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Abstract: Graphically revealing interaction regions in a chemical system enables 

chemists to notice the areas at a glance where significant interactions have formed, it is 

very helpful in studying chemical bonds, intermolecular and intramolecular interactions. 

Reduced density gradient (RDG) has already been widely employed in literatures to 

visually exhibit weak interaction regions, in fact it also has the ability of revealing 

chemical bonding regions. Unfortunately, RDG cannot clearly show both types of the 

interactions at the same time. In this paper, we propose a new real space function named 

interaction region indicator (IRI), which is a slight modification on RDG. We found IRI 

can reveal chemical bonding and weak interaction regions equally well, this brings great 

convenience in the study of various chemical systems as well as chemical reactions. It 

is noteworthy that IRI has simpler definition, lower computational cost and better 

graphical effect than the density overlap regions indicator (DORI), which has similar 

purpose to IRI. In this article IRI is also compared with atom-in-molecules (AIM) 

topology analysis of electron density, we demonstrated that IRI has the ability to reveal 

additional interactions to provide chemists a more complete picture. In addition, we put 

forward a variant of IRI named IRI-, which is dedicated to reveal interactions of  
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electrons. It is found that IRI- can not only distinguish type of  interactions but can 

also exhibit -interaction strength. IRI and IRI- have been efficiently implemented in 

our freely available Multiwfn wavefunction analysis code, it is expected that they will 

become new useful members of computational chemists' toolbox in studying chemical 

problems. 

 

Keywords: electron density; reduced density gradient; hydrogen bond; van der Waals 

interaction; chemical bond; atom-in-molecules; Multiwfn 
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1. Introduction 

Interatomic interactions are ubiquitous in chemical systems. If all regions 

involving notable interatomic interactions can be simultaneously graphically exhibited 

as a picture, undoubtedly it will bring great convenience for chemists to capture 

characteristics of the current system at a glance, and it will be very helpful for studying 

chemical bonds, analyzing intermolecular and intramolecular interactions. 

Reduced density gradient (RDG) is a dimensionless form of gradient of electron 

density, it is expressed as 
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where  is electron density and r is coordinate vector. In the so-called noncovalent 

interaction (NCI) method proposed by Yang et al.,[1] isosurface map of RDG at low 

electron density area has been employed for visually revealing regions related to 

various kinds of noncovalent interactions as well as the regions showing notable steric 

effect. In fact, by properly choosing the isovalue, isosurface map of RDG can also 

clearly reveal covalent bond regions, though this point has been largely neglected. As 

will be shown later, it is difficult to simultaneously reveal both noncovalent and 

covalent interactions in a single RDG map, because the optimal isovalues for showing 

the two kinds of interactions are markedly different. We note that in order to exhibit 

both covalent and noncovalent interactions at the same time, some researchers 

employed RDG and electron localization function (ELF) in combination, as ELF has a 

strong capacity of revealing covalent interactions.[2-5] However, simultaneously 

considering two functions in an analysis is evidently very inconvenient. 

Density overlap regions indicator (DORI) aims at revealing covalent and 

noncovalent interactions in an equal footing,[6] it is expressed as 

( )
DORI( )

1 ( )







r
r

r
                        (2) 

where 



4 
 

22

6

( )
( )

( )
( )

( )








     
   
 
 
 

r
r

r
r

r

                         (3) 

The value range of DORI is [0,1]. In our view, there are two shortcomings of DORI: (1) 

The definition of DORI is somewhat too complicated, and its calculation requires 

second order derivative of electron density, which is more difficult to implement and 

evaluate than RDG (2) Graphical effect of DORI isosurface is often unsatisfactory, and 

DORI is numerically noise in some regions. 

In this work we propose a new real space function named interaction region 

indicator (IRI) by slightly modifying RDG. The purpose of IRI is similar to DORI, 

however IRI has a much simpler definition and more satisfactory graphical effect. In 

addition, the computational cost of IRI is lower than that of DORI, since IRI only 

involves electron density and its gradient. IRI has been supported by our freely 

available wavefunction analysis code Multiwfn,[7] the use is quite easy and the 

calculation is fast. Multiwfn can be freely obtained at http://sobereva.com/multiwfn. 

In the rest of this article, we will first introduce the definition of IRI and then 

compare IRI analysis with other methods. Next, the value of IRI will be demonstrated 

through a series of examples. After that, we will discuss a variant of IRI named IRI-, 

which is useful in characterizing -interactions. Finally we conclude the whole article. 

For all examples presented in this article, calculations of grid data were realized by 

Multiwfn version 3.8(dev), then isosurface maps were rendered by VMD 1.9.3 

software.[8] Geometry optimization and generation of electronic wavefunction were 

finished by Gaussian 16 A.03.[9] Unless otherwise specified, B3LYP-D3(BJ) exchange-

correlation functional[10, 11] in combination with SDD pseudopotential basis set[12] for 

transition metals and 6-311G** basis set[13] for other elements were employed for all 

calculations. Atomic unit is adopted for all quantities mentioned in the later sections. 
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2. Theory 

2.1 Definition of IRI 

IRI is simply defined as follows 

| ( ) |
IRI( )

[ ( )]a
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where a is an adjustable parameter, a = 1.1 is adopted for standard definition of IRI. IRI 

is essentially the gradient norm of electron density weighted by scaled electron density. 

Note that if a = 4/3, IRI only differs from RDG by a constant prefactor. Obviously, IRI 

can be immediately implemented in any code that already supported RDG. As will be 

shown, by properly choosing isovalue, isosurfaces of IRI are able to exhibit various 

kinds of interaction regions. 

Analogous to NCI analysis,[1] sign(2) function can be mapped on IRI isosurfaces 

by different colors to vividly show nature of the interaction regions revealed by IRI. 

The sign(2) denotes the sign of the second largest eigenvalue of Hessian of , which 

has certain ability to distinguish attractive and repulsive interactions, see Refs. [1] and 

[7] for details. The region showing relatively high  and thus large magnitude of 

sign(2) implies a relatively strong interaction, while the area with low  and thus 

small sign(2) does not participate in a noticeable interaction, or the interaction can 

be at most attributed to interatomic vdW interaction, which is known to be fairly weak. 

Our recommended coloring method of sign(2) on IRI isosurfaces is shown in Fig. 1, 

the corresponding chemical explanations are also given. From the mapped colors of 

sign(2) one can easily identify nature of interactions revealed by IRI isosurfaces, this 

coloring method will be employed for all figures given later. 
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Fig. 1 Standard coloring method and chemical explanation of sign(2) on IRI isosurfaces. 

 

2.2 Comparison between IRI and RDG analyses 

In order to show what is the advantage of IRI compared to RDG in reveal 

interactions and demonstrate the importance of our modification on RDG, let us take 

phenol dimer as an example, which contains covalent bonds, an H-bond and vdW 

interactions. Fig. 2 shows RDG isosurface maps at different isovalues. It is easy to 

recognize that RDG is incapable of simultaneously revealing both covalent and 

noncovalent interactions in a single map. Isosurfaces of RDG = 0.5 display vdW, H-

bond and steric interactions clearly, however various chemical bonds cannot be 

distinguished. In the case of RDG = 0.25, covalent bond regions are nicely revealed by 

the isosurfaces, unfortunately, the noncovalent interaction regions can hardly be 

visualized. In contrast, the isosurfaces of IRI = 1.1 in Fig. 2 equally well reveal both 

covalent and noncovalent interaction regions, showing the unique value of IRI. The 

parameter a in IRI plays a key role in balancing the representation of covalent and 

noncovalent interactions, the a = 1.1 was empirically determined by us through 

searching for the best exhibition of all kinds of interactions in multiple chemical 

systems. Note that there is no strict criterion for the selection of IRI isovalue, according 

to our experiences IRI = 1.0 works well for almost all systems and thus it is chosen as 

the default value in the IRI plotting script provided by Multiwfn program. However, 

one can also try to slightly alter the isovalue to gain a better graphical effect for the 

system under study. 
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Fig. 2 Isosurface map of RDG = 0.5, RDG = 0.25 and IRI = 1.1. sign(2) is mapped on the 

isosurfaces according to coloring method of Fig. 1. Some featured regions in IRI map are 

labelled. 

 

2.3 Comparison between IRI and DORI analyses 

In this section we compare graphical effect of IRI and DORI via two examples to 

demonstrate the unique advantage of IRI compared to DORI. 

Experimental synthesis and theoretical characterization of diamantane–

diamantane (7-7) have been reported in Ref. [14]. 7-7 can be thought of as two 

diamantane molecules covalently bonded. Because of the large size of diamantane, the 

C-C bond linking the two diamantanes is evidently longer than a typical C-C single 

bond due to steric effect between the two diamantane moieties. IRI = 1.0 and DORI = 

0.96 isosurface maps of 7-7 are given in Fig. 3. Note that the shape of DORI isosurfaces 

is quite sensitive to the choice of isovalue, so the DORI map corresponding to isovalues 
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of 0.92, 0.94 and 0.98 are also provided in Fig. S1. From Fig. 3 it can be seen that IRI 

nicely revealed all kinds of interactions in 7-7, including all covalent bonds, steric effect 

within each diamantane unit, as well as the steric repulsion and vdW interaction 

between the two diamantane units. Although the DORI map conveys similar 

information, its graphical effect is much poorer. It can be seen that there are many noisy 

or fragmentary isosurfaces between hydrogen atoms in each diamantane, and the broad 

isosurface exhibiting interaction between the two diamantanes has a ugly and rough 

edge. These visual issues are not caused by choice of grid quality because the current 

grid spacing is already very small (0.12 Bohr), but due to the inherent shortcoming of 

the definition of DORI. In addition, from Fig. 3 it is clear that representation of 

chemical bond regions by DORI is not as satisfactory as IRI, namely the DORI 

isosurfaces corresponding to different bonds are merged together rather than separated. 

According to Fig. S1, some of the above problems can be relieved by adjusting DORI 

isovalue appropriately, but not all of them can be perfectly solved. For example, 

increasing the isovalue to 0.98 can largely suppress the occurrence of the noisy DORI 

isosurfaces between the hydrogens, however each C-C bond in this case will be weirdly 

represented by three small isosurfaces, which severely conflicts with common chemical 

intuition. 

 

 

Fig. 3 Isosurface maps of IRI = 1.0 and DORI = 0.96. sign(2) is mapped on the isosurfaces 

according to coloring method of Fig. 1. Grid spacing for both IRI and DORI is 0.12 Bohr. 
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Another system for comparing IRI and DORI is guanine-cytosine dimer, this is a 

planar system and there are three H-bonds between the two molecules. Isosurface maps 

and color-filled plane maps of IRI and DORI are shown in Fig. 4. From Fig. 4(a) it is 

seen that IRI can well reveal the region corresponding to each chemical bond, and the 

three H-bonds can also be clearly visualized. In contrast, different chemical bonds 

cannot be sufficiently distinguished by the DORI isosurfaces in Fig. 4(b). In order to 

more fully exhibit different characters of IRI and DORI, their color-filled maps are 

plotted in the dimer plane, see Figs. 4(c) and 4(d), respectively. It is found that IRI 

varies smoothly, this is why its isosurfaces always look smooth. The variation behavior 

of DORI is quite complicated and it oscillates dramatically in some regions, this 

phenomenon directly corresponds to the frequent observation of noisy and discrete 

DORI isosurfaces in many situations. 

 

 

Fig. 4 Guanine-cytosine dimer. (a) IRI = 1.0 isosurface map (b) DORI = 0.96 isosurface map 
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(c) IRI on the dimer plane (d) DORI the on dimer plane 

 

2.4 Relationship between IRI map and AIM topology analysis 

In the popular Bader's atoms-in-molecules (AIM) theory,[15, 16] topology analysis 

is often carried out for electron density to search for its critical points (CPs), which 

satisfy condition of || = 0 and will be referred to as AIM critical points (AIM CPs) 

later. The (3,-1) type of AIM CP is also known as bond critical point (BCP) and 

frequently employed to characterize chemical bonds and attractive weak 

interactions,[17-21] while (3,+1) and (3,+3) types of AIM CPs correspond to ring critical 

point (RCP) and cage critical point (CCP), which are related to steric effect in small 

rings and cages, respectively. IRI has a close relationship with the AIM topology 

analysis, since both of them are able to provide insights into interatomic interactions in 

a chemical system. From a visual perspective, IRI map is more intuitive and useful 

because AIM topology analysis only represents the interactions as discrete points. 

Commonly, a region encompassed by an IRI isosurface also contains one or more 

corresponding AIM CPs, however, it is important to recognize that IRI analysis should 

never be simply regarded as a visual enhancement or extension of the AIM 

representation, because IRI has capacity of revealing some important interactions that 

invisible from AIM CPs. To illustrate this point, Ni(NH3)2(OH)2 is taken as an example. 

From Fig. 5(b) it can be seen that the two kinds of coordinate bonds in 

Ni(NH3)2(OH)2, namely Ni-O and Ni-N, are equally well represented by the blue 

isosurfaces of IRI = 1.0. At the same time, IRI enables chemists to easily identify the 

prominent intramolecular H-bonds between the coordinated ammonias and hydroxyl 

ions. The scatter map between RDG and sign(2) is often discussed in RDG analysis,[1] 

a similar plot between IRI and sign(2) for the Ni(NH3)2(OH)2 is shown in Fig. 5(a), 

which is useful in understanding distribution character of IRI. The point at bottom of 

each spike in the scatter map corresponds to an IRI minimum. If the current isovalue is 

set to be larger than the IRI value at an IRI minimum, then an isosurface of IRI will 
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occur around it. The points intersecting with the red dashed line (IRI = 1.0) in the scatter 

map correspond to the grid points constituting the isosurfaces shown in Fig. (b). In 

order to facilitate the understanding, the correspondence between IRI isosurfaces and 

the included IRI minima have been indicated by arrows between Figs. 5(a) and 5(b). 

Fig. 5(c) shows gradient lines of , BCPs are shown as blue points and corresponding 

bond paths are drawn as brown lines. It can be seen that no AIM CP occurs in the 

intramolecular H-bond regions because of nonvanishing ||, this is also why the 

corresponding IRI spikes pointed by the green arrows in Fig. 5(a) did not fully reach 

the bottom of the scatter map. This observation reflects the severe limitation of AIM 

theory in exhibiting interatomic interactions compared with IRI. This issue of AIM 

analysis is known in some systems containing intramolecular H-bonds and can be 

overcome by using RDG analysis instead.[22] Obviously, the advantage of RDG is 

inherited by IRI due to their similar expressions. 

 

 

Fig. 5 Some maps of Ni(NH3)2(OH)2 (a) Scatter map between IRI and sign(2) (b) Isosurface 

map of IRI = 1.0 (c) Gradient line map with contour lines of  on molecular plane plotted by 

Multiwfn program. Blue points correspond to BCPs, brown lines represent bond paths. 
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Let us look at the conditions when an IRI CP occurs to deeply understand why IRI 

minima and corresponding isosurfaces can reveal more interactions than AIM CPs. The 

point satisfying |IRI|=0 will be referred to as IRI CP, which requires that ߲IRI/߲ݔ ൌ

0, ߲IRI/߲ݕ ൌ 0 and ߲IRI/߲ݖ ൌ 0 are simultaneously met. After some mathematical 

derivations (see Section S1), we arrive the following relationships, where a is the IRI 

parameter in Eq. 4. 
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The above three conditions are automatically satisfied at AIM CPs, where ߲/߲ݔ ൌ 0, 

߲/߲ݕ ൌ 0, ߲/߲ݖ ൌ 0 and thus ||=0, so every AIM CP exactly corresponds to a 

IRI minimum with IRI = 0, this is why IRI isosurfaces always appear around AIM CPs. 

However, IRI minima and accompanied isosurfaces are capable of revealing more 

interactions because some other points may also satisfy all above conditions. To more 

easily elucidate this point, it is noticed that the three Cartesian axes (x, y, z) can be 

rotated so that the three eigenvectors of Hessian matrix of  happen to be parallel to the 

three new Cartesian axes (x', y', z'), then the non-diagonal terms of the Hessian will be 

eliminated, in this case Eq. 5 simplifies to 
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Now it is easy to recognize that IRI CP occurs under more relaxed conditions than AIM 

CP. For example, IRI CP also occurs at a point where 
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apparently the requirement ߲/߲ݔ′ ൌ 0 of AIM CP no longer has to be satisfied in this 

case. Our numerical examination verified that the IRI minima enclosed by the IRI 

isosurfaces revealing intramolecular H-bonds in Fig. 5 (b) actually correspond to this 

kind of situation, see Section S2 for intuitive illustration and more discussion. 

We noted that occurrence conditions of RDG CPs has been discussed in Ref. [23], 

however we found the condition given in that work, namely the Eq. 4 in Ref. [23], is 

incorrect. Actual occurrence conditions of RDG CPs correspond to Eq. 5 or 6 with a = 

4/3. 

 

3. Some examples and applications of IRI 

Next, some application examples of IRI will be given to demonstrate its strong 

ability of exhibiting interactions in a wide variety of chemical systems. 

Fig. 5 presents four chemical systems, which not only contain chemical bonds but 

also involve intramolecular or intermolecular interactions. In the case of N(phenyl)3, it 

can be seen that IRI nicely exhibits the interaction between each pair of phenyl groups, 

the region close to the nitrogen atom shows partial steric effect since the mapped color 

is orange, while the green part of the IRI isosurfaces implies attractive dispersion effect. 

In the (NO2)2C-C(NH2)2 molecule, which is also known as FOX-7, an energetic 

compound, the H-bonds between the nitro groups and amino groups can be clearly 

visualized, while the steric region due to their close contact is also evident from the red 

isosurfaces. The Cl5AtSH2 halogen bond dimer was studied recently by us,[24] the At-

Cl bonding regions are nicely revealed by the corresponding blue IRI isosurfaces, 

indicating that IRI also works for very heavy elements. The IRI isosurface 

corresponding to the halogen bond between the Cl5At and SH2 molecules shows blue 

color, suggesting their high binding strength. This observation is in line with the large 

binding energy obtained by quantum chemistry calculation.[24] IRI can also well reveal 

ionic bonds. As shown in the case of C6H5OONa, the strong electrostatic attractive 

interaction between the oxygens of the C6H5OO anion and Na+ cation is exhibited by 
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the two blue parts of the IRI isosurface. 

 

 

Fig. 6 Isosurface map of IRI of four systems. sign(2) is mapped on the isosurfaces according 

to coloring method of Fig. 1. Isovalue of IRI is chosen to be 1.0 except for Cl5At...SH2, which 

employs IRI of 0.9 to gain better graphical effect. def2-TZVP basis set[25] was employed for At 

in the calculation. 

 

To further examine the universality of IRI, we also considered some transition 

metal complexes, their IRI isosurface maps are shown in Fig. 6. The coordinate bonds 

between the Ru and coordinated nitrogen atoms in Ru(bpy)3 are clearly exhibited by 

blue IRI isosurfaces. The vdW interaction within in each bpy ligand and that between 

different bpy ligands are also clearly revealed by the corresponding IRI isosurfaces. In 

[Re2Cl8]2-, IRI isosurfaces revealed the Re-Cl and Re-Re bonds, the vdW interaction 

due to the close contact between the ligand chlorine atoms can also be detected from 

the IRI map. Iron atom in ferrocene forms chemical bond to each of coordinated carbons 
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in the two cyclopentadienyl rings, this point is well represented by the blue regions of 

IRI isosurfaces in Fig. 6. The steric effect in the five-membered carbon rings and the 

Fe-C-C rings can be identified by the red areas of the isosurfaces. 

 

 

Fig. 7 Isosurface map of IRI of three transition metal complexes. sign(2) is mapped on the 

isosurfaces according to coloring method of Fig. 1. In order to obtain most ideal graphical effect, 

isovalues of IRI for Ru(bpy)3, [Re2Cl8]2- and ferrocene are set to be 0.95, 0.9 and 1.0, 

respectively. 

 

IRI is very useful in studying chemical reactions since smooth transition between 

weak interactions and chemical bonds can be ideally revealed by IRI analysis. As an 

example, the IRI maps at representative points of IRC (intrinsic reaction coordinate) 

path of Diels-Alder addition between cis-1,3-butadiene and ethene are shown in Fig. 9. 

The first point of this path corresponds to reaction complex, from the distribution and 

color of the IRI isosurfaces it can be seen that in this geometry there is evident vdW 

interaction between the two molecules and within the butadiene. As the reaction goes 

on from reactants to transition state (TS), the C-C bonds to be formed are gradually 
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strengthened, and the electron density in the bonding regions is also gradually 

accumulated. Therefore, it can be seen that the color of the IRI isosurfaces in the 

corresponding regions become more and more blue. Meanwhile, the steric effect in the 

ring consisting of the six carbons becomes more and more prominent, this is why the 

corresponding isosurface gradually changes from green to orange. After passing the TS, 

the IRI isosurfaces of the new C-C bonds gradually elongate along the bonding 

direction, implying the character of the bonds becomes more and more like that of an 

ordinary C-C bond. The animation file showing full dynamic variation of IRI along this 

IRC process has been given in supplemental material. 

 

 

Fig. 8 Variation of isosurface map of IRI = 0.95 during Diels-Alder addition between cis-1,3-

butadiene and ethene. sign(2) is mapped on the isosurfaces according to coloring method of 

Fig. 1. 

 

Another example illustrating the capacity of IRI in visually studying chemical 

reaction is the OH + CH3CH2Br  CH3CH2OH + Br SN2 substitution reaction, IRI 

isosurfaces at some representative points in the IRC path are given in Fig. 9. From the 

isosurfaces at the first point, it can be seen that OH forms weak H-bonds with the 

CH3CH2Br molecule. As the reaction proceeds, IRI isosurfaces indicate that the O...CH2 
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noncovalent interaction gradually transitions to a typical O-C covalent bond, while the 

old C-Br bond gradually breaks and the electron density in the bonding region 

correspondingly decreases. At the final stage, the leaving Br anion is stabilized by the 

CH3CH2OH via vdW attractive interaction, as revealed by the broad green isosurface 

of IRI. The animation file displaying the whole variation of IRI isosurfaces in this 

example can be found in supplemental material. 

 

 

Fig. 9 Variation of isosurface map of IRI = 0.95 during SN2 substitution reaction of OH + 

CH3CH2Br  CH3CH2OH + Br. sign(2) is mapped on the isosurfaces according to coloring 

method of Fig. 1. 

 

It is worth to note that the success of applying IRI analysis on IRC paths implies 

that it is very promising to employ IRI in characterizing variation of covalent and 

noncovalent interactions in ab initio molecular dynamics simulations, this possibility 

will be explored in the future. 
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4 IRI-: A function exhibiting  interactions 

Inspired by LOL-,[26] which has been very popular in revealing favorable 

delocalization path of  electron,[27, 28] here we also propose IRI- aiming for revealing 

 interaction regions. The only difference between IRI- and IRI is that the former only 

considers  orbitals when calculating the electron density and its gradient involved in 

IRI. Since recently we have proposed an efficient, robust and blackbox algorithm for 

automatically identifying  orbitals,[29] and it has been implemented into Multiwfn 

program, evaluation of IRI- for practical -conjugated systems can be easily achieved. 

We will take a few examples to examine the character of IRI-. Since steric effect 

is not related to the present discussion,  instead of sign(2) will be mapped on the 

IRI- isosurfaces. Figs. 9(a) and 9(b) show isosurface maps of IRI- = 1.0 for ethene 

and acetylene, respectively. It can be seen that for a typical double bond, isosurfaces of 

IRI- symmetrically occur above and below the bond, while for a typical triple bond, 

which include two sets of  interactions, the isosurface shows torus shape. Due to the 

very different shapes of the IRI- isosurfaces for different types of bonds, it is possible 

to employ IRI- to distinguish natures of conjugated bonds. We take the bonds in the 

cyclo[18]carbon as an example to illustrate this point. This molecule was recently 

observed in condensed phase and attracted wide attentions due to its unusual electronic 

and geometric structures, and we have made comprehensive investigations on this 

unusual system and its analogues, and it was found that short and long C-C bonds occur 

alternatively in the cyclo[18]carbon and they show markedly different characters and 

strengths.[27, 30-33]. Fig. 9(c) displays IRI- isosurface map of the cyclo[18]carbon, it can 

be seen that both kinds of bonds have torus-shaped isosurfaces, so they both show 

double -interaction characteristics. However, their difference is also distinct. The IRI-

 isosurfaces around the short C-C bonds look visibly more blue than those around the 

long C-C bonds, indicating that  electrons distribute more densely on the short C-C 

bonds and thus the short C-C bonds must correspond to relatively stronger  interaction. 

The conclusion drawn from visualizing IRI- is in line with ELF and valence electron 

density analyses.[27] 
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Fig. 10 Isosurface map of IRI- = 1.0 of (a) ethene (b) acetylene (c) cyclo[18]carbon. Electron 

density is mapped on the isosurfaces according to the color bar. The wavefunction of 

cyclo[18]carbon was taken from Ref. [27] 
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Fig. 11 IRI- of thiophene. (a) Isosurface map of IRI- = 1.0 (a) Isosurface map of IRI- = 1.7 

Coloring method is identical Fig. 9 (c) Minima of IRI-. Electron density of  electron and IRI-

 values are labelled on some of them 

 

Another example illustrating the value of IRI- analysis is thiophene, see Fig. 11. 

In this analysis, only the Pipek-Mezey localized molecular orbitals[34] of -type were 

considered in the calculation of IRI-. It is well-known that the four carbons in this 

molecule show -conjugation character, not only the distribution of the IRI isosurfaces 

in Fig. 11(a) reflects this point, but also the mapped colors indicate that the -interaction 

of the C-C bonds is stronger than that of the C-C bond. If rising the IRI- isovalue 

to 1.7, as shown in Fig. 11(b), the distribution range of the isosurfaces will become 

significantly wider. In this case, it is interestingly found that the IRI- isosurfaces above 

and below each C-C bond have connected to the two bonding atoms, while the 

isosurface corresponding to the C-C bond is still fully isolated from the atoms. Our 

investigations on a large number of systems via IRI- showed that this is a common 

phenomenon rather than a special case. Apparently, this special character of IRI- 

enables one to differentiate -interaction strengths even by solely inspecting the shape 
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of IRI- isosurfaces at an appropriate isovalue. The grid-based basin analysis module 

in Multiwfn code is very universal, it is capable of locating maxima or minima of any 

real space function, hence allowing the analysis of the IRI- at quantitative level. Fig. 

11(c) exhibits position of all minima of IRI-, the  electron density (-) and IRI- 

value of some representative minima are also labelled. It can be seen that - at the 

IRI- minima corresponding to the C-C bonds is distinctly higher than the counterpart 

of the C-C bond, further exhibiting the difference in their -interaction strengths. The 

examples in this section imply the great value of applying IRI- in the study of  

interactions. 

 

5. Summary 

In this work, a new real space function named IRI is proposed aiming for visually 

reveal both chemical bonds and weak interactions in chemical systems. Compared to 

the popular RDG, the advantage of IRI is that it is able to exhibit all kinds of interactions 

in an equal footing. IRI is preferred over DORI, which is another function having 

similar purpose, not only because IRI has a much simpler expression and thus easier to 

calculate, but also IRI isosurface has a conspicuously better graphical effect. A batch of 

examples of IRI have demonstrated that IRI has a strong universality and practicability 

in exhibiting interatomic interactions in a wide range of chemical systems, and it can 

provide a smooth representation of variation of bonding during a chemical reaction. It 

is noteworthy that IRI is simply dependent of electron density and its gradient, therefore 

it can be evaluated not only based on the electron density generated by quantum 

chemistry calculation, but also based on high-resolution electron density data from X-

ray diffraction experiment. In addition, we propose IRI-, which is dedicated to 

characterize  interaction based on  electron density. A few examples showed that 

sign(2) mapped IRI- isosurfaces are capable of distinguishing types of  interactions 

and differentiate -interaction strengths. 

IRI and IRI- have been efficiently implemented in our freely available code 
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Multiwfn, which is a highly-integrated wavefunction analysis software and compatible 

with electronic wavefunctions produced by wide variety of quantum chemistry 

programs. A tutorial of performing various kinds of IRI analyses in Multiwfn can be 

found in supplemental material. We hope IRI and IRI- will become new popular tools 

for computational chemists to study chemical problems. 
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