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Hydrogen Bonding without Borders: An Atoms-in-Molecules Perspective
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It is shown that the electron density at the hydrogen bond critical point increases approximately linearly with
increasing stabilization energy in going from weak hydrogen bonds to moderate and strong hydrogen bonds,
thus serving as an indicator of the nature and gradual change of strength of the hydrogen bond for a large
number of test intermolecular complexes.

Introduction electrostatic in nature but become increasingly covalent with
increasing strength.

Bader’s theory of atoms-in-molecules (AIM) is an elegant
theoretical tool used to understand both covalent and non-
covalent molecular interaction8. The usefulness of this
AIM approach in eliciting H-bonding interactions is well-
documented!~1° The topological properties of electron density
at the bond critical points (BCP) have been used to obtain

and theoretical methods have been employed to understand thdhformation on the nature of the interaction. Electron density
H-bonding interaction in gaseous, liquid and solid states and (p(rc)) and Laplap!an of.electron densityvip(rc) at the
several criteria based on hydrogen bond strength, geometricalhydrqgen bond'crmcal pomts.(HI.BCPs) have been used as the
and spectral characteristics have been proposed to classify thesglteria to quantify the H-bo_ndmg Interaction. There are several
interaction& 7 as strong, moderate and wekThe strength Interesting reports in _the I|teratur_e _that_ illustrate _tbenc)_at

of H-bonding interaction ranges from about 1 to 40 kcal/mol, HBCPs and H-bond distance exh|b|t2a Ilnear relatlonéllkﬂff?
indicating the existence of a continuum of strength. It is It ha_s bef_en |I_Iustrated that(re) and v p(r_c) display a linear
important to note that weak H-bonds are hardly distinguishable "€ltionship with the H-bond strengthin this study, an attempt
from van der Waals interaction. The strength of the classical @S Peen made to understand the concept of hydrogen bonding
H-bonding varies from 4 to 15 kcal/mol. For strong H-bonds, Wlthqut borders using the topologllc.al properties of electron
the strength falls in the range +80 kcal/mol. Although density and also to quantify the transition from weak to moderate
electrostatic interaction is taken to be the primary factor t© Strong H-bonding.

responsible for the classical type of H-bonding, pronounced
covalent character is found in strong H-bonding and a domi-
nance of dispersive interaction is observed in weak H-bonding. A number of intermolecular complexes of varying strengths,

It is worth mentioning that the term H-bond includes a much from the van der Waals to the covalent limit have been chosen
broader spectrum of interaction than what was recognized to study and develop a unified picture of the H-bond. The
earlier. The term “hydrogen bridge” has been used in the geometry of all the complexes has been optimized using the
literaturé-8to represent meaningfully different types of H-bond. second-order MgllerPlesset (MP2) perturbation theory and the
As the electrostatic character of a weak H-bond increases, thereaugmented correlation consistent polarization plus valence
is a transition from weak H-bond to classical or moderate double¢ (aug-cc-pVDZ) basis set, with the help of the GAUSS-
H-bond, while an increase in covalency leads to strong H- IAN 98W suite of program$&? The resulting wave functions
bonds’-® However, it is very difficult to quantify the transition  have been used to compute the topographical features of electron
from one type of H-bonding to anoth&Gilli et al. have used density using the AIM 2000 software pack&@3&.he stabiliza-

an electrostatic-covalent H-bond model (ECHBM) derived from tion energy (SE) has been calculated using a supermolecule
a systematic analysis of structural and spectroscopic data of aapproach:

large number of ©H-:-O—H-bonds to quantify the H-bonding

interaction? According to this model, weak H-bonds are SE= |Ecompiex™ (E1 + Bl 1)

For nearly a century, hydrogen bonding (H-bonding) has been
the subject of contemporary research interest due to its
prevalence and importance in various branches of sciénées.
Although a great deal of information is available on H-bonding,
identification of new types of H-bonds in solid state and
supramolecular chemistry and biology has triggered intense
research on the nature of H-bondig.Various experimental

Computational Details
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TABLE 1: Electron Density (p(r¢)) and the Laplacian of 0.06 > g
Electron Density (V2p(rc)) at the Hydrogen Bond Critical 0.04 /“5,/ - "~ . 5 _
Point and the Stabilization Energy (SE) Values Computed at & 002 * =2 5 - ; E
the MP2/aug-cc-pVDZ Level of Theory for Various o 0.00 £ 2 o -
Hydrogen-Bonded Complexes = 0'02 < :'; s é
= -0.02 - = £ in

H-bonded  electron densityLaplacian of electron ~ SE = 0a ] 8 c% °§ é

complexes (efasd) density (e&.?) (kcal/mol) T 006 ] g 2 o (b)
CHy:+-Ar 0.0038 0.0037 0.11 / o 10 » %0 P 5
CHgy+-SH, 0.0045 0.0038 0.23 vdW and Weak Limit  Stabilization Energy (kcal/mol)
CHge+HF 0.0047 0.004 0.25 016
CHa*+-NH;3 0.0073 0.0055 0.54 0.14 Covalent Limit ) -
Sekp++HF 0.0093 0.005 0.91 —~ 012
HCI-++HCl 0.0068 0.0053 1.22 & 010 Very Strong H-bond_—
H2S+-PH; 0.0091 0.0052 1.37 - 0.08 _
SHy++-HF 0.0093 0.008 1.54 2o —
HyS++HoS 0.0102 0.0062 1.55 £ 0% - !
PhHg-+H,0 0.0119 0.0072 217 ¢ Strong H-bond (a)
PH;...HCI 0.0163 0.0082 3.08 0 10 20 30 40 50
CoHaee-HF 0.0183 0.0128 4.16 vdW and Weak Limit I
H>0-+-H>0 0.022 0.0232 4.46 Moderate H-bond Stabilization Energy (kcal/mol)
PHs:+-HF 0.0196 0.0129 4.48 Figure 1. Diagram showing the relationship between (a) the electron
HCN---HCl 0.0211 0.0188 4.68 density p(rJ)) and (b) the Laplacian of electron density2p(r.)) at
CHOH:--H0 0.0234 0.0196 4.81 the hydrogen bond critical point and the stabilization energy for different
NH-COH:-+-H0 0.0193 0.0198 4.85 hydrogen-bonded complexes.
HCI---H,0 0.0258 0.0254 5.09
CH3;0OH:+-H,0 0.0198 0.0202 5.16 . . - .
CHsOH-+*CHsOH 0.0264 0.026 522 and the potential energy curve has a single minimum that is
CeHsOH:+-H,0 0.0262 0.0285 6.28 characteristic of a covalent bond. For an Eigenbtine proton
HCN-+-HF 0.0266 0.0314 6.88 would be covalently bonded to one water molecule and
NHs*+-HCI 0.0497 0.029 9.33 hydrogen bonded to the other. Interestingly, the interaction
Hﬂi:ﬁ'ﬁzo 8:8335 8:8222 15:; between NH*--NH3 and OH--H,O remains a strong hydro-
NHae--NH, 0.0667 0.0288 28.6 genbond. _ o
OH+++H,O 0.0883 0.035 31.7 In the classical view, H-bonds are mainly electrostatic in
HzO*:+-H,0 0.1517 —0.057 49.7 nature with some covalent character. The original concept of

H-bonds has been modified in recent years to include weak
the result of complexation was taken into account. The interactions that have their origin in dispersive forces and thus
calculated SEs have been corrected for basis set superpositiomerge into van der Waals interaction. As a result, we observe
error using the counterpoise method suggested by Boys anda range of H-bonding interaction without borders, with the
Bernardi?? values of p(rg) and V2p(re) reflecting the strength of the

hydrogen bond.
Results and Discussion

The calculated SE values for all the complexes are presentedconcIUdIng Remarks

in Table 1 along with the values of electron density and It has been shown that there is a linear relationship between

Laplacian of electron density at the HBCPs. They show clearly the electron density and the Laplacian of the electron density

that there is a linear relationship (red line) between SE@nd  values at the HBCP and the strength of H-bond and that there

(ro), as illustrated in Figure 1a. The correlation coefficient is is a smooth change in the nature of interaction from van der

0.97. The value op(r¢) increases in going from a van der Waals Waals to classical H-bonding to strong H-bonding.

interaction (in CH:+-Ar) to a classical H-bonding interaction

(in H,0-+-H,0) and a strong H-bonded interaction (in®#- Acknowledgment. This study has been supported by a grant

--H,0). For convenience, different regimes of hydrogen bonding from the Council of Scientific and Industrial Research, New

(weak, moderate, strong, etc.) are marked in the same figure.Delhi.

The smooth change in the valuesgfc) from 0.004 to 0.15
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