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Affinity, which is the essential attribute of metal ions, is very important to their physical and chemical properties.
To make quantitative description and deep understanding on the affinity, fourteen metal ions were considered,
and two representative ligands (H2O and NH3) were selected. Five types of energy of five models have been
calculated using the density functional theory. Then, the results have been applied to quantify the affinity and
describe its evolution in the ligand exchange process. Three aspects, energy decomposition analysis, natural bond
orbital analysis, and information-theoretic approach in density functional reactivity theory, have been consid-
ered to understand the affinity.

1. Introduction

The affinity of metal ion to ligand plays an important role in various
fields, such as chemistry, biology, industry, even whole nature [1-3],
and has a great influence on various properties of metal ions, such as
dissolution [4], catalysis [3], migration [1], coordination [5], biocom-
patibility [2,6], recognition [2], etc.. Therefore, many efforts have been
paid on it. The binding energy between ligands and metal ions is a valid
criterion used to directly evaluate the affinity [6]. For instance, the
hydration energy of beryllium and magnesium ions was investigated
with ab Initio methods by Markham et al., which concluded that the
long-range interaction, namely the outer hydration shell, should be
considered to calculate the affinity with water [7]. The geometrical and
energetical features of hydration complexes of several 3d ions from Sc
(ITI) to Fe(IIl) have been calculated by Kallies et al. using the density
functional theory, which found that the charge-transfer contribution
analyzed from natural bond orbital is similar to that obtained from
classical ligand field theory [8]. One of the widest applications of the
affinity of metal ions is the ion chromatography, which is the indis-
pensable instrument in chemical laboratory [1]. Moreover, there are
many other literatures relating to the affinity [9,10].

Comparing to the absolute affinity (i.e., the bonding energy), the
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relative affinity (i.e., the ligand exchange energy) between different
metal ions and ligands (which belonging to same series) is more
convenient to predict the thermodynamically favorable bonding [10],
ionic separation [1], ionic recognition [2], etc.. The ligand-exchange
model is a widely used approach to investigate the relative affinity of
metal ions to different ligands and other related properties. For example,
Varadwaj et al. found that the Ni(II) and Co(II) complexes would add
stability of 7 + 2 and 6 + 1 kcal/mol respectively if per HyO was
replaced by NH3 [11,12]. Namely, both of the Ni(II) and Co(II) have
stronger affinity to NHg than Hy0, although the magnitude of affinity is
different. The similar approach was also applied on the bonding energies
of complexes of Mn(II), Co(II), Ni(II), Cu(Il), and Zn(II) with H5O and
NOj3 [13], the coordination state probabilities of Zn(II) in the mixture of
H0 and CH3OH [14], the interaction between dipicolinic acid and
hydrated Fe(II) [15], and the relative stability of Tb(III) with several
substituted pyridinecarboxylic acids [16]. Then, Varadwaj et al also
reported the calculated Irving-Williams thermodynamic series of several
metal ions with some non-chelating ligands to predict the experimental
sequence [17]. Nevertheless, Jover et al. calculated the binding affinities
between monovalent cations (Li(I), Na(I), K(I), Cu(I), Ag(I)) and twenty
common amino acids, which have been applied to search for the highest
and lowest bonding [5].
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In most metal complexes, the coordination atoms are usually the
nitrogen and/or the oxygen. To evaluate the affinity of metal ions to
oxygen and/or nitrogen more reliably and understand more reasonably,
numerous efforts have been paid from different perspectives, including
experimental, theoretical and computational aspects [18]. In experi-
mental aspects, besides the X-ray crystal diffraction, the X-ray absorp-
tion fine structure spectroscopy is also developed to directly determine
the coordination structure of metal ion in solution [19], which result in
the researcher can directly look the closest coordinated atoms. In
theoretical aspects, the affinity has been described with different the-
ories. For example, the famous hard and soft acids and bases (HSAB)
principle is a qualitative guidance to describe the stability of complexes
between metal ions and ligands, which is based on that the affinity is
stronger between hard ion and hard ligand or soft ion and soft ligand,
but it is weaker between hard ion and soft ligand or soft ion and hard
ligand [18]. And the molecular orbital theory can be used to explain the
affinity between metal ion and ligand [7]. In computational aspects, lots
of methods, especial the density functional theory (DFT) have been
widely applied to calculate the affinity of metal ion and ligand based on
the geometry, energy, electron number, etc. [12,13,17,20]. In these
three aspects, the computational approach is the most convenient, and
gradually become the popular approach to explore the affinity of metal
ion to ligands [7,11-13,17,20].

At initial, fourteen common metal ions (Na(I), Mg(II), Al(III), Ca(Il),
Sc(IID), Ti(IV), v(I), Cr(Il), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II),
the most stable valence state has been chosen for each element), have
been considered, because they are widely concomitant in various sys-
tems and they can be used to extend the evolution of affinity observed by
Varadwaj etal. [11-13,17,20] to a wider range. And, NH3 and H,0 were
selected as the representative nitrogenous and oxygenic ligands
respectively. In this work, the difference of energy calculated from
different models are applied to quantify the relative affinity between
different metal ions and ligands and to explore the evolution in ligand
exchange process. Then, three approaches, energy decomposition anal-
ysis [21,22], natural bond orbital analysis [23] and information-
theoretic approach in density functional reactivity theory [24], have
been applied to understand the affinity.

2. Computational details
2.1. Model

For quantify the affinity of metal ion to ligand and evaluating its
evolution in the ligand exchange process, five reaction equations listed
in Table 1 are considered as the models, and the difference of energies of
these reaction equations are calculated as the descriptors. The model A is
idealized, the bare metal and unimolecular NH3 and H,O are used
[11,12], this model is not the real process due to the hydration of
charged metal ions and aggregation of NH3 and H3O, but it has been
widely used to represent the reactions between the metal ions with NHg
and H30. The model A is related to the bare metal ions, its reaction
energy is a measurement of absolute affinity [8]. The model B, C and D
are equivalent in mathematics, these three models can interconvert with
other reaction equations of independent on the metal ions. But model B

Table 1
Five reaction equations applied to evaluate the affinity between metal ions and
ligands. The metal ion is represented with Ni(II), and united with kJ/mol.

Model  Reaction equations Ref.

A Ni?* + (6-n)H20 + nNH; — [Ni(H20)g.n(NH3),1>" [11,12]

B [Ni(H20)6]*" + nNHZ — [Ni(H20)6.n(NH3),1*" + nH30™ [11]

C [Ni(H50)6]%* + nNH3 — [Ni(H50)6.,(NH5),]%* + nH,0 [11,12]

D [Ni(H20)6]%" + n/5(NHs)s — [Ni(Hz0)6.n(NH3)a1>" + n/4 [25,26]
(H20)4

E [Ni(H20)6]*" + (H20)6.n(NH3)y — [Ni(H20)6.n(NH3),1*" + new
(H20)e
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considers the protonation of NHj at acidic condition, and the aggrega-
tion of NH3 and H20 was considered in model D. According to the re-
ports of Lee et al. and Nakai et al., the 4 and 5 could be regarded as a
favorable aggregation number of water and ammonia molecules
respectively [25,26], then adopted here. The model E is a new one,
proposed here first time. In this model, for each complex, [M(H20).
2(NH3),1*", the corresponding cage, (H20)e.n(NH3),, is applied as a
reactant to calculate the reaction energies. The reason is that the NH;
and H,0 in bulk phase are must different to them in the complexes, and
they are also different in different coordination condition, at least they
have different activity [27]. The model E can exclude the reorganization
energies of HoO and NHs, this part energy could be regulated by the
solvent molecules, but little affect to the coordination between metal ion
and ligand. The model E could also eliminate the translational entropy
effect caused by difference of molecular number on the two sides of
reaction equation. Therefore, the calculated magnitude of reaction en-
ergy of model E could more purely reflect the affinity between metal
ions and ligands. Moreover, a special cage of (H20)g.n(NH3), is used for
each complex in model E, and the model E is also be called cage ex-
change model.

For all complexes, only the inner shell ligands, namely directly co-
ordinated on the central metal ions are included, because of the outer
shell ligands are interacting to the metal ions through the hydrogen
bond with already coordinated ligand indirectly, and have little influ-
ence to the affinity of metal ions. For the complexes with six ligands, ten
classical configurations have been considered, as Varadwaj et al.’s re-
ports [11,12]. For each configuration, the structure with the lowest
energy is selected to further analysis.

2.2. Theory

In density functional theory, the total energy could be decomposed to
three components, noninteracting kinetic (Ts), electrostatic (Ee), and
exchange-correlation (Exc) energies [21,22]. These three components
have been widely applied to explain the interaction between atoms [28],
and also be used in current work. The natural bond orbital (NBO)
analysis could decipher the molecular wavefunction to concepts
commonly understood by chemists [23], such as Lewis structures,
atomic charge, bond order, etc.. Here, several quantities from NBO
analysis, the molecular electrostatic potential (MEP), atomic charge, and
population of natural atom orbital (NAO) have been adopted. Three
types of atomic charges, natural population analysis charge (NPA),
electrostatic potential charge (ESP) and Hirshfeld charge (Hirshfeld) are
used, and the population in three types of atomic valent orbital, s
(NAO_s), p (NAO_p), (NAO_d), and their sum (NAO_all) are used.
Additionally, the information-theoretic approach in density functional
reactivity theory (ITA-DFRT) [24] developed recently is also used to
understand the affinity from an unclassical perspective. The core idea of
ITA-DFRT is that one can describe the reactivity of molecule using the
ITA quantities directly calculated from electron density, and the essence
of ITA quantities is the distribution characteristic of electron density.
The ITA-DFRT have been successfully used to numerous aspects [24],
including aromaticity/antiaromaticity [29], steric effect [30], electro-
philicity/nucleophilicity [31], etc., but its availability in complexes is
not clear up to now. Eight ITA quantities were calculated here, including
Shannon entropy (Ss), a local functional of the electron density and a
measure of the spatial delocalization of the electron density probably
gained the most attention, Fisher information (Ig), a gauge of the
sharpness or concentration of the electron density distribution, Ghosh-
Berkowitz-Parr entropy (Sgpp), the local kinetic energy density and
Thomas-Fermi kinetic energy density, information gain (Ig), a non-
symmetric measure of the entropy difference between two probability
distribution functions, second and third Onicescu information energy
(E5 and E3), a finer measure of dispersion distribution than that of the
Shannon entropy, and second and third relative Rényi entropy ("Ry and
'R3), a measure of the deviation of electron density from a reference
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density [24].
2.3. Calculation

All calculations were performed at the DFT M06 [32]/6-311++G(d,
p) [33] level of theory using the Gaussian 09 package version D01 [34]
with the tight SCF convergence criterion and ultrafine integration grids.
The tight option has been adopted to determine convergence of geom-
etry optimization, and the default option has been used for frequency
calculations. The single-point frequency calculation was performed
based on the optimized structures to ensure that the final structure ob-
tained has no imaginary frequency. Based on some test calculation about
the metal ions that own more than one spin states (the results are
collected in Table S4), the highest spin complexes have the lowest en-
ergy, then high spin state was adopted for the metal ions [11-13,20]. To
exclude the reorganization energy of the cage formed with isolated li-
gands, and avoid the distortion of geometry of the cage, for the model E,
the single-point calculation was performed to obtain the energies of each
(H20)6.n(NH3), cage for all metal ions. The energy components and
natural bond orbital analysis were also performed by a single point
calculation based on the optimized structures. The MultiWFN 3.6 pro-
gram [35] was used to calculate the ITA quantities using the formatted
check point file from Gaussian calculation as the input file.

3. Results and discussion

In this section, firstly, the geometric characteristics of metal ion
complexes in the process of NH3 gradually replacing H,O have been
discussed; Secondly, five types of energy calculated based on five models
have been applied to quantify affinity; Thirdly, three aspects, energy
decomposition analysis [21,22], NBO analysis [23] and ITA-DFRT [24]
have been used to help understand the affinity.

3.1. The geometries of complexes

The most favorable coordination number of metal ions depends on
the coordination environment and the nature of the ligand. For example,
in the report of Rudolph et al. [36], according to Raman spectroscopy,
Ca(Il) is 6-coordinate in aqueous; While in the reports of Demadis et al.
and Colodrero et al. [37,38], according to single crystal X-ray diffrac-
tion, both of 6-coordinate and 8-coordinate are existing. Similar phe-
nomena have also been observed for other metal ions, such as, Sc(III)
[39,40], Ti(IV) [4,41], Cu(Il) [42,43], etc.. Nevertheless, the results of
this work indicated that the affinity of metal ion calculated according to
different coordination numbers follows the same pattern, which has
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been demonstrated by 6-coordinate and 8-coordinate Ca(Il), Sc(IIl), Ti
(IV) as well as 4-coordinate and 6-coordinate Cu(II) collected in Sup-
plementary Materials. Based on this fact, only one coordination number
is selected for each metal ion here.

Most of the fourteen metal ions can form 6-coordinate complexes
with Hy0 and/or NH3. As reported by Varadwaj et al. [11,12], the ex-
change process between H,O and NHj of the 6-coordinate Ni(II) com-
plexes can be represented by ten topological structures as shown in
Fig. 1. Some metal ions are not always be coordinated with six ligands.
For example, Ca(Il), Sc(Ill) and Ti(IV) can be coordinated with eight
ligands, and their complexes are twisted hexahedron [4,37-41,44];
While Cu(II) can be coordinated with four ligands, and its complex is
quadrilateral [42,43]. These geometric shapes are shown in Figure Sla
and Figure S1b of the Supplementary Material.

As shown in Fig. 1, taking the 6-coordinate complex of Ni(II) as an
example, all of the ten structures in the ligand exchange process are
octahedron, which is consistent with reports in the literature [11,12].
The bond lengths of Ni-N and Ni-O are about 2.14 and 2.08 A respec-
tively, and the bond angles of L-Ni-L (L is NH3 or H,0) are about 178 + 2
and 90 + 2° respectively. For all of metal ions, the computational bond
lengths of Ni-N and Ni-O agree well to the experimental result, which is
R? > 0.96 with a small positive discrepancy (Figure S2). Additionally, as
demonstrated in Fig. 1, the complexes of other metal ions coordinated
with six ligands have similar shape, but the bond length and bond angle
fluctuate slightly when changing the metal ions. And the exchange of
H20 with NHjz has nothing to do with the skeleton of the complexes, the
octahedron shapes are maintained during the process from [Ni
(H20)6(NHs)0]?" to [Ni(H20)o(NH3)6]?t [11,12]. For the metal ions
coordinated with eight and four ligands [44,45], the evolution of their
geometry shape is similar.

3.2. Quantifying the affinity with the thermal energies calculated from
different models

There are five types of energy have been usually used to describe
chemical or physical process. Namely electronic energy (E), zero-point
energy (Z), thermal energy (U), enthalpy (H), and Gibbs free energy
(G) [6,46]. The electronic energy is defined by the Schrodinger equation
and depends on the electron state of the molecule [21]. The other four
types of energy are the eigenfunctions of the corresponding eigenstates,
and are used to evaluate the spontaneity of the corresponding chemical
or physical processes [47]. Herein, these five types of energy have also
been used to quantify the affinity of metal ions to NH3 and H»O, as listed
in Tables 2 and 3 with some metal ions, Mg(II), Fe(IIl) and Ni(II). The
complete results were collected in Table S1 of Supplementary Materials.

(H,0)(NH,),

trans-(H,0),(NH;), mer-(H,0);(NH;); trans-(HZC;)z(NH3)4 (Hzo)o(NHJs)e

Fig. 1. The eight geometries of possible complexes in the successive ligand exchange process, using the Ni(II) as the example.
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Table 2

The different thermal energies of the models A, D, and E, exampled with Mg(II), and united with kJ/mol.
Model 0* 1 cis_2 trans_2 fac3 mer_3 cis_4 trans_4 5 6 R?
A
AE —-391 —409 —428 —428 —446 —445 —463 —463 —480 —497
AZ —338 —352 -371 —372 —388 —387 —407 —404 —424 —440 0.99
AU —337 —352 -371 —-371 —388 —387 —406 —404 —423 —439 0.99
AH —352 —367 —385 —386 —403 —402 —421 —419 —438 —454 0.99
AG —137 —145 -162 —166 —178 -173 —193 —188 —209 —223 0.98
D
AE 0.0 —-23.0 —46.4 —46.4 —69.4 —68.7 —-92.0 -91.3 —-114 —-135
AZ 0.0 -17.3 -39.5 —40.9 —60.3 —59.2 —82.0 -79.4 -102 —122 0.99
AU 0.0 —20.2 —43.3 —44.2 —65.6 —65.0 —88.4 —86.6 -110 —-131 0.99
AH 0.0 —-20.1 —43.1 —43.9 —65.2 —64.6 —-87.9 —86.1 —-109 —-130 0.99
AG 0.0 -15.0 —-39.3 —43.0 —62.0 —57.6 —84.5 —78.8 -107 —128 0.99
E
AE 0.0 —35.2 -76.3 -73.3 -120 -117 —161 —154 —214 —260
AZ 0.0 —-29.1 —66.0 —63.0 —111 —-104 —148 —142 -199 —237 0.99
AU 0.0 —24.9 —54.6 —54.3 —100 —89.9 —-135 —-131 —181 —218 0.99
AH 0.0 —24.9 —54.6 —54.3 —-100 —89.9 —-135 -131 —181 —218 0.99
AG 0.0 —-34.3 —80.2 —-74.9 -126 -118 —164 —154 —220 —-261 0.98

" The label refers to the number of NH;z and the configuration in the complex.

# The square of correlation coefficient with AE.

Table 3

The difference of enthalpy (AH) of five calculation models. Represented with Na(I) and Ni(II), and united with kJ/mol.
Model 0~ 1 cis_2 trans_2 fac.3 mer_3 cis_4 trans_4 5 6 R*
Na()
A —152 —158 —-165 —-165 -171 -171 -177 -177 —181 —185
B 0.0 113 225 225 338 338 451 451 565 680 0.99
C 0.0 —5.85 -12.9 -13.2 —19.1 -19.0 —24.6 —24.6 —29.1 -33.3 1.00
D 0.0 —10.6 —22.3 —22.6 —33.2 —-33.1 —43.4 —43.5 —52.6 —61.6 1.00
E 0.0 -15.1 -16.5 —-14.2 -17.9 -20.7 —28.3 —29.7 —24.7 -37.5 0.87
Ni(IDp
A —487 —-530 —-571 —568 —608 —605 —642 —639 —674 —704
B 0.0 76.0 154 157 236 239 320 324 408 496 0.99
C 0.0 —42.8 —84.0 —-80.5 —120 -117 —155 —152 —187 —-217 1.00
D 0.0 —47.6 —-93.4 —-89.9 —-135 —132 —-174 -171 —210 —245 1.00
E 0.0 —55.8 —-111 -119 —184 -179 —247 —236 —322 —384 0.99

* The label refers to the number of NH; and the configuration in the complex.

# The square of correlation coefficient with AE.

For different type of energy, as listed in Table 2, all types of energy
have the same changing tendency during the ligand exchange process.
The magnitude of energies is always increasing when the NHjs replacing
the H,0, which is consistent with Varadwaj et al.’s reports that the NH3
could stabilize the complexes of metal ions [11,12]. The square of cor-
relation coefficient (R%) between the data of Co(II) or Ni(II) calculated
by us and the result reported by Varadwaj et al. is larger than 0.98
[11,12]. Additionally, in the ligand exchange process, the data listed in
Tables 2 and 3 indicated that each type of energy has an approximate
variate if one HyO is replaced by one NHs, the changing magnitude is
different for different types, and the AE and AG are the largest and the
smallest respectively. Moreover, all types of energy have linearly
correlated each other and their R? are larger than 0.98. This fact indi-
cated that every type of energy can equivalently to quantify the affinity
of metal ion to ligand and to reflect its evolution in the ligand exchange
process, at least in tendency.

For different models, the relative energies calculated based on
different models are correlated, as demonstrated by the R? listed in
Table 3 with the relative enthalpy (AH) of Na(I) and Ni(II). The corre-
lation of model B, C and D could be derived from their mathematical
equivalence (Table 1). However, the positive energy values of model B
listed in Tables 2 and 3 indicated that its corresponding reaction equa-
tion is not a real process. Furthermore, the correlation between models A
and B, C, D indicated the absolute affinity has the same tendency with
relative affinity. The model E is cage exchange, namely, the metal ion

moved from the cage of (H20)g to the cage of (H20)6.n(NH3),. The re-
sults of model E is still well correlated compared to other four models.
This indicated that the cage-exchange model proposed in this work is
also efficient to quantify the affinity of metal ions and to describe its
evolution in the ligand exchange process. Comparing to other four
models, the model E provide an approach to directly evaluate the af-
finity of metal ions to different cages, not to isolated ligands. This is
practical, because metal ions in solution are usually surrounded by other
molecules, most likely in a cage, rather than interacting with several
isolated ligands.

Another interest phenomenon is that the stabilization energy by each
NHj approximates to a constant, namely, during the ligand exchange
process, the first NH3 has the same stabilization contribution to the
complex as well as the last NH3 has. This was also observed by Varadwaj
et al. for Ni(II) and Co(II) [11,12]. This phenomenon can be clearly
demonstrated by the monotone linearly changing of the five types of
relative energy, as shown in Fig. 2. Here, the AE, AZ, AH, and AG of
several metal ions calculated based on model D are linearly correlated
with the number of NH3 in complex, with R? > 0.95. While, comparing
to the distinguishable influence of the number of NH3, the difference of
topological configurations (cis- and trans-, mer- and fac-) have little in-
fluence on the energies. Additionally, the difference of the relative af-
finity of different metal ions with NH3 and H50 can be evaluated with
the value of energies (Table 3) and directly observed from the difference
of the slopes of fitted lines (Fig. 2). Moreover, according to the linear
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Fig. 2. The gradientally changing relative energy calculated based on model D when water was replaced with ammonia. (a), (b), (c), and (d) are refer to electronic

energies, zero-point energy, enthalpy, and Gibbs Free energy respectively.

relationship between relative energy and the number of NHs, it is can be
drawn that the NH3 or Hy0 coordinated on metal ion has little influence
on the ligand exchange process from the aspect of energy. It can be
predicted that the difference of energies of (H20)o(NHs)g of different
metal ions by those of (H20)5(NH3),, at least in tendency. Based on this
principle, the first step coordination energy has been applied to estimate
the total coordination energy between metal ions and acidic
phosphorus-containing compounds [48].

3.3. Understanding the affinity from different aspects

As aforementioned, all of the five types of energy calculated based on
the five models are available to quantify the affinity of metal ions with
NH;3 and H,O, which are consistent with Varadwaj et al.’s repots
[11,12]. However, the reports about the understanding of the affinity

Table 4

are rare [9]. Herein, we attempt to provide the understanding of affinity
from three aspects, energy decomposition analysis [21,22], natural bond
orbital analysis [23] and information-theoretic approach in density
functional reactivity theory [24]. Some representative quantities
calculated based on these three aspects are listed in Table 4 with the Ni
(II) as the example, the correlation coefficients between these quantities
and the relative affinity quantified with relative Gibbs free energy (AG)
are collected in Table 5, and some cases are plotted in Fig. 3.

3.3.1. With energy decomposition analysis

The AE,, AT;, and AExc of ligand exchange process of Ni(II) were
listed in Table 4. Their magnitude illustrated that the E, and T provide
the main positive and negative contribution to the total energy changing
during the ligand exchange process, although the contribution of Exc is
very small. According to their large correlation coefficients (Table 5)

Some quantities of mixture complex, using the Ni(II) as an example. The trans_2, mer_3, and trans_4 is not presented due to the limitation of width. The relative values
are calculated based on model D. The quantities from natural bond orbital analysis and absolute ITA quantities belong to the central metal ions, but the relative ITA

quantities belong to the whole molecule.

Quantities 0* 1 cis 2 fac3 cis_4 5 6

AE, 0.00 —444444 —888872 —1333302 —1777714 —2222097 —2666474
AT, 0.00 163,583 327,151 490,724 654,282 817,814 981,341
AExc 0.00 —37.16 —70.54 -104.17 -132.97 —157.81 —183.55
ESP 1.6415 1.5188 1.6619 1.6333 1.6623 1.5895 1.6896
Hirshfeld 0.49456 0.48257 0.47201 0.46231 0.45589 0.45284 0.45104
NPA 1.1251 1.0606 0.9988 0.9402 0.8833 0.8324 0.7774
MEP —128.257 —128.280 —128.300 —128.321 —128.337 —128.351 —128.364
NAO_all 8.85005 8.91440 8.97540 9.03266 9.08795 9.13689 9.18894
Ir 6109.476 6109.035 6108.571 6108.159 6107.714 6107.534 6107.180
Ey 5114.533 5114.645 5114.731 5114.800 5114.871 5114.913 5114.920
Ry 27.1166 27.1565 27.2088 27.2864 27.2587 27.3535 27.3509
Al 0.00 —0.6197 —1.1781 —1.7149 —2.2081 —2.6272 —3.1417
AE, 0.00 —0.0538 —0.0988 —0.0041 —0.0003 —0.0366 —0.0150
AR, 0.00 0.1268 0.2292 0.3139 0.4084 0.4624 0.4871

" The number of NHj in complex.
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Table 5
The correlation coefficients between AG and other quantities.
Quantities Na(l) Mg(11) AI(IID) Sc(I1I) V() Mn(ID) Fe(IID) Co(ID) Ni(ID) Zn(11)
AE, 0.977 0.997 0.999 0.997 0.998 0.996 0.991 0.996 0.998 0.995
AT -0.977 —0.997 —0.999 —0.997 —0.998 —0.996 —0.991 —0.996 —0.998 —0.995
AExc 0.976 0.995 0.917 0.990 0.990 0.979 0.979 0.979 0.999 0.950
ESP 0.758 —0.605 —0.236 0.491 0.840 0.981 0.596 0.816 —0.204 0.731
Hirshfeld —0.969 —0.549 0.990 0.974 0.930 0.989 0.976 0.976 0.971 0.897
NPA 0.952 0.989 0.999 0.982 0.985 0.994 0.988 0.993 0.998 0.952
MEP 0.977 0.997 0.999 0.994 0.996 0.991 0.987 0.996 0.999 0.987
NAO_all -0.977 —0.997 —0.999 —0.992 —0.996 —0.991 —0.988 —0.996 —0.999 —0.989
Ir 0.970 0.989 0.999 0.988 0.992 0.997 0.991 0.985 0.993 0.994
E, 0.706 —0.944 —0.949 0.957 —0.993 —0.994 —0.939 —0.953 —0.965 —0.905
Ry —0.481 —0.826 —0.897 —0.981 —0.405 -0.977 —-0.977 —0.933 —0.892 —0.948
Alp 0.961 0.990 —-0.915 0.983 0.990 0.986 0.968 0.982 0.998 0.960
AE, 0.023 —0.528 —0.910 —0.713 0.249 —0.634 —0.806 0.052 —0.157 —0.640
A'Ry —0.975 —0.993 —0.986 —-0.727 —0.997 —0.996 —0.956 —0.968 —0.979 —-0.919
Energy components NBO analysis
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Fig. 3. The linear relationship between relative Gibbs free energies and other quantities, using the AG of Ni(II) calculated from model D as the examples (bold
marked cells in Table 5). (a) The energy components, (b) the MEP and NAO_all (summary of occupation number of valence s, p, and 4 orbital), (c) the ITQ of central

metal, and (d) the relative ITQ calculated as model D of whole molecule.

and definite linear relationship (Fig. 4(a)), these three components are
necessary to the total energy. And these facts suggest that the relative
affinity of metal ions can be understood by the energy components. In
DFT, the energy is conventionally decomposed to three components, Ee,
Ts and Exc. Ee is the electronic energy, which represents classical
coulombic interaction energy [22]. NHg could provide larger electron
density than H»O at the bond crucial points [11], resulting in stronger
E.. Therefore, the E, is positively correlated to the number of NH3, and
positively correlated to the AG. In fact, the E, is closely related to the
atomic hardness and softness [22]. The interaction between metal ion
and ligand could be described well by the HSAB [18]. It is predictable
that E. should also be able to describe the affinity. For the other two
quantities, T is another major component [21], and its contribution to
the total energy is opposite to E.. Therefore, it has a negative correlation
with AG. Exc is a little component in whole energy, and its correlation

was mostly depended on exchange energy. The exchange energy is non-
classic electrostatic interaction of electron [21], which is similar to the
E. and has positive correlation to the AG.

3.3.2. With NBO quantities

Several representative quantities of NBO analysis, including atomic
charge (ESP, Hirshfeld and NPA), molecular electrostatic potential
(MEP) and population of natural atomic valence orbital of central metal
ions (NAO_all is presented here, and other NAO quantities are collected
in Table S2), were collected in Table 4. Their correlation coefficients
with affinity (AG) were collected in Table 5. For the atomic charge, the
ESP charge is not monotonic changing with the number of NHz, and has
a small correlation coefficient (Table 5). Therefore, the ESP charge is not
suitable to comprehend the affinity. While, both of Hirshfeld and NPA
charges show a rigorous monotonous changing, as demonstrated with
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Fig. 4. The relationship between relative Gibbs free energies and relative ITQ fitting together. The (a) and (c) refer to the original relative Shannon entropy and GBP
entropy, and the (b) and (d) refer to modified Shannon entropy and GBP entropy with effective ionic radii and atomic number.

the large and negative correlation coefficients in Table 5. The lower
charge values on the metal ion correspond to the larger number of NH3,
which is consistent with Varadwaj et al.’s reports that the NHj is
favorable to charge transferring from ligand to metal ions [11,12]. The
MEP and NAO from NBO analysis also present special changing rules.
The three quantities of NPA charge, MEP and NAO are intrinsically
related to the atomic charge, especial the NPA charge. It is positively and
negatively correlated to the MEP and NAO respectively [23]. Conse-
quently, these quantities from NBO analysis are suitable to understand
the affinity except the ESP charge.

3.3.3. With ITA quantities

Two types of ITA quantities, which are belonging to metal ions and
whole molecules respectively, are collected in Table 4. Their correlation
coefficients with AG based on model D are collected in Table 5. The
difference of absolute ITA quantities mainly contributed from the
changings of the number and/or type of atoms in complexes [24]. It
should be noted that the ITA quantities of the whole molecule are
relative value by calculating based on model D, as the absolute value
could not be compared directly. It is shown that the atomic ITA quan-
tities of central metal ions are distinct monotonous increasing or
decreasing as the changings of the number of NHz (Table 4, S3a). The
correlation coefficients of atomic ITA quantities with AG (Table 5) are
mostly good to excellent, and the plotting of linear relationship are also
shown in Fig. 3(c). For the molecular ITA quantities, as the correlation
coefficients (Table 5) and the fitting lines (Fig. 3(d)) illustrated, most
cases (ASs, Als, ASgpp, AR, etc.) are monotonous fluctuation as the
changings of the numbers of NH3. However, the Al and AE;, are not
monotonous fluctuation. These facts distinguish if the atomic and mo-
lecular ITA quantities was valid to understand the affinity from the
aspect of distribution of electron density.

As aforementioned, all the energy components, some quantities from
NBO analysis, and ITA quantities have good to excellent linear corre-
lation with affinity as fitting by individual metal ion. However, these
quantities are difficult to directly compare the affinity with different
metal ions. To provide a uniform measurement for the affinity, we have
tried to fit all metal ions together. We supposed that if the uniform
measurement was existing, all metal ions could be fitted into the same
line. Therefore, the shared fitted trendline and its R? are applied to
quantify the collinearity of all plots. However, both of the energy
components and the energy quantities from NBO analysis are not fitting
efficiently, while some ITA quantities have medium feasibility. As
shown in Fig. 4(a) and (c), taking the relative Shannon entropy (ASs)
and GBP entropy (ASgpp) as the examples, their R? are 0.7929 and
0.5264 respectively. Therefore, both of which are not satisfactory re-
sults. The points could be obviously fitted into several trendlines with
different slopes in both of Fig. 4(a) and (c), with each line represents the
corresponding metal ion. To improve the fitting results, various modi-
fication approaches using different intrinsic properties of ions have been
attempted, and the slightly better fitting results were obtained and
presented in Fig. 4(b) and (d). The effective ionic radii and atomic
number of central metal ions have been applied [49], with their R? are
0.8123 and 0.6021 respectively. The Fig. 4 indicates that ITA-DFRT is a
potential tool to build the uniform measurement to the affinity of
different metal ions.

4. Conclusion

In this work, at first, the affinity between fourteen metal ions with
the NH3 and/or Hy0 were studied. Five types of energy calculated based
on five ligand-exchange models were regarded as the measurement of
the affinity. The results indicated that the novel cage-exchange model
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proposed by us is effective as well as the other four models in quanti-
fying the affinity between metal ions and ligands. Secondly, the corre-
lation analysis demonstrated that the three approaches, energy
decomposition analysis, NBO analysis and ITA-DFRT are useful to un-
derstand the affinity from the aspects of energy components, NBO
quantities, and electron density distribution characteristic respectively.
Thirdly, the ITA-DFRT has been found potential to build a uniform
system in measuring the affinity of different metal ions.
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