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Hydrogen bonds in the second coordination sphere of metal com-
plexes play a crucial role in the fine-tuning of their chemical and
physical properties, including catalytic activity and selectivity. Our
gas-phase computational study on hydrogen bonds of 180 aqua
and ammine complexes of transition metals indicates that hydro-
gen bond energy depends on the charge of the complex, as well as
on the ratio between the metal oxidation state (OS) and metal
coordination number (CN), and is independent of the geometry of
the complex, metal type and nature of other ligands. We have
determined a linear increase in interaction energy with the
increase in charge, as well as a linear increase of interaction
energy with the increase in the OS/CN value. Based on the data
presented in this work, we can predict and tune energies of hydro-
gen bonds in the second coordination sphere of metal complexes.
That is, ligands of the same type in complexes with the same
charge and the same OS/CN ratio will form hydrogen bonds with
very similar energies, independent of all other factors.

Noncovalent interactions in the second coordination sphere of
metal complexes, as well as the composition of the metal
complex, have been recognized as important factors in the
fine-tuning of the chemical and physical properties of such
systems. Because of that, these interactions have been used in
numerous areas such as molecular recognition, synthesis,
materials, separation of metals, medicine, catalysis, biochem-
istry and environmental science.'™

Coordination of molecules to transition metal atoms influ-
ences the properties of coordinated molecules.>>* It was
observed that coordination can cause bond weakening in
ligands and influences pK, values."**® Extensive studies on co-
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ordinated water, ammonia, ethylenediamine and amino acids
to metals have shown the influence of coordination on hydro-
gen bonds.”®?'"** Data from the crystal structures and
quantum chemical calculations have shown that coordination
makes hydrogen bonds of water, ammonia, and ethylenedia-
mine stronger.> 7%

Hydrogen bonds can be important in catalytic processes,
including the ones involving transition metal complexes, such
as hydroformylation, hydrogenation, C-H activation, radical-
type transformations, and oxidation.">>*® It is important that
noncovalent interactions have a weak and reversible nature
that enables the restoration of the second coordination
spheres after a catalytic cycle. It has been discovered recently
that hydrogen bonds in the second coordination sphere of
metal complexes can be used to control the activity and selecti-
vity of catalysts. This can be improved by hydrogen bonds
between coordinated ligands or between ligands and sub-
strates, which help to pre-organize substrates.”* By using this
strategy, significantly better selectivity can be obtained than
that by using a traditional catalyst.”*

In this work we present data on hydrogen bonds of co-
ordinated water and ammonia in 180 metal complexes. These
data enable us to study the influence of various factors on the
strength of hydrogen bonds: charge of the complex, metal oxi-
dation state (OS), metal coordination number (CN), metal
atomic number (considering different metals of the same tran-
sition row as well as metals from different transition rows), as
well as the nature of other ligands.

The calculations of hydrogen bonds of water and ammonia
coordinated to a metal with an uncoordinated (free) water
molecule (Fig. 1) were performed in the gas phase using the
Gaussian 09 (version D.01) program package.’” The hydrogen
bonds of metal complexes with charges from 0 to 3+ were calcu-
lated using the M06 method*® with D3 dispersion correction®
and def2-TZVPP basis set.’ This level of theory was shown in
our previous work to be in good agreement with the CCSD(T)/
CBS level for hydrogen bonds of ammine complexes (Table S17).°
Further details on calculations are given in the ESL}
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Fig.1 Examples of hydrogen bonds formed between free water and
aqua and ammine complexes studied in this work.

Our primary data set contains hydrogen bonds between co-
ordinated water (systems 3-78) and ammonia (systems 79-157,
ESIt) as hydrogen bond donors and free water as a hydrogen
bond acceptor. Coordinated water and ammonia are ligands in
linear, square planar, tetrahedral and octahedral complexes,
with metals in various oxidation states. To study the hydrogen
bonds of complexes with different charges, chloride ligands
were incorporated (Fig. 1, Table 1 and Tables S2, S3, ESI}).
Hydrogen bonds of several complexes with different coordi-
nation numbers and/or metal oxidation states were also
included (systems 158-163). Additionally, to gain further
insight into the influence of ligands on hydrogen bonds, chlor-
ide ligands (n-donors) were replaced with cyanides
(m-acceptors) (systems 164-182). The examples of the hydrogen
bonded structures are shown in Fig. 1, while the full list is
given in the ESL.}

Electrostatic potential (ESP) is a very useful tool in studies
on noncovalent interactions,”* both qualitatively and quanti-
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tatively. Our previous data show linear correlation between
hydrogen bond energies and the values of ESPs calculated on
the interacting hydrogen atom of a coordinated ligand.®**?
Our previous data also indicate important influence of the
charge of the complexes on the strength of hydrogen bonds, as
well as the influence of the oxidation state and coordination
number.®”® As one can anticipate, the increase in the positive
charge of the complex increases the strength of the hydrogen
bonds of coordinated water and ammonia, since these ligands
act as hydrogen bond donors (Fig. 1). Also, an increase of the
oxidation state of the metal atom strengthens the hydrogen
bonds, since the electrostatic potential on the interacting
hydrogen atom increases.®”® The increase of the coordination
number decreases the strength of hydrogen bonds, since the
positive charge of the metal ion is distributed to a larger
number of ligands.*”"’

Data in this work, obtained from a significantly larger
number of studied complexes, support these findings and
provide general rules on hydrogen bonds of metal complexes.
The data in Fig. 2 and Table 1 (also Tables S2 and S3 in the
ESIT) show that the charge of the complex has the most impor-
tant influence on the interaction energies. Considering the
interaction energies one can notice the grouping of the com-
plexes with different charges (Fig. 2). The energies of the
hydrogen bonds of coordinated water are roughly between —8
and —10 kcal mol™" for neutral complexes, between —11 and
—16 keal mol™" for 1+ charged complexes, between —17 and
—25 keal mol™" for 2+ charged complexes, and between —31
and —35 kcal mol™" for complexes with charge 3+. The ener-
gies of the hydrogen bonds of coordinated ammonia are
weaker; however, we see similar clustering based on the charge
of the complex (Fig. 2).

In addition, Fig. 2 and Table 1 indicate subgroups of com-
plexes with charges 1+ and 2+. Closer inspection of these sub-
groups showed that two subgroups of complexes with charge 1+
differ in the ratio of the oxidation state (OS) and coordination
number (CN), OS/CN, namely, complexes with stronger inter-
actions have an OS/CN value of 0.50, while complexes with
weaker interactions have an OS/CN value of 0.33 (Fig. 2 and
Table 1). The same was observed for 2+ charged complexes.

These data show that the OS/CN value is a very important
factor and the one making the decisive influence on energies
of hydrogen bonds both in aqua and ammine complexes.
Accordingly, complexes can be categorized into types, depend-
ing on their charges and OS/CN values (Table 1); the com-
plexes of the same type will have hydrogen bonds with very
similar energies, regardless of the other factors. This interest-
ing observation shows that the increase of the oxidation state
(OS) by 1 and the decrease of the coordination number (CN)
by 2 give very similar interaction energies. Hence, the com-
plexes of Ag(i) with two ligands have very similar interaction
energies (e.g. system 4, —15.01 kcal mol™") to complexes of
M(u) metals with four ligands (e.g. system 34, —15.26 kcal
mol ™), and as Co(m) complexes with six ligands (e.g. system
65, —15.12 kcal mol ™, Table 1). All these complexes have an
OS/CN value of 0.50. All complexes with M(u) and six ligands
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Table 1 Classification of aqua and ammine complexes according to their hydrogen bonds. Chg stands for the charge of the complex, OS stands for
the metal oxidation state, and CN stands for the metal coordination number. Electrostatic potentials at interacting hydrogen atoms (ESP, kcal mol™)
on the 0.001 a.u. electron density contour, as well as H---O distances (d, A) and M06L-D3/def2-TZVPP interaction energies of hydrogen bonds with
uncoordinated water (AE, kcal mol™) are given

Type Chg Composition OS CN OS/CN Aqua complexes ESP d AE Ammine complexes ESP d AE
0 0 Linear Ag(1) +1 2 050  AgCl(H,0)(3) 7421 1.80 —9.24 AgCl(NH;) (79) 57.60 1.99 —6.02
Square planar Pd(n) +2 4 cis-PdCl,(H,0), (6) 63.77 1.80 —8.42 cis-PdCl,(NH3), (82) 56.00 2.02 —5.44
Square planar Pt(un) +2 4 cis-PtCl,(H,0), (20) 65.87 1.79 —8.68 cis-PtCl,(NHj3), (96) 54.75 2.01 —5.63
1933 1+  Octahedral Co(m) +2 6  0.33  CoCl(H,0);" (41) 141.07 1.79 -12.72 CoCIl(NH3);" (119) 120.67 2.03  —9.02
Octahedral Ni(u) +2 6 NiCI(H,0)s" (47) 137.80 1.79 -12.53 NiCl(NH;)5" (125) 120.48 2.02 -9.28
Octahedral Zn(u) +2 6 ZnCl(H,0);5" (53) 135.06 1.79 —12.08 ZnCI(NH;);" (131) 122.56 2.02 —9.31
Octahedral Cd(n) +2 6 CdCI(H,0)5" (59) 128.46 1.81 —11.22 CdCI(NH,);" (137) 119.79 1.99 -8.88
1050 1+  Linear Ag()) +1 2 0.50  Ag(H,0)," (4) 145.85 1.71 -15.01 Ag(NH;)," (80) 128.76 1.90 —10.74
Square planar Pd(u) +2 4 PACI(H,0);" (10) 148.12 1.71 -15.15 PdACI(NH;);" (86) 135.58 1.92 -11.15
Square planar Pt(u) +2 4 PtCI(H,0);" (24) 153.06 1.70 -15.48 PtCI(NH,);" (100) 135.89 1.91 -11.36
Tetrahedral Zn()  +2 4 ZnCl(H,0);" (34) 155.02 1.72 -15.26 ZnCl(NH;);" (112) 135.36 1.94 -10.76
Octahedral Co(m) +3 6 cis-CoCl,(H,0)," (65) 152.08 1.71 —15.12 cis-CoCl,(NH;)," (144) 132.93 1.96 -12.05
2033 2+  Octahedral Co(n) +2 6 0.33  Co(H,0)s" (43) 214.39 1.69 -19.58 Co(NH;)s"" (124) 186.06 1.95 -14.21
Octahedral Ni(n) +2 6 Ni(H,0)¢>" (49) 212.83 1.71 -18.89 Ni(NH;)s>" (130) 194.60 1.96 —14.50
Octahedral Zn(u) +2 6 Zn(H,0)¢>" (55) 211.62 1.71 —18.93 Zn(NH;)s>" (136) 190.67 1.96 —14.02
Octahedral Cd(n) +2 6 Cd(H,0)6>" (61) 196.83 1.71 —18.09 Cd(NHj)e>" (142) 183.63 1.96 —13.07
2050 2+ Square planar Pd(m) +2 4 0.50  Pd(H,0),>* (15) 236.33 1.60 —25.34 Pd(NH;),>" (91) 210.39 1.82 —17.64
Square planar Pt(u) +2 4 Pt(H,0),>" (29) 241.20 1.60 -25.41 Pt(NH;),>" (105) 212.41 1.81 -17.73
Tetrahedral Zn(i)  +2 4 Zn(H,0),>* (37) 233.69 1.62 —23.97 Zn(NH,;),>" (115) 202.34 1.84 -16.78
Octahedral Co(m) +3 6 CoCl(H,0)5>" (68) 234.43 1.66 -23.30 CoCl(NH,)5>" (147) 210.95 1.88 -—18.46
3 3+ Octahedral Co(m) +3 6 0.50  Co(H,0)s ' (73) 331.01 1.57 -35.15 Co(NH;)s’" (152) 287.74 1.80 -25.58
ESP [kcal/mol] ESP [keal/mol]
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Fig. 2 Electrostatic potential (ESP) vs. interaction energy (AE) plots for hydrogen bonds of aqua and ammine complexes studied in this work. The
red labels indicate the charges of the complexes. OS/CN ratios are indicated accordingly, where OS denotes the metal oxidation state, while CN is
the metal coordination number. Interaction energies are calculated at the MO6L-D3/def2-TZVPP level of theory.

have an OS/CN value of 0.33 and, among themselves, similar
hydrogen bonding energies; however their hydrogen bonds
will be weaker (e.g. system 53, —12.08 kcal mol™) than those of
complexes with an OS/CN value of 0.50 (Table 1).

One can anticipate that the OS/CN value is proportional to
the part of positive charge that is transferred from the metal to
the ligands, namely, an increase of the metal oxidation state
increases the hydrogen bonding energy, since the electrostatic
potential on interacting hydrogen®® is more positive (Tables 1,
S2 and S37). For example, we can compare a 1+ charged octa-
hedral Co(n) complex ([CoCl(H,O)s]", 41, type 1033) and an
octahedral Co(m) complex (cis-[CoCl,(H,0)4]", 65, type 1¢.50)

12756 | Dalton Trans., 2025, 54, 12754-12759

(Table 1). The electrostatic potentials for these Co(ir) and Co(m)
complexes are 141.07 and 152.08 kcal mol™", and hydrogen
bonding energies are —12.72 and —15.12 kcal mol™", respect-
ively. A similar trend can be observed for complexes with
charge 2+, as well as for ammine complexes (Table 1). On the
other hand, the increase in the coordination number causes a
decrease of the electrostatic potentials. For example, consider-
ing complexes with charge 2+, an octahedral Zn(u) complex
([Zn(NH;)6]*", 136, type 2¢.53) has an ESP on interacting hydro-
gen of 190.67 kcal mol™' and an interaction energy of
—14.02 kcal mol™', while a tetrahedral Zn(u) complex
([Zn(NH,)4]*", 115, type 20.50) has an ESP on interacting hydro-

This journal is © The Royal Society of Chemistry 2025
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gen of 202.34 kcal mol™' and an interaction energy of
-16.78 kcal mol ™" (Table 1).

As shown above, the similar hydrogen bonding energies of
complexes with the same OS/CN values are the consequence of
similar electrostatic potentials on interacting hydrogen atoms.
The Symmetry Adapted Perturbation Theory (SAPT) analysis**
performed in the PSI4 program (version 1.7.0)** of all calcu-
lated hydrogen bonds supports the importance of the OS/CN
value as a factor influencing the hydrogen bond strength.
Namely, SAPT analysis shows that electrostatics is the main
component in the interaction energy (Fig. 3 and Tables S2,
S31), encompassing 60-70% and 65-75% of the total attractive
interaction for aqua and ammine hydrogen bonds, respectively
(Tables S2 and S37). The electrostatic component follows the
trend of the total interaction energy, having different values
for complexes with OS/CN values 0.50 and 0.33, with the same
charge (Fig. 3 and Tables S2, S3%). Interestingly, within the
complexes of the same type all energy components are very
similar as well, as indicated by the very small values of stan-
dard deviation (Fig. 3). This shows that the nature of hydrogen
bonds of all complexes categorized within a certain type is the
same. The second most important energy component is induc-
tion, representing 20-30% and 15-25% of the total attractive
interaction for aqua and ammine hydrogen bonds, respectively
(Tables S2 and S3t). For both types of complexes, dispersion
does not surpass 15% of the attractive energy components
(Tables S2 and S37).

In addition to complexes with n-donor chloride ligands
(Table 1), we also studied hydrogen bonds of complexes con-
taining cyanide (structures 164-182, Tables S5 and S6t), which
is a m-acceptor ligand. The calculated energies of hydrogen
bonds are similar, indicating that the influence of the OS/CN
ratio on the hydrogen bonds of water and ammonia complexes
is independent of the presence of n-donor or m-acceptor
ligands in the complex.
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Most of the typical metal complexes, like metal complexes
presented in Table 1, contain metals in the oxidation state +2
or +3 and coordination numbers six and four. The most
common complexes therefore have OS/CN values of 0.50 or
0.33. We have additionally considered several complexes with
unusual OS/CN values (Fig. 1 and Table S47). By considering
aqua and ammine complexes of zinc(u) with varying numbers
of ligands, we have shown a linear dependence of hydrogen
bond energy on the OS/CN value (Fig. 4). If a wider range of
OS/CN values is observed by including the aqua and ammine
complexes of sodium(), the relationship between the inter-
action energy and OS/CN value remains highly linear (Fig. 4).
The complexes with unusual OS/CN values further support our
observation that hydrogen bond energy depends on the OS/CN
values and show that interactions decrease linearly when OS/
CN decreases.

As shown in our previous works,” " hydrogen bond ener-
gies become stronger with the increase of the charge of the
complex. Here we show that the relationship between the
charge and the interaction energy is also linear, as long as the
OS/CN value remains constant (Fig. 5).

Our observations on the influence of charge and OS/CN
values are supported by analyzing previous data on hydrogen
bonds of coordinated ethylenediamine’ and coordinated
amino acids.®? The results show that the hydrogen bonds of
complexes with OS/CN values of 0.50 have very similar hydro-
gen bond energies. Also, complexes with OS/CN values of 0.50
form stronger hydrogen bonds than complexes with OS/CN
values of 0.33 (Tables S7 and S8f%). Interestingly, the same
influence of OS/CN values was observed for OH/r and NH/n
interactions between aqua and ammine complexes and aro-
matic rings (Table $97).">"*

In summary, our extensive gas-phase computational work
on hydrogen bonds in the second coordination sphere of
metal complexes showed the decisive influence of the charge

0 1033 1oso 2033 2050 3
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Fig. 3 SAPT2/def2-TZVP interaction energy components for hydrogen bonds of all observed types of complexes, with their standard deviations.
The energy components are electrostatic (ELST), exchange (EXCH), induction (IND) and dispersion (DISP).
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Fig. 5 Correlations between the charge of aqua and ammine com-
plexes with an OS/CN value of 0.50 and average MO6L-D3/def2-TZVPP
interaction energies of their hydrogen bonds (Tables S2 and S37).

and ratio of the metal oxidation state and coordination
number (OS/CN) on their strength, with all other influences
being marginal. Based on our data it is possible to predict and
control the strength of hydrogen bonds in various metal com-
plexes. This enables the tuning of hydrogen bonds in the
second coordination sphere, with potential applications to
other properties in this region of metal complexes, particularly
important in the field of catalysis.
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