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Abstract

 A series of potassium rare earth double vanadates is presented. Single crystals of 

double vanadates with stoichiometry K3Ln(VO4)2 (Ln = La, Pr, Nd, and Sm) and 

crystallizing in the glaserite structure type were synthesized via a molten alkali 

chloride/fluoride flux reaction. Different structures were observed depending on the 

constituent rare earth: K3La(VO4)2 crystallizes in an as-of-yet unreported modification of 

the typical glaserite structure in the space group P21/c, likely due to its larger ionic size 

that results in an increase in the lanthanide coordination number (seven to eight). The Pr, 

Nd, and Sm compositions are isostructural with their phosphate analogues and crystallize 

in the space group P21/m. A discussion of the synthetic details, structure determination, 

structure descriptions, and coordination number variance is presented.
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Introduction

Alkali rare earth double phosphates with stoichiometry A3Ln(PO4)2 (A = Na, K, 

Rb, Cs) have demonstrated wide ranging properties and structural diversity that have 

made them attractive targets for ongoing research.1‑16 For example, both doped (dopants 

include Pr3+, Gd3+, Eu3+, and Tb3+) and undoped compositions have been synthesized and 

evaluated as potential photoluminescent materials.2, 4, 17, 18 Also, it has been shown that by 

varying the size of the constituent alkali and lanthanide elements, different structures may 

be obtained that vary in lanthanide content, coordination numbers, and symmetries.5, 10, 16, 

18 Recently, the lanthanide double phosphates containing K+ or Rb+ have shown promise 

as potential nuclear waste forms for the sequestration of transuranic elements, such as 

americium,10, 19 as have other lanthanide phosphates, such as monazites.20 Lanthanide 

phosphates, in general, (not just the double phosphates) have been of interest for their 

radiation tolerance, which make them ideal for nuclear waste forms requiring persistent 

materials.10 

One of the most common structure types that the double phosphates crystallize in 

is the glaserite, K3Na(SO4)2, structure.12 The full lanthanide(III) series (excluding Pm) of 

K3Ln(PO4)2 has been synthesized and published by Farmer et al.,16 and we recently 

continued this work by synthesizing and publishing the full lanthanide(III) series 

(excluding Ce and Pm) of Rb3Ln(PO4)2.10 The majority of these phases crystallize in the 

monoclinic glaserite structure, however, for the smaller (heavier) lanthanides, a reduction 

in coordination number (seven to six coordination) for the constituent lanthanide with a 

change from to monoclinic to trigonal symmetry is observed. For the potassium 

analogues, this drop in coordination number occurs between Yb and Lu, while for the 
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rubidium analogues, this change occurs between Tb and Dy. In addition, some double 

phosphates in the glaserite structure can by thermally induced to transition into this lower 

coordination number structure.10, 15 While this helps elucidate the influence of varying the 

alkali and lanthanide elements on the formation of specific structure types, significantly 

less work has been performed on varying the phosphate unit.

A structural unit with very similar chemistry to the phosphate, PO4
3-, unit is the 

VO4
3-, or vanadate, unit. Both the phosphorus and vanadium exist in their +5 oxidation 

state, have noble gas electron configurations, and form tetrahedral XO4 units with 4 equal 

X-O bonds of order 1.25. This makes the vanadate unit an excellent candidate for 

substituting the phosphate unit in known compositions.9, 11, 21‑23 For example, the Kolis 

group has previously reported a series of potassium lanthanide double vanadates with the 

glaserite structure and stoichiometry K3Ln(VO4)2.22 They successfully synthesized the 

Sc, Y, and Dy-Lu analogues via both a supercritical hydrothermal and molten flux routes. 

However, the La-Tb analogues have yet to be reported in the literature. In this paper, we 

report the synthesis of the La, Pr, Nd, and Sm analogues of K3Ln(VO4)2 via a molten flux 

route. The synthetic details, determination of their structures via single crystal X-ray 

diffraction, and structural details will be discussed.

Experimental

Reagents. La2O3 (Alfa Aesar, 99.9%), Nd2O3 (Acros Organics, 99.9%), Sm2O3 

(Alfa Aesar, 99.99%), V2O5 (Alfa Aesar, 99.6%), KCl (Sigma Aldritch, 99.98%), and KF 

(Alfa Aesar, 99%) were used as received. Pr6O11 (Alfa Aesar, 99.9%) was heated at 1000 

°C for 12 h in an alumina crucible under H2/N2 gas flow to reduce it to the sesquioxide. 

The produced Pr2O3 was then used as is.
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Synthesis. Single crystals of K3Ln(VO4)2 were synthesized via a molten flux 

method. First, 1 mmol of Ln2O3, 2 mmol of V2O5, 11 mmol of KCl, and 9 mmol of KF 

were mixed thoroughly and added to a bowl-shaped platinum crucible. The crucible was 

then covered with a platinum lid and loaded into a programmable furnace. The furnace 

was then programmed to heat to 875 °C, dwell at 875 °C for 12 h, cool to 500 °C at 10 

°C/h and finally shut off. The crucible was then allowed to cool to room temperature 

before removing it from the furnace. The crystals were extracted from the flux by 

sonicating the crucible in deionized water for 1 h and finally removing the dissolved flux 

via suction filtration.

Powder X-ray Diffraction (PXRD) A Bruker D2 Phaser equipped with a 

LYNXEYE XE-T silicon strip detector and a sealed-tube Cu Kα anode was used to 

collect PXRD data over a 2θ range of 5° to 65° on all products to determine phase 

identities and purities. The high energy resolution of the LYNXEYE XE-T detector 

allowed for energy cut-off of the Kβ X-rays.

Single Crystal X-ray Diffraction (SXRD). Single crystal X-ray diffraction data 

were collected on all K3Ln(VO4)2 products at ambient temperature using a Bruker D8 

QUEST diffractometer equipped with a microfocus IµS 3.0 sealed-tube X-ray source 

(Mo Kα1,  = 0.71073 Å) and a PHOTON II CPAD detector. Collected frames were 

integrated using SAINT+ and were corrected for absorption effects using SADABS in the 

Bruker APEX 3 software suite.24 Initial structure models were obtained with SHELXT 

using intrinsic phasing25 and refined with SHELXL using least-squares full-matrix 

methods26 in OLEX2. Space groups were determined using a combination of XPREP 
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systematic absences analysis24 and ADDSYM (PLATON software suite) analysis.27 

Crystallographic information can be found in Table 1.
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Table 1. Crystallographic data for K3Ln(VO4)2 (Ln = La, Pr, Nd, Sm)

Formula K3La(VO4)2 K3Pr(VO4)2 K3Nd(VO4)2 K3Sm(VO4)2

System Monoclinic Monoclinic Monoclinic Monoclinic
Space Group P21/c P21/m P21/m P21/m

a (Å) 7.6047(1) 7.5663(1) 7.5519(2) 7.5342(2)
b (Å) 5.9188(1) 5.9128(1) 5.9169(1) 5.9090(2)
c (Å) 20.0090(4) 9.9436(2) 9.9126(2) 9.8642(2)
β (°) 90.914(1) 90.895(1) 90.872(1) 90.809(1)

V (Å3) 900.50(3) 444.80(1) 442.88(2) 439.11(2)
Z 4 2 2 2

Crystal size 
(mm3) 0.1x0.1x0.05 0.08x0.08x0.04 0.38x0.35x0.15 0.1x0.1x0.1

Temperature (K) 297 299 301 299
Dx (g cm-3) 3.585 3.644 3.685 3.763
θ range (°) 2.9-36.3 2.7-36.3 2.7-36.3 3.4-36.3

Abs. Coef. (mm-

1) 8.09 8.86 9.26 10.12

Reflections 
collected 101214 54234 60332 59529

Independent 
Reflections 4320 2316 2303 2260

Rint 0.026 0.035 0.043 0.028
h -12 ≤ h ≤ 12 -12 ≤ h ≤ 12 -12 ≤ h ≤ 12 -11 ≤ h ≤ 12
k -9 ≤ k ≤ 9 -9 ≤ k ≤ 9 -9 ≤ k ≤ 9 -9 ≤ k ≤ 9
l -33 ≤ l ≤ 33 -16 ≤ l ≤ 16 -16 ≤ l ≤ 16 -16 ≤ l ≤ 16

Δρmax (e- Å-3) 0.94 0.83 1.67 1.05
Δρmin (e- Å-3) -0.55 -0.66 -3.09 -1.13

Goodness-of-fit 
on F2 1.31 1.16 1.42 1.41

R1(F) for Fo
2 > 

2σ(Fo
2) 0.013 0.011 0.022 0.013

wR2(Fo
2) 0.034 0.029 0.058 0.035

R1(all) 0.014 0.012 0.022 0.013
wR2(all) 0.035 0.029 0.058 0.035
F(000) 896 452 454 458

Extinction 
coefficient 0.00819(18) 0.0112(5) 0.300(6) 0.229(3)

Restraints/
parameters 0/128 0/80 0/80 0/80
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Results and Discussion

Synthesis. A eutectic mixture of KCl and KF was utilized as a flux for the 

crystallization of K3Ln(VO4)2. A ratio of 11:9 of KCl:KF corresponds to the approximate 

ratio at which their eutectic is at its minimum melting temperature: about 600 °C. By 

taking advantage of this lower melting point, the range of temperatures during which 

crystallization may occur is extended. Also, the use of an alkali halide flux provides both 

a source of K+ for incorporation into products and a source of halides that may facilitate 

the solvation of the starting reagents. The Ln2O3 and V2O5 are unlikely to dissolve 

without the presence of such halides due to their high stabilities. Many fluxes, such as 

hydroxide salts, are prone to oxidizing constituents of the melt that have stable, lower 

oxidation states. In contrast, the alkali halide fluxes tend to be redox neutral which is 

necessary to maintain the correct oxidation states of the Ln(III) and V(V). As a result, 

high-quality, large, prismatic crystals were formed. 28

Kolis et al. have previously reported difficulties in synthesizing the La through Tb 

analogues of K3Ln(VO4)2 via molten flux and supercritical hydrothermal techniques.22 

However, they have reported using 1000 °C as their dwelling temperature for their flux 

reactions, while we have utilized a temperature of 875 °C to successfully synthesize the 

La through Sm analogues. Thus, there is likely a strong dependence of double vanadate 

crystallization on reaction temperature with a preference of lower temperatures for the 

lighter lanthanides. However, the Ce, Eu, Gd, and Tb analogues have not yet been 

successfully synthesized. For Ce, the reason is likely due to the instability of Ce3+ in open 

air at high temperatures. For Eu, Gd, and Tb, on the other hand, the reason for failure is 

less clear. 
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Unfortunately, all but the La reaction yielded impurities despite attempts at 

adjusting reaction parameters to select for K3Ln(VO4)2 (Figures 1 and 2). The amount of 

impurity formed increases across the series, suggesting that the smaller ionic size for later 

lanthanide ions leads to a mix of products. The impurity has been identified as a 

potassium lanthanide vanadate fluoride which will be discussed in a future publication.

Figure 1. PXRD of K3La(VO4)2 (black) with simulated PXRD pattern calculated from 
SXRD model of K3La(VO4)2 (red).
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Figure 2. PXRD of K3Sm(VO4)2 (black) with simulated PXRD pattern calculated from 
SXRD model of K3Sm(VO4)2 (red). Peak corresponding to impurities are indicated with 
blue arrows.

Structure Description. For Ln = Pr, Nd, and Sm, K3Ln(VO4)2 crystallizes in the 

space group P21/m and is isostructural with its phosphate analogues.9 This structure is 

analogous to the glaserite structure and consists of Ln(VO4)2 2D layers separated by K3 

layers in an ABAB… repeating sequence (Figure 3). The Ln(VO4)2 layers consist of 

LnO7 trigonal antiprisms and VO4 tetrahedra. Each Ln(III) cation is bound to six VO4 

tetrahedra: five via corner sharing (monodentate) and one via edge sharing (bidentate). 

The Ln polyhedra do not share any anions with each other and the VO4 tetrahedra do not 

interconnect. All O atoms are part of a VO4 tetrahedron (Figure 4). The K+ layer, on the 

other hand, consists of three sublayers of K+ atoms in a ccp arrangement. For Ln = La, 

however, K3Ln(VO4)2 crystallizes in the space group P21/c and is a modification of the 

typical glaserite structure. (Figure 3)

In the K3Ln(VO4)2 models for Ln = Pr, Nd, and Sm, the thermal ellipsoid for O6 

is elongated perpendicularly to the bond it creates with the Ln and extends towards two 

adjacent Ln atoms (Figure 4 and 5). This phenomenon has been observed previously in 

the glaserite-type K+ and Rb+ alkali phosphates.10, 16 

In the K3La(VO4)2 structure, this O atom (O8 in the La structure) no longer has an 

elongated ellipsoid but instead coordinates fully to one of the adjacent Ln atoms (Figure 

4). This changes the O atom from being bound to one V atom and one Ln atom to being 

bound to one V atom and two Ln atoms (Figure 6 and 7). Consequently, the coordination 

number of La is eight instead of the typical seven in the glaserite structure. The elongated 

O ellipsoid in the K3Ln(VO4)2 models for Ln = Pr, Nd, and Sm implies the possible 
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presence of an attractive force between the adjacent Ln atoms and the elongated O that 

only becomes strong enough to lock into one position upon the incorporation of La. Due 

to the lanthanide contraction, shielding of 4f-electrons, and equivalent Ln charges (+3), 

this is likely to be a consequence of the larger size of La compared to Pr, Nd, and Sm. 

What is especially striking, however, is that O8 is shifted in a symmetrical fashion 

throughout the structure (Figure 7). Looking down the b direction, the direction of the O8 

shift from its standard glaserite position is constant for a single line of O8 atoms 

extending down the b direction. However, looking down the c direction, the O8 atoms 

alternate between shifting in the positive and negative b directions. (Figure 3) This 

symmetry doubles the unit cell size relative to the glaserite unit cell. Despite this 

doubling, no superstructure peaks at low 2θ are visible on the observed PXRD patterns.

Figure 3. View down the b-axis of K3Ln(VO4)2 for (a) Ln = La and (b) Ln = Pr, Nd, and 
Sm. Ellipsoids are shown at 99% probabilities. The additional Ln-O bonds, relative to the 
7-coordinate glaserite structure, are outlined in red.
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Figure 4. View down the a-axis of K3Ln(VO4)2 for (a) Ln = La and (b) Ln = Pr, Nd, and 
Sm. Ellipsoids are shown at 99% probabilities.

Figure 5. Structure of typical monoclinic glaserite Ln-O6 chains showcasing the 
elongated O6 thermal ellipsoids and their distances to neighboring Ln atoms (K3Pr(VO4)2 
structure model shown).
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Figure 6. Coordination environment of Ln in K3Ln(VO4)2 looking down the b-axis for (a) 
Ln = La and (b) Ln = Pr, Nd, and Sm. Ellipsoids are shown at 99% probabilities.

Figure 7. Structure of K3La(VO4)2 La-O8 chains showcasing the La-O8 distances.

Page 13 of 18 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/3

/2
02

6 
12

:4
2:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5DT02027A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02027a


14

Summary

Single crystals of K3Ln(VO4)2 (Ln = La, Pr, Nd, and Sm) were synthesized via a 

molten KCl/KF eutectic flux. Challenges still exist in the synthesis of the full 

lanthanide(III) series with no successful attempts made at synthesizing high-quality 

single crystals of the Ce, Eu, Gd, and Tb analogues. The La analogue crystallizes in a 

novel modification of the glaserite structure with an increase in coordination number of 

the lanthanide from seven to eight. The Pr, Nd, and Sm products are all isostructural with 

their phosphate analogues. This change in coordination number is likely due to the 

significant difference in sizes of the lanthanides with La being the largest. Future work 

will focus on identifying new synthetic methods for targeting the Ce, Eu, Gd, and Tb 

analogues.
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The CCDC 2480797-2480800 entries encompass the supplementary crystallographic data 
associated with this paper. Raw data for other measurements are available upon request.  
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