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Experimental Section 

Synthesis and characterization of U24 phases. 

Li-U24. The synthesis and structure of Li-U24 was reported prior (CSD-414640).[1] We solved and refined the 

same structure as reported prior, with no improvements on location of encapsulated or lattice water 

molecules and Li+ cations. The lithium monomer, Li4UO2(O2)3·10H2O, is first synthesized by a prior 

reported process. [2]  Briefly, one millimole of uranyl nitrate hexahydrate is dissolved in 6 ml DI water.  

An 80 ml beaker containing a stir bar is place in an icebath and charged with 3 ml 30% H2O2 plus 4 ml 4M 

LiOH.  While stirring, the uranyl nitrate solution is added to the peroxide/LiOH aqueous mixture, and a 

bubbly orange solution is obtained. Ethanol is rapidly added to the solution to precipitate the monomer, 

which is isolated by vacuum filtration. The beaker (containing remaining monomer salt that was not 

readily removed) is then charged with 50 ml DI water and the remainder of the isolated monomer is 

added to the solution while stirring.  The lithium monomer solution is left stirring at room temperature 

for 2-4 hours (can also be left overnight without detriment to the synthesis). The color changes from 

orange to yellow, indicating formation of the U24 capsule. Lithium acetate (0.2 g) is added to the solution 

to ‘salt out’ the cluster phase. The beaker is left inside the fumehood to allow water to evaporate.  After 

one week, a crop of small, plate-like crystals grows. 

Na-U24.  Synthesis, structure and complete characterization of Li2Na16[Na6(H2O)8][UO2(O2)(OH)]24·72H2O 

(Na-U24; CSD-424819) has been described prior.[3] Briefly, we follow the procedure for Li-U24. except 

after obtaining a yellow solution of Li-U24, several drops of a concentrated solution of sodium acetate is 

added to the solution. The beaker is left in the fumehood for crystal growth via water evaporation.   

LiK-U24. Synthesis and structure of Li18[K8Li4(OH)6] [UO2(O2)(OH)]24·76H2O, (CSD-426504) is reported here 

for the first time.  The same procedure used to obtain Li-U24 is followed; except 0.1 grams of potassium 

acetate is added to the solution. The clear yellow solution is left undisturbed for two weeks.  Well-

formed dodecahedral-shaped crystals grow.  0.13 grams were harvested (yield = 38% based on uranium) 

X-ray data collection for LiK-U24. 

X-ray Crystallography.  Diffraction intensities for LiKU24 were collected at 188(2) K on a Bruker Apex2 

CCD diffractometer with MoK radiation = 0.71073 Å. Space group was determined based on 

systematic absences. Absorption corrections were applied by SADABS[1].  Structure was solved by direct 

methods and Fourier techniques and refined on F2 using full matrix least-squares procedures. All non-H 

atoms were refined with anisotropic thermal parameters, except the Li atoms which were refined with 



isotropic thermal parameters. H atoms in solvent water molecules were not found on the residual 

density and were not taken into consideration. All calculations were performed by the Bruker SHELXTL 

(v. 5.1) package [2]. 

Crystallographic Data for LiKU24: K8Li18O202U24, M = 9382.44, 0.21 x 0.19 x 0.18 mm, T = 188 K, tetragonal, 

space group  I4/m, a = b = 18.4795(10) Å,  c = 25.8533(15) Å, V = 8828.7(8) Å3, Z = 2,  Dc = 3.458 

Mg/m3, μ = 22.059 mm-1, F(000) = 14152, 2θmax = 69.94°, 38055 reflections, 5380 independent 

reflections [Rint = 0.0404],  R1 = 0.0309, wR2 = 0.0827 and GOF = 1.038 for 9883 reflections (291  

parameters) with I>2(I), R1 = 0.0427, wR2 = 0.0880 and GOF = 1.038 for all reflections, max/min 

residual electron density +4.420/-2.236 eÅ3. 
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Table S1. 1H MAS NMR chemical shift assignments for U24 subtypes 

 LiK–U24 Na-U24 Li-U24 

       

 278K 327 K 278K 327 K 278K 327 K 

μ2-OH 
 

11.1 10.4 12.4 
12.0 
11.2 

10.7 
 

10.2 

H2O(E)   9.5 9.2 10.0  

H2O(L)  5.9 6.0 5.9 5.8 5.8 5.2 

i 1.1 1.1 1.1 1.1 2.2 1.9 

-OH(E)  -9.8 -9.8 -6.6 -- -2.0, -9.5 -- 

       
μ2-OH = Bridging hydroxyl, H2O(E) = Encapsulated water, H2O(L) = Lattice water, i = Isolated water or phase separated impurity.  OH(E) = 
Encapsulated hydroxyl. 

 

  



Solid State NMR Experimental Details: 
 
The solid-state 1H MAS NMR spectra were obtained on a Bruker Avance 600 operating at 
600.14 MHz, using a 2.5 mm broadband probe at spinning speeds between 20 and 30 kHz, and 
a rotor-synchronized Hahn-Echo sequence. It is known that for high spinning speeds significant 
frictional heating occurs. The actual sample temperature was calibrated using the 207Pb 
chemical shift change of a secondary Pb(NO3)2 sample. All sample temperatures reported were 
corrected based on this calibration.  
 
The 2D DQ-SQ 1H MAS correlation experiments utilized the chemical shift anisotropy (CSA) and 
off-set compensated back-to-back (BABA) multiple pulse sequence for the excitation and 
reconversion of the multiple quantum coherences. Phase-sensitive detection in the 
F1dimension was obtained using the States-TPPI method. The excitation/reconversion lengths 
are dependent on the spinning speed used but typically utilized N = 2 and 4 rotor cycles. The 
standard 2D 1H-7Li and 1H-23Na HETCOR experiments were obtained using short 250 to 500 μs 
CP contact times, 128 to 256 scan averages and 64 to 128 t1 increments. 
 
The 1H chemical shifts were referenced to the solid external secondary sample adamantane (δ = 
+1.63 ppm with respect to TMS, δ = 0.0 ppm), while the 7Li and 23Na were referenced to an 
external 1M LiCl and 1M NaCl solution, respectively.   
   
IMPORTANT NOTE:  Many of the low temperature NMR experiments described in this 
manuscript were performed at fast spinning speeds of 25 to 30 kHz, such that it was necessary 
to use low “set” temperatures to correct for frictional heating within the sample. These low 
probe temperatures were near or exceeded the recommended lower temperature range for 
our version of the 2.5 mm MAS probe. Use of these lower temperatures combined with fast 
spinning must be approached with caution. For example, the use of a 253K set temperature (-
20 oC) while spinning at 30 kHz quickly reduces the temperature of the inner shim stack, and 
could lead to freezing of the O-ring seals. We found that at this lower temperature a very short 
period of time was available before the temperature alarm on the shim stack was activated (~ 
30 minutes), requiring immediate warming of the MAS probe to prevent damage to the shim 
stack seals. Extra N2 flow was provided to both the shim stack (low VT option) and to the lower 
plate of the probe, yet these temperatures could only be maintained for a limited period. Extra 
care should be taken in trying to reproduce these temperature ranges, and extended periods at 
low temperatures should only be performed with close supervision. 
 
  

 

  



 

 

 

 

Figure S1: Variable temperature 1H MAS NMR of LiK–U24. The set temperatures are shown, with 
the actual sample temperatures corrected for frictional heating at 25 kHz given in parenthesis. 
This material shows limited dynamics, with the water resonance broadening at reduced 
temperature. The loss of intensity of the water resonance arises from several factors, including 
increased dipolar coupling at lower temperatures with more signal intensity being incorporated 
into the spinning side band manifold (not shown), shorted T2 relaxation as the water dynamics 
enter an intermediate NMR time scale, and an increased chemical shift distribution.  

  



 

Figure 2S: Variable temperature 1H MAS NMR of Na–U24. The set temperatures are shown, with 
the actual sample temperatures corrected for frictional heating at 25 kHz given in the 
parenthesis. This material shows additional exchange dynamics, with the water resonance 
broadening at reduced temperature, and exchange chemical shift averaging of the δ = - 6 ppm 
resonance with the water resonance at high temperatures. The environments at δ = + 11.5, + 
9.6 and + 1.13 ppm broadened with reduction in temperature, but do not reveal exchange 
averaging. 

  



 

Figure 3S: Variable temperature 1H MAS NMR of Li–U24. The set temperatures are shown, with 
the actual sample temperatures corrected for frictional heating at 25 kHz given in the 
parenthesis. This material shows additional exchange dynamics, with the water resonance 
broadening at reduced temperatures, and exchange averaging of the δ = - 3 ppm and δ = -10 
ppm resonances with the lattice water resonance at high temperatures. The environment at δ + 
~ + 10.5 ppm broadened with reduction in temperature, but do not reveal exchange averaging. 

 

  



 

Figure 4S: 23Na MAS NMR of Na-U24 at 158.7 MHz, spinning at 20 kHz and a sample 
temperature of 318K. The CPMAS spectrum only shows a signal from the encapsulated Na 
environment. The observed chemical shifts reported are slightly different from previous 
description (Nyman and Alam, 2012, JACS, 134, 20131-20138), and reflect the difference in 
temperature resulting from frictional heating, but also chemical shift differences due to the 
reduction of second-order quadrupoalr effects at the higher magnetic field employed in the 
present study. 



 

Figure 5S: 2D 1H-23Na MAS HETCOR NMR of Na-U24 at 303K. Note the encapsulated Na now 
correlates with the lattice water, H2O(L), reflecting the dynamic chemical shift averaging 
between the encapsulated water, H2O(E) and the lattice water, H2O(L) at this temperature.  No 
correlations are observed with the μ2-OH environments at the hexagonal face. 

 

  



 

Figure 6S: 1D 7Li MAS NMR spectrum of Na-U24 showing predominantly a lattice Li 
environments (99%), and a very minor encapsulated environment. 

 

  



 

Figure 7S: 2D 1H-7Li MAS NMR HETCOR spectrum for Na-U24. For this material the Li is 
dominantly in the lattice environment, and correlates with the lattice water and the μ2-OH near 
the hexagonal face of the complex. 

  



  

Figure 8S: 2D MAS NMR exchange spectra: a) 23Na-23Na (τmix = 6 ms) for Na-U24 (308K) and b) 
7Li-7Li (τmix = 10 ms) for LiK-U24 (318 K). Cation exchange between the lattice and encapsulated 
sites is clearly is occurring on the ms time scale. 



 

Figure 9S: VT 7Li MAS NMR for Li-U24. 


