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Abstract  
MIV molecular oxo-clusters of the f- and d-block (M=Zr, Hf, Ce, Th, U, Np, Pu) have been prolific 

in bottoms-up material design, catalysis, as well as understanding metal oxide assembly, 

dissolution and surface reactivity in nature and in synthesis. Here we introduce Ce70, a new CeIV 

wheel-shaped oxo-cluster, [CeIV(OH)36(O)64(SO4)60(H2O)10]4-, isostructural with prior-reported 

U70. Like U70, Ce70 crystallizes into intricate frameworks with divalent transition metal counter-

cations (TMII), and also CeIV-monomer and sulfate addenda ions. Eight structures are described 

by single-crystal X-ray diffraction that feature four framework types, named to describe the 

arrangement of the Ce70-rings. These include the propeller framework (with CoII and ZnII), the 

offset-stacking framework (with NiII and CdII), the tartan framework (with CoII and CuII), and the 

isolated framework (with CoII and ZnII). Small-angle X-ray scattering studies of dissolved Ce70 

shows they undergo offset stacking or eclipsed stacking in solution, depending on the monomer 

cations. Larger TMII promote eclipsed stacking, whereas, CeIV inhibits eclipsed stacking. To these 

organic solutions, we have added alkaline earths, MnII and CeIV to provide direct evidence for their 

role in solution phase supramolecular assembly. This study opens the door to discovery of mixed 

CeIII/IV oxo-clusters important in catalysis, other members of the MIV
70 family (i.e. PuIV), new 

clusters for metal-organic framework design, and assembly into functional surfaces.  

  

Introduction 

Metal-oxo clusters can be considered molecular metal oxides. They are both aesthetically 

fascinating and fundamentally useful in geosciences, environmental science and materials science. 

For example, they provide a foundation to understand metal oxide dissolution and precipitation in 

nature and in synthesis.1-8 The atomic precision of metal-oxo clusters allows investigation of 

chemical processes of non-molecular counterparts including surfaces, bulk materials and 
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nanoparticles.9-11 Additionally, metal-oxo clusters function as single-molecule magnets and 

catalysts, linked into frameworks and supramolecular assemblies, as well as isolated clusters.12-21 

Supramolecular assembly of metal-oxo clusters creates another level of complexity and emergent 

properties in fractals, superlattices and nanomaterials.22-26  

 Cerium oxide clusters and nanomaterials are of special relevance. Owed to the facile CeIII-

CeIV redox behavior and concomitant oxygen transport, ceria nanoparticles are used as automotive 

redox catalysts, in oxide fuel cells, and as photoactive solar cell materials.27-29 Performance 

efficiency of cerium oxide nanoparticles is correlated to the presence of CeIII and oxygen-vacancies 

on the surface.27, 30 As such, it is difficult to control the composition, size, and structure of cerium 

nanoparticles.31, 32 Moreover, determining cerium oxidation state in molecules via simple bond 

valence sum calculations is particularly challenging, for reasons not well-understood.33 Thus, 

characterization of such species to identify and exploit structure-property relationships remains a 

challenge. However, like most large tetravalent metals of the d- and f-blocks (MIV = Zr, Hf, Ce, 

Th, U, Np, and Pu), molecular CeIV-oxo molecular clusters resembling the oxide framework in 

both structure and function can be isolated. The most common structural motif of these tetravalent 

metal oxo-clusters is the hexamer (M6, [M6
IV(OH)4(O)4]12+),34-40 that is ligated and stabilized via 

carboxylate, nitrate, sulfate, and polyoxometalate (POMs) ligands.41-46 Ce6 hexamers are quite 

prolific in the literature, including linked into metal-organic frameworks.34, 47-54  

Beyond the hexamer, larger CeIV-oxo clusters have been isolated from organic media, and 

these usually contain and are built symmetrically around a Ce6 core, and by extension resemble 

ceria. These cluster nuclearities include Ce10, Ce20, Ce22, Ce24, Ce38 and Ce40, of which Ce10, Ce22, 

Ce24, and Ce40 have distinct CeIII and CeIV sites.44, 55 As an additional focus of Ce-oxo clusters, 

CeIV is an important surrogate for PuIV, given its similar radius and observed species formation.44, 

56 In oxo-cluster chemistry, PuIV
38 and PuIV

22 analogues to Ce38 and Ce22 have been synthesized.9, 

56-58 Because the Ce22 cluster contains both CeIII and CeIV, while Pu22 contains exclusively PuIV, 

we recognize the potential for structural and compositional flexibility of MIV oxo-clusters in 

general. Isolating mixed oxidation state or heterometal oxo-clusters represents enormous potential 

in tuning electronic, structural and chemical properties.   

Recently we exploited sulfate ligation and high oxidation state counter-cations (lanthanides 

and transition metals, LnIII and TMII) to isolate a new family of giant UIV oxo-clusters including 

the U84 ‘superatom’ (with LnIII) and U70 wheel structure (with TMIII).26, 59 In addition to 



contributing to understanding solution and solid phase supramolecular assembly processes, 

U/PuIV-sulfate speciation is of special interest from the standpoint of geochemical fate and 

transport. Bacteria can immobilize UIV through the oxidation of sulfur. Environmental fate of Pu 

is less known,60 but metal-oxo clusters such as U/Pu38 are excellent surrogates for colloidal U/Pu 

oxides in the geobiosphere. As an intermediate step to expanding PuIV oxo-cluster chemistry and 

broadening knowledge across the actinide series, we have translated TMII/LnIII-UIV-sulfate 

speciation to CeIV-sulfate chemistry.  

Herein, we introduce the Ce70-sulfate family with divalent transition metal counter-cations 

(CoII, ZnII, NiII, CdII, NiII, CuII), and unveil some distinct differences from the original U70-sulfate 

family. First, due to the redox stability of CeIV under applied synthetic conditions, we were not 

hindered by redox activity of the transition metals. Second, the transition metals play a more 

significant role in supramolecular assembly in solid-state frameworks and upon re-dissolution in 

organic solvents. Third, LnIII also isolates the Ce70-ring, but will be presented in a later publication. 

In both the UIV and CeIV families, MIV monomers also participate in solid-phase assembly. Cerium 

is the second member to join the MIV
70 family and represents the largest Ce-oxo cluster to date. 

Via eight X-ray crystal structures, we show four distinct framework assembly types, and X-ray 

scattering reveals the role of the TMII counter-cations on solution-phase assembly.   

Results and Discussion  

Highly-charged metal cations complex aqua ligands upon dissolution, followed by deprotonation, 

even in acidic conditions, leading to oligomerization. If uncontrolled, the end-product of this 

reaction is metal oxide precipitation. The addition of heterometal cations and strongly coordinating 

oxoanion ligands mediate the fundamental hydrolysis (1) and condensation reactions (olation (2) 

and oxolation (3)) that drive oligomerization.  

 

[M(H2O)8]4+ → [(OH) − M(H2O)7]3+ + H+      (1) 
 

[(OH) − M(H2O)7]3+ + [M(H2O)8]4+ → [M2(μ2 − OH)(H2O)14]7+ + H2O  (2) 
 

2[(OH) − M(H2O)7]3+ → [M2(μ2 − O)(H2O)14]6+ + H2O    (3) 
 
Moreover, counter-cations play primary roles in the assembly of any oligomeric species in the 

crystallization process.61-64  Combining first-row transition metals with CeIV(SO4)2 and heating at 



75 °C (see SI for details) promotes assembly of the Ce70 torus cluster; fully formulated 

[CeIV(OH)36(O)64(SO4)60(H2O)10]4-, isostructural with prior reported U70 (Figure 1a).26, 59  

Analogous to U70, the Ce70 cluster can be viewed as alternating Ce6 and Ce1; four sulfates bridge 

a Ce6 and a Ce1 along the outer rim, and four additional sulfate line the inner rim bridging only 

between Ce6, see Figure 1b.59 The entirety of the ring exhibits O/OH disorder, as determined by 

bond valence sum calculations. Most Ce-centers are 8-coordinate, with the exception of the 

innermost Ce of the Ce6 unit that is capped by an additional water molecule. Charge of the Ce was 

confirmed by bond valence sum (BVS), see Table S12 for a representative example amongst the 

eight structures. Ce BVS values ranges from 3.62-4.00 (average=3.88). The bond length ranges 

include: Ce – OH-/O2- = 2.11 – 2.67 Å, Ce – OH2 = 2.28 Å – 2.80 Å, and Ce-OSO3 = 2.30 – 2.99 

Å. Oxygens with a BVS around 2.0 were assigned as O2-, those with BVS~1.0 were assigned as 

purely OH-, and those with BVS in between were assigned as mixed OH-/O2-. Addenda sulfates, 

along with TMII and CeIV monomers, decorate and bridge the Ce70 rings (Figure 1c), defining 

different Ce70-framework patterns.  

 
Figure 1. Summary of species that comprise Ce70-frameworks A) Polyhedral representation 
[Ce70(OH)36(O)64(SO4)60(H2O)10]4-, the Ce6 unit is maroon and the Ce1 is orange, sulfate is yellow. B) Ball-and-
stick representation of a fragment of Ce70, emphasizing the sulfate bridging between Ce6 on the inside (towards the 
bottom) and outside (top) between Ce1 and a Ce6. C) Polyhedral representation of addenda sulfates (green) bridging 
between Ce70 rings, based on its connectivity. Left to right ‘edge-to-edge’, ‘corner-to-corner’, and ‘edge-to-corner’. 
D) Binding modes of addenda CeIV-monomers to both Ce70-sulfates and addenda sulfates. Sulfates integral to the 
Ce70-ring are yellow. The addenda sulfate that chelate a CeIV-monomers are turquoise, non-bridging addenda 
sulfates are pink.  

 



Individual TMII bonding behaviors and the synthesis conditions leads to four unique 

architectural assemblies of the Ce70 plus CeIV-monomer/TMII-counterions, and addenda sulfates, 

and will be described in detail later. Based on arrangement of the Ce70-rings, these are dubbed 1) 

propeller framework, 2) standard offset-stacking, 3) tartan, and 4) isolated rings. The prior 

described U70-family, on the other hand, only featured the standard offset-stacking arrangement. 

A major difference between the Ce70-family and the U70-family is the prevalence of  CeIV-

monomer that serve as counterions for the former. This additional building unit endows the Ce70-

family with more diverse supramolecular assembly patterns.  

Here we consider the effect of reaction conditions and TMII cation properties on framework 

assembly. These include TMII concentration, TMII coordination behavior, and pH of the reaction 

solution. Metal cation concentration in water and charge-to-size ratio (charge density) mediates 

pH by processes outlined in equations 1-3. Hypothetically, increased metal concentration and 

charge-density of the metal cations decrease pH. However, for all reaction solutions with different 

TMII and different concentrations of TMII, the pH before and after hydrothermal treatment is 1.5 

and 2.5, respectively, suggesting pH has minimal influence on framework assembly. We can also 

assume that in these reaction conditions, the higher valence CeIV controls acidity, not the divalent 

transition metals.  

One clear correlation is the influence of TMII-concentration on framework arrangement 

(see synthesis details in the SI). For example, the propeller and offset-stacking frameworks 

crystallize optimally from the lowest TMII-acetate concentration of approximately 0.15 mmol. 

Increasing the TMII concentration to 0.20 mmol introduces the tartan framework. From a 0.40 

mmol concentration of TMII, the isolated framework is favored. Counterintuitively, increasing the 

TMII concentration in the reaction solution leads to an increase in CeIV-monomer incorporation 

into the framework (accompanied by decreased TMII incorporation). The extreme case is the 

isolated framework in which the Ce70 rings are completely rimmed and separated by CeIV-

monomers. We attribute this unexpected trend to the role of the transition metals on the Ce70-

formation process. When present in high concentration, transition metals could slow Ce70-

formation, leading to an abundance of CeIV-monomers during framework assembly and 

crystallization processes. 

To identify trends in CeIV/TMII monomer incorporation and their influence on framework 

type, we have compiled detailed bonding information of these monomers for the reported eight 



structures (Table 1). Included in this assessment is a parameter describing ligation of the 

monomers by water vs. by sulfate, termed the weighted average (W.A): 

 

𝑊𝑊.𝐴𝐴. = Σ(𝑆𝑆.𝑂𝑂.𝐹𝐹.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∗𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙)
Σ(𝑆𝑆.𝑂𝑂.𝐹𝐹.𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚∗𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙)     (4) 

 
The structure occupancy factor (S.O.F., Table S9) is accounted due to different occupancies of 

these monomer sites, ranging from 0.25 to 1.0, and different ligation; similar to the prior-reported 

U70 frameworks.26, 59  A W.A. value of 1.0 will describe the collective cation monomers (every 

monomer regardless of S.O.F.) to be fully coordinated by aqua ligands. Increasing sulfate 

coordination decreases the W.A. value. In general, a lower W.A. describes more extensive 

monomer-sulfate-monomer linkages within the framework. Differences in W.A. can be seen by 

changing TMII (see propeller structures) or by changes in family (see CoCe70 series), however 

distinct trends without exceptions are difficult to identify. Similar to the prior reported U70 

structures, Zn is unique in its strong preference for bonding to water over bonding to sulfate, 

promoting formation of the isolated framework with extensive incorporation of CeIV-monomer 

bonding to Ce70.26, 59  Additionally, for the CeIV-monomer, tracking of sulfate ligation can also be 

seen by the coordination mode for the ligands. There’s a notable shift in the coordination of the 

monomers, highlighted by the number of monodentate (pink in figure 1d) and the chelating sulfates 

(turquoise in figure 1d), see also Table 1. The most dramatic change is from use of a second row 

transition metal, CdII, which crystallizes Ce70 as the offset-stacking framework. This structure is 

the only one reported that contains no CeIV-monomers. The rich variety of obtained frameworks 

as a function of the specific transition metal and its concentration, as well as the effect of the 

incorporated CeIV-monomer highlights the complex role of countercations in stabilizing large 

metal-oxo polyanions, and in the framework assembly thereof. The four different frameworks 

types are described in detail below, highlighting these roles.  

  



 

 
Ce70-propeller Framework 

The ‘larger’ first row TMII at lower concentrations favor the ‘propeller’ framework. 

CoCe70-propeller, formulated CoCe3Ce70(OH)36(O)64(SO4)65(H2O)65.5 (Table S1), crystallizes in 

the monoclinic P21/c, space group (V = 31,298 Å3).  The structure features the Ce70 stacking in an 

offset manner along the a-axis, reminiscent of the U70 frameworks. The rings are bridged by two 

S(μ1-O)4 or ‘edge-to-edge’ sulfates, four CeIV centers apart within the ring, making chains (see 

Figure 1c for sulfate coordination). This is consistent with stronger linking compared with the U70-

frameworks, which bridged via corner-to-corner linked sulfate. Additional addenda sulfates 

decorate the ring, charge balancing the CeIV- and CoII-monomers. The CeIV-monomers direct Ce70-

linking in the propeller arrangement via skewed linking (figure 2a).  Two fully-occupied CeIV-

monomer sites (Ce33), related by an inversion center across the ring, bridge one Ce70 to two pairs 

of neighboring Ce70 rings on opposite sides of the central ring. These neighboring Ce70 and their 

chains rotate ~45° from the plane of the middle Ce70 chain, driving the propeller-shaped 

connectivity (figure 2a, Ce33 is top and bottom of the central ring). The Ce33-monomer bridges a 

total of three rings and is 9-coordinate with a tricapped-trigonal prismatic geometry (figure 2c). 

Approximately a quarter way around the ring from Ce33 is an additional CeIV-monomer (Ce37) 

Table 1. Summary of the coordination environment of CeIV and TMII monomers in reported 
structures   
TMII-Framework type  Radii of 

TMII (and 
CeIV) (Å)2 

TMII-
(H2O) 
W.A. 1 

CeIV-
(H2O) 
W.A.1 

# Monodentate 
(SO4)-CeIV 3,4 

# Chelating  
(SO4)-CeIV 

3,5 

Monomer 
Ratios 

CeIV:TMII 3  

CoCe70-propeller 0.89 0.75 0.70 3 0 3.00 
ZnCe70-propeller 0.88 1.00 0.66 3 1 2.50 
NiCe70-offset stacking 0.83 0.67 0.67 2 1 0.33 
CdCe70-offset stacking 1.09 0.70 - - - - 

CoCe70-tartan 0.89 0.88 0.56 2 1 0.50 
CuCe70-tartan 0.87 0.67 0.56 2 1 2.00 
CoCe70-isolated 0.89 1.00 0.56 2 2 4.50 
ZnCe70-isolated 0.88 1.00 0.54 2 2 9 
CeIV-monomer 1.01  
1The weighted average of the hydration of each monomer, see Table S9 and equation 4. 
26-coordinate radius65 
3per formula unit 
4yellow sulfates in figure 1d 
5turquoise sulfates in figure 1d 



disordered over two positions (occupancy = 0.5, positions on the left and right of the central Ce70 

in figure 2a). This monomer bridges the chains approximately along the b-axis, reinforcing a three-

dimensional framework (Figure S1b). Partially occupied CoII-monomers also participate in 

framework-linking, either by direct bonding of Ce70-sulfate and addenda sulfate, or H-bonding to 

sulfates through coordinated aqua ligands. CoII exhibits an octahedral geometry, with four to five 

aqua ligands (Figure S1).  

 

 
Figure 2. Polyhedral representation the propeller-framework.  a) stacking view of CoCe70-propeller along a-
axis; b) stacking view of ZnCe70-Propeller along a-axis; c) view highlighting connectivity of the linking CeIV-
monomer (Ce33), joining three Ce70 in CoCe70; d) view of the inter-ring connectivity with the positional disordered 
Ce monomer (Ce37) for CoCe70; e) CoCe70 and ZnCe70 rings showing shifts in the location of the CeIV-monomers 
and the ring-bridging sulfates. The corresponding colored lines highlight the shifts in position of the sulfates and 
the CeIV-monomers, and the green arc scribes the distance between the ring-bridging sulfates. Ce-polyhedra of Ce70 
are maroon, CeIV-monomers are orange polyhedra, Ce70 sulfates are yellow, addenda sulfate in pink, ring bridging 
sulfates are green, chelating sulfates are light blue, CoII monomers in blue, ZnII monomers are grey. 

 

The ZnCe70-propeller framework (figure 2b), formulated 

[Zn(H2O)6]Ce2.5Ce70(OH)36(O)64(SO4)64(H2O)58.5 (Table S2), crystallizes in the triclinic P-1 space 

group (V = 38,040 Å3). Similar to the CoCe70 analogue, this structure features the Ce70 rings 

stacked in an offset fashion along the a-axis. However, there is a loss in framework symmetry and 

connectivity, which comes from the diminished participation of ZnII in the framework formation. 

ZnII-monomers are fully-coordinated by aqua ligands, charge balancing the framework and 



interacting between neighboring Ce70 rings and chains via H-bonding (figure S2). Balancing the 

loss of ZnII-OSO3 bonding, there is an increase in CeIV-OSO3 ligation, via increase of chelating-

bridging sulfates to the CeIV-monomers, see Table 1. In the ZnCe70-propeller framework, the rings 

are bridged by two O2S(μ1-O)2 or ‘corner-to-corner’ sulfates, spanning six CeIV-centers apart 

around the ring (Figure 1c and 2e). The decrease in offset along the a-axis stacking, and inter-ring 

distance accommodates the addition CeIV-monomer locations and chelating sulfate. Two 

disordered cerium monomers (Ce72 and Ce74, each disordered over two half-occupied positions) 

are located in the inner void of the torus, bridging between rings within a chain (figure 2d). The 

loss of symmetry comes from the diverging location of the monomers located around the ring. Due 

to increase in ring offset of the Zn-analogue, the anchoring position of the CeIV-monomer also 

shifts. The shift causes the ring to rotate with respect the ~45°˙ torsional (figure 2e). Unlike the 

Co-analogue, the inter-chain bridging CeIV-monomers (Ce71 and Ce73) exhibit reduced site 

occupancy (75%). The overall loss of symmetry and framework connectivity is consistent with 

zinc’s diminished role in framework formation (figure S2). 

 

Ce70- offset-stacking framework 

The NiCe70-offset-stacking framework, formulated Ni3CeCe70(OH)36(O)64(SO4)63(H2O)63 

(Table S3), crystallizes in the triclinic P-1 space group (V = 16,197 Å3). By preliminary structure 

determination, an isomorphic Cu-analogue was also obtained, but only the Ni structure will be 

discussed here. As the main feature of all the U70 and Ce70 frameworks, the rings stack in an offset 

manner along the a-axis. The rings are bridged in the stacking direction by two OS(μ1-O)3 or ‘edge-

to-corner’ sulfates, five CeIV centers apart (figure 1c shows the sulfate bonding modes). The 

location of the CeIV-monomer is similar to the ZnCe70-propeller framework, where it bridges via 

a chelating sulfate inside the void of the rings, reinforcing the chain. All NiII-monomers are 6-

coordinate, with four aqua ligands and trans-bridging monodentate sulfates (figure S3). The NiII-

monomers serve to bridge chains together, and uniquely bridge rings within the chains (Figure 3a). 

However, the distorted octahedral geometry of the d8 NiII may be viewed as square planar, and not 

coordinated to the framework. The trans Ni-OSO3 bonds are elongated (2.498 – 2.521 Å), in 

comparison to the aqua ligands, Ni – OH2 1.941 – 1.997 Å.  The O3SO-Ni-OSO3 bond angle is 

also bent (164°) (Table S10 and figure 3b).  



The CdCe70-offet-stacked framework, formulated Cd7Ce70(OH)36(O)64(SO4)65(H2O)72 

(Table S4), crystallizes in the triclinic P-1 space group (V = 15,899 Å3). In this framework the ring 

stacking along the a-axis is reinforced by two S(μ1-O)4 or ‘edge-to-edge’ sulfates, four CeIV-

centers apart around the ring (figure S4). The framework features no CeIV-monomers, only CdII-

monomers and the corresponding addenda sulfates. The CdII-monomers are all six-coordinate with 

four or five aqua ligands. They link rings together within the chains along the a-axis, or between 

the chains, reinforcing a three-dimensional structure (Figure S4). Interestingly, CdCe70 is the only 

framework that does not contain CeIV-monomer. This is correlated with the radius: the CdII radius 

is the only TMII that is comparable to CeIV (Table 1)65 suggesting the larger radii cations are strong 

network formers, important in the crystallization process.    

 

Ce70-tartan Framework 

With higher concentration of CoII in the reaction solution (0.30 mmol), CoCe70-tartan, 

formulated as [Co(H2O)6]2Co2Ce2Ce70(OH)36(O)64(SO4)66(H2O)63 (Table S5), crystallizes in the 

monoclinic P21/c, space group (V = 34,977 Å3). This structure does not feature the ring-bridging 

sulfate as seen with the previous structures. Instead, there is an increase in CeIV- and CoII-monomer 

participation in ring-bridging, leading to unique assembly of Ce70. The main structure directing 

sites are the Ce35 and Co2 monomers, with respective occupancy of 1.0 and 0.5 (figure 3d). These 

two monomers bridge neighboring Ce70 rings at almost a perpendicular angle (86°), thus the 

stacking is reminiscent of a tartan pattern (figure 3c). The remaining CoII-monomers (Co1, Co3 

and Co4, all half-occupied) stabilize, and charge balance the structure. Co3 is terminally linked to 

sulfate of Ce70 and its bound aqua ligands hydrogen-bond to neighboring Ce70. Co1 and Co4 are 

fully coordinated by aqua ligands and interact with neighboring Ce70-rings via H-bonding only 

(figure S5). 

CuCe70-tartan, fully formulated CuCe2Ce70(OH)36(O)64(SO4)62.5(H2O)61 (Table S6), 

crystallizes in the monoclinic P21/c space group (V = 37,328 Å3). An isostructural Ni-analogue 

was also synthesized, but only the Cu structure is presented. The structure is roughly similar to 

CoCe70-tartan. Like the Co-analogue, CeIV- and CuII-monomers bridge the nearly perpendicular 

Ce70-rings with an 89° angle between connected rings. Disordered CeIV-monomers bridge the 

perpendicular rings on either side of the Ce70 unit (figure 3e). The only two Cu-sites, Cu1 and Cu2, 

are positionally disordered, with an occupancy of 0.5 total (figure 4c). Compared to the Co-



analogue, the CeIV-monomers are more significant in framework formation for the CuCe70-tartan 

phase (Tables 1 and S9).  

 

Ce70-isolated framework 

Similarities between 1) the Co- and Zn-analogues of the Propeller framework, and 2) the 

Co- and Cu tartan frameworks, suggest the possibility of a ZnCe70-tartan framework. However, 

zinc’s structural history with the MIV
70 posits the opposite. X-ray absorption spectra for TMII-

sulfates, as well as calculated and empirical stability constants shows that Zn’s full 3d10 shell, 

minimizes covalent contributions to bonding with sulfate, meaning sulfate-zinc bonding is less 

favorable.66, 67 The tendency of Zn to coordinate simply as [Zn(H2O)6]2+ has led to the discovery 

of a new framework type, the isolated framework (also formed with CoII with higher cobalt 

concentration in the reaction solution). As aforementioned, we believe the higher TMII 

 
Figure 3. Polyhedral representation the tartan and offset-stacking frameworks. a) View along a-axis for 
NiCe70-offset-stacking framework. b) NiII-monomer, trans-bridging two Ce70 rings within a chain. c) Quasi-
perpendicular stacking of the Ce70 rings of the CoCe70-tartan framework. d) Illustrating the main CeIV and CoII 
monomer linkers of the CoCe70-tartan framework. e) Anchoring of the two Ce70 rings within the tartan framework 
(Cu-analogue). Ce polyhedra of Ce70 are maroon, CeIV-monomers are orange, Ce70 sulfates are yellow, addenda 
sulfate are pink and turqoise, CoII-monomers are royal blue, Cu II-monomers are green, and NiII-monomers are 
purple. 



concentration (see SI, experimental) slows assembly of Ce70 rings, retaining more CeIV-monomers 

as counterions and Ce70 framework-linkers. 

 

Figure 4. Polyhedral representation of the isolated frameworks (Co and Zn). a) Stacking view along c-axis for 
CoCe70-isolated. b) Side view of the Ce70 stacking showing bridging CeIV-monomers in lieu of ring bridging 
sulfates. c) Ce70 decorated only by CeIV-monomers. Ce70 is maroon Ce and yellow sulfates, CeIV-monomers are 
orange, addenda sulfates are pink and turquoise, CoII-monomers are blue, ZnII-monomers are grey. 

   
CoCe70-isolated, fully formulated [Co(H2O)6]Ce4.5Ce70(OH)36(O)64(SO4)68(H2O)65 (Table 

S7), crystallizes in the  triclinic P-1 space group (V = 34,915 Å3). Ni, Cu, and Cd analogues were 

recognized by synthesis and structure determination, but only Co analogue will be described here. 

Like the tartan framework, there are no sulfate bridges between the rings (figure 4b). The Ce70 

stacks offset approximately along the c-axis, similar to the earlier frameworks. In these structures, 

only the CeIV-monomer bridges the rings, essentially isolating the Ce70 rings (figure 4). All 

bridging CeIV-monomers are fully occupied, showcasing a higher degree of sulfate ligation as 

compared to the CoCe70-propeller, see Tables 1 and S9. This is observed in the higher number of 

chelating-bridging sulfates; most CeIV-monomers have one chelating sulfate. The Ce77 site has 

two chelating sulfates, and is 10-coordianted in a bicapped square-antiprismatic geometry. The 

Ce76 is also notably different. It only interacts with the neighboring ring on a chain via H-bonding 

of bound water, as it is mostly coordinated by aqua ligands. The lone CoII-monomer site is fully 

coordinated by aqua ligands to charge balance and interact with the neighboring chains via H-

bonding (figure S7). 

The ZnCe70-Isolated framework, formulated 

[Zn(H2O)6]0.5Ce4.5Ce70(OH)36(O)64(SO4)67.5(H2O)64.75 (Table S8), crystallizes in the triclinic P-1 

space group (V = 39,447 Å3). This framework is isostructural with the Co-analogue. However, we 



observe a diminished presence of ZnII. Consequently, there is increased CeIV-OSO3 ligation to 

compensate (Tables 1 and S9). This is marked by increased chelating sulfate and increased 

coordination number of the CeIV-monomer. The ZnII-monomer has only a partial occupancy, of 

0.5, limiting its interaction with the neighboring chains. As such, some partially occupied (0.25) 

CeIV-monomers bridge or interact via H-bonding of aqua ligands to the neighboring chains, 

presumably stabilizing interaction between the chains (figure S8). 

 
Supramolecular assembly in organic media 

As described for both the Ce70 and U70 solid-state frameworks, the role of the TMII in the 

framework assembly depends on the ionic radius and preferred coordination environment (arising 

from the electronic configuration in the d-orbitals).26, 59 Addenda sulfates also contribute to 

assembly, arguably the most important U70-linker in the prior described U70-family. In this new 

Ce70-family, CeIV-monomers lead to differentiating assembly in the crystalline lattice. We prior 

reported the U70 frameworks dissolve in a butylamine-THF solvent mixture, and small-angle X-

ray scattering (SAXS) shows supramolecular assembly in organic media is likewise mainly 

controlled by the addenda sulfates. The main observed species in this organic medium was a 

sulfate-linked offset dimer, {U70}2. The exception was MnII, which promoted the assembly of an 

eclipsed stack of eight rings, {U70}8. We attributed this prior to the competing TM-butylamine 

ligation—MnII has lesser tendency to bind the butylamine than the other transition metals.67  

 

 



 
Here we show via SAXS studies that Ce70 exhibits different stacking arrangements than 

U70 in organic solvents, and the TMII counterions play a more significant role. As identified in the 

solid state, there are four main architectural building blocks for the TMCe70 frameworks; the Ce70, 

the TMII and CeIV monomers, and the ring-bridging sulfates. Upon dissolution in the organic 

media, the importance of these building units becomes evident (figure 5a). All solutions scatter 

strongly due to the heavy metal cerium and large aggregate size (intensity ∝ (atomic number)2 and 

radius6), allowing observation of oscillations, which differentiate varying Ce70 arrangements. The 

dimensions of Ce70 is ∼33 Å diameter and ∼4 Å height (Ce-Ce), where the majority of the scattering 

comes from the Ce-O core (figure S16).  

To determine the size of dissolved Ce70-aggregates, we first performed a size distribution 

analysis for each scattering curve, using a cylindrical (aspect ratio) model (parameters summarized 

in Table 2, data fitting shown in figures S10-S13). Two main sizes were observed for the eight 

reported phases. NiCe70-offset stacking, CuCe70-tartan, and ZnCe70-isolated are a size equivalent 

to two Ce70-units in an offset stack (figure 5c), both based on the dimensions of this dimer, and the 

similarity to the simulated scattering data (figure 5a). Notably, this is favored solution species 

observed for all TMII-U70 compounds.59 The remaining five compounds; three Co-analogues, the 

CdCe70-offset-stack, and the ZnCe70-propeller are more consistent with a stack of four Ce70 rings, 

eclipsed (Table 2, figure 5). Differences are noted amongst scattering curves within the two groups 

that are dominated by one or the other stacking arrangement (figure 5a). In particular, there is 

varying degree of increasing upward slope below q=0.1 Å-1, owed to smaller concentrations of 

larger aggregates. This is also described by the size distribution data fitting, highlighted in figure 

S15.   

The eclipsed Ce70 4-stack is unique compared to the prior TMII-U70 study. It is tempting to 

attribute this to linking via the CeIV-monomers (the U70 phases do not have tetravalent monomers), 

but studies discussed below suggest just the opposite. In addition, the CdCe70-offset-stack 

Figure 5. Small angle X-ray scattering of Ce70 supramolecular assembly. a) Scattering curves for the eight 
reported structures, (5.0 mM, dissolved in 3:1 butylamine:tetrahydrofuran solvent mixture). b) Scattering curves 
for the ZnCe70-structures with added Ba(II), Ca(II), Mn(II), and Ce(IV), and NiCe70 offset-stack with added Mn(II).  
For both plots, scattering curves are offset for ease of viewing, and grouped with the simulated curve that they 
closest match (two Ce70 exhibiting offset stacking, or four Ce70 exhibiting eclipsed stacking, see part c). c) 
Polyhedral representation of two Ce70-assemblies, for which scattering is simulated in parts a and b. The maroon 
box shows four eclipsed and stacked Ce70 (simulated), and the orange box shows an offset dimer, observed in all 
Ce70 frameworks. The box outline matches the color of the simulated scattering curves.  



framework dissolved as the eclipsed 4-stack, and it contains no CeIV-monomers. In Table 2, the 

dissolved compounds are organized from smallest to largest observed species, along with TMII 

ionic radii (also in Table 1) to enable rationalization of trends. We observe a trend of larger TMII 

promotes eclipsed stacking, suggesting the transition metals are responsible for linking Ce70 

together into the eclipsed stack.  

  



 
Table 2. Size Distribution Analysis of SAXS data 

 
Crystal TMII Ionic 

Radius (Å)2 
Aspect 
Ratio1 

Cylinder 
diameter (Å) 

Cylinder 
height (Å) 

Peak 
Area 

FWHM 

dissolved Ce70 frameworks 
offset stack (2-Ce70) 
NiCe70-
offset-
stacking 

0.83 0.525 39.7 20.8 1.3 5.0 

CuCe70-
tartan 

0.87 0.525 40.7 21.4 4.0 4.0 

ZnCe70-
isolated 

0.88 0.525 42.6 22.4 2.5 4.2 

eclipsed stack (4-Ce70) 
ZnCe70-
propeller 

0.88 1.75 35.3 61.8 3.3 3.5 

CoCe70-
propeller 

0.89 2 33.3 66.6 2.2 4.1 

CdCe70-
offset-
stacking 

1.09 2 33.3 66.6 3.2 3.8 

CoCe70-
isolated 

0.89 2 34.1 68.2 2.5 3.5 

CoCe70-
tartan 

0.89 2 34.7 69.4 6.1 2.5 

Ce70 dissolved with added metal cations 

ZnCe70-
Propeller + Ce 

1.01 (CeIV) 0.525 45.1 23.7 2.9 3.6 

ZnCe70-
Isolated + Mn 

0.97 (MnII) 2 36.4 72.8 7.6 1.7 

ZnCe70-
Isolated + Ca 

1.14 (CaII) 2 36.6 73.2 5.4 2.4 

ZnCe70-
Isolated + Ba 

1.49 (BaII) 2 38.4 76.8 27.7 0.4 

1aspect ratio=(cylinder height/cylinder diameter) 
2six coordinate radius65 

 
The ZnCe70-isolated and ZnCe70-propeller present an interesting case; in the organic media, 

the former assembles as the offset dimer, and the latter assembles as the eclipsed 4-stack. The stark 

difference between these two frameworks is the isolated-framework contains far more CeIV-

monomers (see Table 1). To further investigate the role of the CeIV-monomers (and other metal 

cations) on solution-phase assembly, we combined; 1) the ZnCe70 isolated framework with MnII, 

CaII and BaII, and 2) the ZnCe70-propeller framework with added CeIV. The resultant scattering 



curves are shown in figure 5b, and the size distribution analysis summarized in Table 2 and figure 

S14. Interestingly, addition of CeIV to the ZnCe70-propeller framework led to conversion of the 

larger eclipsed 4-stack (figure 5a) to the smaller offset dimer. This suggests that CeIV actually 

interferes with Ce70-stacking. Based on the many solid-state characterizations of the Ce70 and U70 

frameworks, we know the addenda sulfates play a considerable role in linking M70 to transition 

metals. In addition, these structures evidence the proclivity of sulfate bonding to hard tetravalent 

metal cations. Therefore, the role of the CeIV-monomers in preventing eclipsed stacking might be 

related for the tendency of these monomers to bind addenda sulfates in solution, preventing sulfate 

participation in extensive linking of Ce70.   

In contrast, MnII, CaII and BaII all converted the ZnCe70-isolated framework from the offset 

dimer to the eclipsed 4-stack. In addition to the size-distribution analysis, we performed a core-

shell cylinder fit of these latter three scattering curves, to assess if the added metal cation directly 

links the Ce70-rings into the eclipsed stacks (figure S9 and Table S13). In the core-shell data 

analysis, the X-ray scattering length density of the solvent is set at 10 × 1010 cm-1 (rho, proportional 

to the electron density), and the rho-values for the shell (the Ce70-ring stack plus any linking 

metals) and the core (inside the ring) are refined against the solvent value.68 Indeed, we observe 

an increased rho-value from 99 to 110 to 206, for Ce70 solutions with added Ca, Mn and Ba, 

respectively. This is exactly consistent with the increasing number of electrons from 20 to 25 to 

56 for Ca, Mn, and Ba respectively, providing compelling evidence that these metals are driving 

the solution phase connectivity from the offset dimer stack to the eclipsed 4-stack.  

 

Summary and Outlook 

Molecular cerium oxo-clusters are important for (1) understanding CeIII/IV catalysts, ion conductors 

and photoabsorbers, and (2) surrogate plutonium chemistry. Here we have introduced a new family 

of CeIV oxo-clusters, the Ce70 wheel is the largest to date, and the only one that does not grow 

symmetrically about the Ce6 oxo-cluster core. The CeIV
70 wheel is analogous to our prior reported 

UIV
70 wheel, hinting that this family could grow to include additional transitional metal and f-block 

MIV members. Like the U70 family, Ce70 is isolated readily with TMII counter-cations, and the 

addition of CeIV-monomers and addenda sulfates yields four intricate framework types. 

Dissolution of the frameworks in organic media and SAXS analysis reveals the role of lower 

valence metal cations (i.e. alkaline earths) on promoting supramolecular assembly and higher 



valence metal cations (i.e. CeIV-monomers) on preventing assembly. Thus, in addition to the MIV
70 

families crystallized from aqueous media, there is potential to surface-deposit MIV
70-

macrostructures from organic media with control over arrangement and connectivity of the rings. 

In addition to this ongoing effort, we are studying MIV
70 assembly pathways by isolating 

intermediates, crystallizing the LnIII-Ce70 family, introducing CeIII into the wheels via direct 

synthesis or electrochemistry, introducing organic linkers in attempt to grow MIV
70 MOFs, and 

translating the MIV
70 chemistry to PuIV. Outgrowth into these studies represents enormous potential 

for discovery of both fundamental and applied f-block and d-block MIV oxo-cluster chemistry.   

 

Experimental 

Synthesis In the optimized experiments, we combined mixtures of the acetate and chloride salts 

of the various transition metals (see methods sections, SI). Optimized syntheses are summarized 

here, and details are provided in the SI, along with procedures for single-crystal X-ray diffraction, 

and SAXS. Bulk characterization including FTIR (Table S15, figure S17) and Raman (Table S16, 

figure S18) spectroscopies and PXRD (figures S19-S22) are also summarized in the SI. General 

synthesis of the TMCe70 compounds entails the following. CeIV(SO4)2 (100 mg, 0.3 mmol) is 

dissolved in 500 µL H2O in a 2 mL vial. The TM is introduced as optimized mixtures of TM(Ac)2 

plus TMCl2.  The vial is then placed in a sand bath and heated in an oven at 75 ˚C for 24 h. 

Crystalized products are then filtered and washed with water, followed by washing with 0.5 M 

HCl to remove any soluble byproduct or starting material. 
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