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"One of the continuing scandals in the physical "One of the continuing scandals in the physical 
sciences is that it remains in general impossible to sciences is that it remains in general impossible to 
predict the structure of even the simplest predict the structure of even the simplest 
crystalline solids from a knowledge of their crystalline solids from a knowledge of their 
chemical composition." chemical composition." 

Maddox, J. Maddox, J. NatureNature 335335, 201 (1988), 201 (1988)
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Hydrogen bond – Vodíková vazba – Vodíkový můstek

A hydrogen bond is said to exist when (1) there is
evidence of a bond, and (2) there is evidence that
this bond sterically involves a hydrogen atom 
already bonded to another atom.

Pimentel and McClellan 1960
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Hydrogen bonding – Affected properties



Hydrogen Bonding vs. Melting and Boiling Points



Hydrogen Bonding vs. Evaporation Heat



Hydrogen bonding in water

470 kJ. mol-1

23 kJ. mol-1
lifetime

~ 3.10-12 s

In liquid: each water molecule hydrogen-bonds with an average of
3.4 other water molecules.

In ice: each water molecule forms 
the maximum of four hydrogen bonds



Hydrogen bonding

Water as solvent. Water dissolves many crystalline salts by hydrating their component 
ions. The NaCl crystal lattice is disrupted as water molecules cluster about the Cl and Na 
ions. The ionic charges are partially neutralized, and the electrostatic attractions 
necessary for lattice formation are weakened. 
ΔG = ΔH - TΔS, where ΔH has a small positive value and TΔ S a large positive value; 
thus ΔG is negative. Entropy driven process.



Hydrogen bonds

HYDROGEN BONDS STRONG MODERATE WEAK

mostly electrostatic electrostatic

(2- and more centered)

Bond lengths A—H ≈ H····B A—H < H····B A—H << H····B

H····B       [nm] ~ 0.12 – 0.15 ~ 0.15 – 0.22 0.22 – 0.32

A········B   [nm] 0.22 – 0.25 0.25 – 0.32 0.32 – 0.40

Bond angles
A—H····B [°]

175 – 180 130 – 180 90 – 150

Bond energy
[kcal.mol-1 (kJ.mol-1)]

14 – 40
( 59 – 167 )

4 – 15
( 17 – 63 )

< 4
( < 17 )

Relative IR νs vibration 
shift [cm-1]

25 %
(< 1600 cm-1)

10 – 25 %
(< 2000-3000 cm-1)

< 10 %
(~ 3000 cm-1)

1H NMR chemical shift 
downfield [ppm] 14 – 22 < 14 –

A—H····B
interaction

mostly covalent
(only 2-centered)



Hydrogen bond – Furcation, Bifurcation, Trifurcation, …
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Functional Groups That Form Hydrogen Bonds



Strong Hydrogen Bonds

N NH
Me

MeMe

Me
+

IIIII

N HMe

Me
N

Me

Me
+

IIIII
N HMe

Me
N

Me

Me
+

IIIII

N NH
CF3

OO
F3C

- IIIII

Proton sponges
Protonové houby

-39 kcal.mol-1
-163  kJ.mol-1

F H F  
-

+

O H -

N H -

O H
+ N H

OIIIII

NIIIII

OIIIII

NIIIII

Ionic hydrogen bonds
Positive- or negative-ion hydrogen bonds
Low barrier hydrogen bonds



Strong Hydrogen Bonds
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SStrongtrong hydrogen bonds exist when the hydrogen bonds exist when the pKpKaa of the of the 
hydrogen bond donor is similar to the hydrogen bond donor is similar to the pKpKaa of the of the 
conjugate acid of the acceptor.conjugate acid of the acceptor.

or

Situations where rA-H = rH-B are rare.

Homonuclear bonds

Heteronuclear bonds
O/N—H····F -, F/N—H····O-
+ N/O—H····O/N



Moderate Hydrogen Bonds

1.011 Å

1.642 Å

165°

2.623 Å

Moderate Hydrogen Bond
rA—H = 1.5 – 2.2 Å
rH····B = 2.5 – 3.2 Å

A—H····B = 130 – 180 °

2.629 Å



Moderate Hydrogen Bonds
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Hydrogen bonding

Some biologically important hydrogen bonds



Hydrogen bonding in peptides

The anti-parallel beta-sheet The parallel beta-sheet



Hydrogen bonding in DNA
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Hydrogen bonding



Hydrogen bonding

J. Am. Chem. Soc. 1990, 112, 2008
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Hydrogen bonding
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Hydrogen Bonding – Functional Supramolecular Assemblies

Angew. Chem., Int. Ed. 1992, 31, 654
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Hydrogen Bonding – Functional Supramolecular Assemblies

Angew. Chem., Int. Ed. 2004, 43, 232
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Saccharide Recognition via Hydrogen Bonds
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Saccharide Recognition via Hydrogen Bonds

Titrace látky NNN oktyl-glukózou
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Infrared Spectral Criteria For Hydrogen Bonding

1. A-H stretching frequency, νs, moves to lower frequencies

2. This is accompanied by an increase in intensity and band width

3. A-H bending frequencies, νb, move to higher frequencies

4. Upon cooling, ns shifts to high frequencies with increase in 
intensity and decrease in band width; νb moves to lover
frequencies with decrease in
band width

5. Substitution of H by D lowers νs frequencies by a factor of ~0.75



Weak Hydrogen Bonds

3.280 Å

IIIIIIIII IIIIIIIII

Weak Hydrogen Bond
rA—H = 2.2 – 3.2 Å
rH····B = 3.2 – 4.0 Å

A—H····B = 90 – 150 °

N H



Weak Hydrogen Bonds

Weak donor – Strong acceptor

C—H····O=C C—H····N C—H····Cl –

P—H····O Mo—H····O≡C Ir—H····Cl—Ir

Strong donor – Weak acceptor

N—H····Ph Cl—H···· C≡C O—H····C=C

O—H····F—C O—H····Se N—H····Co

Weak donor – Weak acceptor

C≡C—H····C≡C C≡C—H····Ph C—H····F—C

C—H····Pt C—H···· Cl—C C—H····H—Re

Other varieties

Agostic N—H····H—B

– O—H····O—H Formyl hydrogen bond



Hydrogen bonds

O-H…O
hard acid … hard base

C-H…O
soft acid … hard base

O-H…π
hard acid … soft base

C-H…π
soft acid … soft base

Interaction energy
[ kcal.mol-1 ]

10 - 3 < 3 ~ 2 < 2.5

Delocalization
(charge-transfer)

variable unimportant important important

Electrostatic
(Coulombic)

strong important weak unimportant

Dispersion
(London)

unimportant unimportant important important

Repulsive
van der Waals similar



Hydrogen bonding:    Blue-shift improper hydrogen bond

Buděšínský,M.; Fiedler, P.; Arnold, Z. Synthesis 1989, 858-860 
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in CHCl3 ν = 3021 cm-1

+ new sharp band at 3028 cm-1 = blue shift 7 cm-1

in CDCl3 ν = 2255 cm-1

+ new sharp band at 2259 cm-1 = blue shift 4 cm-1



Hydrogen bonding:    Blue-shift improper hydrogen bond

Hobza, P.; Havlas, Z. Chem. Rev. 2000, 100, 4253-4264 

Hobza, P.; Špirko, V.; Selzle, H. L., Schlag, E. W. J. Chem. Phys. A 1998, 102 (15), 2501-2504 

Benzene complexes

ANTI-HYDROGEN BONDING (anti-H-bond)

IMPROPER HYDROGEN BONDING (blue shift hydrogen bond)



Blue-shift versus Red-shift Hydrogen Bond

Klasická vodíková vazba (standard hydrogen bond)
Red shift (batochromní), delší vazebná délka, zvýšení intenzity
EDT z π nebo n do σ* vazby X-H → přímé oslabení vazby X-H

Neklasická vodíková vazba (improper hydrogen bond)
Blue shift (hypsochromní), kratší vazebná délka, snížení intenzity
Nedochází k EDT do σ* vazby X-H, ale …

P. Hobza, Chem. Rev. 2000, 100, 4253-4264
E.D. Jammis, J. Am. Chem. Soc. 2007, 129, 4620-4632

X H Y C......



Red-shift, Blue-shift and No-shift Hydrogen Bonds

Red-, Blue-, or No-Shift in Hydrogen Bonds:
A Unified Explanation

Jorly Joseph and Eluvathingal D. Jemmis

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632



Hydrogen bonding:    H3C-H…C6H6

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    H3C-H…NH3

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    Cl3C-H…C6H6

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    H-O-H…OH2

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    Proper  and  pro-improper  HB  donors

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    Proper  and  pro-improper  HB  donors

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    Proper  and  pro-improper  HB  donors

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



Hydrogen bonding:    Proper  and  pro-improper  HB  donors

J. Am. Chem. Soc. 2007, 129 (15), 4620-4632 



DIHYDROGEN BOND

Dihydrogen Bonding: Structures, Energetics, and Dynamics
Chem. Rev. 2001, 101, 1963-1980

σ M-H is the electron donorA = O, N, X, C

M = Al, B, Ga, Ir, Mo,
Os, Re, Ru, W

90 – 135 °

0.17 - 0.22 nm

Interaction energy
1-7 kcal.mol-1

A H

H

M

Moderate
Hydrogen Bond



Dihydrogen bond

• Dihydrogen bond =   hydridic-to-protonic interaction
=   proton-hydride bonding
=   H…H hydrogen bonding
=   hydrogen-hydrogen bonding

• Has strength and directionality comparable with those found
in conventional hydrogen bonding.

• Consequently, it can influence structure, reactivity, 
and selectivity in solution and solid state

• Finding thus potential utilities in catalysis, crystal engineering, 
and materials chemistry.

• Their nature is mostly electrostatic, although a weak
covalent contribution may be found sometimes

Dihydrogen Bonding: Structures, Energetics, and Dynamics
Chem. Rev. 2001, 101, 1963-1980

Interaction of Carboranes with Biomolecules: Formation of Dihydrogen Bonds
J. Fanfrlík, M. Lepšík, D. Horinek, Z. Havlas, P. Hobza,
ChemPhysChem 2006, 7, 1100–1105.



Dihydrogen bond examples

NaBH4 . 2H2O krystal

C2h isomer of the NH3BH3 dimer

C2 isomer of the NH3BH3 dimer

NaBH4 . 2H2O



Hydrogen bonding:    Valine conformer

ChemPhysChem 2006, 7, 828-830 

Dihydrogen bond
0.200 nmProper red-shift hydrogen bond

0.194 nm

Improper blue-shift hydrogen bond
0.255 nm



Others Types of Hydrogen Bonding

• Metal atoms as acceptors X-H…M Hydrogen Bonds

• Metal atom groups as donors M-H…A hydrogen bonds

• Agostic interactions M…(C-H) … three centre

• Inverse hydrogen bond (lithium bond) Xδ+-Hδ-…A+
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