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How Short Can the H---H Intermolecular Contact Be? New Findings that Reveal the
Covalent Nature of Extremely Strong Interactions
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Ab initio calculations at the MP2/6-3#1+G(d,p) and MP2/aug-cc-pVDZ//IMP2/aug-cc-pVTZ levels have
been performed for the following complexes: ,®H"---HBeH, H,OH*---HBeBeH, HOHT---HBeF,
HCIOH*---HBeH, CLOH*-:-HBeH, and CJOH*---HBeF. For all dimers considered, extremely short-H
intermolecular contacts (1-01.3 A) were obtained. These are the shortest intermolecular distances which
have ever been reported, with binding energies within the range of-23.3 kcal/mol (MP2/aug-cc-pVDZ//
MP2/aug-cc-pVTZ level). The interaction energies of the complexes analyzed were also extrapolated to the
complete basis set (CBS) limit. To explain the nature of such strong interactions, the Bader theory was applied,
and the characteristics of the bond critical points (BCPs) were analyzed. It was pointed out that for the major
part of the H--H contacts considered here the Laplacian of the electron density-& BCP is negative
indicating the partly covalent nature of such a connection. The term “covalent character of the hydrogen
bond” used sometimes in recent studies is discussed. An analysis of the interaction energy components for
dihydrogen bonded systems considered indicates that in contrast to conventional hydrogen bonded systems
the attractive electrostatic term is outweighed by the repulsive exchange energy term and that the higher
order delocalization energy term is the most important attractive term.

Introduction organic crystal structurésand the possibility that a-€H bond
with a nonelectronegative carbon atom acts as a proton donor

A hydrogen bond phenomenon which plays a crucial role in was commonly accepted after the appearance of the study of
many chemical, physical, and particularly bio-chemical pro-
y Py p y P Taylor and Kennard.X—H-:-C, X—H-+-z-electrons, or even

cesses is a unigue interaction. On the other hand, this phenom- . ) o
enon is not strictly defined:3 Up until the 1980s, the H-bond C—H---C/r interactions have been also detected and classified

.8 i -
was usually understood in the following way. An H-bond may as hydrogen bonds:®It was pointed out that €H---Y H-bonds
be designated as an—H-+Y interaction, where XH is the are weak, but electrostatic forces act far beyond the most often

proton donating bond and Y is an acceptor center. Its interaction appieg_ van derhWallglz clutoff; hhenche, the cr]iteriond tha\‘/tvth?
energy ranges between the values of the typical covalent bondg'| .. .|st3ance shou e less than the sum o van der vaals
and van der Waals interactions, usuallyZ0 kcal/mol45 The _radn fails3 The _sta}tement that the->H _proto_n donating bond
H-+-Y distance should be smaller than the corresponding sum S €longated within the hydrogen bridge is also not always
of van der Waals radii. The XH proton donating bond is fulfilled since systems where the proton donating bonds are
elongated due to the H-bond formation; hence, there is a shift Shortened were fourfiiSuch a decrease of the proton donating

of the stretching frequency of the>H bond into the red and ~ POnds is accompanied by a shift to the blue of the stretching
an increase of its intensity by several times. Y and X are mode and most often by a decrease in the intensity of the band.
electronegative atoms; Y contains at least one unshared electror_?_ECh |n:]eract|ons were r;]amed a; t:)lue-(;shlftln? hydrogep t_i@ndls.

pair. Finally, the H-bond interaction is electrostatic in nafite. e other statement that an H-bond Is electrostatic Is also

Such meaning of the hydrogen bonding was partly related to controyersial since, especially,_for strong H-bonds the othe_r
the Pauling definition that “under certain conditions an atom attractive terms could be more important than the electrostatic

of hydrogen is attracted by rather strong forces to two atoms, term* It has been also claime(_j that H-bonds are partly covalent
instead of only one, so that it may be considered to be acting 0" V€Y strong resonance assisted hydrogen bonds (RAHBS),
as a bond between them. This is called the hydrogen bbnd.” and the main support for the covalent nature of such interaction
Pauling also claimed that the hydrogen bond “is formed only is that the Laplacian of the electron density at the-¥ bond

between the most electronegative atorhs.” critical point Is negative. . . .
Nowadays, the picture of the interaction of hydrogen bonding  In the middle of the 1990s a new kind of interaction

is not so clear. Suttor has found-El---Y H-bonds in some  designated as XH---H—E was described where-X is the

typical proton donating bond (such as-8& or N—H) and E
*To whom correspondence should be addressed. E-mail: slagra@ designates a transition metal or bof8iit was pointed out that

U”'T-'S‘rj“z\-/g'r-sit of £ods the H-atom acting as the proton acceptor differs from typical
¥ Jackson yState University. acceptors such as oxygen and nitrogen where the lone electron
8 Wroctaw University of Technology. pairs are responsible for the existence of H-bonding. Such
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H-atoms should be negatively charged, and this occurs for somethe perturbational IMPPT decomposition scheth@he fol-
of the transition metal hydrides existing in metal organic crystal lowing complexes were investigated: Lit+-H;, LiH---CHy,,
structures. These interactions were named as dihydrogen bond&iH -+-CoHg, and LiH--+C;H,.22¢ The authors found that the
to acknowledge that it is a special kind of hydrogen b&hd. components of the interaction energy of the L:#&;H, complex
One can see that almost none of the features of typical H-bondsare similar to those of the water dimer; the main binding energy
are preserved for different kinds of so-called unconventional contributions come from the electrostatic energy, followed by
hydrogen bonds. the induction and dispersion energies, whereas for the other
Dihydrogen bonds (DHBs) have been investigated extensively complexes, the partitioning is different. However, for the
since the mid 1990s by experimerifahs well as theoretical ~ remaining complexes, the-HH interactions were not classified
methodsté There are a number of reviews concerning DHB as dihydrogen bonds but as van der Waals complexes.
systemd7 Species with DHBs may sometimes be transformed ~ There are different kinds of DHBs; for example, studies of
into covalently bound materials thereby opening new opportuni- C—H++*H—C interactions in organoammonium tetraphenylbo-
ties in materials sciendé The most important for the discussion ~ rates were performet.The authors applied the Bader the®ry
of the nature of DHBs is that such interactions cover a broader to the experimental electron density after multipole refinement
energetic range compared to other conventional H-bonds.of the crystal structure®. They concluded that the transition
C—H---Y and G-H---C interactions are usually wedlexcept from nonshared (closed-shell) >H---H—Y interactions to
for the few cases considered in theoretical model studi€he covalent (shared-shell)xH—H---Y interactions is discontinu-
first ab initio calculations of systems taken from metal organic 0us. On the other hand, the transition frorr4i contacts in
crystal structures and also of model systems show that theDHBs to contacts in van der Waals complexes is continuous
binding energies for dimers are often greater than 10 kcalffnol. Wwithout borders. The problem of the nature of-g---H—C

For example, the binding energy for the FHHLi dimer interactions for the crystal structures of (£)ifut-1-enyl)-2,6-
calculated at the QCISD(T)/6-33H-G(d,p) level of theory and  dimethoxyphenylpyridine-3-carboxylate and (E)tent-1-enyl)-
corrected for BSSE amounts to 11.9 kcal/r#fol. 2,6-dimethoxyphenylpyridine-3-carboxylate was investigated; an

It has been also shown that the properties of some DHBs analysis of such interactions with the use of the Bader theory
often do not differ much from the typical H-bon@&2! The indicated that they may be classified as hydrogen béhdke
calculations carried out up to the MP4(SDQ)/6-314G(d,p) detailed topological analysis of-HH intramolecular interactions

and QCISD(T)/6-31%-+(d,p) levels of theory on DHBs with 1" Piphenyls was performed by Matta et*al. _

hydrogen fluoride as the proton donor and the simple hydrides D€l Bene et al.??2%have investigated model dihydrogen
of the first and second groups as the acceptors have showrPonded systems ranging from weak to strong ones. For example,
various correlations between geometrical, energetic, and topo-they predicted the binding energy for the LINCH-HLI
logical parameters. For example, the HF proton donating bond COmPplex (at the MP2/atigc-pVTZ level) to be 27.1 kcal/mol.

is elongated due to complexation, and such elongation correlate2Ur recent studies were performed up to the MP2/6436-

well with the H-bond energy, the +H distance, and other  (3df.3pd)//MP2/aug-cc-pVQZ level of theory on the following
parameterdd2! complexes:  HCCH-H,,  FCCH-Hz,  HCCH--HLi,

FCCH--HLi, HCCH---HBeH, FCCH--HBeH, HCCH--HBeF,

and FCCH--HBeF3? The results of the calculations indicate
that some of the complexes may be classified a$X%+ °H—

Y dihydrogen bonds and some of them asbf---¢ interactions.

d The aim of the present study is to analyze complexes
characterized by very strong dihydrogen bonds. As was
mentioned above, the LINCH--HLi complex possesses an
H---H intermolecular contact of 1.309 A and a high binding
energy valué?0ne of our latest studies of DHBs reveals strong
dihydrogen bonds within the Nfi---HBeH, NRH"---HBeH,
and NH,"---HBeF dimers*® For the NRH'---HBeH dimer
optimized at the MP2/aug-cc-pVDZ level of theory, the shortest

: : intermolecular H-+H contact of 1.132 A and the binding energy
of its symmetry Cs symmetry) two of them are equivalent due n .
to the presence of a mirror plane. These-H contacts are equal (gorr_ected for BSSE) of 22.8 kcal/mol were pred_lcted. The
to 1.726 and 2.149 A (MP2/6-31G(d.p) level), less than the Pinding energy calculated by the MP2 method with aug-cc-

. p : VXZ (X = 2 and 3) extrapolated to the complete basis set
corresponding sum of van der Waals radii. The other geometrical p N .
criteria of the existence of hydrogen bonding are also fulfilled (CBS) s equal to 21.6 kcal/mol. We have carried out here the

- : calculations on the other very strong dihydrogen bonded systems
&Segilliﬁjiégfet%es lg/%gaéfﬁi;:gigg derived from the BaOIerwith the O—H proton donating bond that is more sensitive

. . toward the complexation process than thelbond. Addition-
Kar and Scheine?* have used the Kitaura and Morokuma b b

= ) SRS ally, the meaning of the phrase “the covalent nature of the
energy decomposition schefheao obtain deeper insight into hydrogen bond” is also addressed here.
the nature of DHBs between;BNH;, H,BNH,, and NH
molecules. They pointed out that for DHBs there is significant
contribution from polarization, charge transfer, correlation, and
higher-order components of total interaction energy, whereas The calculations have been performed with the Gaussi&h 98
for conventional H-bonds, the electrostatic, first-order term is and Gaussian 33 sets of codes. The following complexes
the most important attractive contribution. The other systems H,OH*---HBeH, H,OH"---HBeBeH, @ HOH"---HBeF,
with H--+H intermolecular contacts were also analyzed at the HCIOH*'---HBeH, CLOH'--:HBeH, and CJOH":--HBeF
MP2/aug-cc-pVTZ/CCSD(T)/aug-cc-pVTZ level of theory with  with the H--H intermolecular contacts were taken into account.
the inclusion of the vibrational contributié# as well as using The calculations were performed using the second-order Mgller

The complexation leading to the formation of DHB causes
changes similarly as for conventional H-bonds. Among the
affected characteristics are vibrational frequencies, shifts of the
proton donating X-H bands and the increase of their intensities,
changes in the magnetic resonance shielding constants, an
changes in the topological parameters derived from the Bader
theory (atoms in molecules, AIM, theor$).For example, a
detailed analysis of the (BfNIH3), dimer based on the AIM
theory was performed by Popel#®rThe optimization of the
geometry of the dimer was carried out at the HF and MP2 levels
of theory using the 6-31G(d,p) basis set. There are thred-B
-*H—N contacts for the optimized (BfHs), dimer; because

Computational Details
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Plesset perturbation method (MF2)The 6-311#+G(d,p) basis
sef’ %0 was used: the 6-31#+G(d,p) as well as the Dunning
type basis set$42 were applied: aug-cc-pVDZ and aug-cc-
pVTZ. Full optimizations have been performed at the MP2/6-
311++G(d,p) and MP2/aug-cc-pVDZ levels of theory. All
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The application of the CHelpG method based on well-defined
EMP expectation values yields much better estimates of
intermolecular charge transfer than the NBO apprdacind
any arbitrary population analysis, where the corresponding
relative error values were doubled reaching 56%.

results of these optimizations correspond to energy minima since The “atoms in molecules” (AIM) theory of Badeéf was

no imaginary frequencies were found. The single point MP2

applied to find the critical point54 and to analyze them in

calculations have been carried out with aug-cc-pVTZ basis setterms of electron densities and their Laplacians. The properties

and for the reference geometry as optimized at the MP2/aug-

cc-pVDZ level of theory.

Since the basis sets applied are not saturated, the basis se8CPs:

of BCPs and hence the interatomic and intermoleculat interac-
tions were also studied in terms of the local energy densities at
the local energy density at BCPI({cp) and its

extension effects were evaluated using the extrapolation formulacomponents (the local kinetic energy deng@{rcp) and the

E(X) = E(CBS)+ A/X? (1)

CBS designates the complete basig%sand X is the cardinal

number of the Dunning basis set. We used here MP2/aug-cc-

pVDZ (X=2) and MP2/aug-cc-pVTZ (%3) results to apply
the extrapolation formula. The binding energy for the analyzed

local potential energy density(rcp)). The AIM calculations
were carried out using the AIM2000 progra&m.

Results and Discussion

Geometrical and Energetic Results.For the X—H---Y
hydrogen bonds, where-XH is the proton donating bond and

complexes has been computed as the difference between they is the accepting center, the-HY distance is the most often
total energy of the complex and the energies of the isolated applied parameter for the verification of the existence of H-bond
monomers and further have been corrected for the basis setinteractions as well as for the rough estimation of its strehgth.

superposition error (BSSE) using the counterpoise method.
Deeper insight into the nature of the interactions of the

Very often, especially for intermolecular contacts in crystals, if
the H--Y distance is smaller than the corresponding sum of

molecular complexes analyzed here could be obtained by thevan der Waals radii, it is assumed that H-bonding exists. This

analysis of interaction energy components. Hence the variation
perturbation approaéhwas applied. The starting wave functions

criterion may be applied for moderate or strong H-bonds, since
for weaker C-H---Y interactions which very often may be also

of the subsystems are obtained in this approach in the dimer-classified as such interactions, the-tY distance is close or

centered basis set (DCB%)In contrast to the Morokuma
Kitaura decompositiol¥ applied previously in the analysis of
DHB systemg? the total interaction energy as well as all of its

even greater than the corresponding sum of van der Waals radii.
It is explained by the fact that-€H---Y hydrogen bonds are
mostly electrostatic in nature and that the electrostatic interaction

components are free of basis set superposition error (BSSE)is long range and acts far beyond the van der Waals ctitoff.

due to the full counterpoise correctiéh?é

On the other hand, strong hydrogen bonds are characterized by

The following interaction energy components can be obtained meaningfully shortened ++Y distances. It was claimed that

in this way:

AE=Eg) + ER + ER, + Ecorr (2)
where EY) is the first-order electrostatic term describing the
Coulomb interaction of static charge distributions of both
molecules,EY) is the repulsive first-order exchange compo-
nent resulting from the Pauli exclusion principle, HE@L and
Ecorrcorrespond to higher order delocalization and correlation
terms. The delocalization term contains all classical induction,
exchange-induction, etc. from second order up to infinity. A

there are three ways to make hydrogen bonding stronger: by
adding to the system an electron, by taking away an electron,
or by connecting X and Y atoms bysaconjugated chaif?ab
This leads to three kinds of strong hydrogen bonds, two are
charge assisted and are usually designated as CAHB(d
CAHB(—), and the last one is known as resonance assisted
hydrogen bonding (RAHB)?2P

It was claimed by Gilli et al. that “the degree of covalency
in the homonuclear ©H---O bond is continuously increasing
with the shortening of the bond itsef22Since there is no sharp
border between the van der Waals interaction and the weak

strongly basis set dependent charge-transfer term is includedH-bond on one hand and between the very strong hydrogen bond

in much less basis set sensitive delocalization contribdfidh.

partly covalent in nature and the covalent bond on the other

The charge transfer component could be entirely reproducedhand, Desiraju claiméfithat hydrogen bonding is an interaction
by a second and higher order induction term in extended basiswithout borders. A partly similar situation may be found for

sets; therefore, it can be regarded as redundant. The seconddihydrogen bonds. Cameron et al. found that some correlations
order induction term could be evaluated by SAPT (symmetry between parameters for DHBs that are continuous if one
adapted perturbation theor{) whereas calculation of higher  considers weak DHBs and van der Waals complexes tog&ther.
order terms from perturbation theory expressions could be Such dependencies are discontinuous if very strong H-bonds
extremely expensive. The correlation term includes dispersion and covalent bonds are considered together, and there is a sharp
interactions as well as intramolecular correlated electrostatic, border between thei. Additionally, it is known that the
exchange, induction, and dispersion contributions. These con-relationships between geometrical, topological, and energetic
tributions define on the same time hierarchy of simplified theory parameters for DHBs are similar as those for typical H-
levels starting from MP2, SCF, Heitlet.ondon, down to bonds?%-21 This is the reason the conclusions obtained for very
electrostatic models able to reproduce well structural charac- strong DHBs considered here are more general and may be
teristics of classical hydrogen bonded systéfrGorresponding applied to the broader class of hydrogen bond interactions.
software has been implemented within GAMESS pacKdge. First of all, the results of Table 1 show the existence of very
The CHelpG schenté implemented within the Gaussian short H-+H intermolecular contacts for the systems considered
package¥-35was also applied to calculate the atomic charges. here. The H-H distances are in the range £.0.3 A; this is
The CHelpG procedure produces charges fitted to the electro-approximately half of the appropriate sum of the van der Waals
static molecular potential (EMP) using a grid based method. radii. It indicates that according to the geometrical criteria those



4334 J. Phys. Chem. A, Vol. 109, No. 19, 2005

Grabowski et al.

TABLE 1: Optimized O —H and Be—H Bonds, H---H Distances, and Elongation of G-H and Be—H Bonds (Second Rows,

below Corresponding Bond Lengths) Due to Complexation (in
and H---H—Be Angles also Included (in Degrees)

)3\) for the Dihydrogen-Bonded Complexes, with the €H---H

MP2/6-311+G(d,p)

MP2/aug-cc-pVDZ

complex G6H HeH H-Be 0OO—-H--H 0OH-H-Be O-H H-H H-Be 0OO—-H-+H 0OH---H-Be

HOH*---HBeH 1.045 1229  1.364 179.5 159.1 1.054 1224 1371 179.4 163.8
0.067 0.035 0.071 0.035

H,OH*---HBeBeH  1.089  1.127  1.393 179.1 153.1 1104 1118 1404 179.7 157.2
0.111 0.057 0.121 0.057

H,OH*---HBeF 1.029 1.280  1.347 177.8 174.8 1.037 1281  1.356 179.3 160.4
0.052 0.024 0.054 0.026

HCIOH*---HBeH 1.072 1157 1371 179.0 153.9 1.097 1133 1.381 178.0 152.0
0.089 0.042 0.108 0.045

Cl,OH*---HBeH 1129 1057  1.387 176.7 137.9 1164 1.049  1.396 176.7 137.9
0.142 0.058 0.166 0.060

Cl.OH*---HBeF 1.077 1133  1.355 174.9 178.1 1116 1106  1.373 174.9 146.4
0.090 0.022 0.118 0.043

are very strong H-bond interactions. The shortesthHdistance

of 1.049 A was found at the MP2/aug-cc-pVDZ level for the
ClL,OH™---HBeH dimer (the corresponding distance at the MP2/
6-311+G(d,p) level amounts to 1.057 A).

to 0.965. Table 1 presents the-®l---H and H--H—Be angles.
In the first case, the range of angles is of £¥AB(°, whereas
for H---H—Be angle, the range is about 13864° (MP2/aug-
cc-pVDZ level). This is in line with the previous investigations

To our knowledge, this is the shortest intermolecular distance on crystal structures where it was found that forB{---H—Y
which has been reported at such high level of calculations. For (Y designates boron or transition metal) DHBs, the bt+-H

example, hydrogen bifluoride is well-known as a system where angles are usually greater (even close to linearity) than
the strongest H-bond and the shortest hydrogen bond lengthy...H—Y onesl4

exist? The bonds’ energies reported for the [FHF)n range
from 36 to 60 kcal/mol; ab initio calculations performed at
different levels of theory revealHF distances of 1.1341.164

A .57 Different ab initio and DFT methods with the use of the
6-311++G(2d,p) basis set were also applied to study the
hydrogen bifluoride ion, but never has arHF distance of less
than 1.1 A been obtainéd.Also for the other very strong
resonance assisted H-bonds, the shortestCHdistances are
about 1.2 Al2a

Table 1 also shows the other geometrical parameters of the
systems considered here. One can observe the meaningfu

elongation of the ©H proton donating bond due to the
complexation, the greatest elongation is fop@H*---HBeH

It is worth mentioning that short+tH contacts of the systems
investigated here were not observed in crystal structures
analyzed by neutron diffraction or X-ray diffraction techniques.
For dihydrogen bonded systems in crystals,-H contacts are
usually within the range: 1:72.2 A15218a59qr example, the
N—H---H;Re interaction was analyzed in the crystal structure
of [ReHs(PPh)3]---indole complex by the neutron diffraction
technique and two H-H distances of 1.734(8) and 2.212(9) A
were foundt52 Another example is the X-ray crystal structure
pf the triethanolamine-NaBH, complex, where the shortest
dihydrogen bonds are 1.69 and 1.76 A, which after the
normalization of G-H and B-H bonds become 1.62 and 1.67

complex and amounts to 0.166 A. Similarly one can observe A, respectively°

the elongation of the acceptingHBe bond, it is also the greatest
for Cl,OH*---HBeH complex and it equals 0.060 A. Generally,

The complexes analyzed here are based on the
H,OH*---HBeH dimer and its derivatives. The substitution of

the elongations of BeH bonds are two-three times smaller thanH-atoms of HO* (except for the one participating in H-bond

those of O-H donating bonds. The +tH distance for the

interactions) by electronegative atoms increases the strength of

species analyzed here correlates with the elongation of the protorthe H-bond interaction. In such a case, the H-atom participating

donating G-H bond. Figure 1 shows the correlation between
these geometrical parameters (MP2/6-8%#45(d,p) results).
The linear correlation coefficient for this relationship amounts

0.16 4
el
c
S 012 1
T
o
© 0.08 4
<
2
3
g 0.04 4
2 R =0.965

o L} T L) L) L]
1.05 1.1 1.15 1.2 1.25 1.3
H...H distance

Figure 1. Relationship between the-HH distance and the elongation
of the O—H proton donating bond (both values in A); results obtained
at the MP2/6-31%++G(d,p) level of theory.

in the H-bond is more positive since it loses its electron charge.
The opposite situation exists if one substitutes the H-atom of
the BeH molecule with an electronegative atom since there is
also the loss of electron charge by the H-atom, by an accepting
center in such a case. One may also increase the accepting
features of the Befimolecule by substituting the H-atom with

an electropositive component (for example,B¢ group; see
Table 1). One can see from Table 1 that for the appropriate
substitution within the HOH'--:HBeH dimer there is an
increase of H-bond strength and hence a shortening of the
H--+H distance. In one case, with the®H*---HBeF dimer,

the H--H distance elongates in comparison with the
H,OH*---HBeH dimer since the F-atom of the former causes a
decrease in the accepting properties of BeH is worth
mentioning that the systems analyzed are from the border group
which spans between the strong H-bond interactions and the
covalent bonds, and this is explained in more detail in this study.
Not all of the substitutions were possible during the selection
of the systems for investigations. For example, it was not
possible to optimize the;PH'---HBeH dimer. In this case the
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TABLE 2: Binding Energies (in kcal/mol) of the Dihydrogen-Bonded Complexes Analyzed Here

complex 6-31%++G(d,p) aug-cc-pvVDZ aug-cc-pVTZ CBS transfer of charge (me)

H,OH*---HBeH 17.82 18.68 18.52 18.45 205
17.02 17.75 17.97

H,OH*---HBeBeH 24.18 25.29 24.86 24.66 380
23.13 24.12 24.27

H,OH*---HBeF 13.31 13.74 14.42 14.71 148
12.23 12.67 13.72

HCIOH"---HBeH 19.79 21.01 20.95 20.92 368
18.45 19.76 20.22

Cl,OH*---HBeH 22.76 24.32 24.16 24.09 353
20.66 22.71 23.22

Cl,OH"---HBeF 17.52 18.29 19.07 19.41 234
14.99 16.50 17.98

a Calculations performed within the MP2 theory; BSSE correction is included (for bold results). Charge transfer from tineoBsidle to the
proton donating molecule is shown (in m&Basis set limit achieved due to the extrapolation formula applied for aug-cc-pDTZ and aug-cc-pVTZ.

H...H distance NFsH* ---HBeH dimer analyzed earlier by us, the--HH
0 T T T 1 distance for the geometry optimized at the MP2/aug-cc-pVDZ
1.2 14 1.6 1.8 level amounts to 1.132 A, and its H-bond energy corrected for
-5 1 O the BSSE is equal to 21.2 kcal/mol. The strongest H-bond for
3 a DHB system was found for the LINCH--HLi complex
2 10 -1 o optimized at the MP2/atigc-pVTZ level (augmeans that there
- L is a Dunning’s correlation-consistent polarized valence triple-
_§ -15 1 L4 split basis set on the H and Li atoms, and this basis is augmented
T Y o with diffuse functions on the C and N aton?3}.However, in
201 e O such a case, the-HH distance is equal to 1.309 A.
L4 It is well-known that there is a transfer of electron density
-25 - from the acceptor to the donor within the-¥---Y H-bonds®!

Figure 2. Relationship between the-HH distance (in A) and H-bond  Taple 2 presents these values for the DHB systems analyzed
energy (in kcal/mol), MP2/6-31+G(d,p) level of theory. Black circles o The amount of such transfer corresponds approximately
correspond to the species analyzed here, white squares to the systemts the d int f hvd bondi ¢ th: with th
investigated previously (ref 33} NH4™---HBeH, NRH'---HBeH, 0 the . escriptors or nyarogén bonding strength. wi e
NH,*-+-HBeF. H-:-H distance and H-bond energy, the greater the transfer, then
the stronger the H-bond and the shorter theH distance. The
greatest transfer occurs for the®H"---HBeBeH dimer and
amounts to 380 me. The amounts of transferred charge from
Qcceptors to donors were calculated using the CHelpG method

Table 2 presents the energetic parameters of the system
analyzed in this study; the binding energies corrected for BSSE at the MP2/aug-cc-pVDZI/l MP2/aug-cc-pVTZ level of theory.
It is worth mentioning that these values are much lower for the

are given. The binding energy, often identified with the H-bond conventional H-bonds. For example, for the trans-linear con-

energy, is calculated as a difference between the energy ofthef " f water. thi | lculated at th level of
dimer and the energies of the monomers constituting the ormation of water, this value caiculated at thé same level o

complex. It is worth noticing that the energies mentioned above 2PProXimation amounts to 32 me, that is certainly an order of
usually are taken for the optimized structures with the dimers magnitude difference. Slgnlflcanitransfer of eIec'Fron charge has
and monomers optimized separately. Hence the H-bond energyP€€" tlallslo noted for ther---H™---z systems investigated
defined in such a way contains also the effect of the deformation €€~ . '

of monomers due to the process of complexation. One can see Analysis of Topological ParametersThe Bader theory is a
(Table 2) that the greatest binding energy of 24.12 kcal/mol V€Y useful tool for the description of interatomic interactiéhs.
calculated at the MP2/aug-cc-pVDZ level of theory is for the The characte.ristics of the bond qritical poi.nts (BCPs) (the
H,OH*---HBeBeH complex. The H-bond energy for this ©lectron density at BCRy(racr), and its Laplaciany?o(racr))
complex at the MP2/aug-cc-pVDZ/ MP2/aug-cc-pVTZ level is  "éveal the nature of the interactions. WHetp(rece) < 0 and
equal to 24.27 kcal/mol. The value obtained by the extrapolation 'S 1arge in magnitudep(rsce) is also large which means that
of the energies of the complex and monomers to the completethere is a concentration of electronic charge in the internuclear

basis set (CBS) is equal to 24.66 kcal/mol. Hence one can sed€gion. This is also an indif:ation of_a sharing of electronic
that the MP2 results obtained with the use of the aug-cc-pvTz charge between both nuclei that defines the covalent (polar)
basis set are very close to the CBS limit. Figure 2 shows the Pond. WhenV2o(rsce) > 0 there is a depletion of electronic

relationship between the-HH distance and the H-bond energy. charge in the internuclear region. This is observed for interac-
The other three complexes analyzed earlier,sNH-HBeH tions between closed-shell systems such as ionic interactions,
NF;H*---HBeH, and NH*---HBeF, are also }nclude63 aé van der Waals interactions or hydrogen bonds. There are also

related systems where strong DHBs exist. One can see that ther@her properties of BCP such as the electronic energy density
is no good linear correlation between H-bond energy and Hc Of the charge distribution which may be expressed as
H---H distance for these species; however, a rough dependence
may be detected.

The systems analyzed here belong to the strongest DHBs ever
considered. There are no reports on the DHBs systems withwhereGg is a local one-electron kinetic energy density afd
such short F+-H contacts as those revealed here. Only for the is the local potential energy density. The relation between

H-atoms formed the molecular hydrogen, and the system
collapsed into the fO---H,--BeH" complex.

He=Ge + Ve 3
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Figure 3. Relationship between the-HH distance (in A) and the
electron density at H-H BCP (in au), MP2/6-31++G(d,p) level of

Grabowski et al.

Figure 5. Relief map of the electron density for,@H"---HBeBeH
complex in the plane of the HBeBeH accepting molecule. The electron
density of HBeBeH is at the left side of the picture and the electron
density of the proton donating bond+D— is placed at the right side.

theory. Black circles correspond to the species analyzed here, white TABLE 3: Properties of Electron Density (au) in Complexes

squares to the systems investigated previously (ref38H,*---HBeH,
NFsH*---HBeH, NH,*---HBeF.

. Cl
Figure 4. Molecular graph of the bOH*---HBeBeH complex; big
circles correspond to attractors, small ones to bond critical points.

Laplacian and the components of the local energy density H
is given by the equation

(R*74m) VZp(rgcp) = 2G¢ + V¢ (4)
or in atomic units
(1/4) V2p(rgep) = 2G¢ + V¢ (5)

at the H---H Bond Critical Point 2
6-31%++G(d,p) aug-cc-pVDZ aug-cc-pVTZ
electron density at BCP p

complex

H,OH*---HBeH 0.0617 0.0616 0.0782
H,OH*---HBeBeH 0.0830 0.0837 0.0873
H,OH*---HBeF 0.0525 0.0525 0.0551
HCIOH*---HBeH 0.0757 0.0801 0.0836
Cl,OH*-+-HBeH 0.1019 0.1036 0.1080
Cl,OH*---HBeF 0.0789 0.0865 0.0903
laplacianv?p's
H,OH*---HBeH 0.0239 0.0348 —0.0174
H,OH*---HBeBeH —0.0351 —0.0357 —0.0960
H,OH*---HBeF 0.0402 0.0593 0.0051
HCIOH*---HBeH —0.0097 —0.0160 —0.0791
Cl,OH*++-HBeH —0.0992 —0.1228 —0.1873
Cl,OH*---HBeF —0.0191 —0.0376 —0.1056

aWave functions obtained at the MP2 level of theory, electron
densities £’s) and their laplacians\?p's) at H--*H BCPs are given.

proton donating bond ©H; the maxima of two other H-atoms
of the O™ donating molecule are not visible since their
attractors lie below this plane.

The two other criteria require that the topological parameters
at H---Y BCP are within the proper range of 0.06@.04 au
for the electron density and 0.68.15 au for its Laplacian.
Table 3 shows the electron densities and their Laplacians for

The sign of Laplacian at a specific point determines whether H---H contacts of the complexes analyzed here. One can see
the negative potential energy or the positive kinetic energy is that all values of the electron density at BCP are outside the
in excess of the virial ratio amounting to 2. In negative regions range proposed by Koch and Popelier since they are greater
of Laplacian the potential energy dominates, whereas in the than the upper limit and similar to those usually found for weak

positive regions, there is the domination of the kinetic energy.
It is worth mentioning that electron density at BCP is a good
descriptor of the H-bond strength since it well correlates with
the H-bond energy. This holds not only for conventional
H-bonds®? but also for DHBS? Figure 3 shows the exponential
relationship between the-HH distance and the electron density
at H---H BCP; apart from the systems which are the subject of

covalent bonds. The Laplacian values for BCPs of-H

contacts are positive in two cases,@H"---HBeH and

H,OH*---HBeF, as is usual for closed-shell interactions. For
the remaining, the Laplacian values are negative as for the
covalent bonds. Similar cases were found earlier for the other
species?d.e65for the resonance assisted H-bonds, where for
some very strong intramolecular H-bonds the Laplacian values

this study, the other strong dihydrogen bonds considered earlierare negative.

are included The correlation coefficient for this relationship

Rozas et al. have introduced a new classification of hydrogen

amounts to 0.998. Topological criteria were also proposed to bonds according to their strendthWeak hydrogen bonds show

detect the existence of H-bond interactiéA&! Three among

both V2p(rscp) andHc values positive; in such a case the H-bond

them are the most often applied; the first criterion states that energy is less than 12 kcal/mol. For medium H-bonds-

the bond path with the bond critical point between the proton

(recp)>0 andHc <0, and the range of H-bond energy is-12

and proton acceptor should exist. There are such paths for24 kcal/mol. For strong hydrogen bonds the Laplacian value as
H---H contacts for the complexes analyzed here. Figure 4 showswell as the electron density at BCP are negative, and the H-bond
the molecular graphs for the £H"---HBeH complex. The energies are higher than 24 kcal/mol. Table 4 presents the
attractors (big circles) attributed to the nuclei, BCPs (small energetic properties of +tH BCPs; theHc, Vc, andG¢ values
circles), and the bond paths connecting atoms are visible. Figureare given. AllHc values are negative indicating that all hydrogen

5 presents the relief map of the electron density for bonds considered here are at least of medium strength. Four of
H,OH'---HBeBeH complex in the plane passing approximately the complexes are characterized by the negative Laplacian values
through the atoms of the accepting molecule HBeBeH and the for the H--H BCPs showing that they may be classified as
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TABLE 4: Local Properties (a.u.) of Intermolecular H---H BCP; the Local Kinetic G¢ and potential V¢ Energy Densities and
Hc, the Total Energy Density

6-311++G(d,p) aug-cc-pVDZ aug-cc-pVTZ
complex Ge Ve Hc Gc Ve Hc Gc Ve Hc
H,OH*---HBeH 0.0298 —0.0536 —0.0238 0.0288  —0.0490 —0.0202 0.0270  —0.0583 —0.0313
H,OH*---HBeBeH 0.0341  —0.0770 —0.0429 0.0328  —0.0745 —0.0417 0.0302 —0.0844 —0.0542
H,OH*---HBeF 0.0268  —0.0436 —0.0168 0.0260 —0.0393 —0.0133 0.0246  —0.0479 —0.0233
HCIOH"---HBeH 0.0331 —0.0687 —0.0356 0.0326  —0.0691 —0.0365 0.0301  —0.0799 —0.0498
Cl,OH*---HBeH 0.0363 —0.0973 —0.0610 0.0333  —0.0973 —0.0640 0.0306 —0.1079 —0.0773
ClL,OH*-+-HBeF 0.0337  —0.0723 —0.0386 0.0332 —0.0758 —0.0426 0.0306  —0.0877 —0.0571

strong H-bonds. It is also in line with the studies of RAHB is the bond length for a single bond of the same type for which
systems which conclude that the-HH interactions are partly  the bond number is equal to unity. The idea was applied later
covalent in nature. The energetic properties ofH BCPs given in many physical and chemical problerfs.

in Table 4 well correlate with the other deSCfiptorS of H-bond The Pau”ng idea nice|y Corresponds to the statement that for
Strength. For eXampIe, there is the linear correlation betWeenthe shorter protoﬁ.acceptor H--Y distance there is an increase
the Hc and H--H distance, and the linear correlation coefficient in the covalent nature of the H-bond. Hence one can see that
amounts to 0.995. the proposal that very short and strong H-bonds are partially
The topological parameters presented in Table 3 may be coyalent in nature is not a new one. This topic has been
compared with those obtained by Gatti et al. for different types considered early on by othétsinally leading to the conclusion
of hydrogen bond8! The following complexes were considered  that very strong homonuclear----O H-bonds are three-
at the B3LYP/6-31G(d,p) level of approximation by the center-four electron covalent bontéGenerally, it seems that
authors: HO,", formic acid-formate anion, malonaldehyde  charge, resonance, or cooperative assistance leads to a decrease
equilibrium form, malonaldehyde transition state, cyclic water jn the H--Y distance within H-bonds and to an increase in the
trimer, water dimer at equilibrium geometry, and acetylene  coyalent character of such interactiéfi€2The strong influence
water complex. These systems represent such H-bond types agf the cooperative effects on the H-bond strength was presented
CAHB(+), CAHB(—), RAHB, PAHB (polarization assisted  recently using the experimental microwave and ab initio
hydrogen bonding), intramolecular hydrogen bonding, etc. One techniques for BN-+-HF and HN-+-HF---HF complexed3 The
can observe that for very strong H-bonds CAHBOf HsO2",  authors found that the addition of the second HF molecule
CAHB(—) of formic acid-formate anion, and for the transition  cayses a 0.21(6) A contraction of the-Ni hydrogen bond
state of maloaldehyde there are the high values of preton  rg|ative to that in the BN-+-HF complex.
acceptor electron densities amounting to 0.167, 0.167, and 0.177
au respectively; for all of them, Laplacians are negative and
equal to—0.415,—-0.392, and—0.425 au, respectively. This
shows the covalent nature of H-bond interactions within
complexes analyzed. These values are not well comparable with
those presented in Table 3 due to different levels of calculations.
However, the broad spectrum of different types of H-bonds with
the use of AIM analysis was investigated at the MP2/6-
311++G(d,p) level of approximatidi§ what allows for such
comparison. For the following complexe§~HF)~, water dimer,
FH---HLi DHB system, and T-shaped dimer of acetylene the
electron densities at+t.Y (Y designates acceptat;electrons

There is also other experimental evidence concerning the
partly covalent nature of the strong hydrogen bonds. A low
temperature study of intramolecular hydrogen bonding in
benzoylacetone was carried out with X-ray (8.4 K) and neutron
diffraction data (20 KY* The charge density obtained from
X-ray and neutron data has been analyzed by using multipolar
functions and topological methods, which provided evidence
of -electron delocalization in the ket@nol group. It is shown
that the hydrogen position is stabilized by both electrostatic and
covalent bonding contributions at each side of the hydrogen
atom. The covalent nature of hydrogen bonds has also been the

in the case of acetylene dimetBCP are equal to 0.174, 0.023, subj_ect of_NI\/I_Fi5 anc_zl Com|_oton scatteririgjas we_II as theoreti-
0.041, and 0.007 respectively, whereas Laplacians amount toCal investigation¥ dISF:USSIOI’]S and cc?ntrover3|es.
—0.349,+0.091,+0.057, and+0.019 indicated that in the first 10 get @ more detailed understanding of the nature of DHBs
case of CAHB() system there is the covalent contribution to @nalyzed here, which in view of the topological analysis
the H-bond interaction. described in the previous section, are covalent in nature, the
Deeper Insight into the Covalent Character of Hydrogen glecomposition of the interaction energy was perfqrmeq accord-
Bonds; Partitioning of the Interaction Energy. The covalent ~ iNg to €q 2. The results for these complexes are given in Tables
nature of some of hydrogen bonds was pointed out early on by > and 6, at the MP2/6-311+G(d,p) and MP2/aug-cc-pVTZ
Paulind who claimed that “the bond was for some time thought  €vels of theory, respectively. It is very interesting to note that
to result from the formation of two covalent bonds by the according to the results given in the tables, for all of the
hydrogen atom, the hydrogen fluoride ion [HiFbeing assigned complexes, the first-order Heitler-London energy is positive.
C . . This is because the first-order exchange energy component,
the structure F:H:F:]~.” Pauling also considered the structure @ ) ' :
of ice and concluded that, if the-HO distance in ice amounts ~ 2Fex. Outweighs the first-order electrostatic energy compo-

l . . . . .
to 1.68 A, then it corresponds to the bond number value of 0.05, Nent, AEg), and this situation is not common for typical
and it is possible to have a rough estimation of “the amount of hydrogen bonds. It is well-known that for moderate and weak
covalent bonding” for H-bond of 5%. The idea of the bond H-bonds the electrostatic term is the most important attractive

number was introduced to discuss the interatomic distances int€fm and outweighs the exchange ené¥gfor very strong

metals and to describe the fractional bof8s. dihydrogen bonds analyzed in this study, large values of 33.8
and 27.7 kcal/mol for the exchange energy are revealed for the
D(n) = D(1) — 0.60 logn (6) Cl,OH"---HBeH and HOH*---HBeBeH dimers. For all of the

complexes the higher order energy delocalization tex RE)L,

HereD(n) is the bond length for the bond numbeand D(1) is the most important attractive term and is responsible for the
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TABLE 5: Interaction Energy Terms (in kcal/mol) for Complexes Analyzed in This Study, at the MP2/6-311%+G(d,p) Level

energy

componert  HOH*:-- HBeH HOH*---HBeBeH HOH"---HBeF  HCIOH™---HBeH = CLOH"--*HBeH  CLOH'---HBeF
AEW 7.78 10.46 9.76 12.14 20.55 18.09
E(Ele —12.16 —17.27 —6.10 —12.57 —13.25 —6.01
E(El>)< 19.94 27.72 15.86 24.70 33.81 24.10
Eg%. —23.95 —35.64 —19.69 —29.87 —43.12 —30.00
AEscr —16.17 —25.18 —9.93 —17.74 —22.57 —11.91
Ecorr —3.37 —4.01 —4.03 —4.72 —6.42 —7.08
AEwp2 —19.54 —29.19 —13.96 —22.45 —28.99 —18.99

3 AEwpz = AEscr + Ecorr AE® = Egﬁ + E(E1>)(

TABLE 6: Interaction Energy Terms (in kcal/mol) for Complexes Analyzed in This Study, at the MP2/aug-cc-pVTZ Level

ener
compoggn”t H,OH*--*HBeH = H,OH*:-HBeBeH = HOH'--*HBeF  HCIOH"--HBeH  ChLOH*--*HBeH  CLOH*:--HBeF

AE® 7.85 10.71 9.73 13.63 20.63 20.43

E(Ela —12.00 —16.90 —6.49 —12.49 —12.79 —6.96

E(El>)< 19.85 27.61 16.22 26.12 33.42 27.39

E(DRE)L —24.44 —37.01 —20.17 —32.71 —45.74 —34.69

AEscr —16.59 —26.30 —10.44 —19.08 —25.11 —14.27

Ecorr —4.24 —5.03 —4.64 —6.32 —8.25 —8.91

AEwp2 —20.84 —31.33 —15.08 —25.40 —33.36 —23.18

a AEwpz = AEscr + Ecors AE®W = EY + EZ).

40 - cc-pVTZ energy decomposition calculations were performed for
3 the structures optimized at the MP2/aug-cc-pVDZ level. One
% 20 - o can see the linear correlations between thelidistance and
5 the(lt)anergy terms of the greatest absolute valueg®), and
S 4 H..H distance AEgg. The linear correlation coefficients amount to 0.969 and
g § 0 R 1-1 " * 1'2 * n 1'3 0.976, _respecuvely, for_ t_hese dep_endenmes. There are no
s S a A ‘A . correlations for the remaining attractive energy terfiScorr
g §.zo ] A andAEY). One can see that these findings are in line with the
- - statement of Pauling concerning the covalent character of
8 H-bonds? For shorter H--H distances the corresponding value
E -40 1 of the bond number increases following the appropriate increase
§ of the absolute values of the delocalization and exchange energy

-60 - terms.

Figure 6. Relationships between the-+H distance (in A) and the It is worth mentioning that according to the results of Table
decomposition energy components (in kcal/mol); circles with the g there is the strongest dihydrogen bond for theO€l*---HBeH
regression line correspond to the exchange energy term, squares W'ﬂkystem since the binding energy is equal to 33.36 kcal/mol
the regression line to the delocalization, triangles to the electrostatic h | f ble 2 indi h .h )
energy term, and rotated squares to the correlation energy term. HOWGYef’ t e_ results of Table 2 indicate that t_ e strongest
H---H interaction occurs for the #H"---HBeBeH dimer. The
results of Table 5 show again the strongest interaction for the
Feee |
is about 3-4 times smaller in absolute value in comparison with HoOH"---HBeBeH complex. The differences between the results

the delocalization term. Hence, one can see that the exchatngé?f ITa|bIgs 5 anr? 6 ared.(;fonnectedbwnh the dn;)flerent Ie\éels of q
energy term as a repulsive term, and the delocalization energyc@lculations, whereas differences between Tables 2 and 6 nee

term as an attractive term is dominant within the total H-bond @dditional explanation. The results of Table 2 were obtained

energy. This is different for the typical hydrogen bonds, usually according to the formula of the calculation of the binding energy
known as electrostatic in nature. described earlier. For the fOH"---HBeH dimer, the H-bond

Hence we state that the domination of the energy terms €Nnergy is equal to 24.27 kcal/mol (MP2/aug-cc-pvDZz/ MP2/
mentioned aboveAE®), AEY)) is the main feature of the aug-cc-pVTZ level), and the deformation energy connected with
hydrogen bonds which are known to be very strong and covalentth® complexation is included here. In the supermolecular
in nature. The covalency of the hydrogen bond is connected @PProach applied for the results of Tables 5and 6, the interaction
not only with the negative value of the Laplacian of-#Y (Y energy of the two systems A and B is calculated as the difference
designates the accepting center) as was pointed out before bub€tween the energy of the diméfsgs, and the energies of the
also with the driving force of the delocalization and the exchange Mmonomers,Ex and Eg, each calculated for a given nuclear
energy terms. This statement is supported by Figure 6, which configuration’® It means that the geometries of the monomers
presents the relationships between the energy decompositiorin the geometry of the complex are taken into account and are
components analyzed here and the-H intermolecular dis- not relaxed as in isolation. In such an approach, the deformation
tance. These dependencies are given for the DHBs complexesiue to the complexation is not taken into account. Hence, one
that represent energy minima and for calculations carried out can see the source of differences in energies fgdgt---HBeH
at the MP2/6-311++G(d,p) level of theory, since the MP2/aug- where there is meaningful deformation due to complexation

stabilization of the dimers. The correlation energy tétEtrorr
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TABLE 7: Interaction Energy Terms (in kcal/mol) for H---H interactions are partly covalent. This is confirmed by the
Various H-Bonded Complexes, at the MP2/6-31t+G(d,p) Bader theory results since, for the four cases investigated, the
Level Laplacian of the electron density at-+H BCP is negative
energy ~ HOH---  FH--- HCCH--- showing the concentration of the electron density within the
componert  OH, OCH, = OH,  HCCH-x NatCl” internuclear region. For all complexes considered, the energy
AE® —-1.974 —-3.850 —1.399 0.080 —117.000 density at H--H BCP is negative which is typical for stronger
EQ —8.750 —8.869 —4.785 —2.126 —142.285 or at least moderate H-bonds.
EY 6.776  5.018  3.386 2.206 25.285 Another feature of the dihydrogen bonds analyzed here is
ER, —2.190 —2.647 -1.059 —-0.544  —-10.342 the large transfer of the electron charge from the acceptor to
AEscr —4.164 —6.497 —2.458  —0.465 —127.342 the proton donating bond due to the process of complexation.
Ecorm  —0.293  1.060 -0.010  —0.591 0.181 The transfer predicted for the ,AH*---HBeBeH complex
ABwpz  —4.457 —5.438 -2.468 -1056 —127.161 amounts to 380 me, much larger than for typical H-bonds. The
8 AEwpz = AEscr + Ecore AE® = E&) + E). main goal of this study was to explain the meaning of the partly
covalent hydrogen bonding. The energy decomposition allows
since, for example, there is an elongation of the HDproton a more detailed insight into the nature of very strong dihydrogen
donating bond of 0.166 A. bonds investigated here to be obtained. It is shown that the

To compare the nature of the interactions for the species delocalization energy (an attractive energy term) and the
analyzed here with the other types of hydrogen bonds, the €xchange energy components are the most important terms and
decomposition of interaction energy was performed for a few correlate with H--H distance being the driving force within
representative H-bonded complexes, @, trans-linear dimer ~ these complexes.
of water, and FH+-OCH,, HCCH:++OH,, HCCH-++7 and the Since it was pointed out earlier that dihydrogen bonds are
Na' CI- ionic pair. Table 7 shows the results obtained at the Similar in nature to the other conventional H-bor#3} then
MP2/6-311-+G(d,p) level of theory. One can see that for the the conclusions concerning DHBs may be successfully applied
two first cases there are hydrogen bonds of medium strength.to a broader class of H-bond interactions. It was found earlier
The first-order Heitler London energy term is negative since that for stronger DHBs the most important attractive energy
the electrostatic energy, the most important attractive contribu- term is the electrostatic term as was also assumed for other
tion, outweighs the exchange energy. The attractive delocal-conventional H-bonds of medium streng#3? We have
ization energy term is much less important than the electrostatic Performed here the decomposition of the interaction energy for
term but is not meaningless. The delocalization term constitutes very strong DHBs and have compared the results with the
25% and 30% of the electrostatic term for these dimers, decomposition of the other interaction energies: typical H-
respectively. For the €H---O hydrogen bond within the  bonds, weak €H---O and C-H-+-x hydrogen bonds, and ionic
acetylene-water dimer, the electrostatic interaction energy is still N&~ Cl~ interaction. The conclusions are as follows: for the
the most important attractive term. It is in line with the statement interaction of ions the electrostatic energy term is the most
of Desiraju and Steinéthat “the van der Waals cutoff criterion ~ important, and the delocalization one is negligible, similarly as
in the H--Y distance for the assignment of hydrogen bond for typical H-bonds of medium strength. However, in the latter
character is inappropriate for weak hydrogen bonds.” The long case the electrostatic energy is not so important as for the former.
range electrostatic interaction acts far beyond such a cutoff, For weaker H-bonds the electrostatic energy term is still the
especially for weak EH---Y bonds. Table 7 shows that the Mostimportant attractive component; however, it is comparable
electrostatic energy term is the most important attractive term in magnitude with the exchange energy term. Thus the other
for the HCCH--OH, dimer. In the T-shaped acetylene complex, attractive contributions such as delocalization and correlation
where there is a €H---r hydrogen bond, the exchange energy are very important in order to stabilize the system. In the case
term is slightly greater than the electrostatic term; the delocal- of very strong H-bonds (covalent in nature) there is the dominant
ization constitutes 26% of the electrostatic term. Finally, one role of the delocalization energy term since it is about two to
can see that for the NaCI~ interaction the electrostatic energy three times greater than the electrostatic term; the latter is fully
term is really the most important; the exchange is not compa- outweighed by the exchange energy term.
rable with it in magnitude, and the delocalization term constitutes
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