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ABSTRACT 
The complex formed between methyl chloride and formic acid 
provides a suitable model system for exploring the nature and 
characteristics of weak as well as unconventional hydrogen-bonding 
interactions. In the present study, four minima corresponding to 
distinct van der Waals complexes of formic acid (HCOOH) and 
methyl chloride (CH3Cl) are considered. DFT study using B3LYP/6-
311+G** level of theory has been used to find the minima of the four 
van der Waals complex. Binding and activation energies were 
evaluated at the same level of theory. RHF and RMP2 level 
calculations were also performed to present a comparative account. 
The four optimized minima are connected through low-lying energy 
barriers of approximately 0.9–2.6 kcal mol-1, suggesting that facile 
interconversion between these structures is possible. The study 
highlights the significance of cyclic arrangements in which multiple 
weak hydrogen bonds contribute to the overall structural stability, 
with the combined stabilization being enhanced through cooperative 
interactions among these hydrogen bonds. The findings provide 
deeper insight into the nature and significance of unconventional 
hydrogen-bonding interactions. 
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INTRODUCTION 
Conventionally hydrogen bonds are generally formed 
when hydrogen is directly attached with 
electronegative atoms such as oxygen, nitrogen, 
fluorine etc., but interaction of CH3Cl and HCOOH 
provides an interesting model to investigate the non-
conventional weak hydrogen bond. These kinds of 
interactions also prevail in many chemical and 
biochemical processes.  

Hydrogen bonding has emerged as a subject of 
extensive contemporary research due to its ubiquitous 
nature and fundamental importance in a wide range of 
chemical and biochemical process [1-3]. In recent 
years, unconventional hydrogen bonding involving 
C–H groups has attracted increasing attention in 
structural chemistry and biological research [4-5].  
 

 
The major role of C-H---O hydrogen bonds in 
conformational analysis [6], molecular recognition 
processes [7], the stabilization of inclusion complexes 
[8,9], crystal packing [10] and the important role of 
such interaction in determining the stability and 
structure, and possibly the biological activity, of 
biological macromolecules has been well established 
[11].  

Depending on the nature of the interacting species, 
the strength of hydrogen bonds can range from 
approximately 1 to 40 kcal/mol, reflecting a broad 
continuum of interaction strengths. Weak hydrogen 
bonds often exhibit interaction characteristics that 
closely resemble those of van der Waals forces, 
making them difficult to distinguish unambiguously 
[12-13].  
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Fig. 1: Optimized Geometry of van der Waals complex of formic acid and methyl chloride 

With the exception of a few recent and significant investigations, most studies of hydrogen bonding have 
traditionally regarded hydrocarbons as too weak proton donors to participate effectively in hydrogen-bond 
formation. Weak hydrogen bonds are predominantly electrostatic in nature; however, their interaction acquire 
progressively greater covalent character as the bond strength increases [14].  

Hydrogen-bonded complexes involving a C-H group as the proton donor have been widely employed to 
investigate and characterize hydrogen-bonding interactions across a broad range of strengths, including strong, 
moderate, and weak interactions [15]. Among these, the C-H···O hydrogen bond is generally regarded as one of 
the weaker types of hydrogen bonding and has been the subject of numerous theoretical and experimental 
investigations reported in the literature [16-20]. 

Reynolds [21] investigated two theoretical approaches to characterize the van der Waals complex formed 
between formic acid and methyl chloride with particular emphasis on the associated hydrogen-bonding 
interactions and their strengths. In the present study, density functional theory (DFT) employing the B3LYP 
functional has been used to investigate the relative stability of four minima identified for the formic acid-methyl 
chloride van der Waals complexes and to characterize the corresponding hydrogen-bonding interactions.  
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METHOD OF CALCULATION 
All quantum-chemical calculations were carried out using the Gaussian 98 computational package. The 
molecular geometries were optimized at the B3LYP/6-311+G** level of theory. To have a comparative study, 
additional calculations were carried out at the levels of RHF and RMP2 keeping the same basis set. All 
stationary points were characterized by analyzing the number of imaginary vibrational frequencies and the 
eigenvalues of the corresponding Hessian matrix. The bonding characteristics were examined by calculating 
Bader's topological analysis of ρ(rc) and the corresponding Laplacian of the electron density (∇²ρc) using the 
AIM command [22, 23]. 

Table-1: Selected Optimized geometry parameters of complexes I and IIa 

Parameter 
System 

I II 
Lengths (in Å) A B C A B C 

O2-C1 1.181 1.210 1.204 1.180 1.208 1.202 
H3-C1 1.086 1.097 1.098 1.084 1.094 1.096 
O4-C1 1.341 1.339 1.336 1.319 1.346 1.343 
H5-O4 0.950 0.975 0.979 0.947 0.969 0.971 
C6-H9 1.077 1.786 1.087 1.096 1.782 1.814 
Cl7-C6 1.800 2.324 1.810 3.921 5.558 3.814 
H8-C6 1.078 1.088 1.086 1.078 1.088 1.087 
C9-C1 3.429 1.087 3.270 1.077 1.087 1.087 

H10-C6 1.078 1.088 1.086 1.078 1.088 1.087 
Angles (in Degrees) 

H3-C1-O2 124.0 110.0 124.3 124.5 110.2 125.0 
O4-C1-O2 125.3 125.6 125.7 124.6 124.8 124.7 
H5-O4-C1 110.2 107.2 109.2 109.5 106.4 108.0 
C6-C9-C1 134.7 101.4 134.1 82.5 83.7 81.0 
Cl7-C6-H9 107.8 178.8 107.4 80.9 43.4 83.5 
H8-C6-H9 111.5 108.2 111.7 107.8 108.6 107.8 
H9-C1-O2 33.4 108.4 35.4 107.8 108.4 107.6 

H10-C6-H9 111.5 108.2 111.7 107.8 108.6 107.8 
a. See Fig. 1 
A. RHF/6-311+G** optimized geometry 
B. RMP2/6-311+G** optimized geometry 
C. RB3LYP/6-311+G** optimized geometry 

Table-2: Selected Optimized geometry parameters of complexes III and IVa 

Parameter 
System 

III IV 
Lengths (in Å) A B C A B C 

O2-C1 1.177 1.198 1.198 1.177 1.206 1.200 
H3-C1 1.084 1.096 1.096 1.086 1.097 1.098 
O4-C1 1.325 1.352 1.352 1.319 1.346 1.342 
H5-O4 0.947 0.971 0.971 0.949 0.973 0.977 
C6-H9 1.793 1.810 1.811 1.078 1.783 1.087 
Cl7-C6 4.053 4.904 3.922 1.794 2.381 1.812 
H8-C6 1.078 1.087 1.087 1.078 1.088 1.086 
C9-C1 1.078 1.087 1.087 4.589 1.089 4.409 

H10-C6 1.078 1.087 1.087 1.078 1.088 1.086 
Angles (in Degrees) 

H3-C1-O2 125.1 125.6 126.0 124.3 109.6 124.8 
O4-C1-O2 124.4 124.5 124.5 125.2 125.4 125.5 
H5-O4-C1 109.1 107.7 107.7 110.1 107.2 109.1 
C6-C9-C1 87.6 84.2 85.4 120.3 91.2 117.8 
Cl7-C6-H9 156.6 155.4 154.6 108.2 146.5 108.1 
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H8-C6-H9 108.0 107.9 107.9 110.9 108.6 111.0 
H9-C1-O2 108.0 108.0 107.9 122.9 108.8 121.3 

H10-C6-H9 108.0 107.9 107.9 110.9 108.6 111.0 
a. See Fig. 1 
A. RHF/6-311+G** optimized geometry 
B. RMP2/6-311+G** optimized geometry 
C. RB3LYP/6-311+G** optimized geometry 

Table-3: Bonding properties of some selected bonds using RB3LYP/6-311+G** 

Systema Bond Bond Length 
(in Å) 

ρ(rc) 
(e/au3) 

∇
2ρ(rc) 

(e/au5) 

I 
O---H 2.393 0.0106 0.0338 
Cl---H 2.352 0.0169 0.0503 

II 
O---H 2.453 0.0095 0.0294 
Cl---H 3.056 0.0049 0.0152 

III 
O---H 2.605 0.0066 0.0214 
Cl---H 3.006 0.0054 0.0156 

IV 
O---H 2.821 0.0056 0.0194 
Cl---H 2.439 0.0104 0.0455 

a. See Fig. 1,  

Table-4: Energetics of Formic Acid-Methyl Chloride systemsa 

Systema 
Binding Energy(kcal/mol) 

RB3LYP/6-311+G** RMP2/6-311+G** 
I 3.9 5.0 
II 1.7 2.8 
III 0.9 2.4 
IV 2.0 3.7 

 Activation Energy(kcal/mol) (RB3LYP/6-311+G**) 
I  II 2.6 

II  III 1.0 
III  IV 0.9 
IV  I 0.1 

a. See Fig. 1 

RESULTS AND DISCUSSION  
In the present study, four minima (I-IV) 
corresponding to distinct van der Waals complexes of 
formic acid (HCOOH) and methyl chloride (CH3Cl) 
are considered (Fig. 1). The optimized geometries of I 
& II minima are listed in Table 1 and that of III & IV 
minima are listed in Table 2. RB3LYP/6-311+G** 
along with RHF/6-31l+G** and RMP2 / 6-311+G** 
basis set are listed for comparison. Calculated 
bonding properties of some selected interactions for I-
IV minima are given in Table 3. These selected 
geometric parameters selected were the one which 
has direct relevance to hydrogen-bonding 
interactions. Moreover, these geometric parameters 
exhibit the most significant variations between the 
RB3LYP and ab-initio results. 

The calculated results show a good agreement with 
high level ab initio methods [21]. The most notable 
deviations between the RB3LYP and ab-initio 
calculations are observed in the predicted O···H 

hydrogen-bond distances [Table 1 & 2]. Calculation 
shows that O···H bond distances are systematically 
smaller than the bond distances calculated using ab 
initio methods. Similarly, the calculated Cl·· ·H bond 
distances are also shorter using the RB3LYP method 
than the ab initio results. It may be of interest to note 
that an increase in ρ(rc) values leads to a decrease in 
the length of the bond. It can be observed that, for 
minima I-IV, the variations in O···H hydrogen -bond 
distances are consistent with the corresponding 
changes in the electron density values (I > II > III > 
IV order of ρ(rc) values are reported). Similarly, 
changes in Cl·· ·H bond length in I–IV minima 
correlate well with the corresponding changes in ρ(rc) 
values. 

The Laplacian of the electron density, ∇²ρ(rc), 
provides information on the local concentration or 
depletion of electronic charge [Table 3]. Negative 
values of ∇²ρ(rc) is generally associated with regions 
of electron-density concentration and indicate a 
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predominantly covalent character. Positive value on 
the other hand correspond to regions of electron-
density depletion and suggests a non-covalent 
interaction. Calculated values of ∇²ρ(rc) indicate non-
covalent character of O···H and Cl···H interactions in 
I to IV minima. All interactions are predicted to be 
non-covalent. Weak hydrogen bonds are 
predominantly electrostatic in nature, although their 
interactions may acquire increasing covalent 
character, as reflected by the corresponding ∇²ρ(rc) 
values. Most of the ∇²ρ(rc) values of O···H and 
Cl···H interactions are in close agreement with 
typical range reported for hydrogen bonds (0.024 to 
0.139 au) [24,25]. 

B3LYP/6-311+G** level calculations were carried to 
estimate the binding energies and activation energies 
for I–IV minima of HCOOH and CH3Cl complexes 
and are listed in Table 4. For comparison, the binding 
energies were also calculated at the MP2 level using 
the same basis set. Calculated binding energies of 
four minima are in a range of 0.9 to 3.9 kcal mol⁻¹, 
which support the existence of weak hydrogen 
bonding between formic acid and methyl chloride. 
The order of binding energies of I to IV minima is 
recognized as I > IV > II > III, which corresponds to 
their stability. Our calculated binding energies are in 
good agreement with the binding energies as reported 
by others [21]. 

The four minima seem to be separated only by a 
relatively small energy barrier (0.9 to 2.6 kcal mol⁻¹) 
leading to facile interconversion. The I minima of 
HCOOH and CH3Cl complexes is predicted to be the 
most stable followed by the IV minima with a 
difference in their binding energies by 1.9 kcal mol⁻¹. 

CONCLUSION 
The significant hydrogen-bonding interactions 
predicted by the present theoretical study between 
methyl chloride and formic acid provide further 
evidence for the prevalence of C–H···O hydrogen 
bonds. Interestingly, the presence of a single chlorine 
atom appears to provide sufficient electronic 
activation to enable the carbon-bound hydrogen to act 
as hydrogen-bond donor. This observation suggests 
that molecules containing two chlorine atoms or other 
electron withdrawing groups may likewise exhibit 
enhanced hydrogen-bond capability. Overall, the 
present study demonstrates that carbon-bound 
hydrogen atoms can participate in hydrogen more 
readily than is conventionally recognized.  
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