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Abstract

Current methods for the extraction of thodium carry the highest carbon footprint and worst pollution
metrics of all of the elements used in modern technological applications. Improving upon existing
methods is made difficult by the limited understanding of the molecular-level chemistry occurring in
these processes, particularly in the hydrometallurgical separation step. While many of the precious
metals can be separated by solvent extraction, there currently exist no commercial extraction reagents
for Rh. This is due to its complicated mixed speciation upon leaching into hydrochloric acid, which
gives rise to difficulties in designing effective reagents for solvent extraction. Herein we show that
the diamidoamine reagent N-n-hexyl-bis(N-methyl-N-n-octyl-ethylamide)amine transports Rh(III)
from aqueous HCl into an organic phase as the mono-aquated dianion [RhCls(H>0)]*" through the
formation of an outer-sphere assembly; this assembly has been characterized by experimentation
(slope analysis, FT-IR and NMR spectroscopy, EXAFS, SANS, ESI-MS) and computational

modeling. The paper demonstrates the importance of applying a broad range of techniques to obtain
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a convincing mode of action view for the complex processes involved in anion recognition in the
solution phase. A consistent and comprehensive understanding of how the ligand operates to achieve
Rh(IIT) selectivity over the competitor anion Cl™ has emerged. This knowledge will guide the rational
design of the next generation of extractants and thus offers promise for improving the sustainability
of metal extraction from both traditional mining sources and the recycling of secondary source

materials.



Introduction

Metals are widespread in today’s society, with their fundamental properties increasingly exploited to
improve the performance and reliability of new technologies.! Forty years ago the number of elements
present in a typical electronic device was around twelve; now it is greater than sixty, meaning that
just about every element that is not radioactive, water-soluble or gaseous finds an application in

materials science.?

Rhodium is a platinum group metal (PGM) which, along with platinum and palladium, primarily finds
application in catalytic convertors in engine exhausts. Life cycle analysis for the production of PGMs
has revealed that they carry a very high environmental burden, with rhodium production shouldering
by far the highest global warming potential (due to fossil fuel energy consumption) and pollution
metrics (measured in terms of terrestrial acidification, freshwater eutrophication and human toxicity)
of all elements mined from virgin ores.> The high value of PGMs has created a market for their
recovery from end-of-life products, with current recycling rates of these elements estimated to be

above 50%.*

The production of metals such as rhodium involves ore mining or secondary resource recycling. Both
usually require extensive refining, using methods such as smelting to concentrate the metal source,
followed by hydrometallurgy to separate and obtain the metals in their elemental form.
Hydrometallurgy dissolves, or leaches, the metal concentrate using aqueous acid, then employs a

separation process such as solvent extraction® followed by reduction of the single metal streams.

For rhodium, the most effective leaching uses hydrochloric acid under oxidative conditions and,
depending on the rhodium and chloride concentrations, temperature and pH, a mixture of chlorido-
and aquochlorido-complexes, e.g. [RhCl,(H20)s.,]*", can form.%7-8 This variety of species makes Rh
separation using solvent extraction difficult as the tailoring of the organic-phase extractant becomes
impractical. The chloridometalates are kinetically inert, so in order to gain separation extractants are
designed to target the outer coordination sphere; the presence of multiple aquated chloridometalate
species is therefore a significant complicating factor in extractant design. At present, there are no
commercial extractants for the separation and recovery of rhodium. As such, in current processes,
e.g. the Vale Process, all other PGMs are recovered from the stream first,” with rhodium then isolated
by precipitation.’® Alternatively, the Rh chloride stream can be reduced by the addition of Sn(Il) to
generate more hydrophobic mixed-metal species, which are easier to recover by solvent extraction

but subsequently require Sn/Rh separation.® '°

The most effective way to generate charge-neutral assemblies of chloridometalates that are soluble in
the water-immiscible phase in a solvent extraction process is to form ion pairs with cationic forms of
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the extractant.’ This results in an equilibrium for the loading and stripping stages that is pH-dependent
(Equation 1). In practice, this equilibrium operates only when n > 3 because only metalate anions can
be extracted by the protonated reagent to give charge neutral, hydrocarbon-soluble species.
Introducing amido groups into the extracting reagents has been demonstrated to favour transport of
MCI*~ over Cl7, which is always present in large excess in streams resulting from oxidative chloride
leaching.!! In many cases this selectivity of transport appears to be a consequence of the added proton
being chelated by the amide oxygen atom, reducing its availability to interact with the charge dense
(hard) chloride ion. The proton chelation often templates the cation to provide an array of polarised
N-H%" and C-H®" units to interact with centres of negative charge on the charge diffuse (soft)

chloridometalate anions.'!?

[RhC1,(H20)6-1]"" + (1=3)Lorg) + (n=3)H" = [RhCla(H20)6-1]'(LH)n3(0re) Equation 1

Most studies to date that address the mode of action of extraction of chloridometalate anions have
involved symmetrical anions such as AuCls~, ZnCls*>~ and PtCl¢*~,'! in which the whole of the outer
coordination sphere is composed of identical hydrogen-bond acceptor groups. One of the features of
interest in the extraction of Rh(III) considered in this paper is that the mono-aquo complex
[RhCls(H,0)]*-, or other metalates e.g. [RhCls(H20)(OH)J?>~ or [RhCls(H20)2]", could function as a
ditopic guest in which the bound water molecule(s) provide a hydrogen-bond donor site and the
chloride ions function as acceptor sites. There is precedent for this in the formation of an amide-
Er(IIT) complex in which an amide oxygen atom interacts in the outer sphere with a coordinated water
molecule.'? Previous work has also shown that the mono-, di- and triamido-substituted tertiary amines
(L1-3, Figure 1) recover Rh from aqueous HCI by solvent extraction and that they are stronger
extractants for Rh than trioctylamine (toa), which is a model for the commercial Alamine® reagent.'?
The strength has been shown to vary in the order triamide (L3) > diamide (L.2) >> monoamide (L1).
The amidoamines L1-3 are rare examples of reagents capable of selectively recovering Rh from
aqueous HCI, and could conceivably be introduced into a solvent extraction flowsheet for the PGMs
to ensure efficient recovery of each PGM. However, revealing the intricacies of complex fluid
systems, such as those operating in the selective transport of Rh chloridometalates from an acidic
aqueous phase to a immiscible hydrophobic phase, requires a comprehensive joint experimental and
computational modelling investigation.'* This complete chemical and atomistic analysis of selective
metalate transport should provide fundamental understanding that can be exploited in the future

design of chemical extractants and their integration into complete metal recovery circuits.
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In this paper a broad range of analytical, spectroscopic, and computational modelling techniques are
brought together to investigate the mode of action of L.2 and to explain why it is a stronger extractant
than a simple amine (toa) and the monoamide (L1), and similar in strength to the triamide (L3).
Extractant behavior in both chloroform and 1-octanol are explored and found to give consistent results,
with both suppressing formation of a third phase or formation of precipitates. The phenyl-substituted
analogue (L4) of the diamide (L.2) has also been used to prepare crystalline complexes for X-ray

structure determination.

n-octyl . 0 n-octyl \N o) /N% ph\N o
! n-hex/ N Ne-n-octyl N \N_”'OCW' n-hex/ N N-ph n-octyl—Nl\n-OCtyI
n-hexyl_N\n-hexyl ' ' O__\/N_— \_QO ! n-octyl
° n-octyll O
) N - L4 TOA

L5 L6 L7
Figure 1. Structures of N,N-di-n-hexyl(N-methyl-N-n-octyl-ethylamide)amine (L1), N-n-hexyl-
bis(N-methyl-N-n-octyl-ethylamide)amine (L2), tris(N-methyl-N-n-octyl-ethylamide)amine (L3),
N-n-hexyl-bis(N-methyl-N-phenyl-ethylamide)amine (L.4) and toa, along with the truncated forms
(R-groups reduced to methyl groups) for computational work (LS, L6 and L7).

Experimental section
Reagents. A summary of the reagents employed, along with synthesis details for L2 and L4 can be

found in the Supporting Information.

Solvent extraction (AIST data). The extractant solution was prepared by dissolving L2 or toa in 1-
octanol and contacted with 2.0 M HCI solution as follows: 2.0 mL of the organic solution along with
2.0 mL of 2.0 M HCI solution were placed in a 10 mL stopped glass tube and shaken vertically for

30 min using a mechanical shaker (amplitude = 100 mm, frequency = 200 strokes/min), and then



centrifuged. After this pre-equilibration step, H" concentration in the organic phase was calculated
based on mass balance of the H" in the aqueous phase before and after shaking, which was determined
by NaOH titration using an automatic potentiometric titrator (Kyoto Electronics AT-610). H"
concentration in the organic phase was found to be near identical (< 0.02 M) for both L2 and toa, for
all concentrations of L2 and toa (0.05-0.5 M) using 2.0 M HCI for the initial aqueous phase, implying
that a 1:1 (L2 or toa)/HCI complex was dominantly formed, concordant with the results obtained
using chloroform as a diluent.” Rh(IIl) extraction was then carried out using 1.0 mL of the pre-
equilibrated organic solution and 1.0 mL of a 2.0 M HCI solution containing Rh(III). The operation
of Rh(IIl) extraction was the same as that for the pre-equilibration, except the shaking time was
increased to 60 min, which was long enough to reach the extraction equilibrium. The concentration
of Rh(IIl) was measured by ICP-AES (Horiba ULTIMA2), with values in the organic phase
determined based on mass balance of the Rh(IIl) in the aqueous phase before and after extraction.
The estimated uncertainty in the concentrations of the Rh(III) samples was <5%. All extraction
experiments were done at 23+1°C and performed in triplicate. The distribution ratio (D) was
calculated from Equation 2, where [Minit,ag, [M]eq,org, and [M]eq,aq denote the metal concentration in
the initial aqueous phase, the equilibrated organic phase after extraction and the equilibrated aqueous

phase after extraction, respectively.
D = [M]eq.org/[M]eq.aq = ([M]initaq = [M]eqaq)/[M]eq.aq Equation 2

Solvent extraction (University of Edinburgh data). The extractant solutions were prepared by
dissolving L2 in chloroform or deuterated-chloroform and stirring with equal volumes of 2.0 M
aqueous HCI in small vials for 30 min and then centrifuged. After this pre-equilibration step, Rh(III)
extraction was carried out using equal volumes of the pre-equilibrated chloroform solution and a 2.0
M aqueous HCI solution containing different concentrations of NazRhCls under the same conditions
as used for the pre-equilibration. NMR spectra were recorded on CDCI3 solutions after five contacts
with 2.0 M HCI solution containing Rh(III) solution to maximize the Rh(IIl) concentration in the
organic phase. The concentration of Rh(III) in the organic phase was measured directly by ICP-OES
(Perkin Elmer Optima 5300DC).

FT-IR spectroscopy: All FT-IR spectra were collected using a PerkinElmer Spectrum 100
instrument. Liquid samples based on the L2 ligand system were prepared in organic media (see
Supporting Information), as well as neat, and placed in a System Engineering diamond compression
cell for data collection. All the solution samples were measured within 3 days after the preparation.

Pellets of crystalline .4 and [RhCI3(LL4)] were also prepared for analysis by grinding with KBr.
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X-ray Diffraction: Crystals of L4 were prepared by dissolving (1 g) in 10 ml of methanol and
allowing the solution to stand for 1 day at room temperature. For L4-Rh, crystals were prepared as
follows: L4 (1.58 g, 0.0040 mol) was dissolved in 20 mL of methanol. To this solution was added a
solution of RhCl3-3H>O (0.53 g, 0.0020 mol) in 60 mL of methanol. The mixture was stirred at room
temperature for 16 h, and the solvent was removed in vacuo. The residue was suspended in
ethylacetate/hexane (2/3) and the solid material dissolved in chloroform. The solution was washed
with water and dried over anhydrous sodium sulfate. After the solvent had been removed in vacuo,
the resulting semi crystalline material was dissolved in chloroform/methanol (10/1) and the solution
was left to stand for 120 h at 5 °C to give orange crystals that were suitable for single crystal X-ray
diffraction studies. A suitable crystal of L4 was mounted on a glass fiber, and that for the L4-Rh
complex was sealed in a glass capillary. The measurements were carried out at 183 K on a Bruker
SMART AXS CCD 5.625 diffractometer equipped with graphite monochromated Mo-Ka radiation
(L=0.71073 A). The structures were solved by direct methods and refined on F? by full-matrix least-
squares techniques using SHELXL-2014."> All non-hydrogen atoms were refined anisotropically. All
the hydrogen atom positions were calculated. CrystalMaker for Windows version 2.2.0 was employed

for molecular graphics.!¢ Crystallographic data are provided in the Supporting Information.

Extended X-ray Absorption fine structure (EXAFS): Two independent sets of EXAFS
measurements were performed in this work. For set 1, a single aqueous sample of 0.1 M Rh(III) in 2
M HCI was measured, alongside organic (1-octanol) samples obtained from 0.5 M L2 contacted with
0.1 M Rh(IIT) in 2 HCI ([Rh]eq.org = 0.06 M) and 1.0 M toa contacted with 0.1 M Rh(III) in 2 M HCl
([Rh]eg.org = 0.06 M) 3-4 days after preparation. A further sample of Rh(III)L2, obtained as an oil
following a prolonged reaction between RhCl33H>O and L2 in methanol, was also analysed (see
Supporting Information). Crystalline samples of the Rh-L.4 complex were also prepared for EXAFS
analysis by grinding with boron nitrate and pelleted. For set 2, a series of ca. 0.01 M Rh(III) aqueous
samples were prepared from Na3RhCls under varying HCI conditions (2, 4 and 10 M HCIl). To this
list were added two organic (d-chloroform) samples containing 0.1 M L2, analyzed either 1 or 6

months after multiple contacts with a 2 M HCI phase containing 0.1 M Rh(III).

Data collection (Set 1): Rh K-edge EXAFS spectra were collected in transmission mode at BL11XU

equipped with a Si(111) crystal monochromator of the SPring-8 (8 GeV at ~99 mA). Monochromator

energy calibration was carried out using Rh metal foil (23220 eV). All the measurements were

performed at 25 “C. All solutions were transferred to 2-10 mm diameter polyethylene cells, which

were then tightly sealed. Both ion chambers (placed before and after the sample in the beam path)
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were filled with N». The beam size on the sample was about 1 x 1 mm?. 2-5 five-minute scans in
QEXAFS mode to kmax = 18 A™! were averaged for each sample. Details regarding the data processing

procedure can be found in the Supporting Information.

Data collection (Set 2): Rh K-edge X-ray absorption spectra were collected in fluorescence mode at
beamline B18, the Core-XAS beamline at the Diamond Light Source, using a Canberra 36-element
Germanium detector with XSPRESS2 readout electronics. Data were acquired using a double crystal
monochromator with Si(311) crystals, and Pt coated mirrors for beam collimation and focusing. The
beam size on the sample was adjusted to have a footprint of approximately 1 x 1 mm?. The incident
X-ray energy was calibrated against the first inflection point of the K-edge of Rh foil. All solutions
were contained in glass capillary tubes, 3 mm diameter for measurements in a gas exchange liquid
nitrogen cryostat at 90 K. 10 to 40 three-minute scans in QEXAFS mode to kmax = 15 A were
averaged for each of the solutions. Details regarding the data processing procedure can be found in

the Supporting Information.

NMR spectroscopy: 'H NMR spectra to confirm ligand synthesis were recorded at 300 K on a Bruker
AVAS500 spectrometer at 500.12 MHz. Spectra were referenced internally to residual protio solvent,
and chemical shifts are reported in & (ppm). 0.1 M L2 (in chloroform and pre—contacted with 2 HCI)
was contacted five times with 0.1 M Rh in 2 M HCI solution (equal volumes of each phase, stirring
of 30 mins for each contact followed by centrifuging for 10 mins). Samples of the 0.1 M L2 solution,
the chloride loaded L2 (from the pre-contact) and Rh loaded organic phases were analysed by 'H
NMR, *C NMR and "N NMR spectroscopy. The samples were approximately four months old at
the time of analysis. 'H, 'H-"H COSY, 1*C, 'H-'3C HMBC, and 'H-'’N HMBC spectra were recorded
at 298 K on a Bruker AVA800 at 799.72 MHz. 'H spectra were referenced internally to residual protio

solvent, and chemical shifts are reported in o (ppm).

Water content analysis. Karl Fischer titrations were employed to determine the water content of the
equilibrium organic phases (1-octanol) after HCI/Rh(III) extraction. Densities of the measurement
samples were checked using an Anton Paar DMA 35 densitometer and found to increase with
increasing Rh(II) concentration: 0.88 g/mL for [Rh]eq.org = 0 M to 0.92 g/mL for [Rh]eq.org = 0.25 M
for L2; 0.86 g/mL for [Rh]eq.org = 0 M to 0.89 g/mL for [Rh]eq.org = 0.26 M for toa. An azeotropic
distillation method was adopted utilizing a volumetric Karl Fischer titrator AQ-2200A equipped with
moisture vaporizing device EV-200L (Hiranuma Sangyo Co., Ltd.). Aqualite RS-A (Hiranuma
Sangyo Co., Ltd.) and dehydrated toluene were used as the Karl Fischer reagent and solvent for
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vaporization, respectively. The water concentration of each sample was measured a minimum of five
times. The organic solutions (L2/toa in 1-octanol) were found to be slightly hygroscopic even in the
absence of HCI1 (1.9 M and 1.8 M of water extracted for 0.50 M of L2 and 1.0 M of toa, respectively),
whereas both neat extractants extract hardly any water (<0.1 M) into the organic phase. Hence, water
contents of 1.9 M for L2 and 1.8 M for toa in 1-octanol were regarded as equilibrium background

values.

Small angle neutron scattering (SANS) measurements. SANS measurements were performed with
the time-of-flight extended g-range SANS (EQ-SANS) spectrometer of the Spallation Neutron
Source, Oak Ridge National Laboratory, USA.!” Sample-to-detector distances of 4.0 m and 1.3 m
were employed with a single band of neutrons with wavelengths, 4, 1.00-4.64 A and 1.00-5.28 A,
respectively, which provide a momentum transfer, g (= (4n/)sin(6/2), where 8 is the scattering angle),
ranging from 0.01 A to 3 A"l. The divergence of the incident beam was defined using a 25 mm
diameter source aperture and a 10 mm diameter sample aperture in both configurations. The scattered
neutrons were detected with a two-dimensional position-sensitive *He detector of 1.0 x 1.0 m,
composed of tube detectors providing 256 x 192 pixels. Data reduction followed standard procedures,
as implemented in the Mantid software package.'® The scattering data were corrected for wavelength-
dependent sample transmission, for detector counting efficiency, and for instrumental background on
a pixel-to-pixel basis. The reduced scattered intensity was then azimuthally averaged. Data output by
the reduction were in absolute units of reciprocal centimeters through a scale factor determined by
measuring a porous SiO> standard.!® After subtracting the scattering contribution of the empty quartz
cell from that of the sample, incoherent scattering from hydrogen, which was estimated as a constant
value from the incoherent scattering intensity of a 2 mm thick H>O reference sample in a quartz cell,
was subtracted from the net absolute intensity.?’ The corrected scattered intensity distribution is
designated as I(q) hereafter. Here, note that /() from 0.01 A'to 0.5 A™! are used for quantitative data
analysis due to a statistical error of the scattering intensity at ¢ > 0.5 A™l. Details of sample
preparations for SANS measurements are listed in the Supporting Information. Deuterated octanol,
DCI and DO were used in the preparation of all samples to ensure sufficient neutron scattering
contrast between solutes and diluent and to minimize the incoherent scattering background from
hydrogen. Aliquots of all sample solutions were loaded into quartz cells of 2 mm sample thickness.

All SANS data were acquired at 20°C.

ESI-Mass Spectrometry: Mass spectrometry measurements were undertaken to identify species

formed in the organic (chloroform) phase for L2 extractions from 0.1 M, 0.01 M and 0.001 M Rh(III)

solutions (with lower Rh concentration solutions prepared from 0.1 M NaxRhCls in 2 M HCI stock
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solution). 0.5 M L2 in chloroform was prepared and pre—contacted with 2 M HCI. The organic phases
were prepared by contacting the L2 solution with the three aqueous solutions (equal volume contacts
for 30 minutes, followed by 10 mins of centrifuging). These samples were analysed within 48 hours.
Analysis of the organic phase from the extraction from 0.1 M Rh in 2 M HCI solution was repeated
after seven months. In addition, a short contact organic phase was prepared by contacting 0.1 M
NaxRhCls in 2 M HCI solution with 0.1 M L2 in chloroform solution (30 second manual shake, no
centrifuging to minimise contact time, total contact time of about a minute). This sample was analysed
immediately. Mass spectrometry was carried out on a Thermo-Fisher LCQ Classic spectrometer (ESI).

Organic phase samples were prepared for analysis by dilution in acetonitrile.

Computational modelling: Geometry optimization and frequency calculations were carried out
using the Gaussian 09 program (versions EM64L-G09RevA.02 and EM64L-G09RevE.01).2! The
MO062? exchange/correlation functional was used throughout, coupled to the LANL2TZ basis set and
corresponding pseudo potential for Rh and the 6-311+G(d,p) basis set for all other elements.
Polarisation continuum models (SCRF(solvent = water or chloroform), as appropriate) were used to
model the solvation of the molecules and assemblies. Octyl and hexyl R-groups for L1-L3 were
replaced with methyl groups throughout to reduce computational expense and to aid structure
optimisation, as the presence of long chain side groups considerably increases the probability of many
similar energy local minima. Optimisation was carried out from a variety of starting structures, which
were built based on the conformations of the extractants and on the possible binding modes that could
occur to an anion (see Supporting Information). Different conformations of LH" were used and placed
in different orientations around chloride or [RhCls(H20)]*". Structures were considered optimized
when the forces and atomic displacements fell to within the program default convergence criteria or
the opt = tight convergence criteria, with the exceptions of the L7H" and [RhCls(H20)]-(L7(Me)H),
structures which failed to reach these criteria. For these two structures the structures corresponding
to the lowest energies that could be obtained were carried forward for frequency calculations.
Vibrational frequency calculations were carried out to verify that the optimum geometries found were
minima and to obtain Gibbs free energy corrections. All structures were found to be minima with the
exceptions of L7H" and [RhCls(H20)]-(L7H): (imaginary frequencies of 93.3594 cm™, and of
19.1911, 33.9988 and 49.7791 cm™ and 30.6553 and 50.1588 cm’, respectively; imaginary
eigenvectors suggested the source of the geometry optimisation problem stemmed from a competitive
attraction for the amine H" by the three amide groups). Counterpoise correction calculations were
carried out on the optimised geometries of the lowest energy structures for the LH-Cl and

[RhCl5(H20)]-(LH)2 assemblies and the energy correction was applied to energies used in the
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calculation of formation or exchange energies.”> See Supporting Information for details of the
fragments defined in the counterpoise calculations. Ligand protonation energies, assembly formation
energies and exchange energies were calculated using the difference in free energy values of the sum

of the products and the sum of the individual reactants.

Results and discussion

Extraction of Rh(IIT): The dependence of the distribution ratios (D) of Rh(III) between 1-octanol
and 2.0 M HCI on the concentrations of L2 or toa (Figure 2) demonstrate that lower concentrations
of L2 than toa are required to achieve comparable Rh-loadings. The slopes of the logD vs log[ L] plots
(1.9 for L2 and 2.1 for tea) indicate that 1:2 Rh(Ill):ligand complexes, consistent with
[RhCl5(H20)](LH)>, are the predominant species formed in the organic phase. The stoichiometry and
the relative extraction efficiency (L2 > toa) are the same as those observed in chloroform.® Extraction
involving a 1:2 stoichiometry of Rh:L.2 could in theory result from transport of other dianionic species,
but in the chloridoaquo-rhodium system the only reasonable possibility would be the ternary complex,
[RhCly(H,0)(OH)]*; this is only thought to exist at pH > 2.9,%* not in the 2.0 M HCl solutions used

here.
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Figure 2. The dependence of the distribution ratio of Rh(III) on the concentrations of L2 or toa (pre-
equilibrated with 2.0 M HCI) in 1-octanol after contacting with an aqueous solution of RhCl3-3H>O
(1073 M in 2.0 M HCI). Error bars represent 1c.

FT-IR spectra and X-ray diffraction: The carbonyl stretching frequency (vc-o) of the amide group

in the diamides L.2 and L4 was used to probe whether the oxygen atom entered the inner coordination
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sphere of the rhodium atom on the timescales used for the extraction experiments. The spectra in
Figure 3(a-e) indicate that when L2 is dissolved in 1-octanol and is contacted with water, HCI, and
subsequently used to extract rhodium, only minor shifts in frequency are observed compared to that
for neat L2 (1649 cm™"). Whilst the shifts are small, they do reveal significant information. A slightly
lower wave number shift from L2 neat (a) was observed in L2 in 1-octanol (b) and L2 equilibrated
with water (c), while the latter appear at similar wave number. This means that 1.2 molecules interact
with other L2 molecules or 1-octanol, but no direct interaction occurs between water and the amide
oxygen atoms in 1-octanol. The peak position and shape for L2 after contact with HCI (d) is almost
the same as for L2 after contact with Rh(III) in HCI (e), implying that the coordination environment
of the amide oxygen atoms does not change upon contact with Rh(III) and transport into the organic

phase. This is consistent with the DFT calculations discussed below.

Transmittance (arb. unit)

L4 system .

1750 1700 1650 1600 1550
Wavenumber/ cm™

Figure 3. Amide carbonyl stretching frequencies for L2 neat (a), a solution in 1-octanol (b) and
solutions in 1-octanol after contacting with water (c), aqueous HCI (d) and aqueous RhCI3/HCI (e)
compared with the Rh-L2 oily complex (no diluent) (f) and for L4 (g) and fac-[RhCI3(L4)] (h), as

solids.

In contrast, a markedly different spectrum was obtained for (f), where a sample of the Rh complex

was obtained as an oil following a prolonged reaction between RhCIl33H,0 and L2 in methanol. In
this spectrum the carbonyl stretching band is split and is similar to that (h) of the Rh complex bound

to the model ligand L4 (for which the uncoordinated spectrum is shown as (g)) obtained in a similar
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manner. An X-ray structure of the latter (Figure 4 and Supporting Information) shows this to be fac-
[RhCI3(LL4)] in which three inner coordination sphere sites are defined by the amine N-atom and two
carbonyl O-atoms. A comparison with other related [RhCI3(L)] complexes is presented in the

Supporting Information.

Whilst the FT-IR spectra of extracts indicate that, in common with the extraction of most other PGMs
as their chloridometalates, an outer sphere mechanism is involved initially, it is also possible that
displacement of coordinated chloride ions can take place over time in the loaded organic phase. This
needs to be recognized when using other techniques to probe the mechanisms of extraction and the

structures of species formed.

Cci

Figure 4. Part of the X-ray crystal structure of fac-[RhCI3(L4)]. Ellipsoids are represented at the
30% probability level. H-atoms and those of CHCIl3 solvate molecules are omitted for clarity.

EXAFS: EXAFS data support the proposition that an outer sphere complex is first formed in Rh-
extractions from 2 M aqueous HCI solutions. The spectra (b) and (c¢) in Figure 5 indicate that the
coordination spheres of the thodium atoms are very similar after extraction into 1-octanol by both L2

and toa. They are also almost identical to that of the predominant Rh species in 2M aqueous HCI

[spectra (a)].

Curve fitting to spectra (a), (b) and (¢) in Figure 5 produces best—fit metrics that correspond to a 5:1

ratio of Cl : N/O atoms in the Rh coordination sphere (see Table 1 for summary, full table presented
13



in the Supporting Information). Spectra (d) and (e) take a very different form, having more prominent
peaks arising from the lighter N/O atoms at shorter distances than those of the Rh-CI bonds. This is
indicative of inner-sphere binding in the [RhCI3(L4)] complex and in the [RhCI3(L2)] complex

formed over a long time period, which is in accordance with the FT-IR measurements.

Experimental data
Theoretical fit

(@)

~ (b)

(c)

(d)

2 4 6 8 10 12 14 16 18 0 1 2 3 4
kil AT R/ A

Figure 5. Rh K-edge k*-weighted EXAFS (transmission mode) spectra and their Fourier transforms
(phase shifts are not corrected) for (a) 0.1 M solution of RhCl; in aqueous HCI (2 M), (b) and (c) 1-
octanol solutions of L2HCI (0.5 M) and teaH-Cl (1.0 M), respectively, after contact with an aqueous
phase as in (a), (d) Rh-L2 oily complex (no diluent) and (e) solid [RhCI3(L4)].

The extraction data obtained thus far have assumed that the dominant speciation of Rh(IIl) in HCl is
[RhCls(H,0)]*". Validating this assertion is important because it can be assumed that the kinetic
inertness of Rh(IIl) is such that there is insufficient time for interconversion of chloridoaquo
complexes to take place in extractions carried out at room temperature with short contact times. To
this end Rh K-edge EXAFS data were also collected for a series of solutions derived from NazRhCle
in varying HCI concentration. Plots of the Fourier transformations of the EXAFS data obtained for

aqueous solutions with low Rh and varying HCI concentrations [samples (f)-(h), Table 1 and
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Supporting Information], are dominated by one large peak at just under 2 A; fitting shows this is
consistent with a Rh-Cl distance of approximately 2.3 A (phase corrected). At the lower HCI
concentrations (samples (f) and (g), Table 1), the number of Cl atoms bound to Rh suggests that the
solutions most likely contain a mixture of [RhCls]*~ and [RhCls(H20)]*-, with possibly much smaller
quantities of [RhCls(H20)2] and [RhCI3(H20)s]. Whilst it is not possible to determine the proportion
of each if there are more than two complexes present, the higher Cl number (6.1£0.6) for sample (h)
suggests it consists of exclusively [RhCl¢]*", as might be expected for a 10 M HCI solution. If, as
suggested by others,® 2 that aqueous HCI samples will contain a mixture of only [RhCle]*~ and
[RhCls(H,0)]*, sample (f) will likely contain 50% of each, while sample (g) has 80% [RhCls]*" and
20% [RhCls(H,0)]*>~. The presence of significant concentrations of [RhCle]*~ is in line with !*Rh
NMR and HPLC-ICP-MS measurements?>-26 but is contrary to studies using UV/Vis spectroscopy
and DFT calculations®” Some of these disparities may have resulted from different Rh sources (RhCls
versus NazRhClg), or differences in concentration and sample preparation. Thus, whilst these results
find agreement with the earlier studies that Rh(III) speciation in HCIl media is complex, under the
extraction operating conditions for L2 explored in this paper it is likely that 50% of the Rh(III) present
will be in the form of the dianion, and thus be extracted in a 1:2 ratio with L2, in agreement with the

slope analysis presented in Figure 2.

Table 1. Summary of curve fitting for Rh-EXAFS data, where atom denotes the identity of the N
atoms used in the fit and R the corresponding bond distance. The estimated standard deviations are

reported (in parentheses) at the 26 level for set 1 and 3c-level for set 2.

[Rh] / [HCI]
Sample Atom CN R/A
M /M

Set 1
(a). RhCls(aq) 0.1 2 0 1.o(1)" | 2.06(1)
Cl 5.0(1)7 | 2.328(4)

(b). 0.5 M L2H-Cl in octanol, after contact with -
. 0.06 O 0.6(3) 2.06(2)
solution (a).

Cl 53(6) | 2.342(9)

(c). 0.5 M toaH:Cl in octanol, after contact with -
) 0.06 0O 1.5(6) 2.12(3)
solution (a)

Cl 3.8(6) | 2.352(6)

(d). RhL2 (oil) 0 3.0(10) | 2.06(2)
Cl 3.0(10) | 2.34(2)
(). [RhCI3(L4)] (solid) - - N/O 3" 2.06(1)
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Cl 3¢ 2.320(6)

Set 2
(f). Na;RhClg(aq) 0.006 2 Cl 5.5(7) 2.336(7)
(g)- Na;RhClg(aq) 0.007 4 Cl 5.8(5) 2.344(4)
(h). Na;RhClg(aq) 0.007 10 Cl 6.1(6) 2.351(4)

(1). 0.1 M L2H-ClI in CDClI; after contact with 0.1 M -
. 0.041 Cl 5.4(5) 2.347(4)

Rh in 2 M HCI (sample aged by 1 month)

Rh 1.0(2) 3.11(1)

(4)- 0.1 M L2H-Cl in CDCl; after contact with 0.1 M |  0.05 - Cl 5.3(7) 2.348(6)
Rh in 2 M HCI (sample aged by 6 months)

Rh | 093) | 3.11(2)

" Set to equal 6.
# Fixed parameter.

An interesting feature was observed when EXAFS measurements were carried out on chloroform
solutions of L2 loaded from an aqueous solution containing a higher (0.1 M) concentration of
rhodium than present in the aqueous samples (f)-(h) listed in Table 1. In these cases [samples (i) and
(j)] the large peak associated with Rh-Cl is accompanied by a smaller peak which can be assigned to
a Rh...Rh distance of 3.11 A (phase corrected) (see Figure 6, for example). This distance is similar
to that in the dinuclear species, [Rh2Clo]*~.?” Extraction of this species has not been previously
observed using L2, most likely because the earlier studies used lower concentrations of Rh.!* That
said, the presence of assemblies containing [Rh2Clo]* in extractions using other reagents has been
reported, and can be attributed to different extraction conditions;?® also, the DFT calculations of

Samuels et al. predict that [RhoClo]*" can be present in aqueous feed solutions.”
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Figure 6. EXAFS (fluorescence mode) spectrum (phase shifts are not corrected) of sample (i), a
CDCl;3 solution of L2 after precontact with 2 M HCI and five contacts with an aqueous solution of
Na3zRhCls (0.1 M in 2.0 M HCI) (spectrum recorded ca. 1 month after phase separation).

TH-15N and 'H-'3C NMR spectroscopy. The 2D 'H-""’N HMBC spectrum of a CDCl; solution of L2
is shown in Figure 7(a), together with those obtained after contact with aqueous 2 M HCI (b) and five
contacts with 0.1 M Rh(III) in 2M HCI (c¢). As expected, protonation of the amine nitrogen atom is
accompanied by a major shift in the N signal (from 35.2 ppm in L2 to 51.7 ppm in L2H-Cl and to
52.2 ppm in [RhCl5(H20)](L.2H), see Table 2). The spectra of the protonated extractant and the Rh-
complex are very similar, suggesting both adopt a similar configuration and only weak ion-pairing
interactions occur with the counter anions CI- and [RhCls(H,0)]*~. A much larger shift in the N
signal for the amide group would be expected if the ligand entered into the inner coordination sphere

to form a complex similar to fac-[RhCls(L4)] (shown in Figure 4).

Spectrum (c) in Figure 7 also contains smaller resonances at ~128.9 and 130.7 ppm (labelled amide
b), which have weak correlations with H-atoms 8 and 9. As the Rh-loaded sample was left for four
months before the spectrum was recorded, it is possible that an inner sphere complex similar to fac-
[RhCl3(L4)] could have formed. If this were the case, we would expect to find a second amine '°N
resonance. We could find no evidence for a second resonance, indicating that inner sphere binding is

unlikely, unless the resonance falls out with the range 50 to -150 ppm investigated here. Another
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possible complication is that the high Rh(III) concentrations required for maximum loading into the
organic phase result in the formation of [Rh2Clo]*(L2H)3 assemblies. However, if these are also outer
sphere complexes, it is unlikely that 'H, '*C and '>’N NMR spectroscopy will be able to shed further

light on this process.

The 'H-'3C HMBC spectra (see Supporting Information) lead to the same conclusion as the 'H-'>N
spectra: the protonated form of L2 in its HCI salt, and in the assemblies it forms when rhodium is
extracted into CDCl3, adopt a very similar structure and form only weak outer sphere interactions
with chloridoaquo-Rh(III) complexes. This result is consistent with the data obtained by FT-IR
spectroscopy, and the evidence from slope analysis (Figure 2) and EXAFS, which both indicate the
prevalence of the [RhCls(H.0)]*~ anion.

18



g 110 F1 [ppm]

110 F1[ppm]

o 110 F1 [ppm]




Figure 7. 2D 'H-'>N HMBC spectra ('H 0-6 ppm and '°N 100-140 ppm) of a CDCl; solution of (a)
L2 (0.1 M), (b) L2 (0.1 M) after contacting with 2 M HCl and (c) L2 (0.1 M) after five contacts
with aqueous Na3RhCls (0.1 M) in 2 M HCI to maximise Rh loading. Atom labels as shown on
structure at bottom of figure.

Table 2. '°N shifts (ppm) for amine and amide N atoms in the spectra shown in (a)-(c) in Figure 7.
Full table (labelled and assigned cross-peaks) in the SI.

Spectrum Amine Amide Amide | Amide Amide
(a) L2 5N shift / ppm | 35.2 112.1 - - -
Cross-peak... 1 2,7,8,9,10 | - - -
(b) L2HC1 5N shift / ppm | 51.7 114.1 115.2 - -
Cross-peak... | 17,2 8,10 8,910 | - -
(¢) [RhCls(H20)](L2H), 5N shift / ppm | 52.2 114.5 115.4 128.9 130.7
Cross-peak... |2,7,8% 1,8,9,10 8,9% 9% 8"

*Weak or very weak cross-peaks.
#Cross-peak with region of H-peaks, but potentially not the same H-signal
"Not visible at peak intensity level displayed in spectra

Water transfer. The changes in the concentration of water in 1-octanol as Rh is taken up by L2H-Cl
or toaH Cl were determined by Karl Fisher titrations. The values recorded on the vertical axis in
Figure 8 have been corrected for the baseline concentration of water in 1-octanol after it has been in
contact with water alone and the concentration of water associated with [RhCls(H20)]*", which can
be assumed to be the dominant Rh-species transferred from the aqueous phase (see above). In the
absence of Rh(III), 0.50 M L2-HCl and 1.0 M toaH"Cl extract approximately 2.5 M and 1.5 M water.
For both systems, the water content decreases as Rh is loaded. This is consistent with Rh(III) uptake
involving the exchange of two chloride ions by [RhCls(H,0)]*>~ (Equation 3). As the “hard” (charge
dense) CI- ion will be more highly hydrated than the “softer” (charge diffuse) [RhCls(H,0)]*" ion,

the process will be associated with transfer of water molecules to the aqueous phase.

[RhCls(H20)]> + 2LH-Cliorg) = [RhCl5(H20)]-(LH)2(0rg) + 2C1° Equation 3
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Figure 8. The decrease in water concentration in 1-octanol with uptake of [RhCls(H,0)]* by 0.5 M
L2H-Cl or by 1.0 M toaHCl. The error bars represent 1c.

SANS. The SANS profiles used to investigate the microscopic structures formed in 1—octanol by L2
and toa are shown in Figure 9. Corrections for the scattering contributions from octanol-d17 have been
made to all the profiles and the plots for the Rh-loaded solutions have been corrected for the
contributions expected from the unloaded extractants present in the forms L2D-Cl and toaD-Cl (see

plots in Figure 9).

The best-fit curves for the SANS profiles for L2 were obtained using the hard-sphere model, with
optimized solute structures provided by DFT calculations'* (see Supporting Information), with the
radii varying slightly from 9.7 + 1.3 A for (L2D-Cl); to 10.9 + 1.5 A for [RhCls(H,0)]-(L2D).. The
values of aggregation number, Nagg, which were evaluated from the forward scattering intensity, /(g
=0 A") (see Equation 9 in the Supporting Information), for L2 and L2D-Cl in octanol-di~ lie in the
range from 2 to 3, indicating the formation of dimeric and trimeric aggregates. The formation of an
aggregate of L2 is consistent with the shift of the vc—o stretching frequency in the FT-IR spectrum to
a slightly lower frequency on dissolution in 1-octanol [see Figure 3, sample (b)]. L2DCI forms a well-
defined dimer (Mage = 2.1). The relative sizes and aggregation numbers recorded in Figure 9 are
compatible with the water content of the organic phases as determined by the Karl Fischer titrations
(see Figure 8). They support a Rh-loading mechanism in which three water molecules and two
chloride ions in the dimeric {[L2H-Cl]2.3(H,0)} are displaced by the [RhCls(H20)]*>" dianion. A very

different behavior is observed for toa, where much higher aggregation numbers are recorded for both
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toa and toaD'Cl and a major rearrangement of the structures in solution accompanies the uptake of

Rh giving a species with Nagz = 2.0 (Figure 9).

Sample L2 L2D-Cl [RhCl5(H20)](L2D)2
Nagg 2.7 2.1 1.1

Sample toa toaD-Cl [RhCl5(H20)] - (toaD),
Nagg 22.2 7.5 2.0

Figure 9. SANS profiles for 1-octanol-di7 solutions of (on the left): L2, L2D-Cl and
[RhCl5(H20)](L2D); and (on the right): toa, toaD-Cl and [RhCls(H,0O)]'(toaD)> . Solid black curves
are the best-fits obtained from a hard-sphere model with the optimized solute structures obtained by

DFT calculation. Aggregation numbers for the same samples are summarized in the inset table.

Electrospray ionisation mass spectrometry (ESI-MS): Positive ion spectra of loaded organic
phases obtained after extraction from aqueous solutions with different Rh concentrations are
displayed in Figure 10. The dominant peak can be assigned to [(L2H)3(RhCls)]", m/z 1685.16. If this
species arises from the extraction of [RhCls(H20)]*, the replacement of the aguo ligand might be
associated with the age of the sample (48 hours). However, when ESI-MS was conducted on the
organic phase within 5 minutes of very short contacts with the aqueous Rh-feed (<1 min, see
Supporting Information) the [(L2H)3(RhCls)]" ion is still the most intense peak, strongly suggesting
that changes to the inner coordination sphere must take place during ionization in the mass

spectrometer.
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After setting aside a sample (c) for seven months the dominant peak became m/z 1147.72 (see Figure
10), corresponding to [(L2H)(RhCI3(LL2))]*. This peak most probably arises from the presence of the
inner sphere complex [RhCI3(L2)] akin to the crystal structure of the model compound [RhCI3(L4)]
(see Figure 4). This has important practical consequences for the use of L2 in Rh-recovery by solvent
extraction: for the short contact times and immediate stripping preferred in commercial solvent

extraction circuits only [RhCls(H20)]*~ will be recovered.

When aqueous solutions with high Rh concentrations were used in loading experiments, a peak in the
positive ion ESI-MS was found at m/z 2398.46, which corresponds to [(L2H)4(Rh2Clo)]". A dinuclear
species with a Rh...Rh separation of 3.11 A was also found in the EXAFS studies (see above). Other
species identified in the spectra of extracts from aqueous solutions of high Rh concentrations, which

likely indicates the presence of dinuclear Rh complexes, are discussed in the Supporting Information.
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Figure 10. Positive ion ESI-MS of Rh(IIl)-loaded CHCl;3 solutions of 0.5 M L2. Samples (a)-(c) are
from extractions from 0.001 M, 0.01 M, and 0.1 M Rh in 2 M HCI solutions, analysed 48 hours

after extraction. Contrast with sample (d) which is (c) after ageing for 7 months. (e) provides the

simulated spectra. Monoisotopic mass labelling given.

Computational modelling: Density Functional Theory (DFT) calculations were undertaken to define

the most favourable structures of the assemblies [LLH-Cl] and [RhCls(H.O)](LH).. Because large
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numbers of energetically similar conformations exist for the n-hexyl and n-octyl groups on the
extractants L1-L3, the truncated homologues, L5-L7, having only methyl substituents, were used as
models to facilitate energy-minimisation. For toa, similar truncation to trimethylamine will not
provide a realistic model for defining which polarised C-H®" units can make contacts with the anions.

Consequently, for this system the untruncated extractant was used in the calculations.

The energy-minimised forms of these structures were then used to calculate the energies of the anion
exchange reaction (Equation 7). As the SANS results suggested that L2H-Cl exists as a dimer in
octanol, the anion-exchange reaction for the model compound L6 starting from a dimer form

(Equation 8) was also computed.

Liorg) + H30 aq) & LH (org) + H2O(aq,) Equation 4
LH " org) + Cl (aq) & LH-Cliorg) Equation 5
2LH" org) + [RhCl5(H20)]* a) = [RhCls(H20)]-(LH)2(0re) Equation 6
2LH-Cliorg) + [RhCl5(H20)]* (aq) = [RhC15(H20)]-(LH)2¢0rg) + 2C1 g Equation 7
(LH-Cl)2(0rg) + [RhC15(H20)]* gy = [RhCls(H20)]-(LH)2(0re) + 2C1 g Equation 8

Work focused initially on identifying the site of protonation in the lowest energy forms of the cations
L5H', L6H', L7H"and toaH". As expected, the conformation of toaH" differs markedly from the
protonated forms of the amidoamines. In toaH" the n-octyl groups bend away from the N-H" unit to
minimise repulsion from methylene C-H units (Figure 11). In contrast, for the protonated
amidoamines, the amide arms bend towards the N-H" unit to form proton chelate units of the type
that have been discussed above. The structure of the diamido ligand L6H" is shown as an example in
Figure 11; note the structure lacks symmetry as the two NH'...O=C distances are slightly different
(2.03 and 2.11 A).
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Figure 11. Optimised structures of (a) toaH" and (b) L6H".

Increasing the number of interactions between the N-H" group and amide oxygen atoms accounts for
the basicity increasing in the order monoamide, L5H < diamide, L6H < triamide, L7H, as revealed

by the calculated free energies for the reaction in Equation 4 (see Table 3).

Table 3. Free energy changes for the processes outlined in Equations 4-8.

Process Ligand AG/ kJ mol!
L5 -116.4
Equation4 | L6 -117.5
L7 -122.8
L5 -22.5
Equation. 5 | L6 -10.6
L7 297
L5 -18.2
Equation 6 | L6 -31.4
L7 -14.17%
L5 26.8
Equation. 7 | L6 -10.2
L7 -8.27
Equation 8 L3 -
L6 -6.8
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L7 *

* Energies were calculated using structures that failed to fully optimise — see Methods section for

more details. * Not calculated

The potential chelation of the N-H" unit in the ligands has a major influence on the mode of binding
to anions. The N-H" proton in the L5SH" ligand makes close contact with C1~ in the lowest energy
forms of the ion pairs LH"CI (see Figure 12) and chelation by an amide oxygen atom does not occur.
In contrast, chelation of the proton by more than one amide oxygen atom templates L6H" and L7H"
such that the proton is more centrally located in the superstructure and an array of polarised C-H%"
units is provided on the opposite side of the ligands from the amide oxygen atoms. As a consequence,
the lowest energy forms of the ion pairs L6H"Cl and L7H"Cl (Figure 12) has no direct N-H"...Cl
interaction and, instead, several weakly bonding C-H%'...CI~ interactions are formed. DFT
calculations confirm that the energy-minimized form of the dimer is more stable than the monomer

by 7.6 kJ mol ™.
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L5H-Cl L6H-Cl L7H-CI

7 (LeH-Cl),

Figure 12. The lowest energy structures of the ion pairs formed with C1~ (shown in green) by L5H",
L6H" and L7H" and the dimer [L6H-Cl],. Hydrogen bonds involving the carbonyl oxygen atom are
shown in blue and short contacts made by N-H and C-H hydrogen atoms to Cl™ in green and red,
respectively.

For [RhCls(H20)]*, it is possible that the aquo ligand may act as a hydrogen-bond donor to an amide
O atom in L. As such, different starting structures were used in the calculations (see Supporting
Information) with arrangements in which either the aquo ligand approaches the amide oxygen atoms
or the chloride ligands approach the C-H%" or N-H" groups (and assuming a proton chelate does or
does not form, respectively). The lowest energy structures found for the [RhCls(H20)]-(LH):
assemblies are shown in Figure 13. Only LSH" gives an assembly in which the most stable form
involves the formation of a hydrogen bond with the aquo ligand and in this assembly only one of the
two cationic LSH" ligands functions in this way. The carbonyl group that is hydrogen bonded to the
aquo ligand does not chelate to the N-H" group, presumably to ensure a higher partial negative charge

on the O atom that acts as the hydrogen-bond acceptor. The free amido NH group makes close
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contacts with the chloride ligands on the same face of the octahedral [RhCls(H20)]* ion. The other
LSH" ligand also has no C=0---HN" proton chelate and addresses the chloride ligands on the opposite
face of the Rh(III) octahedron through a combination of N-H" and C—H?®" groups. Structure (d) in
Figure 13 displays the favorable N—H"---Cl~ binding mode when the link to the aquo ligand is severed,

but the overall structure is significantly less energetically favorable (by 15.3 kJ mol™) than structure

(a).

Figure 13. Structures of lowest energy forms of the assemblies [RhCls(H,0)]-(LH): formed by L5SH",
L6H" and L7H" (a, b and ¢ respectively). Structures d, e and f are the next energetically favourable

forms with an alternative binding mode, with only LSH" making close contacts with the chloride
ligands (d) and with L6H" and L7H" forming an H-bond with the aquo ligand. Hydrogen bonds
involving carbonyl oxygen atom are shown in blue and those involving N-H and C-H hydrogen atoms
to chloride ions or the edges or faces of the octahedron in green and red, respectively. *Energy for
structure (f) used in energy difference calculation from structure which had not fully optimised (see

Experimental section for details).

The preferred binding modes of the protonated forms of the diamide L6 and the triamide L7 differ
markedly from those of LS5. The lowest energy structures of both [RhCls(H20)]-(L6H)> and
[RhCls5(H20)]-(L'7H), contain the proton-chelated form of the cations [see Figure 13, (b) and (c)] and
use only C-H®" groups to make bonding contacts to the anion. Neither contain hydrogen bonds

involving the aquo ligand. The lowest energy form of [RhCls(H>O)]-(LL6H). that has an O-H---O=C
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hydrogen bond [see (e) in Figure 13] is 16.9 kJ mol! less stable than structure (b). The L6H" unit
which forms this hydrogen bond also forms a bonding contact between its NH" group and a chloride
ligand. The other L6H" ligand is bound in a similar manner to that in the lowest energy form [(b) in
Figure 13]. Similar behaviour is observed with the triamide L7. Similar mechanisms involving C-H%*
groups to stabilise anions in aqueous environments have been reported by others using NMR

spectroscopy.’

It is of interest to consider whether the calculated gas-phase energies of formation of the assemblies
[RhCl5(H20)]-(LH)2 correlate with the observed relative strengths of the amidoamine extractants.
Models for assemblies formed by toaH" were excluded from this analysis because the experimental
data gleaned from the SANS measurements indicate that the mode of action for this extractant is very
different, and computing the large assemblies of toa and toaH" that exist in solution prior to formation
of complexes with [RhCls(H20)]* and CI~ would require a different approach from the DFT
modelling undertaken here; classical molecular dynamics modelling, such as carried out by
MacRuary et al. to investigate the assemblies formed in the extraction of PtCls> and chloride by tbp
(tributylphosphate) would be more appropriate.’® The data presented in Table 3 for the exchange
reaction in Equation 7 (or Equation 8, assuming a dimer structure for L.6) are consistent with the
selectivity for [RhCls(H20)]*>~ over Cl-, varying in the order triamide L7H" = diamide L6H" >>
monoamide LSH'. This is the same order as that observed for the strengths of the equivalent
hydrophobic extractants (triamide L3H" = diamide L2H" >> monoamide L1H") for Rh-loading into
chloroform.!?® As there is a large excess of chloride in the aqueous feeds, the strengths observed
experimentally will be very dependent on the selectivity for [RhCls(H20)]*~ over Cl-. The data in
Table 3 suggest that this selectivity arises because the binding energy to C1~ (Equation 5) is highest
for the monoamide L5SH" while, conversely, the binding energies to [RhCls(H.0)]*>~ (Equation 6) are
significantly higher for the di- and triamides L6H" and L7H". This increasing strength of binding to
[RhCls(H20)]*" arises due to ligand preorganization upon protonation, which provides a cavity of
polarised C-H®" groups over which the positive charge is diffusely spread, that together presents an
excellent binding site for three chloride ligands of the charge diffuse [RhCls(H20)]* anion. This
cavity in L6H"is shown in the upper part of Figure 14, and accounts for the striking increase in

selectivity and strength of the related extractants L2 and L3 over the monoamide L1.
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Figure 14. Two views of L6H" and its associated electrostatic potential plot. The cavity of polarised
C-H%" groups is shown in (a) and the proton chelated units in (b) (blue and red areas indicate
relative positive and negative charge, respectively).

Finally, the EXAFS and ESI-MS experiments suggest that the use of high concentrations of Rh and/or
a low extractant to Rh ratio with L2 leads to the formation of assemblies containing the dinuclear
species, [RhoClo]*~. Calculations show that L6H" can form the neutral assembly [RhoClo]-(L6H)s (see
Figure 15) in which the ligands provide a polarised C-H%" cavity similar to that in Figure 13(b) which

can also accommodate the chloridoaquo-metalate bridging chloride atoms.
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Figure 15. Structure of the lowest energy form of [Rh2Clo]-(L6H)s.

Conclusions

Solvent extraction offers promise to improve on current practices for the recovery of rhodium, but
the presence of mixed speciation states following acid chloride leaching complicates the chemical
separation stage. Herein we have shown that Rh(III) extraction data, characterized by slope analysis,
FT-IR, EXAFS, ESI-MS, NMR and SANS point towards the dianion [RhCls(H,O)J]>" being
transferred to the organic phase in a process which involves formation of an outer-sphere assembly
with the diamidoamine reagent N-n-hexyl-bis(N-methyl-N-n-octyl-ethylamide)amine (L2);
[RhCl5(H20)]-(LL2H),. We have shown that it is possible to prepare inner-sphere complexes such as
[RhCl3(L2)] but only by using forcing conditions in a single phase or by ageing solutions from solvent
extraction experiments. As the outer-sphere complex is kinetically labile, loading, and subsequent
stripping, of the metal from the organic phases should be obtainable with short contact times; indeed,
maximum Rh uptake was observed within 10 minute contact times, the shortest used in this work.
ESI-MS and EXAFS measurements have also shown that [RhoClo]*~ is extracted at high Rh(III)

concentrations.

The amidoamine reagents L.1-L3 used in this work are proton chelating ligands. DFT calculations on
model compounds show that the addition of a proton sets up an internal hydrogen bond which pre-
organizes the ligand to present a charge diffuse cavity of polarized C-H®" groups to interact with the

chloride ligands on the octahedral faces of the charge-diffuse [RhCls(H,0)]*" dianion. This binding

31



arrangement is more thermodynamically favorable than the N-H®" binding to the competitor anion
CI, which is present in vast excess in acid chloride media. In this way selectivity for Rh(III) over C1~

has been achieved.

The mechanism of extraction by the amido-extractants L.1-L.3 differs markedly from that by toa. The
higher level of aggregation of toa and toaH'Cl in 1-octanol, as detected by SANS, means that
substantial reorganisation is required to generate the [RhCls(H20)] (toaH), assembly formed on Rh-

extraction. This is the likely reason for toa being an inferior extractant for Rh(III).

For the most studied extractant, .2, we have found no experimental evidence for the carbonyl oxygen
atoms acting as hydrogen-bond acceptors from the aquo ligand in [RhCls(H20)]*". This is consistent
with the computed lowest energy structures of the [RhCls(H20)]'(LH), assemblies formed by the di-
and tri-amido models, L6 and L7, where carbonyl groups chelate the proton of the N-H" group,
restricting their accessibility to the aguo ligand. The situation is different for the mono-amide, LSH",
where the absence of the proton chelate facilitates formation of a classical N-H"---O=C hydrogen

bond.

The reduced propensity for LSH to favor a proton-chelated structure compared with the di- and #ri-
amides L6H" and L7H" also helps to explain why it more readily rearranges to make the N-H" group
accessible to Cl- in the LH-Cl ion pair. As a consequence, the selectivity for binding to
[RhCls(H20)]* over Cl~will be greatly reduced, thus helping to account for L.2 and L3 being stronger
Rh-extractants than the monoamide L1. For the amidoamine extractants L.1-L3 the correlation
between the observed order of strengths Rh-loading into chloroform extractants (triamide L3H" >
diamide L2H" >> monoamide L1H")'** and the calculated energies for formation via the gas phase
exchange reaction models L5-L7 (triamide L7H" = diamide L6H" >> monoamide L5H") is

remarkable.

Despite the complexity associated with the aqueous feeds containing a mixture of chloridoaquo-
Rh(III) complexes and the most predominant of these, [RhCls(H,0)]*", having both hydrogen-bond
acceptor and donor groups, extraction by L1-L3 follows the behavior of other amidoamine reagents
when loading symmetrical chloridometalates, MClx”". Extraction efficiency follows the Hofmeister
bias®! which predicts that dianionic metallates will be extracted preferentially over trianionic
analogues as a consequence of their lower hydration energies. This contributes to [RhCls(H20)]*
being extracted more readily than [RhClg]*". The greater uptake of Pt and Pd compared to Rh by L1-
L3'3 (highlighted in the Supporting Information) is consistent with the higher hydration energy of

[RhCls(H,0)]*~ compared to [PtClg]*>" and [PdCls]*" that is conferred by the aquo ligand.
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Graphical Abstract

Encapsulation of RhCls(H2O]* by aminoamide receptors permits very efficient rhodium recovery by

solvent extraction
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