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Hydrogen Bond (HB)

X-H……Y
HB Donor HB Acceptor

Usually electronegativity of X > H 
And Y is rich in electron density

Bond strength  ~40 kcal/mol and below.

Weakest in the range of 4 kcal/ mol and below



Standard Explanation 

δ- δ+              δ-
X       H………….YElectrostatic:

σ*                             

lp

X-H            X-H…Y            Y

Covalent: Negative Hyperconjugation

Manifestation of HB
Lengthening and Weakening of X-H bond

Red shift of X-H stretching mode
Increase of Intensity of X-H stretching mode in IR spectrum

Lower the redshift, weaker the H-Bond



Lengthening and Weakening of X-H bond
Red shift of X-H stretching mode

Increase of Intensity of X-H stretching mode in IR spectrum

Weaker the H-Bond, Lower the redshift
minimal lengthening of  X-H bond

Shortening of X-H bond and 
blue-shift in in X-H frequency is counter-intuitive 

even for the weakest of H-Bonds



Yet many examples are now known where

Shortening and Strengthening of X-H bond
Blue shift of X-H stretching mode

Decrease of Intensity of X-H stretching mode in IR spectrum

How do we understand the reversal?

H3C-H…OH2 H2C=CH-H…OH2

F3C-H….C6H6                             C6H5-H…C6H6

F3Si-H…NH3                               F4P-H....FH  

F2N-H…FH                       F-Kr-H…CO



Plan of the talk

How we got interested in the problem

Review of explanations available

Detailed analysis of PES

Electron Density Shifts

Generalizations 
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How we got interested in the problem

Mingos, D. M. P et al. J. Chem. Soc., Chem. Commun, 1994, 1787



All results at MP2/6-311+G(d,p) levels



K. S. Viswanathan 1996

J. Mol. Str. 1999, 510,59



SCF      -0.23                                       -0.69                                            -0.69

MP2      -1.44 (-1.57+0.14)                  -1.86 (-1.06-0.80)                         -2.31 (-0.72-1.59)

Total     -1.67                                       -2.55                                             -3.00



J. Mol. Str. 2000, 556,315.

X        H------------- Y

X        H----------------Y

Final geometryYX     H ----------------



Some Experimental Results

van der Veken, B. J. et al. JACS, 2001, 123, 12290.
JACS, 2002, 124, 7490.
JACS, 2002, 124, 11854. 



Some Experimental Results

Diana, E; Stanghellini, P. L, JACS, 2004, 126, 7418.



Dispersion Energy and Pauli Repulsion

Dispersion energy (Intermolecular correlation energy) 
major component in the total Interaction energy of the 
weak complexes. To increase the dispersion energy,  
molecules have to come closer and this brings H in 

Pauli/short range repulsive region, so X-H bond shortens.

Several X-H bond contractions are predicted even at HF theory.
In many examples, near the equilibrium distance X-H bond 

Lengthens from a “pre-shortened” form.



Three Examples

C6H5-------HCH3    BLUE SHIFT

CH4-------NH3       RED SHIFT

C6H6------HCCl3   BLUE SHIFT









Redistribution of Electron Density

Considerable amount of charge transfer from H bond acceptor 
is ‘directed’ to remote part of H bond donor . Very less charge
transfer to sigma* X-H bond. The charge gain at the remote part 
triggers an internal rearrangement of H bond donor and its 
effect is X-H bond shortening.

Why the NBO charge transfer is different for different HB donors? 
How a rearrangement causes  X-H bond contraction? Both 
Blue-shifting and  Redshifting HB’s have similar electron density 
Shifts in several examples.



Electric Field causes the shortening

An X-H bond having a negative dipole derivative 
shortens under a weak negative electric field. X-H bond 
shortening is, therefore, due to the weak HB acceptor.
Enhanced shortening at equilibrium than ‘point charge 
model prediction’  occurs due to Pauly repulsion.

Why different X-H bonds  have different dipole derivatives?
Why charge transfer causes enhanced X-H bond contraction?



Hybridization

% s character at X of the X-H bond increases 
continuously  when a proton acceptor approaches 

the proton donor. For improper H bond, 
the lengthening effect of (negative) hyper conjugation 
is unable to overcome  the shortening caused by this 

hybridization change.

%s character increases in case of proper H bond donors too, 
but some never shows improper behavior.





4. Rehybridization Red  F3C-H…Cl    Proper
Blue F3C-H…OH2 Improper

Alabugin, I. V et. al. JACS. 2003, 125, 5973.



A Unified Explanation















Based on Equilibrium Geometry

Proper   (Red shift, Bond
lengthening)

Improper  (Blue shift, Bond
Shortening)

H2O, HF, NH3, HCl, etc with
all HB acceptors.4

HCCH, HCN with  H2O, 7d Pi
acceptors1b

CHF3 with electron donor like
Cl-, F-, N(CH3)3, NH(CH3)2. 9,14

CH4  with Cl-.1i

CHF3 with FH, ClH, OH2, SH2 and with
pi donors such as benzene, acetylene
etc.1a,9,14

CHF2Cl, CHFCl2 with oxygen donors.1j

CH4 with pi donors1g with H2O, MeOH,
H2CO.7a

Benzene dimer.1b

X-Ig-H  with OC, N2, CO, H2O etc.25,26

F3SiH with  various HB acceptors.9,27

F2NH with FH9, 28
   F4PH dimer. 29



Based on HB Donor

Proper   (Red shift, Bond
lengthening)

Pro-improper (Blue/Red Shift, Bond
shortening/lengthening)

H2O, FOH, HF, NH3, HCl, HF
etc
F2C=CH2
HCCH,  HCN, FCCH,

Alkanes, Alkenes, Aldehydes, CHxF4-x,
CHxCl4-x, C6H6
F3SiH,   F2NH,  F2PH, F4PH
X-Ng-H,  ( X = F, Cl, OH; Ng = noble gas)



A

HO-H…OH2

B

F3C-H…OH2

C

F3C-H…NH3



F3CH---Cl-

F3CH---OH2



H3C-H    1.0909

F3C-H    1.0876

CH3-CC-H  1.0678

HCC-H        1.0677

FCC-H      1.0660

H2CCH-H    1.0859

FHCCH-H    1.0834

F2CCH-H     1.0803

F2CCF-H     1.0801

HO-H            0.9709

FO-H            0.9813

H2N-H          1.0169

F2N-H           1.0293



Origin of Electron Density Shift

1. X.                         H.

2. X      H

δ- δ+     

3. X       H……….Y

δ-- δ++         δ-

4.  X-H bond contraction in 
presence of Y.                                             

A. Electronegativity of X.

B. The more electro negative the X, the more electron 
deficient the RHS of H, the more charged the atoms, 
the more electron rich the bond and the more short 
the bond.

C. Electron withdrawing of X, and depletion at RHS of 
H leads to the distribution as  found at free monomer, 
to make the molecule stable.

D. The remaining ‘e.d. at RHS’ of H in the free 
structure is needed to stabilize the molecule.

E. This stabilization can at least be maintained if the 
‘e.d. at RHS’ is replaced by Y.

F. OR, electron withdrawing effect of X withdraw the 
‘e.d. at RHS’  further in presence of Y.

G.  B………the more e.d. deficient the RHS of H, the 
more charged the atoms, the more electron rich the 
bond and the shorter the bond.



But, Many X-H Bonds are not Contracting….

A. The more positive the H the stronger 
the lengthening effect due to Y.

B. The more positive the H, the less the 
e.d. available at H, for X to pull.

C. The more electron rich the bond, the 
less effect due to the e.d. shift.

A. The less positive the H the weaker the 
lengthening effect due to Y.

B. The less positive the H, the more the 
e.d. available at H, for X to pull.

C. The less electron rich the bond, the 
more effect due to the e.d. shift.



Literature examples.

F-H…F-F2C-H   Karpfen, A.; Kryachko, E. S. JPC-A, 2003, 107, 9724.

F-H…F-F2Si-H  Karpfen, A. J. Mol.Str.(Theochem), 2004, 710, 85.

F-H…O=CH2      Karpfen, A.; Kryachko, E. S. JPC-A, 2005, 109, 8930.

F-H…F-FN-H, F-H…F-FP-H, F-H…F-FAs-H Karpfen, A. J. Mol.Str.(Theochem), 2005, 757, 203.

HO-H…O=S(CH3)2                                                            Mrazkova, E.; Hobza, P. JPC-A, 2003, 107, 1032.

HO-H…O(C4H9)(C2H4OH)       Katsumoto, Y.; Komastu, H.; Ohno, K. JACS, 2006, 128, 9278. 



1

Converting pro-improper to proper

2 3



2 3



3. Converting proper to pro-improper

H2N-H  (1.0169 Å)

H3N+-H  (1.0287 Å)

F2N-H   (1.0293 Å)



5. Effect of variation of Y.



6. HB with No Frequency Shift ! Region f

Nolasco, M. M.; Riberio-Claro, P. J. A. Chem.Phys.Chem. 2005, 6, 496



6. HB with No Frequency Shift ! Region f

Nolasco, M. M.; Riberio-Claro, P. J. A. Chem.Phys.Chem. 2005, 6, 496
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