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The occurrence of dihydrogen bonds in the complexes and dimers of complexes involving the main group
elements is systematically investigated. The complexes of LiH;, BRd AlH; with HF, H,O, and NH as

well as dimers of these complexes are studied using ab initio calculations at the MP2 level. The complexes
having H--H bonding are observed; however, in most of the cases they are not minima on their PES. The
[H.OLiH], has a compacC,, structure with a large dimerization energy where the-H bond exhibits
features of a hydrogen bridge. The-HH bond energy in [BEHF],, [BH3H20],, and [AlH;H.O] is analogous

to the conventional moderate or weak hydrogen bond. The bonding features of these complexes and their
dimers are analyzed using electron density topography. The structures of dimers are rationalized using
molecular electrostatic potential maps. The decomposition analysis of interaction energies of dimers reveals
the predominance of electrostatic contribution followed by charge transfer and polarization.

I. Introduction of dihydrogen bonding. A comparative study of [B¥H3]2,
[AIH 3NH3]2, and [GaHNH3], at the B3LYP as well as MP2
levels has recently been repored’he [BHsNH3], was found

to be of Cyn symmetry, whereas the other dimers hav€,a
symmetry. Further, the dimerization energies are found to
decrease from boron to gallium in this series.

Recent theoretical and experimental studies on transition metal
complexes involving a new type of interaction EHHX (where
E is transition/alkali metal or boron and X is any electronegative
atom/group) have stimulated a lot of interés# new term,

viz., the “dihydrogen bond” has been coined by Richardson et The purpose of the present study is to systematically

al! to describe this novel bond. The-+H contact distances . . ) .
. . A investigate the occurrence of dihydrogen bonds in the complexes
and heats of interaction for these systems lie within the range .

. - involving the main group elements. The structures having close
of the conve.nt|0nal H-bonds, viz., 1_&2 A and 3-8 kcal/ H-:-H bonds in the complexes of LiH, BHand AlH; with HF,
mol, respectively. Moreover, in transition metal complexes,

both inter- as well as intramolecular versions of the dihydrogen Hz0, and NH are studied. In addition, the structures of dimers

bond have also been obsendédlt has been proposed that these o_f these complexes are obtained to ve_rify the existence_of the
bonding features may be used in selectively stabilizing transition dihydrogen bond. The factors responsible for the formation of

states, thereby leading to increase in reaction rateaking the dlhydrqgen bond n the parent compilexgs and the corre-
i . sponding dimers are discussed. The bonding in these complexes
them potential catalytic agents.

Several theoretical studies on the dihydrogen-bonded metaland their dimers has been compared on the basis of interaction

. C . . - “energies as well as topological analysis of their electron
complexes |nve§tlgatlng various factors responsible for bonding densities. It has been remarked in the earlier studies that the
have been carried Oat.‘ On t.he other hgnd, there h?"e been H---H interaction is mainly electrostatic in natura,verification
few attempts _re_ported in the Ilterature to investigate d|hydrogen of which is also taken up in the present study. The methodology
bonding exhibited by the man group eler_ner_ns. L|_u and used herein is discussed in section Il, while the structure and
Hoffmanr? explored the possibility of H-H bonding in the LiH energetics of complexes of LiH, BHand AlH, are described
gg'n';%omplixoﬁt tge %I;Foan% ME)ZA.eVﬁIz ac?tﬁ;(r)rlrj]ngtth?):‘ S{Egh in the sections llI.A-1Il.C, respectively. Section IV investigates
react:og ILSiH i E”:SS' LiFvi |g_| Rli?:har()j(son ot Iaﬂll ¥1ave the electron density topography of the complexes and dimers

- 2. . . . . .
theoretically investigated the -HH bonding in BHNH. as well as their molecular electrostatic potentials. Section V

Although the H--H bonding has not been observed in the parent reports their energy decomposition, followed by concluding
. . ) . . X remarks in section VI.

complex, it manifests itself in the dimer of BNH3 in a head-

to-tail fashion. The resultant dimer structure is cyclic and of

C, symmetry with two dihydrogen bonds. The density func-

tional (B3LYP) estimates of the ++H distance and interaction The structures of the complexes and their dimers studied

energy turn out to be 1.8 A and 12.1 kcal/mol, respectively. herein are obtained using the restricted Harti€eck (RHF/

The Cambridge Crystallographic database showed 18 amine 6-31++G(d,p)) and Molle+-Plesset perturbation methods (MP2/

borane structuréswith short H:-H bonds in the range of  6-31++G(d,p)) from the program GAMESS.The basis set

1.7-2.2 A and strongly bent BH---(HN) angles in the range  used is of split-valence type including diffuse functions on all

of 95-12C°, whereas the NH---(HB) angles were found to  the atoms with polarization functions on hydrogens as well as

lie in the range of 166180C°. The ab initio structure of the  heavy atoms. The nature of stationary points obtained is

BH3NH3 dimer verifies and supports the strongly bent angles confirmed by calculating their vibrational frequencies at the

MP2/6-3H+G(d,p) level. It has been observed that structural

T E-mail: sakul@chem.unipune.ernet.in. parameters of several dihydrogen-bonded complexes at the MP2
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II. Methodology
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level are comparable to those predicted by the B3LYP density
functional metho&® The MP2 geometries are used for
calculating interaction energies with the coupled cluster method
including singles, doubles, and noniterative triples contributions
(CCSD(T)/6-3%+G(d,p)) for some complexes and dimers
using the program Gaussian 94The topographical analysis

of the electron density distribution of all the systems studied
here is performed to understand clearly the bonding features of
the dihydrogen-bonded dimers and their parent complexes using
the program UNIPROM The molecular electrostatic potential
(MESP) of the complexes is utilized for rationalizing the
structures of the dimers. The MESP-derived charges have also
been used in some cases. The visualization of MESP isosurfaces
have been done by using the program UNIVWSThe energy
decomposition analysis due to Kitaura and Moroktinia
performed for the dihydrogen-bonded complexes and/or their
dimers.

Ill. Results and Discussion

The systems studied here are essentially simple molecular
complexes capable of forming a dihydrogen bond. The hydrides
of lithium, boron, and aluminum have negatively charged
hydrogens, whereas NHH,O, and HF possess positively
charged hydrogens. The simple Mulliken charges of the isolated
complexing molecules are given below:

54 .54 H H

Li—H \B—H"°56 AN JPRE
/ 167 H/ 15
H

36H -84 Figure 1. Stationary structures of complexes of LiH with® and
41 _41 \ /N ....... NH; and dimers of complexes. Bond lengths are in A. Mulliken charges
H—F -.72 28 1 H for some complexes are shown in italics, whereas MESP-driven charges
/O H are underlined.
H

_ . . _ been analyzed further. The Mulliken charges af #hen
The formation pf dimers of the complexes may be rationalized Compared with LiH and KD Charges reveal that the hydride of
using these Mulliken charges. In the present study, we explorejithium has acquired higher negative charge, whereas the
the structures that are expected to engender thedtbond in hydrogens in HO exhibit a higher positive charge in the
addition to some other reported structuté3. The interaction  complex S. Similar trends are shown by MESP-derived
energies and geometrical parameters reported in the following charges shown in Figure 1. This clearly indicates that the dimer
discussion are computed at the MP2 level, unless mentionedys thig complex is a promising candidate for-HH bonding.
otherwise. Further, the dipole moment of, $ very high (cf. Table 1).

Ill. A. Complexes of LiH. The complexes of LiH with . . - - .

. The dimer of LiH--H f. & in Figure 1) exhibit li
HF have already been studied earfiérand there are reports ei hfn?emetz)ecr)ed structzuC:e((\:Nit?two 3SSZHLionESSO?f)1%§
on comparison of the interaction energies of LitHiF and Ag The struciure bearS;, symmetry and is a minimum c;n the

HNO---HF at the RHF/6-31G* levél. Although the H--H ’
bonding is observed at the RHF level for LH-HF, there is no P',ES' The angle (O?HH_L' is strongly bent (113'33 whereas
(Li)H---H—0 angle is 176.8(the angle (O)H-H—Li indicates

stationary structure exhibiting such a bond at the MP2 level. . . ;
Thus, the dihydrogen-bonded structure for LitHF may be an angle between vectors+H and H-Li). This structure is

regarded as an artifact of the HF theory, and the inclusion of Stabilizeéd by—45.34 and—40.01 kcal/mol at the MP2 and
electron correlation seems to be vital for validation of the CCSD(T) levels, respectively, and therefore can be termed as a
dihydrogen bonding. strong dihydrogen bond. The high stabilization energy in the
The structures of three stationary points on the potential "ange of 14-40 kcal/mol has been reportédor the conven-
energy surface (PES) of Li+H,0 are shown as;SS,, and tional strong hydrogen-bonded systems, such as Rhifolving
S; in the Figure 1 with their interaction energies at the RHF, ionic configuration. As seen earlier, in LiHH;0 (S), the LiH
MP2, and CCSD(T) level reported in Table 1. Ina&hd S, Li hydrogen acquires more negative charge, which is reflected in
and O are bonded and these structures are minima on the PESts dipole moment (cf. Table 1), and head-to-tail interaction of
The structure Shas close contacts between Li and O as well two such complexes cooperatively leads to high stabilization.
as H and H and has a stabilization comparable;t¢c§ ZPE- The high stability may also be attributed to large structural
included interaction energies in Table 1). Interestingly, a deformations and a very short-+H bond, which can be
structure analogous to, 8loes not exist on the RHF level PES. considered as a hydrogen bridge. The overlap population
Further, a bidentate structurg ®ith a stabilization energy of  analysis shows population of 0.512 and bond order of 0.651
—5.51 kcal/mol has two imaginary frequencies and hence not for the H--H bond. Further, the 2p population of hydrogen
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TABLE 1: Interaction Energies (kcal/mol) and Dipole Moment ¢ (Debye) of Complexes of LiH, BH, and AlH3 with HF, H 0,
and NH3 Using the 6-3H%+G(d,p) Basis Set

structure NIMAG AE(RHF) AE(MP2) AE(MP2)+ZPE AE(CCSDT)-ZPE e
S 0 —19.60 —20.23 ~18.15 —17.57 9.01
S 0 —-20.71 ~18.27 —15.24
S 2 —4.60 -5.51 —4.34
S 0 —22.24 —23.58 —21.19 —20.73 8.81
Ss 2 -1.17 ~1.46 -1.01
S 0 ~1.51 1.47 3.52 -1.16
S 1 ~0.62 -1.13 —0.42
Sio 1 ~0.86 ~1.53 ~0.55
Si 0 —6.44 -14.26 -9.35 -8.85 2.29
Sis 0 —0.44 -0.98 0.12 0.14
Su 1 -0.36 -0.73 -0.23
Sis 1 —2.37 —3.50 —2.32
Si7 2 ~0.53 -1.01 -0.36
Sis 1 -6.71 -8.90 -6.91
Sio 0 ~7.02 -9.27 -7.03 -6.58 2.96
S2o 1 -1.19 —2.02 -0.84
S 0 -17.78 -11.86 -8.63 ~16.89 4.75
S 0 —26.55 —20.95 ~17.39 —25.96 5.49

aTotal energies (in au) of complexing molecules at RHF, MP2, and CCSD(T) levels are-ZiBig2 62,—8.003 52,—8.009 60; BH, —26.393 54,
—26.492 13,—26.509 87; AlR, —243.620 60,—243.702 57,—243.713 68; HF,—100.024 31,—100.218 29,—100.221 69; HO, —76.031 31,
—76.236 21,—76.244 68; NH, —56.201 15,-56.396 33,—56.411 09° Number of imaginary frequencie$Dipole moments calculated at the
MP2 level.

attached to the oxygen increases significantly in a dimer, which
explains the strong bent structure of the dihydrogen bond.

There are two stationary structures on the PES of{:ikH3
shown as $and S in Figure 1. The §has aCs, symmetry
and possesses aNLi bond and has been reported earlier in
the literature’? The stabilization of this complex is abou21
kcal/mol at both MP2 and CCSD(T) levels. The-h bond
has elongated by 0.02 A in the complex. SThe Mulliken
charges show a comparatively higher negative charge on the
hydrogen of the LiH fraction and higher positive charge on the
hydrogens of NH in the complex & However, the MESP-
derived charges ofs3are strikingly different from the Mulliken
charges. The complex®as a tridentate structure with a long
H---H bond and a stabilization of1.46 kcal/mol. However,
this structure is not a minimum on the PES.

Although the Mulliken charges of sSsuggest that the
dimerization of the complex LiH-NHj3; is favorable, the
dihydrogen-bonded structure has not actually been observed.
The dimerization of §leads to the structure;Swhich has two
LiH---LiH bonds as shown in Figure 1 and has an interaction
energy of—40.10 kcal/mol. The MESP-derived charges (cf.
Figure 1) show that the difference between the charges on NH
hydrogens and hydride insSs more than that in Lik-H,O
complex (Q), leading to attraction of the hydride by lithium of
the other complex in 5

Ill. B. Complexes of BHs. The complexation of Bilwith
HF yields three stationary structureg Sy, and Sp as depicted
in Figure 2. The &is the conventional structure with a weak

bonding between B and F and is a minimum on the PES. There d;lgure 2. Stationary structures of complexes of Bkith HF and HO

is an increase in the negative charge of two hydrogens attache nd dimers of complexes. Bond lengths are in A. The Mulliken charges
to boron and an increase in the positive charge of hydrogen in for some complexes are shown in italics.

the HF part in g favoring the dihydrogen-bonded dimer

structure. Although the d&Sand Sy, respectively, have mono-  due to each H-H bond is estimated to be2.4 kcal/mol. The
dentate and bidentate-+HH-bonded structures, they are not weak stabilization for such a short+H bond may be attributed
minima on the PES. Further, the distance betweerHH to the increased nuclear repulsion (steric interaction) due to
exceeds 2.2 A in Sand So and hence they have small compact ring formation. This is clearly observable from the
stabilization energies. The cyclic dimer of Slso forms an short B-F bond in the dimer (1.772 A) compared to that in the
eight-membered structure 65, symmetry with the H-H bond complex (2.301 A). The angles (FHH—B and F-H---H(B)

as short as 1.382 A (cf.;8in Figure 2). The ZPE-corrected are 106.8 and 165:3espectively, indicating that the former is
stabilization energy is-4.85 kcal/mol at the MP2 level and a bent bond whereas the latter is analogous to conventional
—4.69 kcal/mol at the CCSD(T) level. Thus, the stabilization H-bond.
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Three stationary structures are found on the PES of-BH
H,O. The S, complex has a B-O bond of length 1.735 A
and is stabilized by-9.35 kcal/mol. The complex shows an
enhancement in the negative charge on the hydrogens attached
to boron and positive charge on the hydrogens gdH This
situation is clearly favorable for the dimer formation analogous
to the BHHF case. Among other structures, thes & a
minimum on the PES and has a bidentate planar structure
wherein two hydrogens of BiHare bonded to one hydrogen of
H,O. However, the interaction energies obtained at the MP2
and CCSD(T) levels show that this structure is not a stable one.
The S4 is also a planar, bidentate structure with one of the
hydrogens of BH symmetrically bonded to two hydrogens of
water at a distance of 2.636 A. This structure is also not a
minimum on the PES. A dimer of Bjfi,O is observed to form
two dihydrogen bonds leading to an eight-membered cyclic
structure with &Cy, symmetry (cf. $sin Figure 2). The contact
distance between the -HH is 1.588 A resulting into the
stabilization of 13.06 kcal/mol. The-BO bond in the dimer
is shorter by 0.095 A than that in the complex. On the other
hand, the B-H and O-H bonds involved in H-H bonding
are elongated by 0.022 and 0.019 A, respectively, in the dimer
compared to those in the complex. The angles(@)-H—B
and (B)-H---H—0O are found to be 103.5 and 161,.8espec-
tively. Since, the structural changes in the dimer geometry of
the complex BHH,0O are small, the energy of each dihydrogen
bond is about 6.5 kcal/mol.

The results of the dimer of B#flH3 reported earliés® and
the present results for [BiH»0], and [BHHF]. clearly indicate
that one of the angles (Xy#H—E involved in dihydrogen
bonding is strongly bent whereas the other angteHX:-H(E)
is almost linear analogous to the conventional hydrogen bond.
The 2p population of hydrogens attached to fluorine or oxygen
in [BHsHF], and [BHsH2O], has increased; this provides the
possibility of a bent H-H bond in the dimer structures. Such
bent B-H---H(N) angles have been observed in several
structures obtained from Cambridge Crystallographic Database.
The structure of [BHNH3]2 has not been calculated at the MP2
level in the present investigation. It has been revealed in earlier
studie§ that B3LYP structures and dimerization energies are
comparable to MP2 ones. To verify the fact that structures
obtained by the MPZ .and B3LYP levels are quite close to each Figure 3. Stationary structures of complexes of Aliwith HF, H,O
other, we have optimized the structures of 8H,0, BHsH,O angd NH; and dimersr)é)f complexes. Bondplengths a'r%e in A. The I\iul]iken
(S12), and [BHH20], (S15) at the B3LYP/6-3%++G(d,p) level. charges for some complexes are shown in italics.
At the B3LYP level, the B--O bond in the complex B§H,O
is longer by 0.004 A and interaction energy is about 1.0 kcal/  There are four structures of the complex AIHHF, which
mol higher than the corresponding MP2 value. Although the are shown as (§—S.) in Figure 3. The & is a monodentate
dihydrogen bond is shorter by 0.067 A for the [B#O]. at structure with the H-H bonding of 1.71 A and stabilization of
the B3LYP level, the dimerization energyisl7.27 kcal/mol,  —2 32 kcal/mol. The §is a bidentate structure involving two
which exactly matches the corresponding MP2 estimate. The hydrogens of AlH and a weakly bonded hydrogen of HF at a
angles (OyH---H-B and (B)-H--*H—O are 105.2 and 1643  distance of 2.656 A with a small interaction energyl(01 kcal/
at the B3LYP level showing that there is a clear-cut trend in mol). The structure § has an Al--F bond of length 2.158 A
the bending of (X)H-H—B angle: bending decreases as the and has a dihedral angle-thl—F—H of 18C°. This structure
electronegativity of the element X increases, a trend also has the interaction energy of6.91 kcal/mol. However,
followed by the MP2 geometries. Hence it is felt that this level stryctures §—S;s are not minima on the PES. ThasSiso
of calculations should be sufficient for the present study. exhibits Ak--F bonding but has a HAl—F—H dihedral angle

Ill. C. Complexes of AlH3. AlHzhas many features analo- of 0° and is a minimum on the PES with an interaction energy
gous to BH and hence is a good candidate for the study of the of —7.03 kcal/mol with the A+F and (Al)H--H(F) distances
effect of change in the period of the element. As intuitively of 2.152 and 2.454 A, respectively. One of the hydrogens of
expected, the Mulliken charges of Adkshow that hydrogens  AlH3 acquires a more negative charge, whereas the hydrogen
are more negative than those in the BHNe therefore study  attached to fluorine gets a more positive charge;i $stead
the effect of increased charge of hydrogens on the structures ofof formation of a dihydrogen-bonded dimer of AJHF, it leads
the complexes with HF, $0, NHs, and their corresponding to the formation of AIHF + H,. The energy for this reaction
dimers. at the MP2 level is—26.31 kcal/mol.
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The AlHz---H,O complexes are shown as structurggad TABLE 2: Dimerization Energies (kcal/mol) of Complexes
Sy1in Figure 3. The structure;gis a planar one with a H-H Involving Dihydrogen Bonds
bond of length 1.981 A. This complex is also not a minimum  structure AE(RHF) AE(MP2) AE(MP2)+ZPE AE(CCSDT)+ZPE
on the PES and has small a stabilization energy. The structure[y o), -33.90 -46.61 — 4534 4001
S;1 has an Af++O bond of length 2.058 A and is a minimum on [BHsH0]; —10.35 —17.26 —15.51 —13.06
the PES with an interaction energy 618.63 kcal/mol. The [BHsHF], —4.96 —10.04 —4.85 —4.69
Mulliken charges of & show a pattern similar to those of the ~ [AlHaNHzlz ~ —9.51 —13.18 —11.36 —9.44

BHa+-H20 complex ($), i.e., the hydrogens attached to Al [AlHH0l —14.48  —20.48 ~18.42 ~16.52

acquire more negative charge whereas the hydrogens@f H 2 Total energies (in au) of complexes at RHF, MP2, and CCSD(T)

acquire more positive charge. The complex structure seems tolévels are HOLIH, —84.045 10,-84.271 97,—84.285 59; BHH,O,
be favorable for the dimer formation. —102.435 11,-102.751 07,—102.776 48; BHHF, —126.420 26,

—126.708 07,—126.736 68; AlHNH3;, —299.864 06,—300.132 29,

The dimer of AlH-+-H20 is indeed observed (cfa8n Figure —300.171 82; AlHH,0, —319.680 25,-319.957 68-319.990 43.
3) to have a cyclic,, structure analogous to the dimer of BH
*H20. However, the interaction energy of [AdH,O], is more tures. Thus, the use of dimerization energies without inclusion
by —3.22 kcal/mol compared to that of [BH20]; as the H- of BSSE is recommended for-HH bonding.

-H bond is closer by 0.16 A in the former. The-AD bond is
shortened by 0.1 A in the dimer compared to that in the complex v/ Bonding Features via Electron Density and
S0. The angles (Al)H+-H—0O and (O)H--H—AI are 174.7 Electrostatic Potential
and 123.3, respectively. The shorter dihydrogen bonds and
greater interaction energy may be attributed to the higher
negative charge of the hydrogens of AlH

The complex of AlH with NH3 is depicted as structure$s
in Figure 3. The Shas an Al--N bond length of 2.094 A and
is stabilized by—17.39 kcal/mol. The Mulliken charges of the
complex show an increase in the negative charge of hydrides
of Al as well as an increase in positive charge of hydrogens in
NHs. This indicates the possible formation of the ANH3
dimer. When calculations for other-HH bonded complexes
were performed, no structure with significant stabilization energy
was found.

For achieving detailed information on the bonding features
of the complexes leading to dihydrogen-bonded dimers and the
corresponding dimers, topological analysis of electron density
(ED) is performed. The topological analysis involves location
and characterization of the critical points (CP) in ED distribution
and their chemical interpretatidh. The ED and Laplacian of
ED and bond ellipticity at bond CP are the parameters used for
the analysis. The negative Laplacian is an indicator of a
covalent bond whereas the positive Laplacian indicates non-
bonding or closed-shell interaction between the two at¥ms.
The bond ellipticity defined from eigenvalugsof the Hessian
] ] ] matrix of ED asc = 4,/A, — 1, whered; and/, are magnitudes

The dimer of AlNH3 has a peculiar cyclic structure (cf.  of hegative eigenvalues withy| > |12, is an indicator of extent
Structure 94 with two dihydrogen bonds of different lengths ot gouble-bond character. In addition, the bond ellipticity
between two monomer complexes. One of the-H bonds is provide a measure structural stability; the bonds with large
monodentate of length 1.763 A, while the other is bifurcated values are prone to ruptuté. These parameters are to be
with the length of 1.887 A. The Ai-N distance is shorter by compared among complexing molecules, complexes, and dimers
0.04 A'in the dimer than in the complex. The angles (ADH complexes discussed in the previous section. It is well-known
*H—N are 165.3 and 170.9 whereas the angles (N)HH—AI that the conventional hydrogen bonds have a positive Laplacian
are 110_.3 and 131.6_) for the_blfurcated and mor_lodentate bonds, 4t the bond critical point (BCP and topological analysis of
respectlve_ly. The interaction energy of the dimer compared to dihydrogen bonding in [BENHs], has been investigated
monomer is-11.36 kcal/mol. Since the dihydrogen bonds are gcentlyl® Table 3 provides the topological analysis of the ED
dissymmetric, the energy of each-HH bond would be different. distributions at the MP2/6-38+G(d,p) geometries.

The geometry optimization at the BBLYP/G-B_i-G(d,p) I_evel The HOLIH complex S shows a weak bond between Li
for [AlH sNH], shows aC, symmetry for the dimer, similarto 5,4 o, which also exhibits noncovalent interaction as shown
that in the earlier repoisvith a dimerization energy of12.14 by a positive Laplacian value. In dimer ob@LiH the LiO
kcal/mol. The MP2 and CCSD(T) calculations at the B3LYP bond has greater ED at the BCP, whereasH.iand O-H bonds
optimized geometry show that they are 0.43 and 0.48 kcal/mol j,\g|ved in the dihydrogen bonding have reduced ED at their
higher in energy than the corresponding MP2-optimized one. gcpg compared to the complex. The BCP corresponding to
This .p'robably |r!d|cates that geometry of 'ghls dimer is highly i, dihydrogen bond has substantial electron density and, more
sensitive to basis set and level of calculation. interestingly, a negative Laplacian, supporting the formation of

Table 1 also reports dipole moments of complexes forming a hydrogen bridge in the dimer as discussed earlier.
dihydrogen-bonded dimers. The dipole moment of th@HH The complex BHHF shows a weak BF bond as seen from
complex is highest, whereas that of BH#F is lowest. The the higher ellipticity (cf. Table 3), and one of the-Bi shows
dimerization energies of these complexes also show trendsgreater ED at the BCP. In the [BHF],, the B—F bond has
similar to that shown by dipole moments of the complexes. The greater ED as reflected from smaller bond length compared to
dipole moments of dimers are zero except for [AlNis]o, that in the complex. The HF as well as B-H bonds involved
which has dipole moment of 0.98 D. in the dihydrogen bonding become weaker owing to sharing of

The effect of basis set superposition eH¢BSSE) estimates  ED in the H++-H bond. The BCP for the dihydrogen bond shows
deserves a special mention in the present study. The compu-positive Laplacian indicating a weaker and closed-shell interac-
tation of BSSE for the H-H-bonded dimers show that tion. Moderately large bond ellipticity for the -HH bond
[HoOLiH],, [BH3HF],, and [BHH2O]. have corrections of indicates the instability involved in the bond. Similar features
—20.77,—7.32, and—10.54 kcal/mol, respectively. The large are also exhibited by the complexes and the corresponding
stabilization after inclusion of BSSE may be attributed to dimers of BHH,0, AlH3H,0, and AlHNH3 (cf. Table 3). The
significant geometrical distortions in the monomer complexes [BH3H,O0], has highest ellipticity for the H-H bond among
in their dimer geometries compared to their equilibrium struc- all dihydrogen-bonded dimers. Further, in [ANH3], one of
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TABLE 3: Electron Density Critical Points (CP) and Laplacian of Electron Density of Complexing Molecules, Complexes, and
Dimers at the MP2/6-3H+G(d,p) Geometry?

molecule location of CP type of CP o(r) V2o(r) €

LiH Li —H bond (3-1) 0.0355 0.1550 0.000

H.0 O—H bond (3,-1) 0.3709 —2.2572 0.027

H,OLiH (S1) Li—O bond (3-1) 0.0279 0.2238 0.080
Li—H bond (3,-1) 0.0352 0.1428 0.002
O—H bond (3-1) 0.3640 —2.3298 0.025

[HOLiH], Li—O bond (3-1) 0.0412 0.3556 0.067
Li—H bond (3-1) 0.0284 0.1315 0.017
O—H bond (not in H-+H) (3,-1) 0.3645 —2.2274 0.017
O—H bond (in H++H) (3,—-1) 0.2392 —1.0745 0.021
H---H bond (3,-1) 0.0756 —0.0252 0.001
ring CP (3,+1) 0.0025 0.0066

BH3 B—H bond (3,-1) 0.1847 —0.2251 0.302

HF H—F bond (3-1) 0.3649 —3.0909 0.000

BHsHF B—F bond (3-1) 0.0165 0.0632 0.724
H—F bond (3-1) 0.3585 —-3.1171 0.001
B—H bond (out of plane) (3+1) 0.1824 —0.2047 0.307
B—H bond (in plane) (3+1) 0.1844 —0.2205 0.295

[BH3HF], B—F bond (3-1) 0.0480 0.1067 0.824
H—F bond (3-1) 0.2973 —2.4311 0.004
B—H bond (not in H--H) 3,-1) 0.1867 —0.2309 0.227
B—H bond (notin H--H) (3,-1) 0.1833 —0.2008 0.253
B—H bond (in H--H) (3,-1) 0.1611 —0.0453 0.394
H---H bond (3,-1) 0.0412 0.0771 0.158
ring CP (3,+1) 0.0056 0.0344

BH3H.0O B—0O bond (3-1) 0.0597 0.1705 0.263
B—H bond (in plane) (3+1) 0.1720 —0.1159 0.255
B—H bond (out of plane) (3+1) 0.1751 —0.1338 0.237
O—H bond (3-1) 0.3636 —2.3492 0.021

[BH3H:0], B—0O bond (3—1) 0.0805 0.5722 0.128
B—H bond (in H--H) (3,-1) 0.1600 —0.0249 0.275
B—H bond (not in H--H) 3,-1) 0.1725 —0.1080 0.207
O—H bond (in H--H) (3,-1) 0.3359 —2.2657 0.019
O—H bond (not in H-+H) (3,-1) 0.3626 —2.3518 0.019
H---H bond (3-1) 0.0274 0.0673 0.255
ring CP (3,+1) 0.0058 0.0312

AlH3 Al—H bond (3-1) 0.0805 0.2920 0.025

AlH3H,0 Al—-0O bond (3-1) 0.0339 0.2341 0.047
Al—H bond (in plane) (3+1) 0.0765 0.2828 0.002
Al—H bond(out of plane) (3-1) 0.0777 0.2870 0.005
O—H bond (3,-1) 0.3606 —2.3354 0.023

[AIH 3H20]» Al—0 bond (3-1) 0.0447 0.3344 0.044
Al—H bond (not in H--H) (3,-1) 0.0790 0.2905 0.008
Al—H bond (in H--H) (3,-1) 0.0676 0.2597 0.018
O—H bond (not in H-+H) (3,-1) 0.3588 —2.3149 0.021
O—H bond (in H++H) (3,—-1) 0.3141 —2.0318 0.021
H---H bond (3,-1) 0.0385 0.0585 0.054
ring CP (3,-1) 0.0034 0.0164

NH; N—H bond (3,-1) 0.3497 —1.8880 0.047

AlH 3NH3 Al—N bond (3,-1) 0.0422 0.2552 0.000
Al—H bond (in plane) (3+1) 0.0758 0.2818 0.003
Al—H bond(out of plane) (31) 0.0758 0.2818 0.003
N—H bond (in plane) (3+1) 0.3457 —1.9147 0.028
N—H bond (out of plane) (371) 0.3458 —1.9150 0.028

[AIH 3NH3],» Al—N bond (3,-1) 0.0474 0.2872 0.008
Al—N bond (3,-1) 0.0478 0.2909 0.009
Al—H bond (in H--H) (3,-1) 0.0722 0.2739 0.008
Al—H bond (in H--H) (3,-1) 0.0709 0.2718 0.004
Al—H bond (not in H--H) (3,-1) 0.0772 0.2864 0.001
Al—H bond (not in H--H) (3,-1) 0.0751 0.2798 0.007
Al—H bond (not in H:-H) (3,-1) 0.0769 0.2854 0.002
Al—H bond (not in H--H) (3,-1) 0.0765 0.2838 0.003
N—H (in H---H) (3,-1) 0.3348 —1.8745 0.023
N—H (in H---H) (3,-1) 0.3378 —1.8922 0.023
N—H (not in H---H) (3,-1) 0.3345 —1.9015 0.026
N—H (notin H--H) (3,-1) 0.3341 —1.9056 0.025
H---H bond (3-1) 0.0191 0.0433 0.035
H---H bond (3,-1) 0.0160 0.0401 0.104
Ring CP (3,+1) 0.0023 0.0097

aFor notation of type of CP, see ref 15.

the H--H bonds shows higher ellipticity and less ED indicating in the strength of the dihydrogen bond formed in the dimers
it to be a weaker bond than the other. A clear trend is observedfrom the ED value at the BCP, viz., [BHF], > [AlH 3H20],
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Figure 4. Molecular electrostatic potential isosurfaces of A0
complex: (a) in equilibrium geometry showing isosurfaces of value
—12.55 kcal/mol (light) and—27.61 kcal/mol (dark); (b) in dimer
geometry showing isosurfaces of value8.14 kcal/mol (light) and
—35.14 kcal/mol (dark).

> [BH3H,0], > [AIH3NHg].. However, this trend is not

Kulkarni

TABLE 4: Energy Decomposition Analysis of Interaction
Energies of Dihydrogen-Bonded Complexes and Dimers of
Complexes$

molecule

(structure) ES EX PL CT MIX  total
[H.OLiH]2(Ss) —81.40 94.02—26.80 —125.30 89.15-50.33
[BH3H02(S1s) —25.02 24.49 —9.37 —9.97 6.97 —13.09
[BH3HF]»(S1) —23.01 33.19-12.83 —17.83 7.27-13.21
[AIH 3NH3],(Sz5) —18.40 14.71 —5.82 —555 5.05-10.01
[AIH 3H,0]2(Sz0) —32.42 35.62—12.46 —18.94 10.05-18.14
H,OLiH (S) —50.51 50.34—-46.78 —41.06 69.82—17.69
H,OLiH (Ss) —859 475 —-162 -096 136 —5.05
BHsHF (S) -0.92 111 -0.67 -042 0.29 —-0.61
BH3HF (Si0) -149 162 —-057 -0.70 0.34 —-0.80
BH3H,0 (S14) —-0.55 055 -0.15 -0.15 —-0.02 -0.32
H,SLiH —-7.49 794 —-275 —-409 328 —3.11

2 For details of energy decomposition analysis, see ref 11. The MP2-
optimized geometries are used for the analyshll values are in kcal/
mol.

deepened from—27.61 to —35.14 kcal/mol in the dimer
geometry. Further, the oxygen lone pair minimum has become
shallow in the dimer geometry-@3.14 kcal/mol) compared to
that in the equilibrium geometry—12.55 kcal/mol). This
clearly explains the fact that the hydride can attract the acidic
hydrogen in HO more effectively and the repulsion due to lone
pair has also been reduced by small changes in the dimer
geometry. Similar features have been observed in the MESP
isosurfaces of other complexes in their equilibrium and the dimer
geometries. Thus, it may be concluded that the geometrical
changes in the complex while forming the dimer occur so as to
increase the electrostatic interactions. To confirm this, the
results of energy decomposition analysis for dimers are pre-
sented in the next section.

reflected in the interaction energies of these dimers (cf. Table V. Energy Decomposition Analysis

2). This may be attributed to the fact that the geometrical
distortions observed in dimers compared to that in their

monomers have played a vital role in their stability apart from
the dihydrogen bonding.

The molecular electrostatic potential (MESP) maps have been!

utilized for understanding the reactivity pattethsf a molecule.
The MESP is defined as

V(1) =Y Zy/Ir = Rl = S =

The MESP is positive around the nuclei and is negative in the
region where electrons are localized in the molecule. The {ha case of [HOLiH]»

regions of electron localization via MESP provide us vital

information for rationalizing the structure of weakly bonded and

hydrogen-bonded syster#s.In the present study, we compare

the MESP maps of the complexes in their equilibrium and in

The energy decomposition analysis (EDA) due to Kitaura and
Morokuma! provides details of contribution to the interaction
energy from various components, such as electrostatic (ES),
polarization (PL), exchange (EX), charge transfer (CT), etc. It
is known that the conventional hydrogen bonds are stabilized
by electrostatic contributio?? The analysis is carried out for
some dihydrogen-bonded complexes and dimers at their MP2-
optimized geometries, and details are provided in Table 4. It
can be observed from Table 4 that the electrostatic contribution
is the largest followed by charge transfer and polarization for
all dihydrogen-bonded dimers. The only exception is seen in
wherein the charge transfer exceeds the
electrostatic contribution. In general for dimers, the ES is
comparable in magnitude to the EX. Although aftt bonded
complexes in Table 4 are not minima on the PES, we have
performed EDA for some such complexes. For these com-

the dimer geometry for understanding the reasons of structuralmexes, in general the polarization contribution is larger than

changes in the dimer formation. The MESP map eOHiH

complex in the equilibrium geometry (not presented owing to

paucity of space) shows that the MESP surfac81.58 kcal/

mol) lies along the symmetry axis, whereas it exists around the

the charge transfer. In addition to these complexes, Table 4
reports EDA for the HSLiH complex, which exhibits a
dihydrogen bond and is a minimum on the MP2 level PES with
a stabilization of—3.11 kcal/mol. Analogous to dimers of

Li—H bond beyond the hydrogen in the dimer geometry. This compjexes, the CT contribution is greater than PL for this
surface encompasses a larger area in the dimer geometry tha@omplex. One may infer from these results that CT is larger

in the complex. This is clearly favorable for dimer formation
with H---H bonding. The MESP maps of AjH,O in the

equilibrium and in the dimer geometry presented in Figure 4

bring out the utility of this approach. Although there are no

significant geometrical distortions in the dimer geometry, one

than PL for the systems wherein the-HH bonding is the chief
cause of stabilization.

VI. Concluding Remarks

can easily observe a buildup of negative potential around one A systematic investigation of the dihydrogen bond formed

of the hydrogens attached to Al

This MESP surface has in the molecular systems containing main group elements has
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been carried out. The emphasis of this study is to examine theA. L.; Crabtree, R. HAngew. Chem., Int. Ed. Endl995 32, 2507. Belkova,
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inclusion of correlation, the dimers are found to form a compact comput. Chem1993 14, 1347-1363.

structure. The angle (X)H-:-H—E (where X= F/O/N and E (8) Jonas, V.; Thiel, WJ. Chem. Phys1996 105, 3636;1995 102,

= Li/B/Al) in the dimers is found to be strongly bent. The 8474.
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The decomposition analysis of interaction energies indicates that,Dill, J. D.; Schileyer, P. v. R.; Binkley, J. S.; Pople, J. A.Am. Chem.

; e Soc.1977 99, 6159. Atwood, J. L.; Butz, K. W.; Gardiner, M. G.; Jones,
analOgous. to the Conventlonal. hydrogen bond, thehHbond C.; Koutsantonis, G. A.; Ratson, C. L.; Robinson, K.IBorg. Chem1993
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