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Abstract: The intermolecular interactions between halocyclopropenone derivatives (HC3OX; X = I, Br, Cl, and F)
and hypohalous acids (HOY; Y = I, Br, Cl, and F) were studied via the MP2 method utilizing the aug-cc-pVTZ
and aug-cc-pVTZ(-PP) basis sets. The three types of complexes were hydrogen bonds, halogen bonds, and complexes
containing both hydrogen and halogen bonds. The results obtained indicated that interactions in the Type 1 complexes
were stronger than those in Types 2 and 3. The H-O bonds revealed red shifts with complex formation in Types 1 and
2. The O-Y bonds displayed red shifts in the Type 3 and blue shifts in the Type 2 structures. Molecular electrostatic
potential, quantum theory of atoms in molecules, and natural bond orbital methodologies were used to analyze these

interactions.
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1. Introduction

Cyclopropenones (C3H2O) are very interesting molecules in biology and medicine as antibiotic penitricin
as well as cyclopropenone-based protease inhibitors.!? Cyclopropenone was first synthesized in 19673 and
characterized by Breslow et al.* Cyclopropenone as the simplest aromatic molecule is a three-membered ring
with sp? hybridized carbon atoms that are surprisingly stable despite its ring strain. This is probably due to the
relative importance of resonance structures.® A number of ab initio studies have been reported for substituted
cyclopropenone, X,C30, where X = CHgj, F, Cl. Ab initio research on substituted X5 C30O with fluorine
(X = F) indicated considerable changes in the structure, relative energies, and kinetic stability of molecules.
Although the decomposition mechanism of cyclopropenones and their photochemical and thermal reactions
have attracted a great deal of attention, the intermolecular interaction of cyclopropenone derivatives has not
been extensively studied so far.5~12 Noncovalent interactions are critical factors for controlling the structural
and energetic aspects of molecular systems. 317 The hydrogen bond and halogen bond interactions as weakly
noncovalent interactions with significant strength and directionality have been studied experimentally via Fourier
transform microwave spectroscopy and IR detection and theoretically by ab initio and DFT calculations. 825
A halogen bond (XB) is an attraction between halogen atoms as electrophilic species with the nucleophilic
region of an atom or molecule.?® However, the formation of halogen bonds rarely occurs with fluoride. In
response to a combination of limited polarizability and extreme electronegativity, the fluorine atom is frequently

estimated not to participate in halogen bonding. 27?8 Moreover, a hydrogen bond occurs when a hydrogen atom
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bonds to a more electronegative atom such as F, O, and N, and another adjacent atom bearing a lone pair
of electrons.? The hypohalous acids (HOY with Y = halogen), formed in reactions between the halogen
and OH radicals in the atmosphere, have attracted particular interest due to their ability as a model for
participation in a variety of intermolecular hydrogen bonds and halogen bond interactions.3°~32 This ability is
related to the simultaneous presence of both the halogen donor and the proton donor in hypohalous acid. These
compounds are often used as strong oxidizing agents and participate in depletion of the ozone layer, stratospheric
reactions, hydroxylation, and fluorination.33 In recent years, theoretical investigations have been reported on
molecular interactions between hypohalous acids with themselves, phosphine, sulfur, formyl halides, and carbon
monoxide. 3737 These studies are useful to show the role of HOY (Y = halogen) in biological compounds and
atmospheric chemistry.3®3° The main objective of the present study was to investigate the key structure for the
interactions of substituted cyclopropenones (X = halogen) with HOY molecules (Y = halogen) by the interplay
between the hydrogen bond and the halogen bond. This work shows the effects of substitution of halogens on the
cyclopropenone ring, its intermolecular interactions, stability of its complexes, and its structural properties. In
order to investigate the nature of the interactions, quantum theory of atoms in molecules (QTAIM),*® molecular

electrostatic potential (MEP),%! and natural bond orbital (NBO)“? analyses were performed.

2. Results and discussion
2.1. Geometrics

Three configurations were obtained for the interaction of HC3OX with HOY molecules. Figure 1 presents a
graphical illustration of the representative configurations under consideration. Possible interactions considered
for HOY molecules with HC 30X include hydrogen bonding (O--- H) and halogen bonding (X---Y, O--- X),
which are denoted as XYz. X represents the cyclopropenone (HC3OI, HC3 OBr, HC3OC], and HC 3 OF were
specified as I, Br, Cl, and F, respectively), Y shows the HOY molecules (HOI, HOBr, HOCI, and HOF were
defined as I, Br, Cl, and F, respectively), and z denotes the type of complex formed between them. For example,
FI1 shows a Type 1 complex of HC3 OF with HOI, while BrBr2 illustrates a Type 2 complex of HC 3 OBr with
HOBr. The XY1 Type shows O--- H interactions, with HOY acting as a hydrogen bond donor (HBD). In the
XY2 Type, the O--- H and X---Y interactions were assigned to be between HOY and HC 3 OX molecules. In
the H--- O interaction HOY acts as a HBD, while in the X--- Y it might act as an electron acceptor or electron
donor according to the nature of X and Y atoms. For the XY3 model a halogen bond (XB) interaction was
found between HC3OX and HOY in which the Y atom of HOY as an electron acceptor interacts with the O
atom of HC3OX as an electron donor. It should be noted that no halogen bond was observed between HC 3 OX
and HOF (FF3, CIF3, BrF3, and IF3). Table 1 provides the intermolecular distances for complexes and the
difference in bond lengths between the complexes and the isolated monomers. The O---H (Types 1 and 2),

X---Y,and O---Y distances lie within the ranges of 1.762 to 1.809 A, 1.746 to 1.823 A, 3.064 to 4.182 A, and
2.610 to 2.697 A, respectively. The intermolecular distances calculated for O--- H (Types 1 and 2) and O---Y
are less than the sum of the van der Waals (vdW) radii of the corresponding atoms (vdW radii for H, O, F, Cl,

Br, and I are 1.20, 1.52, 1.47, 1.75, 1.85, and 1.98 A, respectively),*® suggesting that an attractive force exists
between the two monomers. The only exception is X--- Y, in which the distances are somewhat longer than

the sum of vdW radii of the corresponding atoms, which suggests a relatively weak interaction.

652



MIRZAEI et al./Turk J Chem

Type 1 Type 2 Type 3

X,Y=F,Cl, Br,and I

Figure 1. Structures of HC30X: .- HOY complexes.

Table 1. Selected geometrical parameters calculated at the MP2/aug-cc-pV'TZ and MP2/aug-cc-pVTZ(-PP) levels.

Type 1 Type 2 Type 3

O--H|Aro_g | O---H | X---Y | Aro_pg | Aro_y | Arc_x | O---Y | Aro_y
FF 1.770 0.017 1.774 | 3.064 | 0.015 0.005 0.169 - -

FCI 1.768 0.018 1.774 | 3.474 | 0.015 -0.004 | 0.171 2.697 | 0.013
FBr | 1.782 0.017 1.785 3.542 | 0.014 -0.009 | 0.171 2.633 | 0.016
FI 1.809 0.015 1.823 | 3.632 | 0.014 0.013 0.172 2.641 0.022
CIF 1.765 0.018 1.764 | 3.236 | 0.016 0.005 -0.013 | - -

CICl | 1.763 0.019 1.761 3.653 | 0.015 -0.004 | -0.011 | 2.687 | 0.013
CIBr | 1.775 0.018 1.772 3.754 | 0.015 -0.009 | -0.100 | 2.622 0.017
ClI 1.806 0.017 1.818 | 3.881 | 0.015 0.013 -0.013 | 2.631 0.023
BrF | 1.765 0.018 1.764 | 3.297 | 0.005 -0.005 | -0.024 | — -

BrCl | 1.762 0.021 1.761 3.711 0.009 -0.009 | -0.021 2.686 0.013
BrBr | 1.776 0.018 1.772 3.818 | 0.010 -0.010 | 0.020 2.621 0.017
Brl 1.806 0.016 1.820 3.971 0.013 0.013 -0.024 | 2.631 0.010

IF 1.755 0.018 1.749 3.410 | 0.018 0.005 -0.008 | — -
IC1 1.751 0.019 1.746 3.805 | 0.021 -0.005 | -0.005 | 2.677 | 0.014
IBr 1.764 0.019 1.761 3.926 | 0.018 -0.010 | -0.005 | 2.610 0.018

II 1.792 0.017 1.805 4.182 | 0.016 -0.013 | -0.004 | 2.625 0.016

2.2. MEP analysis

MEP is a well-known tool for elucidating the molecular reactive properties and the nature of intermolecular in-
teractions. The positive regions of the MEP are associated with nucleophilic positions, while negative MEPs are
indicative of electrophilic positions.** The three-dimensional MEP maps on the 0.001 electron/Bohr3 electron
density isosurfaces of HOY (Y = halogen) and HC3O0X (X = halogen) molecules are illustrated in Figure 2.
As shown in this figure, for HOY, there is a positive region of MEP outside the Y atom, corresponding to
the o-hole. The most positive electrostatic potential values of the o-hole increase in the order HOF < HOCI
< HOBr. Moreover, for systems containing iodine, there is a positive region of MEP outside the Y atom.
Therefore, HOY can form a halogen bond with another molecule. There is another positive region of MEP
outside the hydrogen atom, which becomes more positive in the order HOBr < HOCI < HOF. This positive
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region also exists in iodine-containing compounds. For HC3 OX, the negative region of MEP exists outside the
O atom along the extension of the C=0 bond. These negative regions can interact with any positive site of

HOY (hydrogen and Y atoms). In addition, there are two positive regions of MEP associated with the hydrogen
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Figure 2. Electrostatic potential maps on the 0.001 (electron/Bohr?) electron density isosurfaces of HOY (Y = F, Cl,
Br, and I) and HC30X (X = F, Cl, Br, and I) molecules. Color ranges, in kcal/mol: red > 30 > yellow > 0 > green>
—-10 > blue.

2.3. Stabilization energy

Stabilization energy (SE) is one of the most important quantities to evaluate the strength of an intermolecular
interaction. Table 2 presents the SEs for the complexes of HOY (Y = halogen) and HC3;0X (X = F, Cl,
Br, and I) molecules. These values are corrected for zero-point energy (ZPE) and basis set superposition
error (BSSE). As evident, the obtained BSSE values are about 12%-47% of the total uncorrected interaction
energies. Our results show the contribution of BSSE becomes larger as the size of the Y atom increases. The
SE°P (stabilization energy involved with corrections for both ZPE and BSSE) for Type 1, Type 2, and Type
3 complexes containing fluorine, chlorine, and bromine span a range from —6.80 to —8.20 kcal/mol, from —6.74
to =7.76 kcal/mol, and from —3.36 to —5.49 kcal/mol, respectively. Furthermore, these values for Type 1, Type
2, and Type 3 complexes containing iodine lie within the ranges of —6.13 to —7.8, —=5.61 to —7.64, and —-3.41
to —6.85, respectively. Therefore, for all complexes the interactions in Type 1 complexes are stronger than
those in Type 2 and 3 complexes. The stabilization energies are also computed at the CCSD/aug-cc-pVTZ and
CCSD/aug-cc-pVTZ(-PP) levels (see Table 2). As seen, the obtained results at the CCSD/aug-cc-pVTZ level
(CCSD/aug-cc-pVTZ(-PP) level for I) are consistent with those obtained at the MP2/aug-cc-pVTZ level. This
suggests that the MP2 method can be regarded as reliable to evaluate the strength and stability of halogen-
bonded and hydrogen bonds systems.

2.4. Vibrational analysis

The changes in vibrational stretching frequencies (cm ~1) related to the HOY and HC3 OX free molecules at the
MP2/aug-cc-pVTZ level are shown in Tables 3 and 4. (The changes in selected vibrational stretching frequencies
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(ecm 1) related to the complexes obtained at the MP2/aug-cc-pVTZ level are given in Table S1, supplementary
information). The C=0 and H-O bonds show red shifts with complex formation for the XY1 model compared
to the original bonds. In Type 1 complexes, the greatest red shift (cm 1) is attributed to the O-H bonds of
the HOY (Y = F, Cl, Br, and I) molecule and these shifts are in agreement with the order found for stabilities
of complexes. In XY2 Type (X, Y = F, Cl, Br), there are red shifts related to the O-H (275 to —326) and
C=0 (-8 to —22) bands. Moreover, in these complexes for systems containing iodine, red shifts belong to the
O-H (287 to -320) and C=0 (11 to —21) bonds. Furthermore, in these complexes, blue shifts of O-Y (Y
= F, Cl, Br) and O-Y (Y = I) were observed. In Type 3 complexes, the red shifts belong to C=0 and O-Y
bonds. The red shift of the O—H stretch was far greater than that of the O-Y, suggesting that they are stronger
in hydrogen bonds than in halogen bonds.

Table 3. The selected vibrational stretching frequencies (cm—1) with corresponding intensities (values given in paren-
theses, km mol ') relative to the corresponding free molecules at the MP2/aug-cc-pVTZ and MP2/aug-cc-pVTZ(-PP)
levels.

Type 1 Type 2 Type 3

vrC=0 vO-H vC=0 rO-H vO-Y vC=0 v?70-Y
FF 1945(411) | 3435(656) | 1949(479) | 3480(670) | 984(1) - -
FC1 1944(370) | 3424(656) | 1949(484) | 3429(760) | 673(13) | 1949(457) | 738(53))
FBr | 1943(350) | 3443(689) | 1949(484) | 3488(760) | 773(13) | 1946(456) | 633(63)
FI 1919(540) | 3471(560) | 1946(420) | 3506(590) | 774(18) | 1945(450) | 570(90)
CIF 1924(675) | 3436(765) | 1925(683) | 3466(650) | 984(1) - -
CICL | 1922(628) | 3415(827) | 1925(685) | 3470(740) | 774(8) 1932(7) 737(42)
CIBr | 1921(600) | 3423(785) | 1926(81) 3488(713) | 675(8) 1918(776) | 630(83)
ClI 1971(70) 3471(659) | 1921(545) | 3494(492) | 615(28) | 1921(809) | 569(99)
BrF | 1921(771) | 3436(798) | 1922(755) | 3465(627) | 983(1) - -
BrCl | 1919(724) | 3414(860) | 1922(755) | 3464(627) | 774(8) 1930(841) | 736(46)
BrBr | 1918(694) | 3423(811) | 1918(752) | 3488(679) | 675(11) | 1924(898) | 633(17)
Brl 1918(636) | 3413(682) | 1924(607) | 3496(469) | 611(11) | 1920(947) | 568(99)
IF 1919(868) | 3419(867) | 1918(840) | 3444(636) | 983(1) - -
ICl1 1916(65) 3394(946) | 1918(840) | 3447(704) | 775(9) 1927(985) | 735(51)
IBr 1917(653) | 3408(850) | 1918(839) | 3472(666) | 676(12) | 1920(995) | 630(45)
11 1916(736) | 3452(768) | 1914(740) | 3473(605) | 619(17) | 1917(997) | 567(83)

2.5. QTAIM analysis

QTAIM analysis was used to investigate the characteristics of the O---H, X--- Y, and O---Y bond critical
points (BCPs). Table 5 and Figure S1 represent the QTAIM results of the complexes. The QTAIM topological

parameters include electronic density (p), Laplacian of electron density at BCP (V2p), total energy electron

density (H), and —G/V ratio. The total energy electron density is obtained from Eq. (1):
H=G+V (1)

Furthermore, the viral theorem can be concluded from Eq. (2):
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Table 4. The selected vibrational stretching frequencies (cm ~') with corresponding intensities (values given in paren-
thesis, km mol ~!) relative to corresponding free molecules at the MP2/aug-cc-pVTZ and MP2/aug-cc-pVTZ(-PP)
levels.

V=0 VO-H VO-Y
HC;0F | 1957(495)

HC50C1 | 1942(706)

HC50Br | 1940(799) | - -
HC501 | 1935(863) | -

HOF - 3764

1) | 979(1)
HOCI | - 3773(81) | 766(12)
HOBr | - 3774(93) | 662(16)
HOI - 3793(113) | 601(33)
1 2
ZVBCP =2G+V (2)

The kinetic electron energy density (G) is always positive, while the potential electron energy density (V) must
be negative. In Eq. (2), the positive values of Laplacian of electron density at BCP shows that G is greater
than V, suggesting depletion of charge density in the interatomic surface.*® The negative value for VZp shows
the concentration of the electron charge in the interatomic surface (covalent bonds (shared interaction)).4°
The hydrogen bonds can be classified into three types: weak hydrogen bonds (VZp and H > 0), medium
hydrogen bonds (V2p > 0 and H < 0), and strong hydrogen bonds, where both V2?p and H < 0).%7 The
O--- H interactions in IF1, ICI1, IBrl, II1, F12, ClI2, Bri2, IF2, ICI2, IBr2, and II2 have V?p > 0, H > 0,
and ~-G/V < 1, showing that these interactions are partially covalent. These interactions in other complexes
have —G/V higher than 1, suggesting that these interactions are noncovalent. For X---Y in FF2, FI2, ClI2,
and II2 systems BCPs were not observed. For X---Y in FI3, Brl3, IBr3, and II3 systems, -G/V < 1 and
Hpcp > 0, confirming this interaction has a partially covalent nature. In addition, O---Y in FCI3, FBr3,
CICI13, CIBr3, ClI3, BrCl3, BrBr3, and ICI3 complexes has -G/V > 1, indicating a halogen bond interaction

with a noncovalent characteristic.

2.6. NBO analysis

The NBO method was applied to identify the nature of the interaction between HOY (Y = halogen) and
HC30X (X = halogen) molecules, which were performed at the MP2/aug-cc-pVTZ and MP2/aug-ce-pVTZ(-
PP) levels of theory. The data supplied in Table 6 represent the second-order perturbation energy (E (2)) for
donor-acceptor interactions between the selected orbitals. The interaction between the lone pair (LP) orbital
of the oxygen atom (as donor) and the antibonding sigma orbital of the O—H bond (as acceptor) corresponds to
the hydrogen bond. Moreover, the interactions between the LPs of the electron donors (LP (X), LP (Y), and LP
(0)) and the antibonding sigma orbital of the electron acceptors (O-Y and C-X) are due to the halogen bond.
It can be seen that the LP (O) — o* (O—H) orbital interaction is far stronger than the other orbital interaction.
The LP(O) — o* (O-H) in Type 1 and 2 complexes is decreased by increasing the Y atomic number (Br < Cl
< F). As can be seen from the results, E® values of the halogen bond in Type 3 complexes (X, Y =F, Cl
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Table 5. Topological parameters for the complexes between HOY and HC 3 OX.

Type 1

O---H BCPs

p

V2p

H

“G/V

FF

0.0263

0.1755

0.0021

1.0530

FCl

0.0271

0.1742

0.0012

1.0317

FBr

0.0267

0.1687

0.0012

1.0301

FI

0.0334

-0.1336

0.0015

1.0034

CIF

0.0264

0.1777

0.0021

1.0550

CIClI

0.0273

0.1766

0.0013

1.0313

CIBr

0.0269

0.1714

0.0012

1.0297

ClI

0.0337

-0.1666

0.0028

1.0349

BrF

0.0265

0.1779

0.0021

1.0548

BrCl

0.0273

0.1765

0.0012

1.0312

BrBr

0.0270

0.1711

0.0012

1.0297

Brl

0.0337

0.1185

0.0034

1.0100

IF

0.0385

0.1056

0.0063

0.8363

I1C1

0.0392

0.1080

0.0065

0.8372

IBr

0.0376

0.0964

0.0055

0.8516

II

0.0358

0.1085

0.0043

0.8796

Table 5. Continued.

Type 2

O---H BCPs

X---Y BCPs

“G/V

p

V3p

-G/V

FF

0.0257 | 0.1739

0.0024

1.0621

FCl

0.0260 | 0.1790

0.0025

1.0656

0.0051

0.0240

0.0010

1.2894

FBr

0.0260 | 0.1793

0.0026

1.0629

0.0057

0.0252

0.0010

1.2682

FI

0.0330 | 0.1064

0.0028

0.9130

CIF

0.0260 | 0.1790

0.0025

1.0656

0.0051

0.0240

0.0010

1.2894

CICl

0.0262 | 0.1783

0.0021

1.0521

0.0047

0.0201

0.0011

1.4074

CIBr

0.0262 | 0.1784

0.0021

1.0521

0.0052

0.0212

0.0011

1.3225

ClI

0.0336 | 0.1071

0.0030

0.9058

BrF

0.0253 | 0.1674

0.0020

1.0529

0.0036

0.0174

0.0006

1.2000

BrCl

0.0257 | 0.1738

0.0022

1.0564

0.0049

0.0203

0.0010

1.3928

BrBr

0.0257 | 0.1738

0.0022

1.0564

0.0054

0.0209

0.0010

1.3125

Brl

0.0335 | 0.1070

0.0030

0.9054

0.0060

0.0198

0.0009

1.3448

IF

0.0382 | 0.1067

0.0061

0.8432

0.0064

0.0253

0.0011

1.2750

IC1

0.0379 | 0.1093

0.0059

0.8497

0.0065

0.0212

0.0011

1.3548

IBr

0.0367 | 0.1046

0.0053

0.8679

0.0063

0.0205

0.0010

1.3226

II

0.0348 | 0.1091

0.0036

0.8947
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Table 5. Continued.

Type 3
O---Y BCPs
p V2p H -G/V

FF - -
FCl 0.0173 | 0.0874 | 0.0022 | 1.1271
FBr | 0.0232 | 0.1051 | 0.0003 | 1.0117
FI 0.0297 | 0.1030 | 0.0002 | 0.9924
CIF | - - -
CICl | 0.0894 | 0.0894 | 0.0022 | 1.1235
CIBr | 0.0237 | 0.1078 | 0.0002 | 1.0075
ClI 0.0185 | 0.0875 | 0.0031 | 1.2064
BrF | - - - -

BrCl | 0.0178 | 0.0896 | 0.0022 | 1.1229
BrBr | 0.0237 | 0.1072 | 0.0002 | 1.0075
Brl 0.0305 | 0.1044 | 0.0005 | 0.9814
IF - - - -

ICl 0.0185 | 0.0875 | 0.0031 | 1.2064
IBr 0.0348 | 0.1258 | 0.0037 | 0.6011
I 0.0425 | 0.1357 | 0.0044 | 0.8972

Br) are larger than those in the corresponding Type 2 complexes, indicating a strong halogen bond interaction
in Type 3 complexes. Furthermore, the results obtained indicated these values in Type 3 complexes containing
I are larger than those in the corresponding Type 2 complexes. Therefore, in these complexes the halogen bond
interaction was stronger than that in Type 2. The value of charge transfer (CT) from HC 3 OX to HOY is given
in Table 5. The value of CT in Type 1 and 2 complexes decreases with the rise in the Y atomic number (Br <
Cl < F). However, an inverse trend was observed for Type 3 complexes, with CT increasing with elevation in

the Y atomic number.

2.7. Conclusion

MP2/aug-cc-pVTZ and MP2/aug-cc-pVTZ(-PP) calculations were performed to study the interaction between
HOY (Y = F, Cl, Br, and I) and HC30X (X = F, Cl, Br, and I) molecules. Three configurations were obtained
for the interaction of HC3OX with HOY molecules. They included hydrogen bond (Type 1), hydrogen and
halogen bonds (Type 2), and halogen bond (Type 3). The results obtained suggested that hydrogen bonds
between HC 3 OX and HOY were stronger in Type 1 complexes than in Type 2 complexes. Moreover, halogen
bonds between HC 3 OX and HOY were stronger in Type 3 complexes than in Type 2 complexes. The H-O
bonds showed red shifts with complex formation in Types 1 and 2, with more considerable shifts for Type 1
complexes. The O-Y bonds displayed red and blue shifts in the Type 2 and 3 complexes, respectively. The
LP(O) — ¢*(O-H) orbital interaction was far stronger than the other orbital interactions. The E(?) values of
the hydrogen bond in the Type 1 complexes were larger than those in the Type 2 complexes according to the
NBO analysis results. In addition, the E(?) of the halogen bond in Type 3 structures was greater than that in

Type 2 complexes, suggesting a strong halogen bond interaction in the Type 3 complexes.
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Table 6. Second-order perturbation energy (E<2), kcal/mol) and charge transfer (CT, e).

Type 1 Type 2 Type 3

LP(O) —» o*(O-H) |CT |LP(O) — ¢*(0O-Y)|CT |LP(O) — o*(O-Y)|LP(O) — ¢*(CX)|CT
FF |18.83 0.024 | - - 18.32 - 0.11
FCI |18.28 0.021(4.33 0.008 |17.51 - 0.13
FBr |16.76 0.01819.49 0.016 {16.19 - 0.16
FI 14.35 0.014|16.90 0.031[13.29 - 0.26
CIF |19.42 0.025|— - 19.3 0.06 -
CICl | 18.89 0.020|4.55 0.009 | 18.54 0.10 -
ClBr |17.41 0.01819.97 0.017|17.03 0.12 -
ClI |14.66 0.013|17.62 0.032|13.65 0.06 -
BrF [19.42 0.024 |- - 16.99 0.19 -
BrCl|18.9 0.019]4.55 0.009|18.53 0.16 -
BrBr|17.38 0.016 19.99 0.017|16.99 0.19 -
Brl |[14.62 0.012|17.64 0.032|13.54 0.09 -
IF 20.24 0.025|— - 20.79 0.18 0.17
IC1 |19.90 0.021]4.69 0.009|19.93 0.29 0.19
IBr |18.33 0.019]10.36 0.018|17.89 0.33 0.27
II 19.36 0.016 | 18.02 0.033|14.65 0.10 0.29

3. Computational details

In the present study, all calculations were performed with the Gaussian 03 software package.*® The geometry
optimizations of the complexes formed between the cyclopropenone and hypohalous acids (HOY with Y =
halogen) were carried out using the MP2 method*® with the aug-cc-pVTZ basis set for all atoms, except I,
for which the MP2/aug-cc-pVTZ(-PP) basis set was used.® In the investigation, the MP2/aug-cc-pVTZ(-PP)
level of theory was applied to calculate the interaction energies and stability for systems containing iodine. %!
The frequency calculations at the same level indicated that all the structures obtained were in good agreement
with those of the energetic minima. The interaction energies were corrected for the BSSE with the counterpoise
method by Boys and Bernardi.’? MEP was calculated on the 0.001 electrons/Bohr? contour of the electronic
density using the Wave Function Analysis—Surface Analysis Suite (WFA-SAS).53 To characterize the bond
properties of the complexes, QTAIM analysis was performed with the help of AIM2000°* and AIMAIL4? The
NBO analysis accomplished with the NBO program?®® provided using Gaussian 03.

The uncorrected stabilization energies (SE“"°"™) were calculated by the following equation:

SEuncor™ = Ecomplex — (E(HC30X) + E(HOY))

Then by adding AZPE (zero-point correction energy) and BSSE to SE“"¢°""  SE was obtained as

SE = SE“n¢°™ + AZPE + BSSE

In the SEP both the corrections AZPE and BSSE were carried out on stabilization energies.
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Supplementary

Table S1. The change in selected vibrational stretching frequencies (cm ') relative to obtained

complexes at the MP2/aug-cc-pVTZ level.

Type 1 Type 2 Type 3

Avc-o  Avon  Avc-o Avon Avoy Avco  Avoy

FF -12 -328 -8 —294 5 — -
FCl -13 -349 -8 -275 11 7 -28
FBr -14 -331 -8 —289 12 -11 -29

FI -38 -332 11 —287 15 —-12 =31
CIF —-18 =327 -16 -297 5 — -
CICI -20 -359 -16 -303 8 —-10 -29
CIBr -21 -351 -16 —286 13 —-16 -32
Cl 29 -322 21 -299 14 -20 -32
BrF —-18 -328 -17 —289 5 — -

BrCl -20 -359 -17 -304 8 -10 -29
BrBr -21 -351 22 —286 12 —-16 -29

Brl -21 -380 -16 -297 10 21 -33

IF -21 -344 -17 -319 5 — -
ICI —-18 =379 -17 -326 9 -8 31
IBr -20 -366 21 -302 13 -15 -32

II —-18 -341 -20 -320 18 —18 -34




Type 3

Supplementary Figure S1. The Molecular graphs between HC;0X and HOY (X=Y=F, Cl, Br and I) at MP2/aug-cc-pVTZ level.
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