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ARTICLE INFO ABSTRACT

Keywords: The phase space involving reactions of rare earth oxides and ReO; was examined under high temperature hy-
Hydrothermal drothermal conditions (650 °C/200 MPa), focusing on reactions containing either excess (3:1) or equimolar ratios
Lamh.anide of lanthanide oxides to ReO,. The products were generally isolated as high quality single crystals and charac-
gl:;;;:m terized by single crystal X-ray diffraction, in many cases for the first time. The systematic variation of the size of

the lanthanide ions had a significant effect on the final product distribution, and a wide range of materials was
obtained. In particular, the synthesis of new members of the LnyReOs series based on the larger lanthanides Pr and
Nd enabled the structural transition point to be pinpointed between structure types having eclipsed and staggered
Re0Og dimers with a Re-Re triple bond. In the moderately sized lanthanides, a new monoclinic polymorph of
LngReOy (Ln = Gd, Tb) was obtained, featuring alternating long and short Re-Re bonds in edge-sharing rhenium
oxide chains. Among the smallest lanthanides, the LngReO15 composition was characterized for Yb and Lu. A

variety of rhenium oxidation states were observed and these were supported by XPS characterization.

1. Introduction

Metal oxides containing both lanthanide ions and 4d or 5d transition
elements can exhibit a wide variety of structures and interesting mag-
netic and electronic properties, including superconductivity and exotic
magnetic states [1-7]. These potential properties of the 4d and 5d oxides
make their exploratory synthesis and detailed structural examination
quite compelling. Despite this interest, the solid state descriptive chem-
istry of the 4d and 5d transition metals is generally less well developed
that of the 3d transition metals. In cases where open shell lanthanide ions
are also included in the lattice with the heavy transition metals, the
electronic, magnetic and structural properties can be exceptionally
complex. In this paper we focus our study on the synthesis and structures
of a new series of lanthanide rhenium oxides.

The descriptive chemistry of rhenates is enhanced in part by the many
different oxidation states adopted by rhenium. The most stable oxidation
state for rhenium is 47, but in ternary oxides the rhenium ions often
exhibit oxidation states from +4 to +7. The lower oxidation states are of
greater interest since rhenium has a unique tendency to accommodate
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these variable electron counts by forming multiple metal-metal bonds
[8-10]. Thus, there is considerable interest in exploring new phases of
ternary rare earth rhenium oxides with <7+ rhenium oxidation numbers
[11]. The majority of the exploratory synthetic studies on rhenates have
been carried out using traditional high temperature solid state routes
[8-10]. These approaches, while versatile, have several potential com-
plications as the high temperatures can induce defects in the metal oxide
lattice and also cause site disorder among the metal sites [12]. These
problems occur to varying degrees depending on the system, but when
present even in a minor degree they can have a significant effect on
physical properties of the solids. This is particularly important for sen-
sitive properties such as low temperature frustrated magnetism and
conductivity. Thus the development of a relatively low temperature route
to high quality single crystals of rare earth 4d and 5d metal oxides could
have considerable interest.

In this regard we began the systematic examination of the reaction of
rare earth oxides with 4d and 5d transition metals using high tempera-
ture (600-700 °C) hydrothermal reactions. We were initially inspired by
a result reported over 50 years ago on the reaction of La;O3 with excess
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ReOs in water at 700 °C [13]. This led to the interesting new material
LagRegO19 as well as several unidentified products. The LasRegO19 phase
proved to be a forerunner of a small but intriguing class of related
structures with interesting physical properties [4,14], but to our
knowledge few attempts were made to examine this particular hydro-
thermal reaction type more fully. A recent important paper describing an
earlier hydrothermal synthesis of several rare earth 5d pyrochlores such
as Lnplr,O7 and LnyOsy07, nicely demonstrated that the hydrothermal
method can lead to single crystals with substantially reduced lattice de-
fects and site disorder, and that these factors have a significant effect on
the physical properties of the materials [12]. These considerations
encouraged our efforts in the exploratory synthesis and single crystal
growth of rare earth heavy element oxides [15-17].

Recently we examined the reactions of all of the lanthanide oxides
with excess ReO,. We found that with three equivalents of ReO, a range
of rare earth rhenates can be formed as large high quality single crystals.
The product distribution appears to be a function of the size of the ionic
radius of the rare earth ion and include LnyRe;O7(OH) (Ln = Pr, Nd) and
Ln4Re017 (Ln = Gd,Tb) [18]. In the present study we continue the
exploration of phase space of the rare earth rhenium oxides by using the
same hydrothermal conditions at 650 °C, but decreasing the initial ratio
of the rhenium oxide (ReO,) relative to the lanthanide oxides. The
products of the present reactions include several new members of the
LnyReOs, LngReOy and LngReO1, families, where Ln represents the broad
range of lanthanides. The resulting structural and spectroscopic charac-
terization reveals situations of both new polymorphism and new
isomorphism, and the synthesis of previously missing congeners of the
LnyReOs family that prove useful in identifying the transition point be-
tween structure types.

2. Experimental section
2.1. General procedures

All the reagents including ReOy (Alfa Aesar, 99.9%), LayOs (Alfa
Aesar, 99.999%), Pry03 (Alfa Aesar, 99.9%), Nd,O3 (Alfa Aesar, 99.9%),
Smy03 (Alfa Aesar, 99.9%), EuyO3 (Alfa Aesar, 99.9%), Gd,03 (Alfa
Aesar, 99.9%) Tb4O; (Alfa Aesar, 99.9%), Dy,03 (Strem,99.9%), HoO3
(Strem, 99.9%), Er,Os (Alfa Aesar, 99.9%), TmyO3 (Strem, 99.9%),
Yb,03 (Strem, 99.9%) Lu,O3 (Strem 99.9%) and BaO (Alfa Aesar, 99.5%)
were purchased commercially and used without further purification. In a
typical reaction the oxides were loaded into 2.5 in. long silver ampoules
with outer diameters of % in. with reactions scaled to use a total of 0.2 g
of solid oxides with 0.4 mL of deionized water. The silver ampoules were
sealed by welding and placed in a 718 Inconel autoclave with a Tuttle
seal. The autoclave was further filled with deionized water to achieve the
desired counter pressure. The autoclave was heated using ceramic band
heaters to a constant temperature of 650 °C, generating 200 MPa pres-
sure, for 14 days. After the reaction period the products were collected
and washed with deionized water.

2.2. Hydrothermal crystal growth of LnsReO7 (Ln = Gd, Tb)

Single crystals of GdsReO; were obtained by reacting GdpO3 with
ReOs in a 3:1 ratio under hydrothermal conditions. As a specific example
single crystals of GdsReO; were synthesized using a reaction between
0.1666g (4.595 x 10~* mol) of Gd,03 and 0.0334g 1.53 x 10~* mol) of
ReO5 with 0.4 mL water as the only mineralizer. After 14 days of reaction
time black columnar single crystals of GdsReOy7 (0.2-0.3 mm in length,
yield ~40%; SI, Fig. S1) were recovered along with GAO(OH) (yield
~50%). Black, columnar shaped single crystals of TbsReO7 (0.3-0.5 mm
in length, yield ~40%) were obtained along with Tb(OH)3 (yield ~50%)
in a similar fashion by a reaction between 0.1823g (2.438 x 10~*mol) of
Tb407 and 0.0.0177g (8.112 x 107> mol)of ReOs. Elemental analysis by
EDX (in at. %) supported the compositions (SI, Figs. S2 and S3). GdgReO;
anal. (calc.): Gd 22.9 (27.3), Re 8.3 (9.1), O 68.9 (63.6). Tb3ReO anal.
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(calc.): Tb 22.7 (27.3), Re 8.6 (9.1), O 68.7 (63.6).
2.3. Hydrothermal crystal growth of LngReO;2 (Ln = Yb, Lu)

Single crystals of LngReO12 (Ln = Yb, Lu) were also obtained by
reacting LnpO3 (Ln = Yb, Lu) with ReO; in 3:1 ratio. Single crystals of
YbgReO1, were synthesized using a reaction between 0.1688g (4.283 x
1074 mol) of YbyO3 and 0.0312g (1.43 x 1074 mol) of ReO, with 0.4 mL
water as the only mineralizer. After 14 days, bluish green single crystals
(0.05-0.1 mm, yield ~10%) of YbgReO;2 were recovered, along with
byproducts of YbOOH (yield ~60%) and some grey powder of YbsRe2O12
(yield ~30%). Single crystals of LugReO;5 (0.05-0.1 mm, yield ~25%)
were synthesized in a similar fashion using 0.1691g (4.249 x 10~ mol)
of LuyO3 and 0.0309g (1.416 x 10~* mol) of ReO,. Elemental analysis by
EDX (in at. %) supported the compositions (SI, Figs. S4 and S5).
YbgReOq, anal. (calc.): Yb 28.9 (31.6), Re 5.2 (5.3), O 65.9 (63.2).
LugReO15 anal. (calc.): Lu 34.5 (31.6), Re 6.2 (5.3), O 59.3 (63.2).

2.4. Hydrothermal crystal growth of LnyReOs (Ln = Pr, Nd)

Single crystals of ProReOs and NdyReOs were synthesized using 1:1:1
M ratio of BaO, LnyO3 and ReO,. For the growth of PryReOs, 0.0437g
(2.85 x 10~* mol) of BaO, 0.0941g (2.85 x 10~* mol) of Pry03 and
0.0622g (2.85 x 10~* mol) of ReO, were used with 0.4 mL water as the
only mineralizer. After 14 days, black columnar single crystals of
PryReOs (0.2-0.3 mm in length, yield ~40%) were obtained along with
the single crystals of PryRe;0Op; (yield ~40%) and PrO(OH) (yield
~20%). Similarly for the growth of NdaReOs, 0.0433g (2.82 x 10~*mol)
of BaO, 0.0950g (2.82 x 10~* mol) of Nd203 and 0.0616g (2.82 x 10™*
mol) of ReO, were used. Single crystals of NdyReOs (0.2-0.3 mm in
length, yield~40%, SI Fig. S6) was obtained along with single crystals of
Nd4Re201; (yield ~40%) and NdO(OH) (yield ~20%). Elemental anal-
ysis by EDX (in at. %) supported the compositions (SI, Figs. S7 and S8).
ProReOs anal. (calc.): Pr 26.0 (25.0), Re 11.1 (12.5), O 62.8 (62.5).
NdsReOs anal. (calc.): Nd 29.8 (25.0), Re 13.4 (12.5), O 56.8 (62.5).

2.5. X-ray diffraction

Structural characterization was performed using a Bruker D8 Venture
diffractometer equipped with a Mo Ka (» = 0.71073 A) microfocus source
and a Photon 100 CMOS detector. All data were collected at room tem-
perature using omega and phi scans. Data collection and processing were
performed using APEX3 software package including multiscan absorp-
tion correction (SADABS). Structure solution was performed by intrinsic
phasing (SHELXT) following by refinement on F? by full matrix least
squares (SHELXL) [19]. All atoms were refined anisotropically, and an
extinction parameter was included in the refinement of each structure.
The crystallographic data and selected interatomic distances for the
structures studied here are given in Tables 1 and 2. The composite re-
action products were evaluated by powder X-ray diffraction (PXRD) to
assist in phase identification when multiple products were present, or
when one or more of the products was unsuitable for single crystal X-ray
diffraction. This was performed using a Rigaku Ultima IV diffractometer
with CuKa radiation (A = 1.5406 /0\) at 0.02° intervals at a rate of
0.1°/min from 5° to 65°. These patterns are provided in the Supple-
mentary Information, Figs. S9-S12.

2.6. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy

The oxidation states of rhenium in the various lanthanide rhenates
were analyzed using X-ray photoelectron spectroscopy (XPS). XPS mea-
surements were performed using Versaprobe III Scanning XPS Micro-
probe equipped with Al-Ka X-ray source operating at 1486.6 eV. Survey
scans were done using an analyzer pass energy of 280 eV and the high
energy resolution scans of the core level Re 4s, Re 4f, C 1s, and O 1s
transitions were acquired at a pass energy of 55 eV. All analyses were
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Table 1

Crystallographic data.
empirical formula Gd3ReO7 TbsReO7 YbeReOq2 LugReO12 PryReOs NdyReOs
FW 769.95 774.96 1416.45 1428.02 548.03 554.68
crystal system monoclinic monoclinic trigonal trigonal tetragonal tetragonal
space group, Z C2/m, 2 C2/m, 2 R-3,3 R-3,3 I4/m, 4 P4/n, 4
a, A 12.6350(5) 12.4986(7) 9.6372(4) 9.6243(4) 8.8408(6) 8.7255(5)
b, A 5.6620(2) 5.6574(3) 9.6372(4) 9.6243(4) 8.8408(6) 8.7255(5)
¢, A 8.5853(3) 8.5392(4) 9.1728(3) 9.1308(7) 5.9150(4) 5.8186(4)
a,° 90 90 90 90 90 90
B, ° 100.5455(15) 100.271(2) 90 90 90 90
7° 90 90 120 120 90 90
v, A3 603.81(4) 594.13(5) 737.79(7) 732.45(7) 462.31(7) 443.00(6)
deater g cm 3 8.470 8.664 9.564 9.712 7.873 8.317
4 (Mo Ka), mm™! 52.485 55.562 68.755 72.451 46.775 50.260
20 range 3.70-27.49 3.31-26.48 3.30-26.26 3.31-25.95 3.26-25.94 3.30-27.46
Reflns coll. 7950 3253 23468 6059 1617 5259
Unique reflns 762 680 334 321 254 513
Obs. reflns (I > 20(I)) 702 630 326 309 240 454
No. of parameters 60 59 31 31 22 39

final R [I> 26(D] R1, wR2
final R (all data) R1, wR2

0.0181, 0.0350
0.0220, 0.0363

0.0295, 0.0682
0.0320, 0.0690

0.0335, 0.0846
0.0341, 0.0852

0.0285, 0.0686
0.0292, 0.0689

0.0194, 0.0461
0.0205, 0.0466

0.0206, 0.0362
0.0276, 0.0386

S 1.105 1.146 1.275 1.220 1.270 1.249
Table 2
Selected interatomic distances (the bond valence sum for rhenium was calculated using a bond valence parameter of 1.91).
GdsReO, TbsReO;, YbgReO1> LugReO;> PryReOs Nd,ReOs
Re-O

1.913(5) (x2)
1.971(5) (x2)
2.080(4) (x2)

1.904(7) (x2)
1.962(8) (x2)
2.072(7) (x2)

1.931(12) (x6)

Ib.v.s. = 4.94 Tb.v.s. = 5.06 b.v.s. = 5.67
Re—Re

2.4346(8) 2.4336(11) N/A
3.2274(8) 3.2238(11)

Ln-O (average)

1.934(9) (x6)

1.923(5) (x4)

1.919(6) (x4, Rel)
1.926(6) (x4, Re2)

Tb.v.s. = 5.62 Tb.v.s. = 3.86 *b.v.s. Rel = 3.90
>b.v.s. Re2 = 3.84
N/A 2.2491(10) 2.2606(10)

2.343(6) (x7, Gd1)
2.394(6) (x7, Gd2)
2.394(6) (x7, Gd3)

2.329(11) (x7, Tb1)
2.365(11) (x7, Tb2)
2.383(10) (x7, Tb3)

2.310(12) (x7)

2.303(9) (x7) 2.489(5) (x8) 2.486(6) (x8)

performed without stage tilt. High energy resolution spectra were cali-
brated with respect to the Re 4f;,» transitions as reported previously
[20]. The spacing between Re 4f;,, and Re 4f5/2 peaks was held constant
to reflect spin orbit splitting of 2.42 eV. For purposes of peak fitting, the
binding energy of the Re>" oxidation state was derived from the litera-
ture [21], where the binding energies of metallic rhenium, ReOy, ReOs,
and Re,07 were correlated to the oxidation state. According to the trend,
the binding energy of Re>" fits around 43.1 eV and this value was taken
as a reference for Re>".

Raman measurements were performed using a 532 nm diode laser
(Crystalaser) and Renishaw inVia Raman spectrometer. Single crystals of
GdsReOy and Th3ReO; were mounted on glass capillary tubes for Raman
measurements.

3. Results and discussion
3.1. Synthesis and phase formation of rare earth rhenates

We performed two series of reactions in this paper. One set is the
reaction of rare earth oxides with ReOs in 3:1 excess of rare earth oxide,
while the other employs a 1:1 ratio of rare earth oxides with ReOs. These
two series are meant to complement our previously reported study of the
products from the same reaction conditions in a 1:3 ratio, where rhenium
was present in excess [18]. The variety and range of products from that
original study naturally led to the question of what the results might be if

the relative ratios were varied over otherwise similar conditions. In all
cases we did not need any added mineralizer and kept the identity of the
rhenium oxide (ReOy) starting material constant. As with the previous
work involving excess rhenium oxide, the alternative ratios provide a
rich and varied chemistry across the rare earth series (Table 3). The
lanthanide oxyhydroxides, LnO(OH), and lanthanide trihydroxides,
Ln(OH)3, readily form hydrothermally, and were often observed as
additional products in most reactions [22]. The rhenates appear unique
in that additional mineralizers are not required to form single crystals,
but occasionally BaO is added to form mild concentrations of hydroxide
mineralizer to assist in crystal formation.

The reactions of LasO3 with ReO5 in a 3:1 molar ratio resulted black
single crystals of LagRe;010, also previously obtained from a hydro-
thermal technique [23]. The same stoichiometric ratio with the next
largest rare earth oxides in sequence (Pr, Nd and Sm) led to the formation
of LnsRe3011 described in several previous studies, including from our
own survey of hydrothermal 1:3 LnyO3:ReO5 reactions [9,18]. The use of
moderately-sized lanthanide oxides Gd;03 and Tb40; yielded a new pair
of compounds, GdzReO7 and Tb3ReO;. Reaction of Gdy03 with ReO; in
3:1 ratio using water as the only mineralizer resulted in GdsReO; in
about 40% yield. The use of Tb407 in a 3:1 ratio with ReO,, while
providing a greater excess of terbium to the reaction, still produced the
analogous phase TbsReO;. The structure of LnsReO; (Ln = Gd, Tb)
formed via this method is a new structure type and is different from the
well known weberite-type phase and is discussed in detail below [24].
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The heavier, smaller rare earth oxides (Ln = Dy-Tm) only resulted
LnO(OH) single crystals and unidentified black powder, but Yb and Lu
led to the formation of small blue-green color single crystals of YbgReO15
or LugReO;y phases in about 20% yield. This phase has the Pr;O;5
structure type and has previously been described from powder data of
TmgeReO15 by Hartmann and coworkers, from a subsolidus reaction [25].
Here, the hydrothermal approach provided small single crystals to extend
structural characterization of the LngReO;s phase to the smallest
lanthanides.

Reactions were also carried out with 1:1 stoichiometric ratio of
Lny03:Re0y, resulting in substantially different product distributions
from either the 3:1 reactions and the 1:3 reactions. With the 1:1 ratio,
many larger-to moderately-sized lanthanides (Ln = La, Sm, Eu, Gd)
produced single crystals of the LnyReOs phase. Two structure types are
reported for this phase, with LasReOs crystallizing in [4/m [26], and
LnyReOs (Ln = Sm-Gd) crystallizing in P4/n [10]. While we obtained all
of these previously reported phases from reactions in deionized water,
the comparable reactions involving Pr and Nd resulted in mixtures of
LnzRe;09 and LngRe;017 (Ln = Pr, Nd). However, addition of BaO into
the reaction mixture in 1:1:1 ratio of BaO:LnyO3:ReO5 led to crystalli-
zation of previously unknown PryReOs and NdpReOs, along with the
Ln4Re201; phase. Interestingly, it is in this region of phase space where
the structural transition from I4/m to P4/n structure types occurs (vida
infra). The addition of BaO to the reaction likely produces Ba(OH); in situ,
in a concentration of about 0.7 M, which imparts slightly basic conditions
and provides an additional mineralizing effect. While this subtle change
(not affecting the Ln:Re ratio in the reaction) affects the complex and
sensitive phase distribution in these reactions, the addition of BaO to
reactions involving the other lanthanides did not affect their product
distributions. The 1:1 Tb407:ReO; reaction yielded single crystals of the
same monoclinic TbgReO; phase, which was also obtained in the 3:1
Tb407:ReO, reaction. Reactions with the smaller rare earth ions, from
Dy-Lu, yielded powders with powder patterns similar to the y-LnaReO5
phase first reported in 1969, for which the true composition was un-
certain [27]. More recent publications however, appear to have resolved
the ambiguities, identifying the composition for this phase as LnsRe3012
[9,28,29]. In our case the products from the 1:1 reaction of LnyO3 and
ReO; (Ln = Dy-Lu), indeed appear to be LnsRepO;5 (SI Fig. S11), as a
microcrystalline powder.

Table 3

Summary of hydrothermal reactions of lanthanide oxides and rhenium oxides in
the present study (note: all reactions produced LnO(OH) or Ln(OH); in addition
to the reported lanthanide rhenates).

Reaction Reactant Ratios and Lanthanide Mineralizer and

scheme Rhenium Oxide Product Temperature

1 3Lay03 + ReO, — LagRe2019 H,0/650 °C

2 3Lny,03 + ReOy — LnyRe;0q; (Ln = H30/650 °C
Pr-Sm)

3 3Lny03 + ReO, — LngReO; (Ln = Gd, H50/650 °C
Tb")

4 3Lny03 + ReO, — LnO(OH) (Ln = H>0/650 °C
Dy-Tm)

5 3Lny03 + ReO, — LngReO;5 + H,0/650 °C
LnsRe,015 (Ln = Yb, Lu)

6 Lay03 + ReO, — LayReOs H>0/650 °C

7 Lny0O3 + ReO, — LnzRex09 + H,0/650 °C
LngRe,011, (Ln = Pr, Nd)

8 LnyO3 + ReO, — LnyReOs + LngRes0qq BaO/H;0/650 °C
(Ln = Pr, Nd)

9 Sm,03 + ReO; — SmyReOs + H,0/650 °C
SmyRe,011

10 Lny03 + ReO, — LnyReOs (Ln = Eu, Gd) H»0/650 °C

11 Tb4O7 + ReOy — TbzReO, H,0/650 °C

12 Lny,O3 + ReOy — LnsRe;045 (Ln = H>0/650 °C
Dy-Lu)

@ Tb40 was used as a Tb source in scheme 3, resulting in a 12:1 ratio of Tb:Re,
compared to the 6:1 Ln:Re ratio for Gd. The same Tb-containing product is
observed from reaction scheme 11, a 4:1 Tb:Re ratio.
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The variety of products obtained spans multiple rhenium oxidation
states, despite always starting the reactions with Re** (as ReOy). Final
products exhibited Re** (LnyReOs), Re>" (LngRey011, LngReO7), Reb*
(LngReO;5), and mixed-valence Re**/>* (LnsRey0o, LnsRes01). In the
case of LnsReOy, the Re®* oxidation state distinguishes this compound
from others with similar Ln:Re ratios such as LngReOg (Ln:Re = 3:1) and
LnsRey01o (Lm:Re = 2.5:1) compounds which have Re’* and Re*/5+
oxidation states, respectively. Additionally, by extending the reactions to
more lanthanide-rich stoichiometries, we were able to access lanthanide-
rich phases (LngReO1, for example) that did not form from our previous
series of rhenium-rich reactions. Likewise, the relatively more rhenium-
rich stoichiometries such as LajRegO19 and LnoRe;O7(OH) were not
formed in the present study. As a whole, the system shows a great deal of
sensitivity toward the size of the lanthanide ions (Table 2), as well as the
lanthanide to rhenium ratio in the reactions.

3.2. Crystal structure of LngReO (Ln = Gd and Tb)

Compounds with the general formula LnsMO; where Ln is a lantha-
nide and M is a 4d or 5d transition metal such as Ru, Re, Ir, Mo, Nb, and
Ta have been studied extensively [30-36]. These compounds tend to
adopt closely related weberite-type structures with slightly different site
symmetries, and are based on the orthorhombic superstructure of cubic
fluorite. Initial work on LnsMO; type compounds was done by Allpress
and Rossel who report on the structural polymorphism of these com-
pounds [30,31]. According to their findings larger lanthanides of this
family Pr - Tb tend to crystalize in the Cmcm space group while the
medium sized lanthanides Dy and Ho adopt space group €222; as a
subgroup of Cmcm [24,37-39], and the smaller lanthanides adopt the
cubic defect fluorite structure. The structure of the Ln3MO, compounds in
Cmcm consists of corner sharing zigzag MOg octahedra propagating
parallel to the c-axis, where MO¢ chains are connected by lanthanide
oxide groups [24].

In this study we report a new structure type for the compounds with
general formula LnsReO; Instead of the previously reported ortho-
rhombic structure type however, LngReO; (Ln = Gd and Tb) crystallize in
a monoclinic structure type with the space group C2/m. Data from single
crystal structure refinements and geometric parameters of LngReO; are
given in Tables 1 and 2. This new structure is significantly different from
the orthorhombic structure of weberite-type LnsMO; compounds, and is
a three dimensional framework consisting of ReOg octahedra and GdO;
units. The ReOg octahedra are slightly distorted with Re-O bond dis-
tances ranging from 1.904(7) to 2.080(4) f\, consistent with what is ex-
pected for Re®>"—0 [40]. The bond valence sums (BVS) for rhenium were
calculated considering two possible bond valence parameters (1.86 and
1.91) used previously for Re’" in the literature [41]. Satisfactory results
were obtained using the bond valence parameter 1.91, resulting in BVS
values of 4.94 in Gd3ReO7 and 5.06 in Tb3ReOy, (Table 2). This was
further supported by XPS measurements (see below). None of the oxygen
atoms was found to be significantly underbonded. Given their iso-
structural nature, further discussion of the monoclinic Ln3ReO7 structure
type will use GdsReOy as the representative example.

The ReOg octahedra are connected to each other by edge sharing O3
and O4 to form chains along the b-axis (Fig. 1a). These chains consist of
unusual alternating short and long Re-Re distances of 2.4346(8) and
3.2274(8);\ in monoclinic GdgReO; (Fig. 1b). The shorter of the alter-
nating Re-Re bond distances in LnsReO; (Ln = Gd, Tb) suggests the
presence of Re-Re double bonds in the structure, similar to the Re-Re
bonds around 2.41 A in Ln4Rep017 [9,18]. The alternating pattern of
Re-Re bonding is supported by the Raman spectra of LngReO; (Fig. 2),
which features bands around 120 ecm ™! and 275 cm ™. The band at 120
cm ™ is similar to that from the stretching mode of the Re—Re single bond
of 3.042 A in Re5(CO)1p at 128 cm ™! [42]. The band at 275 cm™! cor-
relates with a Re-Re double bond, as observed in other systems where
similar Re-Re bond lengths (2.41 A to 2.52 /o\) occur [43]. Bands corre-
sponding to Re-O stretching vibrations within rhenium oxide clusters are
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Fig. 1. (a) Rhenium oxide chains in monoclinic GdsReO, having alternating
short (green) and long (grey) Re-Re distances. (b) Edge-sharing ReOg polyhedra
in monoclinic Gd3ReO,. (c¢) Corner-sharing ReOg polyhedra in previously re-
ported orthorhombic Gd;ReO;. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Raman spectrum of TbsReO,. Inset shows the region below 400 cm ™.

typically observed from 400 cm ™! to 800 cm ™! [18,44], and are likewise
also present here at 575 cm ™! and 780 cm ™.

In contrast to this new structure, the previously reported ortho-
rhombic structure for LngReO consists of chains of ReOg octahedra that
are corner sharing through oxygen forming zigzag chains along the c-axis
(Fig. 1c). As such, all of the Re atoms in orthorhombic Gd3ReO; are
separated by a distance of 3.727 A, and no Re-Re bond is likely present.
In this regard, the structure of monoclinic GdsReO7 may be considered
more similar to that of the LnsRe»01 5 phase, which also exhibits identical
edge-shared rhenium oxide chains with alternating short and long Re-Re
distances [28,29]. However, deviations in the lanthanide ion locations
and the presence of an additional unique oxygen atom that makes all the
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lanthanides seven-coordinate in GdsReO; (compared to two
seven-coordinate lanthanides and one six-coordinate lanthanide) distin-
guish monoclinic LngReO; from LnsRez015. The presence of the Re-Re
bond in monoclinic GdsReO7 also affects the distortion of the individual
ReOg octahedra. The 03-Rel-O3 angle is the largest of the cis-oxygen
angles (103.3(4)°) to accommodate the Re-Re bond, while the
04-Rel-O4 angle of the other edge-sharing interaction is particularly
acute (77.8(4)°) and has longer Re-O distances. The axial oxygen atoms
of the octahedra, O5, are bent away from the Re-Re bond (05-Re1-O5 =
167.6(5)°).

The rhenium oxide chains in monoclinic GdsReO; are embedded in a
framework of GdO; polyhedra, isolating the chains from one another
(Fig. 3). The framework is built from three unique Gd sites though all are
seven-coordinate. It can be thought of as having two substructures. The
first are zigzag edge-sharing chains of Gd(1)O; propagating along the b-
axis, parallel to the edge-sharing ReOg chains. These connect the ReOg
chains along the a-axis. The second substructure is a slab in the ab plane,
formed by Gd2 and Gd3 polyhedra through both edge- and corner-
sharing. Connectivity of the rhenium oxide chains with the two gado-
linium oxide substructures is shown in Fig. 4. The slabs in particular
result in a greater spacing between ReOg chains along the c-axis in
monoclinic GdsReOy in contrast to the spacing between ReOg chains in
orthorhombic GdsReOy;, where they are linked only through a single
GdOg polyhedron. The two gadolinium oxide substructures in monoclinic
GdsReOy are themselves fused to one another by oxygen edge-sharing of
Gd1 to both Gd2 and Gd3 (Gd-O = 2.231(5) A to 2.527(5) A).

Fig. 3. (a) Crystal structure of monoclinic Gd3ReO; along the b-axis, along the
direction of ReOg chain propagation (gadolinium atoms shown as orange
polyhedra, rhenium atoms shown as blue spheres, and oxygen atoms shown as
red spheres). (b) Crystal structure of monoclinic GdsReO; along the c-axis
(gadolinium atoms shown as orange spheres, rhenium atoms shown as blue
polyhedra, oxygen atoms shown as red spheres). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of
this article.)
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()

(b)

Fig. 4. (a) Connectivity of rhenium oxide chains to chains formed by Gd1 sites.
(b) Connectivity of rhenium oxide chains (viewed along the direction of chain
propagation) to Gd2/Gd3 slabs. Color scheme is the same as in Fig. 3. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

3.3. Crystal structure of LngReO12 (Ln = Yb and Lu)

Several LngMO1, compounds (M = Mo, W, Re, U) in the Pr;0:5
structure type have been reported in the literature, crystallizing in a
rhombohedral structure with space group R-3 [25,45,46], but the rare
earth rhenate analogs are not especially well known. The In and Sc an-
alogs of LngReO;5 were reported as single crystals synthesized at high
temperature high pressures in a belt apparatus, producing small single
crystals (0.05-0.1 mm) [46]. The lanthanide rhenium oxides LngReO15
(Ln = Ho-Lu) have also been reported as powders prepared from sub-
solidus reactions, with Rietveld refinement used to obtain positional
parameters for TmgReO1, [25]. In this study we were able to synthesize
YbeReO;2 and LugReO; 2 compounds as small, high quality single crystals
permitting their structures to be refined in the isotypic R-3 space group.
The structure of LugReO;i, provides a suitable representative. The
structures consist of isolated ReOg units with six equivalent Re-O bonds
of 1.934(9) A. This is slightly shorter than the average Re-O bond length
from six-coordinate Re®* in Gd3ReO7 (1.988(5) A), consistent with what
is expected for a formal Re®" in LugReO; . Noting again the ambiguous
nature of the bond valence parameter for Re®t [41], a reasonable bond
valence sum of 5.62 was obtained, and no underbonded oxygen atoms
were apparent. The lanthanide ion is seven-coordinate (Lu-O = 2.143(8)
A to 2.637(9) A), making a three dimensional network with channels
along the c-axis that accommodate the isolated ReOg units (Fig. 5a). The
rhenium atom has —3 site symmetry. The ReOg distorted octahedron is
surrounded by 12 lutentium atoms via Re-O-Lu bridging to LuO; units.
Six of these LuO; units are edge-sharing with the ReOg unit and form a
belt around the middle of the distorted octahedron (Fig. 5b), bridging
oxygen atoms on opposing faces of the ReOg octahedron along the c-axis.
Six other LuO; units are corner-sharing with the ReOg unit, with three
LuOy7 units each located above and below the “equatorial” ReOg (Fig. 5¢).
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(b)

Fig. 5. (a) Crystal structure of LugReO;, along the c-axis. (b) Edge-sharing
connectivity of LuO; units to a central ReOg unit. (¢) Corner-sharing connec-
tivity of LuO; units to a central ReOg unit. Lutetium atoms are shown as orange
polyhedra, rhenium atoms as blue spheres, and oxygen atoms as red spheres.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

3.4. Crystal structure of LnaReOs (Ln = pr, Nd)

The LnyReOs (Ln - La, Sm, Eu, Gd) compounds display an interesting
structural subtlety where Re;Og dimers having formal Re-Re triple bonds
can exhibit either eclipsed (space group I4/m) or staggered (space group
P4/n) oxygen atoms [10,26,47]. The current study aims to characterize
the structures of ProReOs and NdyReOs, which are curiously missing
from the structural literature and may provide insights into the apparent
lanthanide size dependence of these structure types. Like LasReOs,
ProReOs crystallizes in space group I4/m, with Re;Og dimers having
eclipsed oxygen atoms with Re-O bond lengths of 1.923(5) A (Fig. 6a).
The Re-Re bond occurs along the c-axis, with a Re-Re distance of
2.2491(10) A. This Re-Re bond distance is only slightly longer than the
typical Re-Re bond distance (2.24 10\) found for the RegClg’ ion [48],
which formally contains Re>* ions forming quadruple bonds. The Re;Og
cluster reported here has rhenium in formal +4 oxidation state (again
supported by bond valence sum calculations) with a d electronic
configuration, suggesting a bond order of three [10]. Each ReyOg unit is
surrounded by 12 PrOg units, each in a distorted cube geometry (Pr-O =
2.3709(4) Ato 2.564(5) A). Eight of these, four each on opposite sides of
the ReyOg unit along the c-axis, are connected via shared oxygen edges in
the ab plane, and are eclipsed with one another based on the oxygen atom
arrangement of the ReyOg building block (Fig. 7a and b). The remaining
four PrOg units around the middle of the Re;Og unit are connected to it
via edge-sharing along the c-axis, parallel to the Re-Re bond (Fig. 7c and
d). The PrOg cubes are connected to one another via oxygen edge sharing
to form the channels accommodating the Re3Og units.

Somewhat surprisingly crystals of NdoReOs were found to adopt the
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Fig. 6. (a) Crystal structure of ProReOs and its eclipsed Re,Og and PrOg structural building blocks. (b) Crystal structure of Nd;ReOs and its staggered Re,Og and NdOg
structural building blocks. Rhenium atoms are shown in blue, oxygen atoms in red, praseodymium atoms in green, and neodymium atoms in purple. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

structure type of the intermediately sized lanthanides, Sm-Gd, in space
group P4/n (Fig. 6b). The lower symmetry results in two unique rhenium
atoms, with Re1-02 = 1.919(6) A and Re2-01 = 1.925(6) A. Here, the
Rey0g dimers have a staggered arrangement of oxygen atoms, though the
Re-Re bond distance maintains its short, triple bond character at
2.2606(10) 10\, similar to the Sm-Gd analogs [49]. The NdOg units are
similarly affected by the oxygen atom arrangement, adopting a distorted
square antiprism geometry, and leading to a wider range of Nd—-O bond
lengths (Nd-O = 2.3199(5) A to 2.653(6) A) compared to those in
PryReOs. It also results in a different connectivity of the NdOg units to the
Rey0g units than in the ProReOs structure. Here, there are three layers
(along the c-axis) of four NdOg units each that bridge to the Re;Og unit,
for a total of 12 NdOg units surrounding the Re;Og dimer. The top layer of
NdOg antiprisms connect via edge-sharing oxygen atoms, while the
bottom layer connects via corner-sharing oxygen atoms (Fig. 7e and f).
The middle layer connects by double-edge-sharing. One edge spans the
length of the ReyOg unit (though here it is not strictly aligned with the
Re-Re bond because of the staggered oxygen arrangement), and the
other spans the edges of the square base of the Re;Og unit that accepted

the corner sharing interactions with NdOg (Fig. 7g and h). The NdOg
antiprisms in the individual layers in the ab plane connect to one another
via corner-sharing, with NdOg antiprisms of neighboring layers along the
c-axis connected via edge-sharing.

3.5. X-ray photoelectron spectroscopy (XPS)

The rhenium oxidation states in the various compounds were also
studied using XPS spectroscopy which was obtained for TbsReO7,
Gd3ReO7, and Nd;ReOs compounds (Fig. 8). The XPS experiments per-
formed on both Tb3ReO; and GdsReO7 compounds indicate the presence
of a small amount of the Re®" valence state along with the expected Re>*
valence state. According to the literature, rhenium oxides in lower
rhenium oxidation states tend to readily form a surface layer of ReO3 or
Re07 oxides and hydroxides when exposed to air [20]. For example,
depth profile analysis on ReO, has revealed the presence of approxi-
mately 2 nm thick surface layer of Re;0; and ReO3 mixed oxides, while
ReOj itself was also covered with approximately 2 nm thick surface layer
of ReyO7 and hydroxides [20]. To prevent any disturbance to the
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Fig. 7. (a-b) Connectivity of PrOg units around the top and bottom of Re,Og
units in ProReOs. (c-d) Connectivity of PrOg units around the middle of Re;Og
units in PryReOs. (e—f) Connectivity of NdOg units around the top and bottom of
Re,0g units in Nd;ReOs. (g-h) Connectivity of NdOg units around the middle of
Re0g units in Nd;ReOs. Color scheme is the same as in Fig. 6. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Journal of Solid State Chemistry 306 (2022) 122779

underlying oxide (LngReO7, LnyReOs), surface oxides were not routinely
removed prior to data collection during this study (eg: by sputtering).
Therefore, it can be assumed that in LngReO; (Ln = Gd, Tb) compounds,
several nanometers of the surface has been oxidized to ReO3 as a minor
contaminant. In general, however, the results confirm that the prominent
rhenium oxidation state in LngReO7 compounds is the +5 oxidation state
with a Re 4f7/; binding energy of 43.2 eV. The XPS experiments per-
formed with Nd,ReOs show the contribution from Re*" as the shoulder
at a Re 4f;, binding energy of 42.2 eV occurring on the lower energy side
of the Re®" peaks. The presence of relatively more Re®" contamination is
likely due to a relatively thicker layer of ReO3 on the smaller crystals of
NdyReOs compared to the larger crystals of LngReO7. We made several
attempts to obtain high quality XPS spectra of YbgReO; since they are
the only samples in this study that contain formal Re®". Unfortunately
the crystals of YbgReO12 we obtained are always very much smaller in
size (~0.05-0.1 mm) compared to the other crystals analyzed by this
technique so it was difficult to physically separate them cleanly from the
rest of the product.

4. Summary and conclusions

We continue our survey of the reaction profiles of ReO with the rare
earth oxides in various relative concentrations under hydrothermal
conditions, examining here the product phase space in the presence of
equimolar and excess rare earth oxide relative to ReO,. Reactions were
performed in high temperature (650 °C) hydrothermal aqueous fluids
using no added mineralizers. We found a rich descriptive chemistry
leading a number of interesting compounds that are significantly
different from earlier work. The product profile varies greatly across the
lanthanide series as a function of the ionic radius of the lanthanide ion.
The hydrothermally synthesized LngReO; (Ln = Gd, Tb) compounds
introduce a new structural polymorph to the LnsReO; family of com-
pounds, significantly different from the weberite-type compounds. These
new monoclinic polymorphs feature edge-sharing chains of ReOg units
based on Re®", having alternating short and long Re-Re bonds along the
chains. Extension of the structural characterization of the LngReOs
structure was also demonstrated for the later, smaller lanthanides. This
structure type features isolated ReOg units based on Re®*. In the earlier
lanthanides, synthesis of previously missing members of the LnyReOs
series, ProReOs and NdyReOs, revealed the structural transition point
from I4/m to P4/n occurs upon proceeding from the ProReOs to NdaReOs
stuctures. These structures have Re;Og dimers with Re-Re triple bonds
and Re*" ions, and differ in their eclipsed versus staggered orientation of
oxygen atoms. The various compounds all contain a range of formal
oxidation states for rhenium despite starting with Re*" in all cases, and
these were identified using XPS measurements. This work continues to
emphasize the flexibility of rhenium as a building block in rare earth
oxides, and the utility of hydrothermal synthesis to prepare high quality
single crystals for the continued pursuit of new and interesting
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Fig. 8. XPS spectra of Tb3ReO; (a), GdzReO; (b), and Nd,ReOs (c).
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