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Abstract The affinities of Mg2+ for various substituted
carbonyl ligands were determined at the DFT (B3LYP/6-
31+G(d)) and semi-empirical (PM6) levels of theory. Two
sets of carbonyl ligands were studied: monosubstituted
[aldehydes R–CHO and RPh–CHO] and homodisubstituted
[ketones R2C0O and (RPh)2C0O], where R 0 NH2, OCH3,
OH, CH3, H, F, Cl, Br, CN, or NO2). In the (RPh)2CO case,
the R group was bonded to the para position of a phenyl
ring. The enthalpies of interaction between the ligands and a
pentaaquomagnesium(II) complex were calculated to deter-
mine the affinity of each ligand for the Mg2+ cation and to
correlate with geometrical and electronic parameters. These
parameters exhibited the same trends for all of the ligands
studied, showing that the affinity of Mg2+ for electron-
donating ligands is higher than its affinity for electron-
withdrawing ligands. In the complexes, electron-donating
groups increase both the electrostatic and the covalent

components of the Mg–ligand interaction. This behavior
correlates with the Mg–O(carbonyl) distance and the ligand
electron-donor strength.
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Introduction

The interaction between alkaline earth cations and neutral
oxo ligands is always a subject of great interest in coordi-
nation chemistry, particularly in the fields of biochemistry
and catalysis [1, 2]. Divalent magnesium ions (Mg2+) are
found ubiquitously throughout the four biological king-
doms, where they have specialized functions [3]. Mg2+ is
vital for energy production in plant and bacteria cells, as it is
an important part of the active structures of chlorophyll and
bacteriochlorophyll. In this energy-producing process, sun-
light and raw sap are transformed into carbon dioxide,
carbohydrates, and oxygen [3]. For eukaryotes, Mg2+ is an
integral structural component of the DNA and RNA chains
that dictate cell biochemistry [4, 5]. In the human body,
Mg2+ is an important cofactor that interacts with many
biological molecules, such as the enzymes that modulate
the metabolism of fats and proteins, cell permeability, vas-
cular tone, and neuromuscular excitability [3, 6]. Carbonyl
ligands are an important family of Mg2+ binding partners in
bioinorganic chemistry [3]. The affinity of carbonyl ligands
for Mg2+ may be understood in terms of Pearson’s acid–base
theory [7–9], where both the Mg2+ cation and the carbonyl
group are classified as hard species that tend to form stable
complexes with a highly electrostatic component. In phar-
maceutical industry, magnesium–carbonyl adducts are wide-
ly used as lubricants in the fabrication of tablets and
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capsules [10, 11] and as antitumoral (mithramycin), antibac-
terial (quinolones), ionophore (beauvericin), and antibiotic
(valinomycin) drugs [12–14].

Theoretical and experimental studies [15–18] have great-
ly enhanced our understanding of the interactions between
metal cations and ligands. Monofunctional carbonyl, sulfu-
ryl, and phosphoryl ligands were studied by Buncel and
Borrajo, who showed, as a general trend, that alkaline earth
metal cations interact more strongly with harder (Pearson)
bases [15–17]. Yanez et al. published a set of papers ana-
lyzing the parameters of biological adducts that affect the
strength of binding, such as their specific electron densities,
metal oxidation properties, orbital energy distributions, and
steric effects [18–22]. A detailed DFT study of the influence
of electron donor and electron acceptor groups in a series of
para-substituted acetophenones on the lithium ion affinity
was reported by Senapati et al. [23]. These authors showed
that lateral aromatic groups can modulate the interaction
strength, which is strongly correlated with some specific
electronic and geometrical parameters. Similar trends were
found by Palusiak [24] in para-substituted Cr(CO)5–pyri-
dine complexes, by Ma [25] in silver complexes with car-
bonyl, nitrogenous, thio, and aromatic ligands, and by Gal et
al. [26] in complexes with substituted phenyl rings. Coordi-
nation geometries, electronic features, ion affinities, and
binding strengths were analyzed in studies of the interac-
tions of divalent metal cations with aminoacids [27] and
nucleosides [28].

In the works cited above, the key point is the interaction
between the metal cation and the ligand, which determines
the properties of the complexes and modulates the biologi-
cal effect of each adduct. In the study described in the
present paper, as a continuation of our previous investiga-
tions on the effects of substituents on the interactions be-
tween oxo ligands and alkaline earth cations [29–31], we
quantified the binding energies of several carbonyl ligands
to a cationic Mg2+ pentaaquo complex and analyzed how
the neighborhood of the carbonyl group affects these inter-
actions. The interactions between Mg2+ and two types of
carbonyl ligand—monosubstituted [O0CH(R)] and disub-
stituted [O0C(R)2] ligands (Fig. 1)—were investigated.
The substituents that we analyzed (R 0 NH2, OCH3, OH,
CH3, H, F, Cl, Br, CN, or NO2) were chosen to simulate the
influence of substitution on the carbonyl carbon atom, in-
cluding resonance and inductive effects [32]. For each series
of ligands, there are two patterns of binding: one with the R
group directly bonded to the carbonyl carbon atom, and the
other with the R group bonded to the para position of a
phenyl ring. Based on experimental and theoretical studies
[33–36] on the coordination number of Mg2+ in aqueous
media, we considered an Mg2+ cation coordinated to six
water molecules in an octahedral arrangement and deter-
mined the energy required to substitute one of these water

molecules for a carbonyl ligand. In addition, geometric,
energetic and electronic parameters of the systems that
could show correlation with the substitution energy were
also evaluated. Donation and backdonation involving the
metal–ligand interaction were analyzed using charge de-
composition analysis (CDA) [37].

Computational details

DFT calculations were performed with the B3LYP functional
[38] and the 6-31+G(d) basis set [39] using the Gaussian 09
software package [40]. It has already been shown that this
combination of functional and basis set yields structures that
are in good agreement with those obtained at higher levels of
theory [18–22, 41, 42]. The semi-empirical calculations were
performed with the PM6 method [43] of the MOPAC2009
package [44]. For each ligand, the structures of several con-
formers obtained by rotation around single bonds were calcu-
lated. The structures and energies reported below are for the
most stable conformers among the several calculated for each
ligand. After full geometry optimization with the B3LYP
functional, the second-order force constant matrix was calcu-
lated to confirm that the optimized geometry was a genuine
minimum on the potential energy surface.

The charge decomposition analysis (CDA) method pro-
posed by Frenking and Dapprich [37] was employed to
evaluate the effect of different substituents on the metal–
ligand interaction. In this method, the molecule is divided
into fragments. The molecular orbitals of the complex are
then generated as linear combinations of the fragments’
orbitals [45]. In the present work, each adduct [Mg
(H2O)5L]

2+ was divided in two fragments: the first was the
[Mg(H2O)5]

2+ moiety and the second was the ligand L. In
the CDA method, the interaction between fragments is
obtained by combining three main terms: (i) the mixing
between the occupied orbitals of the first fragment and the
empty orbitals of the second fragment, which indicates the
electron backdonation; (ii) the mixing between the occupied
orbitals of the second fragment and the empty orbitals of the
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Fig. 1 Structures of the monosubstituted (a, c) and disubstituted (b, d)
carbonyl ligands used for Mg2+ complexation
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first fragment, which gives the donation; and (iii) the mixing
between the occupied orbitals of both fragments, which
indicates the charge polarization in the binding region. The
CDA calculations were performed with the AOMix 6.55
package [45, 46].

Results and discussion

Geometry optimization

The geometries of the 37 substituted magnesium complexes
were fully optimized with the DFT and semi-empirical
methods. The optimized geometries for all complexes were
similar, with the exception of the distances d1 (bond length
between the Mg2+ cation and the carbonyl oxygen atom)
and d2 (C0O double bond) (Fig. 2).

Table 1 lists the B3LYP-optimized distances d1 and d2 for
each complex. As the Mg2+ cation–ligand interaction is
predominantly electrostatic in nature [47], the distance be-
tween the metal and the ligand (d1) must reflect its strength.
Analysis of Table 1 shows that complexes with electron
donor groups have smaller d1 bond lengths than complexes
with electron attractor groups, in agreement with previous
theoretical studies [15–22, 28–31]. This behavior confirms
that the electronic (inductive and resonance effects) nature
of each substituent is correlated with d1, as reported before
[23–25, 29–31]. Electron donation increases the charge on
the carbonyl oxygen atom, making the interaction with the
magnesium cation stronger, while electron-acceptor groups
have the opposite effect. For the monosubstituted com-
plexes, the difference between the strongest electron donor
(R 0 NH2) and electron-withdrawing substituents (R0NO2)
is 0.07|e| (directly bonded) and 0.03|e| (para-substituted),
while the difference in charge for the disubstituted com-
plexes is 0.16|e| (directly bonded) and 0.05|e| (para-substi-
tuted). The bond lengths d1 for the mono- and disubstituted
sets are almost the same. Like d1, distance d2 is also corre-
lated with the electronic nature of the substituent. Electron

donor groups increase the negative charge on the carbonyl
oxygen atom by dislocating the π-electron cloud of the
double bond to the carbonyl oxygen atom. This strengths
the binding interaction and increases the d2 distance, where-
as electron-acceptor groups pull electron density away from
the carbonyl oxygen atom to the double bond, weakening
the binding interaction and making the double bond smaller.
In summary, the magnesium complexes with electron donor
groups have longer d2 distances than those with electron
acceptor groups. Similar results were found by Senapati et
al. [23], Ma et al. [25], and in our previous studies [29–31].
The d2 distances for the mono- and disubstituted sets of
ligands are almost the same. The bond lengths d1 in the
magnesium complexes are on average 0.2 Å shorter than
those in the analogous Ca2+ complexes, mainly due to the
difference in the atomic radii of the cations, while d2 is on
average 0.03 Å longer, showing that the binding interaction
between carbonyl ligands and the Mg2+ cation is stronger.
The optimized semi-empirical distances d1 and d2 show the
same electronic effect dependence (see Table S1 of the
“Electronic supplementary material,” ESM). This DFT-
PM6 trend was previously reported by Puzin et al. [48]
and Amin et al. [49].

Interaction enthalpy

The affinity of each ligand for the metal cation was evalu-
ated in terms of the interaction enthalpy, obtained as the heat
of reaction (1) corrected to 298 K with the thermal contri-
bution (using unscaled frequencies). The same approach has
been used previously to determine the interaction energies
between metal cations and ligands [18–31].

Mg H2Oð Þ6
� �2þ þ LT Mg H2Oð Þ5L

� �2þ þ H2O ð1Þ
Figure 3 shows the correlation between the coordina-

tion interaction enthalpy and the value of the Hammett
parameter σP of the substituent for the para-substituted
magnesium complexes. Visual inspection shows that com-
plexes with electron-donating groups have more negative
interaction enthalpies than those with electron-
withdrawing groups. This is due to the resonance struc-
tures associated with each group, which modulate the
electronic charge on the carbonyl oxygen and control the
strength of bonding with the Mg2+ cation. This behavior
has already been noted for calcium [18–22, 29–31], lith-
ium [23], and chromium [24] cations. In the two series of
ligands, the amino-substituted group (R 0 NH2) gives the
most negative interaction enthalpy, whereas the nitro
group (R 0 NO2) gives the least exothermic enthalpy.
The difference in the binding interaction enthalpies of
compounds containing amino and nitro groups is about
24 kcal mol−1 for the monosubstituted series and

Fig. 2 Structures of the octahedral monosubstituted (a) and disubsti-
tuted (b) magnesium(II) aquocomplexes, showing the distances d1
(single bond between the Mg2+ and the carbonyl oxygen atoms) and
d2 (carbonyl double bond). The Mg2+ cation is shown in yellow,
oxygen atoms are depicted in red, and the substituent group R is
presented in purple in the electronic version of the figure
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35 kcal mol−1 for the disubstituted series (Table 1), show-
ing that the inductive and resonance effects of the R group
determine the strength of the binding interaction. Table 2
gives the linear fitting parameters for the data shown in
Fig. 3. They confirm the interaction enthalpy order given
above and, additionally, indicate that the electronic effect
of the two R groups in the disubstituted carbonyl com-
pounds leads to an increase in interaction enthalpy of, on
average, 7 kcal mol−1 [29–31]. The interaction enthalpies

computed for the complexes with magnesium are higher
than the corresponding ones computed for the complexes
with the calcium cation. The smaller cation can better
polarize the electronic cloud of the carbonyl oxygen atom,
causing a stronger ionic interaction [47]. In general, we
found that the interaction enthalpies between the magne-
sium cation and the carbonyl ligands are about
8 kcal mol−1 stronger than those with the calcium cation,
in agreement with previous studies [18–22, 27–31].

Table 1 B3LYP/6-31+G(d) in-
teratomic distances d1 and d2
(see Fig. 2 for definitions of
these distances) in Å, B3LYP
and PM6 interaction enthalpies
(ΔH) in kcal mol−1, Mulliken
charges on the carbonyl oxygen
atom (qO, in |e|), Mg atom
(qMg, in |e|), and on the whole
ligand (qL, in |e|) in pentaaquo
Mg2+ carbonyl complexes, and
the HOMO energy (in hartrees)
of the isolated ligand (EHOMO)

R group d1 d2 ΔHB3LYP ΔHPM6 qMg qO qL EHOMO

Monosubstituted ligands

NH2 2.02 1.25 −15.45 −20.20 0.903 −0.411 0.277 −0.269

OCH3 2.06 1.23 −10.54 −18.03 0.899 −0.405 0.267 −0.373

OH 2.07 1.23 −7.02 −15.14 0.896 −0.402 0.264 −0.278

CH3 2.08 1.23 −3.82 −13.24 0.892 −0.387 0.257 −0.282

H 2.01 1.23 0.49 −6.94 0.890 −0.372 0.252 −0.299

F 2.15 1.21 5.17 −4.24 0.878 −0.349 0.239 −0.331

Cl 2.13 1.22 3.98 −4.97 0.880 −0.358 0.243 −0.326

Br 2.11 1.22 2.53 −5.78 0.884 −0.366 0.246 −0.313

CN 2.15 1.21 7.54 0.16 0.870 −0.338 0.235 −0.346

Ph–NH2 1.98 1.28 −29.86 −34.53 0.948 −0.442 0.339 −0.224

Ph–OCH3 2.00 1.27 −24.58 −28.15 0.942 −0.438 0.326 −0.246

Ph–OH 2.00 1.27 −21.73 −26.38 0.938 −0.436 0.324 −0.252

Ph–CH3 2.01 1.26 −18.51 −22.73 0.932 −0.433 0.319 −0.265

Ph 2.02 1.26 −17.28 −21.13 0.930 −0.430 0.314 −0.269

Ph–F 2.02 1.26 −14.82 −16.87 0.919 −0.424 0.301 −0.274

Ph–Cl 2.02 1.26 −15.33 −17.97 0.924 −0.425 0.306 −0.273

Ph–Br 2.02 1.26 −16.30 −18.84 0.927 −0.427 0.310 −0.268

Ph–CN 2.03 1.25 −7.99 −13.33 0.921 −0.419 0.287 −0.288

Ph–NO2 2.04 1.25 −5.65 −8.20 0.915 −0.414 0.281 −0.292

Disubstituted Ligands

NH2 1.99 1.25 −21.49 −22.08 0.922 −0.426 0.284 −0.269

OCH3 2.02 1.23 −17.64 −19.35 0.913 −0.418 0.276 −0.298

OH 2.03 1.22 −16.12 −18.24 0.909 −0.415 0.272 −0.319

CH3 2.04 1.22 −12.74 −14.35 0.899 −0.401 0.264 −0.258

F 2.15 1.20 10.71 −2.06 0.874 −0.327 0.234 −0.377

Cl 2.13 1.20 7.88 −3.61 0.879 −0.332 0.239 −0.334

Br 2.11 1.21 4.14 −5.62 0.891 −0.341 0.242 −0.308

CN 2.15 1.20 15.83 10.43 0.866 −0.317 0.233 −0.367

Ph–NH2 1.98 1.28 −39.67 −54.88 0.975 −0.466 0.353 −0.216

Ph–OCH3 1.99 1.27 −34.14 −45.19 0.960 −0.459 0.348 −0.240

Ph–OH 2.00 1.27 −32.29 −42.03 0.953 −0.454 0.342 −0.233

Ph–CH3 2.00 1.26 −28.83 −38.23 0.948 −0.447 0.330 −0.247

Ph 2.01 1.26 −26.56 −34.54 0.946 −0.439 0.318 −0.255

Ph–F 2.01 1.26 −18.93 −27.00 0.917 −0.418 0.278 −0.263

Ph–Cl 2.01 1.26 −19.85 −27.89 0.920 −0.423 0.294 −0.264

Ph–Br 2.01 1.26 −21.08 −28.66 0.924 −0.428 0.303 −0.261

Ph–CN 2.02 1.25 −6.25 −23.20 0.910 −0.413 0.278 −0.286

Ph–NO2 2.03 1.25 −3.98 −21.56 0.904 −0.408 0.271 −0.295
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Figures 4 and 5 show graphical representations of the
DFT and semi-empirical interaction enthalpies (given in
Table 1). Qualitative analysis of the electronic effect of the
substituent shows that the semi-empirical method gives the
same trends as the DFT method, although with more nega-
tive interaction enthalpies, in agreement with previous stud-
ies [29–31, 48, 49]. For the monosubstituted complexes, the
PM6 enthalpies are on average 7.9 (±1.4) kcal mol−1 (di-
rectly bonded) and 3.6 (±1.1) kcal mol−1 (para-substituted)
more negative than the DFT values, whereas for the disub-
stituted complexes the differences are on average 5.7 (±4.6)
kcal mol−1 (directly bonded) and 11.2 (±3.2) kcal mol−1

(para-substituted). The PM6 Ca2+–carbonyl interaction
enthalpies [29–31] are about 10 kcal mol−1 lower than the
corresponding Mg2+–carbonyl interaction enthalpies, in
good accord with the DFT results. This shows that the
magnesium and calcium parametrizations of the PM6 meth-
od are in agreement with the DFT calculation, indicating
that this semi-empirical method can be used for the qualita-
tive analysis of divalent cation (Mg2+, Ca2+)–ligand
interactions.

Considering that the electrostatic component is predom-
inant [18–22, 29–31, 47], the charges on the atoms involved
in the binding interaction are important determinants of its
strength. As discussed in the “Geometry optimization” sub-
section, the cases where the interaction occurs between
atoms with the largest charge differences are also those that
have the highest coordination interaction enthalpies. In
Table 1, we list the charges on the Mg and O (carbonyl)
atoms calculated using the Mulliken population analysis
method and the B3LYP functional. Analysis of these
charges shows a common trend [27–31] where complexes
with electron-donating groups have higher charges on the
atoms that participate in the interaction than complexes with
electron-withdrawing groups. The difference between the
charges on the magnesium and carbonyl oxygen atoms
confirms that the interaction is stronger in complexes with

electron donor groups, in agreement with the geometry and
enthalpy results discussed above (Table 1).

Charge decomposition analysis

The interaction between Pearson hard acids and bases is
predominantly electrostatic. However, it may also have a
certain degree of covalent character due to the overlap of
atomic orbitals and charge polarization [47]. A donor–ac-
ceptor charge polarization process can be quantified via the
CDA approach [37]. The CDA method calculates both the
electron donation and the backdonation, and from them, the
amount of charge transfer. For the systems studied here, as
Mg2+ does not have any high-energy occupied d orbitals
available, the backdonation should be negligible (see
Table S2 of the ESM). This is confirmed by the CDA
results, and follows previous studies [18–22, 29–31]. The
charge transfer from the [Ca(H2O)5]

2+ fragment to the li-
gand is close to zero, even in the case of the strongly
electron-attracting substituents [18–22]. Therefore, the
charge transfer process is dictated solely by the donation
from the ligand to the cation aquocomplex, in agreement
with previous studies [18–22, 25, 27, 29–31]. Figure 6
shows the correlation between the interaction enthalpy and
the charge donation calculated using the CDA approach for
the para-substituted compounds. As can be seen, there is a
high correlation between these two properties (r200.96 for
the monosubstituted compounds and r200.95 for the disub-
stituted ones). Complexes with electron donor groups have
higher CDA donation than the corresponding compounds
with electron-withdrawing groups. The amino–nitro differ-
ence in the CDA donation for the monosubstituted com-
pounds is 0.060|e|, while it is 0.095|e| for the disubstituted
ones. These results show that electron donation from the
ligand to the cation also strengthens the ligand–metal bind-
ing, even if the interaction is predominantly electrostatic.
The CDA donation from carbonyl ligands to the magnesium
aquocenter is on average 0.200|e| higher than that to the
calcium aquocomplex, meaning that the binding interaction
with Mg2+ is stronger than that with Ca2+ [29–31]. This can
be understood by considering two effects. First, the size of
the carbonyl oxygen atom is closer to the size of the mag-
nesium atom, thus facilitating the orbital overlap and
strengthening the covalent interaction, than to the size of
the calcium atom [47]. Second, as Mg2+ is smaller than
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complexes containing monosubstituted (triangles) and disubstituted
(squares) carbonyl ligands

Table 2 Linear fitting analysis for the data shown in Fig. 3

Intercept
(kcal mol−1)

Slope
(kcal mol−1)

R2

Monosubstituted −18.44 15.59 0.93

Disubstituted −25.18 25.62 0.98
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Ca2+, it polarizes the ligand more strongly and increases the
covalent charge donation due to charge polarization [47].

The charge transfer from the ligand to the metal cation
can also be quantified by the charge on the ligand after the
complexation process. In Table 1, we list the charges on the
ligand after complexation with the metal cation. As
expected, species with electron donor groups are able to
transfer a great deal of the charge density to the metal center,
thus following the same trend as seen in the analyses of the
distances and atomic charges. The charge on the ligand in
the disubstituted complexes are on average 0.02|e| higher
than the charge on the ligand in the monosubstituted com-
pounds, confirming that the covalent component does not
change much along a series with the same metal cation.
These trends were also found by Senapati et al. [23] and
Ma et al. [24].

The correlations given above clearly indicate that the
ability of the ligand to transfer charge density to the metal
center is an important parameter determining the coordina-
tion interaction enthalpy. When analyzed from the point of
view of the interaction between two fragments, charge
transfer should be associated with the HOMO–LUMO

energy difference between the two fragments. In the present
case, the accepting fragment [Mg(H2O)5]

2+ is constant, so
the important factor is the HOMO energy of the ligand. It is
expected that ligands with higher HOMO energies are better
electron donors, while those with lower HOMO energies are
poorer electron donors. The values of the HOMO energies
of the ligands are also listed in Table 1. Ligands with
electron-donating groups have higher HOMO energies than
those with electron-withdrawing groups [50, 51]. Therefore,
they are more prone to donating electrons than electron-
withdrawing groups are. This also correlates with the
strength of the metal–ligand binding.

Conclusions

The ability of carbonyl ligands to complex the Mg2+ cation
was analyzed in terms of geometric (distance between the
cation and the ligand, and the carbonyl double bond), energetic
(coordination interaction enthalpy), and electronic (charge do-
nation and backdonation, and charges on the magnesium cat-
ion, the carbonyl oxygen atom, and the whole ligand)
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properties. We studied 19 ligands with monosubstituted [O0C
(H)R] and 18 with disubstituted [O0C(R)2] carbonyl groups.
Electron-donating substituents were found to strengthen the
ligand–cation interaction, leading to a more exothermic inter-
action enthalpy, while electron-withdrawing substituents were
observed to have the opposite effect. Electron-donating groups
strengthen the cation–ligand interaction by increasing both its
electrostatic and covalent components. The electrostatic com-
ponent was found to correlate with the cation–ligand bond
length (d1) and the charges of the atoms that participate in the
interaction. Electron-donating groups increase the negative
charge on the carbonyl oxygen atom and reduce the distance
d1, thereby strengthening the ionic component of the interac-
tion. The covalent component of the interaction was observed
to correlate with the CDA electron donation from the ligand to
the metal center and also with the charge transfer from the
ligand after complexation. In both cases, we found that
electron-donating groups increase the ligand-to-metal charge
transfer, strengthening the covalent component of the interac-
tion. The HOMO energy of the ligand is another parameter that
correlates with the coordination interaction enthalpy. Electron
donor ligands have higher HOMO energies than electron-
withdrawing ligands. The B3LYP/6-31+G(d) and PM6 meth-
ods give qualitatively the same trends for the variation in the
interaction enthalpy with respect to the Hammett parameter σP.
Quantitatively, the interaction enthalpies calculated with the
PM6 method are more negative than those obtained with the
B3LYP/6-31+G(d) method.
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