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Atoms in theoretical analysis of molecules was used to 
study C–HO interaction taking five different mole-
cules with the same acceptor, O of water. The relation 
between electron density at hydrogen-bond critical 
point and interaction energy has been studied and  
hydrogen-bond radii were derived. Although a linear 
relationship was obtained like other intermolecular 
interactions, the value of linear parameters was found 
to be different when a similar type of interaction was 
compared suggesting that the parameters depend on 
the type of acceptor and donor and not the type of  
interaction. The H-bond radii for this type of interac-
tion were found to have significant variance. 
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THE article by Sutor1 in Nature is perhaps the first one 
regarding C–HO hydrogen bond. Two decades after  
the article was published, Taylor, Kennard and Allen 
proved the existence of C–HO hydrogen bond2,3. Allen 
et al.2 surveyed 113 published neutron diffraction crystal 
structures using the Cambridge Structural Database and 
proved the existence of not only C–HO hydrogen bond, 
but also C–HN and C–HCl hydrogen bond3. C–HO 
hydrogen bond is now well established4,5. 
 Several methods have been applied to detect hydrogen 
bonds. Some of them are spectroscopic techniques,  
diffraction data, quantum chemical calculations, etc.  
Although the first two methods have been in use from the 
very beginning to analyse hydrogen bonding, quantum 
chemical calculations have become popular now6. 
 Quantum theory of atoms in molecules (QTAIM or 
AIM) is another technique widely used nowadays for ana-
lysing hydrogen-bonding systems. Using this technique 
the topology of the electron density () of molecules, mo-
lecular complexes (clusters) or solids can be analysed7. 
The topology of the electron density contains important 
chemical and physical information7,8. At certain points in 
the electron density map of a molecule, molecular com-
plex or solid, the gradient of electron density ()  
vanishes. These are called critical points and there are only 
four topologically stable critical points. Among these, 
bond critical points (BCPs) are important to characterize 
chemical bonding. The critical points are generally  

labelled with the rank of Hessian of electron density and 
the sum of the sign of the eigenvalues of the Hessian 
(signature). For example, BCP has rank 3 (all critical 
points have rank 3) and signature –1, and it can be  
labelled as (3, –1) critical point. This means at BCP  
(signature = –1) there are two negative eigenvalues along 
the transverse direction and one positive eigenvalue along 
the bond direction7. 
 According to Bader7, BCP along the bond path of the 
interacting atoms is the necessary and sufficient condition 
for two atoms to be bonded. This is applicable for all  
systems. However, for hydrogen-bonding, Koch and  
Popelier9 pointed out eight different criteria, including 
the presence of BCP. They considered five different  
diverse complexes (formaldehyde–chloroform, acetone–
chloroform, benzene–formaldehyde, 1,l-dichloroethane–
acetone and azidothymidine (commonly called AZT)) and 
characterized C–HO hydrogen bonding on the basis of 
charge density. 
 Many other parameters are used to characterize hydro-
gen-bonding interactions. One of these is the distance  
between the donor and acceptor atoms. Several studies 
have pointed out that this distance should be less than the 
sum of van der Waals radii of the respective donor and 
acceptor atoms6. However, the inadequacy of this crite-
rion has been documented in several studies, which have 
recommended the use of hydrogen-bond radii instead of 
van der Waals radii. 
 In the present study we have chosen C–H donor of five 
different molecules (methane, chloromethane, fluoro-
methane, malononitrile and pyridine) and same acceptor 
atom, O of water. All these donors have been well-
studied and their bond dissociation energy, bond length, 
pKa, etc. are known14–18. Further, there could be  
other types of hydrogen-bonding structures (for example, 
O–HC bonding in CH4H2O complex, O–HF bond-
ing in CH3FH2O complex) for these complexes.  
Details about some of these complexes are available in 
the literature19,20. As the primary aim in this study is to 
address the following two questions, we have optimized  
only C–HO interactions. (i) Will there be a linear rela-
tionship between electron density at BCPs and interaction 
energy when the same donors from different molecules 
and the same acceptor are taken in C–HO hydrogen 
bond? If so, will there be the same linear parameters 
compared to similar type of earlier study9? (ii) Hydrogen-
bond radii have been defined for various donors and  
acceptors. What will be the variation of hydrogen-bond 
radii for C–HO, when the same donors from different  
molecules and the same acceptor are taken? 
 The geometries of the molecules and complexes have 
been fully optimized at the MP2/6-311++G(d, p) level 
and frequency calculation at that level has also been  
carried out to ensure that true minima have been located 
as evidenced by the lack of imaginary frequencies. 
GAUSSIAN03 package was used to perform all electronic 
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Figure 1. Molecular graph of five different complexes: a, methane–water complex; b, fluoromethane–water complex; c, chloro-
methane–water complex; d, malononitrile–water complex; e, pyridine–water complex. 

 
 

Table 1. Interaction energy (E, kJ/mol), electron density () and its Laplacian (2; in atomic units) of C–HO and X–HC  
 (X = F, OH,) hydrogen bonding 

Complex E  2 
 

CH4H2O –1.15 (–4.2)*, –6.3* 0.0078 (0.00723)*, 0.0079* 0.025 (0.027)*, 0.0331* 
CH3FH2O –5.62, –16.50** 0.01, 0.0183** 0.0329, 0.0800** 
CH3ClH2O –6.58 0.0118 0.0387 
(C=N)2CH2H2O*** –18.8 0.0173 0.0625 
PydH2 O**** –7.26 0.0112 0.0393 
Koch and Popelier9 range for  and 2  0.002–0.034 0.024–0.139 

*Raghavendra and Arunan19; **Pyd Pyridine; ***(C=N)2CH2 is malononitrile; ****Rosenberg20. 
 

structure calculations21. Molecular graphs and electron 
density as well as its Laplacian were obtained using 
AIM2000 package22 with MP2/6-311++G** wave func-
tions. 
 As mentioned earlier, we considered five different C–
HO complexes in this study. Figure 1 a–e shows the 
molecular graph of these complexes. All the complexes 
show covalent BCPs as well as BCP along the bond path 
of H atom and O atom. This is a validation of the exis-
tence of C-HO hydrogen bonding. The BCPs in  
between HO have been analysed in terms of electron 
density () and its Laplacian (2; Table 1). The values 
of H-bonded  are found to be in the range 0.0078–
0.0112 atomic units (au). The values of 2 are all posi-
tive and vary from 0.025 to 0.0625 au, thus showing the 
typical closed-shell interactions in these complexes. 
These values of  and 2 are well within the range  
given by Koch and Popelier9 (Table 1). 
 It is possible that there could be other structures for the 
complexes studied in this work. For example, CH4H2O 
complex was studied by Raghavendra and Arunan19 and it 
may be worthwhile to compare our results with theirs (see 
Table 1). The data within parenthesis and asterisk in  
Table 1 are for C–HO interaction and those with aster-

isk only are for O–HC interaction. It can be seen from 
Table 1 that the values obtained for interaction energy is 
much lower than those of Raghavendra and Arunan19. 
This may be due to the basis set. Raghavendra and 
Arunan used aug-cc-pvtz basis set, while we have used 6-
311++G(d, p) basis set. However, we do not have definite 
answer on this because there is not much more variation 
in the values of  and 2. Table 1 also shows that the 
values of interaction energies are found to be higher for 
O–HC interaction compared to C–HO interaction. 
Therefore, O–HC bonding structure may be the minimum 
structure in comparison to C–HO bonding structure. 
 Rosenberg20 studied the hydrogen bonding structure of 
CH3FH2O complex and optimized O–HF hydrogen 
bonding interaction. We have provided these data20 in 
Table 1. Like the CH4H2O complex, O–HF hydrogen-
bonding structure is found to be more stable when  
compared with data of Rosenberg20. 
 The BSSE-corrected interaction energy is also given in 
Table 1. The interaction energy is higher for malononi-
trile–water complex and lower for methane–water  
complex. Boys–Bernardi23 counterpoise procedure  
was used for BSSE correction. A linear relationship was 
found between the interaction energy values and the 
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Table 2. Linear parameters for different types of interactions (E in kJ/mol,  in atomic units) 

Type of interaction Linear parameters (slope and intercept) 
 

Our data, C–HO interaction E = 13.50–1840* 
Koch and Popelier9, C–HO interaction E = 1.59–996* 
Raghavendra and Arunan2,4, H-, Li-, and Cl-bonding  E = 5.1–1100* (for H-bonding)  
 interactions E = 8.9–1161* (for Cl-bonding) 
 E = 13.1– 3215* (for Li bonding) 
 

Shahi and Arunan25, H-, Li-, and Cl- bonding  E = 0.4– 777* (for H-bonding) 
 interactions E = 0.3–776* (for Cl-bonding) 
  E = 17.6–3271* (for Li bonding) 
 

Parajuli and Arunan26, Na-bonding interactions E = 18.0–4694* (for all acceptors studied in ref. 26) 
  E = 13.4–3428* (for acceptors as in ref. 24) 

 
Table 3. RH-BCP (H-bonded radius; Å) and RA-BCP (distance between 
acceptor to H-bond critical point (acceptor radius; Å)) from atoms in  
 molecules (AIM) theoretical analysis 

Complex RH-BCP RA-BCP 
 

CH4H2O 1.01 1.53 
CH3FH2O 0.94 1.47 
CH3ClH2O 0.9 1.44 
(C=N)2CH2H2O* 0.8 1.33 
PydH2O** 0.91 1.42 
Average*** 0.91  0.08 1.44  0.07 
Raghavendra et al.11 1, 0 1, 4 

*(C=N)2CH2, Malononitrile; **Pyd, Pyridine; ***Error is standard  
deviation. 
 
 

 
 

Figure 2. Plot of interaction energy as a function of electron density 
at the H-bonding critical point. 
 
 
corresponding electron densities at H-bonded BCP (Fig-
ure 2), leading the following equation with excellent cor-
relations (R = –0.99) 
 
 E = 13.50 – 1840  , 
 
where E is in kJ/mol and  in atomic units. 

 Similar kinds of linear relationship were found in other 
types of interaction as well24–26. Table 2 presents the  
linear parameters of different interactions. 
 Now the question may arise: are the linear parameters 
the same when compared with similar types of interac-
tion? Arunan and co-workers24,25 studied Li-bonded,  
Cl-bonded and H-bonded systems and found that the 
slopes of Cl-bonded and H-bonded systems were similar 
when the same acceptors were taken, and different for  
Li-bonded system. This can be clearly seen from Table 2. 
Moreover, it can be seen from Table 2 that Na-bonded 
and Li-bonded systems have similar slopes24,26. As men-
tioned earlier, we have also obtained a linear relationship 
between interaction energy and electron density at  
H-bonded BCPs in this study, but we have obtained  
different linear parameters (both slope and intercept) 
compared to Koch and Popelier9 (E = 1.59–996*;  
Table 2). This result suggests that the linear parameters 
depend on the type of acceptor and donor and not on the 
type of interaction in the case of hydrogen bonding. It 
should be noted that in some of the studies24,26, interac-
tion energies are in kcal/mol and we have converted these 
values to kJ/mol (Table 2). 
 Hydrogen-bond radii have been derived from AIM 
analysis11–13 and following the same procedure Li-bond 
radii and Na-bond radii were also determined26. Similarly, 
hydrogen-bond radii for C–HO interaction were derived 
by calculating the distance between hydrogen atom and 
BCP (RH–BCP), while acceptor radii were derived by  
calculating the distance between acceptor atom and BCP 
(RA-BCP). Table 3 shows these results. It can be seen that 
there is variation of hydrogen-bond radius for all the five 
complexes. The hydrogen-bond radius of malononitrile–
water complex is found to be smaller and that of meth-
ane–water complex is found to be large. This is because 
of the C–H donor; the C–H donor of malononitrile is 
more acidic in comparison to other molecules, and the  
C–H donor of methane is less acidic18. Similar results 
were also reported in earlier studies11. It has been well-
established that H-bond radii10–13 and Cl-bond radii27 
have significant variance; however, Na-bond radii and  
Li-bond radii19 have a much smaller variance. The same 
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trend was observed for C–HO hydrogen bond simiar to 
other H-bonding systems (Table 3). 
 We compared our data for hydrogen-bond radii with 
those of other studies10–13. Arunan et al.11 estimated C–H 
hydrogen-bond radius from the C–H dipole moment of 
HCCH. According to their approximation, C–H hydro-
gen-bond radius was 1.0 Å (Table 3). Using this value 
they calculated C=O distance of formaldehyde, and this 
distance was considered as the acceptor radius (1.4 Å) for 
the C–H donor (Table 3). These values (both hydrogen-
bond radius and acceptor radius) are comparable with our 
data. 
 Based on electron density topology, Klein13 calculated 
H-bond radius of various types of hydrogen-bonding  
interactions. He estimated C–HO interaction distance to 
be 1.5 Å using 0.002 au electron density counter. This 
was the van der Waal’s radius of O atom for the C–HO 
interaction. Moreover, acceptor radius (average val-
ue = 1.44 Å in our calculation) should not be more than 
this distance, indicating that both results are in good 
agreement. 
 C–HO hydrogen bond has been analysed taking five 
different molecules for C–H donor and O of water as  
acceptor in terms of electron density at H-bonded BCP, 
interaction energy and hydrogen-bond radius. Similar to 
other earlier studies, we found a linear relationship in this 
type of interaction. However, we obtained different linear 
parameters when a similar type of interaction was com-
pared. The hydrogen-bond radii for C–HO interaction 
were also found to have significant variance like other  
H-bonded interactions. 
 

1. Sutor, D. J., The C–HO hydrogen bond in crystals. Nature, 
1962, 195, 68–69. 

2. Allen, F. H. et al., The Cambridge crystallographic data centre: 
computer-based search, retrieval, analysis and display of informa-
tion. Acta Crystallogr., Sect. B, 1979, 835, 2331–2339. 

3. Taylor, R. and Kennard, O., Crystallographic evidence for the  
existence of C–HO, C–HN and C–HCl hydrogen bonds. J. 
Am. Chem. Soc., 1982, 104, 5063–5070. 

4. Takahashi, O. et al., Relevance of weak hydrogen bonds in the 
conformation of organic compounds and bioconjugates: evidence 
from recent experimental data and high-level ab initio MO calcu-
lations. Chem. Rev., 2010, 110, 6049–6076. 

5. Desiraju, G. R. and Steiner, T., The Weak Hydrogen Bond in 
Structural Chemistry and Biology, Oxford University Press,  
Oxford, UK, 1999. 

6. Arunan, E. et al., Defining the hydrogen bond: an account (IUPAC 
technical report). J. Pure Appl. Chem., 2011, 83, 1619–1636. 

7. Bader, R. F. W., Atoms in Molecules – A Quantum Theory, Oxford 
University Press, Oxford, UK, 1990. 

8. Bader, R. F. W., A quantum theory of molecular structure and its 
applications. Chem. Rev., 1991, 91, 893–928. 

9. Koch, U. and Popelier, P. L. A., Characterization of C–H–O  
hydrogen bonds on the basis of the charge density. J. Phys. Chem., 
1995, 99, 9747–9754. 

10. Lakshmi, B., Samuelson, A. G., Jovan Jose, K. V. and Gadre, S. 
R., Is there a hydrogen bond radius? Evidence from microwave 
spectroscopy, neutron scattering and X-ray diffraction results. 
New J. Chem., 2005, 29, 371–377. 

11. Raghavendra, B., Mandal, P. K. and Arunan, E., Ab initio and 
AIM theoretical analysis of hydrogen-bond radius of HD (D = F, 
Cl, Br, CN, HO, HS and CCH) donors and some acceptors. Phys. 
Chem. Chem. Phys., 2006, 8, 5276. 

12. Klein, R. A., Electron density topological analysis of hydrogen 
bonding in glucopyranose and hydrated glucopyranose. J. Am. 
Chem. Soc., 2002, 124, 13931–13937. 

13. Klein, R. A., Modified van der Waals atomic radii for hydrogen 
bonding based on electron density topology. Chem. Phys. Lett., 
2006, 425, 128–133. 

14. Duchovic, R. J., Hase, W. L., Schlegel, H. B., Frisch, M. J. and 
Raghavchari, K., Ab initio potential energy curve for CH bond 
dissociation in methane. Chem. Phys. Lett., 1982, 89, 120–125. 

15. McGivern, W. S., Derecskei-Kovacs, A., North, S. W. and Fran-
scio, J. S., Computationally efficient methodology to calculate 
C−H and C−X (X = F, Cl, and Br) bond dissociation energies in 
haloalkanes. J. Phys. Chem. A, 2000, 104, 436–442. 

16. Goebbert, D. J., Velarde, L., Khuseynov, D. and Sanov, A., C–H 
bond dissociation energy of malononitrile. J. Phys. Chem. Lett., 
2009, 1, 792–795. 

17. Barckholtz, C., Barckholtz, T. A. and Hadad, C. M., C–H and  
N–H bond dissociation energies of small aromatic hydrocarbons. 
J. Am. Chem. Soc., 1999, 121, 491–500. 

18. http://www.chem.wisc.edu/areas/reich/pkatable/index.htm (acces-
sed 28 March 2017). 

19. Raghavendra, B. and Arunan, E., Hydrogen bonding with a hydro-
gen bond: The methane–water complex and the penta-coordinate 
carbon. Chem. Phys. Lett., 2008, 467, 37–40. 

20. Rosenberg, R. E., Does fluoromethane form a hydrogen bond with 
water? J. Phys. Chem. A, 2012, 116, 10842–10849. 

21. Frisch, M. J. et al., GAUSSIAN 03, revision E.01; Gaussian, Inc., 
Wallingford, CT, USA, 2004. 

22. Biegler-Konig, F., Schonbohm, J., Derdau, R., Bayles, D. and 
Bader, R. F. W., AIM 2000, version 1; Büro für Innovative Soft-
ware, Bielefeld, Germany, 2000. 

23. Boys, S. B. and Bernardi, F., The calculation of small molecular 
interactions by the differences of separate total energies. Some 
procedures with reduced errors. Mol. Phys., 1970, 19, 553–566. 

24. Raghavendra, B. and Arunan, E., Unpaired and sigma bond elec-
trons as H, Cl, and Li bond acceptors: An anomalous one-electron 
blue-shifting chlorine bond. J. Phys. Chem. A, 2007, 111, 9699–
9706. 

25. Shahi, A. and Arunan, E., Hydrogen bonding, halogen bonding 
and lithium bonding: an atoms in molecules and natural bond  
orbital perspective towards conservation of total bond order, inter- 
and intra-molecular bonding. Phys. Chem. Chem. Phys., 2014, 16, 
22935–22952. 

26. Parajuli, R. and Arunan, E., Comprehensive investigations on 
DNAA (D = H/F) complexes show why ‘sodium bonding’ is not 
commonly observed. Chem. Phys. Lett., 2013 568–569, 63–69. 

27. Karan, N. K. and Arunan, E., Chlorine bond distances in ClF and 
Cl2 complexes. J. Mol. Struct., 2004, 688, 203–205. 

 
 
ACKNOWLEDGEMENT. I thank Prof. Narayan Adhikari, Tribhuvan 
University and Central Department of Physics for Gaussian 03 package. 
 
 
Received 1 February 2017; revised accepted 3 October 2017 
 
 
doi: 10.18520/cs/v114/i06/1295-1298 

 


