, 0.514, 2.541,
and 3.346 mol-L™' LiCl solutions at —105.40, —107.70,
—120.23, and —125.20 ppm, respectively. The peak pattern
is, however, significantly more complex than the one for
[RhClg]*~ and necessitates more insight into the exact
stereochemistry of the complex to properly assign the
corresponding species. As a start, the relative position in
comparison with the [RhCls]>” pattern can already act as
guidance for identifying the correct species.

Explanations of the chemical shift for transition metal NMR
usually rely on the total isotropic shielding (oi,) being
separable into a diamagnetic (o;) and paramagnetic (o)
contribution, caused by the electrons in the ground state and
the singlet excited state, respectively. The former is often
considered constant, as this term is mostly determined by the
core electrons, which are mostly independent of their
environment. The shifting behavior is thus often reduced to
the paramagnetic contribution. The underlying cause of
parama§netic shielding is typically further split into three
factors:”' (a) the HOMO—-LUMO gap (AE), (b) the average
distance of the valence electrons to the core, and (c) the
imbalance of the electrons in the valency orbitals caused by the
formation of molecular orbitals. The latter factor, based on the
electron distribution in the molecular orbitals, can be ignored
s
configuration. The effect of the remaining two parameters
can be illustrated by eq 3 derived by Juranic for d°- complexes
starting from the original Ramsey equations, with g,
representing the permittivity in vacuum, py the Bohr
magneton, (rq)p the average distance of the d-electrons in a
free ion, B the nephelauxetic ratio, and AE the HOMO—
LUMO gap.ésf69

as all considered complexes are low-spin, with a ¢

2
ﬂOMB <r—3 i
z 4 FAE (3)

Even though the Ramsey equations have been superseded
for a long time by newer and more quantitatively accurate
methods, the equation derived by Jurani¢ remains a useful and
straightforward way to explain the underlying trends for d°-
complexes. With this, it is clear that a decrease in AE causes an
increase in paramagnetic deshielding, theoretically explained
by the increase in state mixing. Conversely, the effect of the
average distance of the valency electrons to the core,

op = —8

represented by the (r; )+ term, on paramagnetic deshielding
is explained by the decrease in magnetic effects with increasing
distance to the core. Therefore, the shifting behavior is often
qualitatively explained using the spectrochemical and neph-
elauxetic series, reflecting the changes in AE and cloud
expansion, respectively. Although the chlorido ligand is
considered a slightly weaker field ligand than the aqua ligand,
both ligands are considered weak-field; thus, a limited
difference caused by differences in AE could be expected.
The nephelauxetic effects, however, are distinct for aqua and
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Figure 3. Isotopologues and isotopomers of cis-[RhCl,(k>-EG)]™. Black boxes indicate that isotopologues should have the same chemical shifts.

chlorido ligands as a result of the particularly strong cloud
expansion for halogen atoms. Therefore, ligands such as water
and ethylene glycol, which are good o-donors, poor z-
acceptors, and have low polarizability, cause the strongest
deshielding.31 Following this logic, exchanging chlorido ligands
with ethylene glycol should cause deshielding. As expected, all
main peak patterns are observed at higher shift values
compared to the [RhCl,]*~ pattern described earlier, indicating
the exchange of chlorido ligands.

With the general trends in mind, the second major peak
pattern might be linked to [RhCLX]™ or [RhCLX]*" type
complexes. To establish an initial starting point for
deconvolution, all conformations (cis/trans) and their
corresponding isotopologues and isotopomers need to be
more thoroughly addressed. Figure 3 illustrates and groups all
combinations of isotopomers for each isotopologue of the cis-
[RhCL,(EG)]™ complex.

Although both the cis and trans conformations have the
same number of isotopologues, the underlying number of
isotopomers for each isotopologue is different and dependent
on the stereochemistry. As these different isotopomers have
slightly different vibrational properties, the peak position of
each isotopomer will slightly deviate from one another. Hence,
the corresponding abundances determined by the binomial
distribution should be further broken down to each probability
of each isotopomer. From Figure 3, it can be derived that the
cis conformation has an A'% | B350 | C!167:667:167 | p30:30 | g100
configuration, where the letters denote the isotopologue (A =
0X *’Cl until E = 4X *'Cl) and the superscripts represent the
relative abundance (in %) of each isotopomer within each
isotopologue. On the contrary, the trans-configuration is
described by A'® | B! | 333667 | D! | B! and thus
contains a distinctively different pattern (Figure S13).

Using this, a robust deconvolution without the need for
further fitting restrictions can be obtained (Figure 4a). A
comparison of the relative abundances of each isotopomer
indicates that the pattern is consistent with the cis-[RhCl,(x*-
EG)] conformation (Figure 4b).

Two main peak patterns, more deshielded than the cis-
[RhCl,(¥*-EG)]™ pattern, are observed at 111.08 and 107.24
ppm (0 mol-L™' LiCl), both resembling the theoretical
trichlorido model. The two plausible configurations, fac and
mer, also observed in aqueous solution,"” have an A'® | B! |
CI%0 | D100 and A0 | BE67333 | 0333667 | DI confiouration,
respectively, as illustrated in Figure S. Based on these
configurations, the peaks can be assigned, with the peak
pattern at 111.08 ppm corresponding to the mer conformation
(Figure 6a), while the peak pattern at 107.24 ppm corresponds
to the fac conformation (Figure 6b). Peak deconvolution
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Figure 4. (a) Deconvolution of the '®Rh NMR peak pattern at
—105.40 ppm and (b) comparison of the deconvolved peak areas with
the theoretical model of a cis-RhCL,X complex. Experimental
conditions: 0.154 mol-L™" LiCl, LB = 0.1 Hz.

confirms the complexes to be trichlorido complexes (Figure
6¢).

Due to the lower intensity of the trichlorido complexes
compared to [RhClg]*” and cis-[RhCl,(¥>-EG)]~, more line
broadening was required to enhance the S/N. This processing
step can partially or fully obscure the fine structure within the
peak patterns, making distinction between closely related
species more challenging. Comparison with complementary
information, such as their aqueous counterparts, can be
essential for accurate assignment. Notably, the peak pattern
of the mer-isomer exhibits substantially greater broadening
than that of the fac-isomer. Since both species are expected to
experience similar intrinsic broadening and thus similar
overlap, the additional broadening observed in the mer pattern
suggests the presence of additional splitting within the pattern,
further supporting its assignment.

https://doi.org/10.1021/acs.inorgchem.5c02591
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Figure §. Isotopologues and isotopomers of (a) fac- and (b) mer-
RhCL;X type complexes. Black boxes indicate isotopologues that

should have the same chemical shifts. The mer-isomer should have six
distinct peaks, whereas the fac-isomer should have four distinct peaks.

Although the elucidation method employed in this study is
well-suited for the determination of the precise conformation
around the rhodium core, the full configuration, containing the
coordinated solvent molecules, must be inferred subsequently.
Since direct experimental evidence for the conformation of the
ethylene glycol beyond the oxygen atom is not available, the
choice of the configuration may remain partially speculative, as
coordination through both monodentate and bidentate
bonding modes is feasible. Nevertheless, the existence of
numerous cobalt, nickel, and copper comg)lexes featuring
bidentately bonded ethylene glycol ligands,”*~"* alongside a
wide variety of examples for nickel, platinum, iridium, and
rhodium itself with the structurally similar ethylenediamine
ligand,”*~”* strongly supports the capability of ethylene glycol
to act as a bidentate ligand. Accordingly, in this study, ethylene
glycol is modeled as a bidentate ligand, as its ability to
coordinate in this manner is well established and is expected to
be energetically favorable compared with its monodentate
counterpart.

This favoring in bidentate bonding questions the existence
of fac- and mer-[RhCl;(¥*-EG)(k"-EG)] complexes. Never-
theless, the unambiguous assignment of both patterns points to
the presence of these trichlorido complexes. Hence, the
existence of several ethylene glycol-bridged dirhodium(III)
complexes (Figure 7) is hypothesized, similar to what has
previously been groposed for indium complexation in ethylene
glycol solution.”® Due to the lack of direct evidence for their
existence, both isomers will continue to be referred to as fac-
and mer-[RhCl;(k*-EG)(k"-EG)] rather than their hypothe-
sized ethylene glycol-bridged counterparts.

One last distinct peak pattern is observed in the spectrum of
the 0 mol-L™" LiCl solution between —104.45 and —105.69
ppm. This pattern is notably different from those previously
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Figure 6. Deconvolution of the '“Rh NMR peak pattern at (a)
111.08 and (b) 107.24 ppm. (c) Comparison of the deconvolved peak
areas with the theoretical model of a RhCl;X complex. Experimental
conditions: 0 mol-L™" LiCl, LB = 2 Hz. Fitting constraints: the peak
areas within an isotopologue were constrained to achieve reliable
fitting results for the mer-RhCLX pattern.

Figure 7. Hypothesized ethylene glycol-bridged dirhodium(III)

complexes.

described. It is more shielded compared with both trichlorido
complexes, suggesting the presence of a species with a greater
number of chlorido ligands. Interestingly, its position aligns
closely with the previously identified cis-[RhCl,(x*-EG)]~
complex. An initial indication can be obtained by a comparison
of the chemical shift as a function of the LiCl concentration
(Figure 8). Although the origin of this shifting behavior will be
addressed later in more detail, the linear trend, also observed
for the other determined patterns, provides a basis for
assigning peak patterns in spectra with suboptimal S/N ratios
if several spectra at different LiCl concentrations are available.
Based on this trend and higher shielding in comparison to the
[RhCl;(¥*-EG)(k"-EG)] complexes, the pattern would be

https://doi.org/10.1021/acs.inorgchem.5c02591
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Figure 8. Shifting behavior in the '*Rh NMR spectrum of the cis-
RhCl,(¥*-EG) complex as a function of the LiCl concentration.

expected to correspond to the cis-[RhCl,(EG)]~ complex. This
conclusion presents two challenges: 1) no rhodium complex
containing fewer than three chlorido ligands has been
identified, and no additional chloride source is introduced
into the solution with 0 mol-L ™! LiCl, making the formation of
a tetrachlorido complex as such impossible; and 2) the
observed peak pattern deviates strongly from the characteristic
shapes of any described and theoretically expected pattern.
The latter is most likely explained by the presence of two or
more overlapping peak patterns. The shift between the first
two peaks of 0.11 ppm, which is well below the observed and
expected shift for secondary isotope effects from chlorido
ligands, aligns with this hypothesis. Unfortunately, even with
the high resolution obtained for this sample, it is insufficient to
fully resolve these overlapping patterns without prior knowl-
edge, and significant restrictions during the deconvolution
process would be necessary.

Both the lack of chloride anions and the observed complex
pattern can be addressed if a chlorido-bridged dirhodium(III)
complex is considered. To the best of our knowledge, no
chlorido-bridged dirhodium complexes have been reported in
aqueous solutions. However, a [Cl;Rh(u-Cl);RhCL,]*~ species
is believed to form upon extraction from aqueous media using
quaternary ammonium salts."”

Based on the agreement of the peak position with the slope
of the cis-[RhCl,(x>-EG)]™ shift values, a [(x*-EG)CIRh(u-
C1);RhCI(x*EG)]" complex would be expected (Figure 9a).
As the secondary isotope effect for chlorido ligands only
significantly manifests when direct coordination occurs, the
patterns of each rhodium(III) center can be approximated by a
cis-[RhCL,(k*-EG)]™ pattern. Nevertheless, two isomers exist,
each of which will exhibit a slightly different resonance
frequency, which explains the overlapping patterns.

To fit the complex peak pattern, two theoretical cis-
[RhCl,(K¥*-EG)]™ patterns were used (Figure 9b). For this,
both the peak areas and the peak positions of the overlapping
patterns were restricted to a single parameter for the area and
position, allowing only an overall shift of the cis-[RhCl,(x*-
EG)]™ patterns while adhering to the theoretically calculated
relative ratios. This approximation, which neglects the effect of
chlorido bridging on the isotope pattern, closely resembles the
experimental data, supporting the initial hypothesis.

3.2. Speciation Study by EXAFS. Next to 'Rh NMR
spectroscopy, EXAFS spectroscopy is particularly useful for the
determination and characterization of coordination complexes,

Cumulative peak fit
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Figure 9. (a) Two possible isotopomers of the [(k>-EG)CIRh(u-
Cl);RhCI(x>-EG)]* complex and (b) approximated deconvolution of
the complex peak pattern in the '®Rh NMR spectrum at —104.45
ppm by fitting two theoretical cis-[RhCl,(x*-EG)]™ patterns (dashed
and nondashed). Conditions: 0 mol-L™" LiCl, LB = 0.1 Hz. Fitting
constraints: peak positions and relative peak areas for both patterns
were restricted.

which is ideal for verifying the results obtained from '“Rh
NMR spectra. Given the hypothesized formation of a
[C13Rh(/,t Cl;)RhCl,]*~ complex after extraction from aqueous
solution,'” and the presence of a dirhodium(III) complex in
ethylene glycol at 0 mol-L™" LiCl (vide supra), the ability to
form dirhodium(III) complexes at other LiCl concentrations
can be questioned. Secondary isotope shifting patterns are
incapable of differentiating between mono- and dirhodium(III)
complexes, as the effect is only noticeable for atoms in the
direct vicinity of the rhodium core. As a result, the ability to
identify dirhodium complexes relies solely on the small
shielding differences between their stereoisomers, as illustrated
for the proposed [(x*-EG)CIRh(u-Cl);RhCI(x*-EG)]* com-
plex (vide supra). Since the [RhCl]*~ and [ClRh(u-
Cl;)RhCL]*~ complexes lack stereoisomers, they cannot be
distinguished by '“Rh NMR.

To verify the conclusions deduced from '“Rh NMR and to
distinguish between [RhCls]*” and [Cl;Rh(u-Cl;)RhCl;]3~
complexation, EXAFS spectroscopy was employed. Given the
distortion of the perfect octahedral structure when bridging
occurs, such as in the case of the [Cl;Rh(u-Cl;)RhCl;]3~
complex, further validation can be obtained through the fitting
of the MS paths. The Rh EXAFS spectrum of the 3.345 mol-
L™" LiCl solution can be completely described by the
[RhCl]*~ FEFF model (Figure 10). With this, a single shell
of six chlorido ligands at a distance of 2.349(2) A was obtained
(Table 1), confirming the results based on its isotope splitting
pattern. The low R-factor of 0.0067 for this fitting indicates

https://doi.org/10.1021/acs.inorgchem.5c02591
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Figure 10. Magnitude of the Fourier-transformed EXAFS spectra of
the 3.345 mol-L™" LiCl solution and its fitted FEFF model of a
[RhCl4]*~ complex. Fitting constraints: R-range = 1.1—4.5.

Table 1. EXAFS Best Fit Parameters of the [RhCl¢]>~ Model
Using the SS and All MS Paths up to Four Legs“b
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Figure 11. Magnitude of the Fourier-transformed EXAFS spectra of
the 0.154 mol-L™" LiCl solution and its fitted FEFF model of a cis-
[RhCL,(x*-EG)]™ complex. Fitting constraints: R-range = 1.1-3.

Table 2. EXAFS Best Fit Parameters of Rhodium in 0.154
mol-L™! LiCl Solution®

Scattering path So N R (A) o
[Rh] > O > [Rh] 0.95 2 2.06(2) 0.003(1)
[Rh] > CI, > [Rh] 0.95 2 2.294(6) 0.0025(4)
[Rh] > Cl, > [Rh] 0.95 2 2.341(6) 0.0025(4)
[Rh] > C > [Rh] 0.95 2 2.95(7) 0.007(8)

Scattering path Sg N R (A) s

[Rh] > Cl > [Rh] 095(3) 6 2.349(2)  0.0035(2)
Collinear triple scattering 0.95(3) 6 4.698(4) 0.0070(4)
[Rh] > CI; > [Rh] > Cl, >

[Rh]
Collinear double scattering 095(33) 6 4.698(4)  0.0070(4)
[Rh] > CI, > Cl, > [Rh]
Rattle scattering 095(3) 6 4.698(4)  0.0141(8)
[Rh] > CI, > [Rh] > CI, >

[Rh]
Triangular scattering 095(3) 24  4.010(3)  0.0070(4)

[Rh] > CI; > Cl; > [Rh]
4Conditions: 3.346 mol-L™" LiCL ®R-factor = 0.0067.

excellent agreement between the model and the experimental
data, providing no evidence for the need for an additional
single scattering (SS) path ([Rh] > Rh > [Rh]). The triangular
and all collinear paths (double, triple, and rattle scattering
paths) were considered as well. With this, the MS paths closely
matched the y(R) data between 3 and 4.5 A, confirming the
undistorted octahedral geometry of the [RhCls]*~ complex.

The absence of major NMR signals besides the cis-
[RhCl,(¥*-EG)]™ pattern in the 0.154 mol-L™" LiCl solution
allows validation of this complex with EXAFS spectroscopy as
well. Due to the lower symmetry of the complex, an additional
single scattering shell is required to model the nonequal bond
distances of the chlorido ligands (Figure 11 and Table 2). As
with the previous EXAFS model, the excellent agreement
between the model and the experimental data (R-factor =
0.0059) indicates that all significant scattering contributions
are adequately described. Given the absence of significant
residuals, no indication of the presence of a [Rh] > Rh > [Rh]
SS path was found. Additional validation through fitting of the
MS paths is less reliable in this case, as the high number of MS
contributions, each strongly dependent on the precise
conformation of the complex, prevents a robust fit.

3.3. Rhodium-103 Shifting Behavior. Noticeable

changes of the chemical shifts for all determined complexes

“R-factor = 0.0059.

are observed with increasing LiCl content. As identified before,
a remarkable linear trend for the cis-[RhCL,(¥>-EG)]~ chemical
shift as a function of the LiCl concentration exists (vide supra,
Figure 8). Unfortunately, the limited LiCl range in which the
other species exist limits the number of determinable points for
the identification of similar trends (Figure S14). Regardless,
the exact nature of the trend is less of a concern, as it is the
substantial difference in both the magnitude and shifting
direction that illustrates a potential additional tool for the
identification of rhodium species, even with the limited S/N
ratios obtained (Table 3). The differences in shifting behavior
seem to be primarily influenced by the number of chlorido
ligands.

Table 3. Direction of the Chemical Shifts in the '>*Rh NMR
Spectra and Their Corresponding Slopes as a Function of
LiCl Concentration

Complex NMR shift” Slope (6 vs [LiCl])
[RhCl¢]*" Shielding —49.4
cis-[RhCL,(x*-EG)]™ Shielding —6.2
fac-[RhCly(x*-EG) (k-EG)] Deshielding 2.4
mer-[RhCly(k*-EG) (k"-EG)] Deshielding 2.5

“Shifting with increasing LiCl concentration.

To gain deeper insight into the underlying cause of the
chemical shifting behavior with an increasing LiCl concen-
tration, quantum mechanical (QM) approaches are crucial.
The main complexes ([RhCls]*~, cis-[RhCl,(x*-EG)]™, fac-
[RhCL(x¥*-EG)(x"-EG)], and mer-[RhCl,(x*EG)(x*-EG)])
were optimized, and the corresponding shieldings were
calculated.

The effect of increasing interaction between the solute and
solvent for all species shows linear trends between the total

https://doi.org/10.1021/acs.inorgchem.5c02591
Inorg. Chem. XXXX, XXX, XXX—XXX



Inorganic Chemistry

pubs.acs.org/IC

Table 4. Diamagnetic, Paramagnetic, and Total Isotropic Shieldings alongside the HOMO/LUMO Gaps of All the Main

Rhodium(III) Complexes

Complex f(e) Ciia
[RhCl¢]*" 0.9741 4588.792
0.9999 4588.880
cis-[RhCL,(x*EG)]™ 0.9741 4594.063
0.9999 4594.061
fac-[RhCL(K*-EG)(k'-EG)] 0.9741 4596.993
0.9999 4596.975
mer-[RhCly(k*-EG) (k"-EG)] 0.9741 4597.057
0.9999 4597.020

Opara Otot AE
—13767.358 —9178.565 4.741
—13708.313 —9119.434 4.748
—13118.007 —8523.943 4.822
—13116.714 —8522.658 4.831
—13376.781 —8779.787 4.823
—13387.894 —8790.920 4.835
—13367.750 —8764.165 4.814
—13368.475 —8771.455 4.823

isotropic shieldings and the scaling factor (Figure S15), all of
which align with the experimental trends identified previously.
The implementation of solvation effects through C-PCM
appears to cause an underestimation of the shielding effect for
the cis-[RhCl,(x>-EG)]~ complex while slightly overestimating
the deshielding effects for both trichlorido complexes. This
deviation is anticipated and will most likely result from an
overestimation of the interaction between the oxygen atoms of
the ethylene glycol ligand and the electrolyte solution. When
the scaling factor is arbitrarily increased to model the
interaction of anionic chlorido ligands with the electrolyte
solution, it inadvertently overestimates the interaction of the
neutral ethylene glycol ligand with its surroundings, as no
distinct charge double layer forms around ethylene glycol.

3.4. Cause of Chemical Shifts in Rhodium-103 NMR
Spectra. The significant differences in both magnitude and
direction of the chemical shifts in the '*Rh NMR spectra raise
questions about the origin of this behavior and suggest a more
nuanced combination of several phenomena underlying the
observed trends. To the best of our knowledge, this behavior
has not yet been described, and pinpointing the main factors
based on the general 'Rh NMR behavior is not feasible
without additional information. To obtain more insight into
the origin of these chemical shifts, we evaluated the shielding
factors and HOMO/LUMO gaps of each complex (Table 4).

Before we delve into the causes of the observed trends, it is
essential to first examine the structural changes of the
complexes as a response to the increased interaction with
their surroundings. In the absence of coordinating oxygen
atoms, all Rh—Cl bonds tend to slightly contract with an
increasing scaling factor (Figure 12a). This observation likely
arises from the screening effect of the solvent, which reduces
the Coulombic repulsion between the negatively charged
chlorido ligands and leads to a reduction in the effective
charge.

In the presence of a coordinating oxygen atom, a more
complex interplay is observed. Although the Coulombic
repulsion is still screened between the chlorido ions, it
simultaneously reduces the electrostatic attraction between
the rhodium(III) center and the chlorido ligands as well. The
exact change in geometry is thus dependent on the nature and
position of the ligands. When the orbitals of opposing bonds in
an octahedral ([RhClg]*”) or quasi-octahedral (cis-
[RhCI,(k*EG)]™, fac-[RhCl;(k*EG)(k"EG)], and mer-
[RhCL(k¥"EG)(x"EG)]) complexes strongly overlap, they
strongly influence each other.

This interplay between several effects is evident in the fac-
[RhCL(K*-EG)(k"-EG)] complex (Figure 12c), which high-
lights that the contraction of the Rh—O bond is energetically
more favorable than the contraction of the Rh—Cl bond. The

Figure 12. Geometric changes of (a) [RhCls]*", (b) cis-[RhCl,(x*-
EG)]7, (c) mer-[RhCly(¥*-EG)(x'-EG)], and (d) fac-[RhCly(x*
EG)(x"-EG)] induced by an increased scaling factor.

Rh—O bond lengths associated with a bidentately coordinating
ethylene glycol molecule and their corresponding opposing
Rh—Cl bonds are notably more affected than those related to
the monodentately bonded ones. This observation is most
likely related to the higher steric hindrance of the
monodentately bonded ethylene glycol ligand, which counter-
acts the contraction of the Rh—O bond slightly more.

The geometrical changes of the cis-[RhCL,(k*-EG)]~
complex (Figure 12b) can be explained in an analogous way
by the opposing (axial) chlorido bonds contracting, as
observed for the [RhCl]>~ complex, while the equatorial
bond changes are similar to the behavior explained for the fac-
[RhCL;(x*EG)(k'-EG)] complex. The axially positioned
chlorido bonds exhibit a significantly smaller contraction in
comparison with that in the [RhCl]*~ complex, indicating a
small but non-negligible effect of the contraction of the Rh—O
bonds in the equatorial position.

Finally, the mer-[RhCly(x*-EG)(x'-EG)] complex aligns
with the behavior of its fac counterpart in the case of the
opposing bonds with oxygen and chlorine (Figure 12d).

https://doi.org/10.1021/acs.inorgchem.5c02591
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However, the opposing oxygen bonds seem to compete and
strongly reduce their ability to contract, resulting even in a
slight elongation of the monodentately bonded ethylene glycol
ligand, in agreement with the slightly lower favorability of
contracting the monodentate bonds, as described earlier for
the fac-[RhCl;(x*-EG)(x'-EG)] complex.

It is worth noting that a study by Davis et al. related
rhodium chemical shift changes upon isotopic substitution to
subtle variations in metal—ligand bond lengths, identifying
these bond-length changes as the dominant factor.”” Although
these vibrational isotope effects are conceptually distinct from
the solvation-induced structural changes discussed here, they
underscore the high sensitivity of 'Rh NMR to minor
geometric variations and support the notion that solvation-
induced structural changes, such as those described above, are
key factors in the observed shielding behavior.

As previously discussed, the diamagnetic shielding (op,) for
rhodium is often considered to be constant.’"*> A comparison
of the calculated shieldings confirms the minimal effect of the
diamagnetic contribution to the total shielding of the rhodium
nucleus (Table 4).

With the minimal contribution of diamagnetic shielding to
the overall chemical shift established, the more influential
paramagnetic shielding is examined. For this, changes in
paramagnetic shielding as a result of changes in solvation can
be attributed to (1) cloud expansion and (2) transition energy
(AE) (vide supra, eq 3). The calculated AE values for all
complexes increase with an increase in the scaling factor. Based
on this trend, a shielding effect across all complexes with
increasing LiCl concentration, consistent with the observed
behavior of [RhClg]*~ and cis-[RhCl,(k*-EG)], is expected.
However, it should be noted that this interpretation does not
account for potential contributions arising from mixing with
lower-lying occupied or higher-lying unoccupied molecular
orbitals, which may significantly influence the shielding
behavior. On the contrary, the cloud expansion can be inferred
from the described geometrical changes upon increasing
solvation effects. In the case of [RhCl¢]*", the contraction of
Rh—Cl bonds enhances orbital overlap, increasing cloud
expansion and causing a reduction in paramagnetic deshield-
ing. The high sensitivity of the chemical shift of the [RhCl]*~
complex to its environment most likely results from a
combined effect of shielding caused by increased cloud
expansion and increased AE.

While the transition energy increases for all complexes, the
less sensitive shielding behavior of the cis-[RhCl,(k*-EG)]~
complex, as well as the deshielding observed for the mer- and
fac-[RhCL(k*-EG) (k'-EG)] complexes, can be attributed only
to a reduction in cloud expansion (i.e., a smaller nephelauxetic
effect). The Rh—Cl bonds are primarily responsible for the
cloud expansion of the valence orbitals, as explained by the
nephelauxetic series. Hence, their elongation (or reduced
contraction) with increasing LiCl concentration causes cloud
contraction (or reduced cloud expansion), counteracting the
shielding trend caused by the increase in AE.

3.5. Minor Rhodium(lll) Complexes. The fingerprint
method in '®Rh NMR spectroscopy becomes problematic or
less reliable for the elucidation of minor species in solution, as
these inherently suffer from low S/N ratios, even with
extended measurement times. Consequently, structure eluci-
dation based solely on this fingerprint method might be highly
susceptible to bias or rendered impossible for deconvolution.
Alternative approaches, such as comparison of the shifting

trends in response to the LiCl concentration and the chemical
shift values with those of 