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ABSTRACT: Topochemical reduction of the n =1 Ruddlesden-Popper phases LaSrCo, sRh, 0, and LaSrNi, ;Rh, 0, with Zr
yields LaSrCo, sRh, 05,5 and LaSrNi, sRh, ;05,5 respectively. Magnetization and XPS data reveal that while the rhodium
centers in LaSrCo, sRh, ;055 and LaSrNi, sRh, sO5.,5 have an average oxidation state of Rh** these are actually mixed valence
Rh(LIII) compounds, with the disproportionation of Rh>* driven by the favorability of locating d® Rh™* and d® Rh3* cations
within square-planar and square-based pyramidal coordination sites respectively.

Introduction

As a class of compounds, complex metal oxides exhibit a
wide range of useful chemical and physical properties
which can, in general, be rationally tuned and optimized
by modifying the chemical composition and/or crystal
structure of the system. Of the parameters that combine to
determine the chemical and physical behavior of complex
oxides, the oxidation states of the metals present are
among the most important.

A detailed study of the oxidation states adopted by met-
als in complex oxides reveals that a number of elements
exhibit ‘disfavored’ oxidation states - those that appear to
be thermodynamically accessible (sufficient lattice energy
to overcome the required ionization energy) but which are
rarely seen because they tend to disproportionate. For ex-
ample, the binary oxides Pb,O; and Bi,O, have average
metal oxidation states of Pb3* and Bi** respectively. How-
ever, these compounds are better described as Pb"PbVO,
and Bi"BiYO,, in which Pb3* and Bi#+* have disproportion-
ated to Pb""V and Bi""V combinations."

The disproportionation of Pb3* and Bi#* can be attributed
to the instability of the ns' electronic configuration with re-
spect to an ns°/ns* combination in heavy main group ele-
ments - a periodic trend often referred to as the ‘inert pair’
effect.3 However, similar disproportionations are observed
for the oxidation states of transition metals, which do not
appear to have ‘special’ electron counts. For example d4,
Mn3* cations are present in a large number of complex ox-
ides, but the isoelectronic Fe4+ cation is often observed to
disproportionate into mixtures of Fe!'' and FeV centers at
low-temperature in complex oxides,*% a behavior which is

attributed to strong hybridization between Fe 3d and O 2p
bands in these extended solids.

Transition metal cations are also observed to dispropor-
tionate driven by the favorability of different coordination
environment/d-electron count combinations. This behav-
ior is especially prevalent for the 4d and 5d metals due to
the enhanced ligand fields of the heavier elements. Thus,
for example, while CuO adopts a structure in which para-
magnetic do, Cu?* cations reside in apex-linked square-pla-
nar coordination,” diamagnetic AgO is better described as
Ag'Ag"O,,® with the disproportionation of Ag>* driven by
the favorability of locating d*° Ag' cations in linear coordi-
nation and d® Ag'" cations in square-planar coordination
sites.

Analogous coordination-site driven disproportionations
are observed for 4d and 5d transition-metal cations with d7
electron counts, such as Pd3* and Pt3*. In this case the fa-
vorability of square-planar coordinated d® cations, com-
bined with an octahedrally coordinated low-spin d° cati-
ons, destabilize the d7 electron count, as seen in KPd,O,
(K,Pd",Pd™VOs),° CdPt;06 (CdPt"Pt'V,06)* and a number of
other Pt and Pd oxides."3

Here we report the topochemical reduction of a pair of
rhodium-containing complex oxides, LaSrCo, sRh, 0, and
LaSrNi, sRh, 50, to LaSrCo,.sRh, 50555 and
LaSrNi, sRh, ;05,5 respectively. These reduced phases have
an average rhodium oxidation state of Rh?*, but are ob-
served to be mixed valence Rh!-Rh!' phases, analogous to
the isoelectronic Pd"-Pd" and Pt"-Pt"V oxides.



Experimental Section

Synthesis of LaSrM, sRh, 0, (M = Co, Ni). Samples of
LaSrCo, sRho 50, and LaSrNi,sRh,s0, were prepared by a
high-temperature ceramic method. Suitable stoichio-
metric ratios of La,O; (99.999%, dried at goo °C), SrCO,
(99.994%), Rh,O; (99.99%, dried at 850 °C) and Co,0,
(99.9985%) or NiO (99.998%) were ground together using
an agate mortar and pestle, transferred into an alumina
crucible, and then heated at a rate of 1 °C min to 1000 °C
in air. Samples were then reground and pressed into pel-
lets. Samples of LaSrCo, sRh, sO, were then heated for 3 pe-
riods of 48 h at 1200 °C under flowing oxygen, with grind-
ing between heating periods. Samples of LaSrNi,sRh,;0,
were heated for 3 periods of 48 h at 1300 °C under flowing
oxygen, with grinding between heating periods

Reduction of LaSrM, ;Rh, ;0, (M = Co, Ni) via Zr ‘get-
ter’ reduction. Samples of LaSrCo,sRh,sO, and
LaSrNi, sRh, O, were reduced using a zirconium getter.'4
Samples to be reduced were sealed in evacuated silica am-
poules along with a glass ‘thimble’ containing 2 mole
equivalents of powdered zirconium, such that the two
powders shared an atmosphere but were not in physical
contact. Small-scale test reactions were performed in
which ~200 mg LaSrM, ;Rh, O, samples were heated at a
rate of 2 °C min” to temperatures in the range 450 °C -
520°C and held there for 48 h to assess reactivity. This re-
vealed that the optimum temperature for topochemical re-
duction was T ~ 500 °C, with no observable reaction occur-
ring below T = 480 °C and non-topochemical decomposi-
tion reactions occurring above T = 520°C. Samples of
LaSrCo,sRh,0,-« and LaSrNi,sRh, 50, characterized by
neutron powder diffraction were prepared by heating ~2 g
of LaSrCo,sRh, ;O, or LaSrNi, sRh, sO, respectively with Zr
for 3 periods of 5 days at 510 °C or 500 °C respectively, with
samples being reground and the Zr replaced between heat-
ing periods.

Characterization. Sample purity and reaction progress
were monitored by X-ray powder diffraction data which
were collected using a PANalytical X'Pert diffractometer
incorporating an X'celerator position sensitive detector
(monochromatic Cu Kea radiation). Data were collected
from air sensitive samples under an inert atmosphere using
homemade gas-tight sample holders. High-resolution syn-
chrotron X-ray powder diffraction (SXRD) data were col-
lected using instrument I11 at the Diamond Light Source
Ltd. SXRD data were collected using Si-calibrated X-rays
with an approximate wavelength 0.825 A, from samples
sealed in 0.3 mm diameter borosilicate glass capillaries.
Neutron powder diffraction (NPD) data were collected us-
ing the POLARIS instrument (ISIS neutron source, U.K.)
from samples sealed under argon and contained within va-
nadium cans. Rietveld profile refinement was performed
using the GSAS suite of programs.’> DC magnetization data
were collected using a Quantum Design MPMS SQUID
magnetometer. Thermogravimetric measurements were
performed by heating powder samples at a rate of 5 °C
min-1 under flowing dilute hydrogen, using a Mettler-To-
ledo MX1 thermogravimetric microbalance, and then cool-
ing to 25 °C.

X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Kratos Axis SUPRA XPS fitted with a
monochromated Al K, X-ray source (1486.7 eV), a spherical
sector analyzer and 3 multichannel resistive plate, 128
channel delay line detectors. All data was recorded at 150W
and a spot size of 700 x 300 pm. Survey scans were recorded
at a pass energy of 160 eV, and high-resolution scans rec-
orded at a pass energy of 20 eV. Electronic charge neutral-
ization was achieved using a magnetic immersion lens. Fil-
ament current =0.27A, charge balance =3.3V, filament
bias = 3.8 V. All sample data was recorded at a pressure be-
low 108 Torr and a room temperature of 294 K. Data was
analyzed using CasaXPS v2.3.18PR1.0. C 1s sp3 peaks were
calibrated to 284.8 eV. Air-sensitive samples were trans-
ferred into the spectrometer without exposure to air.

Results

Structural characterization of LaSrM,;Rh,;0, (M =
Co, Ni). SXRD data collected from LaSrCo,sRh, O, could
be indexed on the basis of a body-centered tetragonal unit
cell (a = 3.879 A, ¢ = 12.518 A) consistent with the cation-
disordered, n = 1 Ruddlesden-Popper structure reported
previously.’® Refinement of a model based on this previ-
ously reported structure against the SXRD data achieved a
good fit, confirming sample purity and quality, as de-
scribed in detail in the Supporting Information.

NPD data collected from LaSrNi,;Rh,50, could also be
indexed using a body-centered tetragonal unit cell (a =
3.884 A, ¢ =12.566 A). Refinement of a model based on the
structure of LaSrCo,sRh,;O,, but with Co replaced by Ni,
was refined against the NPD data achieving a good fit (y? =
3.72) as described in detail the Supporting Information. A
detailed description of the physical properties of
LaSrCo,sRh, 0O, and LaSrNi,sRh,s0O, will be given else-
where.

Characterization  of  LaSrCo,;Rh,;0,x and
LaSrNiosRho0,.x. SXRD data collected from
LaSrCo,5Rho 504« and LaSrNiosRhosO,-x, prepared by Zr
getter reduction from LaSrCo,.5Rho 50, and
LaSrNi,sRho 50, respectively as described above, could be
indexed using body-centered orthorhombic unit cells
(LaSrCoosRho 5O, @ = 3.603A, b = 3.0911 A, ¢ = 12.936 A;
LaSrNi, sRh,50,<:a=3.580 A, b=3.927 A, c =12.810 A) con-
sistent with topochemically reduced phases. Thermograv-
imetric data collected during the reductive decomposition
of LaSrCo,sRhosO,« and LaSrNi,sRh,;0,.« to La,O;, SrO,
Rh and Co or Ni (confirmed by X-ray powder diffraction)
under a 10:90 H,:N, atmosphere, indicated mass losses of
3.37% and 3.30% respectively (Figures S3 and S4), con-
sistent with sample stoichiometries of LaSrCo, sRho 50560
and LaSrNi, sRhosO;.4a) respectively. Henceforth the two
reduced phases will be referred to as LaSrCo, sRh, ;05 .5 and
LaSrNiosRhos0;.2s.

In common with the SXRD data, NPD data collected
from LaSrCoosRh,;0;.5 could be indexed using a body-
centered orthorhombic unit cell, with extinction condi-
tions consistent with the Immm space group (#71).
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Figure 1. Observed calculated and difference plots from the
structural refinement of LaSrCo,sRh,50;.5 (top) and
LaSrNiosRho 505250 (bottom) against neutron powder
diffraction data collected at room temperature using the
detector bank centered at 92 °. Black tick marks indicate peak
positions for the majority phases, red tick makrs for an SrO
secondary phase.

Considering this, and the stoichiometry of the phase, a
model based on the reported structure of Sr.Fe, ;Ru..505.5
17 was constructed (with the Fe/Ru solid solution replaced
by Co/Rh) and refined against the NPD data. During the
refinement all atomic positional and displacement param-
eters were refined freely along with the occupancy of the
O(3) oxide ion residing at (¥, o, 0). Close inspection of the
displacement parameter of the O(2) anion site revealed
that it was more than twice the size of displacement pa-
rameters of the O(1) and O(3) sites. This suggested that the
O(2) site was disordered either side of the x = o mirror
plane, so the O(2) position was moved to a (x, ¥, o) posi-
tion with half occupancy. This led to an improvement in
the fit to the data (x = 1.98) and physically sensible dis-
placement parameters. In the final refinement cycles the
occupancy of the O(3) anion site refined to a value of
0.251(5) without constraint, consistent with the composi-
tion LaSrCo,5Rhos0;260) obtained from TGA data. There
was no evidence for partial occupancy on any of the other
anion sites. Full details of the refined structure of
LaSrCo,.5Rh, 5055 are given in Table 1, with selected bond
lengths in Table 2. A plot of observed and calculated data
is shown in Figure 1 and Figure S5 in the Supporting Infor-
mation.

Atom | x y |z Fraction | Ui (AZ)
La/Sr | o 0.3571(1) | o0.5/0.5 0.0087(1)
Co/Rh | o oo 0.5/0.5 0.0108(2)
O @) o o | 01676(1) | 1 0.0147(1)
O((2) | 004301 | 2| 0 0.5 0.0153(1)
0@B) |12 oo 0.251(5) 0.0148(2)

LaSrCo,.5Rh, 505 .5 - space group Immm (#71)
Formula mass: 359.45 g mol?, Z = 2

a = 360331 A, b = 3.9u8(1) A, ¢ = 12.0363(3) A,
Volume = 182.34(1) A3

Radiation source: Time-of-flight Neutron Powder Diffrac-
tion, 0.5 < d—space//o\ < 8.

Temperature: 298 K, ambient pressure.

x> =1.98; WRp = 2.27%; Rp = 3.26%.

Table 1. Structural parameters from the refinement of
LaSrCo,sRho50;.5 against NPD data collected at room
temperature.

Cation | Anion M=Co | M=Ni

La/Sr | O@1) x1 2.451(2) | 2.439(2)
0@) x4 2.678(1) | 2.678(1)
0@) x (2x %) | 2.476(3) | 2.444(3)
0(2) x (2 x %) | 2.692(3) | 2.664(3)
O@B) x (2x %) | 2.601(1) | 2.676(1)

M/Rh | O@1) x 2 2.168(1) | 2.148(1)
0(2) x (4 x %) | 1.962(1) | 1.970(1)
0@B) x (2 x ¥4) | 1.802(1) | 1.790(1)

Table 2. Selected bond lengths (A) from the refined struc-
tures of LaSrM, sRh,s0; .5 phases.

NPD data collected from LaSrNi, sRh,;0;.5 could also be
indexed using a body-centered orthorhombic unit cell,
with extinction conditions consistent with the Immm
space group (#71). Therefore, a structural model analogous
to that used for LaSrCo,sRh,50;5.5 was refined against
these data, following the same refinement strategy em-
ployed for LaSrCo, sRh, ;O;.s. Close inspection of the NPD
data revealed a series of weak diffraction peaks consistent
with a small amount of SrO (1.2 wt %) in the sample, so this
was added as a second phase to the model. The refinement
proceeded smoothly to achieve a good fit (x = 4.56). In the
final refinement cycles the occupancy of the O(3) anion
site refined to a value of 0.246(s5) without constraint, con-
sistent with the composition LaSrNi, sRho 5054 obtained
from TGA data. Full details of the refined structure of
LaSrNi, sRh, ;055 are given in Table 3, with selected bond
lengths in Table 2. A plot of observed and calculated data
is shown in Figure 1 and Figure S6 in the Supporting Infor-
mation.



Atom | x y |z Fraction | Uj, (A2)
La/Sr | o 0.3581(1) | 0.5/0.5 0.0056(1)
Ni/Rh | o o |o 0.5/0.5 0.0091(2)
O (1) o o | 01677(1) |1 0.0121(1)
O(2) |o00440) | % |o 0.5 0.0110(1)
0@(3) 1/2 o |o 0.246(5) | 0.0126(2)

LaSrNi, sRho 50555 - space group Immm (#71)
Formula mass: 359.33 g mol?, Z = 2

a = 35808(2) A, b = 3.9277(2) A, ¢ = 12.8107(7) A,
Volume = 180.18(2) A3

Phase fraction: 98.8(1) weight percent

SrO - space group Fm-3m

Formula mass: 103.62 gmol™, Z = 4
a=51584(5) A

Phase fraction: 1.2(1) weight percent

Radiation source: Time-of-flight Neutron Powder Diffrac-
tion, 0.5 < d-space/A < 8.

Temperature: 298 K, ambient pressure.

X2 = 4.56; wRp = 3.75%; Rp = 4.80%.

Table 3. Structural parameters from the refinement of
LaSrNi, sRh, 505 .5 against NPD data collected at room tem-
perature.

XPS data collected from LaSrCoosRhos05.; and
LaSrNi, sRh, 505 .5 are shown in Figure 2. It is clear that the
Rh 3ds/, and Rh 3d,/, emission peaks for both reduced com-
pounds are split, corresponding to the presence of two rho-
dium oxidation states. The Rh 3d spectra were fitted with
one doublet representing each Rh oxidation state. For each
doublet, 70% Gaussian 30% Lorentzian components were
used and Rh 3ds/, and 3d;/, were constrained in area in a 3:2
ratio. The doublet separation was fixed at 4.71 eV. The two
components of each doublet were initially constrained to
have equal FWHM, and after a reasonable fitting was
achieved, the 3d;, FWHM was allowed to increase slightly
to account for the Coster-Kronig broadening expected in
this core line.

For LaSrCo,sRh, ;05,5 we find Rh 3d;/, components with
binding energies of 307.0 eV and 3083 eV, for
LaSrNi, sRh, ;05,5 we find Rh 3d5/, components at binding
energies of 307.0 eV and 308.4 eV. In both cases, the lower
binding energy component has a lower FWHM. This has
been seen previously with Rh compounds.®® In each case,
the higher energy component matches well with Rh,O;,
and so we assign this peak as Rh!"."® The peak close to 307
eV is in the region reported for Rh metal, although our
model does not require asymmetric components that are
present in elemental Rh. Rh! molecular compounds have
been reported with Rh 3dy/, binding energy of 307.3 eV,
but we are not aware of XPS studies of any rhodium oxides
containing Rh'. It is certainly possible that the Rh' oxide
peak will be at similar binding energy to the Rh metal peak,
as is seen in other late transition metals such as Ag and Cu.

LaSrCo,Rh, 0, 55
BE (eV} FWHM (eV) Area (%)
Rh{l) 3d,, 307.03  1.42 30 o ag
512
Rh(Ill) 3d,, 308.34  1.89 30
Rh({lll) 3d,, 313.04 2.02 20
Rh 3d,,

CPS

LaSrN iU_5Rh0_503_25

BE (eV) FWHM (eV) Area (%) p
Rh() 3d,, 30695  1.57 30 ~Hleiz
Rh(Ill) 3d,, 308.38  2.00 30 ‘
Rh(IIl) 3d,, 31310 213 20
Rh 3d,,

CPS

320III3‘i6lII3'12‘I'368I
Binding Energy (eV)

Figure 2. XPS collected from LaSrCo,s;Rho505.5 and

LaSrCoo5Rho 50525 Peaks from the Rh 3ds, and Rh 3d;.

emmisions are fit by 2 components each, corresponding to Rh!
and Rh''"

For both samples, the area of the Rh! and Rh!"! doublets
were constrained to be equal. These constraints led to a
good fit to the data, and similar values of binding energy
and FWHM across the two samples, showing that the pres-
ence of an equal amount of Rh! and Rh!"' is consistent with
the XPS measurements.

Magnetization data collected from LaSrCo,;Rh,;0;25
and LaSrNi, sRh, 5055 at room temperature indicate that
samples contain small amounts (< 0.1 wt %) of ferromag-
netic Co and Ni respectively. Therefore magnetization data
were collected using a ‘ferromagnetic subtraction’ tech-
nique described in the Supporting Information, which uti-
lizes the fact that the magnetization of Co and Ni saturate
in applied fields greater than 2T.
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Figure 3. Paramagnetic susceptibility (top) and saturated
ferromagnetic moment (bottom) of LaSrCo, sRh, 505 .5 plotted
as a function of temperature. Inset shows fit to the Curie-
Weiss law in the range 75 < T/ K < 300.

Figure 3 shows that the paramagnetic susceptibility of
LaSrCoo.sRho50;.5 follows the Curie-Weiss law (x = C/(T-
0) + K) in the range 75 < T/K < 300 to yield values of C =
0.380(3) cm3K mol?, 6 = -20.0(2) Kand K =1.28(3) x 103 cm3
mol™. Below 75 K the saturated ferromagnetic moment of
LaSrCo, sRh, 505 .5 increases sharply and the susceptibility
exhibits a maximum at T = 10 K. These features of the data
are consistent with a change to a magnetically ordered
state below T ~ 75 K.

Magnetization data collected from LaSrNi,sRhosO; .5
shown in Figure 4 are qualitatively similar to the data from
LaSrCo,.5Rh, 50;.,5. Fitting the Curie-Weiss law in the range
25 < T/K < 300 yields C = 0.0761(8) cm3 K mol?, 6 = -8.01(5)
K and K = 2.46(3) x 104 cm3 mol™. Below 25 K there is also
a sharp increase in the saturated ferromagnetic moment of
LaSrNi, sRhosO;.5. Again, these features of the data are
consistent with a change to a magnetically ordered state
below T ~ 25 K.
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Figure 4. Paramagnetic susceptibility (top) and saturated
ferromagnetic moment (bottom) of LaSrNi, sRho505..5 plotted
as a function of temperature. Inset shows fit to the Curie-
Weiss law in the range 25 < T/ K < 300.

The addition of a weak ferromagnetic component to the
magnetization of LaSrCo, sRh, 505.sand LaSrNi, sRh, 5055,
at 75 K and 25 K respectively, suggests these materials
adopt either a canted antiferromagnetic state or a spin-
glass state at low temperature. NPD data collected from
LaSrCo,.5Rho5s0;25and LaSrNi, sRho 50525 at 5 K show no ev-
idence for long range magnetic order, this excludes the
possibility of a canted antiferromagnetic state. We there-
fore believe that it is likely that the changes in magnetic
behavior observed at 75 K and 25 K for LaSrCo, sRh, 50525
and LaSrNi, sRh, sO;.5 respectively are transitions to spin-
glass states. However, the presence of the ferromagnetic
Co/Ni impurities prevents this being established defini-
tively via magnetization measurements.

Discussion

Topochemical reduction of LaSrM, sRh, O, (M = Co, Ni)
with a Zr oxygen getter yields LaSrM, ;Rh, ;05,5 phases as
shown schematically in Figure 5a. The principal difference



between LaSrM, sRh, O, and LaSrM,sRh,;O;.; is the par-
tial occupancy of the O(3) anion site marked in pink in Fig-
ure 5a, which converts the (M/Rh)Os octahedra present in
LaSrM, sRh, 50, into a 1:1 disordered array of 5-coordinate,
square-based pyramidal (M/Rh)Os and 4-coordinate,
square-planar (M/Rh)O, coordination

LaSrM, ;Rh, ;0, LaSrM, ;Rh, :05 s
b) o) o(1)
om% 03) 0<2)$
c)
dx2-y2 dx2_y2
dzz

—— dyy
dyy dxz/
dxz/yz _H_ﬁ%=ﬂ= =':#H=—H— éZZ;( ‘

Rh** Rh'
Square pyramid Square-planar

Figure 5. a) A schematic of the conversion of LaSrM, sRh, 50,
to LaSrM, sRho 5sO5.25. Gray, blue, red and pink spheres repre-
sent La/Sr, M/Rh, O and partially occupied O positions re-
spectively. b) square-based pyramidal and square-planar tran-
sition metal coordination sites in LaSrM,sRhos05.5. ¢) local
electronic configurations of d® Rh3+ and d® Rh** in square py-
ramidal and square-planar coordination respectively.

polyhedra in LaSrM,sRh,;0;.s, as shown in Figure s5b,
which are equally occupied by M and Rh cations.

The LaSrM,;Rh,;0;.5 stoichiometry of the reduced
phases means that the average oxidation state of the M and
Rh cations is +1.5, suggesting (Co/Ni)*, Rh?* or (Co/Ni)*,
Rh** combinations. However, spin-only calculations of the
expected magnetic moments of these oxidation state com-
binations yield predicted moments which are much larger
than the values determined from magnetization data, as
described in detail in the Supporting Information. Resistiv-
ity measurements performed on cold-pressed powder sam-
ples indicate that both LaSrCo,s;Rh,s0;,5 and

LaSrNi, sRho sO;.5 are highly insulating, eliminating itiner-
ant electronic behavior as an explanation for the low mo-
ments.

The very small magnetic moment observed for both re-
duced phases suggests there is only a modest contribution
from the Rh centers. When combined with the clear split-
ting of the Rh 3d XPS peaks for both reduced compounds
this suggests a scenario in which the Co/Ni cations are in a
monovalent oxidation state and the accompanying Rh**
cations have disproportionated into a 1:1 ratio of Rh3* and
Rh** which are located within the square-based pyramidal
and square-planar coordination sites respectively, with S =
o electronic configurations as shown in Figure 5c. The pri-
mary drive for this disproportionation is attributed to the
crystal-field stabilization energy gained by the square-pla-
nar coordinated Rh cations adopting d®, S = o electronic
configuration (Rh**) and the Rh cations in square-based py-
ramidal coordination sites adopting a low-spin d® (Rh3*)
configuration, which is advantageous compared to locating
d” Rh?* in these two sites.

These low-spin, diamagnetic electronic configurations
for rhodium yield predicted Curie constants of 0.1875 cm3
K mol* for M = Ni, and either 0.25 or 0.5 cm3 K mol* for M
= Co (depending on the spin-state adopted by square-pla-
nar coordinated Co™) in broad agreement with the values
of 0.0761(8) and 0.380(3) cm3 K mol* observed for
LaSrNi, sRh, 5055 and LaSrCo, sRh, ;05,5 respectively.

Further support for the disproportionation of Rh2*
comes from the XPS data. Figure 2 shows that the Rh 3d
emission for both LaSrCo, sRh, 5055 and LaSrNi, sRh, 505 25
are clearly split into two components which are assigned
to Rh3* and Rh™ as described above.

Analogous disproportionations to ‘avoid’ oxidation
states with d” electron counts are observed for other 4d and
5d transition metals. For example, KPd.O; has an average
Pd oxidation state of Pd>5*, suggesting a mixture of Pd>*
and Pd3+.° However, close inspection of the crystal struc-
ture of this compound reveals it is better formulated as
K,Pd",Pd"VOg, with d® Pd>* cations located in square-planar
Pt"O, units, and d® Pd+ cations located in octahedral
PdVOgs units. Likewise, BiPd,O, and Ba,Hg;Pd,0O,, are bet-
ter formulated as Bi,Pd';Pd'VOs and Ba,Hg,Pd".,PdV,O,,
based on their crystal structures, which also contain dis-
tinct Pt"O, and Pd"VOe units.™ 3

Similar behavior is also observed for the 5d member of
group 11, platinum, with octahedral Pt"VOe and square-pla-
nar Pt"O, units observed in a wide range of M>*Pt"'Pt'V,O¢
(M = Cd, Mn, Co, Zn, Ni, Mg) oxides.*> > However, to date
analogous charge-separated Ir'/Ir'" oxides have not been
prepared. Reported topochemically reduced iridium ox-
ides, such as Sr,FelrO,, or Sr.Co,;lr, ;05 are observed to
contain d7 Ir** cations in square-planar coordination
sites.> [t is hard to say anything comprehensive about
the different behavior of reduced Rh and Ir compounds
given that, to the best of our knowledge, LaSrCo, sRho.505.25
and LaSrNi, sRh, 505 .5 are the first reports of extended ox-
ides containing Rh in an oxidation state below Rh3*, and
the small number of topochemically reduced iridium ox-
ides reported. However, it is worth noting that if



LaSrCo,5Rh, 50, is treated under the same conditions re-
quired to convert Sr,Fe'IrVOg to Sr,Fe'lr''O, (CaH.,, 400
°C)* it is converted to the Rh™ oxyhydride LaSrCo,sRh.
0505H,® suggesting that the reduction of Rh3* is more chal-
lenging than the corresponding reduction of Ir.

Conclusion

Topochemical reduction of the n =1 Ruddlesden-Popper
phases LaSrCo, sRh, 50, and LaSrNi, sRh, O, with Zr yields
LaSrCoosRho505.5 and LaSrNi,sRh,;O;.5 respectively.
Analysis reveals that while the rhodium centers in the
LaSrM, sRh, ;05 ,; phases have an average oxidation state of
Rh?* these are actually mixed valence Rh(LIII) compounds
and are thus the first observation of Rh** in an extended
oxide.

The ‘disproportionation’ of Rh?* in the LaSrM, ;Rh, s0; .5
phases raises a number of questions about the factors con-
trolling the extent of anion-deintercalation processes. Is
the formation of the LaSrM, sRh,s0;.5 a fortunate coinci-
dence? That is to say, is it a fortunate coming together of
the oxygen stoichiometry, crystal structure and transition-
metal oxidation states to form a compound which provides
a large kinetic barrier to further reduction to the corre-
sponding LaSrM!,;Rh!,;O; phases? Or is the dispropor-
tionation indicative of a deeper instability of Rh*? Further
investigations will be required to clarify this point, but the
results presented here hint at a rich oxide chemistry for
low-valent, late transition metal oxides.
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