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Introduction 

Noncovalent interactions between molecules play a very important role in materials science, supramolecular chemistry and 

molecular biology [1-5]. The conventional hydrogen bonds (HB) as a noncovalent interaction A-H…B that involve 

electronegative atoms like oxygen and nitrogen have been thoroughly studied over the decades by experimental methods [1,2]. 

The chemical phenomenon of hydrogen bonding has also been studied extensively by quantum mechanical ab initio 

calculations [6-10]. Along with increasing of interest to hydrogen bonds, halogen bonds [11-13] are also taken into 

consideration. There have been numerous experimental and theoretical studies about the practical and potential applications of 

halogen bonds in different fields of biochemistry and supramolecular chemistry [14-22]. 

 

It has been suggested that chlorine resulting from the photo dissociation of chlorofluorocarbon in the stratosphere is involved 

in ozone-depleting catalytic cycles [23]. So the attentions were focused on the identifying of important reactions in the 

stratosphere that involve chlorine species [23]. Others said that, [24] sink role of perchloric acid (HOClO3) for stratospheric 

chlorine is more important than HCl. On the other hand CO and H2O are of primary importance in atmospheric 

chemistry[24,25]. So, we found it appropriate to examine interactions of CO and H2O with HOClO3, theoretically. Hence the 
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present study specified to the analysis of structural parameters, vibrational stretching modes and electronic properties of 

intermolecular model systems formed by CO, H2O and HOClO3. In the other hand, triad structures including CO and H2O 

because of large difference between their dipole moments (CO experimentally about 0.12 D [26] pointing from carbon to 

oxygen and H2O 1.86 D [27,28] from hydrogen to oxygen) is an interesting design. On the best of our knowledge no research 

exists addressing the cooperative effect and many-body interaction analysis for these triads in the all probable configurations. 

 

Method of Calculation 

All of the calculations were performed using GAMESS package [29]. The geometries of the isolated HOClO3, CO and H2O 

moieties and their complexes were fully optimized at the MP2 computational levels with the 6-311++G(2d,2p) basis set [30]. 

Frequency calculations were performed at the same computational level in order to confirm that the structures obtained 

correspond to energy minima. BSSE correction was done by the counterpoise method as the most common way [31].   

 

The AIM2000 package [32] was used to obtain bond electronic properties. The atoms in molecules (AIM) theory [32,33] was 

applied here to analyze the characteristics of the bond critical points (BCP) appearing in the studied systems. 

 

Result and Discussion 

Structure and stretching frequencies  

The optimization structures of different 1:1:1 triad complexes from the association of HOClO3 with H2O and CO by forming 

the complexes (I), (II), (III) and (IV) are illustrated in FIG 1. 

 

 

 

FIG. 1. Optimized geometries of the studied triads in all probably configurations and respective dimers. 

 

To understand the properties of the systems better, the corresponding dyads are also studied. 

 

In TABLE 1 the frequency shifts of the O-H stretching vibration in the dyads and triads relative to those in the isolated 

HOClO3 molecule are gathered. As frequency values show hydrogen-bond formation has been associated to a red shift in the 

stretching frequency of OH in HOClO3 as HB donor [34]. 
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FIG. 2. Correlation between stretching frequency shifts and distances in all interactions of all studied complexes. 

 

 
 

FIG. 3. Correlation between densities of the intermolecular BCP in HB complexes and stretching frequency red shifts 

in O-H bond. 

 

An excellent linear correlation [Eq. (1)] was found between the frequency shifts and interaction distances as shown in FIG. 2. 

Furthermore a good linear relationship [Eq. (2)] was found between red shifts of O-H stretching vibrational frequency and 

density of the intermolecular BCP in HB complexes in FIG. 3. 

 

                Δν
str=

-19815Δr + 1.6776, R
²=

0.9998          (1)  

                ρ=-7E-05Δν
str 

+ 0.0115, R
²
=0.9949             (2) 

 

 
 

Configuration 

 

Complex 

HOClO3···CO HOClO3···H2O CO···HOClO3···H2O 

Δν
str

 Δr Δν
str

 Δr Δν
str

 Δr 

I -10.28 0.0008 2.38 -0.0002 -9.46 0.0008 

II 1.59 -0.0002 -472.96 0.0238 -450.77 0.0228 

III -10.02 0.00081 -473.32 0.0240 -518.47 0.0263 

IV -159.29 0.0078 -473.32 0.0240 -606.24 0.0308 

      ν
str

 and r of OH  in isolated HOClO3 is 3736.43 cm
-1

 and 0.97152 Å respectively. 
 

TABLE 1. Variation of bond stretching frequencies (Δν
str

, cm
-1

) and bond length (Δr, Å) of O-H bond upon 

complexation. 
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Energy analysis of the complexes  

The values of the corrected stabilization energies ΔEC, (ΔE uncorrected=E supermolecule – E isolated monomers, ΔEC=ΔE 

uncorrected + BSSE) are listed in TABLE 2.  

 

Complex (A···B···C) 

CO···HOClO3···H2O 
ΔEAB ΔEBC ΔEAC ΔEABC ΔE

*
AC Ecoop 

Configuration I -5.73 -5.29 - -11.00 -0.10 0.12 

Configuration II -2.65 -41.17 - -42.77 -0.12 1.17 

Configuration III -5.72 -41.16 -2.33 -46.60 - 2.62 

Configuration IV -17.15 -41.16 -6.63 -55.11 - 9.83 

     ΔE
*
:
 
The values obtained from dyads frozen in the geometry of the triads. 

 
TABLE. 2. Calculated stabilization energy ΔE

C
int (kJ mol

-1
) and cooperative energy values Ecoop in the studied dyads 

and triads complexes. 

 

The energy results reveal that the stabilization of complexes is in the order IV > III > II > I. This shows that the stability of 

cyclic are more than linear triads and the most stable complex is correspond to configuration IV. This difference in energy 

values depends on the interaction site of the CO donor species, O side or C side, and monomer positions.  

 

An energetic cooperativity parameter was calculated using Eq. (3) and Eq. (4) for linear and cyclic triads respectively. 

 

            Ecoop=ΔE
C

ABC - ΔE
C

AB - ΔE
C

BC - ΔE
C
*AC                (3) 

            Ecoop=ΔE
C

ABC - ∑ΔECdimmers                                   (4) 

 

Where ΔEC*AC term is the interaction energy of AC dimer frozen in the geometry of the triad. 

 

In the studied CO···HOClO3···H2O complex, diminutive effects are observed in all configurations with values as shown in 

TABLE 2. As shown as results no significant correlation found between the cooperative values and stabilities. Indeed the 

cooperativity and anti-cooperativity effects are mainly attributed to the charge transfer [35].  

 

Many-body interaction analysis 

The results in TABLE 2 show that CO···HOClO3···H2O in geometry IV and geometry I have maximum and minimum 

stabilization energy among studied complexes respectively. 

 

CO···HOClO3···H2O             

(A···B···C) 
ΔE

2
A-B ΔE

2
B-C ΔE

2
A-C ΔE

3
A-B-C ES 

Configuration I -5.69 -5.34 -0.10 -0.01 0.14 

Configuration II 0.97 -44.40 -0.12 -2.47 3.25 

Configuration III -1.80 -45.43 -1.47 -2.27 4.38 

Configuration IV -3.97 -46.04 -5.11 -5.62 5.62 
 

TABLE 3. Decomposition of stabilization energy [kJ mol
-1

] of the studied triads using the geometry within the triads. 
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As seen in TABLE 3 the main contribution of stabilization energy except the cases of geometry I is obtained by the two-body 

interaction ΔE
2 

B-C. This means that the OClO3H:OH2 interaction contributes more to the bonding interaction between pair of 

molecules in a triad than other interactions. 

 

In the all studied systems the two-body ΔE
2

A-B, ΔE
2
B-C, ΔE

2
A-C and three-body interactions ΔE

3
A-B-C have negative (attractive) 

values. The only case of two-body with positive value is ΔE
2
 HO4Cl-CO in configuration II that is contribute to HO4Cl: CO 

interaction. 

 

The strain energy (ES) is described as the energy sum of the monomers frozen in the geometry of the triads minus the energy 

sum of the isolated optimized monomers. So, the total binding energy of the triad is obtained using Eq. (5): 

 

         ΔE
C

ABC=ΔE
2

A-B + ΔE
2

B-C + ΔE
2
A-C + ΔE

3
A-B-C +ES                  (5) 

 

The strain energy (ES) can be defined as a measure of the degree of strain that drives the distortion of the ternary system. 

Equation (6) describes how calculate the ES. As seen in Eq. (6), ES calculated by sum of the monomers energies frozen in the 

geometry of the triads minus the energy sum of the optimized monomers.  

 

           ES=(EA+EB+EC)T – (EA+EB+EC)                                             (6) 

 

According to values in TABLE 3, the strain energy is positive, that is it makes a destabilizing contribution to the total 

stabilization energy of the triads.  

 

Energy decomposition analysis 

The energy-decomposition analysis (EDA) was performed to obtain insight into the source of the interaction energy using Eq. 

(7) [36]. 

 

Eint=Eelst + Eexch−rep + Epol + Edisp                                                    (7) 

Where Eelst, Eexch−rep, Epol and Edisp corresponds to electrostatic, exchange-repulsion, polarization and dispersion terms, 

respectively.  

 

TABLE 4 lists the energy decomposition analysis results for perchloric acid complexes. The results reveal that electrostatic 

effects make the major contribution to the interaction energies (48.19%  to 74.33%). This reveals that the electrostatic 

interactions are essentially responsible for the stability of the all studied complexes. Based on the energy decomposition 

results for dimers it is apparent that the polarization component in complexes with presence of hydrogen bonding interactions 

represent more values in comparison with the rest complexes. Also the electrostatic term for CO···HOClO3 dimers show 

larger values in configurations with oxygen interaction side (configurations I and III) of the CO than carbon interaction side 

(Configurations II and IV).  
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TABLE 4. EDA of perchloric acid complexes in kJ mol
-1

. 

 

Electron density analysis 

In TABLE 5, are listed the results of the QTAIM topological parameters, namely as electronic density (ρ), Laplacian (∇2) and 

the ratios between the kinetic (G) and potential (V) electron energy. 

 

Complex Configuration Interaction 
Interaction 

distance 
ρ ∇2

 -G/V 

HOClO3···CO I  OClO3H:OC 2.17 0.0123 0.0509 1.22 

HOClO3···H2O I  HO4Cl:OH2 3.24 0.0075 0.0328 1.24 

CO···HOClO3···H2O I  O3ClOH:OC 2.19 0.0119 0.0490 1.23 

CO···HOClO3···H2O I  HClO3O:OH2 3.21 0.0067 0.0264 1.22 

CO···HOClO3···H2O I  HClO3O: OH2 3.21 0.0066 0.0266 1.24 

HOClO3···CO II  HO4Cl:CO 3.47 0.0045 0.0224 1.59 

HOClO3···H2O II  O3ClOH:OH2 1.70 0.0411 0.1319 0.94 

CO···HOClO3···H2O II  HO4Cl :CO 3.52 0.0046 0.0209 1.59 

CO···HOClO3···H2O II  O3ClOH :OH2 1.71 0.0433 0.1212 0.89 

HOClO3···CO III O3ClOH:OC 2.18 0.0121 0.0500 1.22 

HOClO3···H2O 

CO···HOClO3···H2O 

III, IV 

III 

O3ClOH:OH2 

O3ClOH:OH2 

1.70 

1.68 

0.0413 

0.0465 

0.1323 

0.1257 

0.94 

0.87 

CO···HOClO3···H2O III CO:HOH 2.19 0.0109 0.0469 1.26 

CO···HOClO3···H2O III HClO3O:OC 3.13 0.0049 0.0186 1.15 

HOClO3···CO 

CO···HOClO3···H2O 

IV 

IV 

O3ClOH:CO 

OClO3H:OH2 

2.09 

1.65 

0.0224 

0.0504 

0.0600 

0.1300 

1.00 

0.85 

CO···HOClO3···H2O IV OC:HOH 2.17 0.0180 0.0539 1.09 

CO···HOClO3···H2O IV HClO3O:CO 3.10 0.0062 0.0209 1.23 

Values of ρ and ∇2
 ρ are given in e.ao

−3
 and e.ao

−5
, respectively 

 

TABLE 5. Computed values of the QTAIM topological parameters at the BCP. 

 

Complex Eelst Eexch-rep Epol Edisp EMP2 

CO···HOClO3 (I) -12.68 

(71.32%) 

11.05 

 

-5.10 

(28.68%) 

0.92 

 

-5.82 

 

HOClO3···H2O (I) -14.18 

(74.01%) 

13.64 

 

-1.72 

(8.98%) 

-3.26 

(17.01%) 

-5.48 

 

CO···HOClO3···H2O (I) -25.31 

(74.33%) 

22.93 

 

-6.36 

(18.68%) 

-2.38 

(6.99%) 

-11.13 

 

CO···HOClO3 (II) -6.57 

(54.93%) 

9.25 

 

-0.75 

(6.27%) 

-4.64 

(38.80%) 

-2.68 

 

HOClO3···H2O (II) -82.26 

(69.40%) 

73.51 

 

-35.06 

(29.58%) 

-1.21 

(1.02%) 

-45.02 

 

CO···HOClO3···H2O (II) -86.69 

(68.61%) 

80.37 

 

-34.48 

(27.29%) 

-5.19 

(4.11%) 

-46.02 

 

CO···HOClO3 (III) 

 

-12.59 

(71.66%) 

10.92 

 

-4.98 

(28.34%) 

0.88 

 

-5.77 

 

HOClO3···H2O (III,  IV) -82.42 

(69.37%) 

73.81 

 

-35.23 

(29.65%) 

-1.17 

(0.98%) 

-45.02 

 

CO···HOClO3 (IV) -24.52 

(48.19%) 

33.01 

 

-14.56 

(28.62%) 

-11.80 

(23.19%) 

-17.87 

 

CO···HOClO3···H2O (IV) 
-106.57 

(61.69%) 

111.96 

 

-53.01 

(30.68%) 

-13.18 

(7.63%) 

-60.75 
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The topological analysis of the electron density displays the presence of an intermolecular bond critical point (BCP) in all of 

the complexes, HB and vdW.  

 

In all cases, these BCPs show small values of the electron density and small positive Laplacians, an indication of the closed-

shell characteristics of the interaction, similar to those found in weak interactions [37-40]. The –G/V value is indicating 

interaction nature as covalent or non-covalent [41]. The –G/V values are higher than 1, between 1 and 0.5 and lower than 0.5 

indicating interaction with non-covalent, partial covalent and covalent characteristics, respectively. So the values in TABLE 5 

illustrate that the OClO3H:OC and O3ClOH:OH2 interactions are interactions with non-covalent and partial covalent 

characteristics, respectively. 

  

 

FIG. 4. Correlation between –G/V with OClO3H···OC and O3ClOH···OH2 interaction distances. 

 

 

FIG. 5. Correlation between –G/V with O:O, O:Cl and Cl:C intermolecular interaction distances. 

 

As shown as FIG. 4 and FIG. 5 there is good linear correlation between –G/V values and interaction distances. Linear 

correlation between –G/V values with OClO3H:OC and O3ClOH:OH2 interaction distances displaying by Eq. (8) and FIG. 4. 

Also FIG. 5 and Eq. (9) explain linear correlation between –G/V values and O:O, O:Cl and Cl:C intermolecular interaction 

distances. 

 

    -G/V=0.6642 r(H···O) - 0.2237, R²=0.9811                      (8) 

 

    -G/V=1.0927 r - 2.2486, R²=0.9241                                   (9) 

 

 

The electron density in BCP represents the strength of a bond. Generally, larger values of ρ show a stronger bond [42]. So 

according to the values, the strength of HB interactions is larger than vdW interactions. 
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Conclusions 

Theoretical study of the 1:1 HOClO3···CO and HOClO3···H2O dyad complexes as well as 1:1:1 H2O···HOClO3···CO triad 

complex were investigated by quantum chemical calculations at the MP2/6-311++G(2d,2p) level. The triad systems were 

located in 4 configurations, 2 linear and 2 cyclic.  

 

The vibrational analysis of the studied complexes revealed that HB formation has been associated to a red shift in the 

stretching frequency of the O-H in perchloric acid molecule. 

 

Many body analyzes indicated that the HOClO3···H2O interaction contributes more to the bonding interaction between two 

molecules in a triad than other interactions. 

 

Based on the energy decomposition analysis (EDA), it can be seen that the electrostatic interactions are essentially responsible 

for the stability of the all complexes. 

 

Good linear correlation was obtained from AIM results between –G/V and interaction distances. We think that the results of 

present study may be useful for understanding competitive role of carbon monoxide, perchloric acid and water molecules in 

atmospheric chemistry. 
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