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Aqua ligand as hydrogen bond acceptor

Cambridge Structural Database 

CSD 5.43, November 2022

short (1.8 – 2.0 Å) and linear

long and non-linear

1229 hydrogen bonds

Malenov et al., Cryst. Growth Des. 24 (2024) 8223-8233.



Aqua ligand as hydrogen bond donor
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the most abundant type 

of hydrogen bonds of aqua ligands

Cambridge Structural Database 

CSD 5.43, November 2022

6579 hydrogen bonds

Andrić et al., Phys. Chem. Chem. Phys. 2012, 14, 10896.

Andrić et al., ChemPhysChem 2016, 17, 2035.

short (1.6 – 1.8 Å) and linear



Andrić et al., ChemPhysChem 2016, 17, 2035.

SYSTEM
INTERACTION ENERGY 

[kcal/mol]

H2O ··· H2O –4.4

neutral octahedral

cis-[ZnCl2(H2O)4] ··· H2O –7.9

neutral tetrahedral

[ZnCl2(H2O)2]··· H2O –9.2

charged octahedral

[ZnCl(H2O)5]
+ ··· H2O –12.2

[Zn(H2O)6]
2+ ··· H2O –18.7

charged tetrahedral

[ZnCl(H2O)3]
+ ··· H2O –15.8

[Zn(H2O)4]
2+ ··· H2O –24.0

Aqua ligand as hydrogen bond donor

linear correlation between interaction energy 

and electrostatic potential (ESP)

+155.0 
kcal/mol

+0.21

+0.06

[ZnCl(H2O)3]+



The Data Set

A set of complexes containing at least one aqua or ammine ligand, 

designed to study all structural and electronic effects on their hydrogen bonds:

o geometry and coordination number 

(linear, square planar, tetrahedral, octahedral) 

o metal oxidation state 

(M(I), M(II), M(III))

o different metals of the 

same transition row (Co(II), Ni(II), Zn(II))

o metals from different rows 

(Zn(II) and Cd(II), Pd(II) and Pt(II))

o other ligands (H2O, NH3, Cl–)

o charge of the complex 

(0, +1, +2, +3)

76 aqua complexes

79 ammine complexes

Malenov et al., Dalton Trans. 2025, 54, 12754.



Methodology

M06L-D3/def2-TZVPP

Gaussian 09 (D.01)

BSSE corrected interaction energies

Electrostatic potentials on interacting hydrogen atoms

Gaussian 09 (D.01) and internal Python script

SAPT2/def2-TZVP

PSI4 (1.7.0)

SAPT2 = ELST + EXCH + IND + DISP

* in good agreement with CCSD(T)/CBS 

energies of hydrogen bonds

* Živković et al., Cryst. Growth Des. 2022, 22, 148.
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aqua ammine

Malenov et al., Dalton Trans. 2025, 54, 12754.

Interaction energy vs. hydrogen electrostatic potential



Malenov et al., Dalton Trans. 2025, 54, 12754.

Clustering of hydrogen bonds



0   10.33 10.50 20.33 20.50    3 

AQUA

0   10.33 10.50 20.33 20.50  3 

AMMINE

Malenov et al., Dalton Trans. 2025, 54, 12754.

Factors influencing hydrogen bond strength

• charge

• oxidation state/coordination number (OS/CN) ratio

all other studied factors 

practically negligible



Malenov et al., Dalton Trans. 2025, 54, 12754.

Classification of complexes according to their hydrogen bonds

20.33 = 2+ charged complex with OS/CN ratio 0.33

0   10.33 10.50 20.33 20.50    3 

AQUA

0   10.33 10.50 20.33 20.50  3 

AMMINE

types of complexes – CHARGEOS/CN labelling

all complexes of the same type 

have very similar hydrogen bonds



R² = 0.990

R² = 0.988
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charge of complexes

0    1+ 2+ 3+

aqua ammine

OS/CN = 0.50

linear correlation between 

interaction energy and charge

for complexes of the same OS/CN ratio (0.50)

Malenov et al., Dalton Trans. 2025, 54, 12754.

Interaction energy vs. charge of the complex

hydrogen bonds become stronger 

with the increase in positive charge of the complex



Malenov et al., Dalton Trans. 2025, 54, 12754.

Nature of hydrogen bonds 

of aqua and ammine metal complexes

SAPT2/def2-TZVP

SAPT2 = ELST + EXCH + IND + DISP



Extending the data set 

with complexes of unusual composition

linear correlation between 

interaction energy and OS/CN ratio

for complexes of the same chargeMalenov et al., Dalton Trans. 2025, 54, 12754.

hydrogen bonds become stronger 

with the increase in OS/CN ratio



Summary

Strength of hydrogen bonds is determined by the charge of the complex and 

ratio of metal oxidation state and coordination number (i.e. effective charge 

per ligand).

The influence of geometry, geometrical isomerism, and the presence of other 

ligands in the complex is very limited. 

All relationships are linear, making predictions of hydrogen bonds for 

“unusual” cases very reliable. 

Predictions of hydrogen bond strength of metal complexes is possible by 

knowing their simple descriptors. 

0  neutral complexes

10.33  1+ charged octahedral complexes

10.50  all other 1+ charged complexes

20.33  2+ charged octahedral complexes

20.50  all other 2+ charged complexes

3  3+ charged complexes
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