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Abstract 

The study of hydrogen bonds plays an important role in the fields of chemistry, physics, 
biology and life sciences. This article introduces several theoretical calculation methods 
of hydrogen bonding and related computational chemistry software. 
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1. Introduction 

Hydrogen bonds exist widely in nature. Its existence affects the properties of many substances, and 

it also plays a very important role in the shape, properties and functions of biomolecules. Because of 

this, hydrogen bonding is very important in the fields of chemistry, physics, biology, and life sciences, 

and has always been one of the hot fields of chemical. 

In 1920, Maurice L. Huggins, Wendell M. Latimer and Worth H. Rodebush first proposed the concept 

of hydrogen bonds [1]. In 1935, X-ray crystal structure analysis proved the existence of hydrogen 

bonds [2]. In 1939, Linus Pauling further consolidated and developed the hydrogen bond concept [3]. 

Hydrogen bonds are weak interactions, with directional and saturated properties, which are critical to 

describe many behaviors of molecules and determine the physical and chemical properties of 

substances. 

Hydrogen bonds can be expressed as "X-H…Y" type. X and Y are usually atoms with relatively high 

electronegativity and one or more pairs of lone pairs of electrons. Among them, X-H is called proton 

donor and Y is called proton acceptor. The bond energy of hydrogen bonds is about 0.2 ~ 40 kcal·mol-

1 [4], and the strength is greater than van der Waals force and electrostatic attraction, but less than 

covalent bonds. The formation of hydrogen bonds between molecules of the complex has an 

important influence on its performance. 

With the continuous in-depth research on hydrogen bonds, a variety of theoretical methods have 

emerged, including quantum chemistry ab initio algorithm, semi-empirical method, density 

functional theory and so on.  

2. Theoretical calculation method 

2.1 Density functional theory 

Density functional theory is a theory based on quantum mechanics that uses electron density ρ(r) as 

the basic variable to describe the state of the system to study the properties of the ground state of a 

multi-particle system. Density functional theory is based on density functions, and have developed 

various methods, such as the hybridization method of density functional and molecular orbital 

(B3LYP), spin density number approximation (LSDA), generalized gradient approximation (GGA), 
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etc. Various researches can be carried out, such as the calculation of ionization potential, the study of 

vibrational spectra, the optimization of molecular geometry, etc. 

The ab initio algorithm uses the two-level Mφller-Plesset perturbation theory (MP2) method and the 

configuration interaction CISD, QCISD or coupled cluster CCSD, CCSD(T) and other methods, 

which can more accurately calculate the weak interaction energy in the molecular system. The 

calculated result can be consistent with the experimental value. The density functional theory 

calculation method is an order of magnitude faster than the MP2 method, and the calculation accuracy 

is comparable to that of the MP2 method. Therefore, the DFT method has been widely used in 

computational materials science, quantum chemistry and other fields [5]. 

2.2 Natural bond orbital theory 

The natural bond orbital (NBO) theory is a set of theories developed on the basis of the concept of 

natural orbital by Weinhold and Reed in the 1980s [6,7]. Through the natural bond orbital analysis, 

it is possible to calculate the intra-molecular and intermolecular hyperconjugate interactions of the 

system and to analyze the bonding situation in the molecule and the type of molecular orbital, etc. 

Therefore, it is widely used in the study of intramolecular or intermolecular hydrogen bonds. 

Among them, the second-order stabilization energy E(2) is defined as follows: 

E(2) = ∆𝐸ij = 𝑞𝑖
𝐹(𝑖,j)2

𝜀𝑗−𝜀𝑖
                            (1) 

In formula (1), qi represents the number of orbital occupations of the electron donor, εi and εj represent 

the diagonal elements of the electron donor and electron acceptor matrix, respectively, and F(i,j) 

represents the non-diagonal element of the natural bond orbital Fock matrix. The second-order 

stabilization energy E(2) represents the decrease in energy after the interaction between the electron 

donor and the electron acceptor. The larger the value, the stronger the interaction and the better the 

stability of the system. 

2.3 Atoms in molecules 

Bader and his research group proposed the "Atoms in molecules" (AIM) theory [8], which links the 

properties of molecules with the topological properties of the electron density ρ(r), on the basis of the 

criticality of the electron density ρ(r) Point, which intuitively describes the atoms in the molecule and 

the chemical bonds between atoms. 

The critical point is the point where the gradient of the electron density is 0, that is, ▽2ρ(r)=0, there 

are four types. Among them, the point (3, +1) corresponds to the first-order saddle point of the 

function, which is also called the ring critical point. The point (3, +3) at ▽2ρ(r)>0 corresponds to the 

local minimum point of the function, which is also called the critical point of the cage. (3, -3) Point 

▽2ρ(r)<0, corresponding to the local maximum point of the function, usually appears near the nucleus. 

(3, -1) is often called the bond critical point (BCP). The second-order saddle point of the 

corresponding function appears between two interacting atoms, indicating that there is a chemical 

bond between the two atoms. 

Popelie [9] put forward eight criteria for judging hydrogen bonds based on Bader's "Atoms in 

molecules " theory. Lipkowski et al. [10] further simplified them into three criteria on this basis: In 

the X-H…Y system, there is a bond critical point between H…Y, and the electron density ρ(r) here is 

between 0.002 and 0.04 au, and the Laplacian amount ▽2ρ(r) is between 0.02 and 0.15 au.. Usually, 

ρ(r) at the critical point of the bond is used to describe the strength of the bond. The larger the ρ(r), 

the stronger the hydrogen bond; the Laplacian amount ▽2ρ(r) is used to describe the nature of the 

chemical bond: if it is a positive value , it is mainly electrostatic, if it is negative, it is mainly covalent 

bond. In addition, Espinoza et al. believe that when |V(r)|/G(r)<1, it is a closed-shell interaction and 

forms an ionic bond ; When |V(r)|/G(r)>2, it is the electron sharing effect, forming a covalent bond; 

when 1<|V(r)|/G(r)<2, the interaction is between the ionic bond And covalent bonds. 
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2.4 RDG function isosurface graphical study of weak interaction 

Yang's research group proposed a new method to visualize the study of weak interactions [11], which 

can visually display the type, strength and area of weak interactions. This method uses Reduced 

Density Gradient (RDG). In the drawn RDG function isosurface diagram, ρ(r) and sign(λ2) are used 

to reflect the strength and type of weak interaction, respectively. Combined with the RDG function, 

the weakly interacting regions in the molecule can be determined. 

Among them, the RDG function is defined as: 

RDG(𝑟) =
1

2(3𝜋2)
1
3⁄

|∇𝜌(𝑟)|

𝜌(𝑟)
4
3⁄
                            (2) 

The strength of weak interaction is usually judged by the interaction energy. In this method, due to 

the continuity of ρ(r), when ρ(r) of a weak interaction is larger at its critical point, the surrounding 

area Ρ(r) is larger too. Therefore, by mapping the value of ρ(r) to the RDG isosurface through different 

colors, the strength of the weak interaction at this point can be visually displayed. The type of weak 

interaction is reflected by the sign(λ2) function. Projecting its value on the RDG isosurface with 

different colors can visually show the type of weak interaction. Therefore, multiply the ρ(r) and 

sign(λ2) functions to obtain the sign(λ2)ρ function, and then project its value on the RDG isosurface, 

and the weak interaction area and intensity can be displayed at the same time. Different colors on the 

RDG isosurface correspond to different weak interaction types and values of ρ(r) and λ2. The blue 

part represents strong attraction: hydrogen bonds, strong halogen bonds, etc., the green part represents 

van der Waals effect, and red represents strong mutual repulsion. 

3. Computational chemical software 

The theoretical calculation of hydrogen bonds can be done using the following computational 

chemistry software: 

3.1 Gaussian program 

The Gaussian09 [12] program package is a powerful quantum chemistry comprehensive software 

package with high calculation accuracy and reliable results. It is widely used in ab initio algorithm, 

semi-empirical method and density functional theory calculations. Gaussian09 program package can 

be used to optimize molecular geometry, NBO analysis, vibration frequency analysis, etc., and can 

further study molecular energy structure, molecular orbitals, atomic charges, infrared spectra, 

chemical bonds and reaction energy, etc. By using reasonable calculation methods and basis sets, 

calculation results that are closer to the experimental values can be obtained, so some results 

simulated by the calculation can usually be used to guide experiments. 

3.2 Multiwfn program 

Multifunctional wavefunction analyzer (Multiwfn) [13-14] program is a powerful and free wave 

function analysis program that integrates multiple wave function analysis methods and has become a 

widely used calculation program nowadays. The program has many functions, including the electron 

density topological analysis, molecular surface electrostatic potential analysis, drawing RDG function 

isosurface diagram and scatter diagram to analyze weak interaction regions, to judge the type and 

strength of weak interaction, and so on. Multiwfn is simple but efficient. The biggest advantage is 

that the results can be directly visualized. For example, the study of weak interactions can directly 

display the type and size of the weak interactions. 

4. Conclusion 

Weak interactions among molecules have played an important role in chemistry, physics, biology and 

other fields, and have attracted more and more attention. Hydrogen bonding is the earliest weak 

interaction between molecules people have studied, and it is an important part of the study of weak 

interaction among molecules. This article reviews several theoretical calculation methods for 

hydrogen bonding. In practical applications, good calculation results can be obtained by combining 
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and comparing multiple methods. With the in-depth study of hydrogen bonds, the content of hydrogen 

bonds are continuously enriched and developed. The studies of hydrogen bonds have broad 

application prospects and will play a significant role in scientific research in more frontier fields. 
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