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ABSTRACT: The anion-ordered oxide-hydride SrVO2H is an
antiferromagnetic insulator due to strong correlations between
vanadium d-electrons. In an attempt to hole-dope SrVO2H into a
metallic state, a strategy of first preparing SrV1-xTixO3 phases and
then converting them to the corresponding SrV1-xTixO2H phases
via reaction with CaH2 was followed. This revealed that the solid-
solution between SrVO3 and SrTiO3 is only stable at high temper-
ature. In addition reactions between SrV0.95Ti0.05O3 and CaH2

were observed to yield SrV0.95Ti0.05O1.5H1.5 not SrV0.95Ti0.05O2H.
This dramatic change in reactivity for a very modest change in
initial chemical composition is attributed to an electronic destabi-
lization of SrVO2H on titanium substitution. DFT calculations
indicate that the presence of an anion-ordered, tetragonal SrMO2H
phase is uniquely associated with a d2 electron count, and that
titanium substitution leads to an electronic destabilization of
SrV1-xTixO2H phases which, ultimately, drives further reaction of
SrV1-xTixO2H to SrV1-xTixO1.5H1.5. The observed sensitivity of the
reaction products to the chemical composition of initial phases
highlights some of the difficulties associated with electronically
doping metastable materials prepared by topochemical reactions.

Introduction

Low-temperature, structure-conserving reactions can be used to
manipulate the anion lattices of complex transition-metal oxides,
offering routes to highly metastable phases which cannot be readi-
ly prepared via conventional high-temperature synthesis. ‘Topo-
chemical’ reactions of this type have been used to generate ex-
tended solids containing arrays of transition-metal cations in high-
ly unusual oxidation-state/coordination-geometry combinations.1-3

For example, by utilising binary metal hydrides such as NaH, LiH
or CaH2 as reducing agents,4 it has proved possible to deinterca-
late oxide ions from transition-metal oxide perovskites to yield
phases containing square-planar Fe2+, Co1+, Ni1+ or Ru2+ cations.5-

8 In addition hydride-for-oxide anion exchange reactions can also
occur, leading to the formation of transition-metal oxide-hydride
phases such as LaSrCoO3H0.7, Sr3Co2O4.33H0.84, AIITiO3-xHy and
the Srn+1VnO2n+1Hn series,9-12 all of which contain reduced transi-
tion-metal cations in oxide-hydride coordination spheres. The
very unusual electronic structures of these metastable solid-state
compounds mean that they are of intrinsic chemical interest, but
their electronic and magnetic properties, which arise from the
cooperative interactions between the paramagnetic centers, also
offer the potential for novel materials properties. Unfortunately,
the majority of the reported anion-vacancy ordered reduced ox-

ides and oxide-hydrides prove to be antiferromagnetic insulators,
simply because large on-site electron-electron repulsion terms (U)
tend to localize the unpaired metal d-electrons on discrete metal
cation sites. Valence-electron localization of this type is frequent-
ly observed in transition metal oxide phases – even those prepared
via high-temperature routes – and is particularly common in sys-
tems containing 3d transition metal cations in integer oxidation
states.13 Itinerant electrons can, however, be generated via chemi-
cal ‘doping’, which drives the transition-metal ions into non-
integer or mixed valent states. A classic example is the Cu2+ phase
La2CuO4 which is a simple antiferromagnetic insulator in its pure
form. However, doping the system, via barium-for-lanthanum
substitution leads to a mixed valent Cu2+/3+ state which exhibits
both metallic conductivity and superconductivity.14 Likewise the
Mn3+ and Mn4+ phases, LaMnO3 and CaMnO3, are both antifer-
romagnetic insulators,15-16 but mixed valent Mn3+/4+ members of
the La1-xCaxMnO3 solid solution exhibit metal-insulator transi-
tions and large magnetoresistive ratios.17

The remarkable differences in physical properties of the doped
and undoped oxides provide strong motivation to explore the ef-
fects of doping on topochemically prepared phases. The oxide-
hydride SrVO2H is an ideal candidate in this respect.12 As shown
in Figure 1, SrVO2H adopts an anion-ordered structure in which
the V3+ cations reside within trans-VO4H2 local coordination sites
which then share corners to form a 3D network. The ordered ar-
rangement of oxide and hydride anions lifts the degeneracy of the
π-symmetry vanadium d-orbitals ( � � � ,	� � � , � � � ), giving a local

( � � � / � � )2(� � � )0(� � � )
0(� � � � � � )

0 configuration. Substantial on-site

repulsions split the half-filled � � � / � � band, leading to a Mott-

Hubbard insulating state.12, 18-19 In very recent work we have
demonstrated that SrVO2H undergoes a pressure induced insula-
tor-to-metal transition at ~50 GPa.20 The resulting metallic state
exhibits a significant 2-dimensional character because the hydride
ions block dispersion along the z-axis of the π-symmetry bands 
which span the Fermi level. A detailed study of this pressure-
induced metallic state is, unfortunately, experimentally very chal-
lenging and so we hope to gain an alternative perspective on this
material via hole-doping with Ti, which should partially depopu-
late the � � � / � � band and hence generate a metallic state at ambient

pressure. Here we describe our attempts to hole-dope SrVO2H,
first by preparing samples of titanium-substituted SrV1-xTixO3,
and then reducing them to form oxide-hydride phases. In the
course of these studies we observed that the low-temperature ani-
on-exchange reaction which forms the oxide-hydride phases is
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Figure 1 The crystal structure of SrVO2H. Green, grey, red and
yellow spheres represent Sr, V, O and H respectively.

extremely sensitive to even very small changes in the composition
of the ‘parent’ oxide. The Ti-doped analogue of SrVO2H, SrV1-

xTixO2H, is only transiently stable, reacting further to form SrV1-

xTixO1.5H1.5, the doped analogue of the inaccessible SrVO1.5H1.5

phase. This extreme sensitivity to chemical substitution has im-
portant implications for doping strategies of other topochemically
prepared materials.

Experimental

Synthesis of SrV1-xTixO3. The synthesis of SrV1-xTixO3 sam-
ples was attempted in two different ways, a ‘ceramic’ synthesis
route and an ‘arc-melt’ route. The ceramic synthesis of
SrV1-xTixO3 utilized a modified version of the procedure previous-
ly described to prepare SrVO3.

21 Suitable ratios of SrCO3

(99.99%), V2O5 (99.99%) and TiO2 (99.995%, previously dried at
900 °C) were ground together and then heated in air at 900 °C for
12 h to decompose the carbonate and prepare Sr2V2-2xTi2xO7-δ, as
confirmed by powder X-ray diffraction. Samples were then heated
at 1075 °C, under flowing H2 (100%), for multiple periods of 12 h
with intermediate grinding, until no further changes were ob-
served in X-ray powder diffraction patterns. SrV1-xTixO3 samples
were also prepared via arc-melting. Suitable stoichiometric ratios
of SrO (prepared by heating SrCO3 under vacuum at 1100 °C),
V2O3 (99.7%), and TiO2 were thoroughly mixed inside an argon
filled glovebox, pressed into pellets and transferred to the arc-melt
furnace without being exposed to air. The furnace was purged
with argon and the pellets were melted a total of four times in an
electrical discharge arc, on a water-cooled copper hearth, with
each pellet being turned between heatings. Samples were allowed
to cool for 15 minutes inside the furnace under flowing argon
before immediately being transferred to an argon filled glovebox.

Reduction of SrV1-xTixO3. Samples of SrV1-xTixO3 were react-
ed with CaH2 as described previously for the synthesis of SrVO2H
from SrVO3.

12 Powder samples of SrV1-xTixO3 were ground to-
gether with 2 mole equivalents of CaH2 in an argon-filled glove
box and then sealed under vacuum in amorphous-silica ampoules.
Samples were then heated at 610 °C for multiple 2 day periods (as
described in the text below) with regrinding between heating peri-
ods. Reaction products were washed, under an inert atmosphere,
with 4 x 100 ml of a 0.1 M solution of NH4Cl in methanol, fol-
lowed by 4 x 100 ml of clean methanol in order to remove unre-
acted CaH2 and reaction by-products (CaO).

Characterization. X-ray powder diffraction data were collect-
ed from samples sealed under argon in gas-tight sample holders
using a PANalytical X’Pert diffractometer incorporating an
X’celerator position sensitive detector (monochromatic Cu Kα1

radiation). High-resolution synchrotron X-ray powder diffraction
data were collected using instrument I11 at the Diamond Light
Source Ltd. Diffraction patterns were collected using Si-calibrated
X-rays with an approximate wavelength 0.825 Å, from samples
sealed in 0.5mm diameter borosilicate glass capillaries. All sam-
ples were diluted with an equal volume of amorphous boron to
limit absorption. Rietveld profile refinements were performed
using the GSAS suite of programs.22 Magnetization data were
collected using a Quantum Design MPMS SQUID magnetometer.
The µ+SR experiments were carried out using the GPS instrument
at the Swiss Muon Source, PSI, Switzerland. In a µ+SR experi-
ment, spin-polarized muons were implanted in the bulk of a mate-
rial and the time-dependence of their polarization monitored by
recording the angular distribution of the subsequent positron de-
cay. Thermogravimetric measurements were performed by heat-
ing powder samples at a rate of 5 °C·min-1 under an oxygen at-
mosphere, using a Mettler-Toledo MX1 thermogravimetric mi-
crobalance. Manganometric titrations were performed by dissolv-
ing samples in 5M H2SO4 and then titrating the resulting solution
against KMnO4.

DFT calculations. All density functional calculations were per-
formed using the VASP software package (VASP 5.3),23 with the
PBE density functional24 and an effective Hubbard U (Ueff) of 2.0
eV on Ti and V centers was used to describe the effect of strong
correlations. A plane-wave cutoff of 600 eV was imposed in all
cases and the Brillouin zone was sampled on an 8 × 8 × 7 Γ-
centered grid. In order to investigate different models of anion

disorder in SrTiO2H, we consider a √2 × √2 × 2 expansion of the
primitive unit cell which contains four transition metal centers
(Figure 6). All the configurations were modelled as G-type anti-
ferromagnets. Geometry optimizations were performed with the
unit cell volume constraint released and all ions allowed to relax.

Results

SrVO3-SrTiO3 solubility. X-ray powder diffraction data col-
lected from SrV1-xTixO3 (x = 0.05, 0.4, 0.5) samples prepared by
the ceramic route (Figures 2 and S1) could be indexed on the
basis of two primitive cubic phases with lattice parameters in
close agreement to the reported parameters of SrVO3 (3.840 Å)21

and SrTiO3 (3.905 Å)25. Thus 2-phase models based on the struc-
tures of SrVO3 and SrTiO3 were refined against the data to yield
lattice parameters and phase fractions listed in Table 1 (top). The
very close correspondence between the lattice parameters of the
two phases with those of SrVO3 and SrTiO3, combined with cor-
respondence between the fraction of phase 2 (SrTiO3) and the Ti
content of the original mixture, suggests that there is almost no
solubility between SrVO3 and SrTiO3 under these ‘ceramic’ syn-
thesis conditions.

X-ray powder diffraction data collected from SrV1-xTixO3 sam-
ples prepared by the arc-melt route are shown in Figures 2 and S1.
Two primitive cubic phases are again required to model the data,
but the refined lattice parameters (listed in Table 1) do not corre-
spond to either SrVO3 or SrTiO3. Moreover, unlike the phases
generated by ceramic synthesis, the refined lattice parameters are
dependent on sample composition. Finally, the fractions of the
two phases do not correlate with the Ti content of the samples as
closely as those from the ceramic route. This accumulated evi-
dence indicates that while perfect, single-phased solid-solutions
were not prepared via the arc-melt route, there is some solubility
between SrVO3 and SrTiO3 under the arc-melt conditions and that
the sample of nominal composition SrV0.95Ti0.05O3 (i.e. that
formed from 5% Ti content in the starting material) does contain
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Figure 2. (top) X-ray powder diffraction data collected from
samples of nominal composition SrV0.6Ti0.4O3 prepared by ceram-
ic and arc-melt routes. (bottom) Observed, calculated and differ-
ence plots from the 2-phase refinements against synchrotron X-
ray powder diffraction data of samples of nominal composition
SrV0.95Ti0.05O3 prepared by ceramic and arc-melt routes.

some titanium dissolved in the majority phase. For the sake of
simplicity, this majority phase will henceforth be referred to as
‘SrV0.95Ti0.05O3’, although the titanium content is lower than this
formula indicates. To investigate the stability of these SrV1-xTixO3

solid-solutions, 2 aliquots of the arc-melt prepared SrV0.95Ti0.05O3

sample were sealed in evacuated amorphous-silica ampoules and
then heated, one at 600 °C and the other at 1100 °C, for 7 days

Ceramic Samples

Phase 1 Phase 2

Ti content
(%)

a (Å) fraction (%) a (Å) fraction (%)

5 3.8471(1) 95.5(3) 3.9063(1) 4.5(3)

40 3.8439(2) 57.2(5) 3.9041(2) 42.8(5)

50 3.8463(1) 48.3(4) 3.9035(1) 51.7(4)

Arc-melt Samples

Phase 1 Phase 2

Ti content
(%)

a (Å) fraction (%) a (Å) fraction (%)

5 3.8513(1) 97.3(1) 3.9214(1) 2.7(1)

40 3.8610(1) 38.1(3) 3.8832(1) 61.9(3)

50 3.8742(1) 37.9(4) 3.8900(1) 62.1(4)

5
(annealed

600 °C)

3.8510(1) 97.2(1) 3.9210(1) 2.8(1)

5
(annealed

1100 °C)

3.8432(1) 94.7(2) 3.9020(1) 5.3(2)

Table 1. Lattice parameters and phase fractions from the
structural refinement of SrV1-xTixO3 samples prepared by ce-
ramic and arc-melt routes.

and then cooled at 2 °C·min-1 to ambient temperature. Refinement
of the X-ray powder diffraction data from the annealed samples
shows that the solid solution is stable at 600 °C but not at 1100°C,
where it reverts to a mixture of SrVO3 and SrTiO3 (as indicated
by the parameters in Table 1). Manganometric titrations of the
ceramic and arc-melted samples of SrV0.95Ti0.05O3 indicated both
samples had average vanadium oxidation states of V +3.99(2) and
V +4.00(2) respectively and were thus oxygen stoichiometric, as
described in detail in the Supporting Information.

Topochemical reduction of ‘SrV0.95Ti0.05O3’. Samples of
‘SrV0.95Ti0.05O3’ prepared via both ceramic and arc-melt routes
were reacted with CaH2 as described above. Figure 3 (top) shows
a series of X-ray powder diffraction patterns collected from the
products of reaction between the ceramic sample and CaH2 as a
function of reaction time. These data are consistent with the ce-
ramic sample of SrV0.95Ti0.05O3 being a simple mixture of SrVO3

and SrTiO3 which is transformed by the action of CaH2 into a
mixture of SrVO2H (marked in red) and a small amount of
SrTiO3-xHx (black), precisely as would be expected from previous
studies of these perovskite phases in isolation.12, 26 Synchrotron X-
ray powder diffraction data collected from the washed reaction
products after 10 days heating confirm these are the reaction
products (Figure S2 and Table S3 in the Supporting Information).
Thermogravimetric re-oxidation of this sample under flowing
oxygen resulted in a 14.5% gain in mass (Figure S3), consistent
with the composition detailed in Table S3 (full details of the ex-
periment are described in the Supporting information).

Figure 3 also shows diffraction data collected from the products
of reaction between arc-melt prepared SrV0.95Ti0.05O3 and CaH2.
The diffraction pattern taken after 4 days heating looks very simi-
lar to the analogous data from the ceramic SrV0.95Ti0.05O3 sample,
containing a mixture of CaO, CaH2, unreacted cubic
SrV0.95Ti0.05O3 along with a small amount of a new tetragonal
phase which we formulate as ‘SrV0.95Ti0.05O2H’ (red). The a lat-
tice parameter of this new phase is very similar to that of undoped
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Figure 3. X-ray powder diffraction data collected during the reac-
tion between CaH2 and SrV0.95Ti0.05O3 prepared by ceramic (top)
and arc-melt (bottom) routes. Red symbols indicate positions and
Miller indices of tetragonal ‘Sr(V/Ti)O2H’ phases, green symbols
indicate positions and Miller indices of cubic Sr(V/Ti)O1.5H1.5.
Data sets marked with a (w) have been washed to remove CaH2

and CaO.

SrVO2H (3.929(1) Å vs 3.92331(3) Å), but a distinct elongation
along c, the V-H-V axis, is apparent (3.738(4) Å vs 3.6671(3) Å).
After 8 days of heating, the peaks due to the tetragonal phase
reduce in intensity and are replaced by a new cubic phase (a =
3.888(1) Å) (green) which eventually becomes dominant after 10
days. Synchrotron X-ray powder diffraction data collected from a
sample after 10 days of heating, washed to remove CaH2 and CaO
(Figure 4), can be fitted by a 3-phase model consisting of the
dominant cubic phase (SrV0.95Ti0.05OxHy, 84.3(2)%), a tetragonal
phase (SrV0.95Ti0.05O2H, 9.7(4)%) and a minor vanadium metal
impurity (5.6(4)%) (Table 2). Thermogravimetric re-oxidation of
this sample under flowing oxygen resulted in a 17.2% gain in
mass (Figure S4), consistent with a composition of
SrV0.95Ti0.05O1.5Hy for the majority cubic phase, as described in
detail in the Supporting information. Manganometric titrations
indicate an average vanadium/titanium oxidation state of +2.12(3)
for the sample (Table S4). When the presence of SrV0.95Ti0.05O2H
and vanadium metal are taken into account, this indicates that the
average vanadium/titanium oxidation state in SrV0.95Ti0.05OxHy is
+2.47(4), consistent with a composition for the majority cubic
phase of SrV0.95Ti0.05O1.5H1.5 and indicating reduction substantial-
ly beyond the V3+ level.

Figure 4. Observed calculated and difference plots from the re-
finement of SrV0.95Ti0.05O1.5H1.5 against synchrotron X-ray pow-
der diffraction data. Lower tick marks indicate peak positions of
the majority phase, middle tick marks SrV0.95Ti0.05O2H, upper tick
marks elemental vanadium. The excluded region removes a con-
tribution from the ‘amorphous’ boron used to dilute the sample.

SrV0.95Ti0.05O1.5H1.5

Atom x y z Fraction Uiso (Å2)

Sr ½ ½ ½ 1 0.0038(2)

V/Ti 0 0 0 0.95/0.05 0.0024(1)

O/H ½ 0 0 0.5/0.5 0.0017(2)

SrV0.95Ti0.05O1.5H1.5: space group Pm-3m (#221)

Formula weight : 163.90 g mol-1, Z = 1

Mass Fraction: 84.3(2) %

a = 3.888(1) Å

SrV0.95Ti0.05O2H

Atom x y z Fraction Uiso (Å2)

Sr ½ ½ ½ 1 0.0042(3)

V/Ti 0 0 0 0.95/0.05 0.0021(2)

O ½ 0 0 1 0.0019(3)

H 0 0 ½ 1 0.002†

SrV0.95Ti0.05O2H: space group P4/mmm (#123)

Formula weight : 170.40 g mol-1, Z = 1

Mass Fraction: 9.7(4) %

a = 3.929(1) Å, c = 3.738(4) Å

Vanadium

V: space group Im-3m (#229)

Formula weight : 50.94 g mol-1, Z = 2

Mass Fraction: 5.6(4) %

a = 3.032(3) Å

Radiation source: Synchrotron X-ray, λ = 0.82626(1) 

Temperature: 298 K

χ2 = 9.625; wRp= 3.43 %; Rp = 2.31 %.

Table 2. Structural details from the 3-phase refinement of
SrV0.95Ti0.05O1.5H1.5 against synchrotron X-ray powder diffrac-
tion data. †Thermal parameter of hydride is set at 0.002 Å2.
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Physical characterization of SrV0.95Ti0.05O1.5H1.5. Zero-field
cooled and field cooled magnetization data collected from
SrV0.95Ti0.05O1.5H1.5 in an applied field of 100 Oe (Figure 5) can
be fitted to the Curie-Weiss law (χ = C/(T-θ) + K) to yield values
of C = 1.99(3) × 10-2 cm3 K mol-1, θ = 2.27(7) K, K = 8.5(1) × 10-4

cm3 K mol-1. The parameters indicate that the majority of the ob-
served magnetization is temperature independent, with the value
of the Curie constant corresponding to 0.2% of that expected for S
= 1, V3+ centers. μ+SR data collected from SrV0.95Ti0.05O1.5H1.5

(Figure S5) show only a relaxation of the polarization and no
precession signal that would be associated with long range mag-
netic order (data collected from the reduced ceramic sample do
show oscillations which are due to the presence of magnetically
ordered SrVO2H, as expected from previous studies of this mate-
rial).12 This combination of physical data indicates that while no
local paramagnetic moment can be observed for the vanadium
centers, there is no indication of long range magnetic order in
SrV0.95Ti0.05O1.5H1.5. Transport measurements performed on cold-
pressed powder samples of SrV0.95Ti0.05O1.5H1.5 indicate that it is
insulating.

Discussion

SrVO3-SrTiO3 solubility. The lack of solubility between
SrVO3 and SrTiO3 under ‘ceramic’ conditions is surprising in
light of previous reports in the literature describing the complete
SrV1-xTixO3 solid solution, studied both as powder and single
crystal samples.27-28 In the former study, powder samples were
prepared at higher temperatures than employed under our ‘ceram-
ic’ conditions (1500 °C, 10% H2 in argon). However, when we
attempted to replicate these high temperature conditions the sam-
ples prepared contained large quantities of SrV10O15, presumably
due to Sr volatility, and so were unsuitable for topochemical re-
duction studies. In the arc-melting route used here, high tempera-
tures (T > 2000 °C) are applied only for a brief time, and as a
result reagent volatility is less of a problem. The increased SrVO3-
SrTiO3 solubility observed in samples prepared by arc-melting, in
combination with the previous high-temperature synthesis reports,
suggests that the SrV1-xTixO3 solid solution is only stable at high
temperature, but can be partially quenched as a metastable phase
by rapid cooling. This low-temperature meta-stability is con-
firmed by the observation that when annealed at 1100 °C,
‘quenched’ SrV1-xTixO3 samples completely separate into simple
mixtures of SrVO3 and SrTiO3. As noted above, the arc-melted
SrV1-xTixO3 solid solutions still exhibit a degree of phase separa-
tion. We attribute the multiphase nature of the arc-melted samples
to the limited cooling rate which can be achieved in the arc fur-
nace, which allows for a degree of phase separation on cooling.
Despite this partial phase separation, it is clear that in the arc-
melted SrV0.95Ti0.05O3 sample, the majority cubic ‘SrVO3’ phase
contains some dissolved titanium. Furthermore, annealing studies
show that the SrV0.95Ti0.05O3 solid solution is kinetically stable at
600 °C, so the topochemical reduction/anion exchange of SrV1-

xTixO3 phases can be studied.

Influence of doping on reaction products. The change in re-
activity between SrVO3 and CaH2 on titanium doping is striking.
Unsubstituted SrVO3 reacts readily with CaH2 to yield SrVO2H,
but attempts to advance this reaction further by raising the reac-
tion temperature lead to non-topochemical reactions and, ulti-
mately, to the formation of SrO and metallic vanadium. In con-
trast, the reaction between CaH2 and the arc-melted sample of
nominal composition SrV0.95Ti0.05O3 proceeds all the way to cubic
SrV0.95Ti0.05O1.5H1.5, with the direct analogue of SrVO2H, tetrago-
nal ‘SrV0.95Ti0.05O2H’, appearing only transiently as an intermedi-
ate phase. These very different reaction outcomes suggest that the
presence of even small amounts of titanium dopant destabilizes
SrV0.95Ti0.05O2H in some way, allowing it to react further. Whilst
the different reactivity patterns have frustrated our initial goal of

Figure 5. Zero-field cooled and field cooled magnetization data
collected from SrV0.95Ti0.05O1.5H1.5 in an applied field of 100 Oe.
Inset shows approximate fit to the Curie-Weiss law after a large
temperature-independent term has been removed.

forming stable hole-doped analogues of SrVO2H, they raise some
important questions about the origin of stability in these mixed
anion lattices. The lattice parameters of the ‘SrV0.95Ti0.05O2H’
intermediate phase offer some clues to the origin of its relative
instability. We noted above that whilst the lattice parameter a is
marginally shorter than that in unsubstituted SrVO2H (3.929(1) Å
vs 3.9331(4) Å), c is significantly elongated (3.738(4) Å vs
3.6671(3) Å).12 These changes are consistent with a degree of
anion disorder in the Ti-containing phase, with small concentra-
tions of oxide ions along c and hydride ions in the ab plane caus-
ing elongation and contraction, respectively. We note in this con-
text that SrCrO2H adopts a cubic, anion-disordered structure quite
different from that of SrVO2H,29 suggesting that the anion-ordered
tetragonal phase is uniquely stable for a d2 electronic configura-
tion: deviations to either lower (SrV0.95Ti0.05O2H, d1.95) or higher
(SrCrO2H, d3) electron counts appear to drive the system into
alternative anion-disordered phases. The partial disordering of the
anion lattice adds a large degree of strain to the framework be-
cause V-O-V connections are inserted into a lattice optimized for
V-H-V links, and vice versa, which significantly destabilizes
SrV0.95Ti0.05O2H with respect to anion-ordered SrVO2H.

These observations are supported by a series of DFT calcula-

tions performed on the √2 × √2 × 2 expanded unit cells shown in
Figure 6, each of which contains four transition metal centers. We
have studied the two limiting stoichiometries, SrVO2H and
SrTiO2H, as well as SrV0.75Ti0.25O2H, the closest model to the
SrV0.95Ti0.05O2H phase that is accessible within a unit cell of these
dimensions. In the trans unit cell, the anions are arranged in the
same ordered array found in native SrVO2H: i.e. with the two
hydrides aligned mutually trans along the c direction. In the cis
isomer, the hydrides are moved into the ab plane and, in the ar-
rangement shown in Figure 6, they are eclipsed in successive ab
planes. The alternative where the hydrides are staggered in suc-
cessive planes is computed to be higher in energy in all cases, and
is not considered further here. We acknowledge that the cis ar-
rangement represents only one possible arrangement amongst the
many that could contribute to the anion-disordered cubic phase,
but nevertheless a comparison of the two unit cells allows us to
assess the energetic cost of moving the hydrides around the lat-
tice. In the case of SrVO2H, the trans arrangement of hydride
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Figure 6. (top) Trans and cis unit cells used in the computational
study. Sr, V, O and H are in dictated by green, grey, red and yel-
low spheres respectively. (bottom) The calculated density of states
for trans-SrVO2H and cis-SrTiO2H.

ligands proves to be substantially more stable than the cis alterna-
tive (∆E = +0.26 eV per formula unit), consistent with its estab-
lished preference for the tetragonal phase. In SrTiO2H, in contrast,
the order is reversed, with a strong preference for the cis arrange-
ment over trans (∆E = -0.21 eV). The mixed metal system
SrV0.75Ti0.25O2H is intermediate between these two limits, with
the trans structure being favored, but to a much lesser degree than
in the all-vanadium analogue (∆E = +0.09 eV). The calculations
therefore indicate that the trans arrangement is optimal for the d2

configuration of V3+, and is progressively destabilized relative to
its cis analogue as the concentration of Ti3+ is increased. We can
analyze these differences in terms of two competing factors, the
first of which is the strong trans influence of the hydride ligand
which will in general disfavor mutually trans arrangements of
hydride ligands. This effect is mediated by the σ framework, and
stems from the fact that only a single metal d orbital can partici-
pate in both metal-hydride σ bonds when the ligands are trans to
each other. Superimposed upon this are striking differences in the
π character of the two ligands: a hydride is a pure σ donor while
an oxide is also a strong π donor, and there is a strong driving
force to accumulate oxide ligands in the same plane as vacant
metal-based orbitals with dπ character. In the case of SrVO2H,
with a d2 configuration at the metal, these two competing factors
are diametrically opposed: the presence of a single vacant dπ

orbital ( � � � ) means that the O-V π bonding is optimal in the te-
tragonal phase, where all four oxides are aligned in a single plane,
but this necessarily forces the two hydrides into a mutually trans
arrangement. The observed preference for the tetragonal phase
indicates that in this case the enhanced π donation from the oxides
is the dominant factor. For a d1 configuration, in contrast, the
presence of two vacant dπ orbitals allows for effective O-Ti π
bonding in either cis or trans arrangements, and the σ effects (the
trans influence) then dominate, imposing a preference for the cis
arrangement of hydrides. In the SrV0.75Ti0.25O2H system the ar-
rangement of anions necessarily represents a compromise because
it is not possible to simultaneously satisfy the geometric

Figure 7. Schematic diagram showing the difference in activation
energies for the reduction of SrVO3 and SrV1-xTixO3.

preferences of V (trans) and Ti (cis) in a single lattice.

The tendency of increasing quantities of Ti in the lattice to re-
duce the stability of the tetragonal phase suggests that the pres-
ence of a stable, anion-ordered tetragonal phase is uniquely asso-
ciated with a d2 configuration. Moreover, the properties of the
SrV0.95Ti0.05O2H phase indicate that even a relatively small deple-
tion of the electron density in the dπ band is sufficient to tip the
balance in favor of anion disorder. This provides a framework for
understanding the different paths followed by the topochemical
reactions of CaH2 with SrVO3 and SrV1-xTixO3. Figure 7 shows
schematic reaction-energy profiles for the two cases, where the
key difference is that the tetragonal SrVO2H phase lies in a deeper
well on the potential energy surface than the corresponding te-
tragonal phase for SrV1-xTixO2H. This in turn raises the activation
energy for the topochemical reaction that converts SrVO2H into
SrVO1.5H1.5, allowing the former to be trapped as a stable species
while SrV1-xTixO2H is only a transiently stable intermediate. In-
deed, the absence of detectable amounts of SrVO1.5H1.5 indicates
that the activation energy for the formation of this compound
from SrVO2H is greater than that for its subsequent decomposi-
tion to SrO and metallic V. Even small amounts of titanium sub-
stitution significantly degrade the special stability of SrVO2H,
making the system more reactive and leading to the observed
changes in reaction outcome.

Attempts to dope other phases prepared via topochemical reac-
tions have revealed similar but less dramatic responses to cation
substitution. For example, attempts to electron dope the Fe2+

phase SrFeO2 via rare earth substitution for strontium reveal that
RExSr1-xFeO3-δ is reduced to RExSr1-xFeO2+x/2, maintaining an
oxidation state of Fe2+ in the reduced phase.30 However, it should
also be noted that the sensitivity to cation substitution observed
for SrVO2H and SrFeO2 is not universal in topochemical reduc-
tion reactions. For example the conversion of La1-xAxMnO3 (A =
Ba, Sr, Ca) perovskites to La1-xAxMnO2.5 brownmillerite phases
containing mixtures of Mn2+/3+, is tolerant of a range of A-site
compositions and can be readily achieved for 0.15 < x < 0.5 for A
= Sr and 0.22 < x < 0.5 for A = Ca.31
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Conclusions

Topochemical reduction of SrVO3 yields the anion-ordered, te-
tragonal phase SrVO2H. However the analogous reaction condi-
tions applied to hole-doped SrV0.95Ti0.05O3 yields cubic
SrV0.95Ti0.05O1.5H1.5 not tetragonal SrV0.95Ti0.05O2H. This product,
SrV0.95Ti0.05O1.5H1.5 is an insulating mixed valent V2+/3+ phase,
suggesting that the O2–/H– disorder acts to localize the vanadium
d-electrons. Magnetization and μ+SR data show respectively that
the vanadium centers exhibit no local magnetic moment and that
there is no indication of (antiferro)magnetic order. This unusual
combination of transport and magnetic properties leads us to sug-
gest the system may adopt a network of V-V bonds, although
further characterization will be required to rigorously demonstrate
this.

Whilst the hole doping of SrVO3 did not, ultimately, achieve
the initially intended outcome of producing hole-doped analogues
of SrVO2H, the dramatic differences in reactivity in response to
seemingly minor changes in composition have encouraged us to
consider the factors that determine the outcome of reactions in the
solid state. Under typical high-temperature synthetic conditions
the products of a reaction are determined by thermodynamic
stability and small compositional changes tend not to change the
thermodynamic parameters to the extent that some other
competing phase becomes more stable. As a result it is generally
possible to make small compositional changes to solid phases to
tune their physical and chemical behaviour – that is to say these
phases are generally ‘dopable’. In contrast the products of low-
temperature topochemical reactions are selected under kinetic
control – the product phase is the one which forms fastest, and is
not necessarily the most thermodynamically stable. As a result the
products of such reactions depend sensitively on the microscopic
mechanism followed by a reaction. The change in reaction
product from SrVO2H to SrV1-xTixO1.5H1.5 upon substituting ~5%
of the vandium in SrVO3 for titanium shows that even small
changes in composition can dramatically alter the relative rates of
the competing pathways which exist under low-temperature
conditions. Given that this observed sensitivity of the reaction
mechansim to chemical compostion is likely to be a general
feature of topochemical reactions, we must conclude that a large
number of the metastable phases prepared via topochemical
reactions will, ultimately, prove not to be dopable.
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For Table of Contents Only. Titanium substitution dramatically changes the outcome of the anion exchange of SrVO3, yield-
ing SrV1-xTiO1.5H1.5, not SrV1-xTiO2H. This dramatic change in reactivity is attributed to an electronic destabilization of
SrVO2H on titanium substitution. DFT calculations indicate that the presence of an anion-ordered, tetragonal SrMO2H phase
is uniquely associated with a d2 electron count, and that titanium substitution leads to an electronic destabilization of
SrV1-xTixO2H phases which, ultimately, drives further reaction of SrV1-xTixO2H to SrV1-xTixO1.5H1.5.


