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The complexes formed between dimethylchalcogens X(CH3)2 (X = S, Se, and Te) and

hypohalous acids YOH (Y = F, Cl, Br, and I) have been studied at the MP2/aug’-cc-pVTZ

computational level, five minima structures being located. Two of them correspond to hydrogen

bonds (HB), another two to halogen bonds (XB) with the chalcogen acting as an electron donor,

the last one showing a C–H� � �O contact. The most stable complexes of IOH and BrOH acids

present halogen� � �chalcogen interactions with interaction energies, Ei, up to �49 kJ mol�1. In the

case of the ClOH and FOH molecules, the hydrogen bonded complexes are more stable with

interaction energies between �27 and �34 kJ mol�1. Linear correlations between the molecular

electrostatic potential (MEP) stationary points at the van der Waals surface and the interaction

energy have been found. The contribution of the different energy terms to the total interaction

energy was analyzed by means of the DFT–SAPT theory finding that the electrostatic attractive

term is dominant in the complexes with HB and XB, excepting a few cases in which the

dispersion and induction terms become more important than the electrostatic one.

I. Introduction

Dimethyl derivatives of sulfur, selenium and tellurium are amongst

the smallest organo-chalcogen molecules. Dimethyl sulfide

(DMS), originated primarily from dimethylsulfoniopropionate

(DMSP), is the most abundant biological sulfur compound

emitted to the atmosphere,1,2 with a biological impact not only

on the atmosphere but also on different environments including

oceans3,4 and Arctic ices.5 Selenium is an essential element

present in traces in the organism. Dimethyl selenide (DMSe) is

a naturally occurring organoselenium compound detected in

a variety of plants and microorganisms.6 Dimethyl telluride

(DMTe), a precursor of mercury cadmium telluride,8 has been

found to be a product of microbial metabolism produced by

some fungi and bacteria.7

The structural parameters of the X(CH3)2 chalcogen deri-

vatives (X = S, Se, and Te) have been determined by MW

spectroscopy. The parameters obtained for these compounds

have been compared to those of other related derivatives.9

Early ab initio studies of the X(CH3)2 molecules reported the

conformational preference of the methyl groups, the performance

of different bases to reproduce the experimental geometries and

dipole moments and the first ionization potentials.10,11

The hypohalous acids (HOX with X = F, Cl, Br, or I) are

powerful oxidizing agents and can be easily formed in the

atmosphere (e.g., through reactions between the X and OH

radicals). They are of particular interest due to the interplay

between the s-inductive role12,13 of the halogen atom in HOX

and the repulsive interactions between the lone pairs of the

adjacent oxygen and halogen atoms.14 A number of studies

have characterized the hydrogen bonded cluster formed by the

hypohalous acids with themselves15 or with other molecules.16–25

In the present article, the complexes formed between the

dimethylchalcogen derivatives and the hypohalous acids have

been explored theoretically. Due to the characteristics of the

molecules, a variety of interactions are expected as hydrogen

bonds and halogen–chalcogen contacts. The importance of

both interactions, and in particular, the role that the s-hole
plays in the halogen bonding, has been highlighted and widely

studied in several publications.26–28 The electron density of the

complexes has been analyzed with the Atoms in Molecules

(AIM) methodology and the interaction between the occupied

and empty orbitals has been explored with the Natural Bond

Orbital (NBO) method. In addition, the different components of

the interaction energy have been evaluated with the DFT–SAPT

methodology.

II. Computational details

All the geometries of the complexes formed between the

X(CH3)2 and the YOH acids were fully optimized at second

order Møller–Plesset perturbation theory (MP2) level with the

aug’-cc-pVTZ basis set,29 which is the Dunning aug-cc-pVTZ
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basis set30,31 without diffuse functions on H atoms. For heavy

atoms, Te32 and I,33 the aug-cc-pVTZ-PP pseudopotential

basis set was used. Harmonic vibrational frequencies were

computed at the same level used in order to verify that the

structures obtained correspond to local minima. The inter-

action energies, Ei, have been calculated as the difference of

the total energy of the complex and the sum of the isolated

monomers. They have been corrected for the inherent basis set

superposition error (BSSE) using the Boys–Bernardi34,35 counter-

poise technique. All the calculations have been carried out with

the Gaussian09 program.36

The molecular electrostatic potential (MEP) of the isolated

monomers has been calculated on the electron density iso-

surface of 0.001 a.u. This isosurface has been shown to

resemble the van der Waals surface.37 These calculations have

been carried out with the facilities of the Gaussian-09 program

and the numerical results depicted using the WFA program.38

Regions with negative MEP values are susceptible to interact

with electron deficient moieties, such as HB donors, while

positive regions can interact with electron rich areas.

The bonding characteristics were analyzed by means of the

atoms in molecules (AIM) theory.39,40 For this purpose we

have located the most relevant bond critical points (BCPs),

and evaluated the electron density at each of them, with the

facilities of AIMALL programs.41 All the interactions were

characterized by the formation of a BCP between the atoms

involved that are connected by the corresponding bond paths.

TheNatural BondOrbital (NBO)method42 has been employed

to evaluate atomic charges using the NBO-3 program, included

within the Gaussian-09 program, and to analyze charge-transfer

interactions between occupied and empty orbitals.

The different terms of the interaction energy were calculated

with the SAPT methodology.43 The DFT–SAPT calculations

were carried out at the PBE044/aug’-cc-pVTZ computational

level, except for Te and I, where the aug-cc-pVTZ-PP pseudo-

potential basis set was used. When using the PBE0 functional,

the asymptotic correction was included using the experimental

ionization potentials of the X(CH3) molecules,45 FOH,46

ClOH,47 BrOH,48 and IOH.49 All of these calculations have

been performed using the MOLPRO program.50

III. Results and discussion

Monomers

Dimethyl chalcogenides. The geometric structural parameters

of the isolated dimethyl chalcogen derivatives have been gathered

in Table 1. The bond distance between the chalcogen and carbon

atoms and the C–X–C angles are in good agreement with those

found in the experimental reports in gas phase.

Fig. 1 illustrates the calculated MEP of the X(CH3)2 monomers

plotted on the 0.001 a.u. electron density isosurface. Positive

values of the electrostatic potential are represented in red while

the most negative regions are in blue color. The two negative zones

located close to the chalcogen atoms at both sides of the molecular

plane can be observed (only one is shown in Fig. 1). These can be

associated with the lone pairs belonging to the chalcogen atom.

Table 2 reports the values of the absolute MEP minima and

the MEP minima on the vdW surface. The magnitudes of the

absolute MEP minima decrease in the order S > Se > Te.

Likewise, the MEP on the vdW surface follows the same trend

as the absolute MEP minima. This effect can also be observed

in Fig. 1, where the blue area associated with the chalcogen

lone pairs contracts with the chalcogen size. The maxima

values of the MEP on the vdW surface corresponding to the

H atoms are also summarized in Table 2. Those positive values

make the region around the H atoms susceptible to a nucleo-

philic attack by the hypohalous acids.

Hypohalous acids. The electronic and structural properties

of hypohalous acids were already theoretically calculated and

discussed in a previous work.24 For the sake of completeness,

the energy minima structures have been re-optimized at the

same computational level used in the present article. The

geometrical parameters obtained, Table 3, bond distances,

both O–Y and H–O, as well as the H–O–Y angles, resemble

closely those found experimentally.

Table 1 Structural data for X(CH3)2 monomers (X = S, Se, and Te)
at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level.
Experimental data are in parentheses. Bond distances in Å and angles
in 1

X(CH3)2 X–C bond distance (Å) C–X–C angle (1)

S 1.804 (1.802)45,51 98.0 (98.9)45,51

Se 1.935 (1.943)45 95.6 (96.2)45

Te 2.130 (2.141)45 93.4 (93.5)45

Fig. 1 Molecular electrostatic potential for the X(CH3)2 (X = S, Se, and Te from left to right), on the 0.001 a.u. isodensity surface. Color values

of the MEP: red > 0.01, yellow > 0.00, green > �0.03, blue o �0.03 a.u.

Table 2 Molecular electrostatic potential absolute minima for
X(CH3)2 monomers (X = S, Se, and Te), the minimum value on the
van der Waals surface of the X atoms and maxima of H atoms in a.u.
at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level

X(CH3)2 S Se Te

Min �0.050 �0.048 �0.038
vdW �0.036 �0.034 �0.031
H atoms 0.024 0.025 0.024
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The absolute MEP minima and the MEP minima on the

vdW surface for YOH (Y = F, Cl, Br, and I) have been

calculated and tabulated in Table 4. Two MEP minima have

been found for each molecule, one of them associated with the

oxygen lone pair and another with the halogen atom, the

former being much deeper than the latter in all the monomers.

The absolute MEP minima and MEP minima on the vdW

surface associated with the halogen atoms vary in the same

way, decreasing in absolute value with the size of the atom,

whereas the opposite is true for the oxygen MEP values.

Positive values of the MEP on the vdW (Fig. 2) are found

around the hydrogen and halogen atoms. The positive values

around the hydrogen atom decrease as the size of the halogen

atoms increases. These values are indicative of the HB donor

capability of the corresponding molecule. The positive MEP

values of the halogen atoms are located along the X–O bond

axis and they have been named s-hole in the literature.56

These values vary from �0.0009 to 0.0635, from the F to the I

atom, respectively.

Binary complexes. The structures calculated for the

X(CH3)2:YOH dimers correspond to five different configu-

rations, see Fig. 3. The first two configurations, I and II,

correspond to those complexes in which the hypohalous acid

acts as a HB donor, whether only a single hydrogen bond, HB,

is present (conf. I) or additional halogen–hydrogen inter-

actions (conf. II) are exhibited. The third configuration corre-

sponds to the complexes that exhibit C–H� � �O interactions. In

this case, the oxygen lone pairs interact with the regions where

Table 3 Structural data for YOH monomers (Y = F, Cl, Br, and I)
at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level.
Experimental data in parentheses. Bond distances in Å and angles in 1

YOH
O–Y bond distance
(Å)

H–O bond distance
(Å)

H–O–Y angle
(1)

F 1.429 (1.442)52 0.970 (0.964)52 97.9 (97.2)52

Cl 1.697 (1.689)53 0.969 (0.964)53 102.5 (102.9)53

Br 1.815 (1.828)54 0.967 (0.964)54 103.3 (103.1)54

I 1.992 (1.994)55 0.969 (0.967)55 104.3 (103.9)55

Table 4 Molecular electrostatic potential absolute minima for YOH
monomers (Y = F, Cl, Br, and I), MEP maxima associated with the
s-hole of the halogens and the value on the 0.001 a.u. isodensity surface
at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level

YOH F Cl Br I

Y-Min �0.0272 �0.0150 �0.0125 �0.0099
Y-vdW �0.0249 �0.0149 �0.0125 �0.0096
O-Min �0.0352 �0.0394 �0.0422 �0.0466
O-vdW �0.0275 �0.0302 �0.0321 �0.0352
H-vdW 0.0970 0.0909 0.0876 0.0829
s-Hole �0.0009 0.0382 0.0504 0.0635

Fig. 2 Molecular electrostatic potential for the YOH (Y= F, Cl, Br,

and I, from up to down), on the 0.001 a.u. electron density isosurface.

Color values of the MEP: red > 0.04, yellow > 0.01, green > �0.01,
blueo �0.01 a.u. Left corresponds to side views. Right, s-hole on the

Y atom along the Y–O bond axis.

Table 5 Interaction energies (in kJ mol�1) BSSE corrected, variation of O–H distance in YOH acids upon complexation, and X� � �H distance in
the HB (in Å) for the X(CH3)2:YOH complexes in configurations I and II at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level

YOH S Se Te

Y Conf. Ei Dd (O–H) d (X� � �H) Ei Dd (O–H) d (X� � �H) Ei Dd (O–H) d (X� � �H)

F I — — — — — — — — —
Cl I �33.0 0.020 2.170 �31.6 0.021 2.266 �29.1 0.017 2.476
Br I �32.4 0.022 2.129 �30.2 0.023 2.196 �28.7 0.019 2.470
I I �31.8 0.019 2.173 �30.7 0.020 2.265 �27.2 0.018 2.498
F II �32.5 0.019 2.206 �36.4 0.019 2.308 �27.5 0.015 2.524
Cl II �34.4 0.020 2.199 �33.5 0.020 2.297 �30.7 0.017 2.506
Br II �33.5 0.022 2.175 �31.8 0.022 2.253 �30.6 0.018 2.504
I II �32.2 0.017 2.225 �31.4 0.018 2.318 �28.8 0.017 2.540
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molecular electrostatic is positive in the isolated X(CH3)2
monomers, which are associated with the hydrogens of the

methyl groups. The complexes in configurations IV and V are

those in which the hypohalous acids can act as a halogen bond

(XB) donor, showing a single chalcogen� � �halogen interaction.

The only difference between configurations IV and V is the

orientation of the OH bond. Configuration IV is found to be a

minimum in all the combinations of the dimethyl chalcogen

derivatives and hypohalous acids considered here, while minima

complexes in configuration V are only found for the hypo-

iodous acid complexes.

Configurations I and II: HB interactions. The complexes in

which the hypohalous acids act as a HB donor correspond to

the configurations I and II. The interaction energies, the

variation of the O–H distance with respect to the isolated

hypohalous acids, and the X� � �H distance for these complexes

have been summarized in Table 5.

Complexes in configuration I do not present minima structures

with hypofluorous acid and the optimization of these complexes

always reverts to configuration II. In configuration I, the inter-

action energy ranges from �27.2 to �33.0 kJ mol�1 and slightly

decreases in absolute value with the size of the halogen of the acid

involved.

In configuration II, the complexes with all the hypohalous

acids are stable. The variation of the energy follows similar

patterns as those found in the complexes in configuration I,

ranging from �27.5 to �36.4 kJ mol�1. The complexes in

configuration II present slightly deeper values of the inter-

action energy than in configuration I due to extra contacts

between the halogen atoms and the hydrogen of the methyl

groups. The electron density analysis of the complexes in

configuration II shows the presence of an intermolecular

X� � �H BCP and two BCPs associated with the interaction of

the halogen atom with the hydrogen atoms of the methyl groups

of the X(CH3)2 molecules. Based on the energy differences

between the complexes in configurations I and II, it can be

estimated that the Y� � �H interactions stabilized the latter

complexes between 1–2 kJ mol�1.

Among all the complexes in both configurations I and II, the

one that shows the most stable interaction energy in absolute

value corresponds to that formed by the sulfur derivative with

the hypochlorous acid in configuration II. This may be because

chlorine presents a compromise electronegativity value to make

HOCl a good HB donor and, at the same time, the lone pairs of

the Cl atom present an optimal spatial disposition (see Fig. 2).

In addition, the values of the MEP of the S(CH3)2 (see Table 4)

favor the interaction between its lone pairs and the hydrogen

atoms. The complex Te(CH3)2:HOI in configuration I presents

the smallest value of the interaction energy due to both the

smallest value of the electronegativity of the I atom which

makes the IOH the poorer HB donor of those considered here,

combined with electronegativity of the Te which makes

Te(CH3)2 a poor electron donor.

Regarding the structural parameters, the X� � �H distance in

both configurations decreases with the size of the halogen atom,

except for the iodine derivative. In addition, all the complexes

show an elongation in the H–O bond of the hypohalous acids

between 0.015 and 0.023 Å with respect to the isolated monomer.

The NBO results reported in Table 6 show the stabilization

energy values of the orbital interaction due to the charge

transfer from the lone pair of the chalcogen atom to the

antibonding O–H. The charge transfers are larger than those

values found for some hydrogen bonds studied in the literature

(i.e. H3N� � �HOH = 0.0269 a.u., HF� � �HF = 0.0124 a.u.).57

The iodine E(2) values (LP X - s*OH) are the smallest in

each series.

Configuration III: C–H� � �O interactions. Configuration III

corresponds to those complexes that exhibit C–H� � �O inter-

actions, in which the oxygen atom of the hypohalous acid

presents two simultaneous contacts with two hydrogen atoms

of the methyl groups. The complexes in configuration III with

hypofluorous and hypoiodous acids are not stable and they

both revert to configuration II minimum structure. This

behavior may be explained by two reasons: (a) in the case of

FOH, the high value of electronegativity makes the F atom

withdraw electron density from the O atom and, thus, the

interaction through the lone pairs of the O atom becomes

inefficient, (b) in the case of IOH, the steric repulsions between

the electron clouds of the I atom and of the methyl group

are very large and, therefore, prevent the formation of the

complexes.

As it can be observed in Table 7, the values of the interaction

energies present a narrow range, between 8.2 and 9.1 kJ mol�1.

These values are three to four times weaker than those found in

configurations I and II.

Table 6 NBO analysis for the HB for X(CH3)2:YOH complexes in
configurations I and II at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP
computational level. Orbital stabilization energy (LP X - s*OH) in
kJ mol�1, charge transfer in a.u.

YOH S Se Te

Y Conf.
LP X -
s*OH

Charge
transfer

LP X -
s*OH

Charge
transfer

LP X -
s*OH

Charge
transfer

F I — — — — — —
Cl I 19.5 0.069 21.0 0.079 18.8 0.081
Br I 20.3 0.074 24.9 0.089 18.6 0.081
I I 17.8 0.067 19.1 0.078 16.4 0.080
F II 18.2 0.063 19.2 0.071 16.6 0.070
Cl II 19.2 0.067 20.8 0.077 19.3 0.083
Br II 20.8 0.069 23.8 0.085 18.5 0.084
I II 16.5 0.059 18.2 0.073 15.9 0.081

Table 7 Interaction energies (in kJ mol�1) BSSE corrected, variation of C–H distance in methylenes of X(CH3)2, and H� � �O distance (in Å) for
the X(CH3)2:YOH complexes in configuration III at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational level

YOH S Se Te

Y Conf. Ei Dd (C–H) d (H� � �O) Ei Dd (C–H) d (H� � �O) Ei Dd (C–H) d (H� � �O)

Cl III �8.2 �0.0005 2.598 �8.6 �0.001 2.547 �8.8 �0.001 2.490
Br III �8.2 �0.001 2.510 �8.4 �0.001 2.439 �9.1 �0.001 2.448
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The H� � �O interaction distances, reported in Table 7,

decrease as the size of both chalcogen and halogen atoms

increases. These results are in agreement with the analysis of

the MEP of the isolated molecules that shows more negative

values of the MEP minima associated with the oxygen atom

with the increasing size of the halogen atom in the hypohalous

acids and more positive values associated with the methyl

groups in the X(CH3)2 molecules as the chalcogen atom

is larger. The complex formation results in a very small

shortening of the C–H distances with respect to the isolated

monomers.

The NBO results support the weakness of the C–H� � �O
interaction, revealing that the stabilization energy corresponding

to the transfer from the lone pair of the O atom to the s*C–H of

the methyl groups is less than 4 kJ mol�1.

Configurations IV and V: halogen bonds. The last two

minima conformations found are those where a single halogen

bond (XB) interaction occurs, involving solely the chalcogen

and halogen atoms of their respective monomers. The only

difference between configurations IV and V is the spatial

disposition of the hydrogen of YOH which can be towards

the CH3 groups of the chalcogen derivative (V) or in the

opposite direction (IV) (see Fig. 3). Configuration IV is a

minimum for all the combinations of X(CH3)2 and YOH

molecules considered here. Configuration V is only a minimum

for the complexes with IOH, reverting in the rest of the cases

spontaneously to the complexes in configuration IV.

The interaction energy (Table 8) ranges from �5.8 to

�49.1 kJ mol�1 and is highly dependent on the halogen

involved within the contact. The interacting energy increases,

in absolute values, with the size of the halogen involved due

to the enlargement of the s-hole and its polarizability. In

addition, the evolution of the interaction energy along the

chalcogen series remains almost constant with the variation of

the chalcogen atom, except in the case of IOH complexes

where an increment of 4.2 kJ mol�1 from S to Te is observed.

The FOH complexes in configuration IV are much weaker

than the rest, showing interaction energies between 5.8 and

5.9 kJ mol�1. These results can be explained based on the

values of the MEP associated with the fluorine atoms which

are slightly negative, disfavoring the interaction with the lone

pair of the chalcogen atoms.

The variation of the O–Y distance, Dd (O–Y), in the

hypohalous acids with respect to the isolated monomers and

the X� � �Y interaction distances are gathered in Table 8. The

values of Dd (O–Y) increase with the size of the halogen atom,

following the same trend found for the interaction energy

values, except in the case of IOH. Moreover, the increase of

the Dd (O–Y) with the size of the X atom is observed for the

chalcogen series, as well.

The AIM results show the presence of BCP between the

halogen atom (Y) and the chalcogen atom (X) with r values

which vary between 0.036 and 0.050 a.u. similar to those found

for XB as the NH3� � �YOH20 and NH3� � �XY (X, Y= F, Cl, Br)

complexes previously reported in the literature.58

In the case of X(CH3)2:FOH complexes, AIM analyses

show the presence of BCP between the chalcogen atom and

the F atom, with electron densities of 0.004–0.008, which are

smaller than those found in the XB of the rest of the complexes

in configuration IV. Moreover, these complexes with FOH

show two additional BCPs corresponding to the interaction

between the F atom and the H atom of the methylenes, with

small values of r (see ESIw).

Fig. 3 Some representative minimum-energy structures of the five

different complexes between X(CH3)2 and YOH at the MP2/aug’-cc-

pVTZ/aug-cc-pVTZ-PP computational level.
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NBO analyses (Table 9) for the Cl, Br, and I derivatives

reveal important orbital stabilization energies due to the

interaction between the lone pairs of the chalcogen atom

and the antibonding O–Y orbital (Y = Cl, Br, and I). Similar

stabilization energies have been reported for other complexes

with hypohalous acids.20,24 In the same way, weak interactions

with a relatively small charge transfer are found for the FOH

complexes. In addition, the orbital stabilization energy by the

electron donation from the lone pair of the chalcogen to the

O–F antibonding orbital is almost negligible.

General discussion

Relationship between MEP and interaction energies. Relation-

ships between the electrostatic potential and the interaction

energy in hydrogen and halogen bonds have been reported

in the literature.12,59–61 Fig. 4 shows the correlation between

the molecular electrostatic potential values of the chalcogen

lone pairs on the vdW isosurface and the interaction energy of

the complex with YOH (Y = Cl, Br, and I) in configurations I

and II which exhibit a hydrogen bond. Good linear correla-

tions have been found in both configurations which indicate

the importance of the electrostatic interaction in these com-

plexes. Even though in both configurations, I and II, similar

HB interactions are established the fact that in configuration

II additional weak interactions are formed limits the possi-

bility to mix the results in unique correlations.

Fig. 5 illustrates the MEP positive values of the s-hole of

YOH (Y = Cl, Br, and I) vs. the interaction energies in the

complexes IV, for each X(CH3)2 subset (X = S, Se, and Te).

Again, the linear correlations present very good R2 values

(0.99, 0.99, and 0.98 for S, Se, and Te, respectively), even

better than in the hydrogen bond complexes. These results

confirm the importance of the electrostatic interaction already

indicated in previous articles.12,26,59–61 In the case of fluorine

derivatives, acceptable relationships have not been found,

either in configuration II or in configuration IV.

AIM analysis. A total of 42 interactions have been found, 21

hydrogen bonds, 15 halogen bonds and 6 CH� � �O contacts.

In the case of the HBs, the X� � �H distances vary from 2.17 to

2.32 Å. The nature of the HBs has been characterized based on

the value at the bond critical point of the Laplacian, C ratio

(C = |V|/G, where V and G are the electron potential and

kinetic energy densities, respectively)62 andH, the total electron

Table 8 Interaction energies (in kJ mol�1) BSSE corrected, variation of O–Y distance in YOH acids upon complexation, and X� � �Y distance (in Å) in the
chalcogen� � �halogen contact for X(CH3)2:YOH complexes in configurations IV and V at the MP2/aug’-cc-pVTZ/aug-cc-pVTZ-PP computational
level

YOH S Se Te

Y Conf. Ei Dd (O–Y) d (X� � �Y) Ei Dd (O–Y) d (X� � �Y) Ei Dd (O–Y) d (X� � �Y)

F IV �5.9 0.004 3.212 �5.9 0.005 3.235 �5.8 0.001 3.558
Cl IV �23.5 0.038 2.798 �23.9 0.054 2.819 �23.8 0.095 2.829
Br IV �34.9 0.062 2.684 �35.4 0.080 2.726 �39.1 0.109 2.850
I IV �45.1 0.046 2.854 �47.2 0.055 2.928 �49.1 0.071 3.060
I V �44.2 0.046 2.854 �46.4 0.055 2.927 �48.4 0.071 3.059

Table 9 NBO analysis for the XB for X(CH3)2:YOH complexes IV
and V at the MP2/aug’-cc-pVTZ computational level

YOH S Se Te

Y
LP X -
s*OY

Charge
transfer

LP X -
s*OY

Charge
transfer

LP X -
s*OY

Charge
transfer

F IV 0.8 0.008 1.2 0.015 1.5 0.022
Cl IV 17.5 0.138 22.0 0.187 36.3 0.288
Br IV 36.5 0.208 46.3 0.263 54.8 0.327
I IV 34.1 0.186 39.4 0.229 45.6 0.284
I V 34.2 0.185 39.8 0.227 46.0 0.283

Fig. 4 Molecular electrostatic potential, MEP (a.u.) of the X lone pairs (X = S, Se, and Te) vs. interaction energy, Ei (kJ mol�1) for

configurations I (left) and II (right) with YOH (Y = Cl, Br, and I).
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density energy (H= V+ G).63 Based on the positive values of

the Laplacian, C values between 1 and 2 and negative values of

H, the HB interactions found here can be classified as pure

closed shell interactions with a partial covalent character.

In addition, if the HB are classified based on the nature of

the HB acceptor (S, Se, or Te), exponential relationships

between the electron density at the BCP and the corresponding

interatomic distance are obtained (Fig. 6). Similar relation-

ships have been described for other weak interactions64,65 and

for different HBs.66,67

In the case of the C–H� � �O contacts, the H� � �O distances

range from 2.44 to 2.60 Å. The AIM analysis of the CH� � �O
interactions reveals two BCPs between the H atoms of both

methylenes and the O atom, with electron densities (r) which
vary from 0.006 to 0.009 a.u. (see ESIw). No relationship

between distance and electron density has been found for

the C–H� � �O interaction due to the lack of enough data to

perform a fitting.

The X� � �Y interactions in configurations IV and V present

distances which vary from 2.68 to 3.23 Å characterized by the

existence of BCP between the chalcogen and halogen atom

with r between 0.008 and 0.047 a.u. Fig. 7 illustrates the

correlation between the X� � �Y distance and the Laplacian.

The series have been classified according to the electron donor

(S, Se, and Te), and afterwards exponential relationships vs.

interacting distances have been found with R2 = 0.96, 0.95

and 0.94, respectively.

Harmonic frequencies. The stretching frequencies have been

gathered in Table 10, O–H stretching for the configurations I

and II, C–H stretching for complexes in configuration III, and

O–Y for the conformations IV and V. The formation of a

hydrogen bond has been associated with a red shift of the nO–H

stretching frequency and has been reported as a characteristic

for these interactions in the literature.68 Previous studies on

interactions with hypohalous acids24 and also on different

complexes69 resulted in an increasing number of cases where

there is a blue shift in the O–H stretching frequencies. A red

shift in the O–H stretching frequencies is always observed for

the complexes I and II with values of the variation of the

harmonic frequencies between �319 and �486 cm�1.

The complexes III show blue shifts in the C–H stretching of

both symmetric and asymmetric modes (only the asymmetric ones

are listed in Table 10). The S(CH3)2:ClOH complex is an exception

because a blue shift is not observed but a red one. However, the

larger the size of the halogen, the larger is the blue shift observed.

The complexes in configurations IV and V show red shifts

for the O–Y stretching. The FOH complexes show variations

of the stretching band between �16 and �22 cm�1. In the rest

of the complexes of the configurations IV and V, the variations

are between 98 and 275 cm�1. In the same complexes, the H–O

stretching frequencies present red shifts from 1 to 70 cm�1,

except in S(CH3)2:ClOH, Te(CH3)2:FOH and Te(CH3)2:ClOH

(both conf. IV) which exhibit a small blue shift (2, 13 and

3 cm�1, respectively), except in the iodine complexes where a

variation between �58 and �70 cm�1 has been found.

Fig. 5 Molecular electrostatic potential, MEP (a.u.) of the s-hole of
YOH (Y = Cl, Br, and I) vs. interaction energy, Ei (kJ mol�1) for

X(CH3)2 configuration IV.

Fig. 6 Relationship between the interatomic distance (Å) and the

value of the electron density at BCP (a.u.) for HB interactions. The

fitted relationships present R2 = 0.98, 0.99, and 0.94 for S� � �H,

Se� � �H, and Te� � �H data, respectively.

Fig. 7 Relationship between the interatomic distance (Å) and the

value of the Laplacian (r2) at BCP (a.u.) for X� � �Y interactions. The

fitted relationships present R2 = 0.96, 0.95, and 0.94 for S� � �Y,

Se� � �Y, and Te� � �Y data, respectively.
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Fig. 8 illustrates the comparison of the red shift in the

hydrogen and halogen bonded complexes and the electron

density C ratio, which indicates the degree of covalency of the

HB. It shows linear relations between these two parameters

when the complexes are divided based on the nature of the

electron acceptor moiety.

SAPT–DFT. The different terms of the interaction energy

have been obtained by means of SAPT–DFT calculations. All

these data have been included in the ESI.w The percentages of

each attractive force with respect to the total attractive forces

have been summarized in Table 11.

It is observed that the electrostatic term governs the attrac-

tive forces in the complexes formed by HB interactions

(configurations I and II), its contribution being more than 50%

in almost all the cases. The induction and dispersion terms

account for 17 and 30% of the total attractive forces in the

same complexes. This energy partition remains nearly constant

along the chalcogen and the halogen series.

The complexes in configuration III are dominated by the

dispersion terms which represent between 57 and 60% of the

total attractive energy. The induction in those complexes

seems to be almost negligible.

The complexes in configurations IV and V show different

partition schemes depending on the interacting halogen atom.

In the case of fluorine derivatives the dispersion energy is the

most important term closely followed by the electrostatic one.

The electrostatic term is the one which shows the highest

contribution for the HOCl complexes decreasing with the size

of the halogen. An opposite trend is observed in the induction

term that becomes the most important attractive contribution

for the iodine derivatives, reflecting the importance of the

polarization as the size of the halogen atom increases. The

dispersion energy decreases with the size of the halogen as

well. A similar pattern is observed along the chalcogen series.

IV. Conclusions

– The interaction between hypohalous acids, YOH (Y = F,

Cl, Br, and I), and dimethylchalcogen derivatives, X(CH3)2
(X = S, Se, and Te), have been studied by MP2 methodology.

Electrostatic and electron density properties of the isolated

monomers have been characterized in order to analyze the

potential interacting areas. The binary complexes found have

been assorted in five configurations, according to their binding

nature and configuration.

– The interaction energies and structural parameters have

been obtained and discussed, finding that the complexes with

the highest interaction energy correspond to those with IOH

and BrOH in configurations IV and V. The most stable com-

plexes of FOH and ClOH are associated with HB interactions.

– The NBO results have determined that interactions

resulted from the donation of the chalcogen lone pairs to the

antibonding orbital of OH in the HB interactions or OY in the

halogen bond contacts (XB).

Table 10 Bond stretching frequencies of the monomers and variation
upon complexation (cm�1) calculated at the MP2/aug’-cc-pVTZ/aug-
cc-pVTZ-PP computational level

YOH O–H stretching O–Y stretching

F 3764 979
Cl 3771 765
Br 3793 673
I 3846 632

Conf. S Se Te
O–H stretching O–H stretching O–H stretching

F I

Cl I �410 �418 �391
Br I �445 �474 �402
I I �475 �486 �451
F II �368 �372 �328
Cl II �389 �399 �361
Br II �408 �430 �379
I II �430 �443 �417

C–H stretching C–H stretching C–H stretching
F III

Cl III �1 4 11
Br III 1 10 11
I III

O–Y stretching O–Y stretching O–Y stretching
F IV �16 �22 �21
Cl IV �111 �158 �275
Br IV �122 �154 �204
I IV �98 �112 �137
I V �98 �112 �137

Fig. 8 Electron densityC ratio versusOH frequencies (cm�1) in YOH

complexes for the configurations I, II, and IV.

Table 11 Percentage of each attractive component to the total
attractive energy obtained at the SAPT–DFT/aug’-cc-pVTZ/aug-cc-
pVTZ-PP computational level

Conf.

S Te Te

%Eel %Ei %Ed %Eel %Ei %Ed %Eel %Ei %Ed

F I

Cl I 55 16 29 54 16 29 53 17 30
Br I 54 16 30 53 17 31 52 17 31
I I 53 17 31 51 18 31 48 22 30
F II 58 16 26 57 16 27 55 17 28
Cl II 56 15 29 55 15 29 54 16 31
Br II 55 15 30 55 15 30 53 15 32
I II 54 16 30 52 17 31 49 20 31
Cl III 38 2 60 38 2 60 37 2 60
Br III 40 2 58 40 3 57 39 3 59
F IV 39 2 59 42 1 57 44 0 55
Cl IV 60 11 29 60 14 27 56 23 21
Br IV 57 23 20 55 28 18 50 34 16
I IV 37 51 12 34 54 11 31 60 10
I V 37 51 12 34 54 11 30 60 10
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– Regarding the harmonic vibrational frequencies, red shifts

have been found in the OH and OY stretching modes, in the

HB complexes (configurations I and II), and in the XB

complexes (configurations IV and V), respectively. Small blue

shifts have been found in the C–H stretching modes of the

complexes in configuration III.

– DFT–SAPT calculations have permitted the analysis of

the different terms of the interaction energy. An electrostatic

attractive term is dominant in the complexes with HB

(configurations I and II) and with XB (configurations IV and V)

except in a few cases of XB in which the dispersion (FOH) and

induction (IOH) terms account for the greatest contribution to

the total attractive forces. In the case of configuration III, the

dispersion term governs the interaction energy.
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G. Knizia, T. Korona, R. Lindh, A. Mitrushenkov, G. Rauhut,
T. B. Adler, R. D. Amos, A. Bernhardsson, A. Berning,
D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert,
E. Goll, C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar,
G. Jansen, C. Köppl, Y. Liu, A. W. Lloyd, R. A. Mata,
A. J. May, S. J. McNicholas, W. Meyer, M. E. Mura,
A. Nicklass, P. Palmieri, K. Pflüger, R. Pitzer, M. Reiher,
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F. Ramos and P. Politzer, J. Mol. Model., 2011, 17, 3309–3318.

62 E. Espinosa, I. Alkorta, J. Elguero and E. Molins, J. Chem. Phys.,
2002, 117, 5529–5542.

63 I. Rozas, I. Alkorta and J. Elguero, J. Am. Chem. Soc., 2000, 122,
11154–11161.

64 G. Sanchez-Sanz, I. Alkorta and J. Elguero,Mol. Phys., 2011, 109,
2543–2552.

65 G. Sanchez-Sanz, C. Trujillo, I. Alkorta and J. Elguero,
ChemPhysChem, 2012, 13, 496–503.

66 O. Picazo, I. Alkorta and J. Elguero, J. Org. Chem., 2003, 68,
7485–7489.

67 I. Mata, I. Alkorta, E. Molins and E. Espinosa, Chem.–Eur. J.,
2010, 16, 2442–2452.

68 G. C. Pimentel and A. L. McClellan, The Hydrogen Bond,
Freeman, San Francisco, CA, 1960.

69 P. Hobza and Z. Havlas, Chem. Rev., 2000, 100, 4253–4264.

Pu
bl

is
he

d 
on

 0
8 

M
ay

 2
01

2.
 D

ow
nl

oa
de

d 
by

 C
en

tr
o 

de
 Q

uí
m

ic
a 

O
rg

án
ic

a 
"L

or
a 

T
am

ay
o"

 o
n 

04
/0

6/
20

13
 1

2:
29

:5
3.

 

View Article Online

http://dx.doi.org/10.1039/c2cp40949f

