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We developed a computationally-efficient protocol based on
Density Functional Theory (DFT) and a continuum solvation model
(CSM) to predict reaction free energies of complexation reactions
of uranyl in liquid ammonia. Several functionals have been tested
against CCSD(T) and different CSMs have been assessed relative to
Car-Parrinello Molecular Dynamics (CPMD) simulations in explicit
solvent.

Even though uranium is only mildly radioactive, its chemistry
can be hazardous; therefore, reliable computational modelling
is highly desirable in order to limit the number of experiments
that have to be conducted in the laboratory. Much progress
has been made in modelling the aqueous chemistry of uranyl,
U022+,
description of the solvent, because the strong and specific

from first principles.[tl A major challenge is the

solvent-solute interactions make an explicit treatment of the
solvent in a dynamic ensemble mandatory. Liquid ammonia is
emerging as a promising solvent for uranium chemistry.[? Its
polarity is between that of water and organic solvents, the use
of which had helped to spark the renaissance of uranium
chemistry in the last decade.l3] Because solvent-solute
interactions involving ammonia are weaker than those
involving water, there is hope that simple implicit solvent
models could be accurate enough for routine quantum-
chemical applications. We now report the first steps toward
developing a cost-effective computational protocol allowing
for the modelling of the reactivity of uranyl complexes in liquid
ammonia. In particular, we aim at computing accurate reaction
free energies in solution (AGjq, eq.1), following the approach
established in Referencel? for d-block chemistry:

AGjiq = AEgas + OEgsse + OEson + OEc  (eq. 1)
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AEgas stands for reaction energies in the gas phase, whereas
OEpsse, OEsony and OEg are correcting terms for the basis set
superposition  error  (BSSE), solvation effects and
thermochemistry, respectively.

In practice, routine applications will be based on DFT
calculations. DFT can be a powerful and accurate tool, but the
results can also depend a lot on the specific choice of
exchange-correlation functional. Thus, careful validation is
required prior to any applications. In the absence of reliable
thermochemical data, benchmark energies for AEgs can be
based
methods. We have considered two reactions involving the

obtained from accurate ab initio wave-function
prototypical pentammine complex [UO,(NHs)s]2* (1) for this
purpose, involving either NH3 decoordination from 1 (referred
to as the dissociative pathway) and the coordination of an
additional NHj ligand (referred to as the associative pathway,
see eq. 2 and 3, in Scheme 1). Complex 1 has been
characterised in numerous solids by X-ray crystallography.!®]
Note that the dissociated NHs3 ligands remain in the second
shell in the dissociated state in our model reactions.

® ®

HaN “ & NH3 Dissoc.  HgN ﬁ wNH;
U NHy — Ul N'Hg
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Scheme 1: Reactions and labelling of the complexes considered for the
development of the computational protocol.

We first focus on the calculation of the reaction energies, in
the gas phase (AEgss). To make our protocol computationally
effective, we propose that the geometries of the complexes
are computed with “medium-sized” basis sets (namely, SDD on
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U and 6-311+G** on other elements, see ESI for details), and
that single point energies are computed on these geometries,
using larger basis sets. We performed single-point calculations
on B3LYP-D3(bj) optimised structures, because, in conjunction
with continuum solvation models (CSMs), the B3LYP functional
tends to afford U=0 and U-N bond distances in 1 that fit quite
well to the body of X-ray crystallographic data for this ion.[52]

We have assessed 17 density functionals in their capability to pro-
vide accurate binding energies of NH3 to UO,2* against a coupled
cluster singles doubles and connected triples level, CCSD(T), con-
sidering the two reactions described in eq. 2 and 3. BSSE corrections
(OEgsse) have been applied for the two reactions under study (see
ESI for details). The relative BSSE-corrected reaction energies
(referred to as AAE in the following) are gathered in Table 1.

Table 1 shows that wB97X and PBEO-D3(bj) provide the most
accurate relative energies,!s! with mean absolute errors (MAE)
lower than 1 kcal/mol (namely 0.6 and 0.8 kcal/mol, respectively).
Of the two, we prefer PBEO-D3(bj), despite its slightly larger MAE,
because it contains a correction for dispersion interactions, which
may become more important in the study of larger ligands. Next,
PBEO, B3PW91-D3(bj), B3LYP-D3(bj), ®B97 and B3LYP also provide
satisfying results, with a MAE below 2 kcal/mol. The other tested
functionals (namely, B3PW91, M06, BLYP-D3(bj), BLYP, BP86-D3(bj),
B97-D3(bj), BP86, MO05-2X, M06-2X and MO06-L) provide larger
MAEs, and are thus less well suited. Interestingly, the —D3(bj)!"}
dispersion correction favours 1 over 1’ and 2 over 2’ (see also the
absolute reaction energies in Table S1 in ESI), ie. systematically
making the higher coordinated complex more stable. On average
(over the two reactions), the addition of the dispersion correction is
beneficial to reproduce the CCSD(T) reference.

Next, we considered the correction for solvent effects (8Eson). We
investigated several implicit solvent models, allowing for a cost-
effective calculation of solvation effects, and we estimated their
accuracy by comparison with the results of CPMD calculations in-
volving explicit solvent (which can be considered as reliable bench-
marks, because all solvent-solute interactions are included explicit-
ly). In a previous study, we performed CPMD/BLYP simulations in
the gas phase and in explicit ammonia, in conjunction with the
pointwise thermodynamic integration technique.[sa] These simulat-
ions allowed us to compute the Helmholtz free energies corres-
ponding to eq.2, both in the gas phase and in liquid NH3 (hereafter
noted, AAgas(eq.2) = 5.3 kcal/mol and AAjq(eq.2) = 9.1 kcal/mol,
respectively; see Figure 1a). As a result, the influence of solvent
effects on NH; binding, noted AAA(eq.2), equals to 3.8 kcal/mol.
We now have extended these calculations to the association of NH3
to 1, to afford 2 (i.e. corresponding to eq. 3). The resulting free
energy profile (shown in Figure 1b) indicates that the pentaammine
complex is more stable than its hexaammine analogue and that
solvation slightly stabilizes the former (AAg.s(eq.3) = 7.2 kcal/mol
and AAjq(eq.3) = 6.0 kcal/mol), by dAs(eq.3) = -1.1 kcal/mol. We
note in passing that the highest point on both profiles in solution is

2 | Chem. Commun., 2018, 00, 1-3

lower for the associative pathway (7.7 kcal/mol, Figure 1b) than for
the dissociative pathway (10.7 kcal/mol, Figure 1a).

Table 1: Influence of the density functional on the reaction energies
corresponding to eq. 2 and 3. Deviation of the BSSE-corrected reaction
energies (namely, AEgas + 8Essse, in kcal/mol) from the BSSE-corrected
CCSD(T) reference (marked as zero).?

AAE® AAEc  MAE? #e

Eq. 2 Eq.3
dissoc. assoc.

CCSD(T) 0.0 0.0

BLYP 5.5 0.0 2.8 11
BLYP-D3(bj) 2.1 3.2 2.7 10
B3LYP 2.6 -0.7 1.7 7
B3LYP-D3(bj) -0.2 1.9 1.1 5
PBEO 1.7 -0.2 1.0 3
PBEO-D3(bj) 0.4 1.1 0.8 2
B3PW91 3.0 -0.9 2.0 8
B3PW91-D3(bj) 0.2 1.8 1.0 4
BP86 5.3 0.5 2.9 14
BP86-D3(bj) 2.6 3.0 2.8 12
MO06 -2.1 2.9 2.5 9
MO6-L -1.5 6.2 3.9 17
MO06-2X -4.9 1.9 3.4 16
MO05-2X -4.6 1.8 3.2 15
B97-D3(bj) 3.1 2.6 2.9 13
®B97 -2.0 0.4 1.2 6
®B97X -1.1 0.0 0.6 1

a.The same SDD/cc-pVTZ basis set has been employed throughout.
Reactions energies are givien in Tables S6 in ESI. b. A8Essse = -1.0(MP2)
+ 0.3(DFT) = -0.7 kcal/mol. c. A8Essse = 1.2(MP2) - 0.4(DFT) = 3.5
kcal/mol. d. Mean absolute error (MAE), in kcal/mol. e. Ranking
following increasing MAE.

As both profiles describe the same chemical process, namely
exchange of a bound ammine ligand against one from the bulk
solvent, these findings have important implications for the
mechanism of ligand exchange reactions in liquid ammonia.[8]
For the purpose of the present paper (where we are interested
in the thermodynamics rather than kinetics), it is noteworthy
that solvation increases AAA for dissociation, but lowers that
of association (compare the ordering of Gas and Liqg profiles in
Figure 1), which may be a stringent test for CSMs.

According to the thermodynamic cycle shown in Scheme 2,
and considering that Helmholtz free energies can be
essentially equated to Gibbs free energies in a condensed
phase, our computed values of AAA.., can therefore be used
to estimate the free energy difference between the solvation
energies of 1 and 1’ (namely AAGsov(eqg.2)). Alternatively, this
term can be modelled using CSMs, by taking the difference
between reaction energies computed in the continuum and in
the gas phase (8Esow = AE(CSM) — AE(Gas) ~ AAGson).

For that purpose we have investigated five CSMs (namely,
IEFPCM, CPCM, IPCM, COSMO as implemented in Turbomole,
and SMD). These models require the creation of a molecule-
shaped “cavity” in the continuum.®l Unfortunately, the results
can be critically affected by the definition of the cavity.[10]

This journal is © The Royal Society of Chemistry 20xx
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Table 2 confirms that the choice of cavity model greatly affects
the results. In contrast, considering either IEFPCM or CPCM
(using a given cavity definition) has negligible effect. The UFF
cavity model systematically underestimates 8Eson by 3 - 4
kcal/mol, for both reactions. In contrast, UAO overestimates
SEsoly by 1.7 kcal/mol for eq. 2 and underestimates 3Eso . by 4.5
kcal/mol for eq. 3. The UAKS model provides good description
of solvation effects for eq. 2 (within 0.4 kcal/mol) but exhibits
large deviations to our CPMD reference for eq. 3 (up to 6.7
kcal/mol). Also, IPCM exhibits significant errors for both
reactions. Conversely, COSMO provides more accurate results,
even if the model still tends to overestimate the solvation of 1
and 2 by 1.8 and 2.5 kcal/mol, respectively. COSMO results do
not critically depend on the choice of basis set (6-311+G** vs
cc-pVTZ) or density functional (B3LYP vs BLYP), and is the most
accurate model tested herein. SMD also provides a satisfying
description of solvation effects, as deviations from the CPMD
references are ca. 1.5 and 3.0 kcal/mol for the dissociation and
reactions,

association respectively. The choice of basis

set/density functional affects the results to a very small extent.

Table 2: Correcting term for solvation effects (8Eson, in kcal/mol)
computed using different implicit and explicit solvent models, and
using different combination of basis set and density functionals.

Figure 1: Free energy profiles for dissociation of NHs from 1 (eq. 2, top
panel (a), adapted from reference %) and for NH3 association to 1, to
afford 2 (eq. 3, bottom panel (b), this work). The reaction coordinate is
the U-N’ distance in Figure 1a, and is the difference between U-N’ and
U-N (i.e. the ligand being in cis position relatively to the associated
ligand; see Scheme 1 for schematic representations of the complexes).

AGy,((eq.2)

—_—
1 gas r gas

AAGsolv(eq-z)
= AGsolv(lv) N AGsolv(l)
= AGy(€.2) - AGyy (eq.2)

AGsalv(l) i
~AAA(eq.2)

l AGsolv(l')

Ljg — 1 lig
AGjig(eq.2)

Scheme 2: Definition of AAGsn(eq.2) and corresponding
thermodynamic cycle. Note that AAGson(eq.3) is computed similarly,
considering 2’ and 2, in place of 1 and 1’, respectively.

In all models, excepted IPCM, the latter is obtained from
overlapping spheres of given radii, centred on atom nuclei.
Herein, three different definitions of the cavity have been
considered in conjunction with the IEFPCM and CPCM models:
UFF (the hydrogens are explicitly represented, and the radii of
all atoms are taken from the UFF force field), UAO (the
hydrogen are not explicitly represented, but are considered as
united atoms with N, using UFF force field parameters), and
UAKS (united atom model, using atomic radii optimized for the
PBEO/6-31G(d) level). Standard atomic radii have been used
with COSMO and SMD (see ESI). IPCM uses a different
definition of the cavity, based on the isosurface of the total
electron density.[10 Note that ammonia is not included in the
original SMD solvent database,!!l] however, the required
solvent parameters are available in the literature and the SMD
model for ammonia used herein has been made consistent to
those of other models for amines (see ESI for details).

This journal is © The Royal Society of Chemistry 20xx

Basis set Functio  8Eson®(  SEson®

nal @ eq.2) (eq. 3)

dissoc. assoc.
CPMD (explicit solvent) 3.8 -1.1

B3LYP-D3(bj)/SDD/6-311+G** optimized structures in vacuo.c
IEFPCM/UFF SDD/6-311+G** B3LYP 0.8 -3.9
CPCM/UFF SDD/6-311+G** B3LYP 0.1 -4.0
IEFPCM/UAO SDD/6-311+G** B3LYP 5.5 -5.1
CPCM/UAO SDD/6-311+G** B3LYP 5.6 -5.2
IEFPCM/UAKS SDD/6-311+G** B3LYP 3.6 -6.2
CPCM/UAKS SDD/6-311+G** B3LYP 3.4 -6.8
IPCM SDD/6-311+G** B3LYP 8.1 -5.2
COSMO SDD/6-311+G** B3LYP 5.7 -3.7
COSMO SDD/cc-pVTZ B3LYP 5.6 -3.6
COSMO SDD/cc-pVTZ BLYP 5.6 -39
SMD SDD/6-311+G** B3LYP 2.2 -5.1
SMD SDD/cc-pVTZ B3LYP 2.3 -5.1
SMD SDD/cc-pVTZ MO06-2X 2.0 -4.7
SMD SDD+/aug-cc-pVTZ M06-2X 1.9 -4.6
BLYP/SDD/6-311+G** optimized structures in the continuum.?

COSMO SDD/6-311+G** BLYP 5.1 -4.5
COSMO SDD+/aug-cc-pVTZ BLYP 4.9 -4.3
SMD SDD/6-311+G** BLYP 2.1 -6.1

a. Functional employed in the single point energy calculations, both in the
gas phase (to compute AEgs) and in the continuum (to compute AEson). b.
OEsov = AEsov — AEgas. c. Single points on gas phase B3LYP-D3(bj)/SDD/6-
311+G** optimized structures. d. Single points on BLYP/SDD/6-311+G**
optimized structures, considering gas phase optimized structures for AEgas
and IEFPCM/UAOQ optimized structures for AEson.

Also, the addition of diffuse functions has almost no influence
on the results (compare SDD/cc-pVTZ with SDD+/aug-cc-pVTZ
in Table 2). When considering structures optimized in the
continuum (rather than gas phase optimized structures),
COSMO remains the most accurate model, whereas SMD show
larger deviations, especially as far as eq. 3 is concerned.[12]

J. Name., 2013, 00, 1-3 | 3
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Finally, the correcting term for free energies (6Eg) can be com-
puted from standard statistical thermodynamics expressions
using the computed harmonic vibrational frequencies.[3] The
free energies are compared to CPMD results in sect. Ill in ESI.

Taking all these results together, the reaction free energies
corresponding to eq. 2 and 3 can be estimated from eq. 1 (see
Table 3). We found AGig(eq.2) = 11.2 and AGig(eq.3) = 6.1.
These results indicate that uranyl is thermodynamically more
stable as a pentacoordinated complex in liquid ammonia, in
keeping with recent experimental studies, where the
[UO2(NH3)s]X,; complexes have been characterized by X-ray
diffraction for X = CI5] and Br.[52l In both cases, the pent-
ammine complexes co-crystallize with solvent NH; molecules
rather than forming hexammine complexes.

Table 3: Reaction free energies in solution (AG, computed according to
eq. 1) and corresponding correcting terms.? All values in kcal/mol.

AE OEssse SEson’ SE:® AG
1571 9.9° 03° 5.6 -0.8 11.2
2’52 5.8° 04° -3.6 3.5 6.1
353 -40.3¢ -0.5¢ 15.6 0.9 -24.3
454 -31.0¢ 0.0¢ 27.6 0.6 -2.9
555 -27.7¢ -0.1¢ 29.7 0.8 2.7

a. B3LYP/SDD/cc-pVTZ level, using COSMO. b. B3LYP-D3(bj)/SDD/6-31G**,
at p = 1 atm and T = 298.15 K. c. PBEO-D3(bj)/SDD/cc-pVTZ. d. PBEO-
D3(bj)/SDD+/aug-cc-pVTZ (basis set on U is SDD augmented with a g-funct-
ion with exponent 0.5). Diffuse functions are included for anionic ligands.

To further examine the predictive power of our protocol, we
considered the formation of pentacoordinated dihalide uranyl
complexes [UO2X2(NHs)s] (X = F, Cl and Br) according to eq. 4
(see Scheme 3). Our results indicate that the two F- displace
NHs ligands with a substantial driving force (-24.3 kcal/mol).
The dichloro complex is significantly less stable (AG = -2.9
kcal/mol), whereas the dibromo complex should stay
dissociated (AG = +2.7 kcal/mol). Again, these results correlate
well with experiment, where [UO,F,(NHs)s] is observed both in
solution and in the solid state below -40°C, [UO,Cl>(NHs)s] only
in solution, but not in the solid, and [UO,Br,(NHs)s] not at all.[2]

_ HN
X\\ ':\\H
A F\i T
N ] HoN
3(X=F) 2 ’/r,” ‘\\\\\\NHZ Exchange H\ ? /’/,,' ” \\\\\\X\‘ 3 (X=F)
4(X=Cl HaN I'U > H N_‘\_"U ) \ 4'(X=0Q)
5(X=Br) ° 71 2 L/ g, S X=BD
NH (eq.4) L NH,
HANC 0 T e o 7%
WM A
. N

Scheme 3: Formation of dihalide complexes according to eq. 4.

To summarize, after careful benchmarking of several density
functionals and solvation models, we propose herein a new
computational protocol, based on eq. 1, to compute
complexation free energies in liquid ammonia. The latter
involve gas phase optimizations of the complexes and the
calculation of thermochemistry corrections (8Eg) from
frequency calculations. All these calculations are performed on
B3LYP/SDD/6-311+G** gas phase optimized geometries, with

4 | Chem. Commun., 2018, 00, 1-3
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energies refined at the PBEO-D3(bj)/SDD/cc-pVTZ level (AEgas
and OEgsse terms) and evaluating solvation effects using the
COSMO model (3Eson). Using this protocol, we obtain that the
pentaammine complex is more stable than the hexaammine,
in keeping with experimental results. The experimental trends
for the formation of dihalide complexes are also well
reproduced. Our proposed protocol is computationally
efficient and should be practical to investigate a broad range
of complexation reactions conducted in liquid ammonia.
Ultimately, it could complement experimental studies to
obtain stability constants of uranyl complexes in this medium,
which are still scarce in the literature.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

N.S. thanks the Univ. Grenoble Alpes, the CNRS, the ICMG FR
2607 and the PCECIC and Froggy platforms of the CIMENT
infrastructure (project “ligsim”). The work has been performed
under the Project HPC-EUROPA3 (INFRAIA-2016-1-730897), with
the support of the EC Research Innovation Action under the H2020
Programme; The authors thank EaStCHEM and EPCC for computer
resources and technical support.

Notes and references

[1] E.g.: D. Wang, W. F. van Gunsteren, Z, Chai, Chem. Soc. Rev.
2012, 41, 5836-5865.

[2] S.S. Rudel, S. A. Baer, P. Woidy, T. G. Miiller, H.-L. Deubner, B.
Scheibe and F. Kraus, Z. Kristallogr. Cryst. Mater 2018, in press. DOI:
10.1515/zkri-2018-2066.

[3] See e.g.: S. Liddle, Angew. Chem. Int. Ed. 2015, 54, 8604-8641.
[4] N. Sieffert and M. Buhl, Inorg. Chem. 2009, 48, 4622-4624.

[5] a) P. Woidy, M. Blhl and F. Kraus, Dalton Trans. 2015, 44, 7332-
7337; b) P. Woidy, A. J. Karttunen and F. Kraus, Z. Anorg. Allg.
Chem. 2012, 638, 2044-2052.

[6] Note that PBEO-D3 also accurately reproduces the CCSD(T)
relative energies of three isomers of the [UO,(NO3)(H,0)4]+
complex, see: N. Sieffert and G. Wipff Dalton Trans. 2015, 44, 2623
[7]1S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem. 2011, 32,
1456-1465.

[8] A similar preference for an associative interchange pathway has
been found for aqueous uranyl, see: M. Bihl, H. Kabrede, Inorg.
Chem. 2006, 45, 3834-3836.

[9] J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev. 2005, 105,
2999-3094.

[10] J. B. Foresman, T. A. Keith, K. B. Wiberg, J. Snoonian and M. J.
Frisch, J. Phys. Chem. 1996, 100, 16098-16104.

[11] A. V. Marenich, C. J. Cramer and D. G. Truhlar, J. Phys. Chem. B
2009, 113, 6378-6396.

[12] Better agreement with CPMD results might be obtained for
micro-solvated complexes (i.e. including a second solvation shell;
see e.g. K.E. Gutowski, D. A. Dixon. J. Phys. Chem. A 2006, 110,
8840), but this would make the overall protocol less practical.

[13] J. Ochterski "Thermochemistry in Gaussian"; 2000. Available on
the internet: http://gaussian.com/thermo/ (accessed August 2018)

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5


http://dx.doi.org/10.1039/C8CC05382K

Page 5 of 5 ChemComm

View Article Online
DOI: 10.1039/C8CC05382K

Graphical abstract:

Published on 21 August 2018. Downloaded by University of St Andrews Library on 8/24/2018 9:07:34 AM.


http://dx.doi.org/10.1039/C8CC05382K

