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Abstract
Modifying well established slow diffusion procedures at room temperature to produce metal-organic coordination polymers led to the cre-
ation of the inorganic title compound, K5Na[Pr2(SO4)6]. It is isomorphous to a series of K6[Ln2(SO4)6] (Ln = La, Ce, Pr) and K5Na[Ln2(SO4)6] (Ln 
= Ce, Nd, Sm, Eu) coordination networks that were previously reported. All crystallize in the monoclinic crystal system with space group 
C2/m. We compare the structural properties of PrO10-coordination polyhedra between K5Na[Pr2(SO4)6] and the published K6[Pr2(SO4)6] spe-
cies. K5Na[Pr2(SO4)6] assembles as a three-dimensional network. PrO10-polyhedra form binuclear Pr2O18-polyhedra via edge sharing. These 
are infinitely linked via SO4

2--ions and expand within the ab-plane. The resulting 2D-layers are linked along the c-axis by 9 and 8 -coordinate 
K+-ions as well as 6-coordinate Na+-ions
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(EtOH), and water. This approach at RT assisted us in extending 
the synthesis to several isomorphous lanthanide analogs (La, Ce, 
Pr, Sm), which had failed to form applying the hydrothermal route. 
By replacing the terephthalate entity with its bromoterephthalate 
derivative (TPBr), we created an isomorphous series of Ln2(-
Glut)2(TPBr)(H2O)4•XH2O (Ln = La, Ce, Pr, and Nd, X = values 
between 4 and 16) applying again slow diffusion procedures at RT. 
This series of structurally identical f-element glutarate bromotere-
phthalate compounds will be discussed in an upcoming manu-
script. Replacing the aqueous solution of the lanthanide starting 
materials, LnCl3, with Ln2(SO4)3 resulted in the formation of  the 
title compound, K5Na[Ln2(SO4)6], as a side product.

Experimental Methods

2-Bromoterephthalic acid, potassium hydroxide (Thermo Sci-
entific), praesodymium(III) sulfate  (Alfa Aesar), glutaric acid, 
THF (Acros Organics), sodium chloride, and anhydrous ethanol 
(Fisher Science Education), were used as received and without fur-
ther purification.

Preparation of K2Glut 80 mM  in THF/EtOH/H2O
3.169 g  (24 mmol) of glutaric acid (H2Glut) were dissolved 

in 100 mL of DI-H2O. 2.693 g of KOH (48 mmol) were added, 
which resulted in a clear colorless homogeneous solution. 100 mL 
of THF and 100 mL of EtOH were added to make up the final 
solution (80 mM).

Preparation of K2TPBr 40 mM in THF/EtOH/H2O
2.94 g  (12 mmol) of H2TPBr were suspended in 100 mL of 

DI-H2O. Then 1.36 g of KOH (24 mmol) were added, which re-
sulted in a clear colorless homogeneous solution. 100 mL of THF 
and 100 mL of EtOH were added to make up the final solution (40 
mM). 

Preparation of 2:1 K2Glut / K2TPBr solution in THF/EtOH/H2O 
(40 mM and 20 mM respectively)

50 ml of K2Glut solution in THF/EtOH/H2O (80 mM) were 

Introduction

Nuclear energy is expected to adopt a more significant role 
as the climate crisis intensifies. Energy needs must be met amid 
efforts regarding the reduction of carbon emissions.1-4 The safe 
storage and/or reprocessing of nuclear materials has been under 
intense investigation for decades.5-9 The treatment of nuclear waste 
materials with ground glass at high temperatures (vitrification pro-
cess) and integration into ceramics are currently the main avenues 
for the processing of radionuclides stemming from dismantling 
nuclear weapons, nuclear medicine, research, and spent nuclear 
fuels.5, 10 Concerns about the migration of radioisotopes within 
waste matrices and their potential leaching and escaping into the 
environment have led to the desire of finding alternatives for the 
fixation of such radioisotopes.11-13

The formation of stable matrices by integrating the radioac-
tive elements in form of coordination centers in inorganic or met-
al-organic coordination networks might present an alternative path 
for the immobilization of radioisotopes.14-16 Due to the chemical 
similarities between trivalent lanthanide (Ln) elements and their 
actinide (An) counterparts, namely trans uranium actinides (Pu, 
Am, Cm, etc.), 4f-elements have an extensive history of being uti-
lized as surrogates for the targeted 5f-analogs.15, 17-19 Our efforts 
have evolved around the creation of lanthanide coordination poly-
mers that integrate purely inorganic entities as well as compounds 
that incorporate organic ligands as linkers between metal centers 
within coordination networks.20-23 Once a synthetic procedure is 
well established utilizing the 4f-elements, it is feasible to replicate 
it with selected actinides. 

For this purpose, we created a neodymium (Nd) glutarate 
(glut) terephthalate (TP) coordination polymer of formula Nd2(-
Glut)2(TP)(H2O)4•17H2O, using a hydrothermal synthetic proce-
dure.21 Later we obtained this compound after developing suitable 
slow diffusion methods at room temperature (RT) by reacting 
NdCl3 dissolved in water with a mixture of Na2Glut and Na2TP 
dissolved in equal amounts of tetrahydrofuran (THF), ethanol 
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mixed with 50 ml of K2TPBr solution in THF/EtOH/H2O (40 mM). 

Synthesis of K5Na[Pr2(SO4)6] (1)
Using a VWR Clip Tip Finn pipette, a 7 mL scintillation vial 

was filled with 3 mL of the K2Glut/K2TPBr solution (molar ra-
tio 2:1) (40 and 20 mM, resulting in amounts of 0.12 mmol, 0.06 
mmol respectively) in THF/EtOH/H2O. 0.061 g of NaCl were add-
ed (1.0 mmol) and the mixture was shaken. Using the Finn pipette, 
1 mL of a 21 mM aqueous Pr2(SO4)3 solution (0.021 mmol) was 
placed at the bottom of the 7 mL scintillation vial, creating two 
layers of solutions. The vial was capped and left undisturbed for 
the two layers to mix slowly via diffusion. 

Within three days green and colorless single crystals grew in 
form of plates and rectangular blocks. Single crystal X-ray dif-
fraction data helped to identify the plates as Pr2(Glut)2(TPBr)
(H2O)4•XH2O, and the blocks to be the title compound K5Na[L-
n2(SO4)6] (1).

Single Crystal X-ray Structure Determination
Data for single crystals of 1 were collected on a Bruker AXS 

D8 Quest three circle diffractometer with a fine focus sealed tube 
X-ray source using a Triumph curved graphite crystal as mono-
chromator and a PhotonII charge-integrating pixel array (CPAD) 
detector and an Oxford Cryosystems low temperature device. A 
colorless fragment with approximate dimensions of 0.05 × 0.12 
× 0.19 mm was mounted on a Mitegen micromesh mount in a 
random orientation. Data were collected from a shock-cooled 
single crystal at 150(2) K. Data were collected, reflections were 
indexed and processed, and the files scaled and corrected for ab-
sorption using APEX424 and SADABS.25 The space groups were 
assigned using XPREP within the SHELXTL suite of programs26, 

27 and the structure was solved by dual methods with ShelXT28 
and refined by full-matrix least-squares methods against F2 using 
SHELXL-2019/2.28, 29 All atoms were refined with anisotropic dis-
placement parameters.

The crystal data and summary of data collection and refinement 
for the title compound are provided in Table 1.

Crystallographic data, CCDC 2288663, was deposited with 
the Cambridge Crystallographic Data Centre and can be obtained 
free of charge via www.ccdc.cam.ac.uk/data_request/cif. 

Results and Discussion

Several isomorphous K6[Ln2(SO4)6] (Ln = La, Ce, and Pr) and 
K5Na[Ln2(SO4)6] (Ln = Nd, Sm, and Eu) salts have been presented 
as recently as last year by Sørensen et al.30, 31 as well as by Eriksson 
et al. in 2003 (K5Na[Ce2(SO4)6]).

32 While K5Na[Pr2(SO4)6] is iso-
morphous to these compounds, to our knowledge, it has not been 
described in the literature so far. All these species crystallize in the 
monoclinic crystal system with space group C2/m.

1 and its previously published structurally similar analogs are 
purely inorganic coordination networks which awakened our inter-
est as they may be candidates for further investigations regarding 
their potential use as surrogate nuclear waste matrices. Our aim is 
to simplify the syntheses of targeted 4f-element products to have a 
protocol in place for replicating the refined approach with the early 

trans-uranium elements plutonium and americium. Most recently 
we have begun the development of synthetic protocols to obtain 1 
as a pure compound without employing the lanthanide starting ma-
terials Sørensen et al. utilized, i.e. (Ln(CF3SO3)3), since it would 
be rather challenging to replicate these experimental setups with 
Pu and Am. 

In their manuscripts Sørensen and coworkers focused on struc-
tural changes, mostly regarding the LnO10-coordination polyhedra, 
within the series of isomorphous K6[Ln2(SO4)6]/K5Na[Ln2(SO4)6] 
compounds they prepared. They describe their synthetic reactions 
to include both alkali metal ions, K+ and Na+ in the solutions used. 
However, they only observed the lanthanides with larger ionic ra-
dii assemble as K6[Ln2(SO4)6] (La, Ce, and Pr). The smaller Ln3+ 
metal centers (Nd, Sm, Eu) seem to alleviate the increased strain 
on the crystal lattice by inserting smaller Na+-ions into the lattice 
for one sixth of the K+-ions. 

Eriksson’s and our team show that for the larger lanthanides, 
Ce and Pr, the K5Na[Ln2(SO4)6] counterparts can also be ob-
tained. Thus, these two structures contribute complementary data 
to Sørensen’s project, who addressed in their article that it seems 
rather unlikely for the K6[Ln2(SO4)6] counterparts to form with the 
smaller Ln3+ ions, as the lattice provides less space for all K-metal 
centers to fit into their positions. Herein we analyze the structural 
properties pertaining to the 3D-crystal lattice of 1 and compare 
average bond lengths within coordination polyhedra with the re-
ported ones.

Table 1. Crystal Data and Summary of Data Collection and Refinement for Com-
pound 1

Formula K5Na[Pr2(SO4)6] (1) 
Fw (g/mol) 614.38 
a (Å)  9.1740(7) 
b (Å) 16.2888(15) 
c (Å)  7.6784(7) 
α (°) 90 
β (°) 110.926(4) 
γ (°) 90 
V (Å3)  1071.73(16) 
Crystal system monoclinic 
Space group C2/m 
Z 2 
Dc (Mg•m-3) 3.336 
µ (mm-1) 6.184 
F(000) 1024 
Crystal size (mm3) 0.190 x 0.120 x 0.050 
Radiation  MoKα (λ = 0.71073 Å)  
2Θ range for data collection/° 2.4997 to 33.0415  
T (K) 150 (2) 
Refln. Tot. 13177 
Refln. Indep. 2116 
Refln. I>2σ(I) 1937 
Rint 0.0410 
R1 (I>2σ(I)) 0.0218 
wR2 (I>2σ(I)) 0.0486 
Data/restraints/parameters  2116/0/95 
Goodness-of-fit on F2  1.072 
Largest diff. peak/hole / e Å-3  1.519/-1.333 
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crystal structures. For calculating the bond valence sums we used 
equation 1, which was proposed by Brown and Altermatt:33 

                  V
i
= ∑ s

ij = ∑ exp[(R
0
- r

ij
)/b]                            (1)

Here, Vi represents the calculated oxidation state of central-atom 
i of a coordination polyhedron; s

ij and r
ij stand for the valence and 

the length of the individual bonds between central atom i and li-
gand atom j; R

0 is the distance for a given cation-anion pair that has 
been empirically elucidated and can be found in the literature;34 
b represents a “universal parameter”35 and generally is equal to 
0.37.36 The sum of all valences is denoted with V, which is an ap-
proximation of the value for the formal oxidation state.37

The bond distances of the 10-coordinate Pr-metal centers in 
K5Na[Pr2(SO4)6] and Sørensen’s K6[Pr2(SO4)6] compare very well. 
They are basically identical. For the Ce-pair between Erikksson’s 
K5Na[Ce2(SO4)6] and Sørensen’s K6[Pr2(SO4)6], very small differ-
ences can be observed. Nevertheless, the average bond-distances 
for Ln-O10 in these two pairs are identical and slightly decrease 
from 2.604 to 2.584 Å moving from the Ce-compounds to the 
Pr-equivalents.  This is not surprising with the ionic radii slightly 

1 assembles as a three-dimensional (3D) coordination net-
work. Figure 1 presents the top view onto the ab-plane of this 
structure. Figure 2 illustrates how 2D-layers of binuclear Pr2O18 
-polyhedra are infinitely linked via SO4-tetrahedra and propagate 
within the ab-plane. The Pr2O18-polyhedra are composed of two 
PrO10-polyhedra that are linked via edge sharing. There are two 
crystallographically distinct potassium metal centers, K(1) and 
K(2) as well as sulfate S-atoms, S(1) and S(2). Individual Pr3+-ions 
are surrounded by six sulfate ligands, of which four are coordi-
nated in a bidentate manner, and the other two in a monodentate 
fashion. The Pr-atoms lie on a mirror plane that is parallel to the 
ab-plane. Closer inspection of the Pr2O18-polyhedra reveals that 
two of the four sulfate entities binding in a bidentate manner stem 
from S(2)O4-tetrahedra that are inserted between the corners of 
the two PrO10-coordination spheres and exhibit bidentate coordi-
nation to both PrO10-polyhedra. Thus, besides linked together by 
edge sharing the PrO10-entities are further connected by the two 
S(2)SO4-tetrahedra, which are dissected by a mirror plane that co-
incides with the ac-plane (Figure 3). In Table 2 we list all com-
pounds’ average bond-distances of the LnO10-polyhedra, as well 
as their bond valence sums to confirm their trivalent state in these 

Table 2. Comparing average bond distances of LnO10-coordination polyhedra in 
K6[Ln2(SO4)6]31 and K5Na[Ln2(SO4)6], and bond valence sums for individual Ln(III)-
ions.

Figure 1: Top view onto the ab-plane of the 3D-coordination network in 1.

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Infinate propagation of Pr2O18-coordination polyhedra interlinked with 
SO4-tetrahedra within the ab-plane. K and Na -metal centers removed for clarity. 

Figure 3. Coordination environment of a binuclear Pr2O18-coordination polyhedron 
which is composed of two edge sharing PrO10-polyhedra. Each Pr-metal center 
is bound to six sulfate entities. Four are coordinated in a bidentate fashion and 
two in a monodentate style. Two of the four sulfate entities binding in bidentate 
manner stem from S(2)O4-tetrahedra that are inserted between the corners of the 
two PrO10-coordination spheres exhibiting bidentate coordination to both PrO10-polyhedra. 

 

  
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
K6[La2(SO4)6]  
measured at 100 K 
 

Average La-O 
distances: 2.614 Å 
Valence sum: 2.901 
Sørensen et al.31  

K5Na[Nd2(SO4)6]  
measured at 100 K 

Average Nd-O 
distances: 2.571 Å 
Valence sum: 2.784 
Sørensen et al.31 
 

K6[Ce2(SO4)6]  
measured at 100 K 
 

Average Ce-O 
distances: 2.604 Å 
Valence sum: 2.785 
Sørensen et al.31  

K5Na[Ce2(SO4)6]  
measured at 173 K  

Average Ce-O 
distances: 2.604 Å 
Valence sum: 2.784 
Erikkson et al.32  
 

K6[Pr2(SO4)6]  
measured at 100 K  
 

Average Pr-O 
distances: 2.585 Å 
Valence sum: 2.756 
Sørensen et al.31  

K5Na[Pr2(SO4)6] (1) 
measured at 150 K  

Average Pr-O 
distances: 2.583 Å 
Valence sum: 2.776 
This work 
 

K5Na[Sm2(SO4)6]  
measured at 100 K  

Average Sm-O 
distances: 2.545 Å 
Valence sum: 2.817 
Sørensen et al.31  

K5Na[Eu2(SO4)6]  
measured at 100 K  
 

Average Eu-O 
distances: 2.534 Å 
Valence sum: 2.714 
Sørensen et al.31  
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decreasing moving from Ce to Pr.

Thus, the size of the LnO10-coordination polyhedra is simi-
lar for K5Na[Pr2(SO4)6] and K6[Pr2(SO4)6]. The same applies for 
K5Na[Ce2(SO4)6] and K6[Ce2(SO4)6]. Since within equivalent pairs 
of Ln-elements in these structures average Ln-O distances are 
identical, we can now look at the overall trend between the six 
lanthanide elements presented. LnO10 average bond distances be-
tween La and Eu confirm the trend we just discussed for Ce and 
Pr, with average distances for LaO10 = 2.614 Å,  CeO10 = 2.604 Å, 
PrO10 = 2.584 Å, NdO10 = 2.571 Å, SmO10 = 2.545 Å, and EuO10 
= 2.535 Å. All bond valence sums hover around 2.8 confirming a 
formal oxidation state of +3 for all lanthanides within this set of 
compounds.

The 2D-layers extending within the ab-plane are tied together 
along the c-axis via 9 and 8 -coordinate K+-ions and 6-coordinate 
Na+-ions (Figure 4). The K(1)-central atoms are surrounded by six 
sulfate tetrahedra forming KO9-coordination polyhedra. Half of 
the tetrahedra bind in a bidentate and the other half in a monoden-
tate mode. The eight coordinating oxygen atoms around the K(2) 
metal centers stem from four sulfate tetrahedra, all of which co-
ordinate in bidentate fashion (Figure 5A). In contrast, the smaller 
sodium cations are surrounded by six sulfate entities that all bind 
in a monodentate style resulting in NaO6-coordination polyhedra 
(Figure 5B). The Na-metal centers lie on the mirror plane that 
coincides with the ac-plane, while K(2)-atoms lie on both mirror 
planes. K(2) in 1 as well as in all the previously reported K5Na[L-
n2(SO4)6] isomorphs has a relatively large, asymmetric atomic dis-
placement parameter (ADP), much larger than for all other atoms 
in their respective structures. A potential reason for this could be 
the fact that K(2) is located on the two mirror planes as well as 
a two-fold axis, which could cause the formation of several de-
generated energy minima, with the actual atom positions slightly 
displaced away from the special position towards some of the co-
ordinating O-atoms, and away from others, causing disorder for 
K(2) (either static, if the degenerate minima are separated by a suf-
ficiently high energy barrier, or dynamic, if interconversion is not 
hindered). When added up, these degenerate positions could give 
the appearance of an asymmetric ADP. If pronounced enough, the 

displacement could be refined as disorder, which had been done in 
K5Na[Nd2(SO4)6] as well as K6[Pr2(SO4)6] and K6[Ce2(SO4)6].

31 In 
the K6[La2(SO4)6] equivalent K(2) was however not refined as dis-
ordered, but the atom has instead a rather large asymmetric ADP.31 
For K5Na[Pr2(SO4)6], the title compound, we have also chosen to 
not refine disorder. Since CN = 8 for K(2) as compared to CN = 9 
for K(1) it seems that K(2) has more space available for displace-
ment or disorder within the center of its coordination polyhedron. 
For K(3) in the K6[Ln2(SO4)6] series CN = 6 and, thus, these po-
tassium atoms truly occupy the position of the smaller Na-atoms 
in the K5Na[Pr2(SO4)6] structure, and no signs for disorder are ob-
served. In Table 3 we list the K(3)-O and the Na-O average bond 
distances of the K(3)O6 and NaO6-octahedra, which compare very 
well. 

It seems that the trend of decreasing bond distances is rather 
small for these octahedral coordination spheres with average bond 
lengths for K(3)O6 = 2.365 Å (K6-La),  2.364 Å, (K6-Ce), NaO6 = 
2.368 Å, (K5Na-Ce), K(3)O6 = 2.357 Å, (K6-Pr), NaO6 = 2.354 Å, 
(K5Na-Pr), 2.355 Å, (K5Na-Nd), 2.344 Å, (K5Na-Sm), and 2.343 
Å, (K5Na-Eu). 

Table 4 shows the average bond distances for the K(1)
O9-polyhedra and Table 5 lists the average bond lengths for the 
K(2)O8-polyhedra. The trends of the average bond lengths for the 
K(1)O9 and K(2)O8 -polyhedra lie within the expected range. 

Conclusion 

Our work contributes data to a series of previously published 
10-coordinate lanthanide sulfate networks that integrate K+ or K+ 
and Na+ into their crystal lattices. The average Ln-O bond distanc-

Figure 4: View onto the bc-plane of 1, illustrating how 2D-layers of Pr2O18-coor-
dination polyhedra interlinked via SO4-tetrahedra are tied together via 9 and  8 
-coordinate K-metal centers and 6-coordinate Na+-ions.

Figure 5. K(1) central atoms assembling as KO9-coordination polyhedra, sur-
rounded by six sulfate tetrahedra. Three sulfate entities bind in a bidentate and the 
other three in a monodentate mode. The eight coordinating oxygen atoms around 
the K(2)-metal centers originate from four sulfate ions, which coordinate in a bi-
dentate fashion (A). Smaller sodium cations are surrounded by six sulfate ions, 
all binding in a monodentate style producing NaO6-coordination polyhedra (B).
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sodium-ions, interlinking the 2D-layers within the ab-plane along 
the c-axis. The average Ln-O bond lengths gradually decrease 
moving from La to Eu, following the trend of decreasing Ln3+-ion-
ic radii along the lanthanide series. Next, we hope to establish a 
simplified synthetic protocol to produce these networks with phase 
purity, which should allow us to create isomorphous actinide-co-
ordination networks integrating trivalent Pu and Am respectively.
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K6[Pr2(SO4)6]  
measured at 100 K 

Average K(3)-O 
distances: 2.357 Å 
Sørensen et al.31 
   

K5Na[Pr2(SO4)6] (1) 
measured at 150 K 

Average Na-O 
distances: 2.354 Å  
This work 
   

K5Na[Sm2(SO4)6] 
measured at 100 K 

Average K(3)-O 
distances: 2.344 Å 
Sørensen et al.31 
   

K5Na[Eu2(SO4)6] 
measured at 150 K 

Average K(3)-O 
distances: 2.343 Å 
Sørensen et al.31 
   

 

 

 K6[La2(SO4)6]  
measured at 100 K 

Average K(1)-O 
distances: 2.844 Å 
 Sørensen et al.31 
   

K5Na[Nd2(SO4)6] 
measured at 150 K 

Average K(1)-O 
distances: 2.835 Å  
Sørensen et al.31 
   

K6[Ce2(SO4)6]  
measured at 100 K 

Average K(1)-O 
distances: 2.836 Å 
 Sørensen et al.31 
   

K5Na[Ce2(SO4)6] 
measured at 173 K 

Average K(1)-O 
distances: 2.851 Å  
Erikkson et al.32  
   

K6[Pr2(SO4)6]  
measured at 100 K 

Average K(1)-O 
distances: 2.839 Å  
Sørensen et al.31 
   

K5Na[Pr2(SO4)6] (1) 
measured at 150 K 

Average K(1)-O 
distances: 2.841 Å 
This work 
   

K6[Sm2(SO4)6]  
measured at 100 K 

Average K(1)-O 
distances: 2.835 Å 
Sørensen et al.31 
   

K5Na[Eu2(SO4)6] 
measured at 150 K 

Average K(1)-O 
distances: 2.834 Å 
Sørensen et al.31 
   

 
 
 
 
 
 
 

 

K6[La2(SO4)6]  
measured at 100 K 
 
Disordered 

Average K(2)-O 
distances: 2.894 Å  
Sørensen et al.31 
 

K5Na[Nd2(SO4)6] 
measured at 150 K 
 
Disordered 

Average K(2)-O 
distances: 2.873 Å 
Sørensen et al.31 
   

K6[Ce2(SO4)6]  
measured at 100 K 
 
Disordered 

Average K(2)-O 
distances: 2.894 Å  
Sørensen et al.31 
 

K5Na[Ce2(SO4)6] 
measured at 173 K 

Average K(2)-O 
distances: 3.04 Å 
Erikkson et al.32  
   

K6[Pr2(SO4)6]  
measured at 100 K 

Average K(2)-O 
distances: 2.883Å 
Sørensen et al.31 
 

K5Na[Pr2(SO4)6] (1) 
measured at 150 K 

Average K(2)-O 
distances: 2.878 Å  
This work 
   

K6[Sm2(SO4)6]  
measured at 100 K 

Average K(2)-O 
distances: 2.856 Å 
Sørensen et al.31 
 

K5Na[Eu2(SO4)6] 
measured at 150 K 

Average K(2)-O 
distances: 2.8477 Å  
Sørensen et al.31 
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