Journal of Computational Methodsin Molecular Design, 2014, 4 (2):19-23

2
X
=
2
s
533
>

Scholars Research Scholars Research Library

(http://scholarsresearchlibrary.com/archive.html)

s, -
“oq 4 e|n39\°QA

Library
ISSN : 2231- 3176
CODEN (USA): JCMM DA

Calculating interaction energies of hydrogen bonded dimers and complexes of
HF, H,O and NH3: Super-molecular versus AIM Approach

Ambrish Kumar Srivastava and Neeraj Misra’

Department of Physics, University of Lucknow, Lucknow, India

ABSTRACT

We perform a critical test on two theoretical approaches of calculating inter-molecular interaction energies of H-
bonded systems namely, super-molecular and AIM. We choose conventional H-bonds existing in dimers and
complexes of H,O, HF and NH; and natice that there are substantial differences in the values calculated by two
schemes. AIM approach seems to be better to calculate hydrogen bond strengths. However, a more detailed study
with diverse set of moleculesis needed in order to compare the reliability of schemes.
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INTRODUCTION

The hydrogen bond (H-bond), discovered more tharergury ago, is still a subject of scientific rasdaand
investigations due to its universal impact on reltsciences. The latest IUPAC definition recogniZielsond as an
attractive interaction between a hydrogen atom feomolecule or a molecular fragment X—H, in whiclisXmore
electronegative than H, and an atom Y of the san@edifferent molecule [1] generally symbolisedadH...Y. H-
bonds having X, Y = F, O and N are the most fretlyestudied. Recently, C—H...O type H-bonds had atsmived
a lot of attention [2] and X—Hx.H-bonds were also detected [3].

H-bonds play a key role in determining the shapesperties and functions of biomolecules [4]. Despi dominant
role of H-bonding in nature, accurate data on #epective stabilization or interaction energiescari¢e rare. The
situation with extended H-bonded complexes is, ilegmormous progress in various experimental tgcias, even
less satisfactory and accurate data on stabilizaiergies of these complexes are almost unavail&aliable and
consistent information on the stability of varidypes of H-bonded complexes, from the very weathéostrongest,
comes from high-level correlated quantum chemitalréio or density functional theory (DFT) calctitans and
these methods, thus, represent one of the mostigingnsources of relevant data. Furthermore, DFS dstiablished
itself as a universal tool for electronic structwadculations [5] and comparable to or sometimgsesar than
highly correlated ab initio methods but at reducethputational cost. Quantum chemical calculatidifer @ direct
estimation of Inter-molecular interaction energytlas energy lost by dimerization or complexationnaflecules.
This is what is known as super-molecular approach.

Another approach based on quantum theory of atemmdlecules [6], abbreviated as AIM, has becomey ver
popular for describing various inter- and intra-ewllar interactions efficiently. The AIM theory dajis some

topological parameters viz. electron densjy &nd its Laplacian mzp), kinetic energy densityQ), potential

energy density\() and total electron energy densityf)(at the bond critical point (BCP) of interactiotomms or
fragments.
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We wish to present here a comparative study oretles approaches in a specific case of calculaititey-
molecular hydrogen bonding interaction energies. Wdee chosen conventional and prototype H-bondstiagi
between dimers as well as complexes gdHHF and NH.

1. Computational details

DFT calculations are performed on Gaussian 09 pradi7]. B3LYP functional [8, 9] is employed to apize the
geometries of dimers of &, HF, NH; and their complexes. The basis set used was diffasd polarized spilt
valence type, 6-311++G The optimization of dimers and complexes washirisupported by presence of all real
frequencies. We found that global minima of (@Midimer did not correspond to hydrogen bonded sirecbut all
the rest were hydrogen bonded systems. AIM caliomatare carried out with AIMAII program [10].

2. Geometry of H-bonded systems

The optimized geometries of H-bonded dimers andpiexes are shown in Fig. 1. The geometrical pararset
associated with H-bonds are listed in Table 1. Whter dimer, (HO), is a very classic example and considered as
prototype for the analysis of hydrogen bonding. hése calculated the O...O distance in water dime2.a4 A
against the experimental value of 2.98[A1]. Similarly, distances F...H for dimer (HFand O...H for complex
(H,0)(HF) are calculated to be 2.78 and 2.66réspectively which are in good agreement with esponding
experimental values of 2.79 and 2.68 Ahus the present computational scheme is capztbteproducing the
geometries of H-bonded systems, efficiently. Furtieze, these geometries can be utilized to predikztive
strengths of interaction at least qualitatively.e \Way infer that hydrogen bonding interaction orgger in the
complex (HO)(HF) and (HF)(NH) while the rests are expected to show moderate afjinteraction [12].

3. Super-molecular Approach

The energy of interaction between two moleculesnd 8 in dimer or complex AB can be calculated &K, =
E(AB) — E(A) — E(B), where E denotes electronic energies of regmespecies [13]AE must be corrected to
account for basis set super-position errors (BS8BYys and Bernadi have suggested a counterpoisk riethod
[14] that ensures the simultaneous optimizatiom@imetries of dimeric complexes along with theimponents
and hence overcome the superposition. Interactiengées for H-bonded dimers and complexes calalilbyeDFT
using CP technique are listed in Table 2.

The calculated H-bond energy in water dimer, 5.68l/knol closely matches with the experimental vabfies.1
kcal/mol [15, 16]. In (HF) the experimental value ranges from 5 to 7 kcdl/[hd, 18] while calculated value is
4.64 kcal/mol, slightly underestimated. Moreovée teliability of the rest of calculated interactienergy values
becomes suspicious for which experimental dataaidenger available.

4. The AIM approach

The AIM theory efficiently describes the nature andsgth of various types of hydrogen-bonded inteoasti The
basis setreliability and stability in the values of AIM pareeters have been studied and found that they aresal
independent of basis set in case of used functiB8alP in DFT [19]. In AIM theory, the existence bfydrogen
bond follows Koch and Popelier criterion [20] which requiresThe existence of bond critical point (BCP) for the
‘proton (H)...acceptor (A)' contact (ii) The value efectron densityshould lie in the range 0.002—-0.040 a.u. (iii)

The corresponding Laplaciarl]z,o) should be within the rang8.024—-0.139 a. u. The three types of H-bond are
characterized on the basis of topological paramefercording to Rozas et al. [21], the charactéiomademands at

BCP (i) DZ,O < 0 andH < 0 for strong H-bond of covalent nature @2,0 > 0 andH < 0 for medium H-bond of

partially covalent nature (iii)DZp > 0 andH > 0 for weak H-bond of electrostatic charactercdrding to
Espinosa et al. [22], the interaction energy of A.cdhtact is defined aaE = %2V at BCP.

BSSE corrected geometries are used to calculateugatopological parameters listed in Table 3. Thties of
electron density and its Laplacian support theterise of H-bond. Topological parameters suggesiunedtrength
H-bonding interaction in case of {8)(HF) and (HF)(NH) of partially covalent nature while rests are teeaas
weak interactions. This is what is reflected byiattion energy values, so, the characterizatiad-bbnds in the
framework of AIM theory is well defined and reliabl

The interaction energies calculated for H-bonddiiners and complexes are also listed in Table 3ik&super-
molecular approach in DFT, calculated H-bond emargire more close to realizations. The underestiman
energy values is removed to a certain extent hAhdecalculated values are more reliable as compé#oetiat with
DFT super-molecular approach in general. Howevecaise of (KHO)(NH3), the energy of N...H bonds are further
underestimated. It should be emphasized that mtdecular energies of N...H type H-bonds needs ahéurt
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investigation and corresponding calculated valyesuper-molecular as well as AIM approaches shbeltiandled
carefully.
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Figure 1. Optimized geometries of dimers/complexes under study. Hydrogen bond is shown by broken lines.
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Table 1. Geometries of H-bondsin dimers and complexes at DFT-B3LYP/6-311++G™". The type of existing
H-bond is shown in squar e brackets.

H-bonded systems X-H H...Y X...Y X-H...Y
(H20); [O...H] 0.9694 1.9759 2.9406 173.05
(HF),  [F...H] 0.9283 1.8694 2.7833 167.62
(H:0) (HF) [O...H] 0.9404 1.7257 2.6650 176.46
(NH3)(H20) [N...H] 0.9761 198 2.9548 169.80
(HF)(NHz) [N...H] 0.9594 2 2.6510 179.95

Table 2. Super-molecular interaction energies of H-bonded dimers and dimeric complexes.
All energy values (except 4E in kcal/mol) arein a. u.

Monomer [Energy] Dimer [Eggy Complex [Energy]

E(A) or E(B) E(AB) AE E(AB) AE
H,O [-76.4585] (HD); [-152.9251] -5.08 £8)(HF) [-176.9552] -9.03
HF [-100.4823]  (HR)[-200.9720] -4.64 (HF)(NH-157.0861] -13.24

(NKH,0) [-133.0516] -6.52

Table 3. Topological parameterscalculated by AIM approach. All parametersarein a. u. and AEisin kcal/mol.

2

Dimer/Complex p P G \ H AE
(HO), 0.0224 0.0837 0H18 -0.0160 0.0025 -5.02
(HF) 0.0219 0.0969 218  -0.0189 0.0026 -5.89

(H.O0)(HF) 0.0381 0.1371 .03x%6 -0.0350 -0.0004 -10.98

(H20)(NHs) 0.0272 0.0799 0.0191-0.0182 0.0009 -5.71

(HF)(NHs) 0.0531 0.1103 0.838 -0.0491 -0.0010  -15.37

CONCLUSION

We have performed a critical study of inter-molacuhydrogen bonding interaction energies calculdtgdwo

different approaches viz. super-molecular and AWe can possibly infer that the AIM calculated valuare
comparatively more reliable. However, in case of N bond the calculated energies show an appreci@garture
from experimental values. Therefore, a more detageudy is required to further compare the religbibf

approaches and predict the efficiency of methodatdulating the hydrogen bonding energies. Funitmnk in this
regard is in progress and shall be reported soea.pfesent work is supposed to pave a way to dksisheoretical
calculations on inter-molecular H-bond interactiemergies in biomolecules, where H-bonds affectstiecture,
properties and functions, appreciably.
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