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in both the ethene (olefinic) and benzene (aromatic)

complexes of the first-row hydrides (BHCH,4, NH3, H,O, and HF) has been investigated by carrying out
high level ab initio calculations. The results indicate that the strength ofthé interaction is enhanced as

one progresses from GHo HF. Unlike conventional H-

bonds, this enhancement cannot be simply explained

by the increase in electrostatic interactions or the electronegativity of the atom bound stoHHeonded
proton. The contributions of each of the attractive (electrostatic, inductive, dispersive) and repulsive exchange
components of the total binding energy are important. Thus, the inductive energy is highly correlated to the

olefinic 7—H interaction as we progress from gkb HF

. On the other hand, both electrostatic and inductive

energies are important in the description of the aromati¢d interaction. In either case, the contribution of
dispersion energies is vital to obtain an accurate estimate of the binding energy. We also elaborate on the

correlation of various interaction energy components

with changes in geometries and vibrational frequencies.

The red-shift of the’y_y mode is highly correlated to the inductive interaction. The dramatic increase in the
exchange repulsion energies of theseomplexes as we progress from £té HF can be correlated to the
blue-shift of the highly IR active out-of-plane bending mode of thsystem.

1. Introduction

One of the major goals of chemistry in recent times has been
the investigation and understanding of weak interactioRs,
because of their ubiquitous role in diverse fields ranging from
biomolecular structure, molecular recognition, supramolecular
chemistry, condensed matter, crystallography, reaction mech-
anisms, and so fortfr.1° As a result, the conventional H-bond
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(A—H---B), wherein both the donoA and acceptoB are
electronegative atoms, has been experimentally and theoretically
characterized in fine detdil:1?2 These characterizations also
include variants of the conventional H-bond like short strong
H-bond4%and dihydrogen bonds. However, little is known about
weak interactions involvingr systems such as the—x and
7—H interactions'314

m—H interactions involvingr systems are interesting both
from a practical and theoretical point of vié#This is because
they can be used as model systems to examine the nature of
hydrophobicity at the molecular level and help distinguish the
limits of what should or should not be considered as “hydrogen
bonds”. Although a number of experimental studies of weak
interactions involvingsr systems have invoked the—H
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interactions to explain conformational preferences in organic few studies which have investigated the characteristics of both

and bio-molecules, crystal packing, heguest complexation,  the olefinic and aromatie—H interactions involve geometry

it has been difficult to estimate their intrinsic stability in optimizations at the Hartreg=ock level?627 Since dispersive

vivo.15719 Thus, theoretical calculations are the only recourse forces are important in the description of both the geometries

to obtain reliable estimates of their stability and understand their and binding energies of these systems (as would be shown in

origin. However, the lack of detailed investigations of these subsequent sections), full geometry optimizations at the cor-

interactions has given rise to different interpretations ofsthe  related levels are essential for the description of theH

H-bond with earlier studies attributing the formation ofra interactions.

H-bond to be due to electrostatic interactions, withheloud In the course of our continuing interest in the properties of

of the olefinic or aromatic system behaving as an electron donor complexes containing systems:3 our objective in this theoreti-

or proton acceptor. As a result of this interpretation, the strength cal study is to address some of the prevailing issues on the nature

of the z-+-HY interaction has been entirely correlated to the of the 7z—H interaction by evaluating the minimum energy

electronegativity of Y with the nature of thesystem (olefinic geometries, binding energies, vibrational frequencies, charges,

or aromatic) having no role therein. Given the number of recent the complexes of the first-row hydrides (BHCH., NHz, H,0,

studies highlighting the importance of dispersive forces in HF) with both the olefinic (ethene) and aromatic (benzene)

governing the strength of interactions involvingsystems, it systems. These issues include (i) the strength.of-& bond,

becomes important to obtain a reliable estimate of the contribu- (ji) the difference in ther—H interactions of olefinic and

tions of these individual interacting forces fot-H interactions aromaticrr systems, (iii) the modulation of the—H interaction

of different = systems2 This detailed understanding of the as a result of changes in the electronegativity of the atom

physical origin of thewr—H interaction, apart from resolving  attached to hydrogen, (iv) the changes in the individual energy

many of the misleading notions of tte-H interaction, would components for different kinds of—H interaction, (v) the

also aid the development of force-fields capable of accurately correlation of either the binding energies or the individual energy

representing these interactions. components to the vibrational frequencies of these complexes,
Most of the experimental studies of the-H interaction are and (vi) a comparison of the H-bond with the conventional

limited to the microwave and rotational investigations of the hydrogen bond.

benzene complexes of NHH,0, and HF2%-25 These investiga-

tions broadly indicate that as one progresses frafs€ENH3 2. Methods

to CsHe—HF there is a decrease in the intermolecular separation.

Theoretical calculations of the binding energies of these The interaction energy of van der Waals complexes has generally

benzene-HY complexes together with the observed decrease been calculated using two different approaches: the supermoleculgr

in the intermolecular separations seem to give an impressionmethOd and cqmputatlonal meth_ods bas_ed on the perturbative expansion

o . of the energy in powers of the interaction operdfdt. Although the
that the binding energies can be correlated to the electronega-,

. S . supermolecular method is conceptually simpler than perturbation theory,
26,27 ; : ! i .
tivity of the Y atom=>2’Although this is true to a limited extent, yoes not provide any clear picture of the interaction. On the other

the high binding energies of the corresponding ethene complexeshand, the interaction energy is directly calculated as a sum of

cannot be explained purely on the basis of the electronegativity perturbative corrections in the many-body implementation of the

of the Y atom. It becomes important to take into consideration symmetry-adapted perturbation theory (SAPYTA distinct advantage

the nature of ther system. of SAPT over supermolecular calculations is that each correction term
Most of the theoretical studies af—H interactions carried  in the perturbation series can be physically interpreted.

out to date have only focused their attention on the evaluation Given the aims of the present study, we initially carried out

of geometries and binding energies of these syst&ni3 The conventional supermolecular (SM) calculations to evaluate the binding
energies and vibrational frequencies of these complexes. Perturbational

(15) Ben-Naim, AHydrophobic InteractionsPlenum: New York, 1980; calculations using the SAPT program were then carried out to

Tanford, C.The Hydrophobic Effect: Formation of Micelles and Biological ~ decompose the binding energy of these complexes into individual

MeTgr?\/rl]L?IISEYrWIlilay:Ac'\c‘eV(\éh\'(s?rrlk’RlsggéQ 23 23 interaction energy componerisThe details of the calculations are
gl7; Privalév, P Gill, S. JAdy. Protein éheh11988 40, 191; Burley, briefly elaborated to aid in the discussion of the results.
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Kin(qigljicsﬁé)iHa TSKS(SEE”S“ ghyéhlaetsﬂg\?g }%3;“2 &7'&% Nafl. Acad using the 6-3%G* basis sef37 After confirming that they were
Sci USA. léga' 95, 12094. Oh. K. S.- Lee, C.-W.: Choi. H. S- Lee. S. J.  Stable minima through evaluation of the vibrational frequencies at the

Kim, K. S. Org. Lett 200Q 2, 2679. MP2/6-3H-G* level, the lowest-energy conformers obtained at the
(20) Baiocchi, F. A.; Williams, J. H.; Klemperer, W. Phys. Chem

1983 87, 2079. (31) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe,X.
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Figure 1. MP2/aug-cc-pVDZ optimized structures of all the ethene complexes.

MP2/6-3HG* level were subject to a full geometry optimization at  of the energy components evaluated at the Harkeeek level and

the MP2/aug-cc-pVDZ leveF Vibrational frequencies were then  E™ js the sum of all of the energy components evaluated at the
evaluated on all the MP2/aug-cc-pVDZ optimized structures. Since the correlated level. A detailed description of SAPT and some of its
MP2/aug-cc-pVDZ method has been widely employed by us to applications can be found in some recent referept®g347

investigate various intermolecular complexes, and seems to provide

fairly accurate geometries and binding energies for a large number of 3 Rasyits and Discussion

complexes, this method has been employed in the presentvbrk.

the case of the ethene complexes, single-point calculations at the To aid our discussion, we use the following notations: Et:
coupled cluster singles doubles level of theory with noniterative C,H, Bz: CsHg, B: BHs, C: CHy, N: NHs, O: H,O, F: HF.

inclusion of triples excitation§CCSD(T}* were also carried outon s for example, BEt denotes the complexBi€,H., and
the MP2/aug-cc-pVDZ optimized structures. All of the electrons were FBz denotes the éomplex HCsHs '

explicitly included in the correlation calculations. . . .

The zero-point vibrational energy (ZPVE) corrections were computed ~ 3-1- Geometries and EnergeticsThe geometries of all the
from the frequencies evaluated at both the MP2/6-Gt and MP2/ m-complexes with the first-row hydrides shown in Figures 1
aug-cc-pVDZ levels. The basis set superposition error (BSSE) correc- and 2 have been obtained after a detailed conformational search
tions for the SM calculations were computed using the counterpoise at the MP2/6-33+G* level 2°36:3"The MP2/aug-cc-pVDZ bind-
method of Boys and Bernartl.Our previous theoretical studies on  ing energies and selected geometrical parameters of these
benzene-containing complexes seem to suggest that a 100%-BSSEstructures are listed in Tables 1 and 2. It can be seen that both
correctioq often underestﬁmates thg bin.ding gnergies as compargd t0the BEt (BH3—C,H,) andBBz (BHs—CgHg) complexes do not
the gxperlment_ally determln(_ed energies, in particular for moder_at_e-5|zed allow a—H interaction. The high binding energies observed
basis sets which are practical for the studymefystem-containing therein emerge from the much strongep, interaction. The

complexes. Hence we have often found it useful to employ a 50%- f f BH—CqHs displayi “Hint tion i |
BSSE correction, the justification of which is given in a recent revigw. conformer of BH 6 dispiaying ar interaction 1S nearly

All of the SM calculations reported in this study were carried outusing 3-3 kcal/mol higher in_energy than the minimum energy
the Gaussian suite of prograris. conformer BBz) at the MP2/6-33G* level 3" One of the major

The role of atomic charges in monitoring the changes in the differences between the ethene and benzesgstems can be
electrostatic profiles of the individual monomers as a result of cluster- seen in their complexes with GHwith only conformerCBz
formation is well-known. In recent years, the natural bond orbital (NBO) (CH,—CgHg) displaying the characteristics ofia-H interaction
analysis has been widely employed to evaluate the atomic ch&rges, (hydrogen of CH pointing toward ther-cloud of GHe). The
because unlike most other charge-partitioning schemes, it is unaffectedsjgnificant role of large basis sets in describing these complexes
by the presence of diffuse functions in the bas_ls set. The NBO charges an be seen in the interactions of Niith CsHs (NBZ).
reported in this study have been calculated using the densities obtaine
at the MP2 level. . . (38) Dunning, T. H.J. Chem. Phys1989 90, 1007.

2.2. SAPT Calculations. The Symmetry Adapted Perturbation (39) Crawford, T. D.; Schaefer, H. F., IIRev. Comput. Chem200Q
Theory (SAPT) prograit3®provides a rigorous quantitative quantum 14, 33. _
mechanical description of the intermolecular forces and also enables 22“1)5 EQYSh SMF-i]BeTmaTE'- FgO'\-NPh)éS ﬁ|970|1‘~|9_,| 55B3- Gill P MW

; ; ; ; P risch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W,;

olne '.[O I'dtﬁmlfy thef _p?ysmallly rlne?nlngfulutelr_gls orlg{m?rt]lngdfrom Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
classical theories of Intermolecular forces. Uniike most other aecom-  a . Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
position procedures, SAPT allows for a natural description of the v G.. Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
interaction energy in the form of a sum efectrostati¢ induction Nanayakkara, A.; Chalcombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
dispersion and exchangeinteractions. One can also examine the Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
changes obtained by step-by-step inclusion of electron correlation effectsFoX, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

: : : Gordon, M.; Gonzalez, C.; Pople, J. Gaussian 94revision A; Gaussian
on these forces. In this study, the SAPT calculations were carried out Inc.: Pittsburgh, PA, 1995.

using the geometry of the energy minimum (obtained from supermo- (42) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88
lecular calculations) of the complexes. The SAPT interaction energy ggg. ' ’ ’ ' ' '
accurate to third ordeEi(riAPT)is represented bEi(StAPT): E(ellit+ E(ei)ch (43) Moszyrski, R.; Jeziorski,_ B.; Ratk_iewic_z, A.; Rybak, 3. Chem.
L E@ @ L E@ 4 @ 4 gHF e FD g the Phys 1993 99, 8856; Mosz?sk}, R.; Je;|orsl_<|, B.; Rybak, Sl Chem.

| {”d i exch-ind fdtlfs1p exch-disp 'thmiﬁ te'S;J d elect Phys 1994 100, 1312. Moszyski, R.; Jeziorski, B.; Rybak, S.; Szalewicz,
electrostatic energy of the monomers with the unperturbed €lection i “wyjliams, H. L. J. Chem. Phys1994 100 5080. Rybak, S.; Jeziorski,
distribution, Eé}ch is their first-order valence repulsion energy due to B.; Szalewicz, KJ. Chem. Physl995 95, 6576. Moszyski, R.; Cybulski,
the Pauli exclusion principles!?, stands for the second-order energy ~S. M.; Chalasiaki, G.J. Chem. Phys1994 100, 4998. Chalasiski, G.;

: . . S - =(2) Jeziorski, B.Theor. Chim. Actd 977, 46, 277. Moszyski, R.; Korona, T.;
gain coming from the induction |nter.act|oEexcrHrmI represerlts the Wormer, P. E. S.; van der Avoird, Al. Phys. Chem. A997 101, 4690,
repulsion change due to the electronic cloud deformaﬁ'xﬁﬁp is the (44) Szalewicz, K.; Cole, S. J.; Kolos, W.; Bartlett, RJJChem. Phys
second-order dispersion ener@&i)ch_disp stands for the second-order 1988 89, 3662.

correction for a coupling between the exchange repulsion and the 19545)1(‘)3Uk7fJ3Y;SZkiv R.; Szalewicz, K.; Chabalowski, @. Phys. Chem. A
dispersion interaction, an#}'" includes the higher order induction and (36) Mg;let A:Moszynski R.: Wormer. P. E. S.- van der Avoird. A

exchange corrections. The SAPT interaction energy can also be ppys ‘Chem. A999 103 6811.
represented as the sumgf" andEC”™, whereE"" is the sum of all {47) Wormer, P. E. S.; van der Avoird, &hem. Re. 200Q 100, 4109.
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Figure 2. MP2/aug-cc-pVDZ optimized structures of all the benzene complexes.

Table 1: Binding Energies and Selected Distances of the Ethene
Complexe’d

Table 2: Binding Energies and Selected Distances of the Benzene
Complexes at the MP2/aug-cc-pVDZ level

MP2/aug-cc-pVDZ[CCSD(T)/aug-cc-pVDZ] BBz CBz NBZ, NBz, OBz FBz

BEt CEt NEt OEt FEt —AEN 792 371 445  2.65 509 6.11
symmetry  (Cy (Cy) (Cy) (C9 (C9 —AE®? 449 122 1.97 144 2.83 3.88
—AEN  14.45[11.32] 1.45[1.43] 2.22[2.12] 3.43[3.27] 5.47[5.27] ~—AE 620  2.46 321 204 396 4.99
—AE® 10.66[7.54] 0.66[0.65] 1.28[1.15] 2.25[2.02] 4.07[3.74] ~—AE, 383 148 213 125 287 378
—AE. 1256[9.43] 1.06[1.04] 1.75[1.64] 2.84[2.65] 4.77[4.51] ~—AEr 11.75 5.25 505 1.89 439 3.85
—AE, 8.64[5.51] 0.35[0.34] 0.90[0.78] 1.60[1.42] 3.05[2.79] ~—AEs 036 0.57 3.18 251 6.90 9.67
—AEcr 19.03[15.90] 1.89[1.87] 2.28[2.18] 2.64[2.49] 2.80[2.60] —AHazs 4.25 0.95 167 121 2.47  3.83
—AEes 0.58 0.19 1.46 3.11 5.76 —wew  2.656 2,429 2362 5.494/5.3952.353 2.284
—AHgs 9.89 -0.17 0.47 1.47 3.55 Ry 2.878 3.525  3.383 4.988 3.281 3.167

—aew  2.386 3.297 2.616 2.377 2.134 ARN-my - - - 2.482 - -

Ry-mey 1.812 3.725 3.530 3.314 3.068 ARy_y  0.002 —0.001 0.001 0.001 0.003 0.007
ARy_y 0.013 0.000 0.001 0.004 0.010 A 3676 2754 2787 5457 2817 2937
A 19941 24951 23909 23881 24416 B 2633 1954 2026 1124 2068 2052
B 13034 3406 3681 4085 4557 C 2109 1953 2012 937 2059 1984
C 9574 3056 3301 3692 4057 u 155 0.20 157 223 224 245
u 2.75 0.04 1.46 2.01 2.60

@ Notations are as followsBEt = (BH3;—C;H,4), CEt = (CHs—
C2H4), NEt = (NH3—C2H4), OEt = (HZO_C2H4), FE'[ = (HF—C2H4).
All energies are in kcal/mol; distances are in A-AEN" and “—A
ES” represent the binding energies without and with basis set
superposition error (BSSE) correction, respectivéliz. is chosen to
represent the mid value &fE.N and AE® as upper and lower bounds,
respectivelyAE, is the ZPVE-corrected Ee. In the case of CCSD(T),
the ZPVE values evaluated at the MP2 level are ugdd,qs is the

enthalpy at 298.15 K and 1.0 atm. The frequencies for ZPE and thermal
corrections were evaluated at the MP2/aug-cc-pVDZ level. The electron

correlation energyAEq is the value of theE.(MP2)/(CCSD(T))
subtracted byE.(HF) at the MP2 optimized geometrAE.s is the
electrostatic (chargecharge) interaction energy evaluated using NBO
chargesAH,gs is the enthalpy at 298.15 K and 1.0 atRy_n, and
Ry-x.y a@re the distances from ethene center-of-plane to the H and Y
(B, C, N, O, F) atoms, respectivelARy_ is change observed in the
Y—H bond distance upon complexation. A, B, C are the rotational
constants in MHz respectively.is the dipole moment in Deby&The
CCSD(T)/aug-cc-pVDZ/IMP2/aug-cc-pVDZ values are enclosed in
square brackets.

Calculations using small basis sets (6+33*) lead to the sigma
conformer \\Bz,) being energetically more favored than the
correspondingr (NBz,) conformer. However at the MP2/aug-
cc-pVDZ level, conformeNBz, is energetically more favored,
which is in line with the experimental observatiofis.

a All energies are in kcal/mol; distances are in A. All the complexes
posses€s point group symmetryRy— .., andRy_,,, are the distances
from benzene center-of-plane to the H and Y (B, C, N, O, F) atoms,
respectivelyRy-, is the distance from the hydrogen-bonded benzene
hydrogen to the nitrogen of ammonia. See footnotes of Table 1 for
other definitions? Single imaginary frequency neglected in the evalu-
ation of ZPVE.¢ First distance occurs twice, second occurs once.

(Y=C, N, O, F) distance as one progresses from, @HHF,

with the effect being more pronounced in the complexes formed
with HF. TheRy—,,, distancesifcwm denotes center-of-mass of
thesr system), on the other hand, indicate that the intermolecular
separation of the hydride and thesystem decreases on moving
from CH, to HF, with the decrease being more pronounced in
the ethene than in the benzene complexes. Upon complexation
little changes (with the exception of the complexes of;B&te
observed in the geometries of thesystem and the hydride.

The binding energies of these-H complexes evaluated at
the MP2/aug-cc-pVDZ are in general in good agreement with
the experimental binding energi€=® However, it should be
noted that wide-ranging zero vibrational effects have to be taken
into account to obtain very accurate estimates of the binding
energies of these complex&sA plot of the ZPVE corrected
binding energies of these complexes (Figure 3) evaluated at the
MP2/aug-cc-pVDZ level reveals that the ethene complexes have

In recent theoretical studies we had described the efficacy of |ower binding energies when compared to those of the corre-

the MP2/aug-cc-pVDZ method in describing the geometries and

energetics of intermolecular complexes exhibiting theH
interaction?®#8 The MP2/aug-cc-pVDZ geometries of these
complexes indicate that there is a gradual elongaton dRthe

(48) Tarakeshwar, P.; Kim, K. S.; Brutschy, B. Chem. Phys200Q
112 1769; Tarakeshwar, P.; Kim, K. S.; Brutschy,BChem. Phy001,
114, 1295; Tarakeshwar, P.; Kim, K. S.; Djafari, S.; Buchhold, K.; Reimann,
B.; Barth, H.-D.; Brutschy, BJ. Chem. Phys2001, 114, 4016.
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104 extremely large size of the benzene complexes precludes the
use of large basis sets and high levels of correlation in SAPT
Q O Ethene complexes calculations. Hence, the interaction energy components of the
’ —— Benzene complexes benzene complexes obtained using the 6-G% basis set are
listed in Table 4. The importance of the inclusion of electron
correlation in the description of these complexes can be seen

in the values ofE°™. Thus, the exclusion oE ™ from the

int int
total interaction energye{>""") of theser complexes leads to

% either repulsive (complexes of GFand NH) or diminished

x/o (complexes of HO and HF) interactions at the HarteEock
></ level. One can also note the significant difference between these
" o complexes and that of the water dimer (an example of a

o conventional H-bond) from the values B>

0 ; Z ; ; ' An analysis of the origin of the—H interaction of the ethene
BH, CH, NH, R0 hF complexes in terms of the contributions of the attractive energy
components to the total attractive energy reveals that electrostatic
Figure 3. Comparison of the BSSE and ZPVE corrected binding energies E(l)t) contribute to less than 50%-@0% when one

els

energies (MP2/aug-cc-pVDZ) of all the ethene and benzene complexes.emplOys the aug-cc-pVDZ basis set) of the tosdlractive

interaction in all these complexes. Additionally the percentage
of the electrostatic contribution is nearly invariant as one

) ) ; . progresses from Nito HF. Furthermore, one also notes that
in case of the ethene complexes, there is a gradual increase iy "contripution of the higher-order exchange and induction
both the correlation and electrostatic energies as one progresse HF

from CH, to HF. On the other hand, in the benzene complexes, éorrectlon§ Q"?t) 1S ”ea”Y unlfqrm in all OE )the complexes.
the dramatic increase in the electrostatic contribution is ac- The cpntr!butlon _Of the _mdgct!on energ)Ei,fd) to the_ total
companied by a slight decrease in the correlation contribution. attractive interaction, Wh'Ch Is independent of the size of the
Given the importance of correlation energies in the description basis-set, dramatically increases fr"’.“ about 20% inNfke
of these complexes, it is useful to examine the consequences(NHS_CZH“) complex to nearly 40% in theEt (HF—CHa)
of employing higher levels of correlation in evaluating the complex. This increase in the contrlbutlon of_the _mductlon
binding energies. The CCSD(T) binding energies of the ethene €Ny can be attributed to the increased distortion of the
complexes are similar to the corresponding MP2 binding electron cloud of ther system by the electric field ofthg hydride
energies, with the exception of thet—BH; complex. This @S We progress from NHo HF. Although the magnitude of
finding reinforces our earlier observations that the MP2/aug- (e dispersion energies is slightly higherfigt than inNEt,
cc-pVDZ method is adequate in the description of theH '.[he percentage of its contribution tq the.total gttracﬂye |nteracF|on
interaction exhibited by these complexes. A similar observation 'S Tarkedly lower. Thus, the contribution of inductive energies
was made in a very recent paper by Tsuzuki et al. on the (Eiy) becomes more significant in going from Gkb HF.
interaction of methane with benzefte. A similar analysis of the contributions of the attractive energy
One of the popular methods of the decomposition of the components of the benzene complexes reveals an increase in
binding energy of an intermolecular complex has been the both the contributions of the electrostatic and inductive energies
Morokuma partitioning schenf®.One of the drawbacks of this ~ as one progresses from ¢kb HF. Nevertheless, we find a
scheme is that it is defined within the Hartreleock framework. clear distinction between olefinic and aromatie H interactions
Hence, this scheme cannot be employed for thesystem- as shown in the following discussion.
containing complexes, wherein electron correlation is important.  The trends of various energy components, their sums, spectral
In a recent paper, Tsuzuki et al. have tried to estimate some ofshifts, and selected geometrical parameters of both the ethene
the components, not available within the Morokuma partitioning and benzene complexes are shown in Figure 4. Figure 4a depicts
scheme, using empirical modéfsHowever, given the complex  the exchange energies [evaluated as the sum of the exchange (
nature of these interactions, a partitioning scheme which g M exchange-inductionE@Crﬂnd), exchange-dispersion (

explicitly takes into account electron correlation should be EEZ:)zmdis;), and 85, The increase in the repulsive exchange
nergies is more pronounced in the ethene complexes than in

employed to obtain the individual energy components. Recently, e
we have shown that the decomposition of binding energies of the benzene complexes. The reason for the anomalous behavior
of the exchange energies in case of the ethene and benzene

weak van der Waals complexes containimgsystems using
tS_AP'Iz'g’ggowdes a physical insight of the nature of interac- complexes lies in both the size of the donor (hydride) and the
lons: way it approaches the system. As we progress from Gkb

F, the decrease in the electron density of the H-atoms involved

The results of SAPT calculations carried out on all of the H
ethene-containing complexes using large basis sets and h'gnnthen—H interaction leads to a closer approach tosteystem
because of a decrease of exchange repulsion at a given

levels of correlation are listed in Table 3. This table shows that
the use of large basis sets and high levels of correlation only separation. Furthermore, the widely differing electron density

Binding Energy (kcal/mol)

sponding benzene complexes. The rough estimates of the
correlation AE.,;) and electrostaticAE.9*° energies reveal that

leads to an increase in the dispersion energ&g ) The profiles of thex cloud of benzene and ethene governs the
(49) The rough estimate of the electrostatic energ.), which is approach of the hydride. The complexes with benzene are very

obtained using Coulomb’s law and the NBO charges, should not be confuseddifferent from those with ethene because the hydride aims at

with the electrostatic energ)Estl)) obtained using SAPT. the midpoint of the ring (where there are no nuclei or bonds).
(50) Morokuma, K.J. Chem. Phys1971, 55, 1236; Morokuma, K.; ;

Kitaura, K.Int. J. Quantum. Chemi976 10, 325; Morokuma, K.; Kitaura, dC.0nsequer.ltI!]y,hth§ decreas? I_?f C:he Im.ermOlecludl%L”R' I

K. In Chemical Applications of Electrostatic Potentig®litzer, P., Truhlar, Istance with the decrease of the donor size would be smaller

D. G., Eds.; Plenum: New York, 1981; pp 21342. for the benzene than for the ethene complexes (Figure 4j). The
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Table 3: SAPT Interaction Energy Components of All the Ethene Complexes Obtained at the MP2 Level using both tH&*Ga8d
aug-cc-pVDZ Basis Sets

6-31+G* aug-cc-pvDZ
CEt NEt OEt FEt (HO), CEt NEt OEt FEt (HO),

ES#PDs  ~0.13(-0.16) —0.86(-0.92) —170(-184) —3.61(-3.88) —4.61(-456) —0.70-0.73) -120(-134) -201(-231) —384(-431) —4.06(4.38)
Ecnc  —0.48(-0.51) —0.75(-0.81) —~0.74(-0.89) —0.48-0.75) —0.16(-0.11) -140(-142) -142(-160) —130(156) —0.92(-139) —0.41(-0.73)

D, —0.42(-0.40) —2.14(-2.07) —4.03-3.90) —6.77(-6.62) —10.10(9.82) —0.62(-0.59) —2.20(-2.12) —3.91(-3.78) —6.54(~6.41) —8.41(-8.25)

D, 0.85(0.82) 2.58(2.48) 4.74(4.50) 8.03(7.62) 8.99(9.23) 1.54(1.57) 3.33(3.15) 5.45(5.12) 8.92(8.42) 8.47(8.60)
E?) —0.14(-0.14) —0.79(-0.80) —2.26(-2.25) —5.57(-5.41) —3.03(-3.62) —0.18(-0.21) —1.04(-1.04) —2.66(-2.62) —6.33(-6.09) —2.90(3.43)

£ —0.53(-0.55) —1.02(-1.05) —1.37(-1.41) —1.69-1.76) —1.47(-1.67) —1.63(-1.72) —2.032.07) —2.43(-2.54) —2.85(~3.05) —2.25(-2.63)
ED. 012012 0.58(0.58) 1.54(1.53) 3.43(3.33) 1.68(2.00) 0.15(0.17) 0.76(0.76) 1.80(1.77) 3.91(3.76) 1.55(1.82)
9, 4, 006 0.15 0.24 0.32 0.31 0.13 0.28 0.41 0.53 0.41

STF —0.06 -0.22 —0.55 -1.36 -0.98 —0.09 -0.3 —0.66 —1.48 -0.93

2 All energies are in kcal/mob EGM™Y = EQ) + EQY, + EX + ERL + B9 g + Eokpaip T Opi- The energy components inside the
parentheses have been evaluated at the CCSD level (for the exchange energies) and at the MP4 level (electrostatic and dispersibﬁf?ﬁbrgies).

is the sum of all the energy components evaluated at the correlated level.

Table 4: MP2 Equivalent SAPT Interaction Energy Components 29 . : : : 04
of All the Benzene Complexes Obtained using the 6-Gt Basis j :
Set —%— Benzene complexes
4| --O-- Eth /i o
CBz NBZ, NBz, OBz FBz ol oo Fheecompees 17 2
Ei(riAPT) —0.56 —-1.27 —1.29 —2.23 —3.35
Etcom -167 -167 -084 -133 —0.98 8 _
a -1.01 —-222 —361 —351 —4.48 g
E® 2.41 3.30 4.54 4.09 5.40 El :
exch 6+ _% -6 B
E@ —0.49 —0.85 —-1.31 —1.43 —3.43 g :
ind 3 (" 0
@ -1.96 —214 -134 21 —2.00 g e
E@ 0.39 0.59 0.64 0.8 1.69 1 § o
fzzx)ch—md —
EZ disp 0.24 0.27 0.24 0.26 0.25 e
HE -0.14  -0.23 -045 034 —0.78 A 5 )
a All energies are in kcal/mol. See the footnotes of Table 3 for other 2 c};"/(‘) o , HF (@:E%, \
notations. R IS - - A
< 00 : T ; 4
smaller variation of R-, in the benzene complexes also 3 (0): E%,,
explains the near constancy of the dispersion enerdﬁ§§)( 2 R &
(Figure 4b). On the other hand, the somewhat smaller decrease” 2| ——————— ol e
of Ry—n, in the ethene complexes, as we progress from CH 0 e N
to HF, explains the slight increase in the dispersion energies T 150 \
. . . . N - B Kl .
(Figure 4b). It should be noted that the change in dispersion | (0 E® +E® RN (): 8v,.,, (em .
. . . - ind exch-ind ~
energy is governed by two factors: intermolecular separation R
and the electron population involved in the-H interaction L e oo o )
(i.e., electron density around theebonded H atom). Given the \~~\ o R, B
larger electronegativity of F over that of C, the electron density o @)Y LB L ' e 000 jmmmmm "
around the hydrogen in CHvould be slightly higher than in ) M i O ¥
HF. This can be partially evidenced from the charges of the \ 5]
hydrogen atoms shown in Table 5. Hence for a given intermo- \ ' \
lecular distance, the dispersion energy would be slightly higher 34 —~o
for complexes involving Cllthan HF. (e): ES¥™ \ 32 MR, A S
A comparison of the electrostatiE®)) and inductive E®), 4 : ‘ " o S B
components of the ethene and benzene complexes plotted in CH, NHg o HO o HF O, NH RO HF

Figure 4 f and g reveals that, in the case of complexes involving Figure 4. Comparison of the trends of the various interaction energy
CH,4 and NH, their magnitudes are comparatively smaller for components and their sums~(g), selected vibrational frequency shifts

the ethene complexes. However, with the progressive decreasd®Vv-+) (n), and geometrical parameteffRy v, ORy-x,) (i, J) of all

in the hydride size, the magnitude of these components in the the ethene and benzene complexes. The interaction energy components
ethene complexes is larger than the magnitudes observed in th ere obtained at a level equivalent to the supermolecular MP2/

dina b | This behavi f the att -31+G*. See Table 3 for description of the notations. The geometrical
corresponding benzene complexes. This behavior ot the & rac'parameters and frequency shifts were obtained at the MP2/aug-cc-pvVDZ

tive inductive energiesﬁfﬁg) can be explained using an anal- |eyel.

ogy of the cationz interactions. In the case of the interactions

of theses systems with organic cations such as tetramethyl- important prerequisite for the magnification of these inductive
ammonium (Nl\/lé), we had shown that a significant part of interactions.

the binding energy emerges from the-¢* interaction, which To reinforce the arguments put forward in our analysis of

is of the inductive typé® What is however more importantis  the attractive energy components of these complexes, we have
that this inductiver—o™* interaction gets magnified at the MP2

level1851 Thus, the inclusion of electron correlation is an (51) Minoux, H.; Chipot, CJ. Am. Chem. Sod.999 121, 10366.
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Table 5: MP2/aug-cc-pVDZ NBO Charge Shifts (au) of the Y (B,
C, N, O, F) and H Atoms Interacting with thre System in All the
Complexe’

atom BH; CH, NH3 H.O HF
Ethene Complexes
Y —0.576 —0.004 -0.006 —0.010 -0.021
H 0.084/0.144% 0.000 0.003 0.004 0.001
Benzene Complexes
Y —0.188 0.007 0.005 0.000 —0.009
H 0.034/0.029 —0.007 —0.006 —0.003 0.001

a All shifts evaluated with respect to the charges observed in the
corresponding monomersSince BH does not form ar-H bond with
either Et or Bz, the charge shifts of all its hydrogens are listed in
case of the Bhlcomplexes. First charge occurs once, second occurs
twice.

plotted the sums of some of the energy components of both the

ethene and benzene complexes in Fégdic and d. In the case
of the ethene complexes, the sum of the electrostﬁfg,)(
exchange %)), dispersion EZ)), and exchange-dispersion (
Effx)cwisp) energies is almost zero. Hence the trend of the total
SAPT interaction energyEf>*"™) of the ethene complexes
shown in Figure 4e is similar to the trends exhibited by both
the inductive E?) (Figure 4g) and the sum of the inductive
and exchange-inductiorEfx)dHnd) energies (Figure 4c). On the

other hand, the total SAPT interaction energy of the benzene

J. Am. Chem. Soc., Vol. 123, No. 14, 208329

— %, Et-HF (aug-cc-pVDZ)
TE) 10 \e |
= ~
Ei T ®\$\e\
=3 0 : $\®’\§—
> ) S
5 e
B ==
8 1 x/g .45/
o — B : —m— total
c />< "o% ? —O—elst
S 199 o7 —2—ind
§ ] oA —x— disp
o // —&—exch
N
£ -20 —f——T ———r 77
2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
N .
R @ . Et-H,0 (aug-cc-pVDZ)
o 104 \$
E o :
= e :
8 l\ : $\® :
X : .y
> 0 =g : $\$E
E’) : Tl — == O
o e o o=
QC) X/X /6 T
5] O/
o A
2 :
= 204+———1"—T1"—F"—F+—F—————
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

Intermolecular distance (A)

complexes (Figure 4e) can be correlated to the electrostatic (Figure 5. Comparison of the calculated SAPT interaction energy

E(ellg,) (Figure 4f) and partially to inductive energieEi(,f@,) or
the sum of EZ) and €2, ...) (Figure 4 c, g).

components of comple®Et andFEt at the aug-cc-pVDZ level. The
exchange energies (exch) are the sum of all the exchange components

@ E@ . oM. The total energy is the sum of the electrostatic

To compare these results with those obtained for the water (ejstg®) “inductive (inde®), dispersive (disE2 ), and exchange

dimer (a representative of conventional H-bonding), we have
listed the values obtained with the aug-cc-pVDZ basis set in
Table 3. It can readily be seen that the binding energ@ Bt

(H20—C,H,) (wherein one of the water molecules is substituted
with an ethene) is nearly half of that of the water dimer. The

dis|
energies. The arrows indicate the equilibrium geometry.

complexes. The magnitude of the repulsive exchange energies
has a far more important role in the characterization of the
equilibrium geometry than the magnitude of the attractive

analysis of the attractive components of the interaction energy energies such as electrostatic, inductive, and dispersive ener-

of the water dimer in Table 3 reveals that contribution of
electrostatic energy to the total attractive interaction is much
higher than inOET (~60 vs ~40%). Consequently the
contributions of induction and dispersion energies to the total
attractive interaction of the water dimer are much lower than
in OEt. In case ofFEt (C,Hs—HF), whose binding energy is
similar to that of the water dimer, the contribution of the
dispersion energies to the total attractive interaction is similar.
However, the decreased electrostatic contributiofih (~1.8
kcal/mol) is compensated by a concurrent increase in the
contribution of the induction energy~@.7 kcal/mol) and the
dispersion energy~0.4 kcal/mol). It should be noted that the
exchange energies-(.3 kcal/mol) are lower in the water dimer.
The relatively smaller magnitude of the inductive energies as

gies. In the case of compleéxEt, the magnitude of inductive
energy sharply increases and is larger than the dispersion energy
even before the onset of the equilibrium geometry. Further-
more, at intermolecular separations smaller than those ob-
served in the equilibrium geometry, their magnitude is higher
than that of the electrostatic energy. On the other hand, in
complexOEt, the magnitude of inductive energy becomes larger
than the dispersion energy only at intermolecular separations
smaller than those observed in the equilibrium geometry. In both
OEt and FEt complexes, the difference in the magnitude of
the electrostatic and the other attractive energies such as
dispersion and inductive energies at various intermolecular
separations is much smaller than that observed in case of the
water dimer*

compared to the electrostatic energies is in agreement with the 5 > Charges and Electron Density ShiftsThe formation

arguments put forward by Davidson and co-workers in their
investigation of the water dimé&?.
To further distinguish the conventional H-bond and the

of a conventional H-bond normally results in subtle shifts of
the electron densiti: Even though these shifts are relatively
small in magnitude, they have been found to be useful in the

H-bond, we have investigated the changes in the magnitude ofigentification of such bonds. This electron density is drawn not
the energy components as the intermolecular separation isnly from the lone pair of the acceptor molecule participating

slowly decreased from very larger separatiehb Figure 5,
we have plotted the components for various intermolecular
separations of theOEt (H,O—C,Hs) and FEt (HF—C;Hy)

(52) Ghanty, T. K.; Staroverov, V. N.; Koren, P. R.; Davidson, EJR.
Am. Chem. So200Q 122, 1210.

in the H-bond but from the entire molecule. Consequently, the
density rather than being localized over a particular region
delocalizes throughout the donor molecule. Table 5, which lists
the NBO charges of the hydrogen and the “Y” €/B, C, O,

N, F) atom evaluated at the MP2/aug-cc-pVDZ level indicates

(53) It is important to point out that in the evaluation of these energy that only the complexes of HF exhibit significant charge transfer,

components, the monomer geometries in the equilibrium geometry of the

complex were employed. We have observed that this approximation has

very little effect on the evaluated interaction energy components.

with the fluorine atom becoming more negative. This facet is

also evident from the high electrostatig{() energies exhib-
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Table 6: Calculated Frequency Shifts of the-¥ Stretching
Modes in All the Complexes at the MP2/aug-cc-pVDZ Lével OHF
--O--- Ethene complexes
8.00BEt CEt NEt OEt FEt -+ Benzene complexes
—79.0(142)  1.3(24) —4.5(5) —28.3(150) —245.3(709)

w
k=]
|

—150.3(53) —2.0(15) —8.4(32) —45.6(122) G P
—72.4(23) —3.9(17) -7.2(14) 20 NE!
—2.0(0) '/ 9 LOHO
A\ A\
BBz CBz NBz, NBz, OBz FBz ’ HF
—30.4(100) 16.0(3) —8.4(4) —6.1(7) —29.1(101) —166.0(465) 104 Onn

—46.4(108) —9.0(16) —10.8(37) —6.3(7) —30.6(74)

3(v_)(Ethene)/3(v )(Benzene) (cm")

Q, o
29.6(21) —9.0(16) —7.5(8) —5.0(3) e 7 Qg %9 ¢
. _2:8(7) . . ) "",XNHa + A b4 v
- - - — OcH,  xey v
2 All frequencies are in cmt, and the IR intensities (km/mol) are 04 a
enclosed in parantheses beside them. T T - T T T T T -
4} 2 4 6 8
ited by these complexes. Expectedly, the amount of charge Exchange Energy (E", )

gained by the “Y" atom can be correlated to its electronegativity. rigyre 6. Correlation of the exchange energi&) with the out-
In the ethene complexes, the “Y” atom gains more negative of-plane bending shifts of ethene and benzene in all the complexes.
charge than in the corresponding benzene complexes. This is;The bending modes/, v;) are also shown in the graph.
however, in contrast to the charges exhibited by the hydrogen . . .
It would thus be interesting to examine if any other frequency

atom. This contrasting behavior of the charges of the “Y” and :
. ._.-_could be correlated to these energy terms. In Figure 6, a scatter
hydrogen atoms in the ethene and benzene complexes distin-

guishes ther—H interaction exhibited by olefinic and aromatic plot of '.[he calculated frequenqy shift associated with the highly
L IR active out-of-plane bending mode of both ethene and
m systems. In the case of the Bldomplexes, the significant

) .
amount of charge transfer from thesystem to the boron atom benzene, and the .ex.c.hange enerﬁﬁﬂg IS shoyvn for all of
can be attributed to ther-p, interaction®” Except for the the complexes exhibiting a—H type of interaction. It can be

complexes of HF, these charge shifts cannot be correlated toSeen that a linear relationship exists between both the out-of-

the electrostatic energies obtained in the energy decomposition P'ane bending-mode shifts and the exchange energies. This is
3.3. Vibrational Spectra. In the case of a conventional supported from the fact that a decrease in the intermolecular

hydrogen bond, correlations can been made between thedistance leads to a drastic increase in the exchange-repulsion,
stretching frequency shifts and the strength of the hydrogen a1d hence the consequent steepness of the potential surface at
bond1L54In a recent paper on the interaction of the water dimer € €quilibrium position leads to the blue-shifts. Since the

with different:r systems, we had reported a correlation between decrease in the exchange energies directly influences the total

the red-shifts observed in the-®1 streching mode (associated interaction energy, a similar correlation between these Tout-of-

with thez—H interaction of HO) and the electrostatic energies Plane bending shifts and the total interaction energi(")

(E(1|)9 48 Hence. we examine if such a correlation exists if of these complexes can be obtained. It is of interest to note that
elsv* 4

different hydrides (Bl, CHs, NHs, H,O, HF) interact withe Engdahl and Nelander obtained an estimate of the binding
systems. ' ' ' energy of the gH;—H,O complex using such a correlatigh.

A comparison of some of these theoretically predicted Given the fact that the experimental bindin_g energies_ of only
frequencies and the experimentally obtained numbers of e H the GHp—H,0 complex have been determln@dxvg believe
complexes has recently been repod®ddence, we only that such a correlation would be very useful in obtaining accurate
concentrate on highlighting the relative trends. It can be seen €XPerimental estimates of the binding energies of other com-

from Table 6 and Figure 4h that, as one progresses from CH Plexes exhibiting az—H interaction.
to HF, the blue-shifts of the ¥H stretching modes associated
with ther—H interaction get transformed into red-shifts. Hobza
et al. have shown that the blue-shift observed in the case of the The present study details the interactions of the first-row
CH4 complexes is observed in a number of other complékes. hydrides with both the olefinic (ethene) and aromatic (benzene)
Similar to what is observed in case of the conventional hydrogen & systems. The calculations carried out at both the MP2 and
bond, the red-shifts observed in the case ofithéd interaction CCSD(T) level using reasonably large basis sets indicate that
can be correlated to the electronegativity of the “Y” atom. In the binding energies of the benzene complexes are higher than
particular it can be seen from the similarity of Figu# ¢ and those of the corresponding ethene complexes, with the exception
h, that these red-shifts can be correlated to the inductive energiesof that of BHs. The z—H interaction becomes stronger as one
Although the other attractive components such as electrostaticprogresses from CHo HF. The geometries obtained at these
and dispersive energies also have major roles, we find that thelevels indicates that a—H interaction is present only in
sum of the induction&?) and exchange-inductiorEf,,, . ) complexes of Chl NHs, H,O, and HF with both benzene and
(Figure 4c) is highly correlated tévy_y (Figure 4h). It can ethene. The interaction observed in case of thel,€CH,

also be seen from Table 6 that these red-shifts are accompanie§omplex cannot, however, be termed asiaH interaction.

by an increase in the intensity of the-¥ stretch. This is due While calculations using small basis sets seem to indicate thaj[
to the presence of induced dipoles, as a result of which the dipoleNHs can behave as a proton acceptor, those using larger basis

moment of the complex is larger than the vector sum of the Sets clearly indicate that NHs a proton donor. This indicates
monomer's moments. the importance of both large basis sets and high levels of

correlation in the accurate description of these complexes.

4. Conclusions
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We find that the exchange energies dramatically increase assystem have an important role in the formation of theH
we progress from NElto HF, with the increase being much bond. As a result, the nature of thesystem becomes very
more pronounced in the ethene complexes. However, thisimportantin governing the binding energies of these complexes.
increase is almost canceled out by both the electrostatic and
dispersion energies in the case of the ethene complexes. Conse- Acknowledgment. This work was supported by MOST/
quently, the induction energies become more important in the STEPI (CRIP). We thank Dr. Maciek Kolaski for helping us
case of the ethene complexes. On the other hand, both electrosolve the problem of nonconvergence in case of the ethene
static and induction energies seem to be important in the methane interaction. We thank Professor Krzysztof Szalewicz
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the inclusion of electron correlation is of vital importance in
calculations involvingz—H interaction, since otherwise the
electrostatic, induction, and the dispersion energies are under-
stimated.

An examination of the vibrational frequencies reveals that
the shifts associated with the YH stretching modes get

transformed from blue to red as one progresses from ©H Supporting Information Available: Cartesian coordinates
HF and can be correlated to the induction energy. On the other pp 9 - S .
(standard orientation) of the optimized geometries of all of the

hand, no correlation can be made between the electrostatic "
energies and the stretching mode shifts. The highly IR active complexes evaluated at both the MP2/6+&* and MP2/aug-

out-of-plane bending mode of thesystem exhibits a charar- cc-pVDZ levels alongwith the corresponding MP2 energies in

acteristic blue-shift, which is reflective of exchange-repulsion Q:Irgcetgz;d-li—;tz)alﬁcii gp&fzetﬁcéﬂflggég;zﬁz?gg'Qgrﬁn&gégses;ﬁj i
and hence the strength of the-H interaction. P

Finally, it should be pointed out that electrostatic energies 2;?3 gﬁﬁgggg?ﬁ; Ie\gf]l;c -;?]p]!te (i‘?;hgoxfnﬁigtirne%c;he
have a far more dominant role in the formation of a conventional u ) quency Shilts )

hydrogen bond thanza H-bond. Both inductive and dispersion ing modes of all the complexes (PDF). This material is available

energies (the magnitude of which is dependent on the nature offree of charge via the Internet at http://pubs.acs.org.

the hydride) as well as the nature of the olefinic/aromatic ~ JA0013531

Note Added in Proof. The reader’s attention is directed to a
highly germane reference that has recently appeared in print:
Hydrogen Bonds withr-Acceptors in Proteins: Frequencies and
Role in Stabilizing Local 3D Structures. Steiner, T.; Koellner,
G. J. Mol. Biol. 2001, 305, 535-557.



