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ABSTRACT: Several new hydrated rare earth vanadates and rare earth oxy-vanadates
have been synthesized using hydrothermal techniques and characterized using single
crystal and powder X-ray diffraction and infrared and UV-—vis absorption
spectroscopies. The hydrated rare earth vanadates adopt the space group P2,/m
with general formula A;VO;(OH); (A =Y (1), Dy (2), or La (3)) and contain anionic
distorted square pyramidal [VOs]™® units and AO, and AOg polyhedra. The oxy-
vanadates with the general formula A,0(VO,) (A=Y (4), Dy (S; 6), or Yb (7)) form
two polymorphs in either P2,/c or C2/c space groups and contain anionic tetrahedral
[VO,]™* units and nonvanadium bonded O~ anions in distorted [OA,] tetrahedra. In
all cases, the vanadium ion is in the tetravalent oxidation state, and its original source
was the trace V* impurities in YVO,. The observed vanadyl and equatorial
vanadium—oxygen bond lengths about the square pyramid in compounds 1—3 and the
tetrahedral vanadium coordination found in compounds 4—7 are unusual for V**. The

YVO, YVO,
1-4 M KOH 1-4 K5CO;4
Y,VO5(OH); Y,0(VOy)
V-i + V-} +

electronic and vibrational spectra are also reported and correlated with the appropriate coordination environment.

B INTRODUCTION

Yttrium orthovanadate (YVO,) and its derivatives are useful
optical materials for solid-state laser applications. Single crystals
of lanthanide doped YVO, (particularly Nd:YVO,) have
superior lasing efficiency over materials like Nd:YAG due to
an enhanced stimulated emission cross-section and a broader
absorption manifold near 808 nm."” This large stimulated
emission cross-section leads to good lasing, and the broad
absorption peak enables efficient diode pumping.’ These
factors combine to provide excellent microlaser characteristics
as well.* Also, the structure of the YVO, crystal is uniaxial with
a significant birefringence, so that all emitted light is polarized,
allowing for more efficient Q switching.” An excellent summary
of the qualities of YVO, as a laser host was recently provided by
Kalisky.’ Other combinations of dopants (Yb, Er Tm, Ho) and
related hosts (ie GdVO,, LuvVO,) are also being explored for
specialized lasing applications.”®

In other optical applications of vanadate crystals, Eu**-doped
YVO, has been used as a red phosphor in color televisions and
cathode ray tubes, and other different colors such as blue and
reddish-orange phosphors can be obtained by doping YVO,
with Tm*" and Sm*, respectively.”'® Recent studies have
shown potential application of lanthanide-doped YVO, thin
films as luminescent materials in plasma display panels. All of
these properties make it important to understand thoroughly
the crystal growth and physical properties of the material.

Rare earth vanadate crystals are grown using several methods
such as flux,"" laser heated pedestal growth, top seeded solution
growth,12 floating zone,"® Czochralski growth,14 and hydro-
thermal techniques.'> However there are a number of problems
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related to the growth of high optical quality single crystals of
YVO, and its relatives. Foremost is the fact that the material
does not strictly melt congruently, so any technique relying on
melting YVO, has challenges in providing high quality crystals.
One major issue with high temperature melt growth is the
tendency of the V°* ions to become reduced to lower valent V**
and V* oxidation states at higher temperatures. This creates
oxygen defects and absorption bands in the crystal due to the
lower valent vanadium ions. This problem can be suppressed by
the addition of oxygen to the growth atmosphere, but this leads
to oxidation of the crucible and incorporation of metal oxide
contaminants in the crystal. The trace amount of lower
oxidation state vanadium ions in reduced oxidation states in
commercial YVO, is responsible for the characteristic pale
greenish-brown color of the bulk material.

Partly to address these issues of undesirable reduced
vanadium oxidation states in the bulk YVO, crystals, we
investigated a hydrothermal route to bulk single crystals of
YVO, and its congeners for commercial optical applications."®
Whittingham et al. previously reviewed the use of mild
hydrothermal methods in the synthesis of a number of
vanadium oxides containing organic species or metal cations
such as the alkali metals, alkaline earths, zinc, and copper.lé In
addition, Byrappa and Yoshimura previously reported a
hydrothermal route to small crystalline YVO,.'” We were
able to develop a route to versatile large single crystals of the
lanthanide vanadates, and because of the relatively low growth
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Table 1. Crystallographic Data for Compounds 1, 4—7

1 4
chemical formula Y;VO,(OH), Y,VOq
fw (g/mol) 448.69 308.76
space group P2,/m C2/c
temp./K 293 293
cryst syst monoclinic monoclinic
a, A 5.5382(11) 14.435(5)
b, A 10.301(2) 6.7344(13)
o A 59197(12) 10.430(2)
a, deg 90 90
B, deg 105.30(3) 12221(2)
7, deg 90 90
v, A3 325.73(11) 857.9(4)
V4 2 8
Dy, Mg/m? 4.575 4781
indices (min) [-7, —14, =7] [-17, -8, —12]
(max) (7, 14, 8] (15, 8, 12]
params 64 73
F(000) 414 1128
u, mm™! 27.852 28.874
20 range, deg 3.57-29.95 3.34-25.24
collected reflns 3368 3585
unique reflns 844 774
final R (obs. data),” R, 0.0395 0.0864
wR, 0.0930 0.2425
final R (all data), R, 0.0433 0.0980
wR, 0.0971 0.2602
goodness of fit (S) 1.081 1.145
extinction coefficient 0.016(3)

“R, = [YNIF, — IF|I1/XIF,; wR, = {[Xw[(F,)* = (F.)*1*}"2

S 6 7
Dy,VOgq Dy,VOgq Yb,VOq
455.94 455.94 477.02
P2,/c C2/c C2/c
293 293 293
monoclinic monoclinic monoclinic
9.0699(18) 14.470(3) 14.265(3)
6.9545(14) 6.7521(14) 6.6826(13)
6.6987(13) 10.467(2) 10.274(2)
90 90 90
106.79(3) 122.14(3) 121.99
90 90 90
404.53(14) 865.9(3) 830.7(3)

4 8 8

7.486 3.497 3.814

[-12, =9, —8] [-17, -8, —13] [-17, =8, —12]
(12, 8, 8] (17, 8, 12] (17, 8, 12]
74 74 74

780 780 812

38.724 18.091 23.384
2.35-29.59 3.33-27.79 3.48—26.40
3722 3571 3262

940 886 824

0.0577 0.0413 0.0607
0.1606 0.1293 0.1731
0.0591 0.0513 0.0686
0.1623 0.1575 0.1973
1.106 1.204 1.199
0.0084(10) 0.0021(3) 0.0016(3)

temperature, only a modest of amount of KNO; oxidant
maintained a completely colorless single crystal, eliminating the
problem of V** reduction in both YVO, and Nd:YVO, bulk
single crystals.'>'®

In the course of developing a commercially viable growth
method, we investigated a number of raw material sources of
YVO, that contained trace amounts of reduced vanadium ions.
This was evident in the telltale pale greenish-brown color of the
feedstock. Hydrothermal crystal growth using this pale-colored
feedstock typically generated colorless, water-clear single
crystals of YVO, along with a trace amount of olive green
single crystals of an obviously different morphology mixed in
with the target compound. It is clear that the reduced vanadium
centers are sequestered to grow in a distinct solid phase, along
with the fully oxidized V** ions in pure YVO,. Tetravalent
vanadium V*" adopts the ground state electronic configuration
[Ar]3d" and typically adopts five- or six-coordinate geometries
and is characterized by colors in the green/blue range.'” >

In this paper, we describe the reaction chemistry and
products that result from the sequestration of the reduced
vanadium ions into new compounds. In the course of this
study, we isolated new interesting minor products and devised
new novel synthetic procedures to optimize their yields. Here,
we present the synthesis, characterization, and crystal structures
of seven new vanadate compounds with their vanadium centers
in the V* oxidation state. These new structures include a
hydroxylated metal vanadate with the general formula
A;VO,(OH); (A = Y(1), Dy (2), or La (3)), as well as two
phases of nonhydrated V** vanadates with the general formula
A,0(VO,) (A =Y (4), Dy (5; 6), or Yb (7)). The use of
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hydrazine monohydrate as a reducing agent of V** to V* in
YVO, was also examined with the aim of making phase pure
hydrated reduced vanadates. Finally, we briefly describe the
preparation of several new V** compounds with the general
formula K;A(VO,), (A =Y, Dy, Ho, Lu, or Yb) that are
isolated from related reactions as part of this investigation.
These will subsequently be reported in much greater detail.

B EXPERIMENTAL METHODS

Materials. All reagents were of analytical grade and used as
purchased: V,0; (Alfa Aesar, 99.6%), Y,0; (Alfa Aesar, 99.9%),
Dy,0; (Strem, 99.9%), Yb,O; (Strem, 99.9%), La,O; (Strem, 99.9%),
and N,H,-H,O (Alfa Aesar). Czochralski grown YVO, boules were a
contribution from Synoptics Crystals in Charlotte, North Carolina.

2.1. Synthesis. Synthesis of A;VO;(OH); (A =Y (1), Dy (2), or
La (3). Compounds 1—3 were prepared hydrothermally and
obtained as side products in the hydrothermal recrystallization
of YVO,, DyVO,, or LaVO, crystals. The vanadate starting
materials (YVO,, LavO,, or DyVO,) were synthesized by
stoichiometric solid-state reactions between V,04 with Y,O;,
Dy,0;, or La,O; at 900 °C for 9 h or contributed by Synoptics
as described above. The Y;VO;(OH), phase was first observed
as a minor product resulting from the hydrothermal
recrystallization of light green colored Czochralski grown
YVO, with 2 M NaOH at 560 °C for 4 days. In this reaction,
the resulting YVO, crystals were completely colorless, and the
V* appeared to be completely sequestered in this side product.
Alternatively, recrystallization of ~150 mg of YVO,, DyVO,, or
LavVO, (prepared from the solid-state reactions described
above) using 0.4 mL of 1—4 M NaOH at 560 °C for 4 days in
weld-sealed silver ampules also resulted in formation of A(VO,)
crystals as the major product and A;VO(OH), (A =Y (2), Dy
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AVO4 + Trace A3VO5(OH)3

y KOH

2-4 MKOH
AV04 + More A3V05(OH)3 e

1-3 MK,CO;,

Y;VOs(OH);

N,H,H,0
4MK,CO,

4-10 M K,CO;4

o KsA(VO4)2

IMKF
(440°C)

AVO, + Trace AyO(VO,) - C or P-centered  DyVQ, + Trace Dy,0(VOy,) - C-centered

A=Y, Dy, La, Gd, Yb

Figure 1. Reaction scheme showing the synthesis of hydroxylated and oxy-vanadates at 560 °C and 25000 psi with exception of C-centered
Dy,0(VO,) (440 °C). In all cases, the AVO, starting material contains trace contamination of reduced V* centers.

(2), or La (3)) crystals as the minor product. Compounds 1, 2,
and 3 were subsequently obtained in phase pure yields via a
hydrothermal reduction reaction of ~200 mg of YVO,, DyVO,,
or LaVO, using a combination of 0.2 mL of N,H,-H,O and 0.3
mL of 4 M K,COj; mineralizers at 560 °C for 4 days in weld-
sealed silver ampules. After all reactions, the contents of the
ampule were filtered and the products washed with deionized
water to yield the colorless and/or green hexagonal crystals.

Synthesis of A,O(VO,) (A =Y (4), Dy (5; 6), and Yb (7)).
Compounds 4, S, and 7 were also obtained as minor products via
hydrothermal crystallization of ~150 mg of YVO,, DyVO,, or YbVO,
using 0.4 mL of 4 M Rb,CO; or 4 M K,COj; at 560 °C for 4 days in
weld-sealed silver ampules. After reaction, the reaction products,
including the dark blue hexagonal crystals of the title compounds, were
manually isolated, washed with deionized water, and air-dried. The
predominant product of this reaction was AVO, (A =Y, Dy, or Yb),
but compounds 4, S, and 7 were easily hand-separated by their blue
color from the colorless AVO,. The C-centered monoclinic
polymorph of compound 6 was also obtained as a fractional product
via hydrothermal crystallization of ~150 mg of DyVO, using 0.4 mL of
2 M KF as a mineralizer at 440 °C for 4 days in weld-sealed silver
ampules. The predominant products were again well-formed colorless
single crystals of DyVO,.

Synthesis of K;A(VO,), (A =Y, Dy, Ho, Lu, or Yb). As a typical
example, the synthesis of KyHo(VO,), was accomplished via
hydrothermal crystallization of HoVO, with 4—10 M K,CO; at 560
°C in a silver ampule for 6 days. The sealed ampule was loaded into a
Tuttle autoclave, which was counter-pressured with additional water.
The autoclave was heated at 560 °C for 6 days, typically generating a
counter-pressure of 25200 psi. The contents of the ampule were
filtered and the products washed with deionized water to yield phase
pure colorless crystals. The other analogs can be prepared in similar
fashion.

X-Ray Diffraction. Powder X-ray diffraction (PXRD) data were
collected using a Rigaku Ultima IV X-ray diffractometer with Cu Ka
radiation (1 = 1.5418 A). Patterns were collected from 5 to 65° in 20
at a scan speed of 1.0°/min. All single crystal XRD solutions were
confirmed using PXRD data and compared to predicted powder
patterns simulated from the single crystal data using the Mercury
program.”* Single crystal X-ray intensity data were collected using a
Rigaku Mercury CCD detector and an AFC-8S diffractometer
equipped with graphite monochromated Mo Ka radiation (4 =
0.71073 A). The space groups were determined from the observed
systematic absences and confirmed using the MISSYM algorithm
within the PLATON program suite.”> Data reduction, the application
of Lorentz and polarization effects, and absorption corrections were
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performed using the CrystalClear program.** The structures were
solved by direct methods and refined using subsequent Fourier
difference techniques, by full-matrix least-squares, on F* using
SHELXTL 6.10.>

All atoms were refined anisotropically with the exception of the
hydrogen atoms. In the structures of compounds 1—3, the location of
the hydrogen atom was determined by examining both the local
geometries of the oxygen environments and the locations of residual
electron density. The positions of the hydrogen atoms were restrained
to these locations to prevent the O—H bond distance from shortening
significantly during subsequent refinements. Data from the single
crystal structure refinements of compounds 1, 4, S, 6, and 7 are given
in Table 1, while those of compounds 2 and 3 can be found in Table
S1 in the Supporting Information. All single crystal solutions were
confirmed by simulating the powder pattern from the single crystal
structure determinations and comparing these to the powder patterns
obtained from the bulk reaction products.

Additional Characterization. Infrared spectroscopy was per-
formed using the KBr pellet technique under flowing nitrogen with a
Nicolet Magna 550 IR spectrometer. Spectra obtained were the
average of 16 scans over a 400—4000 cm™' range with a 4 cm™
resolution. Optical spectra of the title compounds were recorded on a
PC-controlled SHIMADZU UV-3100/vis/near-IR spectrometer
equipped with an integrating sphere. Green crystals of 1 and 2 and
blue crystals of 4 were ground and smeared onto BaSO, plates for data
collection. The absorption data were collected in the range of 200—
800 nm using a slow scan speed.

B RESULTS AND DISCUSSION

Synthesis. This work was initially prompted by our earlier
growth studies of YVO, single crystals. We found that
hydrothermal growth leads to high quality, colorless YVO,
single crystals in 1 M OH™ mineralizer. During our earlier
detailed crystal growth study, we noticed a small amount of
olive green crystals that were often interspersed in the
otherwise colorless YVO, single crystals that formed the bulk
of the product. This minor product also formed high quality
single crystals and intrigued us because the trace green color in
the feedstock had otherwise completely disappeared. Thus, we
initially isolated the distinct green side product crystals by hand
for preliminary investigations. Single crystal characterization
revealed that it is indeed a V* compound Y;VO,(OH),.
Subsequent work demonstrates that this works with a variety of
other rare earth elements as well. Materials 1—3 crystallized as
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minor products from impure YVO, DyVO,, and LaVO,,
respectively, using 1 M NaOH as the mineralizer, along with
high quality single crystals of the majority product AVO, (A =
Y, Dy, or La). Mixtures of AVO, and relatively increased
amounts of A;VO,(OH); (A =Y (1), Dy (2), or La (3)) were
obtained using higher concentrations (2—4 M) of NaOH as the
mineralizer (Figure 1). The crystals were easily distinguishable
from the main products in their respective reactions based on
their morphology and color, olive green for Y;VO;(OH); (1),
brown for A;VO;(OH); (A = Dy (2) or La (3)), and blue for
A,0(VO,) (A=Y (4), Dy (5; 6), or Yb (7)), vida infra.

When carbonates are used as alternative mineralizers, a
different V* species is isolated, namely, A,O(VO,). The
materials 4, S, and 7 also crystallized as trace products in the
presence of high quality crystals of YVO,, DyVO,, and YbVO,,
respectively, used when a relatively low concentration of alkali
carbonates, 1-3 M Rb,CO; or K,CO; was used as the
mineralizer. A mixture of AVO, and increased amounts of
A,0(VO,) (A=Y (4), Dy (S), or Yb (7)) was obtained using
4 M Rb,COj; or K,COj;. When the reactions were extended to
use KF as the mineralizer at 440 °C instead of carbonate or
hydroxide at 560 °C, trace amounts of yet another material with
a V* ion, C-centered A,0(VO,) (6), are formed. However, in
this case, the alternative polymorph in the C2/c space group is
isolated instead of the P2,/c space group that is obtained using
the carbonates (see the Discussion below and Figure 1). These
reduced oxyvanadates, 4—7, all have a characteristic blue color.
The preferential formation of compounds 1-3 from 2 to 4 M
hydroxide solutions versus compounds 4—7 from 1 to 3 M
carbonate solutions or fluoride suggests that this system is
particularly sensitive to the nature of the mineralizer ion.

The identification of the trace green product as a V**
compound suggested that the yield of the reduced material
could be improved in the presence of a reducing agent.”®
Indeed, this proved to be the case. These compounds, 1-3,
were obtained in phase pure yields using a combination of 0.2
mL of N,H,-H,0 and 0.3 mL of K,COj as the mineralizer. The
hydrazine monohydrate in this case was used as a reducing
agent in the reduction of V** to V*, as previously reported.”

We find that the A,0(VO,) phases (4, 5, 7) form in trace
quantities from impure YVO, feedstock as the source of the V**
ions when 1—4 M carbonate is employed as the mineralizer. As
with KOH mineralizer, the bulk of the reaction product is
colorless, high quality YVO, single crystals, with the V*" species
only forming as a minor product. Unlike with the hydroxylated
species 1—3, we have thus far been unsuccessful in growing
these products in high yield. All attempts to produce pure
materials using a reducing agent only lead to the hydroxylated
phases 1-3.

Interestingly, when a higher concentration of carbonates is
used as the mineralizer (>4 M K,CO;), an entirely different
material is obtained with the formula K;A(VO,), (A =Y, Dy,
Ho, and Lu). In this case, the compounds contain exclusively
V** vanadate building blocks with no reduced V** or V°*
evident, as demonstrated by the colorless nature of the crystals.
These compounds are members of an extensive and fascinating
class of structures known as the glaserite phases, with the
parent derivative having the formula K;Na(SO,),.”” Despite the
many members of this class of compounds, few exist in the
highest symmetry parent form in space group P3m1.***’ The
derivatives we isolated here do crystallize in the high symmetry
trigonal phase and have considerable potential as new materials.

They are the subject of a much more detailed report to be
forthcoming.

Crystal Structures of A;VO5(OH); (A =Y (1), Dy (2), or
La (3)). Compounds 1-3 crystallize in the monoclinic space
group P2,/m (No. 11) and have essentially identical structures
despite the choice of rare earth samples with a wide range of
ionic radii. Only the yttrium compound (1) is discussed in
detail as the prototype structure, with the crystal data for the
other rare earth analogs available in the Supporting Information
Tables S1 and S2. The structures of 1—3 resemble those of
previously reported hydroxyl and fluoro-germanates such as
Dy;GeOs(OH);,*° Gd;GeOs(OH);,*" Sm,GeO,(OH),,** and
Y;GeOs((OH)osFos);>> The crystal structures of 1—3 have
two different coordination sites for their respective A>* (A =Y,
La, and Dy) cations, while the vanadium cations are
pentacoordinated by five oxygen atoms in a square pyramidal
arrangement. The crystal structure of compound 1 contains two
crystallographically independent Y** cations (Figure 2). Y(1) is

Figure 2. Coordination polyhedra of the two crystallographically
unique Y** cations in Y;VOs(OH); (1).

coordinated by eight oxygen atoms, five of which are also
bound to vanadium centers, while the other three are shared
only between yttrium atoms. Y(2) is coordinated by seven
oxygen atoms, and four of these are vanadium-bonded, while
the other three are again only yttrium-bonded. The cations
Y(1) and Y(2) have average Y—O bond distances of 2.398 (4)
A and 2.337 (4) A, respectively, and these average Y—O bond
lengths are very similar to those found in Y;GeO;((OH),s
Fos); (Y(1) = 2.3944; Y(2) = 2.3297).*> The atoms Y(1),
V(3), O(4), O(S), and H(S) sit on special positions with site
symmetry m. Coordination about vanadium occurs as square
pyramids. Here, the apical V=O bond is much shorter
(1.697(5) A) than the vanadium oxygen distance of the square
base (1.926(4) A; Table 2). The hydrogen atoms in these
structures are bound to O(3) and O(S) oxygen atoms, which

Table 2. Selected Bond Distances and Angles for Compound
1

Y(1)-0(2) 2.337(4) Y(2)-0(5) 2.472(3)
Y(1)-0(1) 2.344(4) V(1)—0(4) 1.697(5)
Y(1)-0(4) 2.369(5) V(1)-0(2) 1.907(4)
Y(1)-0(5) 2.378(5) V(1)-0(2) 1.907(4)
Y(1)-0(3) 2.539(4) Vv(1)—0(1) 1.946(4)
Y(2)—0(2) 2.222(4) 0(4)-V(1)—0(2) 108.50(19)
Y(2)-0(3) 2.262(4) 0(2)-V(1)-0(2) 81.0(2)

Y(2)-0(2) 2.292(3) 0(4)-v(1)-0(1) 108.02(18)
Y(2)-0(1) 2.293(4) 0(2)-Vv(1)-0(1) 86.58(16)
Y(2)-0(1) 2.384(4) 0(2)-Vv(1)-0(1) 143.46(15)
Y(2)-0(3) 2.433(4) 0(1)-Vv(1)-0(1) 83.2(2)
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bind to the yttrium or rare earth atoms. The —OH groups are
not involved in the reduction of the vanadium site from V** to
V* but do lead to the overall stabilization of the charge balance
of the compound. Hydrogen bonding appears to occur by O5—
HS5—04, which adds more stability to the crystal structure and
helps satisfy the bond valences of the oxygen atoms.

For the remaining compounds of this structure type, 2 and 3,
A—O bond distances range from 2.329(8) to 2.547(17) A for
A(1) and 2.215(8) to 2.486(11) for A(2), so only a small
amount of elongation is observed compared to the Y
compound. Likewise, V—O bonds range from 1.915(14) to
1.964(9) A, and V=0 bonds range from 1.670(2) to
1.673(12) A in these analogs. Thus, a small amount of
flexibility in the vanadium oxygen bonds compensates for any
differentials in the A—O bonding to account for the highly
similar unit cell volumes in compounds 1—3. The selected
bond distances and angles for compounds 2 and 3 are
presented in Table S3 of the Supporting Information.

The packing diagram of Y;VO;(OH); (1) is shown in Figure
3. Along the ¢ axis, the [YO;] polyhedra are connected by

@y
(WY
@0

Figure 3. Crystal packing diagram of Y;VO;(OH); (1) along the a

axis.

corner and edge sharing to form a zigzag chain. The [YOq]
polyhedra are edge sharing with the [YO,] polyhedra and form
infinite helical chains along the [010] direction. In combina-
tion, these chains form a fairly compact framework structure of
Y—O bonding with isolated gaps that are filled by the vanadium
polyhedra. The [VO;]™® square pyramid shares one edge
(through a pair of O1 atoms) with a [YOg] polyhedron and two
02—02' edges with [YO,] polyhedra and is corner sharing
with [YO,] polyhedra through the vanadyl bond approximately
along the [001] axis.

Crystal Structures of Monoclinic Y,0(VO,) (4), Dy,O-
(VO,) (6), and Yb,0(VO,) (7). Compounds 4, 6, and 7
crystallize in the monoclinic spacegroup C2/c (No. 15). The
crystal structure of these compounds resembles that of high
temperature oxo-silicates (B-type phase) with the general
formula Ln,O(SiO,) (Ln = Y and Dy to Lu),**7*® which
themselves crystallize with the (Mn,Fe),[PO,]F structure.*” >’
The Y** cations in the crystal structures of 4 have crystallo-
graphically different coordination numbers of 6 for Y1 and “6 +
1”7 for Y2. The coordination around Y1 and Y2 in the crystal
structure of 4 is shown in Figure 4a, which shows the two
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| i 2
Figure 4. Coordination polyhedra of the crystallographically unique

Y** and Dy** cations in (a) C-centered Y,O(VO,) (4) and (b)
primitive Dy,0(VO,) (5).

different crystallographic environments for the Y** cations,
while Table 3 gives the selected bond distances for compounds

Table 3. Selected Bond Distances for Complexes 4, 6, and 7

A=Y A =Dy A=Yb
A(1)-0(5) 2.223(13) 2212(14) 2.168(17)
A(1)-0(1) 2.276(13) 2.277(13) 2.255(18)
A(1)-0(2) 2.289(13) 2.303(13) 2.228(18)
A(1)-0(5) 2.292(15) 2.302(14) 2.288(15)
A(1)-0(3) 2.293(14) 2.314(14) 2.257(18)
A(1)-0(2) 2.304(14) 2.287(13) 2.261(18)
A(2)-0(5) 2.194(13) 2233(14) 2.150(16)
A(2)-0(4) 2.303(13) 2.347(13) 2.297(16)
A(2)-0(1) 2.339(13) 2.345(15) 2.283(17)
A(2)-0(4) 2.348(13) 2.347(13) 2.276(15)
A(2)-0(3) 2.364(13) 2.368(13) 2.333(18)
A(2)-0(5) 2.374(13) 2.388(13) 2.367(15)
A(2)-0(3) 2.591(15) 2.617(13) 2.597(17)
Vv(1)-0(1) 1.620(13) 1.625(15) 1.60(2)
V(1)-0(4) 1.626(16) 1.625(14) 1.609(19)
v(1)-0(2) 1.635(15) 1.619(13) 1.649(18)
Vv(1)-0(3) 1.649(15) 1.643(15) 1.650(16)
0(1)-v(1)-0(4) 114.5(7) 113.3(7) 115.1(10)
0O(1)-V(1)-0(2) 112.0(7) 111.0(7) 109.1(10)
0(4)-Vv(1)—0(2) 107.9(7) 109.0(7) 107.0(9)
0(1)-v(1)-0(@3) 113.4(8) 112.4(8) 113.1(10)
0(4)-Vv(1)-0(3) 101.1(7) 102.5(7) 102.3(9)
0(2)-v(1)-0(3) 107.2(7) 108.2(7) 109.9(10)

4, 6, and 7. The Y1 cation has Y—O bond distances ranging
from 2.2235(13) to 2.3039(15) A, and its coordination
described as a distorted octahedron
comprised of four vanadium bridged oxygen atoms and two
yttrium bonded O~ anions. The O—Y1—O angles range from
77.9(5)° to 165.5(5)°, indicating the angular distortion. On the
other hand, the coordination polyhedron of the Y2 cation can
be described as a capped octahedron with Y—O bond lengths
ranging from 2.1944(13) to 2.374(13) A and a seventh longer
bond of 2.5906(15) A. The O—Y—0 bond angles are between
61.9(5)° and 151.6(5)°, and this large angular distortion is due
to the long capping oxygen atom. The [VO,]™* anion adopts a
distorted tetrahedral geometry with V—O bond distances and

environment can be
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O—V—-0 angles ranging from 1.6199(13) to 1.6494(15) A and
101.1(7) to 114.5(7)°, respectively. The four vanadium bound
oxygen atoms coordinate a total of eight yttrium cations: three
of the oxygen atoms bridge five Y3* cations, whereas the fourth
oxygen atom bridges to three cations. The fifth oxygen atom
05 adopts a distorted tetrahedron [OY,]*'? and is surrounded
by four yttrium cations (two Y2 and two Y1). The O5S—Y bond
distances and Y—OS—Y angles range from 2.194(13) to
2.374(13) A and 99.0(5)° to 140.9(6)°, respectively.

The crystal structure of 6 is isostructural to that of 4 and
contains Dy—O bond distances and O—Dy—O angles in the
range of 2.227(11)—2.604(13) A and 61.5(5)—164.6(4)°,
respectively, while the V—O bond lengths and O—V—O bond
angles range from 1.615(12) to 1.633(13) A and 101.9(7) to
114.0(6)°, respectively. The crystal structure of 7 contains Yb—
O bond distances and O—Yb—O angles in the range of
2.150(16)—2.596(17) A and 56.9(5)—167.6(6)°, respectively,
while the V—O bond lengths and O—V—O bond angles range
from 1.600(2) to 1.651(16) A and 102.3(9) to 115.0(10)°. In
this way, it appears that compound 7, based on the smallest rare
earth cation, exhibits the most structural distortion in terms of
variance of bond lengths and angles of these compounds
studied. The unit cell parameters in the crystal structures of 4,
6, and 7 increase with increased ionic radii, with the a and b
parameters having the most profound changes, whereas the f
angle stays relatively unchanged at around 122.0°. Similar
results, including structural distortions around the silicates,
were observed with the B-type ortho-oxosilicates.**>°

The packing diagram of Y,0(VO,) (Figure S) shows
[(Y1)O4] and [(Y2)O,] polyhedra forming infinite helical

Figure S. Crystal packing diagram of Y,0(VO,) (5) along the b axis.

chains, which propagate by edge sharing. These independent
helical chains are connected together by [VO,] ™ tetrahedra.
The [VO,]™ tetrahedra shares corners with three [(Y2)O,]
and four [(Y1)Og] polyhedra while also edge sharing with the
[(Y2)O,] polyhedron. Tetrahedra of [OY,] form infinite chains
along the ¢ axis that are connected along the b axis through
isolated [VO,]™* units.

Crystal Structure of Primitive Monoclinic Dy,0(VO,).
Compound § crystallizes in the monoclinic spacegroup P2,/c
(No. 14), and its crystal structure resembles that of low
temperature oxo-silicates (A-type phase) with the general
formula Ln,0(SiO,) (Ln = Y, La—Gd).*** The crystal
structure of compound S contains two crystallographically
independent Dy®" cations, where Dy(1) is coordinated by eight
oxygen atoms: seven of them are vanadium bonded, while one
is not (Figure 3b). The Dyl—O bond distances and O—Dyl—
O angles range from 2.259(11) to 2.601(12) A and 58.4(4)° to
159.9(4)°, respectively. The coordination polyhedron around
the Dy(2) cation resembles a capped octahedron, where it is
coordinated by seven oxygen atoms: four of them are bridged
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to vanadium, while the other three are bridged to another rare
earth. The Dy2—O bond lengths and O—Dy2—O angles range
from 2.238(12) to 2.515(14) A and 63.5(4)° to 170.7(4)°,
respectively. The two different crystallographic environments
for the Dy’* cations are shown in Figure 4b, while Table 4

Table 4. Selected Bond Distances for Compound 5

Dy(1)-0(2) 2.259(11) Dy(2)-0(3) 2.477(12)
Dy(1)-0(1) 2.328(12) Dy(2)-0(3) 2.514(13)
Dy(1)-0(4) 2.332(13) V(1)-0(5) 1.597(14)
Dy(1)-0(S) 2.356(13) V(1)-0(4) 1.625(14)
Dy(1)-0(4) 2.435(13) V(1)-0(3) 1.640(13)
Dy(1)-0(2) 2.491(13) V(1)-0(2) 1.667(13)
Dy(1)-0(5) 2.561(13) 0(5)-V(1)-0(4) 112.7(7)
Dy(1)-0(4) 2.601(13) 0(5)-v(1)-0(3) 113.5(7)
Dy(2)-0(1) 2.238(12) 0(4)-v(1)-0(3) 113.7(7)
Dy(2)-0(1) 2.254(12) 0(5)-V(1)—0(2) 116.3(7)
Dy(2)—0(1) 2.329(13) 0(4)-v(1)-0(2) 98.5(7)
Dy(2)-0(3) 2.357(13) 0(3)-v(1)-0(2) 100.8(6)
Dy(2)-0(2) 2.358(11)

provides selected bond distances. The vanadium atom occupies
one crystallographic site with a distorted tetrahedral environ-
ment with V=0 distances and O—V—0O angles ranging from
1.5972 (14) to 1.6664 (13) A and 98.6(7)° to 113.7(7)°,
respectively. We note that this is significantly more distortion
than is present in the C2/c polymorph. The other unique
oxygen atom, O3, adopts a distorted tetrahedron [ODy,] and is
surrounded by four dysprosium cations (three Dy2 and one
Dyl, also differing from the C2/c structure type). The O3—Dy
bond lengths and Dy—O3—Dy angles range from 2.238(12) to
2.330(14) A and 100.3(5)° to 127.6(5)°, respectively, which is
alternatively a much less distorted environment than is present
in the C2/c polymorph.

The packing diagram of Dy,0(VO,) (S) results in a three-
dimensional framework, as shown in Figure 6. The [Dy(1)Os]

Figure 6. Crystal packing diagram of Dy,0(VO,) (5) along the b axis.

polyhedra edge shares to itself, resulting in an infinite helical
chain along the ¢ axis. These helical [Dy(1)Og] polyhedral
chains are connected together by [Dy(2)O,] polyhedra that are
edge connected and run in a zigzag fashion along the ¢ axis. The
[ODy,] tetrahedron shares a common edge with another
[ODy,] tetrahedron and corners with four other [ODy,]
tetrahedra. Along the a axis, these [ODy,] tetrahedra are
connected together via isolated [VO,]™ units. It is interesting
that this structure type was only obtained for the Dy compound
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Table 5. Different V** Coordination Geometries and Varied V—O Bond Distances and O—V—O Bond Angles in Compounds 1,

4, and §
compound S.G. Ve geometry
Y,;VO,(OH), (1) P2,/m distorted square pyramidal
Y,0(VO,) (5) C2/c distorted tetrahedral
Dy,0(VO,) (6) P2,/c distorted tetrahedral

V-0 bond lengths (A)
1.697(5)—1.946(4) A V=0 1.697(5)
1.6199 (13)—1.6494 (15) A
1.5972(14)—1.6664(13) A

O—V-0 bond angles
81.0(2)—143.46(15)°
101.1(7)—114.5(7)°
98.6(7)—113.7(7)°

in this study and not for the smaller rare earth cations. As with
the oxo-silicates, it appears that Dy is near the boundary of
where the A- and B-type crystal structures are stable.
Comparative V** Coordination Geometry. The coordi-
nation geometries of the vanadium atoms in all of these species
deserve comment, as they differ greatly in the three structure
types, as shown in Table S. Coordination about vanadium in
1-3 occurs in a vanadyl [1 + 4]-coordination as distorted
[VO] ™6 square pyramids. Here, the apical V=0 bond is much
shorter than the four equatorial vanadium—oxygen bond
distances on the square base. The vanadyl ion in 1 has a
bond length of 1.697(6) A, while the average V—O bond
distance within the square base is 1.926(4) A. It is worth noting
that such a vanadyl bond distance of 1.697(6) A in 1 is rare and
noticeably longer compared to typically observed vanadyl
bonds in the range of 1.56—1.62 A*® The equatorial V—O
bonds of 1 in the range of 1.907(4)—1.946(4) A are in fact
marginally shorter than what is most commonly observed
(1.94-2.02 A) in a square pyramidal geometry but are not
nearly as uncommon in this respect as the observed vanadyl
distance.”® Despite these extremes, the O=V—0O angles fall
right within the target range for this geometry (100—110°).
Average O=V—O bond angles are 108.26°, and O—V—0 bond
angles of the distorted base range from 81.04 to 86.58° with
O—V-0 angles of 143.46° spanning the base. Interestingly, in
compounds 4 (space group C2/c) and § (space group P2,/c),
the V** cation adopts a distorted tetrahedral geometry with one
V-0 bond longer than the other three in the VO, polyhedra.
Tetrahedral coordination is quite rare for V** ions, and only
two examples of tetrahedrally coordinated tetravalent vanadium
have been reported, namely, Ba,VO, and f-Sr,vO,*** Like
compounds 4—7 and their corresponding oxo-silicates, these
tetrahedral alkaline earth vanadates (Ba,VO, and $-Sr,vVO,)
also have direct silicate analogs with the general formula
M,SiO, (M = Ca, Sr, Ba).**~*® This suggests that perhaps the
tetrahedral V** coordination is only stabilized by the lattice
environment. The V—O bond distances in 4 (1.6199(13)—
1.6494 (15) A) and 5 (1.5972(14)—1.6664(13) A) are shorter
compared to those found in Ba,VO, (1.73(3)—1.83(3) A) and
p-St,V0, (1.65(3)—1.88(3)).** 1t is also worthwhile noting
that the O—V—O angles in 4 and § are very similar to those
found in Ba,VO, (98.6(3)—114.4(15)°) but are less distorted
than those observed in -Sr,VO, (100(1)—126(1)°).**
Infrared Spectroscopy. Infrared spectroscopy was used to
probe the coordination geometry of the vanadium cation in the
reported compounds. Figure 7 shows the infrared spectra of
Y,VO,(OH); (1) and Y,0(VO,) (4). The IR spectrum of 1
has seven different absorptions ranging from 422 to 3580 cm™".
The absorption peaks between 422 and 580 cm™" correspond
to the stretching vibrations of v(V—0-V).* The peak at 751
em™" can be attributed to 1(V—0),> of four V—O single bonds
with bond lengths of 1.904(11) X 2 and 1.930(11) X 2 A,
whereas the absorption peak at 868 cm™ is probably due to
v(V=0). Typically, vanadyl vibrational stretches are found in
the range of 950—1050 cm™’, but the location of (V=0) in 1
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Figure 7. IR spectra of Y,0(VO,) (4; top) and Y,VO,(OH), (1;
bottom).

is consistent with a weaker (longer) vanadyl bond of 1.690(17)
A compared to that of a more typical distance of 1.58 A in
V,05."”2%3! The remaining two absorption peaks at 3474 and
3580 cm™" most likely belong to the two crystallographically
different O—H bonds found in the unit cell of Y;VO;(OH);.
The IR spectrum of Y,0(VO,) (4) contains three distinct
peaks at 451, 596, and 823 cm™'. The peaks at 451 and 596
cm™! most likely correspond to stretching vibrations of v(V—
0-V), while those of (V—0) are found at 823 cm™.>

Optical Properties of the New Vanadate Compounds
1 and 4. The absorption spectra of compounds 1 and 4 are
shown in Figure 8, while that of 2 can be found in Supporting
Information Figure S1. The absorption peaks in Y;VO,(OH),
(1) are centered at 682, 497, 349, and 222 nm, while those in
Y,0(VO,) (4) are found at 641, 353, and 250 nm. The
dysprosium compound Dy;VO;(OH); (2) has corresponding
peak maxima at 642, 449, and 273 nm. For all of the
compounds above the absorption peaks below 500 nm are
attributed to excitation between Vi3 and O,, electronic
states,*>>* while those in the range of 641—682 nm may be
due to V¥ d—d transition or a charge transfer band.>® The
broad absorption peak (Figure 7 right) at 682 nm provides the
olive green color in compound 1, whereas the blue color of 4
results from the broad peak at 641 nm.

B CONCLUSIONS

We report here a series of chemical reactions that began as an
attempt to characterize the proposed V** impurities in YVO,
single crystals and related analogs. The chemistry proved much
richer than we anticipated, and we currently have seven new
V*_containing compounds that have been synthesized hydro-
thermally and characterized using single crystal X-ray
diffraction, powder diffraction, and infrared and absorption
spectroscopy. All of the compounds result from the reactions of
various mineralizers reacting with the well-known AVO, phase
that invariably contains a trace amount of V** impurity in the
crystal lattice. The V* ions can be sequestered and isolated as a
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Figure 8. Absorption spectra of compounds 1 and 4 (left) and zoomed-in broad absorption peaks of the same compounds in the range of 435—800

nm (right).

trace amount of well-formed single crystals in all cases. Thus,
use of OH™ as mineralizer with pale green AVO,, contaminated
with trace amounts of V*', leads to the formation of
AVO4(OH); (A = Y, Dy, and La), compounds 1-3,
respectively. The amounts of 1-3 increase relative to the
parent AVO, as the concentration of OH™ mineralizer increases
but still remains as a minor product relative to the AVO, main
product. These compounds can be grown phase pure by use of
the reducing agent hydrazine monohydrate and 4 M K,CO;
mineralizer as well formed single crystals in hydrothermal
solutions. In all of the hydroxylated rare earth V* vanadate
compounds, the vanadyl state is clearly observed both
crystallographically and through electronic and vibrational
spectroscopy. Compounds 1—3 represent the first reported
single crystal structures of hydroxylated rare earth vanadates
with the general formula A;VO;(OH); (A =Y, Dy, and La), so
this constitutes a significant new addition to the descriptive
chemistry of rare earth vanadates.

When the mineralizer is changed to modest concentrations
of carbonate, such as 1-2 M K,COj; under similar conditions,
the primary product is still AVO, but the V*' impurity is now
sequestered as a new rare earth C-centered monoclinic oxo-
vanadate A,0O(VO,). These are structurally similar to a well-
known series of orthosilicates A,O(SiO,) that are used as hosts
for scintillators in medical imaging and nuclear physics.
Interestingly, in the particular case of Dy, when the mineralizer
is changed to fluoride KF, a different polymorph in C-centered
monoclinic phase of Dy,O(VO,) (6) can be isolated. This also
has a silicate analog as well. Both of these compounds also
contain the rare [VO,]*” tetrahedral geometry for V*'. Finally,
when increased amounts of carbonate are used as the
mineralizer (>4 M K,CO;), the YVO, feedstock begins to
get attacked and no longer recrystallizes as the parent
compound. Instead, a new V*'-containing phase is isolated
with the formula K;Y(VO,),. This compound assumes the high
symmetry glaserite structure with Y** in a crystallographic
octahedral site with tetrahedral VO,*~ building blocks. This
intriguing new material has considerable potential as a new
laser host and will be the subject of an upcoming report.
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