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Abstract
Although some of the platinum(II/IV) and rhodium(III) chemistry is considered ‘old’ and wellknown, the application of modern multinuclear NMR spectroscopic methods to this chemistry in
solution reveals new details about their rich and relevant solution chemistry. In this paper we
will briefly illustrate that the highly-sensitive 195Pt NMR shielding is an excellent probe to
explore aspects such as solvation, ion-pairing, and the hydrolysis chemistry of inter alia
[PtCl6-n(H2O)n]n-2 (n=0-5). Moreover the novel use of 35Cl/37Cl and 18O isotopes effects as unique
NMR ’fingerprints’ leading to a new and unambiguous method of chemical speciation of the
numerous possible PtII/IV and RhIII complexes present in halide-rich aqueous solutions. In the
case of Rh(III) chemistry a new, direct speciation distribution diagram has been established for
[RhCln(H2O)6-n]3-n complexes (n = 3-6) in HCl solution at 292 K with these methods.
Introduction
The large-scale separation and refining of the platinum group metals (PGMs) is currently is
based largely on the favourable distribution properties between an aqueous and non-aqueous
phase of their anionic chloro-complexes such as [PtCl6]2-, [PdCl4]2-, [RhCl6]3- and [IrCl6]2/3-, while
Ru and Os are generally separated by means of oxidative distillation1,2. Currently these complex
chloro-anions are separated and refined remarkably efficiently by means of a combination of
classical methods (e.g. selective precipitation) and more modern solvent extraction, ion
exchange, and even methods of molecular recognition. More recently, there appears to be a
trend toward the development of simpler and more integrated separation and recovery
schemes for the PGM chloro-anions based on modern solid materials that are PGM-selective, as
exemplified by the potential chromatographic separation of the PGM anions developed by
Schmuckler3,4 and others5. Generally, modern separation and recovery methods of the PGMs on
a large scale (notably Pt(IV), Rh(III) and Ir(III/IV)), essentially depend on the selective distribution
of the stable, kinetically inert, chloro-anions of these elements between mostly acidic, chloriderich, aqueous phases and suitable non-aqueous (organic) receptor phases. The receptor phase
may be either liquid or solid, and it is generally thought that the distribution mechanism
involves ion-exchange or ion-association mechanisms.1-5,13
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The selectivity of the metal chloro-anion distribution between the two phases depends in turn
on several factors, notably the chemical speciation6 of the respective PGM complexes in the
acidic solutions. Moreover the thermodynamics of phase transfer and specifically the enthalpy
and entropy of complex-ion transfer between the two phases determines the success of the
separation, which in turn depends significantly on the nature of the primary (and possibly
secondary) hydration shells of the complex PGM anions7-13.
This contribution will provide a brief overview of some aspects of our research over the past
few years, in particular concerning chemical speciation of Pt(IV) and Rh(III) complexes in haliderich acidic aqueous solutions, as relevant to real process solutions in the PGM refining and
recovery industry. The efficiency and selectivity of the separation the PGM complexes from
process solutions, is critically dependent on the chemical species present in solution of each
precious metal at particular conditions. Thus for example, platinum is best separated if it is
present exclusively in the form of [PtCl6]2- using current refining methods. If, however, other
species such as [PtCl5(H2O)]- and even [PtCl4(H2O)2] complexes are present in solution, the
efficiency of separation is significantly compromised. In general, several methods of chemical
speciation have been developed, which consist of inter alia6,
(i)
(ii)
(iii)

The fractionation (separation) of kinetically inert complexes by some
chromatographic means
A ‘direct’ spectroscopic method of identification of individual species in solution
Or, as a last resort, the use of a combination of both fractionation and
spectroscopic detection/identification of separated species using some form of
‘hyphenated’ methodology.

Nuclear magnetic resonance (NMR) spectroscopy is an ideal direct spectroscopic tool with
which to explore the chemistry of Pt(II) and Pt(IV) complexes in view of the favourable
properties of the relatively abundant 195Pt isotope (approx. 33.8 per cent), which has a
relatively high NMR receptivity (19.1), and an extraordinarily large chemical shift range (δ195Pt >
12 000 ppm)11. The 195Pt NMR chemical shift parameter, δ195Pt/ppm, shows very high sensitivity
to inter alia the structure and oxidation state of the platinum complex, as well as the nature of
the ligands directly bound to the platinum atom/ion. For this reason, 195Pt NMR has been widely
applied as a spectroscopic tool in the study of the coordination chemistry of mainly squareplanar Pt(II) complexes, most probably in view of the significant biological and catalytic
properties that Pt(II) compounds display in many areas of research; this work has been widely
reviewed14-17. Surprisingly relatively few 195Pt NMR studies of octahedral Pt(IV) complexes,
which are relevant to the refining industry, are reported in the literature. Moreover, the 103Rh
nucleus (100 per cent natural abundance, albeit at very low NMR receptivity of ca. 0.186), is
also a useful spectroscopic tool to explore Rh(I/III) chemistry and speciation in relatively
concentrated hydrochloric acid solutions18.
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In the past decade we focussed on exploring the utility of high-resolution 195Pt NMR
spectroscopy for the direct speciation of platinum(IV) complexes in dilute hydrochloric acid
solutions. In principle, in acidic solutions containing Pt(IV) and some chloride ions, up to nine
platinum(IV) complexes can exist. We recently demonstrated the utility of 195Pt NMR
spectroscopy for the study of the speciation of [PtCl6-n(H2O)n]n-2 (n=0-5) in solution, as well as
illustrating the preferential extractibility of [PtCl6]2- over its coresponding aquated [PtCl5(H2O)]complex using diethylenetriamine-modified silica-based anion exchangers19. Moreover 195Pt
NMR allows for the direct speciation and full characterization of all 56 possible
[PtCl6-m-nBrm(OH)n]2- (m,n = 0-6) complex anions in alkaline solution, some 30 of which have not
been previously observed by any means 20.
195

Pt NMR spectroscopy as a means of speciation of platinum anions in choride-rich aqueous
solutions

In acidic aqueous solutions, the [PtCl6]2- complex may undergo partial aquation forming the
corresponding mono-aqua and di-aqua species as per Equations [1] and [2]; the quoted
literature values of logK6 vary significantly from 1.5 - 2.2; only one reported value of logK5 ∼ 3.70
is available in the literature:
2-

[PtCl6] + H 2O
-

[PtCl5(H2O)] + H2O

-

[PtCl5(H2O)] + Cl

[PtCl4(H2O)2] + Cl

-

-

2-

-

-

K6 = [PtCl6] / [PtCl5(H2O)] [Cl ]
-

[1]
-

K5 = [PtCl5(H2O)] / [PtCl4(H2O)2][Cl ]

[2]

Moreover at higher pH values aquated complexes such the [PtCl5(H2O)]- may undergo hydrolysis
to the hydroxido species; the pKa value for the hydrolysis of [PtCl5(H2O)]- is ∼ 3.5, so that in
reasonably acidic solutions hydrolysis can be assumed to be largely suppressed (Equation [3]):
-

[PtCl5(H2O)]

2-

+

[PtCl5(OH)] + H

2-

+

-

Ka = [PtCl5(OH)] [H ] / [PtCl5(H2O)]

[3]

The chemical speciation of Pt(IV) complexes in mildly acidic solutions is readily examinable by
means of 195Pt NMR spectroscopy19 as illustrated in Figure 1 for an ‘aged’ aqueous 0.48 M
solution of made by dissolution of ’H2PtCl6⋅2H2O’. The 195Pt NMR spectrum of such solutions
shows the presence of two species [PtCl6]2- at 8 ppm and [PtCl5(H2O)]- at 510 ppm, relative to
the external reference solution (500 mg cm-3 H2PtCl6·H2O in 30 % v/v D2O/1 M HCl). The relative
concentration (as measured by integrated 195Pt peak NMR area) of [PtCl5(H2O)]- was found to be
between 18-20 per cent of the total concentration of platinum in solution (Figure 2). Although
not discussed any further here, the relative rates of achieving chemical equilibrium in these
solutions are significantly increased in the presence bright visible light19.
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Very little quantitative species distribution data for ’H2PtCl6’ in water can be found in the
literature, so we examined the dependence of the relative amounts of [PtCl6-n(H2O)n]n-2 species
for different total platinum concentrations [Pt]t in equilibrated solutions. Figure 2 shows that
the degree of aquation increases with decreasing total [PtCl6]2- concentrations at 30°C,
presumably as a result of the mass action effect of water in Equations [1] and [2]. This is
confirmed by the emergence of the additional 195Pt NMR peak at 1006 ppm in the spectrum
assigned to [PtCl4(H2O)2], at a ∼ 65 mM [Pt]t solution as shown in Figure 2. In the most dilute
solution ([Pt]t ∼ 6mM) reasonably measurable by means of 195Pt NMR, the peak area due to
[PtCl4(H2O)2] contributes to almost 10 per cent of all the observable Pt species. Thus in more
dilute solutions at least a third uncharged species [PtCl4(H2O)2] is formed. The latter complex
would not be expected to be separable by existing refining methods due to its uncharged
nature, while the [PtCl5(H2O)]- species in not as favourably extracted as the [PtCl6]2- species by
ion exchange, so potentially resulting in less efficient overall platinum recovery. These findings
highlight the importance of speciation.

[PtCl6]

[PtCl5(H2O)]

-

2-

[PtCl6]2- (ref.)

Figure 1. A 128MHz 195Pt NMR spectrum at 30 oC of a 0.48M aqueous solution prepared from
solid “H2PtCl6.2H2O”. For convenience we use as refernce compoud a solution of [PtCl6]2- in HCl
in a coaxial 1 mm tube.16
Figure 1- A 128MHz 195Pt NMR spectrum at 30 oC of a 0.48M aqueous solution prepared from solid
“H2PtCl6.2H2O”. For convenience we use as refernce compoud a solution of [PtCl6]2- in 1.0 M HCl in a
coaxial 1mm tube19.

Although in the context of large-scale refining of the PGMs, the high HCl concentrations (2-6 M)
that are routinely used would be expected to suppress the formation of aquated Pt complexes
of type [PtCl6-n(H2O)n]2-n (n= 0-5), we have examined a limited number of authentic process
solutions, which show detectable quantities of species other that of the desired complex
[PtCl6]2- are observable by means of high-resolution 195Pt NMR. Unfortunately, confidentiality
agreements prevent the disclosure of spectra of authentic process solutions. For this reason we
carried out a systematic full speciation study of platinum(IV) complexes in acidic media.
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Our hypothesis is that minor species detected in solution may be present partly because in
solutions that contain relatively large concentrations of Pt(IV) together with other (PGM) halidecoordinating metals, a nominal HCl concentration of 6M does not necessarily result in an excess
of 6M chloride ions, since substantial proportions of Cl- ions will actually be bound to Pt(IV) and
other metal ions, so that the thermodynamic activity of the Cl- ion is lower than anticipated, and
the total HCl concentration is not an accurate reflection of the activity of the Cl- ion. This
phenomenon is well illustrated in the case of concentrated Rh(III) solutions in 6 M HCl, in which
the speciation observed by means of 103Rh NMR depends more directly on the effective
Rh(III):Cl- ion ratio, rather than nominal HCl concentration. As will be illustrated below, the use
of 103Rh NMR leads to the first directly determined speciation distribution diagram for
[RhCln(H2O)6-n]3- (n = 3-6) as a function of uncoordinated Cl- ion concentration, resulting in a
speciation distribution somewhat different in quantitative aspects to published data.
In this paper we present the basic principles of the NMR methodology developed by us using
synthetic Pt and Rh solutions, which are not entirely identical to a process feed or raffinate
solutions.
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Figure 2-Relative amounts of [PtCl6]2- in a 0.48 M aqueous solution prepared from solid “H2PtCl6.2H2O”
(at fixed Cl:Pt mole ratio of 6) as determined by 195Pt NMR (as peak ares %) of (♦), [PtCl5(H2O)]- ( ) and
[PtCl4(H2O)2] ( ) species in aqueous solutions as a function of differing total Pt(IV) concentrations19.

As part of our research on the oxidation of precious metal complexes in aqueous solutions with
industrially-utilized oxidants such as sodium chlorate (NaClO3) and bromate (NaBrO3), we have
find 195Pt NMR an excellent tool with which to study the oxidation of [PtCl4]2-.
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35/37

Cl and 16/18O isotope effects as unique 195Pt NMR spectroscopic fingerprints of the series
of [PtCl6-n(H2O)n]2-n (n = 0-5): a new method of speciation of Pt(IV) complexes in solution

The very high sensitivity of the 195Pt NMR shielding to subtle changes in the electronic structure
in each individual complex is beautifully illustrated by the 35/37Cl isotope induced fine-structure
of the 195Pt NMR peaks of Pt(IV) complexes with at least one halide ion bound, recorded using
high-magnetic field (14.1 T) NMR spectrometers and under carefully controlled conditions in
solution22. Significant isotope effects are evident on expansion of all individual 195Pt NMR peaks
shown in Figure 3. Thus for [PtCl6]2- species, one observes seven isotopologues ranging from
[Pt35Cl6]2- to [Pt37Cl6]2- depending on the statistical distribution of the 35/37Cl isotopes bound to
the platinum ion; this is reflected in a seven-line pattern in the 195Pt NMR peak, in which each
isotopologue has a slightly different d(195Pt) chemical shift.
As can be seen in Figure 4, the 195Pt NMR peaks for selected members of the nine possible
complexes of the [PtC6-n(H2O)n](n-2) (n=1-5) series are well resolved into a unique line-shape
resulting from the statistically possible isotopologues and isotopomers possible for a particular
platinum(IV) complex. These isotope effects resolved in the 195Pt resonance constitute a unique
and unambiguous ’spectroscopic fingerprint’ for a specific Pt complex containing at least one
bound chlorido ligand in this series. For example, for the [PtCl5(H2O)]1- complex six isotopologue
peaks are expected, but in view of the possibility of isotopomers (isotopic isomers) resulting
from whether a coordinated water molecule is bound trans to a 35Cl or a 37Cl ligand in the
octahedral platinum complex induces additional fine-structure in the 195Pt peak shape due to
the existence of such isotopomers in a 1:4 statistical ratio. Particularly interesting is the
difference observed in the peak shape of the 195Pt NMR resonances of the stereoisomer pairs
cis/trans-[PtCl4(H2O)2], fac/mer-[PtCl3(H2O)3]+, and cis/trans-[PtCl2(H2O)4]2+, which show nonidentical line shapes, so enabling the ready distinguishing of such isomers from their 195Pt NMR
peaks in solution without regard to accurate chemical shifts, something not previously possible
by any other spectroscopic means to our knowledge.
Using this reasoning, it is possible account for the unique fine-structure of all 195Pt resonances
of these complexes in this a series, illustrated in Figure 4. This remarkable spectroscopic fingerprint for each of the platinum species in solution constitutes a new method for their rapid and
unambiguous identification in solution. Moreover, this method can be extended to the
corresponding hydroxido-complexes in solution24, such as the series of [Pt35/37Cl6-n(OH)n]2- (n=05) anions, which is readily obtained in strongly alkaline solutions containing [PtCl6]2-.
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Although not shown here, the ‘spectroscopic fingerprints’ based on the 35/37Cl isotope effects
can be supplemented and confirmed by addition of partially 18O enriched water, H218O, which
results in additional unique 18O-induced isotope effects for each platinum species to which at
least one water molecule is bound, or in alkaline solutions one OH- ion bound to a platinum
ion23.
In summary, the interesting isotope ’fingerprint’ effects demonstrated above for a 195Pt NMR
peak of the complexes studied to date are a general feature in such NMR spectra, and thus
greatly assist in the direct spectroscopic speciation and of Pt(IV) complexes in acidic halide ionrich solutions, as well as in strongly alkaline solutions, which contain the corresponding stable
hydroxido-chlorido platinum(iV) complexes.
Speciation of [RhCln(H2O)6-n]3- (n = 3-6) complexes using
distribution diagram

103

Rh NMR: a direct speciation

Recently, we extended a NMR isotope-based spectroscopic method of speciation as described
for platinum complexes above, to the corresponding Rh(III) complexes in acidic chloride-rich
solutions for the first time. Although the 103Rh nucleus is 100 per cent naturally abundant, the
overall NMR receptivity of this nucleus is much lower than 195Pt, which poses some challenges in
the practical measurement of 103Rh NMR spectra directly18. Nevertheless we have recently
shown that direct 19.11 MHz 103Rh NMR in concentrated Rh(III) solutions (0.4-0.7M), allows for
the unambiguous identification of the series of [RhCln(H2O)6-n]3-n complexes (n = 3-6) in HCl
solution at 292 K, and under carefully optimized temperature and magnetic field
homogeneity25. The 103Rh NMR signals display very similar 35/37Cl isotopologue/isotopomer
resolved NMR peaks as observed for the 195Pt NMR spectra, provided 35/37Cl ions are bound the
rhodium(III) and the spectra. Thus this approach not only allows for the direct spectroscopic
speciation of Rh(III) complexes in concentrated HCl solutions (1-6 M HCl), but enables a direct
speciation distribution diagram for Rh(III) species as a function of ‘unbound’ Cl- ion
concentration to be constructed for the first time, which we believe may be currently the most
accurate available26. The published species distribution diagrams for Rh(III) have been generally
constructed using data from indirect (kinetic and spectrophotometric) measurements in dilute
Rh(III) solutions at high nominal HCl concentrations, for which the Rh(III):Cl- mole-ratio is rather
higher than those that may be expected in actual process solutions.
In summary, it is clear that 195Pt and 103Rh NMR is a powerful spectroscopic tool for studying the
deceptively simple chemistry of these precious metals in solutions as relevant to the refining
industry. The knowledge of such speciation as a function of chloride ion concentration can
potentially result in optimization of Pt, and certainly Rh, recovery by careful speciation control.
Despite this, NMR spectroscopy has some limitations, which include principally the relatively
high cost of high-field NMR spectrometers and the fact that these are not widely available in
the industrial setting.
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One other limitation of NMR spectroscopy is that the relative sensitivity is comparably low, so
that the lower limits of detection of species concentrations is limited the millimolar
concentration levels. Finally, to this end we have developed separation techniques
complementary to our NMR studies that are capable to carry out speciation in the submillimolar to micromolar concentration levels. One such study has revealed that our 195Pt NMR
spectroscopy studies have helped validate a reversed-phase ion-pairing HPLC (RP-IP-HPLC)
speciation study of mixtures of Pt(IV)-chlorido and bromide species at concentrations levels
100-fold or more lower than accessible by means of 195Pt NMR spectroscopy27,28. The
complementarity of these approaches is pleasing. We are actively pursuing such studies to
understand the solution chemistry as well as developing methods of speciation for several
members of the PGMs using a variety of new and complementary spectroscopic and separation
techniques.
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