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Dynamic and static behavior of the interactions in the EH2 adducts of benzene π-system (E = O, S, 
Se and Te) is elucidated by applying QTAIM-DFA (QTAIM dual functional analysis). Two types 
of the H-∗-π and E-∗-π interactions are detected in the adducts, where the asterisk (∗) emphasizes 10 

the existence of the bond critical point (BCP) on the interaction in question. Total electron energy 
densities Hb(rc) are plotted versus Hb(rc) – Vb(rc)/2 [= (ћ2/8m)∇2ρb(rc)] at BCPs in QTAIM-DFA, 
where Vb(rc) are the potential energy densities at BCPs. Data from the fully optimized structures 
are analyzed by the polar (R, θ) coordinate representation. Each plot for an interaction, containing 
data from the perturbed structures with those of the fully optimized one, shows a specific curve, 15 

which provides important information. The plot is expressed by (θp, κp): θp corresponds to the 
tangent line for the plot and κp is the curvature. θ and θp are measured from the y-axis and y-
direction, respectively. While (R, θ) correspond to the static nature, (θp, κp) represent the dynamic 
nature of interactions. While θ classifies the interaction in question, θp characterizes it. Both 
values are less than 90º for all H-∗-π and E-∗-π interactions examined in this work, therefore, they 20 

are all classified by the pure closed-shell interactions and predicted to have the character of the 
vdW nature. However, it is suggested that E-∗-π has the nature of the stronger interaction than the 
case of H-∗-π for the dynamic behavior, in the same species evaluated at the MP2 and M06-2X 
levels. The nature of the interactions is well analyzed and specified by applying QTAIM-DFA. 

Introduction 25 

Hydrogen bonds (HBs) play a very important role in all fields 
of chemical and biological sciences and they are 
fundamentally important by their ability of the molecular 
association due to the stabilization of the system in energy.1−32 
We reported the dynamic and static behavior of HBs of the X–30 

H-∗-π type in benzene π-system, X–H-∗-π(C6H6), where X = 
F, Cl, Br, I, HO, MeO, H2N, MeHN and Me2N,33 after 
clarification of the behavior in the conventional HBs of the 
shared proton interaction type.34 The asterisk (∗) in X–H-∗-
π(C6H6) emphasizes the existence of the bond critical point 35 

(BCP) on the interaction in question. BCP of (ω, σ) = (3, –1)35 
is a point along the bond path (BP) at the interatomic surface, 
where charge density ρ(r) reaches a minimum.36 
 Benzene–water complex has been widely investigated 
experimentally and theoretically. Suzuki first clarified the 40 

structure of the complex through the rotationally resolved 
spectra supported by the theoretical investigation.37a The π-
hydrogen bond formation was also observed between liquid 
water and benzene.38 The water–benzene binding energy 
curve was investigated employing various methods.39 The 45 

basis set dependence of solute–solvent interaction energies 
was computed, which suggested the importance of the 
corrections of basis set superposition error (BSSE).40 The 
structural feature of the complex was also clarified in detail 
mainly at the DFT levels.41 50 

 Two structures were optimized for the OH2 adducts with 
C6H6 as minima at the MP2 level, in our previous 
investigation.33 The optimized structures retained the Cs and 
C2 symmetries. They were called type IaBzn and type IIBzn, 
respectively, and denoted by HO–H---π(C6H6) (Cs: type IaBzn) 55 

and OH2---π(C6H6) (C2: type IIBzn), respectively (see Chart 1). 
However, one imaginary frequency is predicted for OH2---
π(C6H6) (C2: type IIBzn) under our calculation conditions at the 
MP2 level, although HO–H---π(C6H6) (Cs: type IaBzn) is 
predicted to have all positive frequencies. It should be 60 

assigned to a transition state (TS) for OH2---π(C6H6) (C2: type 
IIBzn) with one imaginary frequency. The results supported the 
previous observations by Suzuki37a and Ben-Amotz.38 
 What happens in OH2---π(C6H6) (C2: type IIBzn)? We 
considered that the very gradual energy surface around the 65 

 
Chart 1  Optimized structures for the EH2 adducts of benzene π-system 

(E = O, S, Se and Te). 
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motion would be responsible for the imaginary frequency 
under our calculation conditions at the MP2 level. Are the 
structures of the EH2 adducts of benzene π-system (E = S, Se 
and Te) substantially the same as those for E = O? Is the 
behavior of the interactions in the adducts with E = S, Se and 5 

Te similar to that with E = O? To answer these questions, the 
behavior of the interactions in OH2-∗-π(C6H6) (C2: type IIBzn) 
was further investigated. The structural feature was also 
clarified for the EH2 adducts with benzene (E = S, Se and Te), 
together with the behavior of the interactions in the EH2 10 

adducts of benzene (E = S, Se and Te), as the extension of the 
interactions in OH2-∗-π(C6H6). Chart 1 illustrates the 
structures optimized for the EH2 adducts of benzene π-system 
(E = O, S, Se and Te). 
 QTAIM (the quantum theory of atoms-in-molecules) 15 

approach, introduced by Bader,35,42 enables us to analyze the 
nature of chemical bonds and interactions.35,42–44 Recently, we 
proposed QTAIM-DFA (QTAIM dual functional analysis),45–

47 for experimental chemists to analyze their own results, 
which concerns chemical bonds and interactions by their own 20 

image. QTAIM-DFA will provide an excellent possibility to 
evaluate, understand and classify weak to strong interactions 
in a unified form.45–48 QTAIM-DFA is applied to typical 
chemical bonds and interactions and rough criteria are 
established, which can distinguish the chemical bonds and 25 

interactions in question from others. QTAIM-DFA and the 
criteria are explained in the Supporting Information, 
employing Schemes S1 and S2, Figure S1 and eqns (S1)–(S7). 
The basic concept of the QTAIM approach is also surveyed.  
 QTAIM-DFA is now applied to elucidate the dynamic and 30 

static behavior of the interactions in the EH2 adducts with 
benzene π-system (E = O, S, Se and Te). Here, we present the 
results of the investigations on the nature of the interactions in 
question. The interactions are classified and characterized by 
employing the criteria, as a reference. 35 

Methodological details in calculations 

Structures were optimized using the Gaussian 09 programs.49 
The 6-311+G(3df) basis set50 was employed for O, S and Se 
and the basis set of the (7433211/743111/7411/2 + 1s1p1d1f) 
type51 was for Te with the 6-311++G(d,p) basis set for C and 40 

H. The basis set system (BSS) is called BSS-F, after the 
examination of BSSs in the previous paper.33 The Møller-
Plesset second order energy correlation (MP2) level was 
applied to the calculations.52 The DFT levels of M06-2X53 and 
M0653 were also applied for the investigations. Optimized 45 

structures were confirmed by the frequency analysis, 
containing those of the components, EH2 and C6H6. Energies 
of the adducts on the energy surface (EES) and the lowest two 
frequencies (ν1 and ν2) are given in Table S1 of the 
Supporting Information, evaluated at the MP2, M06-2X and 50 

M06 levels. The structures were also optimized by applying 
the counterpoise correction method for the adducts at the MP2, 
M06-2X and M06 levels. The structural parameters by the 
counterpoise method are shown in Table S2 of the Supporting 
Information (see, Chart S1 and Scheme S3 for the structural 55 

parameters). The counterpoise corrected energies (ECP) and 
the energies for the basis set superposition errors (EBSSE) are 

given in Table S3 of the Supporting Information. Table S3 
also contains the energies for the formation of the complexes, 
uncorrected and corrected by EBSSE  (denoted by ΔEraw 60 

and ΔEBSSE, respectively). 
 QTAIM functions were calculated using the Gaussian 09 
program package49 with the same method of the optimizations 
and the data were analyzed with the AIM2000 program.54 
Normal coordinates of internal vibrations (NIV) obtained by 65 

the frequency analysis were employed to generate the 
perturbed structures.47,48 The method is explained in eqn (1). 
A k-th perturbed structure in question (Skw) was generated by 
the addition of the normal coordinates of the k-th internal 
vibration (Nk) to the standard orientation of a fully optimized 70 

structure (So) in the matrix representation.47 The coefficient 
fkw in eqn (1) controls the difference in the structures between 
Skw and So: fkw are determined to satisfy eqn (2) for an 
interaction in question, where r and ro stand for the distances 
in question in the perturbed and fully optimized structures, 75 

respectively, with ao of Bohr radius (0.52918 Å). Namely, the 
perturbed structures with NIV correspond to those with r 
being elongated or shortened by 0.05ao or 0.1ao, relative to ro, 
as shown in eqn (2). Nk of five digits are used to predict Skw. 
We call this method to generate the perturbed structures NIV. 80 

NIV corresponds to the amplification of the selected motion in 
the zero-point internal vibrations to the extent where r 
satisfies eqn (2). The selected vibration must contain the 
motion of the interaction in question most effectively among 
all zero-point internal vibrations. 85 

 
Skw = So + fkw•Nk (1) 
r = ro + wao (2) 
     (w = (0), ±0.05 and ±0.1; ao = 0.52918 Å) 
y = ao + a1x + a2x2 + a3x3 (3) 90 

     (Rc
2: square of correlation coefficient) 

 
 In the QTAIM-DFA treatment, Hb(rc) are plotted versus 
Hb(rc) – Vb(rc)/2 for the data of five points for w = 0, ±0.05 
and ±0.1 in eqn (2). Each plot is analyzed using a regression 95 

curve of the cubic function as shown in eqn (3), where (x, y) = 
(Hb(rc) – Vb(rc)/2, Hb(rc)) (Rc

2 > 0.99999 in usual).45–48,55 

Results and Discussion 
Structural Optimizations for the EH2 Adducts of Benzene π-
System (E = O, S, Se and Te) 100 

Structures were optimized for the EH2 adducts with benzene 
π-system (E = O, S, Se and Te), employing BSS-F at the MP2 
level, together with the DFT levels of M06-2X and M06. 
Table 1 collects the structural parameters, r1, r2, r3, θ1, θ2, θ2, 
φ1, φ2 and φ3, which are defined in Scheme 1. The optimized 105 

structures are not shown in figures but some of them can be 
found in Fig. 2, where the molecular graphs are drawn on the 
optimized structures. Table 1 contains the ΔEES and ΔEZP 
values for the species, evaluated at the MP2, M06-2X and 
M06 levels. The values are defined by ΔEES = EES((EH2)-∗-110 

π(C6H6)) – (EES(EH2) + EES(C6H6)) on the energy surface and 
ΔEZP = EZP((EH2)-∗-π(C6H6)) – (EZP(EH2) + EZP(C6H6)), 
considering the zero-point energy corrections. Table 1 also  
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Table 1  Structural parameters for the EH2 adducts with benzene π-system and the energies for the formation of the adducts on the energy surface and 
those containing the zero-point energy corrections, optimized at the MP2, M06-2X and M06 levels with BSS-F, together with the structural parameters 
optimized by applying the counterpoise correction method at the MP2 level with BSS-F and the energies for the formation of the adductsa 

Species (X---Y) r1 r2 r3 θ1 θ2 θ3 φ1 φ2 φ3 ΔEES
b ΔEZP

c 
(symmetry: type) (Å) (Å) (Å) (°) (°) (°) (°) (°) (°) (kJ mol–1) (kJ mol–

1) 
MP2 level            
HO–H---π(C6H6) (Cs: type IaBzn) 2.3824 0.9635 0.9607 81.7 166.5 104.2 -85.1 -149.6 0.0 -17.9 -16.9 
HS–H---π(C6H6) (Cs: type IbBzn) 2.4409 1.3385 1.3373 85.9 148.3 92.9 -87.7 -149.9 180.0 -18.2 -18.3 
HSe–H---π(C6H6) (Cs: type IbBzn) 2.5340 1.4583 1.4588 83.6 128.4 92.1 -86.3 -149.8 180.0 -19.8 -19.7 
HTe–H---π(C6H6) (Cs: type IbBzn) 2.6848 1.6557 1.6595 82.8 111.1 91.3 -85.8 -149.7 180.0 -27.3 -26.3 
OH2---π(C6H6) (C2: type IIBzn)d 3.3195 0.9623 0.9623 90.0 51.5 103.0 90.0 -30.0 0.0 -16.2 -17.7 
SH2---π(C6H6) (C2: type IIBzn)d 3.7269 1.3382 1.3382 90.0 45.7 91.4 90.0 -30.0 0.0 -16.7 -18.8 
SeH2---π(C6H6) (C2: type IIBzn)d 3.8200 1.4584 1.4584 90.0 45.2 90.4 90.0 -30.0 0.0 -17.3 -19.4 
TeH2---π(C6H6) (C2: type IIBzn)d 3.9656 1.6556 1.6556 90.0 45.2 90.4 90.0 -30.0 0.0 -20.8 -22.6 
SH2---π(C6H6) (C2: type II’Bzn)e,f 3.7290 1.3382 1.3382 90.0 45.7 91.4 90.0 0.0 0.0 -16.7 -19.0 
TeH2---π(C6H6) (C2: type II’Bzn)e,f 3.9702 1.6556 1.6556 90.0 45.2 90.3 90.0 0.0 0.0 -20.7 -22.8 
M06-2X level            
HO–H---π(C6H6) (Cs: type IaBzn) 2.5586 0.9619 0.9601 78.8 126.0 103.6 -83.4 -149.3 0.0 -17.8 -11.8 
 2.9223g 0.9601g 0.9619g 74.4g 99.3g 103.6g -80.7g -148.7g 0.0g   
HS–H---π(C6H6) (Cs: type IaBzn) 2.5446 1.3399 1.3368 84.2 145.2 92.0 -86.7 -149.8 0.0 -14.9 -8.5 
HSe–H---π(C6H6) (C1: type IaBzn) 2.5350 1.4676 1.4657 84.9 147.6 91.0 -87.0 -149.8 0.0 -14.5 -8.7 
HTe–H---π(C6H6) (Cs: type IaBzn) 2.6304 1.6680 1.6667 84.4 137.8 91.7 -86.8 -149.8 0.0 -14.2 -5.6 
HS–H---π(C6H6) (Cs: type IbBzn)d 2.5508 1.3389 1.3385 86.4 127.4 92.9 -87.9 -149.9 180.0 -14.7 -11.1 
HSe–H---π(C6H6) (Cs: type IbBzn) 2.5551 1.4681 1.4674 85.5 127.8 91.8 -87.4 -149.9 180.0 -15.5 -9.7 
HTe–H---π(C6H6) (Cs: type IbBzn) 2.6926 1.6669 1.6687 84.3 116.1 91.9 -86.7 -149.8 180.0 -18.2 -11.4 
OH2---π(C6H6) (C2: type IIBzn) 3.2156 0.9611 0.9611 90.0 51.8 103.5 90.0 -27.3 0.0 -17.8 -12.9 
SH2---π(C6H6) (C2: type II’Bzn)f 3.7047 1.3382 1.3382 90.1 45.8 91.5 -89.9 7.2 0.0 -14.4 -9.5 
SeH2---π(C6H6) (C2: type IIBzn) 3.8168 1.4680 1.4680 90.1 45.2 90.5 90.0 -30.0 0.0 -13.7 -8.6 
TeH2---π(C6H6) (C2: type IIBzn) 4.0274 1.6670 1.6670 90.1 45.6 91.2 90.0 -19.7 0.0 -12.6 -4.4 
M06 level            
HO–H---π(C6H6) (Cs: type IaBzn) 2.7332 0.9613 0.9597 74.9 123.4 103.8 -81.0 -148.8 0.0 -13.7 -8.3 
HS–H---π(C6H6) (Cs: type IaBzn) 2.6596 1.3467 1.3431 77.3 145.2 91.8 -82.5 -149.2 0.0 -12.5 -7.3 
HSe–H---π(C6H6) (Cs: type IaBzn) 2.6457 1.4733 1.4706 79.8 142.9 91.3 -84.0 -149.4 0.0 -12.4 -8.3 
HTe–H---π(C6H6) (Cs: type IaBzn) 2.7705 1.6743 1.6721 79.0 131.9 91.0 -83.6 -149.4 0.0 -11.5 -8.7 
HS–H---π(C6H6) (Cs: type IbBzn) 2.6956 1.3455 1.3435 85.0 124.4 92.5 -87.1 -149.8 180.0 -11.3 -6.2 
HSe–H---π(C6H6) (Cs: type IbBzn) 2.7034 1.4716 1.4714 84.8 121.6 92.0 -87.0 -149.8 180.0 -13.1 -8.4 
HTe–H---π(C6H6) (Cs: type IbBzn) 2.8875 1.6729 1.6755 84.8 110.6 91.2 -87.0 -149.8 180.0 -15.0 -10.6 
OH2---π(C6H6) (C2: type IIBzn) 3.3607 0.9603 0.9603 90.0 51.9 103.8 90.0 -28.2 0.0 -13.7 -8.4 
SH2---π(C6H6) (C1: type IIBzn) 3.7668 1.3454 1.3454 90.0 45.7 91.4 -90.0 18.5 0.0 -12.4 -8.4 
SeH2---π(C6H6) (C2: type II’Bzn)f 3.8660 1.4720 1.4720 90.0 45.4 90.7 90.0 -0.1 0.0 -12.5 -8.8 
TeH2---π(C6H6) (C2: type IIBzn) 4.1343 1.6726 1.6726 90.0 45.4 90.8 90.0 -11.9 0.0 -11.6 -7.1 
MP2 level (Counterpoise)            
HO-H---π(C6H6) (Cs: type IaBzn) 2.6282 0.9633 0.9606 77.5 155.2 104.2 -82.6 -149.2 0.0 -17.7h -11.3i 
HS-H---π(C6H6) (Cs: type IbBzn) 2.6311 1.3387 1.3373 85.0 137.4 92.9 -87.1 -149.9 180.0 -18.5h -11.5i 
HSe-H---π(C6H6) (Cs: type IbBzn) 2.6981 1.4586 1.4584 83.9 125.7 92.0 -86.4 -149.8 180.0 -20.0h -12.5i 
HTe-H---π(C6H6) (Cs: type IbBzn) 2.8190 1.6563 1.6583 83.2 114.3 91.3 -86.0 -149.7 180.0 -26.9h -14.8i 
OH2---π(C6H6) (C2: type IIBzn) 3.4452 0.9619 0.9619 90.0 51.7 103.3 90.0 -30.0 0.0 -16.8h -11.1i 
SH2---π(C6H6) (C2: type IIBzn) 3.8381 1.3381 1.3381 90.0 45.8 91.6 90.0 -30.0 0.0 -17.2h -11.1i 
SeH2---π(C6H6) (C2: type IIBzn) 3.9427 1.4584 1.4584 90.0 45.3 90.6 90.0 -30.0 0.0 -17.7h -11.2i 
TeH2---π(C6H6) (C2: type IIBzn) 4.1281 1.6563 1.6563 90.0 45.2 90.4 90.0 -30.0 0.0 -20.9h -11.3i 
SH2---π(C6H6) (C2: type II’Bzn) 3.8378 1.3381 1.3381 90.0 45.8 91.6 90.0 0.0 0.0 -17.2h -11.1i 
TeH2---π(C6H6) (C2: type II’Bzn) 4.1290 1.6563 1.6563 90.0 45.2 90.4 90.0 0.0 0.0 -20.9h -11.3i 
a See text for BSS-F. b ΔEES = EES((EH2)-∗-π(C6H6)) – (EES(EH2) + EES(C6H6)) on the energy surface. c ΔEZP = EZP((EH2)-∗-π(C6H6)) – (EZP(EH2) + 
EZP(C6H6)) with the zero-point energy corrections. d One imaginary frequency predicted for each. e Two imaginary frequencies predicted for each. f 

Each E–H points to C of C6H6 in type II’Bzn. g Data from the weaker interaction. h ΔEraw: Energies for the formation of the complexes uncorrected by the 
basis set superposition errors (EBSSE). i ΔEBSSE: Energies for the formation of the complexes corrected by EBSSE. 

contains the structural parameters optimized by applying the 
counterpoise correction method at the MP2 level and the 5 

energy for the formation of adducts, ΔEraw (uncollected by 
EBSSE) and ΔEBSSE (collected by EBSSE), for convenience of 
comparison. 

Two types of structures were optimized for each adduct at 
the MP2 level. While HE–H---π(C6H6) (Cs: type IaBzn) and 10 

EH2---π(C6H6) (C2: type IIBzn) were optimized for E = O, HE–
H---π(C6H6) (Cs: type IbBzn) and EH2---π(C6H6) (C2: type 
IIBzn) were for E = S, Se and Te. In the optimizations at the  
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Scheme 1  Structural Parameters for (EH2)---π(C6H6). The Ci atom in 

C6H6 is selected so as to the r(Ci---H) distance being shortest. 

 

MP2 level, HE–H---π(C6H6) (Cs: type IbBzn) converged to 5 

HE–H---π(C6H6) (Cs: type IaBzn) for E = O, whereas HE–H---
π(C6H6) (Cs: type IaBzn) did to HE–H---π(C6H6) (Cs: type 
IbBzn) for E = S, Se and Te (see eqn (4)). On the other hand, 
three types of structures were optimized for each of E = S, Se 
and Te in the EH2 adduct with benzene π-system at the M06-10 

2X and M06 levels, although only two types for E = O. The 
three types are HE–H---π(C6H6) (Cs/C1: type IaBzn), HE–H---
π(C6H6) (Cs/C1: type IbBzn) and EH2---π(C6H6) (C2/C1: type 
IIBzn), where Cs/C1 means Cs or C1, for example. HO–H---
π(C6H6) (Cs/C1: type IbBzn) was never optimized, although 15 

both HO–H---π(C6H6) (Cs/C1: type IaBzn) and EH2---π(C6H6) 
(C2/C1: type IIBzn) were at the M06 and M06-2X levels. Three 
types of structures (type IaBzn, type IbBzn and type IIBzn) are 
illustrated in Chart 1. 
 Whereas HE–H---π(C6H6) (Cs: type IaBzn/IbBzn) (E = O, S, 20 

Se and Te) have all positive frequencies, one imaginary 
frequency was predicted for each of EH2---π(C6H6) (C2: type 
IIBzn) at the MP2 level. The motion of the negative frequency 
does not connect the topologically duplicated HO–H---
π(C6H6) (type IaBzn), instead, it corresponds to the partial 25 

rotation of H2O around the C2 axis of the species, if evaluated 
with lower BSSs. The motion becomes to connect the 
topologically duplicated structures, if evaluated with higher 
BSSs. One imaginary frequency was similarly predicted for 
OH2---π(C6H6) (C1: type IIBzn), even if the C1 symmetry was 30 

assumed in the optimizations. OH2---π(C6H6) (C1: type IIBzn) 
was very close to OH2---π(C6H6) (C2: type IIBzn). Similar 
results were obtained for EH2---π(C6H6) (C1: type IIBzn) (E = 
S, Se and Te) at the MP2 level. All positive frequencies were 
predicted for the optimized structures of the adducts at the 35 

M06 and M06-2X levels, except for HS–H---π(C6H6) (Cs: type 
IbBzn) at the M06-2X level. Two lowest frequencies predicted 
for the species are collected in Table S1 of the Supporting 
Information. The results are well summarized in Table S1. 
 The intrinsic reaction coordinate method (IRC) was applied 40 

to those with one imaginary frequency, but it did not work. 
The energy surface around the minimum for the interaction 
must be very gradual in EH2---π(C6H6) (E = O, S, Se and Te) 
at the MP2 level and HS–H---π(C6H6) (Cs: type IbBzn) at the 
M06-2X level. The very gradual energy surface around the 45 

interactions would be responsible for the imaginary 
frequencies predicted for the species.56 
 Structures of SH2---π(C6H6) (C2) optimized at the M06-2X 
level and SeH2---π(C6H6) (C2) at the M06 level, which have 
all positive frequencies, are somewhat different from others. 50 

Each E–H bond points to C of C6H6 in the former two, 
whereas each E–H points to BCP of C=C in C6H6 for usual 
cases. The two structures are called SH2---π(C6H6) (C2: type 
II’Bzn) and SeH2---π(C6H6) (C2: type II’Bzn), respectively. 
While φ2 ≈ ±30º for the type IIBzn, φ2 are evaluated to be 55 

around 0º for type II’Bzn, although not shown in Scheme 1. 
Similar structures are optimized for EH2---π(C6H6) (C2: type 
II’Bzn) (E = S and Te) at the MP2 level. However, two 
imaginary frequencies are predicted for each. The motions 
correspond to the rotation around the C2 axis and to the 60 

connection of the topologically duplicated HE–H---π(C6H6) 
(type IaBzn). EH2---π(C6H6) (C2: type II’Bzn) are slightly less 
stable than the corresponding type IIBzn, for E = S and Te, 
evaluated at the MP2 level. EH2---π(C6H6) (C2: type II’Bzn) 
converged to the type IIBzn structures for E = O and Te. Table 65 

1 also contains data for EH2---π(C6H6) (C2: type II’Bzn). 
 How do the r1 values in the adducts correlate between those 
evaluated at the MP2, M06-2X and M06 levels? Fig. 1 shows 
various plots for r1: r1 in EH2---π(C6H6) (type IIBzn) evaluated 
at the MP2 and M06 levels versus those evaluated at the M06-70 

2X level for E = O, S, Se and Te; r1 in HE–H---π(C6H6) (type 
IaBzn) evaluated at M06 versus those at M06-2X for E = O, S, 
Se and Te and r1 in HE–H---π(C6H6) (type IbBzn) evaluated at 
M06 versus those at M06-2X for E = S, Se and Te. The plots 
gave excellent correlations, except for the correlation in the  75 

 
Fig. 1  Plots of r1 in type IIBzn at MP2 (●) and M06 (▲) versus r1 in type 
IIBzn at M06-2X ((a): figure outside) and the plot of r1 in type IaBzn at M06 
versus r1 in type IaBzn at M06-2X (⬛ ︎) and the plot of r1 in type IbBzn at 
M06 versus r1 in type IbBzn at M06-2X (�) type ((b): figure inside). 80 

θ1

r1

φ2(CiMHE)

type IaBzn

Ci Cp
Co
φ1(CoCiMH)

H

E

θ2

r2

M

H'

E

θ1

r1
θ2

type IIBzn

Ci Cp
Co

r2

H

H'
r3

θ3 r3

φ3(MHEH')

θ3

θ1

r1

type IbBzn

Ci Cp
Co

H

E

θ2

r2

M

H' r3
θ3

φ2(CiMHE)
φ1(CoCiMH)

φ3(MHEH')

M

φ2(CiMEH)
φ1(CoCiME)

φ3(MEHH')

H

E H'

H

E

H'

E = S, Se and Te

E = O
at the MP2 level

(4)

Page 4 of 14Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

plot of r1 in HE–H---π(C6H6) (type IaBzn) evaluated at M06 
versus those at M06-2X for E = O, S, Se and Te. The 
correlations are given in the figure. Similar mechanisms are 
expected to operate in the determination of the r1 values in 
IIBzn and type IbBzn, if the excellent correlations are detected 5 

as shown Fig. 1. How do the r1 values correlate among the 
different types of structures? An excellent correlation is 
observed in the plot of r1 in EH2---π(C6H6) (C2: type IIBzn) 
versus r1 in HE–H---π(C6H6) (Cs: type IbBzn), evaluated at the 
MP2 level, for E = S, Se and Te, although it is not shown in 10 

the figure (y = 1.3726 + 1.023x; Rc
2 = 0.9999). Similar 

mechanisms would also be emphasized to determine r1 in type 
IbBzn and type IIBzn, if evaluated at the MP2 level. 
 The r1 values elongated by 0.11–0.19 Å as shown in Table 
1, if the counterpoise correction method is applied at the MP2 15 

level, except for HO–H---π(C6H6) (Cs: type IaBzn) of which 
elongation is 0.25 Å, although θ1 and θ2 affect much on r1. 
The values are less than 0.03 Å at the M06-2X and M06 levels. 
 How are the stabilization energies in the formation of the 
adducts? The magnitudes of ΔEES are evaluated to be smaller 20 

in the order of MP2 > M06-2X > M06. The ΔEES values are 
predicted to be 17–21 kJ mol–1 with 27.3 kJ mol–1 for HTe–H-
--C6H6 (Cs: type IbBzn) at the MP2 level, 13–18 kJ mol–1 at the 
M06-2X level and 11–15 kJ mol–1 at the M06 level. It seems 
difficult to find good correlations between ΔE for the adducts, 25 

although ΔE for EH2---π(C6H6) (C2/C1: IIBzn) seems inversely 
proportional to ΔE for HE–H---π(C6H6) (Cs/C1; IaBzn), if 
evaluated at the M06-2X for E = S, Se and Te (y = –20.9 – 
0.451x: Rc

2 = 0.980). 
 The ΔEZP values are not so different from the ΔEES values, if 30 

evaluated at the MP2 level. The differences between the two 
(ΔEZP:ES = ΔEZP – ΔEES) are –2 to 1 kJ mol–1. The ΔEZP:ES values 
become larger and amount to 3–9 kJ mol–1 at the M06-2X and 
M06 levels. The ΔEraw values seem close to the ΔEES values, if 
evaluated at the MP2 level. The contributions from EBSSE 35 

destabilize the adducts substantially at the MP2 level (6–12 kJ 
mol–1). While ΔEraw are also close to ΔEES at the M06-2X and 
M06 levels, the contributions from EBSSE become much smaller 
(see Table S3). The values are less than 2 kJ mol–1 at the M06-2X 
and M06 levels. 40 

 
Fig. 2  Molcular graphs for HO–H-∗-π(C6H6) (Cs: type IaBzn) (a), HS–H-∗-π(C6H6) (Cs: type IaBzn) (b), HSe–H-∗-π(C6H6) (C1: type IaBzn) (c), HTe–H-∗-
π(C6H6) (Cs: type IaBzn) (d), HS–H-∗-π(C6H6) (Cs: type IbBzn) (f), HSe–H-∗-π(C6H6) (Cs: type IbBzn) (g), HTe–H-∗-π(C6H6) (Cs: type IbBzn) (h), OH2-∗-
π(C6H6) (C2: type IIBzn) (i), SH2-∗-π(C6H6) (C1: type II’Bzn) (j), SeH2-∗-π(C6H6) (Cs: type IIBzn) (k) and TeH2-∗-π(C6H6) (C2: type IIBzn) (l), evaluated with 
M06-2X/BSS-F, together with HO–H-∗-π(C6H6) (Cs: type IaBzn) (e), evaluated with MP2/BSS-F. The bond critical points (BCPs) are denoted by red dots 45 

(●), ring critical points (RCPs) by yellow dots (●) and cage critical points (CCPs) by green dots (●), together with bond paths by pink line (-●-). Carbon 
atoms are in black (●) and hydrogen atoms are in gray (●), with oxygen, sulfur, selenium and tellurium atoms in red (●), yellow (●), hot pink (●) and 
purple (●), respectively. 
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QTAIM-DFA is applied to the interactions in question. The 
purpose of this paper is to clarify the nature of the interactions in 
EH2-∗-π(C6H6) (E = O, S, Se and Te). Therefore, interactions in 
the species with one imaginary frequency for each are similarly 
analyzed, for convenience of comparison. The species seems 5 

quasi-stable and never collapses to the component, even if it 
contains an imaginary frequency. The interaction, which is to be 
analyzed, is predicted to have the positive frequency, irrespective 
of the imaginary frequency for the lowest one. 

Before detail discussion of the behavior of interactions by 10 

applying QTAIM-DFA, molecular graphs, contour plots, negative 
Laplacians and trajectory plots are examined, next. 

Molecular graphs, contour plots, negative Laplacians and 
trajectory plots for (EH2)-∗-π(C6H6) (E = O, S, Se and Te) 

Fig. 2 illustrates the molecular graphs for HE–H-∗-π(C6H6) 15 

(Cs/C1: type IaBzn), HE–H-∗-π(C6H6) (Cs: type IbBzn) and EH2-
∗-π(C6H6) (C2/C1: type IIBzn) (E = O, S, Se and/or Te) 

 
Fig. 3  Contour plots of ρb(rc) for HO–H-∗-π(C6H6) (Cs: type IaBzn) (a), HS–H-∗-π(C6H6) (Cs: type IaBzn) (b), HSe–H-∗-π(C6H6) (C1: type IaBzn) (c), HTe–
H-∗-π(C6H6) (Cs: type IaBzn) (d), HS–H-∗-π(C6H6) (Cs: type IbBzn) (f), HSe–H-∗-π(C6H6) (Cs: type IbBzn) (g), HTe–H-∗-π(C6H6) (Cs: type IbBzn) (h), OH2-∗-20 

π(C6H6) (C2: type IIBzn) (i), SH2-∗-π(C6H6) (C1: type II’Bzn) (j), SeH2-∗-π(C6H6) (Cs: type IIBzn) (k) and TeH2-∗-π(C6H6) (C2: type IIBzn) (l), evaluated with 
M06-2X/BSS-F, together with HO–H-∗-π(C6H6) (Cs: type IaBzn) (e), evaluated with MP2/BSS-F. Bond critical points (BCPs) on the plane are denoted by 
red dots (●), those outside of the plane in dark pink dots (●), ring critical points (RCPs) by blue squares (■), cage critical points (CCPs) by green dots (●) 
and bond paths on the plane by black line and those outside of the plane are by gray line. Carbon atoms are in black (●) and hydrogen atoms are in gray 
(●), with other atoms in black (●). The contours (ea0

–3) are at 2l (l = ±8, ±7, ..., 0) and 0.0047 (heavy line). 25 
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evaluated at the M06-2X level, together with OH2-∗-π(C6H6) 
(C2: type IaBzn) evaluated at the MP2 level (see also Chart 1).  
All BCPs expected are clearly detected, containing those for 
the interactions in question, together with ring critical points 
(RCPs) and cage critical points (CCPs). The molecular graphs 5 

change depending on the calculation levels, employed for the 
evaluations, since the optimized structures somewhat change 
depending on the levels. Fig. 3 draws the contour plots of ρ(r) 
on the Cs plane or that close to the plane for the species 
illustrated in Fig. 2. BCPs are well located at the three 10 

dimensional saddle points of ρ(r) in the species. Figs. 4 and 5 
draw the negative Laplacians and trajectory plots, respectively, 

for those in Fig. 2. It is well visualized how BCPs are 
classified through ∇2ρ(r) and the space around the species is 
well divided into atoms in it, respectively. 15 

Survey of Interactions in the EH2 Adducts of Benzene π-
System (E = O, S, Se and Te) 

As shown in Figs. 2 and 3, some BPs curve apparently, as 
previously pointed out.33 In such cases, the lengths of BPs 
(rBP) will be substantially longer than the straight-line 20 

distances (RSL). The rBP values in question and those of the 
components (rBP-1 and rBP-2: rBP = rBP-1 + rBP-2), evaluated at 
the MP2, M06-2X and M06 levels are summarized in Table 

 
Fig. 4  Plots of Negative Laplacian for HO–H-∗-π(C6H6) (Cs: type IaBzn) (a), HS–H-∗-π(C6H6) (Cs: type IaBzn) (b), HSe–H-∗-π(C6H6) (C1: type IaBzn) (c), 25 

HTe–H-∗-π(C6H6) (Cs: type IaBzn) (d), HS–H-∗-π(C6H6) (Cs: type IbBzn) (f), HSe–H-∗-π(C6H6) (Cs: type IbBzn) (g), HTe–H-∗-π(C6H6) (Cs: type IbBzn) (h), 
OH2-∗-π(C6H6) (C2: type IIBzn) (i), SH2-∗-π(C6H6) (C1: type II’Bzn) (j), SeH2-∗-π(C6H6) (C2: type IIBzn) (k) and TeH2-∗-π(C6H6) (C2: type IIBzn) (l), evaluated 
with M06-2X/BSS-F, together with HO–H-∗-π(C6H6) (Cs: type IaBzn) (e), evaluated with MP2/BSS-F. Positive and negative areas are shown by blue and 
red lines, respectively. 
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S4 of the Supporting Information. Fig. 6 shows the plot of rBP

versus RSL for the interactions in question in the EH2 adducts 
of benzene π-system (E = O, S, Se and Te), evaluated at the 
M06-2X level, for example. It is visualized that rBP are very 
close to RSL for most cases (rBP – RSL < 0.03 Å). An excellent 5 

correlation is obtained in the plot of rBP versus RSL for rBP – 
RSL < 0.03 Å, which is given in the figure. On the other hand, 
rBP are larger than RSL by 0.10–0.15 Å for the interactions in 
HO–H-∗-π(C6H6) (Cs: type IaBzn), SH2-∗-π(C6H6) (type IIBzn: 
C1) and TeH2-∗-π(C6H6) (C2: type IIBzn). And further, rBP are 10 

much larger than RSL by 0.36–0.42 Å for those in HS–H-∗-
π(C6H6) (Cs: type IbBzn), HSe–H-∗-π(C6H6) (Cs: type IbBzn) 
and OH2-∗-π(C6H6) (C2: type IIBzn), as shown in Fig. 6.  
 Why the large differences between rBP and RSL are observed 
in these adducts? BPs in EH2-∗-π(C6H6) (C2: type IIBzn) are 15 

expected to connect both H atoms in EH2 and BCPs on the 
C=C bonds of C6H6 on the basis of their structural feature, at 
first glance. However, the H atoms are connected to the C 
atoms of C6H6 by BPs for E = O, S and Te. As a result, BPs 

 20 

Fig. 5  Trajectory plots for HO–H-∗-π(C6H6) (Cs: type IaBzn) (a), HS–H-∗-π(C6H6) (Cs: type IaBzn) (b), HSe–H-∗-π(C6H6) (C1: type IaBzn) (c), HTe–H-∗-
π(C6H6) (Cs: type IaBzn) (d), HS–H-∗-π(C6H6) (Cs: type IbBzn) (f), HSe–H-∗-π(C6H6) (Cs: type IbBzn) (g), HTe–H-∗-π(C6H6) (Cs: type IbBzn) (h), OH2-∗-
π(C6H6) (C2: type IIBzn) (i), SH2-∗-π(C6H6) (C1: type II’Bzn) (j), SeH2-∗-π(C6H6) (C2: type IIBzn) (k) and TeH2-∗-π(C6H6) (C2: type IIBzn) (l), evaluated with 
M06-2X/BSS-F, together with HO–H-∗-π(C6H6) (Cs: type IaBzn) (e), evaluated with MP2/BSS-F. Colors and marks are the same as those in Fig. 3. 
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Fig. 6  Plot of rBP versus RSL for (EH2)-∗-π(C6H6) (E = O, S, Se and Te), 
evaluated with BSS-F at the M06-2X level. 

 
Fig. 7  Plots of Hb(rc) versus Hb(rc) – Vb(rc)/2 for (EH2)-∗-π(C6H6), 5 

evaluated with M06-2X/BSS-F. Colors and marks for the species are 
shown in the figure. Perturbed structures for OH2-∗-π(C6H6) (Cs: IIBzn) are 
generated employing w = –0.1, –0.05, 0, 0.025 and 0.05 in eqn (2), 
therefore, some intervals in the plot are shorter than others. 

BPs will curve much around the C atoms, resulting in the 10 

large differences between rBP and RSL (see Figs. 2 and 3). In 
the case of SeH2-∗-π(C6H6) (C2: type IIBzn), BPs connect 
BCPs on C=C of C6H6, as expected, therefore, rBP ≈ RSL. 
 The RSL values are expected to be larger in the order of E = 
O < S ≤ Se < Te, on the basis of the van der Waals radii of the 15 

atoms in the adducts. However, RSL are predicted to be larger 
in the order of E = O < Se = Te < S for type IIBzn at the MP2 
level, for example. The results suggest the important 
contributions from the strengths of the interactions between 
EH2 and benzene π-system in the adducts, which must be 20 

larger in the order of E = O < S < Se < Te. Namely, The 

combination of van der Waals radii of the atoms and strengths 
of the interactions will control the predicted order of RSL, 
although the magnitudes of the contributions would change 
depending on the structures of the adducts and the calculation 25 

conditions. 
 Some BPs are observed to connect E in EH2 and BCPs on 
C=C of C6H6 of HE–H-∗-π(C6H6) (Cs: type IbBzn), in addition 
to the connection between H in HE–H and BCPs on C=C of 
C6H6. The interaction between E of EH2 and BCPs on C=C of 30 

C6H6 in the adduct will be called the E-∗-π interaction. The 
structure HHE-∗-π(C6H6) (Cs: type IbBzn) will be employed, 
instead of HE–H-∗-π(C6H6) (Cs: type IbBzn), if it is necessary 
to emphasize the existence of the E-∗-π interaction. The E-∗-π 
interaction is clearly observed in HHE-∗-π(C6H6) (Cs: type 35 

IbBzn) for E = Te and is narrowly detected for E = S, after 
careful examination, if evaluated at the M06-2X level (see 
Figs. 2 and 3). The appearance of E-∗-π changes depending on 
the evaluation levels. While the E-∗-π interaction is observed 
in HHE-∗-π(C6H6) (Cs: type IbBzn) for E = Te at the MP2 level, 40 

they are detected for E = S and Te at the M06-2X level and 
for E = S, Se and Te at the M06 level. 
 QTAIM functions are calculated for the H-∗-π and E-∗-π 
interactions at BCPs in the species. Tables 2 and 3 collect the 
data, respectively. QTAIM-DFA is applied to the interactions 45 

in the species for E = O, S, Se and Te, evaluated at the MP2, 
M06-2X, and M06 levels. Fig. 7 show the plot of Hb(rc) 
versus Hb(rc) – Vb(rc)/2 for the H-∗-π interactions in question, 
evaluated at the M06-2X level, for instance. All data in Fig. 7 
appear in the area of Hb(rc) – Vb(rc)/2 > 0 and Hb(rc) > 0, 50 

which belong to the pure CS region, so do for E-∗-π, although 
not shown. 
 How is the behavior of the H-∗-π and E-∗-π interactions in 
question? QTAIM-DFA is applied to elucidate the behavior. 
The results will be discussed, next. 55 

Application of QTAIM-DFA to H-∗-π  in the EH2 Adducts of 
Benzene π-system (E = O, S, Se and Te) 

QTAIM-DFA parameters, (R, θ) and (θp, κp), are calculated 
for the H-∗-π and E-∗-π interactions in the EH2 adducts of 
benzene π-system (E = O, S, Se and Te) at the MP2, M06-2X, 60 

and M06 levels, according to eqns (S3)–(S6) in the 
Supporting Information. The behavior of the H-∗-π and E-∗-π 
interactions will be discussed separately. Table 2 collects the 
QTAIM-DFA parameters, the frequencies correlated to NIV 
employed to generate the perturbed structures and the force 65 

constants, kf, together with QTAIM functions, necessary to 
discuss the interactions in question. 
 The behavior of the H-∗-π interactions in the species are 
classified and characterized based on the QTAIM-DFA 
parameters of θ and θp, respectively, employing the typical 70 

values in Scheme S2, as a reference. It is instructive to survey 
the criteria briefly, closely related to those in this work. The 
interactions will be classified by the pure CS interactions if 
45º < θ < 90º and the regular CS interactions for 90º < θ < 
180º. On the other hand, the interactions will be characterized 75 

as the vdW nature for 45º ≤ θp  < 90º and the typical HB 
nature without covalency for 90º < θp  < 125º, where θp  = 
125º is the value tentatively determined corresponding to θ =  
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Table 2  QTAIM functions and QTAIM-DFA parameters for the (EH2)-∗-π(C6H6) interactions, elucidated with QTAIM-DFA employing BSS-F at the 
MP2, M06-2X and M06 levelsa,b 

Species (X-∗-Y) 
(symmetry: type) 

BCP 
at C6H6 

ρb(rc) 
(eao

–3) 
c∇2ρb(rc)c 

(au) 
Hb(rc) 
(au) 

 
kb(rc)d 

 
R (au) 

 
θ (°) 

Freq. 
(cm–1) 

kf 

(unit)e 
 

θp (º) 
 

κp (au–1) 
MP2 level            
HO–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0085 0.0035 0.0014 -0.754 0.0038 68.5 102.0 0.034 66.6 39.0 
HS–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0075 0.0028 0.0009 -0.815 0.0029 72.6 72.6 0.020 66.0 23.4 
HSe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0076 0.0027 0.0008 -0.824 0.0028 73.4 64.7 0.013 68.8 33.4 
HTe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0069 0.0024 0.0007 -0.826 0.0025 73.5 65.5 0.017 72.8 38.7 
OH2-∗-π(C6H6) (C2: type IIBzn) C 0.0059 0.0023 0.0007 -0.806 0.0024 72.0 95.4 0.032 71.3 33.9 
SH2-∗-π(C6H6) (C2: type IIBzn) C 0.0062 0.0021 0.0007 -0.814 0.0022 72.6 79.6 0.035 70.8 50.4 
SeH2-∗-π(C6H6) (C2: type IIBzn) C 0.0065 0.0021 0.0006 -0.820 0.0022 73.1 62.7 0.024 71.5 42.5 
TeH2-∗-π(C6H6) (C2: type IIBzn) C 0.0069 0.0022 0.0007 -0.820 0.0023 73.0 60.7 0.021 73.4 20.3 
M06-2X level            
HO–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0078 0.0031 0.0012 -0.767 0.0033 69.3 125.5 0.049 67.1 30.9 
 BCPf 0.0063 0.0025 0.0008 -0.807 0.0026 72.1 125.5 0.049 73.8 93.6 
HS–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0070 0.0025 0.0008 -0.811 0.0026 72.3 87.9 0.040 65.3 53.1 
HSe–H-∗-π(C6H6) (C1: type IaBzn) BCP 0.0072 0.0025 0.0007 -0.825 0.0026 73.4 68.1 0.024 73.4 55.5 
HTe–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0067 0.0023 0.0007 -0.834 0.0024 74.1 62.0 0.017 69.4 102.8 
HS–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0064 0.0024 0.0007 -0.813 0.0025 72.5 79.3 0.030 64.5 6.6 
HSe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0069 0.0025 0.0007 -0.823 0.0026 73.2 73.8 0.014 66.5 52.8 
 BCPf 0.0064 0.0027 0.0011 -0.754 0.0029 68.4 280.6 0.048 76.2 408.1 
HTe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0064 0.0022 0.0007 -0.826 0.0023 73.5 64.6 0.020 70.5 66.7 
OH2-∗-π(C6H6) (C2: type IIBzn) C 0.0072 0.0028 0.0009 -0.794 0.0029 71.1 124.7 0.038 69.6 28.6 
SH2-∗-π(C6H6) (C2: type II’Bzn) C 0.0065 0.0022 0.0007 -0.814 0.0023 72.6 95.5 0.040 70.9 44.2 
SeH2-∗-π(C6H6) (C2: type IIBzn) BCP 0.0067 0.0021 0.0007 -0.813 0.0022 72.5 69.9 0.030 69.3 69.8 
TeH2-∗-π(C6H6) (C2: type IIBzn) C 0.0063 0.0020 0.0006 -0.820 0.0020 73.0 61.9 0.021 73.9 54.2 
M06 level            
HO–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0072 0.0026 0.0009 -0.782 0.0028 70.3 111.6 0.041 67.8 9.1 
 BCPf 0.0041 0.0017 0.0006 -0.787 0.0018 70.6 53.7 0.008 75.9 132.1 
HS–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0081 0.0026 0.0008 -0.805 0.0027 71.9 96.0 0.051 64.2 24.3 
HSe–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0078 0.0025 0.0007 -0.831 0.0026 73.9 62.6 0.024 66.8 78.8 
HTe–H-∗-π(C6H6) (Cs: type IaBzn) BCP 0.0070 0.0022 0.0006 -0.846 0.0022 75.1 61.9 0.010 71.1 135.5 
 BCPf 0.0043 0.0014 0.0005 -0.772 0.0015 69.6 45.0 0.008 75.2 16.5 
HS–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0056 0.0019 0.0006 -0.828 0.0020 73.6 57.9 0.008 70.3 145.9 
HSe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0058 0.0020 0.0006 -0.836 0.0021 74.2 63.7 0.021 69.0 88.2 
HTe–H-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0048 0.0017 0.0005 -0.821 0.0017 73.1 70.6 0.011 78.3 24.5 
OH2-∗-π(C6H6) (C2: type IIBzn) C 0.0055 0.0020 0.0007 -0.798 0.0021 71.4 107.9 0.034 71.5 41.1 
SH2-∗-π(C6H6) (C1: type IIBzn) C 0.0060 0.0019 0.0006 -0.819 0.0020 73.0 95.9 0.050 70.5 89.3 
SeH2-∗-π(C6H6) (C2: type II’Bzn) C 0.0064 0.0019 0.0005 -0.840 0.0020 74.5 49.9 0.006 74.8 13.9 
TeH2-∗-π(C6H6) (C2: type IIBzn) C 0.0054 0.0017 0.0005 -0.832 0.0017 73.9 57.2 0.018 78.7 63.2 
a See text for BSSs. b Data are given at BCP for interaction in question, which is shown by -∗- c Hb(rc) – Vb(rc)/2, where c = ћ2/8m. d k = Vb(rc)/Gb(rc). e 
mdyn Å–1. f Data for the weaker interaction. 

Table 3  QTAIM functions and QTAIM-DFA parameters for the E-∗-π interactions (π-EBs) in HHE-∗-π(C6H6) (Cs) of the IbBzn type, evaluated with BSS-
F at the MP2, M06-2X and M06 levelsa,b 

Speciesc (X-∗-Y) 
(symmetry: type) 

BCP 
at C6H6 

ρb(rc) 
(eao

–3) 
c∇2ρb(rc)d 

(au) 
Hb(rc) 
(au) 

 
kb(rc)e 

 
R (au) 

 
θ (°) 

Freq. 
(cm–1) 

kf 

(unit)f 
 

θp (º) 
κp 

(au–1) 
MP2 level            
HHTe-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0083 0.0028 0.0009 -0.821 0.0030 73.1 71.3 0.013 78.3 80.6 
M06-2X level            
HHS-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0065 0.0029 0.0011 -0.753 0.0031 68.4 66.9 0.010 69.3 1120 
HHTe-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0071 0.0025 0.0008 -0.797 0.0026 71.3 85.6 0.016 74.5 82.6 
M06 level            
HHS-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0049 0.0022 0.0009 -0.732 0.0024 67.1 83.2 0.035 72.6 2200 
HHSe-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0053 0.0022 0.0009 -0.742 0.0024 67.7 73.4 0.012 72.5 850 
HHTe-∗-π(C6H6) (Cs: type IbBzn) BCP 0.0064 0.0021 0.0007 -0.788 0.0022 70.7 54.5 0.013 75.7 110 

a See text for BSS-F. b Data are given at BCP for the interaction in question, which is shown by -∗-. c All frequencies are predicted to be positive for each 5 

species. d Hb(rc) – Vb(rc)/2, where c = ћ2/8m. e kb(rc) = Vb(rc)/Gb(rc). f mdyne Å–1. 

90º for the typical HB interactions without covalency. 
 The θ and θp values are less than 90º for all H-∗-π  
interactions in the EH2 adducts of benzene π-system (E = O, S, 

Se and Te), evaluated in this work at the MP2, M06-2X, and 10 

M06 levels, as shown in Table 2. Consequently, it is 
concluded that all H-∗-π interactions in the species examined 
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in this work are classified as the pure CS interactions and 
have the character of the vdW nature. 
 How are the behavior of the E-∗-π interactions in HHE-∗-
π(C6H6)? The behavior is discussed, next. 

Behavior of E-∗-π  in the EH2 Adducts of Benzene π-system, 5 

Elucidated with QTAIM-DFA 

Table 3 collects the QTAIM-DFA parameters for the E-∗-π 
interactions in HHE-∗-π(C6H6) (Cs: type IbBzn), together with 
the frequencies and the force constants (kf), correlated to NIV 
employed to generate the perturbed structures. QTAIM 10 

functions are also contained in Table 3, necessary for the 
discussion of the interactions in question. 
 The θ and θp values in Table 3 are less than 90º for all E-∗-
π interactions in HHE-∗-π(C6H6) (Cs: type IbBzn). 
Consequently, it is also concluded that all E-∗-π interactions 15 

examined in this work are classified by the pure CS 
interactions and have the character of the vdW nature. 
 It is, however, worthwhile to comment that the θp value for 
the E-∗-π interaction seems larger than that of the H-∗-π 
interaction, if the θp values of the same species are compared, 20 

evaluated at the MP2 and M06-2X levels. The differences in 
θp [Δθp = θp(E-∗-π) – θp(H-∗-π)] amount to 4.0º–5.5º, if 
evaluated at the MP2 and M06-2X levels. The results show 
that E-∗-π has the nature of the stronger interactions than the 
case of H-∗-π for the dynamic behavior in the same species. 25 

However, we must be careful when the Δθp values are 
discussed in relation to the strength of the interactions, since 
the Δθp value could be negative, if evaluated at the M06 level. 
The Δθp value is evaluated to be –2.6º for HHTe-∗-π(C6H6) 
(Cs: type IbBzn), if evaluated at the M06 level. The Te-∗-π 30 

interaction in HHTe-∗-π(C6H6) (Cs: type IbBzn) and/or the H-
∗-π interaction in HTe–H-∗-π(C6H6) (Cs: type IbBzn) would 
not be suitably evaluated at the M06 level. The results 
strongly suggest that the E-∗-π interaction has the nature of 
the stronger interactions than the case of H-∗-π for the 35 

dynamic behavior in the same EH2 adduct of benzene π–
system (E = S, Se and Te) under our calculation conditions. 
 Investigations on the behavior of similar interactions in 
naphthalene π-system are in progress. 

Conclusion 40 

The behavior of the H-∗-π interactions is elucidated by 
applying QTAIM-DFA for the EH2 adducts of benzene π–
system (E = O, S, Se and Te), together with the E-∗-π 
interactions detected in the same species. Structures were 
optimized with BSS-F at the MP2, M06-2X and M06 levels. 45 

Three types of structures (type IaBzn, type IbBzn and type IIBzn) 
were optimized for the adducts (Chart 1). All positive 
frequencies were predicted for the optimized structures, 
except for EH2---π(C6H6) (C2: type IIBzn) (E = O, S, Se and 
Te) at MP2 and HS–H---π(C6H6) (Cs: type IbBzn) at M06-2X. 50 

The very gradual energy surface around the interaction in the 
species would be responsible for the imaginary frequency. 
Some BPs curve apparently in the molecular graphs and the 
contour plots dawn on the optimized structures. In these cases, 
the lengths of BPs (rBP) are substantially longer than the 55 

straight-line distances (RSL). 

 QTAIM-DFA is applied to the H-∗-π and E-∗-π interactions 
in the EH2 adducts of benzene π–system (E = O, S, Se and Te). 
QTAIM-DFA parameters are calculated (Tables 2 and 3). The 
θ and θp values are less than 90º for all H-∗-π and E-∗-60 

π interactions in the species, examined in this work. 
Consequently, all H-∗-π and E-∗-π interactions (E = O, S, Se 
and Te) are classified as the pure CS interactions and 
characterized to have the vdW-nature. However, the θp values 
for the E-∗-π interactions are evaluated to be larger than those 65 

of the H-∗-π interactions by 4.0º–5.5º (= θp(π-EB) – θp(π-HB) 
= Δθp) if θp in the same species are compared, evaluated at the 
MP2 and M06-2X levels. The results strongly suggest that the 
E-∗-π interaction has the nature of the stronger interactions 
than the case of H-∗-π for the dynamic behavior in the same 70 

EH2 adduct of benzene π–system (E = S, Se and Te). 
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Graphical contents entry. 
 
The nature of the π-HB and π-EB interactions are elucidated for (EH2)-∗-π(C6H6) (E = O, S, Se and Te) by applying QTAIM-DFA. All 
interactions were classified by the pure CS interactions and characterized as the vdW-nature, with the suggestion of stronger π-EBs, 5 

relative to π-HBs, for the dynamic behavior, in the same adduct. 
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