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ABSTRACT: Applying physical pressure in the uranyl-sulfate 
system has resulted in the formation of the first purely inorganic 
uranyl oxo-salt phase with a considerable uranyl bend: 
Na4[(UO2)(SO4)3]. In addition to a strong bend of the typically al-
most linear O=U=O, the typically equatorial plane is broken up by 
two out-of-plane oxygen positions. Computational investigations 
show the origin for the bending to lie in the applied physical pres-
sure and not in electronic influence or steric hindrance. The in-
crease of pressure onto the system has shown to increase uranyl 
bending. Furthermore, the phase formation is compared to a refer-
ence phase of a similar structure without uranyl bending and a tran-
sition pressure of 2.5 GPa is predicted - well in agreement with the 
experimental results.  

Uranium is the actinide element studied most extensively in past 
decades. This can be accorded by its comparably high abundance 
within nature as well as its importance for the nuclear industry1-3. 
Uranium is known to stabilize in oxidation states ranging from +II 
to +VI, however +IV and +VI being the most prevalent. In the 
lower oxidation states (+II to +IV), U adopts an isotropic bond co-
ordination, whereas at higher oxidation states (+V, +VI), U is 
known to form linear trans-dioxo-cations. These cations, termed 
uranyl, possess two short bonds and further coordination is typi-
cally achieved in the perpendicular equatorial plane. The uranyl 
bond shows a remarkable chemical robustness with strong covalent 
bonds4. Due to this, the reactivity of the uranyl is distinctly lowered 
and ligand coordination is forced to occur in the equatorial plane.  

Controlling the coordination chemistry of uranyl groups has 
been in the focus of actinide chemists in the last few decades. Two 
promising strategies to alter the coordination environment of the 
uranyl have been (a) distorting the planarity of the equatorial 
plane5-7 as well as (b) breaking the linearity of the uranyl group5, 8-

9. However, these strategies always involve organic and metal-or-
ganic approaches with bulky ligands or complex multi-step proce-
dures to obtain atypical coordination environments. Recently, a 
very simple approach of dropping 1,10-phenanthroline (phen) into 
a uranyl chloride solution in acetone has resulted in 
[UO2Cl2(phen)2]5. The uranyl group is strongly bent (161.8(1)°) 
and the equatorial plane is broken up, representing a rare case for a 
uranyl bearing phase showing both uranyl bending as well as pla-
narity distortion5.  

 

Figure 1: Uranium coordination in different uranyl oxo-salts: (a) 
Na4[(UO2)(SO4)3] this work; (b) Na10[(UO2)(SO4)4](SO4)2·3H2O14; and (c) 
Na4[(UO2)(CrO4)3]15. Additionally the uranyl bending angle δ is given. 

To further understand the origin of the O-U-O bending, Hayton10 
has published a review of uranyl phases showing uranyl angles of 
lower than 172°. Herein, Hayton has singled out two distinctive 
causes for uranyl bending: firstly, bending as a result of steric hin-
drance of the equatorial ligands and the uranyl oxo-group and sec-
ondly, bending due to an electronic origin. He lists multiple phases 
for both cases, as for example UO2Cl2(HN4) (HN4 = 2,11-di-
aza[3,3](2,6) pyridinophane)11 or the above mentioned 
[UO2Cl2(phen)2]5 for steric hindrance and for example [(UO2)2(μ3-
O)(C8H12O4)(C10H8N2)(H2O)]2

12 and UO2(BIPM TMS)(dmap)2
13 

(BIPMTMS = C(PPh2NSiMe3)2; dmap = 4-(dimethylamino)pyri-
dine) for bending due to an electronic origin. The former were 
found to be more common in comparison to the rarer latter case. 
The effect via steric hindrance was found to be stronger in compar-
ison to the effect via electronic perturbation indicated by the larger 
achievable bonding angles for the first case of up to 161.7(5)°11 
compared to the latter case with an angle of up to 167.16(9)°10.  

In our study, we inadvertently obtained a most unique phase. Our 
focus of the study was investigating the phase formation behavior 
of actinide oxo-chalcogenates under high temperature/ high pres-
sure conditions. As examples of findings in this field are the report 
of rich non-centrosymmetry in the Na-U-Te oxo-system16 or in-
creased atypical structure types with more complex structures and 
dimensionalities in the K-U-Te or K-U-Mo oxo-systems17,18. The 
title phase, Na4[(UO2)(SO4)3], was obtained upon extreme condi-
tions study of AI-U-S system (AI – alkali metals). This phase shows 
both, considerable uranyl bending as well as planarity distortion 
(Figure 1a) and is found to be the first inorganic uranyl oxo-phase 
to show such behavior. 



 

 

Figure 2. Structural overview of Na4[(UO2)(SO4)3] parallel to [100] in (a) 
and parallel to [001] in (b). UO8, SO4 and Na-atoms are yellow, orange and 
blue, respectively.  

Initial UO2, SeO2, and NaS2O3 were mixed and filled into a 
sealed platinum crucible. A pressure of 3.5 GPa was applied with a 
maximum temperature of 1000°C in a piston-cylinder press. The 
exact experimental details are given in the Supporting Information. 
The structure was determined by single crystal X-ray diffraction. 

Na4[(UO2)(SO4)3] crystallizes in the orthorhombic space group 
C2221 and shows a one-dimensional chain structure (Figure 2). A 
single U position, two sulfur positions, three sodium positions and 
seven oxygen positions are present. The latter are all part of sulfate 
tetrahedra or uranyl groups.  H2O molecules are not present within 
the structure. 

Uranium is coordinated by eight oxygen atoms. Typically, this 
would result in a hexagonal bipyramid. In this case, however, the 
coordination is distinctly different and is more comparable to a UO7 
coordination. Four equatorial oxygen positions are identical to a 
pentagonal bipyramid and the fifth is split into two separate oxygen 
positions perpendicular to the equatorial plane, or in other words 
parallel to the uranyl group (Figure 1a). As a result of this coordi-
nation, the bond angle of the uranyl ion is strongly bent away from 
this bidentate sulfate, yielding a much more compact 165.6(12)°. 
The U-O bond distances for the uranyl groups are 1.765(15) Å. Fig-
ure 1 also shows two alternate more typical coordination environ-
ments, which typically can be found within uranyl oxo-phases. 

Two UO8 polyhedra are interconnected by two sulfate polyhedra 
with U-O bond lengths of 2.397(14) to 2.438(17) Å. These two 
crystallographically identical sulfur positions (S2) are coordinated 
by four oxygen atoms with S-O bond distances of 1.457(18) Å, 
1.464(17) Å, 1.502(14) Å and 1.516(17) Å, for O1, O6, O2 and O7, 
respectively. The latter two are part of the monodentate bridging, 
the former two are terminal positions. The two oxygen atoms in-
volved in the bidentate bridging between U and S1, are distinctively 
further apart with a bond distance of 2.625(19) Å to the uranium 
position. The S1-O bond distances are 1.461(16) to 1.507(17) Å. 
The longer bonds are part of the bidentate bridging and the shorter 
bonds belong to terminal oxygen positions.The interspace between 
[(UO2)(SO4)3]4−

∞ chains is filled by sodium cations achieving 
charge neutrality.  

The resulting one-dimensional chains resemble the chains of 
Na4[(UO2)(CrO4)3]15 and Mn[(UO2)(SO4)2(H2O)](H2O)4 19 in their 
basic backbone, which can be made visible by applying a topolog-
ical representation introduced into actinide oxo-salts by Krivo-
vichev and Burns20-21 (Figures S1 and S2). The difference between 
the reported structure with the two afore mentioned structures is a 
geometry of the local coordination of uranyl groups. Twofold con-
nection to S1 for the title compound and only one-fold for similar 
oxo-groups  in Na4[(UO2)(CrO4)3]. This is indicated by the double 
line in the topology graph of the title compound (Figure S1) and the 
single line in the corresponding topology graph for the other two 
structures (Figure S2).  

The strong bend of uranyl that we observed has not been previ-
ously reported within inorganic uranyl oxo-phases. The first report 
of a similar bent was reported in 2007 by Charushnikova and Den 
Auwer in [(UO2)2(Trpy)2(OH)2]2[UO2(NO3)3(H2O)](NO3)3·3H2O 
coordination phase22. Hereby, even a nine-fold coordination was 
obtained with five equatorial oxygen positions, two uranyl and two 
split perpendicular oxygen positions. The bend is 167° in that case 
and it was achieved by using 2,2’-6,2”-terpyridine (Trpy). 

 

 

Figure 3. Difference in free energy (ΔG) and total internal energy (ΔU) for 
Na4[(UO2)(SO4)3] and pseudo-Na4[(UO2)(SO4)3] in dependence of pressure. 

To further understand the phase formation, we performed a series 
of ab initio calculations. First, we considered the title phase and the 
chemically similar chromate structure Na4[(UO2)(CrO4)3]. Both 
structures were relaxed at a series of different pressures in order to 
detect any pressure-induced structural changes. Chromates and sul-
fates are known to behave very similar in regard to their crystal 
chemistry. Therefore, the Cr of the latter phase was replaced by S 
to obtain a pseudo-Na4[(UO2)(SO4)3] structure as an ambient state 
reference phase. Indeed, for P=0 GPa it is by ~72kJ/mol lower free 
energy than the measured sulfate structure (Figure 3). The evolu-
tion of difference in free energy (ΔG, which is approximated by ΔH 
assuming negligible ΔS for such similar phases) and the total inter-
nal energy (ΔU) is shown in Figure 3. The internal energy of the 
pseudo-Na4[(UO2)(SO4)3] structure is lower for P up to ~9.5 GPa 
and for higher pressures the internal energy of the new phase be-
comes lower.  However, because the title phase is more compact, 
the Gibbs free energy of the new phase becomes lower already at 
P=2.5 GPa, allowing for its synthesis at P=3.5 GPa.  

 

Figure 4. O=U=O bending angle δ in dependence of pressure. The bending 
angle strongly decreases with increased pressure. The black points coincide 
with pseudo-Na4[(UO2)(SO4)3] and the red with Na4[(UO2)(SO4)3]. 

Investigation of the two computed structures has shown that 
bending is present in both phases and more prevalent with in-
creased pressure (Figure 4). The computed bending angle at ambi-
ent conditions is 171° and 178°, respectively. It decreases with 



 

pressure, reaching 169.7° at P=3.5 GPa for the title phase. We no-
tice that this is slightly larger than the measured angle of 166.4°. 
We attribute the origin of this small discrepancy to the fact that cal-
culations were performed assuming a temperature of zero K, so, no 
thermal expansion and thermal motion effects are considered.  

 

Figure 5. The energy of the modified Na4[(UO2)(SO4)3] structure with dif-
ferent uranyl bending angle. The equilibrium phase with angle of 169.7° is 
takes as a reference. 

In order to check the potential influence of thermal motion of 
uranyl bending, we computed a series of structures with different 
uranyl angles ranging from 180° to 150°. The resulted internal en-
ergies are reported in Figure 5. Indeed, the thermal motions of the 
energy of ~2.5kJ/mol should permit realization of structures with 
bending between 164° and 176°. 

The origin of the significant bend of 165.6(12)° cannot be ex-
plained by steric hindrance of the ligand molecules, as only simple 
sulfate groups are present here. The theoretical calculations de-
scribed above however show the influence of pressure on the sys-
tem to be the origin of the uranyl bending. Strong equatorial donors 
are known to weaken the U-O bonds of the uranyl23. Sulfate is such 
a donor and the addition of physical pressure can apparently lead 
to the strongly distorted coordination of the title compound. The 
question however remained whether the parallel orientation of the 
bidentate coordination of the S1O4 group leads to the bending of 
the uranyl group or whether the uranyl bending implied by the 
physical pressure allows the sulfate to coordinate in this unique 
fashion (Figure 6). For this, the structure of the Na4[(UO2)(SO4)3] 
was modified in two different ways and subsequently relaxed. For 
the first case, the bending angle δ of the O=U=O was fixed to 
166.4° by fixing the two involving oxygen positions and the U po-
sition. The bidentate coordinated sulfate tetrahedron was rotated to 
be in-plane with the equatorial plane. The theoretical calculations 
resulted in back rotation of 90° of the sulfate tetrahedron and refor-
mation of the measured structure. The internal energy difference 
between the structure with the rotated sulfate tetrahedron and the 
measured one is 58 kJ/mol and no significant volume change is ob-
served. On the other hand, the measured structure but with uranyl 
angle fixed at 180° is higher in energy from the measured structure 
by only 10 kJ/mol (Fig. 5).  

 

Figure 6. Modeling of different initial configurations to determine the origin 
of the uranyl bending in Na4[(UO2)(SO4)3]. The local coordination of ura-
nium was manually changed and the structure was relaxed under a pressure 
coinciding with the experimental pressure of 3.5 GPa. The left shows the 
initial coordinations, the center the anticipated change and the right the an-
ticipated coordination found in Na4[(UO2)(SO4)3]. The fixed positions are 
shaded in red. 

To conclude, this study reports the first inorganic uranyl phase 
with considerable uranyl bending. In contrast to several techniques 
involving large organic ligands showing considerable steric hin-
drance which can be considered as chemical pressure, the method 
shown here was the application of physical pressure. The title com-
pound Na4[(UO2)(SO4)3] may well be the first example for a unique 
coordination of uranium with a bent uranyl group as well as a dis-
torted planarity of the equatorial plane. The applied method shows 
promising potential in achieving a cis-coordination for the uranyl 
group – following the physical pressure path in contrast to the 
chemical pressure path. The goal here is to better unravel the inter-
actions taking place under high pressure. 

ASSOCIATED CONTENT  

Supporting Information 

X-ray crystallographic data in CIF format, experimental procedure, 
table with crystallographic information, topology, and BVS. The 
Supporting Information is available free of charge on the ACS Pub-
lications website. 

AUTHOR INFORMATION 

Corresponding Author 

Evgeny V. Alekseev (e.alekseev@fz-juelich.de) 
 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

The work has been supported by the Deutsche Forschungsge-
meinschaft (DFG) grant AL1527/3-1. S. Wang acknowledge 
funding support from National Natural Science Foundation of 
China (21761132019). 

REFERENCES 

1. Craft, E. S.; Abu-Qare, A. W.; Flaherty, M. M.; Garofolo, M. C.; 
Rincavage, H. L.; Abou-Donia, M. B., Depleted and natural uranium: chem-
istry and toxicological effects. Journal of Toxicology and Environmental 
Health, Part B 2004, 7 (4), 297-317. 

2. Liddle, S. T., The Renaissance of Non-Aqueous Uranium Chem-
istry. Angewandte Chemie International Edition 2015, 54 (30), 8604-8641. 

3. The Chemistry of the Actinide and Transactinide Elements. 4 
ed.; Springer Netherlands: 2010. 



 

4. Lewis, A. J.; Carroll, P. J.; Schelter, E. J., Stable uranium (VI) 
methyl and acetylide complexes and the elucidation of an inverse trans in-
fluence ligand series. Journal of the American Chemical Society 2013, 135 
(35), 13185-13192. 

5. Schöne, S.; Radoske, T.; März, J.; Stumpf, T.; Patzschke, M.; 
Ikeda-Ohno, A., [UO2Cl2 (phen) 2], a Simple Uranium (VI) Compound 
with a Significantly Bent Uranyl Unit (phen= 1, 10-phenanthroline). Chem-
istry-A European Journal 2017, 23 (55), 13574-13578. 

6. Sessler, J. L.; Seidel, D.; Vivian, A. E.; Lynch, V.; Scott, B. L.; 
Keogh, D. W., Hexaphyrin (1.0. 1.0. 0.0): An expanded porphyrin ligand 
for the actinide cations uranyl (UO2

2+) and neptunyl (NpO2+). Angewandte 
Chemie International Edition 2001, 40 (3), 591-594. 

7. Wang, Y.; Liu, Z.; Li, Y.; Bai, Z.; Liu, W.; Wang, Y.; Xu, X.; 
Xiao, C.; Sheng, D.; Diwu, J.; Su, J.; Chai, Z.; Albrecht-Schmitt, T. E.; 
Wang, S., Umbellate distortions of the uranyl coordination environment re-
sult in a stable and porous polycatenated framework that can effectively re-
move cesium from aqueous solutions. Journal of the American Chemical 
Society 2015, 137 (19), 6144-6147. 

8. Arnold, P. L.; Patel, D.; Wilson, C.; Love, J. B., Reduction and 
selective oxo group silylation of the uranyl dication. Nature 2008, 451 
(7176), 315. 

9. Wu, S.; Kowalski, P. M.; Yu, N.; Malcherek, T.; Depmeier, W.; 
Bosbach, D.; Wang, S.; Suleimanov, E. V.; Albrecht-Schmitt, T. E.; Ale-
kseev, E. V., Highly Distorted Uranyl Ion Coordination and One/Two-Di-
mensional Structural Relationship in the Ba2 [UO2 (TO4)2](T= P, As) Sys-
tem: An Experimental and Computational Study. Inorganic Chemistry 
2014, 53 (14), 7650-7660. 

10. Hayton, T. W., Understanding the origins of O yl–U–O yl bend-
ing in the uranyl (UO22+) ion. Dalton Transactions 2018. 

11. Pedrick, E. A.; Schultz, J. W.; Wu, G.; Mirica, L. M.; Hayton, T. 
W., Perturbation of the O–U–O angle in uranyl by coordination to a 12-
membered macrocycle. Inorganic Chemistry 2016, 55 (11), 5693-5701. 

12. Borkowski, L. A.; Cahill, C. L., Crystal engineering with the 
uranyl cation II. Mixed aliphatic carboxylate/aromatic pyridyl coordination 
polymers: synthesis, crystal structures, and sensitized luminescence. Crys-
tal Growth & Design 2006, 6 (10), 2248-2259. 

13. Lu, E.; Cooper, O. J.; McMaster, J.; Tuna, F.; McInnes, E. J. L.; 
Lewis, W.; Blake, A. J.; Liddle, S. T., Synthesis, characterization, and reac-
tivity of a uranium (VI) carbene imido oxo complex. Angewandte Chemie 
International Edition 2014, 53 (26), 6696-6700. 

14. Burns, P. C.; Hayden, L. A., A uranyl sulfate cluster in Na10 
[(UO2)(SO4) 4](SO4) 2· 3H2O. Acta Crystallographica Section C: Crystal 
Structure Communications 2002, 58 (9), i121-i123. 

15. Krivovichev, S. V.; Burns, P. C., The first sodium uranyl chro-
mate, Na4[(UO2)(CrO4)3]: synthesis and crystal structure determination. 
Zeitschrift für anorganische und allgemeine Chemie 2003, 629 (11), 1965-
1968. 

16. Xiao, B.; Kegler, P.; Bosbach, D.; Alekseev, E. V., Rich Non-
centrosymmetry in a Na–U–Te Oxo-System Achieved under Extreme Con-
ditions. Inorganic Chemistry 2016, 55 (9), 4626-4635. 

17. Xiao, B.; Kegler, P.; Bosbach, D.; Alekseev, E. V., Investigation 
of reactivity and structure formation in a K–Te–U oxo-system under high-
temperature/high-pressure conditions. Dalton Transactions 2016, 45 (38), 
15225-15235.  

18. Murphy, G.L.; Kegler, P.; Klinkenberg, M.; Wang, S.; Alekseev, 
E. V., Extreme condition high temperature and high-pressure studies of the 
K–U–Mo–O system. Dalton Transactions 2020, 49, 15843–15853. 

19. Tabachenko, V. V.; Serezhin, V. N.; Serezhina, L. B.; Kovba, L. 
M., Crystal structure of manganese sulfatouranylate of MnUO2(SO4)2 x 5 
H2O. Koordinatsionnaya Khimiya 1979, 5 (10), 1563-1568. 

20. Krivovichev, S. V.; Burns, P. C., Combinatorial topology of ura-
nyl molybdate sheets: syntheses and crystal structures of 
(C6H14N2)3[(UO2)5(MoO4)8](H2O)4 and (C2H10N2)[(UO2)(MoO4)2]. Journal 
of Solid State Chemistry 2003, 170 (1), 106-117. 

21. Krivovichev, S. V., Combinatorial topology of salts of inorganic 
oxoacids: Zero-, one- and two-dimensional units with corner-sharing be-
tween coordination polyhedra. Crystallography Reviews 2004, 10 (3), 185-
232. 

22. Charushnikova, I. A.; Den Auwer, C., Crystal structure of two 
new molecular adducts of uranyl nitrate with 2,2'-6,2''-terpyridine. Russian 
Journal of Coordination Chemistry 2007, 33 (1), 53-60. 

23. Fortier, S.; Hayton, T. W., Oxo ligand functionalization in the 
uranyl ion (UO2

2+). Coordination Chemistry Reviews 2010, 254 (3), 197-
214. 

 

 

  



 

 

Synopsis 

 

A strong bending of axial uranyl group in purely inorganic phase has been archived via application of physical pressure. At the same 
time coordination geometry of the uranyl group within equatorial plane changes dramatically. With application of DFT+U computational 
methods the pressure-energy-geometry dependence has been studied. 

 


