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Computational Details 

The same methods and basis sets as in our previous studies of uranyl fluorides1 were employed. 
Car-Parrinello molecular dynamics (CPMD)2 simulations were performed using the BLYP 
functional3 and norm-conserving pseudopotentials that had been generated according to the 
Troullier and Martins procedure4 and transformed into the Kleinman-Bylander form.5 For uranium, 
the semicore (or small-core) pseudopotential was employed that had been generated and validated 
in reference 6. Periodic boundary conditions were imposed using cubic supercells with a lattice 
contant of 13 Å. Kohn-Sham orbitals were expanded in plane waves at the Γ-point up to a kinetic 
energy cutoff of 80 Ry. Simulations were performed in the NVT ensemble using a single Nosé-
Hoover thermostat set to 320 K (frequency 1800 cm−1), a fictitious electronic mass of 600 a.u., and 
a time step of 0.121 fs. The somewhat higher temperature was chosen to increase solvent mobility 
and improve the sampling. These unconstrained simulations were followed over several 
picoseconds (up to 4 ps), the last 2 ps of which were taken for collection of the data presented in 
Table 1 of the main paper.7 The boxes contained 57 extra water molecules, minus the number of 
NH4

+ ions, affording a density of ca. 1.0. In order to maintain the time step, hydrogen was 
substituted with deuterium. Long-range electrostatic interactions were treated with the Ewald 
method. No electrostatic decoupling between replicated cells was included, as it had been shown 
that no noticeable errors are introduced by this procedure for divalent ions,8 and no artifacts were 
apparent even for trivalent ones. 9Starting structures were generated from previous well-equilibrated 
simulations from reference 1 by manually changing ligands or replacing water molecules with the 
appropriate number of ammonium ions. 
 
Constrained CPMD simulations were performed along predefined reaction coordinates (bond 
distances r) connecting complexes with different coordination numbers, in order to evaluate the 
change in the Helmholtz free energy by pointwise thermodynamic integration10 of the mean con-
straint force 〈f〉 along these coordinates via 

     ∆Aa→b = −∫a
b
〈f(r)〉dr     (1). 

At each point, the system was propagated until 〈f〉 was sufficiently converged (usually within 1.5 - 2 
ps after 0.5 ps of equilibration, similar to the degree of convergence documented in Figure S1 of the 
supporting information for reference 6. Each new point was continued from the final, equilibrated 
configuration of the previous one, using 2000 steps of continuous slow growth to increase the con-
strained distance. Uncertainties were estimated from the largest standard deviation of the running 
average of 〈f〉 during the last ps of the constrained runs, multiplied with the total integration width.11 
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All computations were performed with the CPMD program.12 Because the simulations were 
performed at constant volume, Helmholtz rather than Gibbs free energies are obtained, but in 
condensed phase the difference between both should be very small. No further dissection of the free 
energies into enthalpic and entropic contributions (which would require, in principle, simulations at 
different temperatures) was attempted. 
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Figure S1: Mobility of the ammonium ions during the constrained CPMD simulations, monitored 
via the U...N distances (blue, green, and orange lines) along the reaction paths depicted in Figures 1 
and 2 of the main paper. Note the large fluctuations and the onset of diffusion, visible in the green 
curve in part a) and the orange curve in part c), where distances exceeding 5-6 Å in the last third of 
the paths denote passage of the NH4

+ from the first into the second solvation shell. Red dotted lines 
are the constrained distances illustrating the progress of the dissociation under scrutiny.  
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Figure S2: Illustration of additional constraint r' during OH− dissociation from 3 in water (including 
counterions), using the labeled rU-O distance as reaction coordinate. 
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