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The ‘simple’ Pauling definition

• partially electrostatic
• resonance hybrid
• partially covalent (Isaacs et al. (1999))
• interaction of the type -X...H-Y-, where 

both X and Y are electronegative atoms
• geometry dependent



“... Like most chemical concepts, this term [hydrogen bonding] 
is more or less universally understood by the practitioners in the 
field but is not precisely defined ....  
.... This topic is one for interesting debates at tea or coffee times 
in chemistry departments around the world but is not .... suitable 
for rigid formalisation...”

An Unknown Referee (2004)
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Not suitable for rigid formalisation
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"...We have previously taken the position that the intramolecular 
hydrogen bonding between adjacent ring OH are definably hydrogen
bonds, having strong interaction energy and showing synergistic 
effects in cellobiose..."
"...There is some evidence suggesting that these interactions should 
not be called hydrogen bonds because they do not demonstrate a 
bond critical point (BCP) of correct (3,-1) topology. Although this 
definition is theoretically very critical we will continue to use the 
term hydrogen bonding for these terms since most scientists in the 
field of carbohydrate chemistry will find the more rigorous 
theoretical definition too confining...“

Anonymous Author (2004)

The more rigorous theoretical definition too confining
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"...And yet the concept of a chemical bond, so essential to chemistry, and with a venerable 
history, has a life, generating controversy and incredible interest. Even if we can't reduce it to 
physics .... Push the concept to its limits, accept that a bond will be a bond by some criteria, 
maybe not by others, respect chemical tradition, have fun with the richness of something that 
cannot be defined clearly, and spare us the hype..."; Whether physics does or does not offer a 
definition of a chemical bond, it does set out the necessary and sufficient conditions for two 
atoms to be chemically bonded to one another, conditions summarised by Slater in terms of 
the two theorems that are essential to the physics of bonding: "... both the virial theorem and
Feynman's theorem are exact consequences of wave mechanics. Both interpretations agree in 
pointing to the existence of overlap charge density as the essential feature in the attraction 
between the atoms...";

this article makes a modest proposal: reserve the name and concept of a bond for use by those 
who believe that chemistry lies beyond the scope of physics (in spite of their reliance on 
molecular orbitals and valence bond structures), and reserve the concept of bonding for use by 
those intent on the pursuit and understanding of chemistry using the tools of quantum 
mechanics;
Cortes-Guzman & Bader (2004) quoting Roald Hoffmann at the ACS Symposium 
on "Contemporary Aspects of Chemical Bonding" in September 2003

Roald Hoffmann suggests that a chemical bond lies 
beyond the domain of physics and is incapable of 

precise physical understanding
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The Controversy

• Should an interaction such as O...H-O be called a 
‘Hydrogen Bond’?

• The German  ‘Wasserstoffbrücke’ means a 
‘hydrogen bridge’- perhaps more accurate and 
inclusive as more descriptive

• if we wish to maintain the term ‘Hydrogen Bond’ 
we need to define precisely what is meant by a 
‘bond’ in quantum mechanical terms
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The Controversy
• How far can we rely on small experimental 

spectroscopic shifts?

• DFT and electron density topology

• Computed and experimentally determined electron 
density topologies show remarkable agreement

• are classic van der Waals atomic radii (Pauling or 
Bondi) appropriate?
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Answers?

• Is COOPERATIVITY diagnostic of hydrogen 
bonding as opposed to other types of relatively 
weak interactions (dispersive, dipole-dipole or van 
der Waals interactions)?

• Should we define hydrogen bonding in terms of 
electron density topology?
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Benchmarking
• Three lemmas:

• EXIST - Intermolecular or intramolecular hydrogen bonds that 
satisfy geometrical criteria and have a (3,-1) bond critical 
point (BCP)

– Water clusters and clathrate cages - also enols, o-hydroxybenzoic
acids, nucleic acids, peptide α-helices and β-pleated sheets, etc.

• ASSUMED -Intramolecular hydrogen bonds with marginal 
geometry and no (3,-1) BCP although with minimal NMR and 
IR shifts

– diols and sugars, specifically glucopyranose.

• CANNOT EXIST - Hydrogen bonds in which the hydrogen 
atom cannot interact with the oxygen lone pairs on 
geometrical grounds but which do have (3,-1) BCPs

– Methane 512 eicosamer and 62512 tetracosamer clathrates.



Data Generation
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Water Clusters
and

Clathrate Cages



Ice Polymorphs
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Ih

Ih II

XII
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sI Clathrates (512 and 51262 cages)
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0°
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Cooperativity in Rings
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Fused 2-ring Systems ([2n-1]mer)
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Cooperativity in rings
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Cooperativity in Ring Systems
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Pentamer ring
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Raman in-phase / in- and out-of-phase



R.A. Klein, IUPAC Pisa September 2005

Hexamer ring
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Eicosamer

Tetracosamer
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Eicosamer

Tetracosamer
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Undecamer

Heptadecamer

Tricosamer
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Undecamer

Heptadecamer

Tricosamer
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from Chou et al.; Science (1998) 281, 809
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from Yoon et al.; J. Phys. Chem. A (2004) 108,5057
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Experimental data (red) from
Chou et al. (1998) Science 281, 809

Water and Ice
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Experimental data (red) from Yoon et al. (2004) J. Phys. Chem. A 108, 5057

sI Methane Clathrate
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Raman-active Vibrations
• Water -11°C

• 3046 ± 113 cm-1 (11%)
• 3177 ± 68 cm-1 (24%)
• 3378 ± 155 cm-1 (65%)

• Ice Ih -15°C
• 3080 ±  24; 3107 ±  116 cm-1 (66%)
• 3277 ±  200; 3347 ± 73  cm-1 (34%)

• Ice II -40°C
• 3182 ± 31; 3119 ± 62 cm-1 (47%)
• 3300 ± 27; 3307 ± 125 cm-1 (53%)

• sI Methane Hydrate
• 3058 ± 10 cm-1 (7%)
• 3146 ± 105; 3153 ± 29 cm-1 (55%)
• 3357 ± 103 cm-1 (38%)

**all peaks obtained by fitting experimental data
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Calculated Raman Vibrations
• Rings 3-7

• cooperative in-phase - 3090-3400 cm-1

• cooperative in- and out-of-phase - 3240-3460 cm-1

• Undecamer/Heptadecamer/Tricosamer
• cooperative in-phase - 3075-3087 cm-1

• cooperative in- and out-of-phase - 3107-3121 cm-1

• cooperative in- and out-of-phase - 3100-3320 cm-1 (broad multiple)

• Eicosamer/Tetracosamer
• cooperative annular and polar - 3143-3168 cm-1

• cooperative in- and out-of-phase - 3220-3300 cm-1

**MPW1PW91/6-311+G(2d,p)
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IR and Raman Spectroscopy

• pentamer and hexamer ring
• undecamer
• heptadecamer
• tricosamer
• tetracosamer
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-O...H-O- Cooperativity
• vibrational relaxation 740 ± 25 femtoseconds;
• for resonant intermolecular energy transfer (RIET), inter-

action between H2O molecules must be extremely strong;
• concentration dependence for rotational anisotropy decay 

shows that RIET occurs for the OH excitation:
• for  dipole-dipole Förster-type interaction, rate of energy 

transfer, k = T1
-1 * [r0/r]6, where is the lifetime of the T1 is 

the excited state and r0 the Förster radius;
• experimental T1 = 4.0 ±  0.4 ps; r0 = 2.10 ± 0.05 Å 

comparable to O...O in liquid water implying that RIET 
will be very fast;

• also higher orders and anharmonic coupling;
• Woutersen, S.; Bakker, H.J.; (1999) Nature 402, 507 
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Diols and Glucopyranose
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[1,n]-Diols
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[1,n]-Diols - Geometry
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  Topological analysis of the bond critical points (BCP), with 
topology (3,-1), for the intra-molecular hydrogen-bond O-H...O 
in diols excluding 1,2-diols and butane-2,3-diol. Geometries 
were obtained using MPW1PW91/6-311+G(2d,p);  (d) is the 
electron density at the BCP  in a.u.;  2 (d) its Laplacian in a.u.; 
BCPs were located 34-35% of the bond length from the H 
atom; ellipticities were in the range 0.02 - 0.09. 

 
 

Diol Electron 
density 

 (ρ) 

Laplacian 
 

L
2 (ρ) 

   

13PG 0.02163 0.08452 

13BDa 0.02381 0.09300 

13BDb 0.02373 0.08511 

2M13PGa 0.02200 0.08620 

2M13PGb 0.02361 0.09273 

14BD 0.03186 0.11280 

15PD 0.02576 0.09879 

16HD 0.02282 0.08024 

m24PD 0.02487 0.09756 

L24PDa 0.02282 0.09075 

L24PDb 0.02479 0.09743 

m25HD 0.03124 0.11070 

L25HD 0.03394 0.11890 
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Bond critical points (BCPs)

12EG 14BD
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Glucose

Glucose.6H2O

?
?

?

?
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IR red-shifts and NMR downfield shifts are continuous

from Klein, R.A.; (2003) J. Comp. Chem. 24, 1120
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Glucose and Hydrated Glucose
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12eg_confB

Glucose-4C1 OH6O4
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Glucose-4C1 6TIP3

12eg_confB_TIP3
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4C1-glucose shows negative synergism between OH groups
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4C1-glucose does not form intra-molecular hydrogen bonds
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Methane Clathrates
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Eicosamer 512
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Tetracosamer (S4) 51262
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CH4...O Interactions
Tetracosamer 4x4

distance 3.1120 Å 3.2532 Å 3.6408 Å 3.8515 Å

ρρρρ(r) 0.00297 0.00225 0.00139 0.00051

LLLL
2
 

  

 ρρρρ(r) +0.00936 +0.00804 +0.00527 +0.00282

G(r) 0.00192 0.00155 0.00094 0.00038

K(r) -0.00042 -0.00046 -0.00038 -0.00020

V(r) -0.00150 -0.00109 -0.00056 -0.00018

V(r)/G(r) -0.7813 -0.7032 -0.5979 -0.4737

εεεε 

  

 

0.0567 0.4547 3.3539 1.04485

EHB kcal -0.471 -0.342 -0.176 -0.056

 



Methane
Electron Density Topology

Electrostatic Moments
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 1. 2. 4. 8. 16. 
CH4 gas -0.1027 0.0002 0.0008 4.1692 3.8348 

CH4 S4 -0.1072 0.0003 0.0702 3.9280 4.3642 

CH4 gas +0.0257 0.1564 0.2289 0.3515 0.0798 

CH4 S4 +0.0253 0.1452 0.2516 0.3058 0.3356 
 

 



Clathrate
Vibrational Frequencies
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 δÅ CH4 as CH4 s CH4 as/s
51262 S4 -0.00059 +4.9 +1.5 -1.1 

512 -0.00091 +10.0 +2.1 -3.5 

IEFPCM +0.00021 -3.5 -7.2 -5.9 

sI large  -12.8    

sI small -2.6   

sII small -3.9   

sH small -4.8   
 

 



Methane-Clathrate
13C-NMR

Chemical Shielding Tensors
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 Cage+CH4 Ref. CH4 13C ppm Exper.
Eicosamer     

512 sI small 188.70±0.14 193.17±0.04 4.47±0.16 4.16 

Tetracosamer     

51262 sI large 190.54±0.05 193.09±0.02 2.55±0.07 1.79 
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Suitable and Sufficient?
• Hydrogen bonds

• must satisfy certain geometrical criteria, i.e., donor-
acceptor distances, -X:...H-Y- angle, H points 
towards a lone-pair

• show elongation of the H-Y- bond associated with 
IR red-shifts and NMR downfield shifts (n.b.: bond 
shortening and blue-shifts)

• demonstrate a (3,-1) bond critical point (BCP) both 
experimentally and theoretically

• show charge-transfer between donor and acceptor
• show changes in anti-bonding orbital occupancies
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Suitable and Sufficient?
• Hydrogen bonds

• and be characterised by cooperativity defined in 
terms of synergism resulting in greater than simple 
additivity of effects, i.e., bond length, electron 
density topology, and spectroscopic parameters.
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