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1 Introduction

On the stability constants of metal—nitrate
complexes in aqueous solutionst

Mohammadhasan Dinpajooh, (2 *® Greta L. Hightower,"® Richard E. Overstreet,”
Lori A. Metz,® Neil J. Henson,” Niranjan Govind, (2% Andrew M. Ritzmann® and
Nicolas E. Uhnak*®

Stability constants of simple reactions involving addition of the NOz™ ion to hydrated metal complexes,
[M(H,0),]™" are calculated with a computational workflow developed using cloud computing resources.
The computational workflow performs conformational searches for metal complexes at both low and
high levels of theories in conjunction with a continuum solvation model (CSM). The low-level theory is
mainly used for the initial conformational searches, which are complemented with high-level density
functional theory conformational searches in the CSM framework to determine the coordination
chemistry relevant for stability constant calculations. In this regard, the lowest energy conformations are
found to obtain the reaction free energies for the addition of one NOz~ to [M(H,O),l"" complexes,
where M represents Fe(i), Fe(m), Sr(i), Ce(m), Ce(v), and U(v), respectively. Structural analysis of hundreds
of optimized geometries at high-level theory reveals that NOs~ coordinates with Fe(r) and Fe(in) in either
a monodentate or bidentate manner. Interestingly, the lowest-energy conformations of Fe(i) metal—
nitrate complexes exhibit monodentate or bidentate coordination with a coordination number of 6 while
the bidentate seven-coordinated Fe(i) metal—nitrate complexes are approximately 2 kcal mol™ higher in
energy. Notably, for Fe(in) metal—-nitrate complexes, the bidentate seven-coordinated configuration is
more stable than the six-coordinated Fe(i) complexes (monodentate or bidentate) by a few thermal
energy units. In contrast, Sr(i), Ce(m), Ce(v), and U(vi) metal ions predominantly coordinate with NOz™ in
a bidentate manner, exhibiting typical coordination numbers of 7, 9, 9, and 5, respectively. Stability
constants are accordingly calculated using linear free energy approaches to account for the systematic
errors and good agreements are obtained between the calculated stability constants and the available
experimental data.

techniques.” Chemical equilibria are also important for nuclear
forensic analysis.>® For example, a fission event like that from a

Chemical equilibria in aqueous solutions play an important role in
determining the key factors that control the various processes
governing chemical behavior. For instance, carbonic acid-
carbonate equilibrium determines the pH in seawater," which is
crucial for the marine life.* In chemical engineering, chemical
equilibria are very crucial to design the reactors.” In chemical
separation techniques, understanding ligand-exchange equilibria
provides the necessary information needed to design new
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nuclear detonation, creates a large swath of the periodic table, both
from the fission process as well as neutron activation of the local
environment requiring prompt analysis. Nuclear forensics analyses
involve isolating and quantifying a multitude of elements and
isotopes; therefore, it provides information that allows for funda-
mental questions regarding the detonation to be answered. In this
regard, chemical separations of aqueous metal ions are necessary
for adequate analysis of debris collected from the environment.”
The complicated nature of these samples is magnified by the
difficulty of analyzing the most important fission or activation
products. By separating these more troublesome components from
the bulk material, one can quantify those high impact fission or
activation products and aid in answering the fundamental ques-
tions regarding the detonation. Therefore, understanding ligand-
exchange equilibrium is essential to improve the separation pro-
cedures. This involves determining the thermodynamic speciation
of numerous elements using the stability constants.
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In this work, we focus on chemical equilibria of simple
ligand-exchange reactions that have applications in nuclear
forensics and study the stability constants of metal-nitrate
complexes in aqueous solutions. Such information is crucial
for multiscale modeling of column chromatographic separation
systems,® where different metal species exist in the solution,
usually at relatively low concentrations, and the distribution of
these species influences how each species interacts with the
hydrophobic stationary phase, or resin phase to simplify, as well
as their overall mobility. For instance, the formation of stable
metal-nitrate complexes can alter the retention time of the metal
species in the chromatographic column, and complexes with
higher stability constants might have different interactions with
the resin phase. To this end, our group is working to establish a
multiscale and multiphysics approach for modeling how metal
ions are preferentially extracted by the commercially available
UTEVA® (diamyl amyl phosphonate) resin and other resins.’
Here we focus on ab initio modeling of stability constants of
metal ions in nitric acid solutions using continuum solvation
models (CSMs)'®™"® at the density functional theory (DFT)
level.'®?° The justification for our DFT calculations is based
on previous work including ours on similar systems, where DFT
was shown to be sufficiently accurate to describe the spin and
oxidation states and spectroscopies.>'2° Our long-term protocol
is based on the DFT, which is a pragmatic approach to obtain
thermodynamic properties for large molecular systems in
complex environments. To mitigate situations where DFT breaks
down, in future studies we will adapt our workflow to include
higher order wavefunction-based approaches. However, these
methods become prohibitively expensive for computations of
large systems lacking high symmetry. Where appropriate, we
will use small model complex surrogates of the full complexes
to guide our understanding of the electronic structure with
the more expensive approaches in order to validate DFT
predictions.**-3?

Considering the advances in cloud computing, which dynami-
cally adjusts resources based on consumer demand,*® we use the
computational resources provided by Microsoft,** through their
virtual machines optimized for high performance computing
(Azure Quantum Elements), to develop a computational workflow.
We use this workflow to explore a wide range of conformations
relevant for free energy calculations, which are based on finding
the minimum structures and can be challenging.>**® The con-
formations are initially generated from previous literature or
molecular dynamics (MD) simulations at low levels of theory
and later optimized at high-level DFT. This is accompanied by
conformational searches at a high level of theory to report
enthalpies, entropies, and free energies of reactions. We have
applied these approaches to study several aqueous metal nitrate
complexes consisting of Sr(u), Fe(u), Fe(m), Ce(m), Ce(1v), and U(vi)
ions, which are important metal ions in a nuclear forensics
investigation for various reasons. Uranium is the primary fission
fuel, strontium is a high-yield fission product, and cerium is a
fission product that is representative of lanthanide series from a
chemistry standpoint. Iron is one of the most abundant elements
and is found in both structural as well as geological materials.*”"*®
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In particular, we calculate the reaction free energies involving
ligand exchange in metal complexes including their first solvation
shells in the CSM framework. Our approach can complement
other coordination-based computational approaches such as the
molSimplify toolkit being developed by Kulik et al.,>**® which are
equipped with artificial neural networks to predict quantum-
mechanically-derived properties including spin-state ordering
and spin-state specific bond lengths in octahedral transition
metal complexes. As one may notice, the second and higher
solvation shells in the coordination-based approaches are com-
pletely absent, which are critical in monitoring the kinetics and
mechanisms of ligand-exchange reactions and are subjects of
future studies. In fact, explicit modeling of the second hydration
shell in the CSM framework for the calculation of the reaction free
energy calculation is limited because as the number of solvent
molecules increases, adequate sampling of solute-solvent clusters
and locating the minimum conformations become computation-
ally challenging.*' However, previous studies have shown that the
calculated properties based on the first solvation representation of
a solvent can predict free energy of ion solvation*? and the relative
stability of a series of metal complexes.*"*>** Motivated by these
studies, we consider the relative stability constants and apply
linear free energy relations*>*° to calculate the stability constants
relevant to the multiscale generative artificial intelligence
approach we will develop in future studies. In addition, experi-
mental studies can benefit from the data provided with the
computational workflow presented in this work.

This paper is organized as follows: in the next section, the
details of the developed computational workflow will be pro-
vided and it is discussed how the workflow generates the lowest
energy conformations for hydrated metal complexes. This is
followed by presenting the coordination chemistry properties
and the ligand-exchange reactions for the studied metal-nitrate
complexes. We then present the DFT-based stability constants
and compare them with the available experimental results.
Finally, the paper concludes with a summary of the findings,
along with a discussion of the outlook and future directions.

2 Computational details & workflow

In the CSM framework, the solution-phase reaction free energy is
obtained as the sum of the corresponding gas-phase free energy
and the free energy of solvation. At a given temperature, the free

energy of a ligand-exchange reaction may be given by'**’

AGpi, = AE + AGhruo + ASGL, )

with AE = E(P;) + E(P,) — E(R;) — E(R,), where E(P;) and E(R;) are
the total (gas-phase) electronic energies of products and reactants,
which can involve the species in the first hydration shells of the
metal complexes in the ligand-exchange reaction, respectively and
R; and P; are the optimized geometries of reactants and products,
respectively. In eqn (1), 4 refers to differences in the properties for
a given reaction (e.g., A+ B — C+ D) and J in 8GL,, indicates that
the quantity implicitly represents a difference between solution-
phase and gas-phase thermodynamic states. Therefore, one
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assumes that the components in the reaction are distinct
chemical species with a well-defined molecular structure.

The second term, Giruo, in eqn (1) for a given species is
often referred as the thermal corrections for free energy calcu-
lations within the CSM and is the sum of both entropic and
enthalpic contributions. The superscript T in Ggruo indicates
that this term is determined at a given temperature in the CSM
framework while the superscript 7' in 8GZ,, indicates that any
non-canceling differences in the gas and solution phase ther-
mal corrections are implicitly incorporated into the solvation
model through parametrizations.'*'> The rigid rotor harmonic
approximation (RRHO) is used to apply the thermal corrections
at T = 298 K, which ignores anharmonicity in vibrations,
coupling between vibrational and rotational motions (vibronic
coupling), and centrifugal distortion in rotations and it only
includes translational, rotational, and zero-point-vibrational
energies for each species in the gas phase.*® Nevertheless,
theoretically, when one performs MD simulations for the
species in the reaction, they are sampled in an anharmonic
potential, and at each MD step, the conformations are not at
equilibrium, resulting in the appearance of imaginary frequen-
cies if the Hessian is calculated at each MD step. In particular,
the MD simulations represent ensembles of structures that
correspond to a given thermodynamic state point and the
occurrence of imaginary frequencies is expected. In these lines,
when the optimized structures are calculated in the CSM frame-
work, a few imaginary frequencies may also appear that are
associated with low frequencies. In this work, the quasi-
harmonic approximation is applied, which replaces very low
frequencies (<50 cm ') with a low enough frequency (50 cm ™)
to avoid the vibrational entropy approaches unphysically infinite
values and reduce the errors associated with the use of the
harmonic oscillator partition function.””*® Similarly, some ima-
ginary frequencies (usually with magnitudes less than about
50 cm ') in some conformations are replaced with their absolute
values for entropy and thermal correction calculations. The
accuracy of these approximations is demonstrated in the ESL{

2.1 Conformational search

In eqn (1), the AE term is expected to be the dominant
contribution suggesting that the reliability of results depends
mostly on the accuracy of this term, but its accurate determina-
tion is not a trivial task because its value depends significantly
on determining the lowest energy conformation. Such determi-
nations for metal complexes can be quite challenging because
the number of candidate local energy minima grows exponen-
tially with the number of atoms.’®! In this regard, a number
of recent studies have developed workflows/toolkits to generate
relevant conformations.*>*>**>* Considering these, here we
develop a computational workflow in conjunction with CSMs
with the goal of determining the lowest energy structures. In
particular, we combine low and high levels of theories with
enhanced sampling techniques in MD simulations, which allows
one to explore the reaction phase space reasonably in the CSMs.
Fig. 1 shows a schematic of this workflow for the reactions of
interest. Making use of MD simulations and enhanced sampling
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1) Conformations from
previous studies or

resources (e.g., molSimplify

__or this workflow)
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candidate

conformations
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2) Add conformations via
conformational search at a low
level of theory

e.g., CREST at xTB

Are significantly

Adjust the conformations: e.g., different
add/remove more ligands conformations

reasonable?

7) Find the lowest energy
conformation at DFT

6) Optimize selected
conformations from DFT MD
imulation

3) Optimize selected
conformations at a high level of
theory (e.g., DFT: B3LYP)

Is the
conformation
stable ina
fraction of
NUTres?

Fig. 1 The computational workflow for finding the lowest energy conforma-
tions. An initial search is done using the available resources such as machine
learning models (e.g., molSimplify*>“%) or previous literature to guess the
conformations. If there are no available rigorous conformations available, a
conformational search is performed at a low theoretical level of calculation
(e.g. the CREST software program®* with the xTB method combined with
enhanced sampling techniques) to add additional conformations. These are
followed by high level DFT calculations with NWChem, which includes
optimizations of selected conformations from CREST to find the lowest
energy conformations. To explore the phase space around these candidate
minimum conformations at room temperature and to locate other minima,
ab initio molecular dynamics (AIMD) simulations are performed. These AIMD
simulations are done to confirm that the candidate minimum conformation is
stable, i.e. this conformation with a given coordination number remains stable
at timescales smaller than the residence time, 1,5, for a given ligand-exchange
reaction (see Section 3.1 for the definition of 7,.). If the conformation is not
stable within this timescale, a conformation with a new coordination number
is proposed for the reactant or the product. Otherwise, the lowest energy
conformations are found using all conformers found.

techniques (see below), a range of different starting configura-
tions are examined to find the most stable structures at a DFT
level of theory.

To calculate eqn (1) for the reactions of interest, one needs
to know the coordination number of metal complexes. The
initial metal coordination numbers for hydrated metal ions are
obtained from the literature.’® In general, for metal-nitrate
complexes less information is available from the literature
about the coordination number; therefore, the workflow uses
the available information for hydrated metal ions>® to replace
the water molecules with NO; ™~ ligands in various metal-nitrate
complexes, but considering monodentate and bidentate
arrangements of NO;z; ™, the stable conformation may keep or
lose water molecules in these metal-nitrate complexes. There-
fore, significant uncertainties can be introduced in the calcula-
tions of the free energy calculations. Later, we discuss how the
workflow handles the coordination of metal complexes in the
framework of CSM, but we first present the general scheme of
the workflow.

As shown in step 1 of the workflow in Fig. 1, the initial
configurations for all metal complexes are either obtained from
previous studies (e.g., ab initio MD simulations®>**°?) or from
the optimizations using the standard molecular mechanics
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force fields.>®°

In general, the workflow can be integrated to
automated first-principles toolkits such as molSimplify*>*° to
generate the initial metal complexes coordinated by ligands in
a mono- or multi-dentate fashion once the ligands are available
in such toolkits. Step 2 of the workflow uses these configura-
tions as inputs to perform conformational searches at a low
level of theory. Here, we use the conformer-rotamer ensemble
sampling tool (CREST) software program®* for the efficient and
automated exploration of molecular chemical space at the
extended tight-binding (xTB) level. In short, the automated
exploration in CREST involves performing a block of metady-
namics simulations using the Cartesian root-mean-square
deviation as the collective variables (see ref. 54 for details).
The GFN2-xTB method in the CREST program is used for
geometry optimizations and energy calculations and only con-
formers within a given energy (15 kcal mol ') of the lowest-
energy conformer are considered for conformational search.
In step 3 of the workflow, tens or hundreds of output geometries
from the CREST software program or step 1 are selected based
on the energy criterion. This involves choosing the 10 lowest
conformations and the rest conformations in the intervals 7/10,
with 7 as the total number of conformations. These geometries
from CREST or step 1 are then optimized at the DFT level to
obtain an accurate reasonable ensemble of conformations. From
these DFT candidate conformations, the workflow in step 4 finds
the lowest energy conformation. It is worth stressing that one
may skip steps 2 if the previous conformations in step 1 are
already obtained from rigorous conformational searches.

Considering the existence of many local minima for metal
complexes, one may wonder whether the optimized candidate
DFT conformation from step 4 of the workflow can be signifi-
cantly higher in energy from the nearby local minima. Generally,
such nearby local minima can be accessed by performing AIMD
simulations using enhanced techniques, which is the subject of
future studies. However, if the optimized candidate DFT con-
formation is located at an extreme point with relatively low
barrier heights, even relatively short AIMD simulations can
demonstrate that the conformation is unstable. Therefore, in
step 5 of the workflow, the AIMD simulations are performed on
the selected conformations optimized at DFT to assess whether
the candidate for the lowest energy conformation is stable or
not. If the candidate for the lowest energy conformation is not
stable with a given timescale (see Section 2.2), then the con-
formation is adjusted and the conformational search will be
repeated (see Fig. 1). If the candidate for the lowest energy
conformation is stable, the workflow adds new conformations
from AIMD to the set for the optimization calculations and
performs a final search to find the minimum structures. The
significance of this step is further discussed below in Section 3.1
especially for UO,>" and Sr** metal complexes, where at various
levels of theories metal complexes turn out to be most stable
with different number of water molecules due to monodentate or
bidentate structures of NO;~ with these metal ions.

To find the lowest energy conformations with no imaginary
frequencies, the workflow optimizes the lowest energy confor-
mation. If the optimized conformation has zero imaginary
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frequencies, then the conformation is labeled as the lowest energy
conformation for a given metal complex; otherwise, at least
20 more optimizations are performed along the displacement
vectors of the first 20 frequency modes to locate the minimum
conformations with no or least number of imaginary frequencies.
Therefore, all or most of the imaginary frequencies are removed.
The workflow verifies that the magnitudes of any remaining
imaginary frequencies are less than about 100 cm ™. The signifi-
cance of imaginary frequencies in the calculation of thermodyna-
mical properties (second term in eqn (1)) is addressed in the ESIT
for this study. Finally, before reporting the lowest-energy confor-
mers, it is worth considering alternative reasonable conforma-
tions that may not have been initially accounted for but appear
plausible as part of the iterative learning process.

Given that many conformations have been optimized at DFT
level using the initial configurations provided by CREST, we
also report Boltzmann average thermodynamical properties
whose weights are determined by comparing the available
conformation energies with the lowest one. Setting the mini-
mum electronic energy as the reference energy, Enin, for a given
thermodynamical property B, the average B ((B)) may be
reported as

Z B,‘(’iﬁ(E’ —Enin)
i

(B) = S ¢ PE ) )

1
with f = T and kg as the Boltzmann constant. Considering
B

the Boltzmann averaging of the conformations, the quasi-
harmonic approximation, and the existence of imaginary fre-
quencies, in the ESI,+ we show that for a frequency cutoff of
50 cm™ ", the Boltzmann Gibbs free energies are in excellent
agreement with the Gibbs free energy obtained only from the
lowest energy conformations with zero imaginary frequencies
noting that the enthalpies and temperature times entropies are
only different by about 1-2 kcal mol'. Larger differences are
observed for a frequency cutoff of 100 cm ™', when the reaction
thermodynamical properties are compared with the ones with
the lowest energy conformations with zero imaginary frequen-
cies but the differences remain by about 0.5-1 kcal mol .
Therefore, for these reactions, the results indicate that possible
errors associated with including the imaginary frequencies
within the quasi-harmonic approximation remain to be about
0.5-1 kcal mol™'. In what follows, we report the reaction
thermodynamical properties based on both the lowest energy
conformations and the Boltzmann averaging.

Fig. 2 shows the lowest energy conformations that are
obtained from the workflow for the studied hydrated metal
ions, [M(H,0),]"". It is worth mentioning that the predicted
hydration structures surrounding these ions are consistent with
the previous studies using high-resolution X-ray absorption
fine structure experiments®>®>7%"%> (also see ESIt). In the
next sections, we discuss the consequences of the addition of
NO; ™ to these metal complexes and formations of bidentate
and monodentate structures and address how workflow helps

Phys. Chem. Chem. Phys., 2025, 27, 9350-9368 | 9353
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Fig. 2 The lowest energy configurations of the studied hydrated metal
ions, [M(H,0),l"" at B3LYP level of theory (see Section 2.2 for the
numerical details).

the calculations of reaction free energies using eqn (1), but we
first present more computational details.

2.2 CSM and AIMD computational details

Here we study the thermodynamic aspects of ligand-exchange
reactions when the first hydration shell of metal complexes is
treated explicitly and the other solvation effects are character-
ized in the CSM framework in which the other solvent effects
are captured by the dielectric constant of solvent representing
the nuclear rearrangements.'®'"">"'>% Unless mentioned
otherwise, the low theoretical level of calculations are per-
formed at the extended tight-binding (XTB) level,** while the
high-level calculations are performed with the NWChem soft-
ware program at the DFT'®'” level with the global hybrid B3LYP
exchange-correlation functional.'®%"®® The exchange part of
the B3LYP combines 20% Hartree-Fock exact exchange with
80% Slater exchange and a 72% non-local correction from
Becke’s 1988 functional. The correlation part of the B3LYP
combines 19% Vosko-Wilk-Nusair (VWN) correlation with
81% Lee-Yang-Parr (LYP) correlation. The metal ions are
represented with the Stuttgart relativistic small core (RSC)
effective core potential (ECP) and basis set®*’° and the oxygen
and nitrogen atoms are represented by the 6-311++G(2d,2p)
basis set and the hydrogen atoms with the 6-311G* basis set.”*
These choices are made based on the sufficient accuracy of
DFT and the basis sets that we have observed in previous
studies.>'*7! The DFT-D3BJ method>>’? is used to account
for the dispersion corrections in interactions and the COSMO
solvent continuum model’*"" with a dielectric constant of 78.4
is used to account for solvent effects beyond the first solvation
shell. The most stable electronic states for the studied metal
ions are determined from the literature and verified by stan-
dard DFT calculations in their local environment (first solva-
tion shell). For Fe(u) and Fe(w), the high spin states of quintet
and sextet, respectively turn out to be more stable than the low
spin and intermediate spin states for all studied metal com-
plexes (see Table S3 in the ESIf) and be consistent with
previous studies.”® For all other metals the singlet states are
stable except the Ce*’, which has a stable doublet state.*:>
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As mentioned above, the workflow in step 5 checks the
stabilities of the selected DFT optimized structures by running
AIMD simulations. The AIMD simulation are performed using
the “qmd” module in the NWChem software program.’* The
nuclei are integrated using the velocity-Verlet algorithm. The
AIMD simulations are performed at 298 K using the Nosé-
Hoover thermostat to control the temperature with a frequency
of 300 cm ™! as the interaction with the heat bath making use of
three Nosé-Hoover chains. The electronic potentials are pro-
vided by the same Gaussian basis set-based methods used for
the minimization, which use the spherical basis sets.

The AIMD simulations are performed over a shorter time-
scale relative to the longer ligand residence time, 7.5, > to
assess whether the metal complex is relatively stable. Running
these AIMD simulations allow one to determine the optimized
metal complexes that are not in a relatively stable state and
their ligands tend to leave the metal complex at relatively short
timescales (smaller than long residence time) due to small
barrier heights. By long residence time we mean the residence
time for the ligand departure when the metal complex is in a
relatively stable conformation. For instance, if the optimized
conformation in the workflow involves a bidentate conformation
of the NO; ™ in a metal complex when only one water molecule has
been replaced with one NO;™ ligand, this state can be in a
relatively unstable state when the NO;™ ligand occupies two sites
of the metal complex and the departure of another water molecule
can lead to a more stable conformation. Due to computational
limitations, we choose to run the AIMD simulations for about
4.8 ps. It is an interesting future project to improve the AIMD
simulation protocols using enhanced sampling techniques. It is
worth noting that the AIMD simulations in the CSM framework
can qualitatively provide the long residence times for ligand
departures consistent with experimental results.”>”®

3 Results: ligand-exchange with NOz~
3.1 Coordination chemistry properties

Understanding the coordination chemistry of metal complexes
in the CSM framework is essential to understand their thermo-
dynamics and stability constants. As we show in the next
section, this allows one to write simple ligand-exchange reac-
tions. We discuss the coordination chemistry when the NO;™
ion replaces water in the studied metal complexes in an
aqueous solution, where monodentate or bidentate configura-
tions can compete with each other.

A rigorous way to understand the competition between the
monodentate and bidentate configurations require condensed-
phase AIMD simulations.”®”®™® For instance, for the COz>~
ion, such simulations have indeed shown that both bidentate
and monodentate configurations are possible when they
approach the Ca** ion in an aqueous solution with barrier
heights on the order of the thermal energy.®® However, the
workflow can perform significant conformational searches and
can overcome the barrier heights to generate both monoden-
tate or bidentate conformations of the [M(NO;)(H,0),]" 1*.
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Considering the relatively small number of degrees of freedom in
the CSM framework, this allows one to get the stability constants
of metal ions with a given coordination number, which is
currently a reasonable method of choice when compared to the
condensed-phase AIMD simulations noting that the thermodyna-
mical properties in the CSM framework can be very sensitive to
the determination of the lowest energy conformation to introduce
uncertainties. In what follows, the estimates of such uncertainties
are provided by comparing the results obtained from the lowest
energy conformations with the ones from the Boltzmann average
of all relevant conformations. In particular, in the next sections,
we discuss how the workflow can determine the coordination
chemistry of these metal-nitrate complexes by generating tens to
hundreds of conformations and discuss how the lowest energy
conformations are obtained from the workflow.

We first present the lowest energy conformations obtained
from the workflow in Fig. 3. As can be seen, the bidentate
conformations are, in general, most stable for all metal com-
plexes except the Fe(m) metal-nitrate complexes. Unlike other
metal complexes, the lowest energy conformations for the iron
metal complexes consist of both monodentate and bidentate
conformations with energy differences that can be less than
2 keal mol " and this will be rigorously demonstrated in details
in the next section.

3.1.1 Coordination chemistry of [Fe(NO,)(H,0),]'"*".
Consistent with previous studies,”® we presented the optimized
structures of [Fe(H,0)s]>"** octahedral metal complexes with
coordination numbers of 6. When one NO;™ ligand replaces
one water molecule, one can conceive the formations of metal
complexes of [Fe(NO;)(H,0)5]'"** and [Fe(NO;)(H,0),]*"*" in
the thermodynamics limit. Care is required to interpret the
formations of these metal complexes in the CSM framework:
the formation of [Fe(NO;)(H,0)s]*"** metal complexes allows
one to consider seven-coordinated metal complexes, which is
plausible considering it relatively high charge density while the

%
[UO,(NO3)(H,0)q]*
Emonodentate — Ebidentate ~ 1.4 kcal/mol
[Fe(NO3)(H,0)s]**

Emonodentate ~ 0.02 kcal/mol

(-
v

< v
[Fe(NO)(H,0)

3 &
He v

[Ce(NO3)(H,0), 1> [Ce(NO;)(H,0)/1**

Epidenate —

[Sr(NO3)(H;0)s]*

Fig. 3 The resulting lowest minimum structures of the studied hydrated
metal ions, IM(NO3)(H,0),]"~Y* at B3LYP level of theory (see Section 2 for
the numerical and workflow details). The lowest energy conformations for
both monodentate and bidentate conformations for [Fe(NOs)(H,0)s]**/2*
metal complexes are shown. The energy difference between them are also
reported, which is on the order of thermal motions. The structural proper-
ties of these lowest energy conformations are discussed in Section 3.1 and
summarized in Table 1 below.
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formation of the [Fe(NO,)(H,0),]*"*" metal complexes rule out
such a possibility in a reasonable framework and this will be
rigorously demonstrated below. In this regard, extensive high-
level DFT calculations are performed on the selected conforma-
tions generated by CREST and other tools (e.g., molecular
mechanics) due to the close competitions between their mono-
dentate and bidentate conformations. These include at least 5
independent AIMD simulations for [Fe(NO;)(H,0)s]*""** metal
complexes as we discuss below.

Following step 2 of the workflow in Section 2.1, one may
extend the accessibility of the phase space with enhanced
sampling techniques at a low-level of theory using the CREST.
Panel A of Fig. 4 shows that the CREST can generate several
hundreds of conformations with energy ranges less than
1.5 keal mol " for [Fe(NO;)(H,0)s]” metal complexes and all of
the conformations are bidentate. Adding these configurations to
the previously reasonable generated conformations, we select a
few hundreds of them for optimizations at a DFT level. Panel B
of Fig. 4 shows the optimized structures at DFT revealing that the
monodentate and bidentate conformations with coordination
numbers of 6 are both stable and their energy differences are on
the order of thermal energy units. Interestingly, the seven-
coordinated bidentate conformations of [Fe(NO;)(H,0)s]" are
observed but their energies are about 2 keal mol ' higher than
the lowest energy conformations found (Fig. 4B).

A) [Fe(NO;)(H,0)s]* conformations generated by CREST
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Fig. 4 Histograms of the monodentate (red bars) and bidentate (blue
bars) energy conformations with reference to the lowest energy confor-
mation for each metal complex. Snapshots of a few conformations are
shown in each panel. (A) The normalized energy histogram obtained from
945 generated conformations for [Fe(NO3)(H,0)s]™ from CREST. Note that
only bidentate conformations are generated here using the procedure
mentioned in the main text. (B) The normalized energy histogram obtained
from 97 monodentate and 83 bidentate selected conformations for
[Fe(NO3)(H,O)s]" each of which is optimized at DFT. Note that the
monodentate (red bars) and bidentate (blue bars) histograms are normal-
ized independently.
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On the other hand, for the [Fe(NO;)(H,0)s]*" metal complexes,
Fig. 5A shows that CREST can generate both monodentate and
bidentate conformations with monodentate conformations to be
about 7-8 kcal mol™* higher in energy. Once selected conforma-
tions are optimized at the DFT level of theory, the energies of
monodentate conformations turn out to be much closer to the
bidentate conformations (see Fig. 5B). In particular, the lowest
monodentate conformation is only 1.4 keal mol™* higher in
energy than the lowest energy bidentate conformation. Compared
to the Fe”" metal-nitrate complexes, the Fe** metal-nitrate com-
plexes have greater stability in their seven-coordinated bidentate
conformations than in the six-coordinated ones, by approximately
4-7 keal mol ™. These seven-coordinated structures represent the
lowest-energy conformations, as revealed by extensive conforma-
tional searches and optimizations, and are confirmed by having
zero imaginary frequencies. This observation can be attributed to
the higher charge density of Fe’" compared to Fe** in metal-
nitrate complexes.

A useful metric is the metal-oxygen distance(s) between one
or two closest oxygen atoms of the NO;~ ligand to the metal
center, depending on whether the conformation is monodentate
or bidentate, respectively. In general, the metal-oxygen, dre-o,
distances of the monodentate conformations are smaller than
the ones from the bidentate conformations by about 0.1-0.2 A.
In particular, the average dreo distance of the monodentate
[Fe(NO;)(H,0)s5]" conformers is about 2.15 A while the average
dre_o distance of the bidentate [Fe(NO;)(H,0)s]" conformers is
2.23 A. Similarly, the average dge o distance of the monodentate
[Fe(NO,)(H,0)5]*" conformers is about 1.94 A while the average
dre_o distance of the bidentate [Fe(NO;)(H,0)s]** conformers is
2.12 A. More structural analyses of the monodentate and
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Fig. 5 (A) The normalized energy histogram obtained from 277 monoden-
tate and 376 bidentate conformations for [Fe(NOs)(H,O)s]?* generated from
CREST. (B) The normalized energy histogram obtained from 172 monoden-
tate and 43 bidentate selected conformations for [Fe(NO3)(H,O)s>* each of
which is optimized at DFT. Other details are similar to the ones in Fig. 4.
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bidentate conformations optimized at DFT are presented in
the Fig. S1 in the ESL.¥ The histograms of dr._o distances for
the monodentate conformations show Gaussian distributions
while the histograms of the dg.o distances for the bidentate
conformations resemble bimodal distributions indicating the
existence of six- and seven-coordinated metal complexes noting
that the dy_o in bidentate conformations are mostly not iden-
tical. The important exception is the lowest energy conformation
of seven-coordinated bidentate [Fe(NO;)(H,0)s]** conformation
with dpe_o bond lengths of about 2.15 A.

Therefore, making use of hundreds of conformations, the
workflow confirms the formations of both monodentate and
bidentate conformations for [Fe(NO,)(H,0)s]*"*" at DFT level
and this is rigorously demonstrated through several comple-
mentary AIMD simulations of these metal complexes at 298 K
(step 5 of the workflow), revealing that monodentate conforma-
tions are either stable or can transition to stable bidentate
conformations, and vice versa. It is worth noting that the
formations of monodentate conformations in solutions are
consistent with the crystallographic observation that NO;~ ion
attaches to the Fe®" metal ion in a monodentate fashion.®® In
addition, the formations of seven-coordinated [Fe(NO;)(H,0)s]* ">
metal complexes are consistent with previous studies of transition
metals coordinated with other ligands.*”*°

Alternatively, one may consider the formations of signifi-
cantly different conformations in the thermodynamics limit
by removing two water molecules from the hydrated metal
complexes and replacing them with one NO;™ ligand to form
[Fe(NO3)(H,0),]" and [Fe(NO3)(H,0),]*" metal complexes. Interest-
ingly, using the same workflow steps stated above, stable con-
formations are also formed, where the NO; ™ ligand is attached to
the metal in a bidentate fashion. However, the seven-coordinated
bidentate conformations of the [Fe(NO;)(H,0),]*** complexes are
not observed noting that an octahedral substitution of water with
NO;™ require that the two oxygen atoms of NO;~ to occupy the
octahedral sites. Therefore, care is required to design the first
solvation shells in the CSM framework in the coordination-based
approaches such as our approach and molSimplify considering the
artifacts that exist due to absence of second hydration shells.

3.1.2 Coordination chemistry of [Sr(NO;)(H,0),]*. Sr** has
a relatively low charge of 2" and the d or f orbitals do not
participate in binding to water molecules. Experimental data
show that the residence time for the departure of one water
molecule in hydrated Sr** complexes are orders of magnitudes
less than the ones from other metal complexes studied
here.””””” Consistent with these studies, the AIMD simulations
in step 5 of the workflow show that one water molecule may
leave the metal complexes involving Sr** in several ps, which is
much shorter than all other metal ions studied here. For
instance for [Sr(H,0)s)*" and [Sr(H,0),]**, one water molecule
leaves the metal complex to large distances after about 2.3 ps.
However, in an independent AIMD simulation of [Sr(H,0)s]**
the water molecule does not leave the metal complex in 5 ps,
while in the other independent AIMD simulation, the water
molecule starts to leave the metal complex only after about 4 ps.
Given the uncertainties in the coordination numbers of Sr**
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metal complexes, we study the thermodynamic properties of
ligand-exchange reactions for all these coordination numbers
noting that the departure time of one water molecule in
[Sr(H,0)s]*" metal complex is longer than the one in [Sr(H,0),]*
metal complex. More insights about the coordination number in
Sr metal complexes is revealed by performing AIMD simulations of
[Sr(NO;)(H,0)4]", [Sr(NO;)(H,0)s]", and [Sr(NO;)(H,0)s]" metal
complexes. Interestingly, in all AIMD simulations, the bidentate
conformations dominate confirming the possibility of coordina-
tion numbers of 6, 7, and 8. For the structural analyses here, we
mainly focus on all [Sr(NO;)(H,0)s]" conformers found by the
workflow.

Fig. 6 shows the normalized energy histograms for the DFT
optimized structures of [Sr(NO3)(H,0)s]" conformers including
99 monodentate (red bars) and 512 bidentate (blue bars) confor-
mers. As can be seen, the bidentate conformations are in general
more stable than the monodentate conformations such that the
lowest energy bidentate conformer is about 2 kcal mol " more
stable than the lowest energy monodentate conformer. In addition,
the dg. o distances of the monodentate conformations are, in
general, smaller than the ones from the bidentate conformations.
In particular, the average ds.o distance of the monodentate
[Sr(NO;)(H,0)s]" conformers is about 2.53 A while the average
ds. o distance of the bidentate [Sr(NOs)(H,O)s]" conformers is
2.63 A.

3.1.3 Coordination chemistry of [UO,(NO;)(H,0),]". Similar
to the metal-nitrate complexes of Fe and Sr discussed above,
when one or two water molecules in [UO,(H,0)s]*" are replaced
with one NO; ™~ ligand, [UO,(NO;)(H,0),]" and [UO,(NO;)(H,0)5]"
metal complexes can be formed respectively, respectively. As we

0.12
0.1
Z 0.08}
= 0.06}
0.04
0.02

>

lized Histogram
PR IR TR N I

a

Norm:

A
20

||||J| L l
0 4 8 12 16
Energy [kcal/mol]
T T

)
=

B
‘HI'I”h..IJ.'HHhh
5 o2.6

d [A]

Sr-O

0.15F
0.1F

1

Normalized Histogram

0.05}- |
[ 11

2 2.7

Fig. 6 (A) The normalized energy histogram obtained from 99 mono-
dentate (red bars) and 512 bidentate (blue bars) conformations of
[SHNO3)(H,0)s]* each of which is optimized at DFT. (B) The corresponding
normalized histograms of the metal-oxygen distance(s) between the
metal center and one or two oxygen atoms of the NOs~ ligand (ds,—o),
depending on whether the conformation is monodentate (red bars) or
bidentate (blue bars). The analyses are done using the conformations
presented in panel A and the monodentate and bidentate histograms are
normalized independently.
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discuss below, unlike the iron metal-nitrate complexes, the
workflow mainly predicts the bidentate structures for the lowest
energy conformations of both UO, metal complexes at DFT level
while predominately keeping their coordination numbers as 5,
where the coordination numbers are determined by accounting
for the ligands directly attached to the UO, fragment within the
complex.

We first discuss the possibility of the formation of [UO,-
(NO;)(H,0),]" metal complexes. If one starts from the initial
guess conformation of the [UO,(NO;)(H,0),]" metal complex
with a coordination number of 6 and minimize this structure,
one can get a minimized bidentate structure consisting of one
NO;™ ligand and 4 water molecules attached to U with a UO
distance of ~2.6 A. However, when one proceeds to step 5 of
the workflow to perform 4.8 ps AIMD simulations at 298 K, after
about 3.6 ps one water molecule leaves the metal complex
suggesting that the coordination number of UO, tends to
remain 5. Interestingly, the water molecule that departs the
first solvation shell, remains close to within an average UO
distance of 4.1 A as compared with UO average distances of
2.4 A for water molecules attached directly to U in the first
solvation shell. This may attributed to many factors such as the
interplay between the continuum solvent field, relatively strong
hydrogen bonding between water molecules, and the charge
density of metal complex. For consistency, another minimum
structure of the [UO,(NO;)(H,0),]" was chosen to run the MD
simulations for another 4.8 ps and it was observed that the
separated water molecule tend not to leave and attach to U over
the course of MD simulations. Importantly, among all optimized
conformations for [UO,(NO;)(H,0),]" metal complexes (40 con-
figurations), the minimum structure appears to be the one with a
coordination number of 5, where the remaining water molecule
tend to be at location with a UO distance of 4.1 A as compared
with UO distances of 2.4 A for water molecules attached directly
to U. A few percentage of monodentate conformations are also
observed in the AIMD simulations whose optimized energies
appear to be at least ~2.5 kcal mol™" higher than the lowest
energy bidentate conformation. Overall, one can consider the
formation of the bidentate [UO,(NO;)(H,0),]" conformations
reasonable in the solution in the CSM framework.

On the other hand, one can conceive the formation of the
[UO,(NO;)(H,0);]" metal complexes, in which three water mole-
cules attach to U and one NO; ™ ligand attaches to U in a bidentate
fashion to satisfy a coordination number of 5. The AIMD simula-
tions of this type of metal complex demonstrates that all ligands
stay attached to U over the course of 4.8 ps molecular simulations.
Fig. 7 shows the energy and bond histograms extracted from
the conformations of [UO,(NO;)(H,0);]" optimized at DFT level.
Panel A shows that the conformations of [UO,(NO;)(H,0);]" only
consist of bidentate conformations. Interestingly, in the lowest
energy bidentate conformation for the [UO,(NO;)(H,0)s]"
metal complex, 4 water molecules coordinate with U atom
with a UO bond length of ~2.5 A and a NO,~ ligand attaches
to U atom in a bidentate fashion with an average UO bond length
of ~2.5, which confirms the coordination number of 5 for this
metal complex.
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Fig. 7 (A) The normalized energy histogram obtained from 40 bidentate
(blue bars) conformations of [UO,(NOsz)(H,0)sl* each of which is opti-
mized at DFT. (A) The corresponding normalized histograms of metal—
oxygen (of bidentate NOs™), dy_o, distances for the conformations pre-
sented in panel A.

3.1.4 Coordination chemistry of [Ce(NO;)(H,0),]*""**. Here
we discuss the replacement of one water molecule in
[Ce(H,0)o]** or [Ce(H,0)s]*" metal complexes with one NO;~
ligand. Interestingly, when one follows steps 1-4 in the work-
flow to find the lowest energy conformations for [Ce(H,O)s-
(NO,)*" and [Ce(H,0)s(NO;)** complexes, the suggested confor-
mations have monodentate structures. However, the AIMD simu-
lations show that after less than 2 ps simulations, the NO; ™ ligand
attaches to the Ce*" or Ce*" metal ion in a bidentate conformation,
while one of the water molecules leaves the metal complex to far
distances. This suggests that the more stable conformations are
the bidentate ones resulting in [Ce(H,0),(NO;)]** and [Ce(H,0),-
(NO,)** metal complexes. This is confirmed from workflow steps
1-5, where AIMD simulations are stable within 4.8 ps. In conclu-
sion, the lowest energy conformations for [Ce(H,0),(NO,)[*"**
metal complexes appear to be the bidentate conformations whose
metal-oxygen distances (closest two metal-oxygen distances
between the NO; ™ ligand and the Ce atoms) turn out to be about
2.6 and 2.45 A for [Ce(H,0),(NO;)*" and [Ce(H,0),(NO;)*" metal
complexes, respectively.

Although the workflow can generate a considerable number
of monodentate conformations for [Ce(H,0),(NO;)]*" and
[Ce(H,0),(NO3)]*", the energies of their optimized structures
at DFT turn out to be significantly higher than the corresponding
bidentate conformations (ranging from 8 to 90 kcal mol " higher
in energy). An examination of these high-energy DFT optimized
monodentate structures reveals the presence of nitric acid and
OH™ species (results not shown). These structures result from
DFT optimization of the initial configurations generated by
CREST. Therefore, the monodentate conformations do not con-
tribute significantly to the thermodynamical properties according
to eqn (2) because their Boltzmann weights are almost negligible.
In fact, this is a good demonstration that the workflow can
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disregard irrelevant conformations for the stability constant cal-
culations that we present in the next sections.

3.1.5 Structural analyses of the lowest energy conformations.
We conclude this section by presenting a summary of the struc-
tural analyses for the lowest energy conformations found by the
workflow also presented in Fig. 3 noting the dominant coordina-
tion numbers of 5 for [UO,(H,0);(NO;)], 7 for [Sr(H,0)s(NOs)]",
6 for [Fe(H,0)s(NOs)]'", 6 or 7 for [Fe(H,0)s(NO3)**, and 9 for
[Ce(H,0),(NO,)****, which are consistent with previous related
studies.>>?*>¢6>768791 Among hundreds of candidate conforma-
tions optimized at DFT, the bidentate conformations turn out to
be the lowest energy conformation candidates for all metal com-
plexes. Unlike the [Fe(NO;)(H,0)s[*"*" metal complexes, where
monodentate conformations appear to compete with bidentate
conformations, the lowest energy conformations of other studied
metals turn out to be relatively higher in energy than the mono-
dentate conformations. Importantly, for the [Fe(NO;)(H,0)s]"
metal complexes, the lowest energy monodentate conformation
is found to be slightly more stable than the lowest energy bidentate
conformation (less than the thermal energy motions) and we will
study their structure in some details below.

A simple metric to characterize the structural properties of
the metal-nitrate complexes is the distance between metal
center and the nitrogen atom of nitrate (dyn). Table 1 shows
that the dy; n value for the monodentate conformer is about
0.5 A larger than the bidentate conformer of [Fe(NO3)(H,0)s]".
Comparing the bidentate conformations of the metal-nitrate
complexes, the dy; y values are highest for [Sr(NO;)(H,0)5]" and
the smallest for [Fe(NO;)(H,0)s]", which has one water mole-
cule in the outer-shell.

A more important metric is the closest two oxygen-metal
distances of NO; * (dm-o, and dy o,). Table 1 shows these bond
length distances for all bidentate conformations are almost
identical except for the [Fe(NO;)(H,0)s]" metal complex with a
percentage difference of ~4%. A detailed analysis of the lowest-
energy conformation of the bidentate [Fe(NO;)(H,0)s]" metal
complex reveals a coordination number of 6. This structure
exhibits two distinct metal-oxygen distances for the four

Table 1 Structural analyses of the lowest energy conformations (LEC)
presented in Fig. 3. The M—N bond lengths refer to the distances between
the metal center and the nitrogen atoms of the nitrate ligand, denoted as
du-n, in [M(NO3)(H,0),_4""Y* The M-O bond distances, dw-o, and
dm-o, represent the separations between the central metal atom and
the one or two closest oxygen atoms of the NOs~* ligand in the complex
IM(NO3)(H,0),_1]""9*. Note that the monodentate conformation of
[Fe(NO3)(H,0)s]" is found to be slightly more stable than its bidentate
conformation. The Mayer bond order (BO) values for dM,O1 is also
presented in the parenthesis. See the ESI for more detailed analyses

Product LEC dyn [A] dueo, [A] (BO)  dwmeo, [A]
[Fe(NO;)(H,0)s]" Monodentate 3.13 2.16 (0.254) NA
[Fe(NO3)(H20) ] Bidentate 2.62 2.18 (0.285)  2.26
[Fe(NO;)(H,0)s]**  Bidentate 3.00 2.14 (0.644)  2.15
[SH(NO,)(H,0)s]  Bidentate 3.07 2.65(0.173)  2.65
[UO,(NO;)(H,0);]" Bidentate 2.93 2.48 (0.359)  2.49
[Ce(NO,)(H,0),>" Bidentate 3.01 2.57 (0.476)  2.58
[Ce(NO;)(H,0),]**  Bidentate 2.90 2.44 (0.843)  2.45
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remaining water molecules: 2.10 A for those in the same plane
as the NO,;~ group and 2.15 A for those nearly perpendicular to
this plane. Additionally, an outer-shell water molecule is posi-
tioned at 3.77 A from the Fe metal center. Interestingly, the
competing monodentate conformation of the [Fe(NO;)(H,0)s]"
metal complex has also a coordination number of 6 but with
metal-oxygen bond lengths of ~2.15 A for all water molecules
and the closest distance oxygen of NO; . A detailed discussion
of the competition between the monodentate and bidentate
conformations for [Fe(NO;)(H,0)5]'""** is presented in Section
3.1.1 above.

A closer look on the closest oxygen-metal distances of NO;
(dmo) for all bidentate conformations presented in Table 1
suggest a general trend. The dyo values are smallest for
Fe*"** (with ionic radii of 0.65/0.78 A) and largest for Sr** (with
an ionic radius of 1.18 A).*® This can be attributed to higher
charge densities of [Fe(NO,)(H,0)s]'"*" metal complexes as
compared with the [Sr(NO;)(H,0)s]" metal complexes (see Table S1
in the ESIf). For the lanthanide and actinide metals studied
here, the closest oxygen-metal distances of NO; ' range from
2.45 to 2.57 A. Although no clear trend is observed for dy;o values
based solely on charge densities, a consistent pattern seems to
hold based on the ionic radii for Ce*"/** (ionic radii: 1.01/0.87 A)
whose dyio values are larger than those of Fe?”** (ionic radii:
0.65/0.78 A) but smaller than those of Sr** (ionic radius: 1.18 A).

Mayer bond order®® analyses are reported for M~O; and
M-0, bonds in the ESI.{ The analyses indicate that the bond
orders for both M-O; and M-O, bonds are relatively close to
each other for all bidentate lowest energy conformations except
the [Fe(NO;)(H0)s]*', which has significantly different dyo,
and dM,o2 as shown in Table 1. The highest bond order for
these bonds is observed in [Ce(NO;)(H,0),]*", while the lowest
is found in [Sr(NO;3)(H,0)s]". Among the M*" metal ions, the
bond order of [Fe(NO3)(H,0)s]*" appear to be, in general, larger
than the one for [Ce(NO;)(H,O0),]**. The bond orders of
[UO,(NO;3)(H,0);]" for these bonds are less than that of
[Ce(NO;)(H,0),]*" but greater than those of [Fe(NO3)(H,0)s]"
and [Sr(NO;)(H,0)s]".

Hydrogen bond analyses for all available DFT optimized
conformations of all studied metal-nitrate complexes based on
a Wernet criterion®® show that the hydrogen bond between the
NO;™~ ligand and nearby water molecules only exists in their
monodentate conformations and all studied bidentate confor-
mations show no presence of such hydrogen bond interactions.
For the lowest-energy monodentate conformation of Fe[(H,0)s-
(NO3)]*"**, we find the distance between O of NO;~ and H of
water to be 1.78/1.89 A and the distance between O of NO;~ and
O of water to be 2.71/2.74 A while the hydrogen bonding
(O-H:--0O) angle is 157/143 degrees. Interestingly, in the lowest-
energy monomer conformation of Sr[(H,0)s(NO;)]", which is
about 2 kcal mol ' higher in energy than the lowest-energy
bidentate conformation, the distance between O of NO;~ and H
of water is 1.81 A and the distance between O of NO;~ and O of
water is 2.78 A while the hydrogen bonding (O-H- - -O) angle is
166 degrees. No monodentate conformation is found among all
explored conformations of [UO,(NO;)(H,0);]". The monodentate
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conformations for Ce metal-nitrate complexes turn out to
include HNO; and OH™ species and significantly higher in
energy (~>8 kcal mol ") than the bidentate conformations
(see Section 3.1.4).

These hydrogen bond analyses are further verified by quan-
tum topological atom-in-molecule (QTAIM) analyses®®> in
which the properties of the metal-complexes are represented
in terms of electron density critical points at which the gradi-
ents of electron densities vanish. A bond critical point (BCP) is
located between two atomic centers and denotes the presence
of a bond. A good example to illustrate this is to compare the
hydrogen bonding in the lowest-energy conformations of
the [Fe(NO;)(H,0)s]" metal complexes using QTAIM analyses.
The left side of Fig. 8 shows the BCP of the hydrogen bond
between NO;  and the nearby water molecule for the mono-
dentate conformation of [Fe(NO;)(H,0)s]". The QTAIM analyses
predict a binding energy of about 14 kcal mol ™" for this hydro-
gen bond corresponding to a medium hydrogen bond.”>® A
similar QTAIM analysis for the lowest-energy monodentate con-
formation of [Sr(NO;)(H,0)s]" confirms that the hydrogen bond
between NO;~ and the nearby water molecule is a medium
hydrogen bond (a binding energy of 13 kcal mol™'). On the
other hand, the right side of Fig. 8 shows the BCP of
the hydrogen bond between the outer-shell water molecule and
the two nearby water molecules for the lowest energy bidentate
conformation of [Fe(NO;)(H,0)s]". The QTAIM analyses for each
of these two hydrogen bonds predict their binding energies
around 6-7 keal mol " corresponding to weak-to-medium hydro-
gen bonds. Therefore, the binding energy of a hydrogen bond
between NO; ™~ and a water molecule in the first solvation shell is
almost twice as much as the one between two water molecules in
metal-nitrate complexes when they can form close to the first
solvation shell.

Similar Wernet and QTAIM analyses of the studied
[M(H,0),]"" reactants show no signatures of hydrogen bonding

Hydrogen Q

Bond BCPs
0
¢ OD
Hydrogen 7 - &
Bond BCP S’ o

Monodentate [Fe(NO3)(H,0)s]* Bidentate [Fe(NO;)(H,0)s]*

Fig. 8 The bond critical points (BCPs) obtained from atom-in-molecule
(AIM) analyses of the lowest energy conformations of the [Fe(NO3z)(H,0)s]*.
The BCPs are shown by small orange spheres. Note the hydrogen bond BCP
for the monodentate conformation exists between the NOs~* and a nearby
water molecule while the outer-shell water molecule in the bidentate
conformation appear to have two hydrogen bond BCPs with nearby water
molecules.

Phys. Chem. Chem. Phys., 2025, 27, 9350-9368 | 9359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04295f

Open Access Article. Published on 10 February 2025. Downloaded on 11/18/2025 10:29:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

within the first solvation shell. Therefore, at this CSM level of
theory, one can conclude that the hydrogen bonding mainly
stabilizes the metal-nitrate products. In the monodentate con-
formations of the products, the primary hydrogen bond is
present between NO;~ and water molecules while in the biden-
tate conformations, this type of hydrogen bonding plays no
significant role. Interestingly, as discussed above (Fig. 8) for
the seven-coordinated Fe metal-nitrate bidentate complexes,
hydrogen bonds between water molecules can also contribute
to the stabilization of the metal-nitrate complexes while for the
other studied metal-nitrate bidentate conformations, no signa-
tures of hydrogen bonds are found. Considering the limitations
of CSM used in this work, this might suggest that the hydrogen
bonds between NO;~ and water molecules can be attributed as
one of the driving forces to form the monodentate conforma-
tions while they are not very significant for the formation of the
bidentate conformations. However, complete analyses of hydro-
gen bonding effects on the reaction free energies require incor-
porating more hydration shells for both reactants and products.
Therefore, in the next sections we hesitate to report hydrogen
bonds effects on the reaction free energies in the CSM frame-
work using the first solvation shells. This is an interesting future
project to study the roles of hydrogen bonding on the reaction
free energies using the condensed-phase AIMD simulations.””

3.2 Ligand-exchange reactions

Formations of bidentate and monodentate conformations can
have significant effects on the ligand-exchange reactions. Per the
calculations and arguments above, in this section, we suggest
the following ligand-exchange reactions of the NO; ™~ ligand in
the hydrated metal complexes to form [M(NO;)(H,0),]" V*
within the CSM framework at the DFT/B3LYP level of theory:

(1A)  [UO,(H,0)]*" +NO5~ — [UO,(H,0),(NO3)] " +2H,0
(IB)  [UO,(H,0)5]* +NO;y~ — [UO,(H,0),(NO3)| " +H,0
(2A)  [St(H,0)] +NO;~ — [St(H,0)4(NO3)] " +2H,0
(2B) [Sr(H,0),]*" +NO;~ — [Sr(H,0)5(NOs)] " +2H,0
(2C)  [Sr(H,0)¢]*" +NO;~ — [Sr(H,0),(NO3)] " +2H,0
(3A) [Fe(H,0)¢]*"+NO;s~ — [Fe(H,0)5(NO3)] " +H,0
(3B) [Fe(H,0),]*" +NO;~ — [Fe(H,0),(NO3)] ' +2H,0
(4A)  [Fe(H,0),]*"+NO;~ — [Fe(H,0)5(NO3)]*" +H,0

(4B) [Fe(H,0)¢]"" +NO;~ — [Fe(H,0),(NO3)]* +2H,0
(5) [Ce(H,0),] ™" +NO5~ — [Ce(H,0),(NO3)|** +2H,0

(6) [Ce(H,0),]* +NO;~ — [Ce(H,0),(NO3)]* +2H,0
3)

Several comments about these reactions should be noted.
Reaction 1A implies that a coordination number of 5 is
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conceived for [UO,(H,0);5(NO;)]" and NO;~ attaches to U in a
bidentate conformation. The reason that reaction 1B is also
considered for the UO,*" metal complex with the bidentate
conformation, is due to the fact that four water molecules tend
to remain close to the first solvation shell, which is confirmed
by several independent AIMD simulations (see Section 3.1.3) as
well as inorganic textbooks.*®

There exists an uncertainty in the coordination numbers
of Sr**. Consistent with previous studies,>® here we consider the
coordination numbers of 7 and 8 to be reasonable (reactions
2A and 2B) noting that the NO;~ ligand attaches to Sr*" in
bidentate conformations. The coordination number of 6 for
Sr*" (reaction 2C) is mainly investigated in this work to study
the sensitivity of the thermodynamic quantities to the coordi-
nation numbers. However, the AIMD simulations at CSM level
suggest that the coordination numbers of 8 and 7 are more
probable than 6.

The competitions between the monodentate and bidentate
conformations for iron-nitrate metal complexes are considered
in reactions 3A and 4A, where their products can be both
monodentate and bidentate with slightly different energies.
Therefore, the reaction properties estimated by eqn (2) can provide
some insights about these competitions and the roles of entropy
and energetics on their reaction free energies. On the other hand,
simple stoichiometry analyses of reactions show that entropy can
play a significant role in reactions 3B and 4B. Similar statement
can be made for reactions 5 and 6 for [Ce(H,0),(NO;)** metal-
nitrate complexes, where the bidentate conformations dominate.
These statements will be demonstrated quantitatively in the next
section.

3.3 Stability constants

Table 2 reports the calculated thermodynamical quantities for the
reactions presented in eqn (3) for the metal complexes of interest.
Interestingly, all reactions are favorable with negative AG values.
When the bidentate conformations dominate the products of the
studied metal nitrate complexes with their normal coordination
numbers, the reaction entropies are positive with TAS values
ranging from 5 to 8 kcal mol ™, which is due to the departures
of two water molecules in reactions shown in eqn (3). Therefore,
the main driving force for these reactions is mostly entropic with
one main exception. For the [Ce(H,0),(NO3)]>" metal complexes
for which the enthalpic reaction energy is about —11 kecal mol ™.
On the other hand, when monodentate conformations dominate
the products, the reaction entropies are negative with TAS values
ranging from —4 to —1 kecal mol™"' showing that for these
reactions the driving force is mostly enthalpic with the negative
enthalpic contributions with magnitudes ranging from —15 to
—6 keal mol .

The top and bottom panels of Table 2 report the reaction
free energies for all metal complexes based on the lowest energy
conformations (LECs) and their Boltzmann-average reaction
free energies based on eqn (2). Generally the differences
between the LEC and Boltzmann-average reaction free energies
are less than 2 kcal mol '. This confirms that when the LECs
are found reasonably well, the Boltzmann-average values can
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Table 2 Comparison of thermochemistry of the reactions presented in
eqn (3). Note that the symbol S in the table corresponds to the ground spin
state, i.e., 1 for singlet, 2 for doublet, 5 for quintet, and 6 for sextet

Metal
ion

AEio; AH TA.S AG
Reaction S (kcal mol ") (kcal mol ") (kcal mol ") (kcal mol )

Lowest energy conformers

U0, 1A 1 —15 —3.8 8.3 —12.1
U0,*" 1B 1 —-86 -9.7 —0.8 —-8.9
sr** 2A 1 25 1.2 6.6 —5.4
sr** 2B 1 1.8 0.4 4.9 —4.5
sr*t  2C 1 3.0 1.8 5.7 -3.9
Fe*' 3A 5 —5.8 —6.3 —2.9 —3.4
Fe** 3B 5 3.0 1.0 6.5 —5.5
Fe*' 4A 6 —16.3 —-16.3 —2.9 —13.4
Fe** 4B 6 —1.3 -3.7 7.2 —10.9
ce** 5 2 0.8 -0.3 6.6 —6.8
ce' 6 1 —7.6 —10.8 8.0 —18.8
Boltzmann averaging: all structures

U0,>" 1A 1 —1.5 -3.9 7.4 —11.3
UO0,*" 1B 1 -8.7 —9.0 —2.7 -6.3
sr** 2A 1 24 1.2 5.6 —4.4
sr** 2B 1 1.3 —0.1 5.0 —5.1
sr**  2C 1 29 1.6 5.3 —3.7
Fe** 3A 5 —5.9 —6.6 -3.0 -3.6
Fe** 3B 5 3.2 0.6 6.8 —6.2
Fe** 4A 6 —15.3 —16.1 —24 —13.7
Fe** 4B 6 —0.9 —-3.8 7.4 —11.2
ce** 5 2 0.8 -1.0 6.8 -7.8
ce*t 6 1 -7.6 —11.4 8.9 —20.3

provide good insights about the uncertainties associated with
reaction free energies. This is particularly demonstrated for
reaction 3A, where the difference between the LEC and
Boltzmann-averaged reaction free energies is approximately
0.2 keal mol~". This discrepancy is relatively small considering
that in the Boltzmann average approach, the product
[Fe(H,0)5(NO5)]" includes both monodentate and bidentate
conformations. Similar observation is made for reaction 4A.
On the other hand, the differences between the reaction free
energies of reactions 3A/4A and 3B/4B turn out to be more than
2 kecal mol™" noting that in reactions 3B/4B, in the CSM
framework, the maximum number of sites that the Fe metal
can attach to ligands is six and does not consider the possibility
of other scenarios that may be important in the closest solva-
tion shell. A similar but larger discrepancy exists for reactions
1A and 1B, noting that for [UO,(H,0),(NO;)]" metal complexes,
the bidentate conformations dominate. These discrepancies, to
the extent that they can be explained, hinge on more rigorous
determinations of reaction free energies (e.g., via condensed-
phase ab initio AIMD simulations) and remain an open
question.

We conclude this section by presenting the following inter-
esting trends from Table 2. It is worth mentioning that these
trends can be rationalized through quantitative structure-prop-
erty relationships, enabling the development of machine learn-
ing models, such as artificial neural networks,’®°” that utilize
relevant descriptors.”>®”~*° The exploration of such models is
reserved for future studies. In this work, we focus on presenting
and interpreting the observed trends based on the interplay
between the metal ion’s charge, ionic radius, and the bond
order for the bond the metal atom and the closest oxygen atoms
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of NO;~ in metal-nitrate complexes. As we show below the
trends in the bond order metric aligns with trends observed in
the reaction free energy trends.

e Among all the M*" metal ions examined, UO,*" has the
most negative (and therefore the most favorable) reaction free
energy. Sr”* follows as the next most favorable, while Fe>* has
the least negative reaction free energy among the M>" ions. This
is interesting noting that among metal-nitrate complexes,
[UO,(H,0)3(NO3)]" exhibits the highest bond order.

e About 1.5 kcal mol™' difference in the reaction free
energies of Sr** is observed when the coordination number
changes from six to eight.

e The reaction free energy of Fe®* metal ion is about
11 kecal mol™" more favorable (negative) than the one for the
Fe** metal ion, which is in general consistent with the Mayer
bond order analysis in which [Fe(H,0)5(NO5)]*" has a higher
bond order than [Fe(H,0)5(NO;)]". In addition, the ionic radius
Fe®* is greater than Fe>",

e The reaction free energy of Fe®* metal ion is about
5 keal mol™* more favorable (negative) than the one for the
Ce*" metal ion. This is also in general consistent with the Mayer
bond order analysis in which [Fe(H,0)5(NO5)]>" has a higher
bond order than [Ce(H,0),(NO3)]*". In addition, the ionic
radius Fe*" is greater than Ce*".

e The reaction free energy of Ce*" metal ion is about
12 kcal mol™" more favorable (negative) than the one for the
Ce*" metal ion, which is consistent with the trends in the Mayer
bond orders and ionic radius trends.

e The reaction free energies are more favorable (negative) for
metal ions with larger positive charge. In particular, Ce*" shows
the most favorable reaction free energy followed by Fe®*, and
then UO,>". This trend is supported by the trends in the Mayer
bond orders as discussed above. The ionic radius of Ce*" is
0.87 A and the ionic radius of Fe*" is 0.65 A; therefore, the ionic
radius trend breaks down for this case of comparison.

In the next section, we provide a method to compare these
reaction free energies with the experimental ones by accounting
for the factors that cannot be directly or easily implemented in
the CSM framework.

3.4 Comparison with available experimental data

A direct comparison of the computational DFT results with the
experimental stability constants is not straightforward considering
there are various sources of errors in both experiments and
calculations.'® Experimental measurements of stability constants
can be subject to systematic, methodological, and random
errors."”" % Importantly, methodological errors may occur in
experiments due to incorrect assumptions about the nature of
the metal complexes and various species formed in solution
during the experiments. In addition, systematic errors can happen
due to calibration errors in equipment (e.g., pH meters, spectro-
photometers), impurities in reagents or solvents, and ionic
strength controls, and random errors can originate from inherent
instrumental noise.

Similar to experiments, various errors can occur in DFT
calculations in the framework of CSM. In general, when one
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fails to locate the lowest energy conformations of metal com-
plexes, random errors can occur. The larger the metal complexes,
the more challenging it is to locate the lowest energy conforma-
tion, and more errors can be introduced when predicting the
stability constants of reactions in the CSM framework. Such
random errors may be mitigated by making use of advanced
conformational search algorithms®>* as used in this workflow.
The influence of methodological choices (e.g., basis sets and
exchange-correlation functionals) is addressed in Section 3.5.
In addition, systematic errors can occur when the reactants or
products are represented as reduced models in which a few
solvent water molecules may surround them. Therefore, insuffi-
cient representations of solvation structures in the framework of
CSM can, in general, be one source of systematic errors."”” In
this work, it is assumed that metal complexes are represented by
the first solvation shells and one water and one NO;~ ion are
representatives of side-products and reactants (NO;~ and H,O
in eqn (3)), respectively. Alternatively, one can solvate NO;~ and
H,O with several water molecules to address the effect of
solvation structure on the overall reaction. However, finding
the lowest energy conformations becomes very challenging as
the number of water molecules increases to represent the
solvation structures for NO;~ and H,O and in the framework
of CSM, it is plausible to use the first solvation shell. Therefore,
systematic errors exist for all reported thermodynamic quantities
by using a reduced solvation structure. In what follows, we
present a simple procedure based on linear free energy
relations®® to correct the systematic errors in calculations.

Linear free energy relations have been successfully used to
estimate the stability constants of various metal complexes.**>*
Following these lines, one can estimate the systematic errors in
calculations by comparing the calculated free energies with the
ones from the experimental data (see Appendix A for details).
Table 3 compares the corrected theoretical reaction free ener-
gies with the available experimental data from the NIST
database™® for the first addition of NO;~ to hydrated metal
complexes. Several observations are noteworthy for the studied
reaction free energies:

e Both experimental and theoretical results indicate that
reaction free energy for Ce*" is about 0.2-0.3 kcal mol™* more
favorable than the one for Ce®*" consistent with the fact the
charge density of Ce"" is higher than Ce*".

e Both experimental and theoretical results indicate that
reaction free energy for Fe** with an empirical radius of 0.65 A
is more favorable than the one for Ce** with an empirical radius
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of 1.0 A.*® This is more pronounced in experiments noting that
the ionic strength changes in the experiments.

e Experimentally, the reaction free energy for Fe® is most
negative (—1.36 kcal mol ') while theoretically the reaction free
energy for Ce** is most negative (—1.09 kcal mol ™). The origin of
the discrepancy may be attributed to ionic strength of 3.5 used in
experiments for Ce*" and other assumptions used in the analyses
of experiments and optimized structures as discussed above.
Simple estimations of charge densities for [Ce(H,0)o]"" and
[Fe(H,0)s]** (see ESIT) show that their charge densities are almost
the same while the charge density of [Ce(H,0),(NOs)J**" is higher
than the charge density of [Fe(H,0)s(NO;)** by about 25%.

e Experimentally, the reaction free energy for UO,>" is less
negative than the one for S while theoretically the reaction free
energy for UO,>" is more negative. Such discrepancies may
indicate the significance of errors in the experimental measure-
ments. In fact, ref. 102 states that the experimental thermo-
dynamical data for nitrate complexes are of doubtful significance.
When one considers the empirical ionic radius of UO,>* (0.89 A) is
smaller than Sr** (1.18 A),*® one can notice that the charge density
of the UO,*" ion is significantly higher than that of the Sr** ion,
which is supported by simple charge density calculations for
[UO,(H,0)s]** and [Sr(H,O),]*" (see ESIT). However, the charge
density of [UO,(H,0);(NO;)]" is only 5% higher than the charge
density of [Sr(H,0)5(NO5)]".

e Theoretical results indicate that reaction free energy for
Fe** is about 0.3 kecal mol ' more favorable than the one for
Fe®" noting that no experimental data is available for Fe>".

3.5 Sensitivity of calculations

In this section, we study the reaction free energies using different
functionals and basis sets. In particular, we compare the results for
BLYP," PBE,*° and B3LYP'®%®® functionals, which have different
levels of exchange-correlation treatment. These functionals span a
range of Jacob’s ladder,'% with BLYP and PBE as a pure generalized
gradient approximation (GGA) functionals, offering computational
efficiency without Hartree-Fock exchange. B3LYP is a hybrid func-
tional, which mixes some exact (Hartree-Fock) exchange with GGA
(BLYP) exchange for improved accuracy in systems with localized
electrons, albeit at higher computational cost. This selection pro-
vides a relatively comprehensive analysis of functional performance
across varying exchange-correlation treatments. These DFT func-
tionals are used with the ECP-type basis sets that involve Stuttgart
RSC 1997 ECP,**”° Stuttgart RLC 1997 EPC,*”° and Lanl2dz ECP.""*°

Table 3 Comparison of the thermochemistry of the reactions from raw DFT calculations at B3LYP level of theory corrected based on linear free energy
relations to account for systematic errors with the ones from experiments.1°? Stuttgart RSC 1997 ECP basis set is used for all metal ions. The temperature
in experiments is not always clear but ranges from 273 K to 313 K. Here it is assumed that the temperature is 298 K (also see Appendix A)

o

Metal ion A;Gg, (keal mol™) ArGheory (Keal mol ") L0g10 keneory L0g10 Kexpt. Tonic strength expt.
Uo,% —0.41 —0.91 0.67 0.3 0

sr** —0.82 —0.73 0.54 0.6 0

Fe** —0.69 0.50

Fe** -1.36 —0.94 0.69 1.0 0

ce* —0.27 —0.77 0.57 0.2 1.0

Ce* —0.44 —1.09 0.80 0.32 3.5
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Table 4 The reaction free energies of UO,2* metal complexes presented
in egn (3) with linear free energy corrections. The experimental A;Gg,,, is
reported as —0.41 kcal mol™

o

A"Gtheory
Functional Reaction Basis set (kcal mol™1)
Lowest energy conformers
B3LYP 1A LANL2DZ —0.87
B3LYP 1A Stuttgart RSC —-0.91
BLYP 1A Stuttgart RSC —-1.0
PBE 1A Stuttgart RSC —-1.1
B3LYP 1B LANL2DZ —0.83
B3LYP 1B Stuttgart RLC —0.73
B3LYP 1B Stuttgart RSC —0.83
BLYP 1B Stuttgart RSC -0.97
PBE 1B Stuttgart RSC —0.88
Boltzmann averaging: all structures
B3LYP 1A LANL2DZ —0.91
B3LYP 1A Stuttgart RSC —0.89
BLYP 1A Stuttgart RSC -1.0
PBE 1A Stuttgart RSC -1.1
B3LYP 1B LANL2DZ —0.84
B3LYP 1B Stuttgart RLC —0.72
B3LYP 1B Stuttgart RSC —0.76
BLYP 1B Stuttgart RSC —0.97
PBE 1B Stuttgart RSC —0.89

Detailed analyses of the calculated thermodynamical prop-
erties are presented in Appendix B, which indicate that the
difference in reaction free energies from different functionals
and basis sets can be as high as 6 kcal mol ' without applying
linear free energy corrections. Here we report the reaction free
energies with linear free energy corrections”® (see Appendix A)
and focus on their significance when compared with experi-
mental stability constants. Table 4 shows the sensitivities of the
reaction free energies (with the linear free energy corrections)
of reactions 1A and 1B involving [UO,(H,0)s]** metal com-
plexes in eqn (3) to the choices of the functionals and basis sets.
The top part of Table 4 presents the free energies from the
lowest energy conformation while the bottom panel shows the
free energies from the Boltzmann averaging from the workflow
discussed earlier. In general, the free energies estimated from
all functionals and ECP-type basis sets are about 2-3 times
larger than the reported experimental values noting that the
complex chemistry of uranyl ion has introduced special chal-
lenges in the experimental determination of thermodynamical
properties.’*>'%> However, the difference between theoretical
and experimental values is only about 0.5-0.7 kcal mol™" after
the free energies in the CSM model have been corrected with
the linear free energy approach. Therefore, establishing linear
free energy corrections for a given reaction free energy calcu-
lated in the CSM framework is significant. The results in
Table 4 show that the difference between the reaction free
energies obtained from various functionals and basis sets is
about 0.4 keal mol™", which is relatively small.

4 Summary and conclusions

We have successfully used cloud computing resources (Azure
Quantum Elements of Microsoft*>**) to develop a computa-
tional workflow to determine the coordination chemistry of
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metal-nitrate complexes and calculate the stability constants of
ligand-exchange reactions. In particular, we have demonstrated
that the computational workflow can determine the reaction
free energies of additions of NO; ™ to hydrated metal ions in the
CSM framework at DFT level of theory by exploring a large
number of conformations and various coordination numbers
of metal ions. Therefore, this study demonstrates that cloud
environments can be adapted and optimized to meet the high
demands of high-performance computing (HPC) workloads.

The computational workflow starts from the best-guess con-
formations obtained either from previous literature, AIMD
simulations, or standard procedures using molecular mechanics
or molSimplify (see Fig. 1). Added to these conformations, the
workflow performs a conformational search using enhanced
sampling MD techniques with low-level electronic structure
calculations. Based on energy criteria, 20-40 conformations are
selected and optimized at a high-level theory whose stabilities
are checked by independent DFT MD simulations at the same
level of theory. If they are stable, then the lowest energy
conformations are determined from all selected conformations
including the ones from the latter DFT MD simulations. Other-
wise, the workflow adjusts the conformations and iterates.

The lowest energy conformations for the hydrated metal
ions, [M(H,0),]™, of UO,*", Sr**, Fe*', Fe**, Ce*", and Ce*" are
shown in Fig. 2 suggesting that the coordination numbers are
5,7, 6, 6, 9, and 9, respectively. The workflow predicts that when
one NO; ™~ ion reacts with [M(H,0),]*", one or two water molecules
may leave them, resulting in monodentate and bidentate con-
formations. For the iron metal-nitrate complexes of Fe** and Fe**,
the workflow shows that monodentate and bidentate conforma-
tions can compete with each other and their energy differences
can be on the order of thermal motions. This is also confirmed
by AIMD simulations in the CSM framework which the mono-
dentate conformations can transition to the bidentate conforma-
tions. These results are consistent with the previous periodic
condensed-phase ab initio MD simulations for CO;*~ ion.*® On
the other hand, the other metal ions mainly prefer the bidentate
conformations keeping their coordination numbers the same as
[M(H,0),]"" metal complexes. Overall, the workflow predicts the
reactions presented in eqn (3) from which it calculates the
reaction free energies. Interestingly, the workflow allows one to
get the Boltzmann average reaction free energies by taking a
weighted average of the free energies of possible reaction states.
Comparing Boltzmann average reaction free energies and the
reaction free energies from the lowest energy conformation shows
that their differences are usually less than 10%.

The conformational searches and reaction free energy calcula-
tions in the workflow only involve the first solvation shells, which
allows one to reasonably find the lowest conformations through
advanced conformational searches.”*** An advantage of this work-
flow is its ability to explore higher coordination numbers for a
given metal complex, as demonstrated with [Fe(NO,)(H,0)s]"""**
and [Fe(NO;)(H,0),]""*" in Section 3.1.1. The findings underscore
the importance of carefully designing the first solvation shell
within the CSM framework. Specifically, metal-nitrate complexes
with a coordination number of 7 are prevalent in bidentate
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conformations of [Fe(NO,)(H,0)s]'"/?*, whereas steric constraints
limit the coordination number to 6 for [Fe(NO,)(H,0),]*""*" in the
resulting bidentate conformations.

It becomes vastly more difficult if the computational work-
flow includes the second and higher solvation shells. In this
regard, the workflow uses linear free energy relations to correct
the systematic errors that occur in the computations due to the
absence of the higher solvation shells in the CSM framework.
The linear free energy approach only requires a few experi-
mental data, which are often available and can be applied to the
newly calculated free energy of reactions whose experimental
values are unavailable. Table 3 presents the resulting reaction
free energies from the workflow and compares them with the
experimental values. In general, the workflow reaction free
energies are in good agreement with the experimental results
with deviations that may be attributed to experimental uncertain-
ties. The general trend in the workflow predictions shows that the
stability constants are largest for Ce*" and Fe*" having the highest
charge densities for [M(H,0),]"". The trend in the calculated
reaction free energies align well with the trend in the Mayer bond
order®* for the bond between the metal and the closest oxygen of
NO;™ ligand. Interestingly, the experimental data shows that the
stability constant for Fe*" is largest while the stability constant for
Ce*" (at an ionic strength of 3.5) is among the lowest ones. Unlike
the reported experimental data, the reaction free energy of UO,>"
from the workflow is close to the one for Fe** and it is about
0.5 keal mol ™" more negative resulting in relatively high theoretical
stability constants among the studied metal ions. Such discrepancies
might be attributed to errors in the experiments as stated in ref. 102
but its remains to future studies to explain them.

In this study, the stability constants are calculated based on
relatively simple coordination and bonding chemistry by
excluding the complexities that may arise due to the inclusion
of higher hydration shells.?®*"''* The sensitivity of reaction free
energies to various functionals and basis sets are reported for the
UO,*" reaction using the linear free energy corrections. The
differences between the reaction free energies for all functionals
and basis sets turn out to be less than 0.5 kcal mol ™" showing
the significance of linear free energy relations for the workflow
calculations. The effects of concentrations, ionic strength, spe-
ciations, and pH in the CSM framework on the reaction free
energies may be incorporated using standard thermodynamic
equations.™'"* An extension would be to study these reactions
with explicit modeling of higher solvation shells in the con-
densed phase ab initio molecular simulation techniques at
various ionic strengths.”®™® This is the subject of future studies,
where we are exploring machine learning potentials,?>'**3
which can significantly increase the time and length scales
accessible in MD simulations.®®

In summary, we demonstrate that one can use cloud com-
puting resources to carry out a relatively complex computa-
tional workflow equipped with conformational searches to
predict the coordination chemistry and the resulting stability
constants of various alkaline earth, transition, actinide, and
lanthanide metal-nitrate complexes in the CSM framework
relevant to the separation processes. This is accompanied by
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applying linear free energy relations to report the stability
constants that show good agreement the experimental values.
In a future work, our cloud computing workflow will be further
developed to study the stability constants for bis, tris, tetrakis
metal nitrate complexes in aqueous solutions and the metal
complexes involving water, nitrate and organic molecules in
various resins. These data will be used to develop a generative
artificial intelligence approach to predict more complex chemical
reactions relevant to separation and nuclear forensics projects.

Data availability

The ESIt includes the optimized structures of the studied metal
complexes and the related structural analyses.
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Appendices

A Determination of reaction free energies: systematic errors &
linear free energy relations

As discussed in the main text, the main source of systematic
errors in the CSMs can arise from an insufficient number of
solvent molecules (inaccurate solvent structure) around the
reactants and products. Interestingly, when one increases the
number of solvent molecules around the reactants or products,
finding the minimum structures becomes extremely challen-
ging, introducing more errors. Therefore, one may argue that it
is plausible to keep the system size small in the CSM framework
and find alternative ways to correct the systematic errors in the
theoretical/computational data when compared to the experi-
mental data. In this regard, one can use a linear correction
model. One can assume that the systematic errors are consis-
tent across all data points. Let’s denote the available experi-
mental data points (reaction free energies) as e = (ey, €y, . . ., €y)
and the corresponding calculated data as ¢ = (cy, ¢, - . ., ¢,). TO
correct the systematic errors, one can consider a linear regres-
sion model of the form:

e;=ac;+b (4)

where a is the scaling factor and b is the offset for the
systematic corrections and can be calculated as

_2(a=0(a—-2
> (e —e) (5)

b=e¢—a-c

are ¢ and e the means of the calculated and experimental data,
respectively, and can be determined using least-square fitting.
Another feature of this linear free energy correction is that it can
capture the standard-state corrections for comparisons with the
experimental solution-phase free energies. Since the solvent
(water) concentration remains nearly constant in the studied
ligand-exchange reactions, linear free energy corrections can be
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Table 5 Comparison of the thermochemistry of the reactions presented in eqn (3) (before applying linear free energy corrections) using different

functionals and basis sets

AEco; AH TAS AG
Functional Reaction Basis set (keal mol ™) (keal mol ™) (kecal mol ™) (keal mol ™)
Lowest energy conformers
B3LYP 1A LANL2DZ —2.1 —-3.8 6.6 —10.4
B3LYP 1A Stuttgart RSC -1.5 —-3.8 8.3 —-12.1
BLYP 1A Stuttgart RSC —3.5 —6.1 9.6 —15.7
PBE 1A Stuttgart RSC —4.8 —8.0 9.7 —-17.7
B3LYP 1B LANL2DZ —11.5 —-11.7 —2.8 —-8.9
B3LYP 1B Stuttgart RLC —7.8 —8.0 —2.8 —5.2
B3LYP 1B Stuttgart RSC —8.6 -9.7 —0.8 —8.9
BLYP 1B Stuttgart RSC —13.3 —14.5 —-0.1 —14.4
PBE 1B Stuttgart RSC —-11.7 —12.4 —-1.4 —11.0
Boltzmann averaging: all structures
B3LYP 1A LANL2DZ —2.2 —4.4 7.7 —-12.1
B3LYP 1A Stuttgart RSC -1.5 -3.9 7.4 —-11.3
BLYP 1A Stuttgart RSC —-3.4 —6.2 9.8 —16.0
PBE 1A Stuttgart RSC —-4.9 —-8.0 10.2 —18.2
B3LYP 1B LANL2DZ —11.5 —-11.9 —2.4 -9.5
B3LYP 1B Stuttgart RLC -7.7 -7.9 —-3.0 —4.9
B3LYP 1B Stuttgart RSC —-8.7 —9.0 —2.7 —6.3
BLYP 1B Stuttgart RSC —-13.3 —14.6 —0.4 —14.2
PBE 1B Stuttgart RSC —12.3 —12.8 -1.6 —11.2

applied to capture the standard-state corrections™®*”**13 for

the formation of metal-nitrate complexes, whether in mono-
dentate or bidentate conformations (see Tables 3 and 4). A more
rigorous connection between the coefficients of linear free
energy approach and the standard-state corrections is the sub-
ject of future research.

Once a and b are known for a given set of reactions, one can
apply the correction to any related calculated data points,

Ccorrecteds AS

Ccorrected = A°C +b (6)

In this study, we used three experimental data, namely, the
data available for the first addition of NO,~ for UO,>", Sr**, and
Fe®* metal complexes as presented in Table 3 to empirically
determine a and b as 0.026 and —0.59 kcal mol ', respectively.

B Choice of functionals and basis sets

In this section, we study the reaction free energies using
different functionals and basis sets. The DFT functionals are
based on the local electron density and its gradient, and
include B3LYP (hybrid),"® BLYP (non-hybrid),"® and PBE (non-
hybrid)*® functionals. In general, B3LYP is often used for
molecular systems while PBE might be preferred for solid-
state applications and BLYP can be a good choice for systems
where dispersion interactions play a significant role. The ECP-
type basis sets involve Stuttgart RSC 1997 ECP,°>° Stuttgart
RLC 1997 EPC,*>”° and Lanl2dz ECP,""° which are widely used
ECP-type basis sets and it is commonly observed that for
various properties the RLC ECPs tend to produce less accurate
results than those using RSC ECPs and Lanl2dz ECP.''°

Table 5 compares the reaction free energies obtained using
the workflow at different levels of theory with the functionals of
B3LYP, BLYP, and PBE for UO,>" metal complexes. We also

This journal is © the Owner Societies 2025

show the sensitivity of the thermodynamic properties to various
basis sets.
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